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Executive Summary

This report presents key results from the first 2 years of a program to develop experimental icing
simulation capabilities for full-scale swept wings. This investigation was undertaken as part of a larger
collaborative research effort on ice accretion and aerodynamics for large-scale swept wings. Ice accretion
and the resulting aerodynamic effect on large-scale swept wings presents a significant airplane design and
certification challenge to airframe manufacturers, certification authorities, and research organizations
alike. While the effect of ice accretion on straight wings has been studied in detail for many years, the
available data on swept-wing icing are much more limited, especially for larger scales.

The primary goal of the program involved developing a process for designing icing wind tunnel
models that generate representative, full-scale ice accretion on a large swept wing. These full-scale swept
wings cannot be tested directly in icing wind tunnels due to physical size limitations, so this program
presents a method for acquiring full-scale ice shapes using truncated wing models representing sections of
a full-scale wing. The research objectives included selecting a wing geometry and icing conditions that fit
with both NASA and Federal Aviation Administration (FAA) program goals and industry interest,
developing and documenting the model design and testing methodology for icing wind tunnel models
based on the selected wing geometry, and completing computer simulations of the models in the Icing
Research Tunnel (IRT) at NASA Glenn Research Center.

A swept-wing aircraft geometry representative of modern commercial transport aircraft was required
for the entire swept-wing icing program. Options were considered, and the Common Research Model
(CRM) geometry was selected. Boeing provided the CRM design for a joint experimental effort with
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NASA, and the geometry has been studied extensively in the American Institute of Aeronautics and
Astronautics (AIAA) Drag Prediction Workshops along with various wind tunnel tests. Additionally, the
geometry is publicly available and unrestricted for worldwide distribution. However, the CRM represents
a large transport aircraft similar in size to a Boeing 777. That wing size presented several technical
challenges for ice-accretion studies, so the baseline model for this work is a 65 percent scale version of
the CRM, or the CRM®65, which is similar in size to a Boeing 757. Next, the baseline icing conditions
were selected based on industry perspective and the FAA’s icing certification requirements. A large
matrix of generic icing mission scenarios was reviewed, and a subset of icing conditions was selected by
the team. Computational fluid dynamics (CFD) and icing simulations were generated for those conditions
using the CRM65 geometry. The icing simulation tool LEWICE3D requires CFD-generated flow fields,
which were created using the CFD code OVERFLOW. These simulations set the standard, or baseline, for
all the subsequent work described in this report and are referred to as the “clean flight baseline” (CFB)
and “iced flight baseline” (IFB).

Next, the segments or sections of the CRM®65 that would be tested in the IRT had to be selected. The
ice shapes from the IFB simulations were analyzed to investigate ice thickness and ice-shape horn angle
across the span of the wing. With those results and some considerations regarding actual aircraft
operations, three stations were selected that could create ice shapes representative of the entire wing.
Although not directly a part of this project, NASA planned to build (and has subsequently built and
tested) models based on these designs, so minimizing the number of models required to adequately
describe the full-span ice shape was an important consideration. These three locations, referred to as
“Inboard,” “Midspan,” and “Outboard,” are located at approximately 20, 64, and 83 percent of the span
measured from the centerline of the aircraft.

Even segments of the CRM®65 are far too large to be tested directly in the IRT. The size of the wing
sections had to be reduced to fit in the IRT, but complete geometric scaling was not desirable for this
swept-wing icing testing. Icing scaling methods are not sufficiently validated for swept wings, so the
leading edge of the wing where ice accretes needed to retain its original size. However, the trailing edge
of the model could be truncated subject to aerodynamic constraints. This design process had been utilized
in the past for creating truncated or hybrid airfoil models, but significant effort was required to expand
this technique to swept wings. The location of the attachment line (the three-dimensional (3D) equivalent
of the stagnation point) was shown to be a primary driver of the ice accretion, so the hybrid models were
designed to match the attachment line location based on the aerodynamic simulations from the CFB.
Throughout the model design process, numerous two-dimensional (2D) and 3D CFD simulations were
performed to ensure that the hybrid models would perform in the icing tunnel in such a way that they
were representative of the CRM65 wing in free-air flight. Additionally, LEWICE and LEWICE3D
simulations were performed in order to compare predicted IRT ice shapes with the IFB. The primary
tradeoffs identified during the hybrid model design process involved balancing IRT turntable load limits
and blockage considerations (upper limit on size) with the risk of flow separation on the upper surface of
the model as it transitions from the full-scale leading edge to the truncated trailing edge (lower limit on
size).

The general swept-wing hybrid design methodology was verified using the simulation tools
described, and the designs for these three specific models were delivered to NASA for use in construction
of the actual icing wind tunnel models. A significant lesson learned throughout this process is that the
substantial time spent using 2D CFD simulations to verify the hybrid wing designs might not have been
the best use of resources. The usefulness of those simulations was shown to be marginal after 3D CFD
simulations were performed. In the future, a direct-to-3D methodology might prove more efficient for
designing similar hybrid swept-wing models.
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1.0 Introduction

Three-dimensional (3D) computational and experimental icing simulation tools are becoming
increasingly common in icing analysis for modern transport airplanes. However, validation data are very
limited, particularly for large-scale swept wings that are typical of modern commercial airplanes. Thus it
is difficult to determine how much confidence can be placed in results from computational fluid dynamics
(CFD) codes used in design, and particularly in certification. Furthermore, an understanding of the icing
effects on swept-wing aerodynamics is critical to evaluating the accuracy to which ice accretion must be
predicted by computational tools or simulated in aerodynamic testing to quantify the aircraft performance
degradation due to ice accretion. In addition, basic swept-wing aerodynamic effects such as the spanwise
flow and configuration dependence play an important role. An understanding of these effects as well as
scale effects, including Reynolds and Mach numbers, is needed in order to develop lower-cost
aerodynamic test techniques for iced swept wings and validate CFD simulation tools used to predict the
aerodynamics of iced wing configurations. All of these factors have provided motivation for collaborative
research efforts in this arena involving the authors of this report as well as the Federal Aviation
Administration (FAA) and Office National d’Etudes et de Recherches Aérospatiales (ONERA). This
overall research effort is described in detail by Broeren et al. (Ref. 1).

Significant research has been performed by other investigators in the area of swept-wing icing, but
the studies have primarily been at low Reynolds number for relatively simple ice geometries. Little ice
accretion geometry information for large-scale swept wings of modern design exists in the public domain.
High-Reynolds-number aerodynamic data from swept wings with ice accretions is also not available in
the public domain and is an objective of the overall research program.

The goal of the work conducted under this cooperative agreement is to provide a design method for
swept-wing icing wind tunnel models that can be used to produce full-scale ice accretion for wings that
are representative of modern commercial transport aircraft. A database of ice-accretion geometry will
then be used for icing simulation tool development and validation. The ice-accretion geometry will also
be used to generate artificial ice shapes for use in aerodynamic tests.

Icing wind tunnels are not of sufficient size to accommodate a full-scale aircraft wing, and ice
accretion scaling is not sufficiently developed for the testing of small-scale 3D models. Thus an
alternative method is to use hybrid or truncated models, which retain the full-scale leading-edge geometry
(and full-scale leading-edge flow field) while significantly reducing the chord length and usually the
maximum thickness of the model. This method was developed in the 1990s, but its application is limited
to straight wings of moderate size. A hybrid model design for large swept wings requires further
understanding and extension of this method such that hybrid swept-wing models can be built for various
spanwise stations with full-scale leading edges and reduced chord length to reduce the model size and
wind tunnel blockage (Refs. 2, 3, and 4). The extended hybrid or truncated design method is then applied
to specific spanwise segments or stations of the full-scale wing, which are selected to test in the icing
tunnel based upon the desired objectives. For this research, three spanwise stations of a full-scale wing
were selected as cases for the hybrid model design with the goal of developing a full-span ice shape on
the entire wing leading edge. Ice-accretion geometries at these three spanwise stations can be interpolated
and/or extrapolated into a full-span ice shape that could be used for aerodynamic testing.

The sections of this report are arranged following the project tasks as given in Table 1. The aircraft wing
selection, icing conditions, and baseline simulations (both flow field and icing) are discussed, as is the
selection of the three spanwise stations of the wing. The design process leading to the final two-dimensional
(2D) and 3D model designs is explained in detail. Acronyms and symbols used in the text are listed in
Appendix A. Appendix B to Appendix E provide additional information on topics relevant to this work that
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were not specifically part of the defined task list and design process. Appendix B describes the work
performed to validate the application of the commercial CFD code Fluent to the models and wind tunnels
described in this work. Further details of swept wings in wind tunnels are explored in Appendix C, including
the effects of the wind tunnel sidewalls, model sweep angle, model aspect ratio, and wind tunnel blockage.
Additionally, several spanwise load control techniques are discussed. In Appendix D, the effects of several
model design parameters on the ice shapes are investigated. Appendix E includes airfoil coordinates for both
the main element and the flap for each of the three hybrid models.

Task 4.4 was intentionally postponed to year 3 of the project to allow the team to provide additional
support to model design and construction within the first 2 years. This work will be described in the final
report.

TABLE |.—TASK LIST AND SCHEDULE?

Task Description Calendar year 2012 Calendar year 2013
Quarter Quarter
1 2 3 4 1 2 3 4
1 Aircraft and conditions selection 1
1.1 Choose aircraft wing X---X
1.2 Choose baseline flight and icing conditions X---X
2 Baseline icing simulations and selection of sections 2
2.1 Three-dimensional (3D) Reynolds-averaged X===- | ==X
Navier—Stokes (RANS) for clean baseline flow
2.2 LEWICE3D for baseline ice shapes X---X
2.3 Choose three spanwise sections X---X
3 Design and simulation in two-dimensional (2D) 3
tunnel
3.1 Integrate 2D tunnel effects and flaps into 2D hybrid [ X | ---X
design method
3.2 Perform scaling analysis and develop tradeoffs DG
3.3 Design 2D truncated sections and segmented e ===k
trailing-edge flaps
34 Verify model design with 2D RANS to improve D e
clean flight baseline (CFB) correlation
35 Apply LEWICE2D to compare ice shapes to iced X---- | X
flight baseline (IFB)
Design and simulation in 3D tunnel 4
4.1 Validate and assess 3D RANS-ko for high D B X
blockage in Icing Research Tunnel (IRT)
4.2 Translate above 2D truncated airfoil sections into a Yoo || = B
3D IRT models
4.3 Refine design and flap schedule with 3D RANS-ko S || o= --X
4.4 Apply DES-kw to IRT models to assess method LS
and flow physics
4.5 Apply LEWICE3D to IRT models and compare; DS --X
perform 3D similitude studies
4.6 Document and deliver process and conceptual X | ==X
design of models

3Green shading indicates task is complete. Gray shading indicates task was moved to year 3.
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2.0 Task 1: Selection of Aircraft and Baseline Flight Icing Conditions

This section describes the selection of a swept-wing geometry and baseline icing conditions for the study.

2.1  Task 1.1: Aircraft Wing

The first step in the process of studying swept-wing icing was to select a swept-wing geometry to use
for the studies. The two main requirements were that it had to be a publicly available geometry without
any restrictions on usage or distribution, and it had to represent a modern large transport class aircraft.
The Common Research Model (CRM) was identified as meeting these requirements and was selected for
this work. The CRM is a commercial transport class configuration with a contemporary transonic
supercritical wing design. Table Il presents basic characteristics of the CRM as compared with other
commercial aircraft; details of the design can be found in Vassberg (Ref. 5). The CRM has also been used
for the AIAA Drag Prediction Workshop, and aerodynamic testing has been performed in various wind
tunnels with different model configurations (Refs. 6 to 9). As Figure 1 shows, only the CRM fuselage and
wing were considered in this work.

TABLE 1.—COMMON RESEARCH MODEL (CRM) CHARACTERISTICS
COMPARED WITH SIMILAR COMMERCIAL AIRCRAFT?
[From Ref. 1]

Airplane Span, Mean aerodynamic Area, Aspect Taper ratio Sweep,

ft chord, ft2 ratio cl4,

ft deg

CRM 192.8 23.0 4,130 9.0 0.28 35
Airbus A330-200/300 198.0 239 3,892 9.5 0.22 30
Boeing 777-200 199.9 26.5 4,389 8.7 0.27 31
Boeing 787-9 197.0 20.6 3,880 9.6 0.18 32
Boeing 747-400 211.4 29.8 5,417 1.7 0.28 37

@Data for existing wide-body airplanes were compiled from publicly available sources that may use different conventions to define the
geometric parameters.

Figure 1.—Common Research Model (CRM) wing and body (WB).
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TABLE 111.—CRM65 CHARACTERISTICS COMPARED WITH SIMILAR COMMERCIAL AIRCRAFT?
[From Ref. 1]

Airplane Span, Mean aerodynamic Area, ft2 Aspect ratio | Taper ratio Sweep,
ft chord, c/4,
ft deg
CRM65 125.3 15.0 1,745 9.0 0.28 35
Airbus A320 112.0 14.1 1,320 9.5 0.22 25
Boeing 737-800 112.6 13.0 1,341 8.7 0.27 25
Boeing 757-200 124.8 16.7 1,847 9.6 0.18 25

@Data for existing single-aisle airplanes were compiled from publicly available sources that may use different conventions to define the
geometric parameters.

Early on in this research, it was determined that even the hybrid model of the CRM would be too large
to fit in the Icing Research Tunnel (IRT) and that reference size would need to be reduced. However, it
could not be reduced so much that important ice characteristics that depend on having a large leading edge
are no longer accurately captured. To address these two sizing constraints, a 65 percent scale version of the
CRM was selected to serve as the full-scale reference swept-wing geometry. Throughout the rest of this
document, “full-scale wing” will refer to the 65 percent scale CRM wing (CRM65). Table 111 shows that
this version of the model is still representative of modern commercial aircraft. Note how the CRMB65 is
similar in size to a B757-200 but the wing sweep is still comparable to the wide-body airplanes.

2.2  Task 1.2: Baseline Flight and Icing Conditions

A substantial set of realistic icing mission scenarios were identified for the certification of a typical
large transport aircraft based upon the U.S. Code of Federal Regulations (CFR) Title 14, Part 25, Appendix
C, Continuous Maximum Icing (Ref. 10). After reviewing those conditions, a subset of the scenarios was
determined to be adequate for determining the ice shapes of interest and was chosen for the baseline icing
conditions. Table IV shows a summary of the baseline icing conditions (Ref. 11). The case identifier comes
from the CFD calculations indicating that only the wing and body (WB) of the CRM65 were included in the
analysis. There are six main aerodynamic conditions, identified by WB and the corresponding case number,
for which a few different temperatures were identified for analysis for each case. Throughout this document,
cases are identified with the case number and a temperature (in °C) to indicate the icing conditions.

3.0 Task 2: Baseline Simulations and Wing Section Selection

This section describes the study’s CFD simulations, the use of LEWICE3D to determine the IFB, and
the selection of the wing segments to be analyzed.

3.1 Task 2.1: 3D Reynolds-Averaged Navier—Stokes Calculations for Clean Flight
Baseline

After determining the baseline icing conditions, CFD simulations were performed on the CRM65 using
each of the six sets of aerodynamic conditions. The 3D Reynolds-averaged Navier-Stokes (RANS) code
OVERFLOW (Ref. 6) was utilized for the analysis. This tool has been validated (Ref. 6) within Boeing on a
wide variety of configurations, including past analysis of the CRM (Refs. 6 to 9). The calculations were
performed only on the wing and body of the CRM65. An example of the OVERFLOW analysis on the
CRMBG5 is shown in Figure 2. The calculations for the six different aerodynamic conditions of Table IV are
referred to as the “clean flight baseline” (CFB). These six flow field solutions from OVERFLOW were then
used to guide the hybrid design. At each of the selected spanwise stations, the hybrid design process was
performed with the goal of matching flow field characteristics from the OVERFLOW simulations on the
CRMG65. This process will be discussed in further detail in Tasks 3 and 4.
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TABLE IV.—BASELINE ICING CONDITIONS AND CASE IDENTIFIERS
[Adapted from Ref. 11]
[Median volumetric diameter for each condition was 20 yum.]
[Langmuir D droplet distribution was used for subsequent computational simulations.]

Condition Phase? Weight | Flaps | Altitude, Static Static Mach True Angle of | Liquid At,
ft ambient | ambient | number, | airspeed, | attack, water min
pressure, | temp., M kn a, content,
Pamb, Tamb, deg g/m3
kPa °C
WB25 T =-40 Climb Nominal | Up | 30,000 30.124 -40 0.81 484.5 1.68 0.200 0.32
WB33T=-+4 Hold LGW Up 10,000 69.702 -4 0.36 232.1 3.67 0.551 | 45
WB33T=-6 Hold LGW Up 10,000 69.702 -6 0.36 231.2 3.67 0.509 | 45
WB33T=-13 Hold LGW Up 10,000 69.702 -13 0.36 228.2 3.67 0.361 | 45
WB33T=-25 Hold LGW Up 10,000 69.702 -25 0.36 222.9 3.67 0.175 | 45
WB39 T=-20 Hold LGW Up | 22,000 42.824 -20 0.46 284.5 3.64 0.210 | 45
WB39 T=-25 Hold LGW Up | 22,000 42.824 -25 0.46 281.7 3.64 0.175 | 45
WB39 T =-30 Hold LGW Up | 22,000 42.824 -30 0.46 278.8 3.64 0.140 | 45
WB41T=-6 Hold HGW Up 5,000 84.319 -6 0.35 225.1 4.38 0509 | 45
WB41T=-13 Hold HGW Up 5,000 84.319 -13 0.35 222.1 438 0.361 | 45
WB41T=-25 Hold HGW Up 5,000 84.319 -25 0.35 216.9 438 0.175 | 45
WB47 T=-6 Hold HGW Up 15,000 57.209 -6 0.43 2714 4.36 0.509 | 45
WB47 T =-13 Hold HGW Up 15,000 57.209 -13 0.43 267.8 4.36 0.361 | 45
WB47 T =-25 Hold HGW Up 15,000 57.209 -25 0.43 2615 4.36 0.175 | 45
WB71T=-6 ETOPS Hold | Nominal | --- 1,500 95.956 -6 0.32 203.2 4.40 0509 | 15
WB71T=-13 | ETOPS Hold | Nominal | --- 1,500 95.956 -13 0.32 200.5 4.40 0.361 | 15
WB71T=-25 | ETOPS Hold | Nominal | --- 1,500 95.956 -25 0.32 195.8 4.40 0.175 | 15

2ETOPS is extended range operation twin-engine operational performance standard.

PLGW is low gross weight; HGW is high gross weight.

Cp 2.0 -1.8 -16 -14 -1.2 -1.0 —.8 -06 -04 -0.2 0.0 2 04 06 08 10

Figure 2.—OVERFLOW analysis of CRM65 showing pressure coefficient contours Cp where
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3.2  Task2.2: LEWICE3D for Iced Flight Baseline

The flow fields generated by OVERFLOW were then used in LEWICE3D (Ref. 12) for the 17
different icing conditions listed in Table IV in order to establish the iced flight baseline (IFB). These
results included the ice shape geometries and collection efficiencies for each case. Ice shapes at numerous
spanwise locations were provided along with partial lofts of the ice shapes along the wingspan.
LEWICE3D calculations were performed using the CFB conditions including the CRM65 wing and body.
Figure 3 contains an example of the information provided by LEWICE3D. The ice shapes from this
analysis are considered the “gold standard” at the spanwise stations selected for the hybrid design process,
meaning that the ice shapes produced by LEWICE3D on the hybrid models are expected to match those
from the IFB in order for the design to be considered reasonable or accurate. This process of analyzing
the hybrid models using LEWICE3D is discussed further in Section 4.5.

The original IFB was established using a Boeing-modified version of LEWICE3D. This proprietary
version of LEWICE3D includes some source code changes and is based on an older version (TRAJIMC3D
version 2.2) than the version used (TRAJMC3D version 2.47) (Ref. 13) in this research to predict the ice
shapes on the hybrid wing models as they would be installed in the IRT test section. In order to have a
flight baseline set of ice shapes consistent with the ice shapes that would be produced for the IRT
simulations, a new set of baseline ice shapes using the OVERFLOW flow-field solutions was generated
with the same version of LEWICE3D (TRAJMC3D version 2.47). This new set of baseline ice shapes,
called the revised IFB, ensures that no differences in IRT and baseline ice shapes are due to changes in
LEWICE3D trajectory or icing physics models. All IFB ice shapes shown or discussed in this report are
taken from the revised IFB, which includes the same cases listed in Table IV. Therefore, any reference to
the IFB hereafter refers to the revised IFB.

Figure 3.—LEWICESD ice shape results for CRM65. Droplet median volumetric diameter
(MVD) = 20 um, V = 232 kn, alt. = 10,000 ft, liquid water content (LWC) = 0.55 g/m?,
static temperature = —4 °C, 45-min exposure (Ref. 1).
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3.3  Task 2.3: Spanwise Wing Sections Selection for Analysis

Once the wing geometry for this project was selected and the baseline CFD and icing analysis were
performed, the specific spanwise stations for the hybrid model designs were selected. The goal was to
select the minimum number of locations along the wing necessary to interpolate and extrapolate an ice
shape across the entire span of the wing. The hybrid design process was applied to these sections of the
full-scale wing in order to create airfoils with full-scale leading-edge geometries and flow fields. These
new airfoils were extruded with the same leading-edge sweep angle as the full-scale wing to create 3D
wind tunnel models for testing in the icing wind tunnel. These models are similar to a wing due to their
sweep, but they have a constant cross section and zero twist representing only one station of the swept-
wing geometry. Since the design, fabrication, and testing of large-scale models can be expensive, it was
desirable to select only three stations to represent the ice on the entire swept wing. To select these three
stations, the team analyzed the IFB data and considered real aircraft characteristics.

To analyze the six flight cases with multiple temperatures for each of the cases from the IFB, a
MATLAB code was written to determine the ice horn length and horn angle. This code is similar to the
NASA code THICK (Ref. 14). Using this code, every LEWICE ice shape cut perpendicular to the leading
edge could be investigated for each IFB case. The parameters identified with this code are shown in
Figure 4. The ice horn length is defined as the distance from the center of the leading-edge radius to the
horn tip, and the horn angle is defined as the angle between the chord line and a line along the horn
length. A parameter called ice thickness on the horn was defined, as well as the horn length minus the
distance from center of the leading-edge radius to the surface of the wing.

Horn angle / Horn length / Ice shape

05

e,

! g Leading-edge cylinder
e =
e |CE ;

thickness
on horn

05 =

Airfoil section vertical coordinate, y, in.

—15F

1 1 1 1 1 ] 1 1 1
-1.5 -1 -0.5 0 0.5 1 1.5 2 2.5 3

-

Airfoil section chordwise coordinate, x, in.

Figure 4.—Icing parameters determined from MATLAB code to analyze LEWICES3D data.
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The size of the ice horn and the angle of that horn were determined for each ice shape as a function of
span. This analysis was repeated for all 17 cases of the IFB, and a recommendation for the three spanwise
stations was formulated. Generally, the horn length changed gradually and nearly linearly across the span
for all of the cases analyzed, while the horn angle tended to dip near the 20 percent station and then
increase almost linearly toward the wing tip. Warmer cases showed larger ice thicknesses on the horn,
such as the WB33 T = —4 case displayed in Figure 5.

Recommendations for the stations at 20, 64, and 83 percent of the wing semispan were discussed and
selected with NASA. They correspond to nominal wing butt line (WBL) positions of 151.378, 481.208, and
624.067 in. on the CRMG65, respectively, and are shown in Figure 6. The 20 percent station was selected for
having the minimum horn angle for most IFB cases analyzed and for its large physical size, which
challenged the design of a swept-wing model capable of fitting inside the IRT. Despite being located near
the wing root, it was still not too close to the side of body (SOB) (10 percent of the span or WBL =
75.189 in.). The 83 percent station represents the junction between the heated and unheated portion of a
wing had this been a real aircraft, although ice protection systems are not included in this study. The 64
percent station was selected because one more station was needed between the 20 and 83 percent stations to
help characterize ice accretion across the entire wingspan. It was conveniently observed that one of the icing
cases from the IFB (WB33 T = —4) that was considered more important due to its larger ice accretions
presented a horn angle inflection point that corresponded to the 64 percent station, as seen in Figure 5, so
this station was selected even though this behavior was not observed in the other 16 IFB simulations.

6~ Linear fit between stations
==+ Horn length, in.
Ice thickness on horn, in.

Iy A RA Y
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Figure 5.—LEWICES3D data analysis displaying ice thickness on horn (a) and horn angle (b) at
selected stations along span (20, 64, and 83 percent) for CRM65 case WB33 T = —4, where
T = —4°,t = 45 min, Mach number M = 0.36, angle of attack o = 3.7°, liquid water content
LWC = 0.551 g/m?, and median volumetric diameter MVD = 20 um.
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Model 2
Midspan

Model 3
Outboard

n=10%

Figure 6.—Three spanwise stations of CRM65 selected for
this study. SOB is side of body and n is spanwise position.

|
n = 83%

Outboard y

Qutboard
Midspan

Figure 7.—CRMG65 and selected three stations (Inboard, Midspan, and Outboard) cut in perpendicular direction
(Ref. 11).

Because the reference wing was swept, the models were designed utilizing the stations in the normal
direction, applying simple swept-wing theory as discussed by McLean (Ref. 15). The three selected
stations and the respective airfoils in the direction perpendicular to the wing leading edge are displayed in
Figure 7.

It is noticeable from Figure 7 that the Inboard perpendicular cut intersects the fuselage, but because
the hybrid airfoil design retains only the leading edge of the full-scale cut, there is little impact in
replacing the trailing-edge portion of the Inboard cut that corresponds to the fuselage intersection by an
assumed extrapolated trailing edge, seen in Figure 8.

To illustrate the challenges involved in designing each of the three models to fit inside the IRT test
section, Figure 9 shows the IRT test section (20 by 9 by 6 ft) overlaid on each of the wing stations of the
CRM®65 geometry. Both top and rear views are displayed to scale.
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Artificial trailing edge
(a) (b)

Figure 8.—Inboard perpendicular cut extrapolation (Ref. 11). (a) Original and assumed Inboard perpendicular cuts.
(b) Extrapolation scheme showing Inboard cut location.

IRT test section

CRM65
(a) (b)

Figure 9.—CRMG65 with Icing Research Tunnel (IRT) test sections at three selected spanwise stations (Ref. 11).
(a) Oblique view. (b) Top view.

The computational simulations for the aerodynamic flow field and ice accretions for the CFB and IFB
were performed on the CRMG65, whose wing shape includes the bending and twist that a real wing would
see under a 1-g load in flight. Early in the project, researchers identified how complex it would be to
manufacture the artificial ice shapes to fit onto the leading edge of the CRM65 wing wind tunnel model
for later design, fabrication, and testing to quantify the aerodynamic effect of the experimentally
measured ice accretions. To address this issue, an unbent CRM65 wing was generated for utilization in
future aerodynamic wind tunnel tests. This geometry was referred to as the “unsheared CRM65 wing,”
which maintained the same twist of the CRM65 wing but had the leading-edge points brought to a straight
line, as there was no dihedral along the wing leading edge.

At the time of the selection of these three stations, only the CRM65 geometry was available, so the
airfoil coordinates of the selected stations were extracted from the CRM65, and 3D matrix rotations were
done to remove the local “dihedral” from the airfoil coordinates. By the time the unsheared CRM65
became available, the hybrid models were already far into the design process. The extracted cuts from the
unsheared CRM65 were compared with the CRM65 models, and it was concluded that they were close
enough that it would not be justifiable to restart the design process of the hybrid models.
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Although the nominal spanwise locations of the 20, 64, and 83 percent stations on the CRM65 based
on the CRM reference semispan corresponded to 151.378, 481.208, and 624.067 in., respectively, the
actual locations of the CRM65 stations utilized for the hybrid model designs were 151.178, 483.768, and
627.387 in., based on the measurements of the CAD model utilized.

To design the wind tunnel wing models for each of the three selected spanwise stations that could fit
inside the test section and also reproduce the ice accretion of the full-scale wing, the design method
process was broken down into 2D and 3D designs, as discussed in Sections 4.0 and 5.0, respectively.

4.0 Task 3: Design and Simulation of 2D Hybrid Airfoils

This section describes the 2D design process, including integration of 2D tunnel effects, design of 2D
hybrid airfoil sections with trailing-edge flaps, and application of LEWICE to compare the resulting ice
shapes to the IFB.

4.1  Task 3.1: Integrate 2D Tunnel Effects and Flaps Into 2D Hybrid Design

A hybrid airfoil is defined as one that has a full-scale airfoil leading edge and a shortened (or
truncated) trailing edge. The hybrid airfoil design method was first introduced by Saeed et al. (Refs. 2 to
4), who explored the design of single-element airfoils in free air that matched full-scale circulation in an
attempt to match the full-scale ice accretion (Refs. 2 and 3) and performed an experimental validation
with a simple hinged flap (Ref. 4) in the IRT compared with LEWICE results. Fujiwara et al. (Refs. 11
and 16) further studied this subject by performing parametric studies of hybrid airfoil design variables to
identify key parameters that control ice accretion matching. Fujiwara et al. also extended the hybrid
airfoil design method to include the effects of flaps, wind tunnel walls, viscosity, and computational
predictions of the resulting ice shapes using LEWICE. A brief summary of the hybrid airfoil
nomenclature and design process is presented below.

Three main geometrical parameters (Ref. 17) describe a hybrid airfoil: the hybrid scale factor, the
upper leading-edge extents, and the lower leading-edge extents. The hybrid scale factor is defined as the
full-scale chord divided by the hybrid chord and represents the factor by which the baseline geometry is
shortened. The upper and lower leading-edge extents are the chordwise lengths of the full-scale leading
edge that are maintained, given as a percent of the full-scale chord length. Figure 10 shows an example of
a hybrid airfoil with 10 percent lower and 5 percent upper leading-edge extent and a scale factor of 2.
Because ice shapes that grow on the nose of the hybrid model are correlated to the full-scale baseline
airfoil, the hybrid angle of attack is measured relative to the full-scale airfoil chord line rather than the
hybrid airfoil chord line. Note that the full-scale and hybrid airfoils are both at zero angle of attack in
Figure 10. The slight negative incidence angle observed in the full-scale airfoil is due to the reference
wing local twist angle, extracted perpendicular to the leading edge. This is done to allow referencing back
to the overall aircraft angle of attack when dealing with the various icing cases.

Two additional design variables determine the aft section geometry: the nose-droop angle y and the
guarter-chord zero-angle-of-attack pitching-moment coefficient Cro. The nose-droop angle is the angle
formed by the full-scale airfoil chord line and the line connecting the leading and trailing edges of the hybrid
airfoil. Alternatively, it can be interpreted as the elevation of the trailing edge with respect to the leading
edge. A more positive nose-droop angle causes a lower trailing-edge elevation or more camber, shifting
more load to the aft of the hybrid airfoil. The quarter-chord zero-angle-of-attack pitching-moment
coefficient affects the camber line curvature of the aft hybrid section without changing the elevation of the
trailing edge, such that a more positive Cro Will result in a less cambered aft section and, therefore,
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Figure 10.—Hybrid airfoil geometric variables (Ref. 11). Here, co is full-scale chord, cnys is hybrid-scale chord, Cmo is
zero-angle-of-attack pitching moment coefficient, a is angle of attack, and y is nose-droop angle.

reduced aft loading. Values of Co can be both negative and positive, but Cio is usually negative. Both
parameters are illustrated for the hybrid airfoil of Figure 10 with a nose-droop angle of y = +4° and
Cmo =-0.30.

A hybrid airfoil is designed to reproduce the full-scale leading-edge ice accretion by controlling the
leading-edge flow field (and thus the heat transfer) and droplet impingement at a specific angle of attack
with a model using a much shorter chord and, consequently, lower wind tunnel blockage. The
computational integrated design workflow is presented in Figure 11. The 2D hybrid model design process
is largely automated (steps 1 to 5) using several existing codes, providing a fairly rapid design. The
process starts with the analysis of the inviscid flow field and calculation of the pressure distribution C,
around the full-scale airfoil with XFOIL (Ref. 18). Next, the droplet trajectories and local collection
efficiency B are computed with AIRDROP (Ref. 19). Once the droplet impingement limits are known, the
user can determine the upper and lower full-scale leading-edge extents to be maintained for the hybrid
airfoil. PROFOIL (Ref. 17) is then used to design the aft section airfoil using an inverse airfoil design
method. The two most important design variables are the zero-angle-of-attack pitching-moment
coefficient Cro and the nose-droop angle y, which determine the aft camber and trailing-edge height, as
discussed in Figure 10. The aft section of the hybrid airfoil is merged with the leading edge of the full-
scale airfoil at the user-prescribed leading-edge extents. Once the hybrid airfoil is designed, it is analyzed
with XFOIL and AIRDROP to determine the resulting C, and B distributions in comparison with the full-
scale airfoil. Adjustments in the design parameters often need to be made in order to perfect the hybrid
design, making this an iterative process (Ref. 20). In the case of a single-element hybrid airfoil, Cro and
nose-droop angle vy are varied until a good match is obtained. In the case of a flapped hybrid airfoil, the
main element is designed through the same process, with the subsequent addition of an external flap
geometry. Four additional design parameters exist when adding a flap: gap, overlap, flap airfoil geometry,
and size relative to the main element. Adding a flap is optional and is often done to allow for testing of
the model at different conditions from the specified design point (due to the unreliability of modeling
wind tunnel effects, the limitations of the CFD, and modeling tools) by modifying the flow field and
altering the stagnation point (or attachment point) on the leading edge of the model with the flap
deflection. Since all steps thus far use inviscid models, the hybrid design is then evaluated using a RANS
CFD code (ANSYS Fluent) (Ref. 21) to ensure that no significant flow separation that could potentially
affect the hybrid model performance occurs, and to include the effects of the wind tunnel wall proximity
on the hybrid model (Ref. 22). If predicted flow separation is acceptable, the final step is to compare the
ice shapes produced by the hybrid airfoil with the full-scale airfoil. This is done using LEWICE (Ref. 23).
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Figure 11.—Integrated hybrid airfoil design workflow (Ref. 11). In step 5, Cmo is zero-angle-of-attack pitching moment
coefficient.

4.2  Task 3.2: Perform 2D Scaling Analysis and Develop Tradeoffs

When the proposal for this project was originally written, it was assumed that the IRT wind tunnel
models would be designed with some scale of the full-scale airfoil leading edge (either smaller, equal to
100 percent, or larger) and a redesigned trailing edge. During the hybrid airfoil design process described
in Section 4.1, the advantages and disadvantages of selecting a certain scale for the leading edge were
evaluated. A tradeoff was identified between requiring less scaling of the icing conditions by designing a
model with a leading edge size closer to the full scale and potentially requiring velocity scaling if full-
scale leading-edge models would pose a limit to the achievable wind tunnel speed due to blockage.

It was decided during the design process that a 100 percent full-scale leading edge with a truncated
trailing edge would be used and that velocity scaling requirements that could arise from potentially

unachievable speeds in the wind tunnel would be dealt with later for the IRT tests.
An initial study on icing scaling was done based on NASA’s Manual of Scaling Methods (Ref. 24).

NASA later took the lead to further develop the velocity scaling for the IRT tests for years 3 and 4 of this
project.

4.3  Task 3.3: Design 2D Hybrid Airfoil Sections With Trailing-Edge Flaps

The 2D hybrid airfoil design method previously described was used to design the Inboard, Midspan,
and Outboard models. Flaps were included to provide more testing flexibility and reach the full set of
target icing conditions. The flap geometry was a modified National Advisory Committee for Aeronautics
(NACA) 6412 with a more circular leading-edge geometry so that flap gap and overlap could be kept
fairly constant over a range of flap deflection using the same flap pivoting point. The flap chord
corresponded to 25 percent of the total hybrid chord, cny, and both gap and an overlap were set to
1.5 percent of the total hybrid chord. The Midspan model is presented in Figure 12 as an example.
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Figure 12.—Midspan hybrid airfoil design with flap. Here, co is full-scale chord, cnyb is hybrid-scale chord, Cmo is zero-
angle-of-attack pitching moment coefficient, and y is nose-droop angle.

TABLE V.—INBOARD, MIDSPAN, AND OUTBOARD FULL-SCALE
NORMAL AIRFOILS AND RESPECTIVE HYBRID AIRFOIL DESIGNS

Model name Inboard Midspan Outboard
CRMG65 spanwise location, 1, % 20 64 83
Full-scale normal chord, co, in. (m) 297.88 (7.566) 122.72 (3.117) 91.27 (2.318)
Upper leading-edge x/co extent, % 4 10 17
Lower leading-edge x/c extent, % 6 10 15
Nose-droop angle, y, deg -11.5 -5.5 -35
Zero-angle-of-attack pitching moment -0.12 -0.05 -0.08

coefficient, Cmo

Scale factor 2.25 2 15
Full-scale maximum thickness,?in. (%) 38.2 (12.8) 14.0 (11.4) 10.2 (11.1)
Hybrid maximum thickness,?in. (%) 19.2 (6.4) 9.2 (7.5) 8.2 (9.0)
" ormal t lading edge) = = |

aAll thickness ratios calculated based on full-scale chord.

The 2D hybrid airfoil designs went through an iterative process, as described in Section 4.1. To be
considered complete, the designs had to show the capability of reaching all the stagnation points of the
target test conditions with some safety margin. This was checked with the 2D RANS simulations for the
hybrid airfoils, as described in Section 4.4, and later with the 3D RANS simulations for the IRT hybrid
wing models, as described in Section 5.3.

The final 2D hybrid airfoil designs can be seen in Table V with the full-scale and respective hybrid
design parameters displayed (Ref. 16). The airfoil coordinates for these three sections and the associated
flaps are provided in Appendix E.

4.4  Task 3.4: Verify Model Design With 2D RANS To Improve Clean Flight Baseline
Correlation

The design of the three models with external flaps required 2D RANS flow solutions to verify that the
corresponding range of stagnation point locations could be reached within a safety margin (step 7 of
Figure 11).

Figure 13 provides a schematic of the IRT mesh utilized for the solutions. The rectangular fluid
domain representing the IRT stretched 576 in. (or 48 ft) in the x-direction (along the airfoil chord) and
108 in. (or 9 ft) in the y-direction (along the airfoil thickness). The grids were generated utilizing
Pointwise with about 470,000 nodes, where anisotropic grid cells were used to solve the boundary-layer
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Flow conditions: Dimensions of IRT used: Boundary conditions:

P =94.743 Pa Length: 48 ft or 576 in. Inlet: Velocity inlet

V=77.2mls Height: 9 ft or 108 in. Outlet: Pressure outlet

p = 1.28543 kg/m?3 Nodes: ~470,000 All other surfaces: Viscous walls
T=267K

Figure 13.—Two-dimensional (2D) mesh utilized for 2D Reynolds-averaged Navier—Stokes (RANS) simulations.

region. ANSYS Fluent (Ref. 21) was the solver, and k—o SST (shear stress transport) was the turbulence
model utilized for the solutions. The inlet velocity was set to 77.2 m/s, with an operating pressure of
94.7 kPa and air density of 1.285 kg/m®. Each flapped hybrid was modeled in the IRT test section with
walls present above and below, simulating the sides of the IRT test section. The meshing strategy used
was validated on a two-element NACA 23012 airfoil with a 20 percent chord NACA 23012 external flap
(Refs. 25 to 27). The turbulence parameters at the inlet were determined by scaling values obtained
computationally by Clark et al. (Ref. 28) for an empty IRT test section, resulting in a turbulent Kinetic
energy of k = 1.08 m?/s? and specific turbulence dissipation rate of @ = 47.34 s (Ref. 28). This
corresponds to a streamwise test section velocity of 188 kn (96.9 m/s), which is typical in the IRT.

To minimize the number of runs, two bracketing aerodynamic cases comprising the required range of
stagnation point locations were run per model: a case reaching a stagnation point higher than the highest
stagnation point required and a case reaching lower than the lowest. Target stagnation points were
extracted from the corresponding stations of the CFB 3D RANS solutions done with OVERFLOW for the
CRMBG5 in free air. Figure 14 illustrates the process of checking the solutions for the two bracketing cases
of the Midspan model. No flow separation was observed.

The two bracketing cases help determine whether the design was acceptable or not. Once this was
achieved for all three models, additional 2D RANS simulations in between the two bracketing cases were
done to obtain the 2D aerodynamic calibration (aerocal) plots, which determine what speeds, angles of
attack, and flap deflections are necessary to match certain target flight conditions.

For each model and station, the aerocal gives the wrap distance (also called arc length), s, measured
along the airfoil surface from the highlight (forwardmost point when the aircraft angle of attack is zero) to
the stagnation point versus the model angle of attack, a, at several flap deflections, 6. Negative values of s
correspond to positions below the model highlight (on the lower surface of the model). The attachment
line locations from the Inboard, Midspan, and Outboard stations of the CRM65 wing are also plotted for
the six critical icing scenarios of the CFB as a reference. The aerocal serves two purposes. First, it shows
whether the flapped-hybrid design at a given station is effective in reaching all the stagnation point
locations required for the IFB test cases. Second, it serves as a tool for predicting what flap deflections
will be required by the 3D model to match attachment line locations at the centerline of the IRT to those
of the CFB for a desired angle of attack. The flap angle predicted by the 2D aerocal serves as the starting

NASA/CR—2017-219573 17



=
ton pot
1ogn?2

UPPER LIMIT  yEReiow

‘/ CHECK segnaton’ LOWER LIMIT
- = : points range CHECK

g -_ID l':]uen-l‘.c-: 5_5-0" 6:: 25° |

-

‘/{ Simulation stagnation point

LEWICE 3D | B 2

NB 2::1 - o~ Highest stagnation point

LEWICE3D J§ &

WB71: a
5.52 i

A| Simulation stagnation point‘

x2 ‘ . ' x2
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point for the iterative matching of centerline attachment line position in 3D CFD simulations, reducing
the number of iterations needed.

Aerocal plots were constructed for each of the three 2D hybrid designs using the standard set of test
section conditions described above. Various angles of attack were simulated for a set of fixed flap
deflections. Figure 15 shows an example of a 2D aerocal plot for the final design of the Midspan model.
On the y-axis, the streamwise wrap distance s of the stagnation point location relative to the highlight is
plotted, and the x-axis is the angle of attack for multiple flap deflections. The CFB cases’ streamwise
wrap distances from the 3D OVERFLOW simulations are also included in the figure. The data on this
plot labeled IRT model simulation, 2D RANS come from a 2D simulation originally generated in the
normal direction. To transform it to streamwise direction, the wrap distances and angles of attack of the
2D RANS lines were divided by cosine of the leading-edge sweep angle (37.2°). The flap deflections did
not need to be corrected as they are defined perpendicularly to the hinge line, which is the same in 2D or
3D. The plot served to check that the airfoil was designed such that any of the baseline conditions could
be reached roughly with flap deflections between 0° and 20°. The 2D aerocal data for the other stations
are included on the 3D aerocal plots in Section 5.3.

It is important to notice that although the 2D aerodynamic calibration plots are useful to determine the
angle of attack and flap schedule expected for the 3D hybrid wing model inside the wind tunnel, it may
not agree with either the CFB (free air) or the 3D RANS data for the hybrid wing inside the tunnel. Recall
that the 2D cuts were taken in the normal direction to the leading edge assuming all conditions under
which simple sweep theory (Ref. 15) (infinite-span untapered swept-wing characteristics) holds true. The
3D data from the CFB were extracted in the streamwise direction for later comparison with the actual 3D
simulation of the IRT model. In addition to the differences due to extracting the 2D data in the normal
direction and stretching it to the streamwise direction for comparison with 3D data extracted directly in
the streamwise direction, mismatches might arise due to flow three-dimensionalities that deviate largely
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Figure 15.—Two-dimensional (2D) aerodynamic calibration for the Midspan model. The 2D Reynolds-
averaged Navier—Stokes (RANS) wrap distances stretched from normal to streamwise direction and
clean flight baseline (CFB) taken in streamwise direction.

from these assumptions, such as proximity to the side of body or wing-tip flow features. In this sense, the
2D RANS aerocal plots provide limited information beyond the initial angle of attack and flap schedule
estimate in terms of the 3D hybrid wing model design performance. Thus, a similar process is repeated in
3D with higher fidelity tools in Section 5.3 to include the effects that cannot be accounted for in 2D
simulations, such as the interaction between the model and tunnel floor and ceiling, and the three-
dimensionalities in the swept-wing flow field.

45  Task 3.5: Apply LEWICE to Compare Ice Shapes to Iced Flight Baseline

While the aerodynamic characteristics (Cp distributions over the leading edge) and impingement
characteristics (droplet trajectories that define local collection efficiency B) are important parameters for
comparing the full-scale and hybrid airfoils, the most important comparison between the full-scale and
hybrid designs is the ice shape itself. To make this comparison, LEWICE version 3.2.2, developed by
NASA, was used on each of the hybrid designs to predict the ice shapes and collection efficiencies
(Ref. 23).

From the aerodynamic perspective, matching the stagnation point location between the full-scale and
hybrid airfoils has been shown (Refs. 11 and 16) to have the strongest effect toward matching the ice
accretions, while matching C, suction peak magnitude was shown to be secondary. Results have further
indicated that the closer to the leading edge the lift is generated, the less circulation is required to match
the same stagnation point location, such that hybrid airfoils do not have to maintain the full-scale
circulation to yield good ice shape matching (Refs. 11 and 16). From the droplet impingement
perspective, matching stagnation point location also yields a satisfactory match in local collection
efficiency between full-scale and hybrid designs. The local collection efficiency represents the water mass
flux distribution impinging on the airfoil surface and is calculated by LEWICE (Ref. 23) in the
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calculation of the ice shape. The local collection efficiency plotted versus wrap distance curve provides
the upper and lower impingement limits as well as the maximum value and location of the maximum
local collection efficiency f.

To perform the ice accretion comparisons between the full-scale and hybrid airfoils, it is important to
guantify how well two ice shapes match. Six common parameters are used to describe ice shapes
quantitatively (Ref. 29). The three parameters that most significantly affect the aerodynamics are horn
length, horn angle, and maximum ice thickness; the other three variables (stagnation thickness,
impingement length, and maximum width) help quantify the ice shape (Refs. 30 and 31). Although it is
possible to quantify the ice shape match numerically, the comparisons were done subjectively by visually
inspecting the ice shapes according to these parameters.

A hybrid design airfoil that matched the stagnation point of the full-scale airfoil yielded a match in
both the local collection efficiency distribution and the overall ice shape. LEWICE simulations were done
for the full-scale and hybrid airfoils to show this, utilizing the same flow and icing conditions for both the
hybrid and full-scale airfoils. The solutions from LEWICE consisted of the 2D-panel method (inviscid)
for the flow field, which was updated as the geometry of the clean airfoil was changed by the added ice
shape that grew over the geometry. The automatic time stepping option was utilized.

Figure 16 presents an example of the collection efficiency and ice shape generated by LEWICE for
the 2D full-scale and hybrid design for the Midspan station. The icing conditions for the case correspond
to condition WB33 T = —4 °C with a normal freestream velocity of 95.35 m/s (corresponding to the
streamwise freestream velocity of 119.41 m/s), a freestream pressure of 69.702 kPa, a droplet median
volumetric diameter (MVD) = 20 um, liquid water content (LWC) = 0.551 gm/3, and an icing time of
45 min, as described in Table IV. The droplet size distribution utilized was the Langmuir D, described in
the LEWICE manual (Ref. 23).
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Figure 16.—Midspan LEWICE full-scale and hybrid design results for case WB33 T = —4 (from Table IV, extracted
from Fujiwara) (Ref. 11). (a) Collection efficiency. (b) Ice shape.
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The pressure distributions, collection efficiencies, and ice shapes for the three stations for condition
WB33 T = —4 (T = -4 °C) obtained with LEWICE were also compared with the LEWICE3D solutions
from the IFB. It is important to keep in mind that differences in physical models exist between LEWICE
and LEWICES3D. First, LEWICE uses a 2D-panel method (inviscid) to solve the 2D aerodynamic flow
field, which is used to calculate the droplet trajectories, resulting in a collection efficiency around the
geometry. The surface roughness and heat transfer coefficient are estimated to perform thermodynamic
and ice growth calculation. The flow field is then updated as the ice grows in subsequent time steps, and
the process is repeated for the duration of the user-specified icing time. LEWICE3D utilizes a 3D RANS
(viscous) solution as input for the droplet trajectories that is not updated for the ice growth calculation,
such that the ice shape is computed in a single-step method. Another major difference is that the
LEWICE3D roughness model utilizes different correlations based on the leading-edge radius, causing
differences in heat transfer coefficients that can yield disparities in ice shapes for cases when the
temperature is closer to freezing (warmer cases) (Ref. 32). A more detailed discussion of the physical
model differences between the two codes is presented by Wiberg (Ref. 13).

Figure 17, Figure 18, and Figure 19 present the pressure distributions, collection efficiencies, and ice
shapes for case WB33 T = —4, described in Table IV, for the Inboard, Midspan, and Outboard models,
respectively. All droplet distributions were Langmuir D (Ref. 23). Each plot shows results for LEWICE
and LEWICE3D full-scale (FS) and hybrid designs. Simple sweep theory (Ref. 15) was used to compare
LEWICE3D data for each of the streamwise cuts with the data for the 2D perpendicular cut by dividing
the 3D C, data of the streamwise cut by (cos? A) since the dynamic pressure in the normal direction is
based on velocity squared, and dividing 3D local collection efficiency, B, for the streamwise cut by (cos
A), as shown in the derivation of Wiberg (Ref. 13). Note that the collection efficiency values increase
from the Inboard to the Outboard model due to the decreasing model thicknesses, as expected for thinner
airfoils (Ref. 33). Also, the Inboard full-scale pressure distribution of Figure 17(a) presents a
discontinuity due to the intersection of the perpendicular cut on the wing with the side of body (detailed in
Figure 8).

All three models showed good agreement between the full-scale and hybrid ice shapes. The
differences in ice shapes encountered between LEWICE and LEWICE3D arise in part from the different
icing physics models and three-dimensionality of 3D flow solutions. The LEWICE ice shapes obtained
served as a preliminary prediction of the ice shapes of the 3D hybrid models, later calculated using 3D
RANS and LEWICE3D inside the IRT (Ref. 13), as discussed in Section 5.0.

A number of lessons were learned from the 2D hybrid airfoil design. First, once the full-scale airfoil
is defined and its impingement limits are known from the CFB target, define the necessary hybrid scale
factor to design a model that can fit inside the icing wind tunnel available. Next, try to maintain close to
the same portion of the full-scale leading edge defined by the full-scale impingement limits. Next,
redesign a truncated leading edge for the hybrid airfoil that meets the necessary hybrid scale factor and
matches the full-scale stagnation points for the extreme target cases with flap deflections that present
margins from flow separation of at least about 5° in the 2D RANS simulations that include upper and
lower wind tunnel walls. Check for ice-shape matching performance with LEWICE. Finally, keep in mind
that the 2D hybrid airfoil design is only part of the 3D hybrid wing process and that 3D computational
analyses are needed to achieve a satisfactory final 3D hybrid wing, as described in Section 5.0.
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Figure 17.—Inboard model LEWICE simulations: Case WB33 T = -4
(from Table IV) (Ref. 11). IFB is iced flight baseline and FS is full scale.
(a) Pressure coefficient distribution. (b) Collection efficiency. (c) Ice
shape.
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Figure 18.—Midspan model LEWICE simulations: Case WB33 T = -4
(from Table IV) (Ref. 11). IFB is iced flight baseline and FS is full scale.
(a) Pressure coefficient distribution. (b) Collection efficiency. (c) Ice
shape.
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Figure 19.—Outboard model LEWICE simulations: Case WB33 T = -4
(from Table IV) (Ref. 11). IFB is iced flight baseline and FS is full scale.
(a) Pressure coefficient distribution. (b) Collection efficiency. (c) Ice
shape.

NASA/CR—2017-219573 24



5.0 Task 4: Design and Simulation of 3D Icing Research Tunnel (IRT)
Hybrid Models

A design method for a straight, untapered hybrid wing can be as straightforward as the extrusion of a
hybrid airfoil, a design method well documented by Saeed et al. (Ref. 2) and further explored by Fujiwara
et al. (Ref. 16). The design of a swept, hybrid wing, however, introduces design challenges related to the
three-dimensionality of swept-wing flow fields (Ref. 15) and ice shapes (Refs. 34 and 35). Fujiwara et al.
(Ref. 16) discuss this method extensively. This section presents the major findings of the developed
method and its application to the design of the three hybrid wing models.

After completion of the 2D design for the hybrid airfoils (Section 4.0), they were translated into 3D
hybrid wing models for further study and comparison with the IFB. Section 5.0 details how this was done
utilizing both 3D CFD tools and LEWICE3D.

5.1  Task 4.1: Validate and Assess 3D RANS for High Blockage in the IRT

The same CFD code that was used during the 2D RANS simulations, ANSYS Fluent (Ref. 21), was
utilized to study the 3D hybrid wing models. Fluent has been used for simulations for the AIAA Drag
Prediction Workshop with results comparable to other commercially available codes (Refs. 36 to 38). For
this application, the code was validated using data from another multi-element airfoil (MEA) that was
tested in the IRT. Pressure distribution data are available from a straight-wing model that utilized the
McDonnell Douglas Aerospace MEA and spanned from wall to wall. The details of this validation study
are presented in Appendix B, including grid resolution studies and pressure comparisons.

Based on those studies, the swept-wing models were simulated in a modified version of the IRT
geometry. Clark et al. (Ref. 28) performed a CFD simulation of the IRT empty geometry from the heat
exchanger (HX) to the test section to assess the turbulence levels experienced in the test section, as shown
in Appendix B. To simplify the CFD meshes, rather than keeping the contraction and expansion sections
of the IRT, the constant-area test section was extended upstream and downstream of the actual test section
by 20 ft (Refs. 33 and 39) and the turbulence values found by Clark et al. (Ref. 28) were scaled to account
for the different velocities between simulations, as further explained in this section. Figure 20(a) shows
the Midspan model in the actual IRT test section (6 by 9 by 20 ft). Figure 20(b) shows the computational
test section for CFD purposes. The grid for these 3D models consisted of anisotropic elements from all
wall and model surfaces that were formed with a growth rate of 1.2. The smallest element spacing was
1.3x107* in. in order to maintain y* less than 1. The Inboard, Midspan, and Outboard models had
approximately 24, 17, and 17 million nodes, respectively. The grid near the intersection of the trailing
edge of the main element and the leading edge of the flap is illustrated in Figure 21.

g /A

(a) () L

Figure 20.—Midspan model installation in Icing Research Tunnel (IRT) test section. (a) Test section
dimensions drawn to model scale. (b) Computational fluid dynamics (CFD) test section extended
upstream and downstream of the Midspan model location.
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Figure 21.—Anisotropic tetrahedral grid elements between trailing edge of main element and
leading edge of flap.

The boundary condition for the inlet was a constant velocity, and a pressure outlet boundary condition
was applied. The no-slip condition was applied to the walls and model surfaces. The two-equation RANS
turbulence model k- SST was utilized with inlet turbulence specified based on previous work. The inlet
values for the turbulence parameters k and o were determined using the results of an empty IRT flow
simulation performed by Clark et al. (Ref. 28) in which a 3D RANS analysis was used to estimate the
flow in the new 2012 configuration of the IRT. Clark et al. simulated the IRT from the exit of the HX to
the center of the test section including the turning vanes, spray bars, and contraction nozzle. These results
were produced using Fluent. To perform flow approximations at velocities other than those used by Clark
et al., k and o were scaled using the relations

2
k =kq Ve ®=0w v
Vo2 Vo

where Vo, ko, and wp are the tunnel velocity, turbulent kinetic energy, and specific turbulence dissipation
rate produced by Clark et al., respectively. Additionally, a second-order upwind scheme was used to solve
for momentum and temperature, and all other parameters were solved for using a first-order upwind
scheme.

52  Task 4.2: Translate 2D Hybrid Airfoils Into 3D IRT Models

A hybrid wing model can be designed to represent either a section of the reference wing or a single
spanwise station. For a section, the 3D leading-edge geometry from the full-scale wing is maintained
while a 3D truncated aft section is redesigned. For this project, the wing model was designed to represent
a single spanwise station on the CRM®65, shown by Fujiwara et al. (Ref. 40), such that the hybrid airfoil is
simply extruded across the wind tunnel test section to create a hybrid wing model. This constant section
design method was selected for two primary reasons: first, because it simplifies the design of the 3D
hybrid wing model, and second, because only the center portion of the IRT wing model ice accretion data
is acquired experimentally, which is more representative of a single spanwise station of the CRM65.
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Figure 22.—Hybrid wing design method workflow (Refs. 11 and 40).

The hybrid wing model design method utilized for the present work is presented in the workflow of
Figure 22. The first step is to define the aircraft reference geometry and establish the set of aerodynamic
and icing conditions to be replicated. The hybrid wing design starts with the design of a 2D hybrid airfoil
from a normal-to-leading-edge cut of the full-scale airfoil of the CRM65 to match the stagnation point
location for that full-scale airfoil cut. While the stagnation point location information was obtained from
the CFD solution (3D OVERFLOW) done on the CRM®65, the full-scale airfoil geometries were extracted
from the unsheared CRM65. The details and design tradeoffs of this first step are described in Section 4.0
of this report, and in more detail in Fujiwara et al. (Ref. 16). To properly represent a swept wing in 2D
with simple sweep theory (Ref. 15), the hybrid airfoil is designed for a full-scale airfoil that is cut in the
direction normal to the leading edge of the full-scale wing.

The second step requires extruding the designed hybrid airfoil in the direction parallel to the full-scale
leading edge, maintaining the same wing leading-edge sweep angle. The ends of the hybrid wing model
are trimmed in the streamwise direction to create a model that spans from floor to ceiling in the IRT, as
shown for the Midspan hybrid wing model in Figure 23(a). A size perspective of this same model in
comparison with the CRM®65 is presented in Figure 23(b). Once the hybrid wing geometry is created, the
model is then rotated to the desired angle of attack for the CFD simulations that will assess the similarity
between the full-scale and hybrid wing’s flow field near the region of interest. The order of operations for
this portion of the design is important. The 3D geometry must be created first, and then the entire swept
hybrid model must be rotated to the desired angle of attack. First rotating the hybrid airfoil to the desired
angle of attack and then extruding it to a 3D model generates a 3D model geometry that differs from the
full-scale wing because of the model sweep angle in the extrusion.
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(a) (b)

Figure 23.—Icing Research Tunnel (IRT) Midspan hybrid wing model. (a) Hybrid airfoil extruded parallel to leading
edge, then trimmed at ends. (b) IRT Midspan model compared with full-scale CRM65 geometry (Ref. 11).

The third step is similar to the iterative process done in 2D for the hybrid airfoil. Instead of varying
the hybrid airfoil geometry and flap deflection to match the full-scale airfoil stagnation point location, the
criterion utilized is to vary the hybrid wing angle of attack and/or flap deflection to match the full-scale
attachment line point at the centerline cut of the model inside the tunnel with 3D viscous CFD
simulations. Wiberg et al. (Ref. 41) showed results further supporting the idea that matching the full-scale
wing section attachment line location at the centerline of the tunnel generates satisfactory ice shapes for
the 3D hybrid model (Ref. 41). To narrow the number of critical baseline cases that drive the design of
the hybrid wing model, it is assumed that if the hybrid model is capable of reaching the farthest
attachment line location at the tunnel centerline, it is capable of reaching all others as well. The cases
requiring the attachment line location to be the lowest on the leading edge are considered the most
aggressive scenarios because they require the largest circulation, and hence impose the highest risk of
flow separation to the hybrid wing. Fujiwara et al. show in the 2D hybrid airfoil design method that a
unique combination of angle of attack and flap deflection does not exist for reaching the same stagnation
point location (Ref. 16). Instead, there is one corresponding flap deflection for each angle of attack that
reaches the same stagnation point location, with very distinct loads. The more frontloaded the model, the
smaller the load required to reach the same stagnation point. Based on that, if flow separation is observed
during step 4 on the main element of the hybrid wing but not on the flap, it means some of the load can be
transferred from the main element to the flap by increasing the flap deflection and decreasing the main
element camber, while reaching the same attachment line location for that particular angle of attack. The
analogy applies if separation occurs on the flap and not on the main element. This is done iteratively until
the farthest attachment line location is reached with no flow separation, within the tunnel load limits.

Once this is achieved, the fifth step is to observe how much the attachment line location on the hybrid
wing model changes across the span. If variation is significant, then spanwise load control techniques can
be considered. These are discussed in Fujiwara et al. (Ref. 40) (included as Appendix C). Otherwise, the
3D ice shapes are calculated in step 6 using LEWICE3D and compared with the full-scale ice shapes. For
this project, the hybrid wing model ice shapes were only investigated near the centerline region of the
model because this is where the model is designed to reach the full-scale attachment line location and
where the icing cloud at the IRT is most uniform. If the icing wind tunnel cannot reach the flight icing
conditions (density, velocity, etc.), icing scaling must be used to correct for the different operating
conditions. A similitude method is described in Section 5.6 as well as in Wiberg et al. (Ref. 41) (included
as Appendix D). Otherwise, the hybrid wing is considered complete.
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The wind tunnel sidewalls are an important topic from the hybrid wing model design perspective
because they affect the attachment line location, the risk of flow separation, and, ultimately, the model
performance to reproduce full-scale ice shapes. A discussion of the applications of this effect is presented
by Wiberg et al. (Ref. 41) and Wiberg (Ref. 13).

The flow field of an untwisted swept-back wing model confined by sidewalls, like the IRT hybrid
models designed for this project, shows a very pronounced 3D feature of increasing outboard load, as
shown in Figure 24 for the RANS solution for the Inboard hybrid wing model at a = 3.67°, with a flap
deflection of 6°, run at approximately 120 m/s. The circulation increases farther outboard on the model,
leading to higher suction peaks noted by the lower pressure blue color on the upper surface of the model.

This phenomenon occurs naturally in swept-back wings due to the induced upwash by the stations
upstream of the outboard region (Ref. 42) but is particularly enhanced for a model bounded by walls
because of the symmetry condition imposed by the sidewalls (Refs. 31 and 41). A lifting line
representation of the swept-wing model inside the IRT is shown in Figure 25, placing three horseshoe
vortices A, B, and C, each composed of two trailing-edge vortices connected by a bound vortex, on the
wing and on two mirrored images at each side of the wall. It can be observed that the right trailing vortex
of the horseshoe vortex C, which primarily contributes to decreasing the outboard local angle of attack by
inducing downwash at the wing tip, is cancelled by its image C”. The bound vortex of C” also induces a
greater upwash on the wing outboard region, thus increasing the outboard load even more. The inboard
region sees a much lower effect since the vortices are inducing upwash to the left of the left mirrored
image, away from the wing inboard region. Note that both mirror images distort the flow condition
attempted to be reproduced in the neighborhood of the model with this three-segment kinked wing,
as opposed to the continuous swept-back wing expected in the neighborhood of the model, as in
Figure 23(b). This explains the observed load variation across the span, which initiated the
investigations here presented for the use of spanwise load control techniques.
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Figure 24.—Inboard hybrid wing model 3D RANS simulation in Icing Research Tunnel (IRT) indicating pressure
coefficient Cp where angle of attack a. = 3.67°, flap angle § = 6°, and Reynolds number Re = 3.45x10".
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Figure 26.—Inboard hybrid wing model 3D RANS simulation in the Icing Research Tunnel (IRT) indicating pressure
coefficient Cp and attachment line location at angle of attack o = 3.67° and flap angle 6 = 6°.

The influence of spanwise load variation on the attachment line location can be observed in Figure 26.
The abscissa presents the dimensional wrap distance in inches from the model’s frontmost point, also
referred to as the “highlight,” to the attachment line. The ordinate presents the spanwise position in inches,
with the IRT floor at —36 in. and ceiling at +36 in. The CFD RANS solution with pressure contours for the
same case is shown at the right.

The attachment line moves a significant distance around the leading edge of the model across the entire
span from floor to ceiling. However, the ice shapes will only be documented in approximately the 6 in.
above and below the tunnel centerline due to the time required for documentation and the questionable
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uniformity of the icing cloud away from the centerline. With that reasoning, the attachment line location
over only the center 12 in. of the IRT was considered when determining if the variation was acceptable. For
the Inboard model, the attachment line location varies by approximately 0.75 in. over that spanwise
distance, and the attachment line for the Midspan and Outboard models changes by less than 0.4 in.
Considering that the streamwise chord of the Inboard model is approximately 162 in., these variations were
deemed acceptably small. Reference 16 (included as Appendix C) describes computational studies to further
understand and mitigate the variation in attachment line location on these swept models. However, the
complications those mitigation techniques would have imposed on the model design were determined to be
not worth the additional effort.

The size of the hybrid designs are ultimately constrained by two competing factors:

(1) IRT load and overall dimensions limit scale factor (lower limit)

The upper limit for the hybrid wing model dimension is bounded by the size of the IRT test
section. But the maximum IRT load acceptable on the aerodynamic force balance and turntable also
provide an upper bound for the model. The higher the scale factor, the smaller the model and,
consequently, the less wind tunnel blockage it presents. Shorter models also lead to lower loads as
they generate circulation closer to the leading edge, as observed in 2D hybrid airfoils (Ref. 16). An
aircraft manufacturer often uses full-scale leading-edge models to investigate anti-icing system design
and requirements. In this case, maintaining a full-scale leading edge is critical, so scaling down the
model is not an option.

(2) Risk of flow separation limits scale factor (upper limit)

Unfortunately, models cannot have arbitrarily large scale factors, posing a lower limit for the size
of the models. Models with higher scale factors have shorter aft sections to transition from the full-
scale leading edge to the truncated trailing edge. This presents a challenge to make a smooth
geometric transition from leading edge (thick) to trailing edge and diminishes the chord length
available to recover pressure, which increases the risk of flow separation on the model.

5.3  Task 4.3: Refine Design and Flap Schedule With 3D RANS Simulations

As described previously, the hybrid airfoil from which the swept models were extruded was designed in
2D using sweep theory (Ref. 15). This design was validated using 2D RANS simulations used to calculate
the stagnation point locations of different angles of attack and flap deflections that generated the aerocal
plots described in Section 4.4. These 2D aerocals were used to estimate what flap angle was needed to
match IRT centerline attachment line positions on the swept models to those of the full-scale CRM65 wing
at the respective station assuming the model is at the same angle of attack as the reference wing station.

When 3D flow simulations in the IRT were performed, the centerline attachment line position on the
model was measured in the streamwise direction (consistent with the CFB OVERFLOW data extracted,
Table V1) and added to the aerocal plots. These are referred to as “3D aerocal plots.” This does not imply
that all the information on these plots is from 3D simulations, but rather that they include some single-
point 3D results. The bulk of the simulations on a given aerocal were generally from 2D simulations (in
the normal direction), which were used to cover a larger range of configurations due to the computational
efficiency of running 2D RANS simulations. Overlaying the 3D simulation results at the tunnel centerline
on the 2D results allows trends between 2D and 3D to be identified. The 2D data can then be used more
effectively to predict 3D behavior for a—d pairs that have not yet been run.

The 3D aerocal plot for the Outboard station is given in Figure 27. Outboard RANS simulations
performed in 2D are shown in black and are connected by lines of constant flap deflection. The 3D RANS
simulations of the Outboard hybrid in the IRT are shown as blue triangles and are labeled for their respective
flap deflections. Attachment line positions for the Outboard station of the CFB from the OVERFLOW
solutions, Table VI, are represented by red circles and are labeled for each respective WB case.
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TABLE VI.-STREAMWISE WRAP DISTANCES FROM HIGHLIGHT
TO ATTACHMENT LINE LOCATIONS FOR CLEAN FLIGHT BASELINE (CFB)

Case Angle of CFB, 3D RANS (OVERFLOW),
attack, streamwise wrap distance Sstreamwise,
a, in.
deg Inboard Midspan Outboard
WB25 1.7 -1.85 -0.29 -0.21
WB52 2.1 -3.00 -0.61 -0.33
WB39 3.6 -4.32 -1.15 -0.85
WB33 3.7 -4.32 -1.34 -0.85
WB41 4.4 -4.81 -1.76 -1.15
WB47 4.4 -4.81 -1.76 -1.15
WB71 4.4 -4.81 -1.76 -1.15

The 3D RANS simulations for the Outboard hybrid wing aerocal were performed with the purpose of
matching the stagnation point positions of the Outboard station that presented the largest streamwise wrap
distances, as shown in Table VI. This was done to minimize the number of 3D RANS simulations needed
to check that the hybrid wing model was capable of reaching all target conditions. In addition, a flap
margin study was performed to ensure that the model could reach wrap distances greater than those listed
in Table VI before stalling. This was done to allow for uncertainty in the CFD simulations modeling the
tunnel effects and in anticipation of issues that could occur during the test.

The 2D RANS simulations predicted a flap deflection of about 10° for the Outboard model to
match conditions WB33/39 (Sstreamwise = —0.85 in.) and about 12° to match conditions WB 41/47/71
(Sstreamwise = —1.15 in.), which provided approximately the same results as the 3D RANS simulations. The
word “approximately” is used intentionally because the 3D RANS simulations were not performed at the
exact flap deflections represented by the red circles of the CFB. Instead, because the 3D simulations were
very time-consuming, the simulations were done at a few key chosen conditions that would show that the
hybrid wing design could match the target stagnation point locations with some margin. The 3D RANS
results are indicated in Figure 27 by the blue triangles.

The 3D aerocal plot for the Midspan station is displayed in Figure 28. The 2D RANS simulations that
form the basis of the aerocal are shown in black and are connected by lines of constant flap angle.
Simulations performed using 3D RANS in the IRT are designated with blue triangles and are individually
labeled to identify the corresponding flap angle. Finally, the attachment line position at the Midspan
station of the CFB based on the OVERFLOW solutions are represented with red markers and labeled
based on the corresponding case identifier. Because the intent of many of the 3D simulations was to
match centerline attachment line positions with the reference wing at the respective station, most of the
3D results are clustered near the CFB data.

The 2D RANS simulations predicted a flap deflection of about 9° for the Midspan model to match
condition WB33 (Sstreamwise = —1.34 in.) and about 13° to match conditions WB 41/47/71 (Sstreamwise = —1.76 1n.),
whereas the 3D RANS simulations predicted about 13° and 17°, respectively. Although the Midspan model
was similar in size to the Outboard model, its corresponding CFB target stagnation point was farther down
the leading edge, requiring more lift to be generated by the Midspan model in comparison with the Outboard
model. Higher lift caused a larger interaction between the model surface pressure and the wind tunnel
sidewall (IRT ceiling), explaining the larger deviation between the 2D and 3D RANS simulations for the
Midspan model. This was a particularly important lesson learned when designing the Inboard model.

The 3D aerocal plot for the Inboard station is displayed in Figure 29. The Inboard model was
significantly different than its predecessors, and the 2D to 3D design process was well understood at the
time the calculations were performed. After noticing how the 2D RANS and 3D RANS data differed for
the other two models, and particularly for the Inboard model, 2D aerocal simulations were not performed
on this model, so no 2D data are shown on the plot.

NASA/CR—2017-219573 32



e CFB, 3D RANS (OVERFLOW)
—e—|RT model simulation, 2D RANS
) A IRT model simulation, 3D RANS

|
=N
3]

|
-

|
=
13

Streamwise wrap distance, Sgyreamwises IN-

0 05 1 15 2 25 3 35 4 45 5 55 6 65 7
Angle of attack, o, deg
Figure 27.—Outboard model 3D aerodynamic calibration plot with 2D and 3D data in streamwise direction.
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Figure 28.—Midspan model 3D aerodynamic calibration plot with 2D and 3D data in streamwise direction.

The 3D RANS simulations predicted a flap deflection of about 6° for the Inboard model to
match conditions WB33/39 (Sstreamwise = —4.32 in.) and about 5° to match conditions WB 41/47/71
(Sstreamwise = —4.81 in.). It is important to note that the 3D RANS simulations performed for the Inboard
model were never fully converged (five decades’ decay in the continuity equation residuals). This could
be due to the generation of poor meshes and lack of experience in better meshing techniques, the solver
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Figure 29.—Inboard model 3D aerodynamic calibration plot with 3D data in streamwise direction.

used (ANSYS Fluent 14.6), or the convergence difficulty where portions of the flow field were separated
near the model-tunnel ceiling region. These factors combined yielded the least amount of confidence in
the predicted flap deflections needed for the Inboard model to match the target conditions of Table VI,
based on the 3D RANS simulations performed.

An alternative method for designing this model, discussed in the recommendations of Section 6.2, can
minimize the time spent on the 2D hybrid airfoil design. This approach can save significant time spent on
2D RANS simulations to give more focus to the 3D design that is more representative of the actual 3D
swept hybrid wing inside the wind tunnel section.

The 3D RANS simulation solutions of the Outboard, Midspan, and Inboard hybrid models in the IRT
were processed in many ways, a few of which are presented in Figure 27, Figure 28, and Figure 29, where
the models were simulated with different angles of attack and flap deflections, most of them targeting the
conditions listed on Table IV and Table VI. Figure 30 features pressure contours and streamlines on the
Outboard model in the IRT with multiple view angles of a 3D RANS simulation targeting condition
WB33 (Table IV) with an angle of attack of o = 3.67° and a flap deflection of 6 = 13°. Figure 31 shows
the same for the Midspan model, with an angle of attack of o = 3.67° and a flap deflection of 6 = 15°. As
displayed, the flow is well behaved in almost the entire domain, with the only major area of concern being
at the leading edge of the upper surface of the model where it meets the wall. As with nearly all other
hybrid simulations performed (for all three models), a separation bubble can be seen in the junction of the
model with the IRT. Figure 32 presents a comparison of pressure distributions from both 3D RANS
simulations in the IRT over three spanwise positions and OVERFLOW solutions of the CFB at the
corresponding sections. Negative y-valued lines represent those cuts below the centerline of the tunnel,
while positive values indicate cuts above the tunnel centerline, which has a position of zero. Values are in
inches. The pressure distribution varies significantly over the span of the tunnel, with an increasing load
toward the top of the model, where the highest pressure cut shows signs of flow separation. Overall, the
hybrid models nearly match the pressure distribution of the CFB near the leading edge. An example of the
3D RANS simulations for the Inboard model was shown in Figure 24.
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Figure 31.—Midspan hybrid wing model 3D RANS simulation in Icing Research Tunnel (IRT) indicating pressure
coefficient Cp, where angle of attack o. = 3.67°, flap angle & = 15°, and Reynolds number Re = 1.60x107.
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54  Task 4.4: Apply DES-k® to IRT Models to Assess Method and Flow Physics

This task was moved to year 3.

55  Task 4.5: Apply LEWICE3D to IRT Models and Perform Comparisons

To validate the swept hybrid model designs, flow field and icing simulations were performed on each
of the three models for selected conditions of Table V. The flow fields were generated with Fluent, as
described previously, and the ice shapes were then generated using LEWICE3D (TRAJMC3D version
2.47). Comparing the resulting ice shapes near the centerline of the IRT to those from the respective IFB
case at the appropriate station allowed evaluation of the performance of the hybrid wing models in
predicting the full-scale ice accretion.

Three test cases were selected for evaluating the models. Case WB33 T = —4 was selected because it
had an attachment line location, airspeed, and angle of attack near the average of all the cases, making it a
good candidate for general testing. Case WB71 T = —6 was selected for having the largest IFB aircraft
angle of attack and an attachment line location that was farthest down the leading edge, requiring the most
aggressive o and 0 settings in the tunnel. The warmer temperatures for these two cases also produce glaze
ice shapes with large upper horns that were sensitive to the local heat transfer coefficient, making it easier
to determine when a good ice shape match was achieved. Case WB47 T = —6 was also used in this
research because the flight speed for this case exceeds the assumed IRT test section velocity limit of
250 kn (128.6 m/s). This provided an opportunity to investigate icing scaling methods in the case of the
wind tunnel conditions being unable to match flight velocity. Results are shown for case WB 33 T=-4
for all three models; additional cases are shown only for the Midspan model to illustrate the comparison.
Table VII compares the conditions for the IRT simulations with those from the baseline analyses for the
cases described above.

TABLE VII.—MIDSPAN MODEL FLOW FIELD AND ICING CONDITION COMPARISONS OF ICED FLIGHT
BASELINE (IFB) WITH ICING RESEARCH TUNNEL (IRT) SIMULATIONS FOR THREE CASES

Condition Case
WB33T=-4 WBA47 T =-6 WB71T=-6

IFB IRT IFB IRT IFB IRT
Static pressure, Pamb, kPa 69.702 90.011 57.209 88.658 95.956 91.882
Air density, p, kg/m? 0.9027 1.1653 0.7464 1.1563 1.2519 1.1984
Rf%’gg;?i;g:gf)gegaii%f” 28.9 16.0 28.1 17.2 35.2 145
Airspeed, V, m/s 119.41 119.41 139.6 128.61 104.51 104.51
Static temperature, Tamb, °C -4 -4 -6 -6 -6 -6
Mach number (M) 0.363 0.363 0.426 0.393 0.319 0.319
Liquid water content, g/m? 0.551 0.551 0.509 0.467 0.509 0.509
Median volumetric diameter, um 20 20 20 20.88 20 20
Droplet distribution Langmuir D | 10-bin IRT | Langmuir D | 10-bin IRT | Langmuir D | 10-bin IRT
Icing time, min 45 45 45 53.3 15 15
Angle of attack, o, deg 3.67 3.67 4.36 4.36 44 44
Flap angle, 3, deg NA 15 NA 16 NA 15
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While the LEWICE3D simulations for the IFB were performed at pressure altitude listed on Table IV
and utilized a Langmuir D (Ref. 23) droplet size distribution consistent with that found in flight
conditions, the hybrid wing models were simulated utilizing the IRT pressure and the 10-bin IRT droplet
size distribution based on the values measured experimentally inside the IRT by Papadakis et al. (Ref. 43)
in 2004,* with the exception of the Inboard hybrid wing model, which had to be simulated utilizing a
monodisperse droplet size distribution due to memory limitations of the Taub supercomputer cluster at
the University of Illinois. The differences between the CFB/IFB simulations and those done in the IRT
are detailed in Table VII.

Figure 33, Figure 34, and Figure 35 show comparisons in ice shape and collection efficiency between
the LEWICE3D simulations of the IFB and the three models in the IRT for case WB33 T = —-4. The ice
shapes for the IRT hybrid wing models are shown in 3D view for Figure 33(a) for the Inboard model,
Figure 34(a) for the Midspan model, and Figure 35(a) for the Outboard model, where the squares indicate
the stagnation point location for the respective cuts near the centerline of the tunnel. The same three ice
shapes near the centerline of the tunnel are also displayed in 2D view in comparison with the
corresponding IFB ice shape in Figure 33(b), Figure 34(b), and Figure 35(b) for the Inboard, Midspan,
and Outboard models, respectively. Overall, good agreement was observed in the ice shape comparison,
meaning horn lengths were within about 20 percent and horn angles were within the variation of the three
cuts near the centerline (£6 in.). Local collection efficiencies between the IFB and IRT simulations are
displayed in Figure 33(c), Figure 34(c), and Figure 35(c) for the Inboard, Midspan, and Outboard models,
respectively, in which location and magnitude of the collection efficiency peak were in good agreement,
with the exception of the Inboard model, which presented the poorest agreement among the three models.
This could be attributed to a few different factors, including the lack of a satisfactorily converged CFD
3D RANS solution for the Inboard model, the inability to simulate the model with a 10-bin IRT droplet
distribution in LEWICE3D, and higher pressure and density at the IRT that led to higher heat transfer
coefficients and larger horn lengths.

Figure 36, Figure 37, and Figure 38 show the centerline ice shapes on the Midspan model for the
three cases detailed in Table VII as well as the ice shapes at 6 in. above and below the centerline. The
effect of the spanwise variation in the attachment line on the ice shape can be seen in Figure 33 to
Figure 38. These variations were no larger than the variation between the centerline ice shape from the
IRT simulations and the IFB. Generally, the agreement between ice shapes from the IFB and the hybrid
models is quite good.

Although it was later determined that the 10-bin IRT droplet size distribution is not really representative of the
actual IRT spray system, it was deemed appropriate for the model-design simulations.
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Figure 33.—Inboard model LEWICE3D simulations, case
WB33 T = -4 where angle of attack o is 3.67° and flap
angle 3 is 6°. (@) IRT (Icing Research Tunnel) ice shapes.
(b) IRT ice shape compared with iced flight baseline (IFB).
(c) IRT collection efficiency compared with IFB.
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(b) IRT ice shape compared with iced flight baseline (IFB).
(c) IRT collection efficiency compared with IFB.

NASA/CR—2017-219573 40



IRT
ceiling

(a)

(8]

w

\

—_

-1 S
—Y=%6in SN
_3|— Y=0in. —~—

Airfoil section vertical coordinate, z, in.

——Y=46in.
— IFB
-5
-5 -3 -1 1 3 5
(b) Airfoil section chordwise coordinate, x, in.
05

=8 -
= 0.4 —Y=0in. 4
2 —IFB
2
Q
£ 03 .
@
[
0
E 0.2
9
[&]
‘T 0.1 .
s]
|

0 : ;

-15 -10 -5 0 5

(c) Wrap distance, s, in.

Figure 35.—Outboard model LEWICE3D simulations, case
WB33 T = -4 where angle of attack a is 3.67° and flap
angle § is 11°. (a) IRT (Icing Research Tunnel) ice shapes.
(b) IRT ice shape compared with iced flight baseline (IFB).
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The discrepancies seen in Figure 36, Figure 37, and Figure 38 between the hybrid model ice
accretions and those from the IFB can be attributed to a few different factors. First, the simulations done
for the hybrid models were performed at IRT pressure, while the IFB simulations were done at pressure
altitude. Other factors also play a role in causing the different ice accretions. To explain some of the
discrepancies between the hybrid models and the IFB, the local collection efficiency and heat transfer
coefficient for case WB33 T = —4 are presented in Figure 39 for simulations done for the hybrid models
utilizing both the local IRT pressure and the pressure altitude of the IFB.
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Figure 36.—Midspan model ice shapes for case WB33 Figure 37.—Midspan model ice shapes for case WB47
T = -4 where angle of attack o is 3.67° and flap angle T =—6 where angle of attack a is 4.36° and flap angle
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Figure 39.—Midspan model comparison of (a) local collection efficiency g and (b) convective heat transfer coefficient
hc for case WB33 T = —4 in Icing Research Tunnel (IRT) at IRT (local) and iced flight baseline (IFB) (altitude)
pressures.

When running the LEWICE3D simulation of the IRT model at the same pressure as the flight
condition (IFB), the local collection efficiency peak, Bmax, On the IRT model is somewhat higher than that
of the IFB, whereas the heat transfer coefficient, he, is well matched. This results in a larger horn due to
the extra impinging mass of water in the horn area of the model upper surface. The Bmax value is likely
larger due to the lower maximum thickness of the hybrid model as compared with the baseline airfoil. For
a hybrid model, geometry similitude is achieved by retaining the full-scale geometry at the leading edge,
but the full-scale geometry can only be maintained over a small portion of the airfoil, up to the leading-
edge extents. The leading-edge extents are generally selected based on the expected impingement limits.
Beyond these points the leading edge is blended with the redesigned aft section of the model. Because the
leading-edge extents rarely extend to the point of maximum thickness on the airfoil, this usually results in
a hybrid model with a lower maximum thickness than the reference airfoil. The differences between the
thickness of the hybrid and the thickness of the full-scale airfoil are shown in Table V. For the Inboard
model, the difference in total thickness is significant, resulting in loss of about half of the total full-scale
thickness. Streamlines and droplet trajectories upstream of a thick geometry are influenced more than for
a thinner body. Thus, icing cloud droplets impinge on the leading edge of the airfoil at a lesser rate for
thicker airfoils in comparison with thinner ones. For this reason, hybrid models often result in higher Bmax
than the reference geometry for the same conditions because the hybrid is substantially thinner than the
reference geometry it represents. Such a trend of higher Bmax for the hybrid models compared with the
corresponding full-scale stations was seen in the icing simulation results for cases WB33 T = -4, WB47
T=-6,and WB71 T = -6 (see Figure 36, Figure 37, and Figure 38).

Additionally, when the IRT model is simulated at the local atmospheric pressure, the effects are
reversed with a well-matched B distribution but considerably higher hc. This also leads to a larger horn on
the IRT model than the IFB because more of the water that impinges near the horn region is frozen due to
the higher heat transfer. The increase in magnitude of the heat transfer is caused by the higher density of
the air at the IRT and is the most apparent effect of altitude. Thus, attempting to match either the IFB by
simulating the IRT model at the IFB pressure or to match the IFB h. by simulating the IRT model at the
local elevation pressure yields similar ice accretions that both have longer horns than the IFB.

The ice shapes for the Outboard and Inboard models at their design angle of attack and flap deflection
were shown in Figure 35 and Figure 33. The ice shape on the Outboard model matches the IFB well at the
centerline of the IRT. As discussed previously, the Inboard model ice shapes have a longer horn length
compared with the IFB due to the difference in total thickness of the model compared with the full-scale
baseline.

NASA/CR—2017-219573 43



c .
o £
N :
= N
D -
© o
c ©
T £
o 2 T2
o] ]
Q Q
— (&
[0 —
5 8
] £
> ]
c >
o] c
= 0 S 0
3 —§=12° 3
3 _5;150 ke —o =525
= 5 2 —a=550°
g 5=18 = o =5.75°
—IFB < —IFB
) -2
-3 -1 1 3 -3 -1 1 3
(a) Airfoil section chordwise coordinate, x, in. (b) Airfoil section chordwise coordinate, X, in.

Figure 40.—Effect of attachment line location on centerline ice shape of Midspan model compared with iced flight
baseline (IFB) (condition WB33 T = —4). (a) Different flap angles & where angle of attack o = 3.67°. (b) Different
angles of attack o where flap angle & = 5.0°.

The effect of the position of the attachment line is illustrated in Figure 40 for the Midspan model. For
the same input flow conditions, the changing angle of attack or flap deflection angle changes the location
of the attachment line at the centerline of the IRT. As discussed previously in the 2D analysis, the
attachment line location has a first-order effect on the ice shape that forms on the airfoil or wing. Either
method for changing the attachment line location (changing the geometric angle of the model or moving
the flap) can be used. Figure 40 illustrates the ice shape variations that result from changing the
attachment line location.

The appendixes include additional LEWICE3D calculations for studies that investigated spanwise ice
shape variation due to changes in attachment line location, the necessity of setting the proper geometric
angle of attack compared with simply setting the desired attachment line location, and formation of ice
shapes for stations along the baseline model for locations other than the three for which models are being
constructed.

5.6 Task 4.5: Perform 3D Similitude Studies

A preliminary investigation of one similitude method was performed for a single test case on the
Midspan model. The IRT flow and icing conditions for case WB47 T = —6 were adjusted to match several
dimensionless parameters according to the method summarized by Tsao and Lee (Ref. 44). The modified
inertia parameter, Ko, for the IRT is matched to the full-scale value in order to maintain droplet trajectory
similitude. This was done by adjusting the MVD for the IRT simulation. Next, the stagnation point
freezing fraction, no, was matched by adjusting LWC. Finally, the accumulation parameter, A, was
matched to maintain water catch similitude by adjusting icing exposure time, t. Tsao and Lee also
recommend matching the Weber number, We, with characteristic length being the leading-edge
diameter, L = d. This was not possible because the leading edge of the model is fixed at full scale and the
test section velocity was assumed to be limited to 250 kn due to model blockage. The equations defining
these parameters in terms of air and water properties and the test conditions are summarized in Wiberg et
al. (Ref. 41) (included as Appendix D). The interested reader can refer to Anderson’s (Ref. 24) work for a
complete description of these formulations.
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A flow simulation including viscous effects using Fluent (Ref. 21) was run for the unscaled
conditions of case WB47 T—6 at the associated baseline angle of attack of o = 4.36° and a flap angle of
& = 16° in order to match the attachment line location of the CFB at the IRT centerline. It was assumed
that the IRT test section velocity is limited to 250 kn (128.6 m/s) for this run so the baseline airspeed was
not matched. This results in an airspeed of V = 139.60 m/s for the flight baseline and V = 128.61 m/s in
the IRT test section. Figure 41 shows C, contours with streamtraces on the model surface.

A large separation bubble similar to previous results is present at the ceiling junction. This region is
slightly larger due to the higher model loading that results from the higher a corresponding to case WB47
compared with case WB33. The flow was inspected in detail to ensure that no separation occurred in the
region of interest for icing simulations. Figure 42 shows the attachment line position with the span of the
model. The attachment line location from the CRM®65 is well matched at the IRT centerline (y = 0 in.).

Figure 41.—Pressure coefficient Cp contour for case WB47 T = —6 at angle of attack a. = 4.36° and flap angle & = 16°.
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Figure 42.—Midspan model spanwise attachment location for case WB47 T = —6 at angle of attack
o = 4.36° and flap angle 8 = 16°.
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The method described previously and outlined in Appendix D was used to determine a set of icing
conditions to investigate icing scaling. LEWICE3D was then used to generate ice accretions using both
the unscaled baseline conditions and the scaled conditions. These conditions are given in Table VII and
corresponding ice shapes are compared with the IFB ice shape for case WB47 T = -6 in Figure 43.

Surprisingly, the IRT ice shape with the unscaled conditions matches the IFB ice shape better than
that with scaled conditions. To understand why this may be, consider the f and hc distributions shown in
Figure 44.

6 -
£
N4
g
1]
c
T 2
o
Q
Q
g o
@
>
s -2
©
()
w
S —44| —IRT, unscaled
= IRT, scaled
—Iced flight baseline
_6 T T T T T 1
-6 -4 -2 0 2 4 6

Airfoil section chordwise coordinate, x, in.

Figure 43.—Comparison of Midspan model scaled and unscaled ice
shapes for case WB47 T = —6 in Icing Research Tunnel (IRT).
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Figure 44.—Comparison of g and hc for case WB47 T = -6 in Icing Research Tunnel (IRT) for scaled and unscaled
icing conditions. (a) Local collection efficiency, B. (b) Heat transfer coefficient, hc.
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Comparing the collection efficiency distributions in Figure 44 reveals that the droplet trajectory
similitude, attempted by matching Ko, was largely successful. The B distribution from the scaled
conditions matches well except for a slightly higher § from about s = 0 to -1 in., whereas the unscaled
collection efficiency is low throughout most of the leading-edge region. Careful examination of Figure 44
reveals that the scaled and unscaled case h. distributions are exactly the same, the respective curves being
coincident. Though equal, the h¢ for the scaled and unscaled cases are significantly higher than that of the
IFB. With a combined low 3 and high hc distribution, the ice thickness of the unscaled shape
approximately matches that of the IFB. The B of the scaled case matches that of the [FB well except for
the overshoot from about s = 0 to -1 in. Nevertheless, the high h. of the scaled case compared with that of
the IFB results in ice that is thicker than the IFB, though the horn angle is perhaps matched better. This
brings into question whether an effort should be made to directly match h rather than the more general
matching of no.

The heat transfer coefficient is higher in the IRT than in the IFB due to the higher air density at the
lower altitude. While h¢ is not matched directly in the scaling method used, it is taken into account in the
matching of the freezing fraction at the stagnation point, no, which is a function of h¢ through the air
energy transfer parameter and the relative heat factor. This process is described in detail in Appendix D of
Wiberg (Ref. 13). To match h. directly would require that the test section velocity be scaled by the factor
by which air densities are mismatched. In the context of a large-scale swept-wing model, this is actually a
favorable constraint because, given the higher density of air at the elevation of the IRT, the test section
velocity would need to be lowered in order to match h.. Due to blockage effects, it is often the case that
the true airspeed of the reference case cannot be matched in the tunnel, requiring the tests to be performed
at lower velocities. Lowering the IRT test section velocity simultaneously reduces loading while allowing
h. to be matched directly, perhaps improving ice shape agreement. However, this precludes surface water
dynamics similitude because, with reduced velocity and a full-scale leading edge, the Weber number of
the scaled conditions will not match that of the reference case. This highlights the classic challenge of
icing similitude: the scaling of icing conditions is limited to a small set of parameters over which the
operator has control, namely MVD, LWC, t, T, and perhaps V. Furthermore, there are often additional
constraints on these parameters due to tunnel capabilities, such as a limit on test section velocity due to
blockage. This short list of variables over which the icing test designer has control limits the allowable
number of dimensionless parameters that can practically be adjusted in the tunnel in order to scale the
conditions for similitude with the reference case.

Despite the droplet trajectory similarity enforced by matching Ko, the local collection efficiency, f,
for the scaled conditions is somewhat mismatched in the region from about s = 0 to -1 in. A similar trend
was found in the ice shapes for case WB33 T = —4, shown in Figure 36, and WB47 T = -6, shown in
Figure 37, though in these cases no scaling was attempted. However, the higher collection efficiency near
Bmax IS likely due to the reduced thickness of the hybrid model as compared with the full-scale reference
wing, as discussed previously.

5.7  Task 4.6: Document and Deliver Process and Conceptual Design of Models

The delivery of this report on the design process of hybrid models for icing wind tunnel tests
concludes the work performed during years 1 and 2 of this project. Additional articles and model
geometry coordinates that supplement this documentation are presented in the appendixes.
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6.0 Summary, Conclusions, and Recommendations

6.1  Summary and Conclusions

The research presented in this report is part of a collaborative research effort conducted by NASA, the
Federal Aviation Administration (FAA), Office National d’Etudes et de Recherches Aérospatiales
(ONERA), Boeing, and the Universities of Washington, Illinois, and Virginia to address the technical
challenges associated with swept-wing icing and its effects on aircraft aerodynamic performance and
flight safety. The work presented in this report covered a method for designing icing wind tunnel models
capable of reproducing the full-scale swept-wing ice accretion of a particular spanwise station with
reduced size and tunnel blockage. Such models are called hybrid because they retain a portion of the full-
scale wing leading edge and replace the full-scale trailing edge with a truncated section of reduced chord.
The hybrid design method was introduced in the 1990s for straight wings of moderate sizes and was
extended and further explored in this report to allow for the design of hybrid models for large swept
wings.

The 65 percent scale of the Common Research Model (CRM65) was selected as the aircraft reference
geometry, representing a modern swept-wing transport aircraft. A subset of icing mission scenarios was
then selected to adequately represent the flight phases that determine the critical ice shapes, consistent
with those of the U.S. Code of Federal Regulations (CFR) Title 14, Part 25, Appendix C, Continuous
Maximum Icing. Computational fluid dynamics (CFD) simulations were done to obtain the aerodynamic
solutions and ice accretion calculations of the reference aircraft in free air (flight conditions) known as the
clean flight baseline (CFB) and iced flight baseline (IFB), respectively. Both CFB and IFB were then
defined as the target baseline data to be reproduced by the hybrid models within the icing wind tunnel.
Three stations of the CRM65 were selected at the spanwise positions 20, 64, and 83 percent and named
Inboard, Midspan, and Outboard, respectively. The hybrid model design was then utilized to design
models at these stations to be tested in the NASA Glenn Icing Research Tunnel (IRT). The hybrid design
method utilized was broken down into two stages: a two-dimensional (2D) hybrid airfoil design method
and a three-dimensional (3D) swept-wing design method. The 2D design method extended the method
originally developed by Saeed et al. (Ref. 2) and further explored other parameters and their effects on the
hybrid airfoil design. The 3D design method established a consistent process of translating 2D hybrid
airfoils into hybrid swept wings.

Several lessons were learned with the design of hybrid models to match full-scale ice accretions in
icing wind tunnels. The following findings from the 2D and 3D hybrid model design studies and method
were shown in this report:

e Matching stagnation or attachment line location on the leading edge of the hybrid wing model is
the first-order parameter in matching ice shape.

e The sweep angle is the primary cause for attachment line spanwise variation.

e Asignificant portion of the model issues (3D flow separation, spanwise load variation, model and
wall interaction, and 3D flap effectiveness) were only captured in 3D viscous aerodynamic
evaluations, so they should be included in the design process at the earliest stage possible.

e To keep both wind tunnel blockage and model loads to a minimum, models should have the
largest scale factor (smallest chord) that allows reaching all attachment line locations without
significant flow separation.

o If model loads still exceed the IRT limits even with the largest possible scale factor, then tunnel
airspeeds should be decreased to not exceed loads. Velocity scaling methods for icing similitude
will then be required.
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The following additional conclusions from Fujiwara et al. (Ref. 16), Wiberg et al. (Ref. 41), and
Fujiwara et al. (Ref. 40) are related to the hybrid design but not shown in this report:

e Spanwise load/attachment line variation will exist in floor-to-ceiling (no gap) models for an
untwisted swept wing.

e The need for spanwise load control techniques must be evaluated considering the variation of
simulated ice shapes across the span in the accreted region of interest. Ice shape uniformity across
the entire span may not be required or expected.

o Model twist is more effective than segmented flaps for controlling spanwise load variations, as
twist can be implemented to affect the circulation closer to the leading edge.

e The effectiveness of spanwise segmented flaps for changing spanwise load heavily depends on
model aspect ratio.

e Ceiling gaps can help unload the model but do not effectively change the spanwise load variation.

Significant time was spent analyzing the hybrid models using a 2D Reynolds-averaged Navier—Stokes
(RANS) code, but the flow around these models is highly 3D, so the usefulness of these calculations was
marginal. For a swept wing in a wind tunnel, there may be 3D relief effects that are missed in the 2D
analysis. Wall-wing junction separation effects can also undermine the accuracy of the 2D-based design.
Moving more quickly in the design process to the 3D RANS simulations could reduce the time required
for each iteration of the model. Section 6.2 describes how a direct-to-3D methodology might be
employed.

In conclusion, the primary goals of this portion of the project were all completed, which should
substantially improve the study of swept-wing icing. The wing geometry and baseline icing conditions
selected during this process have been and will continue to be utilized throughout the swept-wing icing
research project primarily supported by the FAA and NASA. The stations of the CRM65 that were
selected will allow ice shapes to be produced in the IRT that can be extrapolated to full span and
accurately represent free-flight icing. Finally, a method for designing hybrid icing wind tunnel models for
large-scale swept wings was developed and applied to design three models for the 20, 64, and 83 percent
spanwise stations of the CRM®65.

6.2 Recommendations

The current hybrid wing design method can be computationally expensive due to the number of
iterations that might be required to generate a satisfactory model. Simultaneously matching full-scale
attachment line location with minimum or no flow separation within the wind tunnel load limits and
producing good full-scale ice accretion agreement fundamentally requires 3D analysis tools; 2D tools are
insufficient. Thus, a direct 3D design approach utilizing the lessons learned from the extended 2D hybrid
airfoil design method might yield a more efficient design method, starting directly from the 3D full-scale
leading-edge geometry and designing the 3D truncated aft section with an integrated flap, if any. Guided
by 3D CFD RANS, wing optimization techniques that parameterize the 3D hybrid wing geometry of the
main element, the twist distribution along the hybrid wing model span, and the flap deflection might help
reduce local flow separation while maintaining the full-scale attachment line location as an objective
function for a larger portion of the hybrid wing model span than just the center line cut.
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Appendix A.—Nomenclature

Acronyms

AIAA  American Institute of Aeronautics and Astronautics
CFB clean flight baseline

CFD computational fluid dynamics

CFR Code of Federal Regulations

CRM Common Research Model

CRM®65 65 percent scale CRM wing

ETOPS extended range operation twin-engine operational performance standard
FAA Federal Aviation Administration

FS full scale

HGW  high gross weight

HX heat exchanger

IFB iced flight baseline

IRT Icing Research Tunnel

LGW low gross weight

LwcC liquid water content

MAC mean aerodynamic chord

MEA multi-element airfoil

MVD  median volumetric diameter

NACA National Advisory Committee for Aeronautics

ONERA Office National d’Etudes et de Recherches Aérospatiales

RANS  Reynolds-averaged Navier—Stokes

SOB side of body

SST shear stress transport

TAS true airspeed

WB wing and body configuration (Common Research Model)
WBL wing butt line

2D two-dimensional

3D three-dimensional

Symbols

Ac accumulation parameter

Cmo zero-angle-of-attack pitching moment coefficient
Cp pressure coefficient

c chord

Co full-scale chord

Chyb hybrid-scale chord

he heat transfer coefficient
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WeL
We;

Bmax

€ 4D 3 > o=

modified inertia parameter

turbulent kinetic energy

Mach number

stagnation point freezing fraction

Nusselt number of air

static ambient pressure

Reynolds number based on model chord
Reynolds number based on mean aerodynamic chord
wrap distance (arc length) from highlight to attachment point
static ambient temperature

time

velocity

airfoil section chordwise coordinate

spanwise location

airfoil section vertical coordinate
dimensionless wall distance

airfoil section vertical coordinate

Weber number based on leading-edge diameter
Weber number based on droplet diameter
angle of attack

local collection efficiency

local collection efficiency peak

nose-droop angle

flap angle

wing leading-edge sweep angle

spanwise position

air density

icing exposure time

specific turbulence dissipation
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Appendix B.—Numerical Methodology for Aerodynamic
Simulations in the Icing Research Tunnel

B.1  Numerical Inflow Conditions for the Icing Research Tunnel Empty Test Section

In all the computational fluid dynamics (CFD) predictions shown herein, ANSYS Fluent software
was used with a Reynolds-averaged Navier—Stokes (RANS) solution based on the k—w turbulence model.
The computational domain was based on a subset of the entire Icing Research Tunnel (IRT), seen
schematically in Figure B.1. It was important to develop accurate inflow conditions of the flow field near
the end of the contraction section so that the mean and turbulent flow properties in the test section, with
and without a model, could be simulated. Since no experimental flow-field profiles were available for the
IRT at the end of the contraction section, the flow was first simulated starting upstream of the heat
exchangers (HXs) all the way to the test section. Details of the empty tunnel simulation methodology and
results, including validation with experimental test section data, are described by Clark et al. (Ref. 28).
The computational grid uses three sections to produce detailed flow properties at the test section: 1) the
HX region, 2) the turning vane region, and 3) the region from settling chamber to test section.

The computational domain for the HX region starts at the inlet to the HX of the IRT and stops just
before the flow is turned (Figure B.1). A photograph of the HX exit is presented in Figure B.2(a). Due to
limits in computational resources, the HX, with all the individual spanwise tube circular cross sections
included, was simulated two-dimensionally as shown in Figure B.2(b), with an arrow indicating the end of a
splitter plate. The downstream cross-sectional plane from this HX domain is shown in Figure B.2(c), which
is a simple linear composite of the single set of tubes from Figure B.2(b), reproduced and stacked on top of
one another. This outflow plane result was used as an input to the contraction turning vane region (corner
D), which is the bottom left-hand corner seen in Figure B.1, between the HX and the spray bars.

Refrigeration

plant
I — Qutlet guide vanes
c : ) — Inlet guide vanes

V Expansion
V (- turning
V Janes | _— Floor drains
d VVV A
wmwumm\mummu L j ﬁBrz‘alance _I:I'/\
eat exchanger | m r 3
e e nange i shambe Drve contol
— Ret = I Secondary
AN = control r\,l
Conlraction s room - b
turning uﬁh— 1 ;ﬂ %
< vanes S 1 <7 @ Max speed: 390 mph
= 1 Test section: 6 x 9 ft
S |
s /] I
&=—" Icing sprays (10 bars) J,{] |H Primary
ol control
D N/ I room %
Person lift ﬂ:| H]
CD-10-83244¢ room b H_H_H_{.

Figure B.1.—Top view of Icing Research Tunnel (IRT).
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Figure B.2.—Icing Research Tunnel (IRT) description and
computational boundary conditions. (a) Heat exchanger (HX)
showing six sets of HX tubes. (b) Velocity field (ft/sec) for one
HX tube set. (c) Velocity field (ft/sec) at HX exit, assuming all six
tube sets have same outflow.

Results from 2D HX simulations (velocity field of Figure B.2(c) as well as the associated k and o
fields) were used as input flow parameters for corner D simulations. The corner D computational domain
extended downstream of the turning vanes, ending just short of the spray bars upstream of the test section.
Figure B.3(a) shows a slice of the 3D computational grid used for corner D, while Figure B.3(b) is a
zoom-in view that provides details of the mesh around the turning vanes. Exit conditions from the corner
D mesh were used as input conditions for the contraction and test section part of the IRT.
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@
Figure B.3.—Icing Research Tunnel (IRT) corner D computational mesh. (a) Overview of corner D mesh. (b) IRT
corner D turning vanes mesh.

Figure B.4.—Side view of Icing Research Tunnel (IRT) full contraction computational mesh.

The final piece of the IRT grid modeled the tunnel spray bars, contraction region, and test section,
ending at the centerline of the turntable (this grid was termed the “full contraction). This grid can be seen
in Figure B.4, showing the different features and general mesh density along the path of the tunnel.
Figure B.5(a) shows the grid for the full contraction (which also contained the spray bars and half of the
test section, and which had a node count of 11.4 million). To reduce the number of nodes necessary to
simulate the empty tunnel, a truncated computational domain was defined to start just short of the end of
the contraction. This smaller mesh was termed the “truncated contraction” as shown in Figure B.5(b) and
reduced the node count of the empty tunnel mesh to 500,000.

In order to retain the test section prediction fidelity of the full contraction domain with the truncated
contraction, a plane was sliced in the solution of the full contraction simulation at the entrance to the
truncated contraction and used as inflow conditions for the smaller truncated contraction domain. To
ensure this method worked properly, both contraction sections were simulated at the same conditions and
cut at the two green planes seen in Figure B.6.

Mean velocity was investigated at the downstream cut plane for both domains of Figure B.5, and the
truncated domain yielded a velocity distribution within 1 percent of that for the full domain (with only
5 percent of the total number of grid points). The corresponding prediction for the turbulent kinetic
energy, which is more sensitive, is shown in Figure B.7. Comparing the downstream cuts, the truncated
contraction domain exhibited very similar flow features to the full contraction, deviating slightly at the
walls in the downstream cut. Therefore, the truncated contraction was deemed to be a reasonable
representation for flow-field predictions while avoiding the large number of grid points associated with
the spray bar and full contraction.

NASA/CR—2017-219573 55



(b)
Figure B.5.—Comparison of computational meshes used in Icing
Research Tunnel (IRT) simulations. (a) Full contraction.
(b) Truncated contraction.

Figure B.6.—Full Icing Research Tunnel (IRT) simulation
domain showing upstream (contraction region) cut and
downstream (test section) cut.
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B.2  Validation With a High-Lift Test Article in the Icing Research Tunnel

With a suitable starting mesh, a high-blockage test article could be evaluated in the IRT. The model
chosen was the McDonnell Douglas Aerospace multi-element airfoil (MEA). This model was selected to
validate the present RANS approach as it has relatively high blockage and lift combined with a complex
geometry and is associated with detailed experimental data available (Ref. 46). The airfoil model geometry
can be seen in Figure B.8(a) with deployed slat and flap. A model created using this section can be seen in
Figure B.8(b), where it is being tested in the IRT. This particular test article had a stowed chord length of
36 in. and was tested at a Reynolds number (based on this chord length) of approximately 8 million.

To understand how computational mesh density affects simulations, a grid resolution study was
performed using the MEA in the IRT. The computational domain for 2D MEA simulations comprised the
truncated contraction, as described previously, the test section with model, and the diffuser. An example
of this domain with the MEA in the test section at an angle of attack of 0° can be seen in Figure B.9(a).
The baseline 2D grid was made up of 91,000 nodes and included a baffle that connected the trailing edge
of the flap to the interface where the test section met the diffuser. The baffle produced a high resolution
mesh aft of the flap that allowed the wake of the model to be captured accurately. The baseline test
section mesh is shown in Figure B.9(b) and includes the IRT sidewalls, MEA, and wake baffle. The test
section mesh contained T-Rex™ cells, an example of which is shown in Figure B.9(c) on the lower
surface of the main element of the MEA.

Normalized airfoil section
vertical coordinate, y/c

—_
V)

)

(b)

Figure B.8.—McDonnell Douglas Aerospace multi-element airfoil (MEA). (a) Two-dimensional cross-section
geometry. (b) Test model installed in the Icing Research Tunnel (IRT).
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Figure B.9.—Computational mesh for the multi-element airfoil (MEA) at angle of attack a = 0°. (a) Complete
computational mesh with model in Icing Research Tunnel (IRT) test section. (b) Two-dimensional mesh around
model. (c) Detailed view of T-Rex unstructured cells.

The baseline mesh was termed the “2D — BL” and had a node count of 91,000. The slat, main
element, and flap had 300, 600, and 400 surface nodes, respectively. The initial y spacing off the airfoil
surfaces was 2.388x107 in., giving a y+ value slightly less than 1. While many mesh configurations were
studied, two others were of particular interest. A modified version of the baseline mesh with double the
node count on the airfoil surfaces was named “2D — 2xAS” and comprised 154,000 nodes. The baseline
grid with double the surface node count on the IRT walls was given the name “2D -2x0S” and had
95,000 nodes in the computational domain. Figure B.10(a) is a closeup of the baseline mesh in between
the leading-edge slat and main element of the MEA. This image can be compared with Figure B.10(b),
where the node count has been doubled on the surfaces of the MEA airfoil.

Grid resolution studies involving 3D simulations utilized an alternate geometry for the tunnel walls.
In particular, the 3D IRT tunnel was modeled by a straight and constant area test section that spanned
20 ft upstream and downstream from the test section inlet and outlet, respectively. This domain with the
MEA model in the test section is shown in Figure B.11. Drawing on conclusions from the 2D grid
resolution study, two 3D simulations were performed using a grid termed “3D — Coarse” and another
termed “3D — BL,” which is considered the 3D baseline.
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Figure B.10.—Comparison of 2D multi-element airfoil (MEA) in Icing Research
Tunnel (IRT) computational meshes. (a) Surface resolution for 2D — BL mesh.
(b) Surface resolution for 2D — 2xAS mesh.
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(b)

Figure B.11.—Three-dimensional multi-element airfoil (MEA) in Icing Research Tunnel (IRT) computational mesh.
(a) Top view. (b) Isometric view.

Using the previously described domains and meshes, the two-equation RANS turbulence model k-o
SST was utilized with inlet turbulence specified at a plane located at 17 ft upstream of the start of the test
section (i.e., upstream of where the contraction section would end). The mean velocity and turbulence
values at this inflow plane were assumed to be uniform with the latter, given by k = 2.58 m?/sec? and o =
73.22 1/sec. These turbulence values were obtained by velocity scaling average k and o values produced
by Clark et al. (Ref. 28). Figure B.12 provides an image of the flow field, with streamlines and Mach
contours, at the centerline of the IRT for the 3D — BL solution. As expected, flow separation can be seen
behind the slat and under the main element in the stow recess.
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Figure B.12.—Mach (M) contours at centerline cut of 3D — BL simulation.

Results for both 2D and 3D grid resolution studies are presented in Figure B.13 in the form of
pressure coefficient distributions over the surfaces of the MEA model. These results indicate that the
baseline grids for both 2D and 3D were sufficiently resolved to produce grid-independent flow fields.

Experimental data, as well as CFD simulation results (Ref. 45), were compared with the 2D and 3D
baseline mesh solutions for the MEA in the IRT. This comparison is shown in Figure B.14, with results
for the slat in (a), the main element in (b), and the flap in (c). The 2D MEA baseline simulation was
performed using two different turbulence models to note the effects on the solution. The Spalart-Allmaras
(termed “2D — BL — SA” in Figure B.14) turbulence model was used in one 2D simulation, with the
Menter SST model serving as the baseline for all other simulations performed. The pressure distribution
on the slat is only included for the upstream (convex) surface for simplicity. The pressure peak on the slat
showed differences when comparing experimental data to simulation results and even when comparing
both sets of CFD solutions. This can be attributed to the traditional difficulty of using RANS techniques
to predict large separated flow regions. The main element pressure distributions, however, compared well
between CFD and experiments. Flap pressure distributions showed some differences in pressure peak
locations but had close magnitudes and proved quite alike on the lower surface.

These results for a validation airfoil model show that the CFD methodology employed provides
accurate solutions when compared with experimental data. This methodology was then applied to hybrid
icing models in the IRT.
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Figure B.13.—Two-dimensional (2D) and three-dimensional
(3D) grid resolution study for multi-element airfoil (MEA) in
Icing Research Tunnel (IRT). (a) Pressure coefficient Cp
on MEA slat. (b) Cp on MEA main element. (c) Cp on MEA
flap.
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comparison of simulations to experimental data for multi-
element airfoil (MEA) in Icing Research Tunnel (IRT).

(a) Pressure coefficient Cp on MEA slat. (b) C, on MEA main
element. (c) Cp on MEA flap.
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Appendix C.—3D Swept Hybrid Wing Design
Method for Icing Wind Tunnel Tests

Reprinted by permission of the American Institute of Aeronautics and Astronautics, Inc., from “3D
Swept Hybrid Wing Design Methods for Icing Wind Tunnel Tests,” Gustavo E.C. Fujiwara, Brock D.
Wiberg, Brian S. Woodard, and Michael B. Bragg (Ref. 40).
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A 3D swept hybrid wing design method using hybrid airfoils is presented for the purpose
of icing wind tunnel testing of large commercial aircraft. Hybrid airfoils are those that
present the same leading-edge geometry of the full-scale aircraft wing with a redesigned
truncated aft section, such that models can fit inside icing wind tunnels and still reproduce
full-scale flowfield and ice accretion with reduced chord. The effects of tunnel sidewalls,
model sweep angle, aspect ratio, and wind tunnel blockage are presented. Attachment line
location is used as a first-order parameter for matching full-scale ice shapes, and methods
for controlling its spanwise variation are assessed including the use of gap between model
and tunnel wall, aerodynamic twist, and segmented flaps. Finally, model design tradeoffs are
presented between competing performance parameters such as full-scale ice accretion
agreement, wind tunnel load/speed limits, and model manufacturing/operational complexity.

Nomenclature

AR = Aspect ratio

a = Airfoil angle of attack

Crs = Full-scale chord

Chyb = Hybrid airfoil chord

Co = Pressure coefficient

C = Lift coefficient

Cmo = Quarter-chord zero-angle of attack pitching moment coefficient
CRM = Common research model

CRM65 = 65% scaled common research model

) = Flap deflection, positive down

hic = Tunnel height over model chord

n = Wing spanwise position

LE = Leading edge

RANS = Reynolds-averaged Navier-Stokes equations
SF = Scale factor (full-scale chord divided by hybrid chord)
s/c = Normalized surface length coordinate

TE = Trailing edge

X = Horizontal coordinate

x/c = Normalized horizontal coordinate

y = Vertical coordinate

ylc = Normalized vertical coordinate
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I. Introduction

IRCRAFT icing is a topic of major importance for the safety and operation of any aircraft that might experience

icing conditions during flight.**** In the United States, the Federal Aviation Administration (FAA) requires
commercial aircraft manufacturers to demonstrate that all aircraft can safely operate during icing conditions, through
a set of flight tests during the certification stage, as described in the Icing Design Envelopes® of 14 CFR Parts 25 and
29 Appendix C. This is often expensive and challenging to find the appropriate icing test conditions.® Thus, both
computational methods and icing wind tunnel experiments are utilized to provide a controlled and repeatable
environment during design and certification of aircraft ice-protection systems to mitigate risks, reduce costs, and
validate the existing computational icing tools.

However, the existing icing wind tunnel facilities cannot accommodate large wings such as those found on
modern commercial aircraft without requiring dramatic scaling.” Scaling can be performed through two different
methods.” One geometrically scales the entire geometry to fit inside the tunnel test section and then scales the icing
conditions to obtain icing similitude. The other maintains the same leading edge of the full-scale wing and replaces
the aft section with a truncated trailing edge that produces a similar flowfield around the leading edge with a
significantly shorter chord, reducing model size and tunnel blockage. This type of model is referred to as a hybrid ®
and its biggest advantage lies in the fact that it is designed to produce full-scale ice shapes, such that the need for
icing scaling®* can be reduced or even eliminated.

A design method for a straight, untapered hybrid wing can be as straight forward as the extrusion of a hybrid
airfoil, whose design method is well documented by Saeed et al.™ and further explored by Fujiwara et al.** A broad
set of experimental data is available in the literature under airfoil and straight wing icing. The design of a swept,
hybrid wing, on the other hand, introduces design challenges related to the three-dimensionality of swept wing
flowfields™ and ice shapes,** for which there is a lack of experimental data.”® In order to meet this need and help
better understand the fundamental 3D icing physics on large, swept wings such as those found in large commercial
transport aircraft, a collaborative research effort is being performed by NASA, the FAA, the French Aerospace
Organization (ONERA), and the University of Illinois at Urbana-Champaign (UIUC), with the contribution of
Boeing. An overview of this project is given by Broeren et al.*®

The work presented in this paper is part of this larger effort. The objective of the work presented here is to
establish a design method for large hybrid swept wings that replicate the full-scale ice accretions through icing wind
tunnel tests. Another paper by Wiberg et al.'” covers in further details the flow and icing simulations of a hybrid,
swept-wing model and the use of icing scaling to compensate for the differences between the flight and the icing
wind tunnel conditions. The hybrid wing models were designed to be tested in the 6 by 9 ft test section of the NASA
Glenn Icing Research Tunnel (IRT),"® vertically mounted with a span of 6 ft. Fluent'® was used to calculate the
model flowfield and LEWICE3D?# used for the droplet impingementand ice accretion calculations.

I1. Methods

Reference Wing

For this research, the Common Research Model (CRM)* was selected as the baseline wing. The CRM was
designed by Boeing as part of collaboration with NASA to represent a typical modern wide-body commercial
transport, whose geometry,?® computational®*?>%272 and experimental data®* are publicly available. The CRM
was designed for a cruise Mach number of 0.85 at a Reynolds number of 40 million. It has an aspect ratio of AR =
9.0, a taper ratio of 0.275, and a washout of 8.2 degrees from the side of body to wing tip.? Since the CRM would
require a very large reduction in chord in order to fit the models into the IRT and avoid high blockage, and later
objectives of the overall project require that artificial ice shapes be created and aerodynamically tested on a high
Reynolds number semispan geometry in the ONERA F1 tunnel, the reference geometry was scaled down to 65% of
its original size, and referred to as the CRM®65 in the remainder of this paper. The CRM65 has a semispan of 62.66 ft
(19.10 m), a chord of 25.4 ft (7.74 m) at the side of body, and 5.82 ft (1.77 m) at the wing tip. The mean
aerodynamic chord is 14.94 ft (4.55 m), and the wing area is 1,745 ft2. The wing is swept 35° at quarter-chord and is
tapered with a Yehudi break at 37% of the span.

Flight Baseline
After the aircraft reference geometry was determined, Boeing®! evaluated several scenarios specified by
Appendix C of the 14 CFR Part 25 and 29 and determined a subset of cases that would envelop the most critical ice
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shape conditions.*” Six different aerodynamic conditions were identified, with different temperatures that led to a
matrix of 17 icing conditions. In order to simulate these icing cases, aerodynamic flow solutions must first be
generated, and then later those solutions are used by the ice accretion simulations.

The Clean Flight Baseline (CFB) is the set of aerodynamic solutions provided by Boeing using CFD RANS code
OVERFLOW,*% whose velocity fields were input to LEWICE3D? to generate the Iced Flight Baseline (IFB) with
droplet trajectories and ice shapes on the CRM65. Both CFB and IFB were used as the target references when
designing the 3D hybrid-wing models.

Hybrid Airfoil Design

A hybrid airfoil presents the same full-scale leading edge as the reference geometry with a redesigned aft section
that is considerably shorter than the full-scale. The upper and lower extents maintained from the full-scale geometry
are based on the estimated full-scale impingement limits, and are given as a percent of the chord (including both the
main element and flap). The hybrid scale factor, SF, is defined as the full-scale chord divided by the total hybrid-
model chord, representing the factor by which the baseline geometry is shortened. The nose droop angle, v, is the
angle between the full-scale chord and the hybrid airfoil chord. It determines the elevation of the trailing edge with
respect to the full-scale chord line. A more positive nose droop angle causes a lower trailing edge elevation or more
camber, shifting the load towards the aft of the hybrid. The quarter-chord zero-lift pitching moment coefficient, C,,
determines the camber line curvature of the aft of the hybrid section.** A more negative Co will result in a more
cambered aft section, therefore, increasing aft loading. Values of y can be either positive or negative, while Cy is
usually negative.®** A more detailed discussion on the 2D hybrid airfoil design method is presented by Fujiwara et
al,"? where matching stagnation point location is shown to be of first order for matching full-scale ice shapes.

A flapped hybrid airfoil was designed for a single airfoil cut of the CRM®65 located at spanwise position 1 = 64%
of the semispan (called Midspan model) with SF = 2, upper and lower extents in bold at x/cts = 10%, illustrated in
Fig. 1. The main element airfoil presents a negative nose droop angle y = -5.5°, seen by its high trailing edge and
Co =-0.05. The flap chord corresponds to 1/3 of the hybrid main element chord and is a modified NACA6412 with
both gap and overlap of 1.5% of the total hybrid chord Cpyp.

Cy vb . Crs
Hybrid Scale Factor =

-0.05 4 Lower Extent —— Flapped-Hybrid Airfoil

====Midspan CRME5 Airfoil
-0.1 + T T T T T T T T T
0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 1

Figure 1. Flapped hybrid airfoil design example

For this project, three CRM65 normal cuts were chosen'® named IB (Inboard), MS (Midspan) and OB (Outboard),
presented in Fig. 2, and the corresponding hybrid airfoils were designed to be later used in the hybrid wing designs.
The characteristics of these full-scale normal airfoils and corresponding 2D hybrid designs are presented in Table 1.
Note that for the IB case, the normal full-scale cut intercepts the aircraft side of body, so the full-scale airfoil was
extrapolated past the leading edge to allow the use of the 2D hybrid design computational tools.*

Figure 2. 1B, MS, OB normal airfoil cuts from CRM65*
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Table 1. IB, MS, OB full-scale normal airfoils and respective hybrid airfoil designs

IB MS OB
Model Name Inboard Midspan Outboard

CRM65 spanwise location 1 20% 64% 83%
Full-scale normal chord (css) 297.88 in (7.566 m) 122.72 in (3.117 m) 91.27 in (2.318 m)

Upper LE x/c extent 4% 10% 17%

Lower LE x/c extent 6% 10% 15%

Nose Droop Angle -11.5 -5.5 -3.5

Cmo -0.12 -0.05 -0.08

Scale Factor (SF) 2.25 2 15

Full-scale/Hybrid airfoils e

Hybrid Wing Design

A hybrid wing model can be designed to represent either a region of the reference wing or a single spanwise
station. For a wing model representing a region, the entire 3D leading-edge of the full-scale wing region is
maintained and a 3D truncated aft section is redesigned. For a single spanwise station, a 2D hybrid airfoil is
designed and then extruded to create a hybrid wing whose centerline represent the full-scale station. For this project,
the wing model is designed to represent a single spanwise station on the CRM®65, so the hybrid airfoil is simply
extruded across the wind tunnel test section to create a hybrid wing model.

(@ HYBRID AIRFOIL (2) HYBRID WING @) FLOWFIELD
= Pick aircraft geometry reference = Extrude hybrid airfoil L to L.E. ; . :
= Pick normal cut full-scale airfoil = Chop ends off S AENEEDICI oW Il o6
= Design 2D hybrid girfoil ———> = Rotate model to angle of attack 2RI LR D R g

line location at model centerline
= Use angle of attack, flap deflection or
combination of both to do so

g A

A NO Flow separation

I e Redesign 2D hybrid to nd Tunnel load limit:
Qo g™ ™ Tz alleviate load
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Redesign 3D hybrid wing
using spanwise load control techniques
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\4
(&) ICE SHAPES
@ FINAL CHECKS =Input CFD solution LEWICE3D to
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Figure 3. Hybrid wing design method workflow
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The hybrid wing model design method utilized for the present work is presented in the workflow of Fig. 3. As
previously discussed, the first step is to define the aircraft reference geometry, and establish the set of aerodynamic
and icing conditions to be replicated. The hybrid wing design starts with the design of a 2D hybrid airfoil from a
normal cut of the full-scale airfoil of the CRM65 to match the stagnation point location for that full-scale airfoil cut.
The details and design tradeoffs of this first step are well described by Fujiwara et al.*? In order to properly represent
a swept wing in 2D with simple sweep theory,*’ the hybrid airfoil is designed for a full-scale airfoil that is cut in the
direction normal to the leading edge of the full-scale wing.

The second step requires extruding the designed hybrid airfoil in the direction parallel to the full-scale leading
edge, maintaining the same wing leading-edge sweep angle. The ends of the hybrid wing model are trimmed in the
streamwise direction to create a model that spans from the floor to ceiling in the IRT, as shown for the Midspan
hybrid wing model in Fig. 4a. A size perspective of this same model in comparison to the CRM65 is presented in
Fig. 4b. Once the hybrid wing geometry is created, the model is then rotated to the desired angle of attack for the
CFD simulations that will assess the similarity between the full-scale and hybrid wing’s flowfield near the region of
interest. The order of operations for this portion of the design is important. The 3D geometry must be created first,
and then, the entire swept hybrid model rotated to the desired angle of attack. First rotating the hybrid airfoil to the
desired angle of attack and then extruding it to a 3D model generates a 3D model geometry that differs from the full-
scale wing, because of the fixed model sweep angle in the extrusion.

OSSR

) o // /
y /

a) b)
Figure 4. a) Hybrid airfoil extruded parallel to the leading edge then trimmed at the ends (Midspan model)
b) IRT Midspan model compared to the full-scale CRM65 geometry

The third step is similar to the iterative process done in 2D for the hybrid airfoil. Instead of varying the hybrid
airfoil geometry and flap deflection to match the full-scale airfoil stagnation point location, the criterion utilized is to
vary the hybrid wing angle of attack and/or flap deflection to match the full-scale attachment line location at the
centerline cut of the model inside the tunnel, with 3D viscous CFD simulations. Wiberg et al.'” show results further
supporting the idea that matching the full-scale wing section attachment line location at the centerline of the tunnel
generates, indeed, satisfactory ice shapes for the 3D hybrid model. In order to narrow the number of critical baseline
cases that drive the design of the hybrid wing model, it is assumed that if the hybrid model is capable of reaching the
farthest attachment line location at the tunnel centerline without significant flow separation, then it is capable of
reaching all others. The cases requiring the attachment line location to be farthest down the leading edge are
considered the most aggressive scenarios because they require the largest circulation, and therefore, impose the
highest risk of flow separation to the hybrid wing. Fujiwara et al.*? show in the 2D hybrid airfoil design method that
there is no unique combination of angle of attack and flap deflection that reaches a particular stagnation point
location. Instead, there is one corresponding flap deflection for each angle of attack that reaches the same stagnation
point location, with very distinct loads. The more front loaded the model, the smaller the load required to reach the
same stagnation point. Based on that, if flow separation is observed during step 4 on the main element of the hybrid
wing but not on the flap, it means some of the load should be transferred from the main element to the flap by
increasing the flap deflection and decreasing the main element camber, while reaching the same attachment line
location for that particular angle of attack. The analogy applies similarly if separation occurs on the flap and not on
the main element. This process continues iteratively until the farthest attachment line location is reached with no
flow separation, within the tunnel load limits.
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Once this is achieved, the fifth step is to observe how much the attachment line location on the hybrid wing
model changes across the span. If variation is significant, then spanwise load control techniques must be employed.
This is discussed later in this paper. Otherwise, the three-dimensional ice shapes are calculated in step 6 using
LEWICE3D, and compared to the full-scale ice shapes. For this project, the hybrid wing model ice shapes were only
investigated near the centerline region of the model because that is where the model is designed to reach the full-
scale attachment line location. This is also region away from the tunnel wall boundary layer, where the icing cloud
in the IRT is more uniform. If for some reason the icing wind tunnel cannot reach the flight icing conditions
(density, velocity, etc), then icing scaling must be used to correct for the different operating condition, like the
similitude method shown by Wiberg et al.*’* Otherwise, the hybrid wing is considered complete.

Computational Tools

The flow solutions were obtained using Fluent,* RANS solver with k- SST (Shear Stress Transport) turbulence
model, and grids generated by PointWise® with from about 16 million nodes for the OB model to about 35 million
for the IB model. The boundary layer of the model and tunnel were resolved with a layer of anisotropic tetrahedral
elements (T-Rex)* to obtain a dimensionless wall distance y*= 1, and isotropic tetrahedral elements elsewhere.

The code utilized to calculate the model ice shapes was LEWICE3D.?* Both the flow solver and the ice
accretion code were run at the University of Illinois at Urbana-Champaign computer cluster Taub,*? and at the
University of Washington cluster Hyak, and more details of the mesh topology are given by Wiberg et al.*"®

I11. Results and Discussion
HYBRID WING MODEL DESIGN PARAMETERS

Effect of Wind Tunnel Sidewalls

The wind tunnel sidewalls are an important topic from the hybrid wing model design perspective because it
affects the attachment line location, the risk of flow separation, and ultimately, the model performance to reproduce
full-scale ice shapes. A discussion of the applications of these effects is presented by Wiberg et al.'” and Wiberg. *

The flowfield of an untwisted swept-back wing model confined by sidewalls, like the IRT hybrid models
designed for this project, shows a very pronounced three-dimensional feature of increasing outboard load, as shown
in Fig. 5 for the RANS solution for the 1B hybrid wing model at a = 3.67 °, with a flap deflection of = 67 run at
approximately 120 m/s. The circulation increases further outboard on the model, leading to higher suction peaks
noted by the lower pressure blue color on the upper surface of the model.

== — =

Figure 5. Hybrid wing RANS solution showing spanwise variation: 0=3.67°, 6=6°, V=119.41 m/s, Re=3.45,10’
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This phenomenon occurs naturally in swept-back wings due to the induced upwash by the stations upstream of the
outboard region,*® but is particularly enhanced for a model bounded by walls because of the symmetry condition
imposed by the sidewalls.”*® A lifting line representation of the swept wing model inside the IRT is shown in Fig.
6, placing three horseshoe vortices A, B, and C, each composed of two trailing edge vortices connected by a bound
vortex, on the wing and on two mirrored images at each side of the wall. It can be observed that the right trailing
vortex of the horseshoe vortex C, which primarily contributes to decreasing the outboard local angle of attack by
inducing downwash at the wing tip, is cancelled by its image C”. The bound vortex of C” also induces a greater
upwash on the wing outboard region, contributing to increase the outboard load further. The inboard region, on the
other hand, sees a much lower effect since the vortices are inducing upwash to the left of the left mirrored image,
away from the wing inboard region. Note that both mirror images distort the flow conditions from those that the
model is attempting to reproduce with this 3-segment kinked wing, as opposed to the continuous swept-back wing
expected in the model neighborhood, as in Fig. 4b. This explains the observed load variation across the span, which
initiated the investigations presented here for the use of spanwise load control techniques.

Tunnel Tunnel

‘Wall Wall
v

Mirrored
Image

Mirrored
Image

Figure 6. Lifting line theory representation of swept wing model bounded by sidewalls

The influence of spanwise load variation on the attachment line location can be observed in Fig. 7. The abscissa
axis presents the dimensional distance in inches from the model front most point, also referred to as hilite, to the
attachment line. The ordinate axis presents the model spanwise position in inches, with the IRT floor at -36 in and
ceiling at +36 in. The CFD RANS solution with pressure contours for the same case is shown at the right.
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Figure 7 — Hybrid wing model attachment line variation with span at o =3.67,0 =6
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Effect of Model Sweep Angle

For a given aircraft reference geometry, the leading-edge sweep angle must be preserved in order to attempt to
maintain the inherent three-dimensional swept wing icing physics present in the full-scale model. All hybrid wing
models designed to the CRMG65 were extruded maintaining the leading-edge sweep angle of A = 37.15.
Nevertheless, the sweep angle is the primary driver for the spanwise load variation observed in the CFD simulations
and would be expected to cause a significant change for an aircraft reference geometry with a different sweep angle
than the CRM®65. This effect is now investigated comparing the spanwise variation of attachment line and load for
four hybrid wings using the MS hybrid airfoil extruded parallel to the leading edge with sweep angles of A = 0°,
25°, 35°, and 45°, while maintaining the 6-ft span.

The top row of Fig. 8 illustrates the pressure coefficient contours and streamlines on the upper surfaces of each
model, while the bottom row illustrates the sectional pressure coefficients extracted from 3 spanwise locations: +18,
0 (centerline cut), and -18 inches for each of the models. It can be observed from Fig. 8 that increasing the sweep
angle causes the load to increase outboard of the model, leading to increasing levels of flow separation on the
outboard region for the more swept models. Notice that since these hybrid wings were designed starting from the
same MS hybrid airfoil normal to the leading edge, the higher sweep angle hybrid wing models see a less thick
streamwise airfoil, causing the Cp peaks to be lower for the centerline cut. Still, the increase in spanwise load was
large enough to cause flow separation near the ceiling for the A = 35° and 45° models.
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Figure 8. Effect of Sweep Angle on Spanwise Load Distribution

A direct consequence of the load variation along the span can be visualized in the attachment line location across
span, Fig. 9. As sweep angle increases, so does the outboard load, causing the attachment line to be located further
back on the outboard regions. As expected for a straight wing, the attachment line does not vary across span,
indicated by the vertical line on the plot of Fig. 9.
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Figure 9. Effect of Sweep Angle on Attachment Line Location
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Effect of Model Aspect Ratio

The hybrid wing aspect ratio, AR, is determined by the scale factor SF chosen for the 2D hybrid airfoil design
and the wind tunnel test section height and width. The larger the scale factor and wind tunnel test section
dimensions, the larger the hybrid wing model AR will be. For the current project, the icing wind tunnel utilized is
the IRT, which is 6-ft high, and the three hybrid wing models, 1B, MS, and OB, have scale factors of 2.25, 2, and
1.5, respectively, which yield hybrid wing models with AR of 0.43, 0.94, and 0.94. If aircraft reference geometry,
hybrid airfoil scale factors, and/or icing tunnel test section dimensions change, different AR hybrid wing models are
expected. For the purposes of evaluating this effect, models with AR values of 0.5, 1, 2, 4, and 8 are now assessed.

AR=0.5

Figure 10. Effect of model AR on pressure distribution for a constant chord

All models kept the same chord in order to maintain the same Reynolds number. The model spans were varied to
38.5, 77, 154, 308, and 616 inches to achieve the AR values previously indicated. The pressure distribution on each
of the models can be viewed in Fig. 10, along with the surface streamlines on the upper surfaces and IRT ceiling.
One can notice the larger separation bubble near the ceiling for the longer span models (higher AR), but the same
overall pressure variation trend along the span for all models. This pressure variation trend along span is confirmed
by Fig. 11a, where the attachment line location plotted as function of the non-dimensional span for each model
presents similar slopes. On the other hand, plotting the attachment line location as function of the physical span
dimension near the centerline of the tunnel, Fig. 11b, reveals that the larger AR models offer way less variation of
the attachment line for the given region of +/- 18 inches around the tunnel centerline, due to the greater distance
from the sidewalls.
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Figure 11. Effect of model AR on attachment line location across span

Effect of Model Angle of Attack

Fujiwara et al.'® showed that running the same hybrid airfoil at higher angles of attack with lower flap
deflections or even no flaps while reaching the same stagnation point locations leads to similar ice shapes, with a
lower load. A similar study is done by Wiberg et al.*”, running the model at higher angles of attack without the flap,
while maintaining the same attachment line location at tunnel centerline. It is shown that good agreement in
matching full-scale ice shape is obtained, while also reducing the variation of the ice shapes across the span. These
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results from the model design perspective show great benefit from removing the flap from the hybrid wing model,
reducing model total load, and its variation across span. It is important to remember that, although the use of angle
of attack alone for a single element wing is shown to successfully reproduce the full-scale ice accretion, flaps still
provide extra control for fine tuning the exact location of the attachment line location when operating the models in
the tunnel.

Effect of Model Thickness / Wind Tunnel Blockage

Even though hybrid wing models are usually significantly smaller than the full-scale reference geometry, these
models can still be fairly large in comparison to the wind tunnel test section. The proximity of the wind tunnel walls
to the model cause the flow to accelerate around the model in order to maintain continuity. The model acts as an
obstacle blocking the incoming flow, altering the flowfield around the model and significantly limiting the
achievable wind tunnel speeds during operations. In order to assess this effect on the model operation, different
dimensions for the wind tunnel walls were tested while maintaining the same dimensions of the IB hybrid wing
model, to obtain a tunnel height (in this case width due to how the models are positioned spanning from floor to
ceiling across the IRT’s 6-ft high x 9-ft wide test section) to model chord ratio of h/c = 0.5, 1, 2, and 4. The resulting
flowfields are presented in Fig. 12, in which is possible to see that the closer the walls (top and bottom) are to the
model, the more the flow is accelerated around it, causing model loads to increase with the faster speeds. Flow
separation occurs due to the adverse pressure gradients that must be recovered past the now higher pressure suction
peaks on the model upper surfaces.

h/c=0.5 hic=2

Figure 12. Wind Tunnel Height effect on pressure distribution and attachment line location

Interestingly, the attachment line location is also altered along the span, with tunnel blockage. The accelerated
flow that drives higher suction peaks, Fig. 13a, also amplifies the load variation across span, yielding even greater
attachment line variations along the span, Fig. 13b. This is especially undesirable for these models because the
higher loads (lift) generate more circulation locally, further shifting the attachment line location, which is the
primary driver for matching ice shapes. Additionally, the increased suction peaks play a role on the ice shapes by
enhancing the heat transfer coefficients locally, which can lead to larger freezing fractions and longer horn lengths.
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SPANWISE LOAD CONTROL TECHNIQUES

Because the attachment line location on the hybrid wing model plays such an important role in its ability to
reproduce full-scale ice shapes, it is of great interest to investigate means of reducing its variation across the model
span. Some of the techniques are described in the next sessions.

Effect of Sidewall Gap

Sidewall gaps allow the development of wing tip vortices that would not appear if the model spanned all the way
between sidewalls, Fig. 6. The Midspan model with no gap between the walls is shown in Fig. 14, where the
outboard increasing upwash ahead of the model leading edge is shown, Fig. 14a, and the outboard increasing
downwash past the model trailing edge is also illustrated, Fig. 14b.*®

Increasing Upwash

2) b
Figure 14. a) Increasing outboard leading-edge upwash, b) Increasing outboard trailing-edge downwash

Creating a 6-inch gap on the inboard side, as shown in Fig. 15a, between the IRT floor and the model, allows the
tip vortices to lower the local inboard load due to the induced downwash by the trailing vortices, causing the load
distribution and the wake past the model to be even more uneven across the span. On the other hand, a gap on the
outboard side, as shown in Fig. 15b, between the IRT ceiling and the model, allows the development of wingtip
vortices that help equalize the wake across the model span. The observed problem associated with this approach is
that the entire model was unloaded, Fig. 15c, with little change in attachment line slope across span. Thus, a larger
flap deflection was now required to reach the same attachment line location which ended up yielding a similar
attachment line slope to the no-gap model. Although this approach helped avoiding flow separation at the outboard
wall, it did not reduce the attachment line slope across the span for the same centerline attachment line location.*®

GAP - GAP 1 T_NoGAP 36
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a) b) ©)
Figure 15. Midspan model a) inboard side wall gap, b) outboard side wall gap, ¢) Attachment line comparison

Effect of Model Twist

The use of geometric twist on the model had a better effect on equalizing the wake,® Fig. 16, by geometrically
increasing the inboard aerodynamic angle of attack and decreasing the outboard. A washout twist of approximately
10° was required on the Midspan main element to start observing significant changes on the attachment line location
slope across span. The spanwise load variation reduction was extremely successful, as illustrated in Fig. 17a,b Cp
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plots. Like the 2D study presented by Fujiwara et al., ** the closer lift is generated to the leading edge, the stronger
the effect is has on the attachment line location.

Figure 16. Midpspan twisted main element with a 10° washout twist

,
@

-Outboard

Figure 17.a) Midspan twisted main element only at o = 10, b) Original Midspan (untwisted) at a. = 3.67, 6 = 15

Effect of the Use of Segmented Flaps
As an alternative to applying model twist, segmented flaps can be utilized to change the camber across the span

by deflecting the panels independently.*® Since segmented flaps require independent actuation systems, it poses an
operational difficulty to have several on a single model. A configuration with three flap panels was chosen to
evaluate its performance in equalizing the spanwise load distribution. Results for the 1B and MS models did not
show a significant change. The fact that both models have low AR (less than 1) suggested the effectiveness of
segmented flaps in successfully equalizing the load distribution is dependent on model AR, as the zone of influence
of flaps is closer to affecting just the portion of the wing ahead of it, as illustrated in Fig. 18 a,b,c for different model

AR.

<)

a)
Figure 18. Scheme of 3 hybrid models with three-segmented flaps each for a) AR =0.5,b) AR=1,¢c) AR =2
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The effect of using segmented flaps was studied using hybrid wing models with AR = 0.5, 1, 2, 4, and 8. To
avoid numerical convergence issues, all solutions generated for this study are inviscid, using an Euler solver. Notice
these are the same models utilized in the effect of AR study, but now with a 3-segment flap instead of the constant
8=15 single-segment flap used before. In an attempt to equalize the load distribution, all flaps were deflected to 20°
inboard, 10" center, 0" outboard, as seen in Fig. 19. All models chords were also the same to maintain the same
Reynolds number.

AR=05

AR =20 AR=4.0 AR=8.0

Z

Z

VFigure 19. Segmented flaps for models with AR =0.5,1, 2, 4, 8

The resulting attachment line locations on the leading edge of the main element of each of the models are
presented in Fig. 20, as a function of the non-dimensional span. The slope of the curve remains largely unaffected
for AR = 0.5 and 1. For AR = 2, the slope starts getting more vertical near the centerline, as this effect gets more
pronounced as AR further increases. It becomes quite clear for AR = 8 that the segmented flaps fully control the
spanwise load distribution, shown by the inverted slope that indicates a much higher load near the inboard region
compared to the outboard.
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Figure 20. Effect of segmented flaps on attachment line location for different AR

IVV. Model-Design Tradeoffs and Conclusions

The ultimate goal of designing hybrid wing models for icing wind tunnel tests was to reproduce the full-scale
wing ice shapes. An ideal hybrid wing model would produce full-scale ice shape with minimal flow separation,
manageable model load, and minimum wind tunnel blockage.****

An effective hybrid wing design method was presented here. Starting from the design of a 2D hybrid airfoil and
extruding it parallel to the full-scale leading edge direction, a hybrid wing model is shown to successfully reproduce
free-air ice shapes on the centerline of the wind tunnel model by utilizing the first-order approach of matching the
full-scale attachment line location, shown by Wiberg et al.”
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The sweep angle was the primary cause for attachment line spanwise variation, due to the induced upwash from
the upstream inboard stations and the mirrored image imposed by the wind tunnel wall symmetry that amplify the
upwash on the outboard region. Since attachment line location matching was first order in matching ice shape,
spanwise load control techniques may be required if the spanwise variation is beyond acceptable limits.

Adding sidewall gaps on the inboard side makes attachment line spanwise variation even more asymmetric.
Adding sidewall gaps on the outboard side helps unload the model and reduce possible separation bubbles near the
wall, but did not change the attachment line location slope along span.

Using segmented flaps, local flap angles can be varied in order to change the attachment line position at local
stations. Segmented flaps wee not effective in significantly changing the spanwise distribution of load and
attachment line position for models with aspect ratio near unity. Increasing the AR of a model simultaneously
reduces the spanwise variation in Cl and attachment line position caused by sidewalls while increasing the
effectiveness of segmented flaps. Because the purpose of this research was to look at large-scale wing models,
increasing the aspect ratio of the model was not a practical solution.

Using model twist, the local angle of attack of the model can be varied in order to change the attachment line
location at local stations. Twist was more effective in changing the spanwise load distribution by changing
circulation closer to the model leading edge, changing the effective angle of attack across the span of the model, and
compensating for the increasing upwash across the model. Whether the additional complexity added to the model is
justified depends on the requirements of the icing tests to be conducted.

Model thickness and wind tunnel blockage increase suction peaks on the upper surface of the model and amplify
the attachment line spanwise variation along span.

Angle of attack and flap deflection can be combined to yield the desirable attachment line location. Model twist
and angle of attack effectiveness in moving the attachment line may bring into question the necessity for a flap, as it
adds complexity to the model.

The current hybrid wing design method was computationally expensive due to the number of iterations required to
generate a satisfactory model. Simultaneously matching full-scale attachment line location, with minimal or no flow
separation, within the wind tunnel load limits, and producing good full-scale ice accretion agreement required
substantial three-dimensional analysis tools. Although intermediate 2D viscous CFD RANS solutions can be run to
mitigate the risks inherent in the use of potential flow codes used for the 2D hybrid airfoil design, the 3D viscous
CFD RANS calculations identified a number of undesirable three-dimensional effects that are not captured by 2D
analysis. These effects include spanwise load variation, tunnel sidewalls interaction, high tunnel blockage, and 3D
flow separation. In the future, a direct 3D design approach might yield a more efficient design method, starting
directly from the 3D full-scale leading edge geometry and designing the 3D truncated aft section with an integrated
flap, if a flap is necessary or desired. Guided by 3D CFD RANS, wing optimization techniques could help reduce
local flow separation risk and match attachment line over a larger wing span, by taking advantage of exploring the
greater design flexibility that a fully 3D truncated aft geometry design provides compared to an extruded 2D aft
geometry.
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Appendix D.—Large-Scale Swept-Wing Icing Simulations in the NASA
Glenn Icing Research Tunnel Using LEWICE3D
Reprinted by permission of the American Institute of Aeronautics and Astronautics, Inc., from
“Large-Scale Swept-Wing Icing Simulations in the NASA Glenn Icing Research Tunnel Using

LEWICE3D,” Brock D. Wiberg, Gustavo E.C. Fujiwara, Brian S. Woodard, and Michael B. Bragg
(Ref. 41).
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Computational icing simulations of a hybrid, swept-wing model in the NASA IRT are
presented. The results of these simulations are compared to those for the same icing
conditions conducted on the full-scale reference wing. The effects of tunnel sidewalls,
attachment line position, and altitude are considered. A discussion of icing scaling and the
results of one scaling approach are given. The variation of impingement and ice shape with
span in the tunnel for different angles of attack and flap deflection are presented.
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I. Introduction

HE study of aircraft icing is necessary to ensure the safety of commercial, military, and general aviation
Taircraft. The certification of modern commercial transports requires manufacturers to demonstrate that
these aircraft can safely operate during icing conditions consistent with the standards set forth by the Federal
Aviation Administration (FAA). While some of these tests are performed on actual aircraft in flight, this is
often very expensive and does not provide an adequately controlled matrix of test conditions. Computational
tools are used throughout the design and certification of anti-ice systems. However, computational methods
alone are not sufficient for aircraft certification. Icing wind tunnels are used for aircraft certification to
reduce costs, provide a controlled test matrix of conditions, and validate computational icing tools.

The size of aircraft models that can be tested in wind tunnels is limited by the size and capability of
existing facilities. Large wings, such as those found on modern narrow and wide-body commercial transports,
cannot fit in existing test sections without being dramatically scaled. Two methods of scaling exist. The
first involves geometrically scaling a section of the reference wing to fit inside the tunnel test section and
then scaling the icing conditions in an attempt to maintain icing similitude. The second method maintains
the full-scale leading edge of the reference geometry but replaces the aft section of the wing with a tail that
is designed to produce similar flow around the leading edge but with a considerably shorter chord length,
reducing model size and blockage. This type of model is called a hybrid and is used to generate full-scale ice
shapes so that in the simplest cases, no icing scaling is necessary.

Modern commercial transport aircraft have large, swept wings. While a broad set of experimental data
exist in the literature for airfoil and straight wing icing, there is a distinct lack of data for icing on large,
swept wings. Such data is needed in order to better understand the 3D icing physics on swept wings and
to allow computational tools to be developed and validated for 3D ice features such as scallops. In order
to meet this need, NASA, the FAA, the French Aerospace Lab (ONERA), and the University of Illinois
at Urbana-Champaign (UIUC) are collaborating in a research effort that will consider and address the
practical challenges that are fundamental to icing on large-scale, swept wings such as those found on modern
commercial transport aircraft. An overview of this project and an update of the status as of May 2013 is
given by Broeren et al.

The work presented in this paper falls under Phase III of this larger effort. The objective of Phase III is to
better understand how ice shapes on a large-scale, swept-wing can be replicated in existing icing tunnels using
a hybrid model. Understanding how ice accretes on such models, and identifying key indicators in flowfields
that result in successful representation of full-scale icing, is critical to the ultimate goal of performing such
testing for aircraft certification as well as considering the ability of Computational Fluid Dynamics (CFD)
coupled with icing physics simulations to accurately model ice accretion in this environment.

For this research, computational tools were used to better understand the flow over a large-scale, swept-
wing, hybrid model mounted vertically in the NASA Glenn Icing Research Tunnel (IRT). Fluent was used
to calculate flows around a flapped-hybrid model in the IRT test section. LEWICE3D was used to simulate
droplet impingement and ice accretion on the full-scale leading edge of this model.

II. Methods

Reference Wing
The Common Research Model (CRM)~ was selected as the baseline

wing for this research. The CRM is a large, swept-wing transport
similar to existing commercial wide-body aircraft. A body of literature
for the CRM is available in the public domain including the model
geometry,” computational results,” ™" and experimental data.®
Figure 1 shows the full configuration of the CRM including the wing,
body, horizontal tail, and nacelle-pylon group.

It was determined that the full configuration of the CRM was not
necessary for the objectives of this research. Therefore, the work per-

formed was done on the wing-body only (WB) configuration. Addition-
ally, the full-scale CRM is very large, requiring a very large reduction pjgure 1. Full configuration of the
in size in order to fit models into the IRT test section with acceptable Common Research Model.

levels of blockage. Furthermore, later objectives of the overall project
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require that artificial ice shapes be created and aerodynamic tests of the full semispan geometry be conducted
in the ONERA F1 tunnel. Because this will require scaling of the wing, small features of the ice shapes
would not be reproducible if the full-scale CRM were scaled to fit into the F1 tunnel. Therefore, to reduce
the risk associated with its size, the reference geometry for the project was chosen to be the CRM scaled
to 65% its original size (CRM65). The CRMG65 is still a large aircraft, comparable to existing narrow-body
commercial transports.

The CRM was designed by Boeing as part of a collaboration with NASA.” The CRM features a wide-body
fuselage similar to a modern aircraft with a transonic wing having a quarter-chord sweep of A = 35 deg.
The supercritical wing was designed for a cruise Mach number of M = 0.85 and lift coeflicient of Cr, = 0.50
at a flight Reynolds number of Re. = 40 million. The aircraft body extends to 10% semispan with a yehudi
break at 37% semispan and 8 deg. of washout from side-of-body to tip. The CRMS65 has a semispan of
b/2 = 751.89 in. (19.10 m) compared to the full-scale CRM semispan of /2 = 1,156.75 in. (29.38 m). With
an aspect ratio of AR = 9.0, and taper ratio of A = 0.275, the leading-edge sweep angle is Aj. = 37.15 deg.

Flight Baseline

It was necessary to have a baseline set of icing simulations in order to successfully evaluate the quality of ice
shapes that are simulated in the IRT. Aerodynamic flow simulations must be performed before ice accretions
can be modeled. To this end, Boeing'" determined a generic set of icing mission scenarios for a typical large
transport aircraft. These scenarios represent all phases of flight with conditions consistent with the U.S.
Code of Federal Regulations Appendix C icing clouds. Boeing then reviewed the conditions and determined
that a subset of the scenarios would be adequate for determining critical ice shapes. These critical icing
scenarios were given case identifiers that will be used hereafter. These identifiers, the aircraft angle of attack
associated with a nominal 1G loading, and the flight conditions which they represent are given in Table 1.

Table 1. Boeing case identifiers and the associated flight con-

ditions.

Case Phase a (deg.) P (Pa) M  Re..,
WB25 Climb 1.68 30,124 081 34.1M
WB33 Hold 3.67 69,702 0.36 28.7TM
WB39 Hold 3.64 42,824 0.46 24.8M
WB41 Hold 4.38 84,319 0.35 32.9M
WB47 Hold 4.36 57,209 043 28.6M

WB71 ETOPS Hold 4.40 95,956 0.32 33.2M

Clean Flight Baseline

The conditions discussed above were used to conduct flow simulations over the CRM65 reference wing
geometry in free air. The well validated, compressible Reynolds Averaged Navier-Stokes (RANS) CFD
software OVERFLOW ' ' ' ' with overset grids was used to perform these calculations. The CFB is used
for the icing simulations described below but is also important for direct comparison with the flow simulations
of the hybrid-wing model in the IRT. This direct comparison allows the influence of individual flow parameters
on ice growth to be considered. Specifically, the attachment line location, sectional pressure distribution,
and lift coefficient are important flowfield parameters that help in the initial design and validation of the 3D
models.

Iced Flight Baseline

The CFB flow solutions provide the velocity vectors used in the calculation of droplet trajectories and the
flow state (pressure and temperature) needed to simulate ice accretions. Boeing used the CFB solutions
with LEWICE3D to generate a standard set of ice shapes for each of the critical icing scenarios at various
temperatures, resulting in the Iced Flight Baseline (IFB). The case identifiers in table 1 are often followed by
a temperature designation in Celsius. Icing simulations on the hybrid wing model in the IRT are compared
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back to the IFB throughout this paper. Note that the IFB ice shapes in this paper are those reproduced by
Wiberg'” using the CFB flow solutions but with the most recent version of LEWICE3D (which version was
also used for the IRT icing simulations in this work).

Hybrid Model Design

A hybrid model is one that retains the full-scale leading edge of the reference geometry up to a fixed position
and uses a redesigned aft section that is considerably shorter than the full-scale. The upper and lower
extents up to which the full-scale geometry is maintained are determined based on either the estimated
impingement limits or icing limits and are given as a percent of the full-scale chord. The hybrid scale factor,
SF, is the full-scale airfoil chord divided by the total hybrid-model chord and represents the factor by which
the baseline geometry is shortened. The nose droop angle, «, is the angle that the hybrid model chord line
makes with the full-scale chord line. This can be viewed as representing the elevation of the hybrid trailing
edge with respect to the full-scale chord line. A more positive nose droop angle causes a lower trailing edge
elevation or more camber, shifting more load to the aft of the hybrid. The quarter-chord zero-lift pitching
moment coefficient, C,q, affects the camber line curvature of the aft hybrid section such that a more positive
Cmo will result in a less cambered aft section and, therefore, reduced aft loading. Values of v can be both
negative and positive but C,,,¢ is usually negative.

Because ice shapes grown on the

Upper Extent nose of the hybrid model are com-

/ pared to the full-scale baseline air-
Crs foil, the hybrid angle of attack is
measured relative to the full-scale
chord line rather than the hybrid
chord line. If present, the deflection
of the flap may be measured rela-
Figure 2. Illustration of the important parameters of a hybrid airfoil tive to the full-scale chord or other
design. reference. For the current research,
the flap angle is measured relative
to the horizontal when the hybrid airfoil is rotated such that the full-scale chord is at the local angle of
attack corresponding to the station on the CRM65 wing which it represents. Figure 2 illustrates some of the
parameters of hybrid airfoils with the nose from the full-scale airfoil shown bolded. The model shown has
v =7 deg., Cpyo = —0.32, SF = 2, and upper and lower extents at z/cfs = 5% and 10%, respectively. The
large positive = brings the tail of the hybrid airfoil well below the full-scale chord line and the negative Ci,g
causes a high degree of aft camber, seen in the curvature near the trailing edge.

A hybrid wing model can be designed to represent either a spanwise section of the reference wing or a
single spanwise station. Generally, if it is desired to test an anti-ice system for aircraft certification, the
3D leading edge from the full-scale wing over a spanwise section will be used on the hybrid model so that
the actual icing protection system can be integrated. However, for this research the model is only designed
to represent one station of the reference wing. This results in a basic model that has constant sectional
geometry from floor to ceiling in the IRT. If modifications to this model such as twist, taper, etc. are used it
is for the purpose of better representing the station from the full-scale wing in the region of interest on the
hybrid model rather than trying to reproduce ice shapes representative of the reference wing over an entire
spanwise section.

The hybrid wing model was first designed in 2D using the method discussed by Fujiwara et al.'® Designing
in 2D allows the use of existing codes and expertise. Because the wing model is designed to represent a
single spanwise station on the CRM65, the hybrid airfoil is simply extruded to create a hybrid wing model.
However, in order to properly represent a swept wing in 2D, simple sweep theory must be used. Simple
sweep theory shows that a 2D cut from a swept 3D wing taken in the direction normal to the leading edge
can approximate the flow around that section in 3D if the 2D simulation uses the normal component of the
velocity. Sweep theory results in the following equations relating 2D parameters in the normal direction to
the equivalent 3D parameters on a wing.

Lower Extent
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a3p = aapcosh. 1

C2D
cos\;.

(1)
(2)
Cp,, = Cp,,cos’ A, (3)
(4)
(5)

C3p — 2

CZSD = CIQDCOSQAle 4
Bap = BapcosAe 5

Simple sweep theory assumes a geometry that is constant with span (no twist or taper). The sweep
angle, A, is measured in the plane containing the free stream velocity vector, ‘700, which is reasonable for
small angles of attack. The theory also assumes inviscid flow satisfying the Euler equations. Though none
of these assumptions are met by the complex wing geometries on modern commercial transport aircraft, the
theory provides a reasonable approximation in the midspan region where flow is similar to that of an infinite
swept wing. For this reason, the station represented by the model used in this research was taken from the
CRM65 near the midspan of the exposed wing at n = 0.64 measured from aircraft centerline. The precise
location was selected because it was the point of inflection in the spanwise distribution of upper horn angle
from the IFB ice shapes for several important cases.

The final flapped-hybrid wing model is shown in the IRT
test section in Fig. 3. The design begins in 2D as a single
element airfoil which is able to match the flow characteristics
in the leading edge vicinity of the reference airfoil at a single
design point. In order to make the hybrid airfoil more useful
over a range of test conditions, a flap is often added. A
basic external flap was designed for the model of this research
by taking a NACA 6412 airfoil and making the radius of
curvature constant near the leading edge. This allows the
gap and overlap of the flap to remain constant over a large
range of deflections with the flap pivot located at the center
of the leading-edge cylinder. The flap chord is 1/3 that of Ficure 3. Flanned-hvbrid wing model in the
the hybrid. The gap and overlap are fixed at 1.5% the total IR%F test sectizg witi directioi of flow from
model chord. The scale factor is SF = 2 with the upper jeft to right.
and lower leading edge extents both at x/cj = 10%. The
zero-lift pitching moment coefficient and nose droop angle
are Cp0 = —0.05 and v = —5.5 deg., respectively.

The wing model was created by extruding the flapped-hybrid airfoil. Because the 2D design was done in
the normal plane, the extruded model is rotated by 37.15 deg. about the negative z-axis. This results in a
model that is swept at the proper leading edge sweep angle of the CRM65, A;. = 37.15 deg. The rotated
model is then cut in the streamwise direction at y = —36 in. forming the root and again at y = 436 in.
forming the tip. The resulting span of the model matches the height of the IRT test section which is 72 in.
(1.83 m). A more detailed description of this hybrid wing model design is given by Wiberg'® with a more
general description of hybrid-wing model design and corresponding trade-offs discussed by the authors.

Mesh Topology

The IRT test section is 20 ft. (6.10 m) in length with a cross section that is 6 ft. (1.83 m) tall and 9 ft.
(2.74 m) wide. The center of the floor mounted turntable is 106.5 in. (2.71 m) from the inlet of the test
section. Because the hybrid model is mounted from floor to ceiling, the model span is 72 in. (1.83 m). A
tunnel fixed reference frame was used with positive z-axis in the flow direction and positive y-axis pointing
toward the ceiling of the tunnel. The origin of this axis system is centered in the IRT test section with x = 0
at the center of the turntable. This results in the root of the model placed at the floor of the IRT being
at y = —36 in. (0.91 m), the tip and ceiling at y = +36 in. (0.91 m), and the walls of the test section at
z = %54 in (1.37 m).

The POINTWISE® software package'® was used for meshing the hybrid wing model in the IRT test
section. It features an unstructured solver that uses anisotropic tetrahedra to grow high aspect ratio cells
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off surfaces on which it is desired to resolve a boundary layer. Anisotropic tetrahedral meshing (T-Rex for
short'”) allows high resolution boundary layer grid cells to transition smoothly into standard tetrahedral
meshes away from walls. The T-Rex solver was used to generate fully unstructured meshes in the IRT test
section with boundary layer meshes on all surfaces including the walls. Wiberg'® describes the meshing
process for the IRT simulations in more detail.

Flow Simulations

ANSYS® Fluent v14.5 was used to perform the flowfield calculations for this research. Inviscid simulations
using the Euler equations were performed to explore the fundamental flow characteristics around a large,
swept-wing model in the tunnel. Viscous simulations made use of the RANS equations with the Menter Shear
Stress Transport (SST) k-w turbulence model. These solutions provided the velocity vector fields necessary
to integrate droplet trajectories as well as the state of the air in the tunnel needed for icing simulation.

Icing Simulations

Icing simulations were performed using a 3D grid based ice accretion program called LEWICE3D. The
Monte Carlo droplet trajectory calculation method was used for this project to be consistent with the IFB
calculations and because the thick, swept hybrid model causes considerable spanwise flow. This spanwise
flow component drives highly 3D dispersion of impinging droplets because smaller droplets are carried along
the span while larger droplets are not. A parallel version of LEWICE3D, called TRAJMC3D, was used
on the UTUC supercomputer Taub to allow this more computationally intensive option. The IFB used the
Langmuir D droplet distribution while the IRT icing simulations used a 10-bin IRT spraybar distribution
measured by Papadakis et al.”’ in 2003. Details about LEWICE3D can be found in the user’s manual.”’

ITI. Results and Discussion

Tunnel Sidewall Effects

An inviscid simulation was performed on the hybrid-wing model for the conditions of Case WB33 at
T =—-4°C, a = 3.67 deg., and § = 15 deg. A surface Cp contour from the resulting solution is shown
in Fig. 4(a) for the low pressure surface and Fig. 4(b) for the high pressure surface. The model is oriented
such that flow is from left to right. The low pressure surface has a large decrease in pressure from the root
(bottom) to the tip (top) near the leading edge. The spanwise variation in pressure on the high pressure
surface from root (top) to tip (bottom), by contrast, is not nearly as large in the leading-edge region. On
both surfaces, the change in pressure across the model in the aft section is mild.

| __ [ [ m | __ I =
Cp -24-21-18-15-1.2-09-06-0.3 0.0 0.3 06 0.9 L Cp -24-21-18-15-1.2-09-06-0.3 0.0 0.3 06 0.9

(a) Low Pressure Surface (b) High Pressure Surface (c) Station Slices

Figure 4. Inviscid Cp on the hybrid model for Case WB33 T-4 at o = 3.67 deg. and § = 15 deg.

This effect is more clear in Fig. 4(c) which shows Cp distributions at stations across the model for the
same case. Recall that the root of the model is found at the floor of the IRT test section at y = —36 in. with
the tip at y = +36 in. Again, the pressure is drastically reduced on the low pressure surface near the leading
edge from the root to the tip of the model. This is most apparent near the suction peak, which increases
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from about -0.8 at root to about -3.6 at the tip. This change in C'p will clearly result in an increase in local
C) across the span because the area contained by the Cp distribution increases with span.

The application of lifting-line theory to a swept-wing model in a tunnel with sidewalls, illustrated in
Fig. 5, explains the observed trend in spanwise loading. The model is shown in the center between two
walls represented by dashed lines. The effects of the sidewalls are illustrated by placing images of the model
to either side, mirrored over the wall boundaries. It should be understood that these images continue ad
infinitum in either direction but those beyond which are shown have a diminishing effect on the actual model
and are omitted for simplicity. Horseshoe vortices are placed along the model span with the bound segment
on the lifting line of the model and the semi-infinite trailing segments aligned with the shed vortex sheet.
Arrows on each vortex segment indicate the sign of the vorticity according to the right-handed convention.
Image vortices are placed on the model reflections in a similar fashion.

The circulation at any point on the lifting line causes an induced
tangential velocity component in the plane normal to the vortex. For a
swept wing, this plane is not aligned with the free stream and therefore
the circulation at a given station induces an upwash upstream of the
leading edge at stations farther outboard. The strength of this induced
upwash diminishes with the inverse of the distance from its source point
on the lifting line. Considering this effect in the presence of tunnel
sidewalls (or floor and ceiling when a wing is mounted vertically, as in
the IRT) can illustrate why the inviscid spanwise load increase is so
pronounced for the 3D hybrid model.

A vertical (out of the page in Fig. 5) velocity at points upstream
of the leading edge at station B is induced by the circulation about
the lifting line at station A. This vertical velocity or upwash causes . . i i

. . . . . . . Figure 5. Lifting-line theory applied
an effectively higher angle of attack resulting in a higher sectional lift | *, swept-wing model with side-
at station B due to the circulation at station A. More generally, each walls.
station on a swept wing is exposed to an upwash induced by stations
farther inboard and induces an upwash upstream of stations which are farther outboard. On an infinite
swept wing this essentially results in a uniform upwash at all stations since each has neighbors extending
to infinity in either spanwise direction. However, for a model between sidewalls, the situation is quite
different. Because station A’ is oriented such that it induces upwash ahead of station B’, station A does
not receive the effective increase in angle of attack due to upwash that would be seen on an infinite swept
wing. Nonetheless, station A induces an upwash ahead of station B, increasing the effective angle of attack
and thus the circulation at station B. Likewise, the circulation at station B induces an upwash ahead of
station C. However, the circulation at station C” also induces an upwash at station C, further increasing
the effective angle of attack and circulation at station C. This results in the trend that the sectional lift
distribution increases across the span, with an amplification near the downstream wall.

To investigate this effect further, the vortex-lattice method was applied using XFLR5. Three cases were
run at an angle of attack of @« = 5 deg. First, a backward-swept wing with constant chord and no twist
was simulated. The semispan, normalized by chord, was set to a value of 10 which is approximately the
semispan of the CRM65 measured in hybrid model chord lengths. A sweep of A = 37.15 deg. was used with
V =120 m/s and p = 1.225 kg/m?>. Fig. 6(a) shows the resulting sectional lift coefficient distribution beside
a schematic of the wing with symmetry boundary at y/c = 0 and tip at y/c = 10. A second simulation
was performed on the forward-swept wing of Fig. 6(b). The dimensions of the wing and conditions of the
simulation are the same as for the backward-swept wing. The symmetry boundary was simply moved to the
other side of the model at y/c = 10, and the former symmetry plane became a wing tip at y/c = 0.

Near the midspan of the backward-swept wing, the lift distribution is nearly constant, similar to what
would be found on an infinite swept wing. Closer to the symmetry boundary, however, the loading begins
to drop off due to the lack of upwash that would be contributed if the wing continued farther inboard. The
slope of the lift distribution curve is especially steep in the first chord length of the span where the somewhat
accumulative effect of increasing spanwise load is acting to asymptotically bring the lift to a steady level.
This is similar to the C; on a typical swept-wing transport aircraft near the fuselage. The loading near
y/c = 10 drops off sharply to zero as expected at a wing tip.

The sectional lift distribution of the forward-swept wing again drops off rapidly near the tip (y/c = 0)
and approaches a near constant trend at the midspan where the flow is similar to that of an infinite swept
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Figure 6. Lift distributions on finite wings predicted by the vortex lattice method.

wing. It is worth noting that the C; in the midspan region is roughly 0.40, similar to the backward-swept
wing simulation in the same area. The loading trend in the region near the symmetry boundary is exactly
as predicted, rising sharply due to the additional upwash and, therefore, circulation near the image vorticity
discussed previously. Notice that the slope of the sectional lift coefficient curve is particularly steep over the
last chord length of span from y/c =9 to 10.

Finally, a swept model was simulated between tunnel side-
walls using two symmetry boundaries. The model has a span of

z:j * one chord resulting in an aspect ratio of unity which is approx-

0.49 -

0.46 -

imately the AR of the hybrid model in the IRT. The sweep and
G | run conditions of the first two simulations were again used. Fig. 7
Z:: shows the resulting sectional lift coefficient distribution and the
\ model with symmetry boundaries at y/c = 0 and y/c = 1. Given
that Cj increased from about 0.33 to 0.37 over the first chord of
o 02 o4 o5 o8 1 span in Fig. 6(a) and from about 0.46 to 0.53 over the last chord
of span in Fig. 6(b), it is not surprising that the Cj increases from
Figure 7. Lift distribution on a swept- abou.t O-.4O jco 0.49 over the span of the m.odel.in Fig. 7. The
wing model between sidewalls predicted C! distribution across the AR = 1 model with sidewalls can ap-
by the vortex lattice method. proximately be viewed as an average of the C) distributions of
the finite backward and forward-swept wings near the symmetry
boundaries. The qualitative features of these results are directly implied by the application of lifting-line
theory to the model between sidewalls and are observed in the inviscid solutions that were performed for
this research. A more detailed discussion of the effects of sidewalls including the effect of adding gaps at the
floor and ceiling is given by Wiberg.'> Methods for controlling the spanwise load distribution are considered
by the authors elsewhere.

Attachment Line Position Effects

The increase in C; with span due to the presence of sidewalls on a swept model results in a significant change
in attachment line position relative to the hilite across the span. The hilite is defined as the curve passing
through the forwardmost point at each spanwise station on the CRM65 wing (in level flight) in the negative
z direction. For a fixed geometry, an increase in C} results in a shift of the attachment line lower on the
leading edge of the model. It was shown by Fujiwara et al.'” that the stagnation point has a first-order
impact on ice shape for 2D hybrid models. It would be expected that on a 3D model, the attachment line
would have a comparable effect on ice shape, making the attachment line location an important parameter
in icing wind tunnel tests. The attachment line on the hybrid model can be adjusted globally by changing
the circulation on the model using a change in flap angle or model angle of attack. Viscous simulations were
performed for the conditions of Case WB33 T-4 at o = 3.67 deg. and § = 12, 15, and 18 deg. and then at
« = 5.25, 5.50, and 5.75 deg. and § = 5 deg. The attachment line positions versus span are given in Fig. 8.
The surface arc length or wrap distance, s, from the model hilite to the attachment line position is positive
for the lower surface of the model.

Because the wrapwise attachment line location changes with span, an attempt was made to match its
position to that of the CRM65 at the IRT centerline (y = 0 in.). For a = 3.67 deg., this is accomplished
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Figure 8. Attachment line position across the span of the hybrid model for Case WB33 T-4.

with the flap at 6 = 15 deg. At § = 5 deg., an angle of attack of a = 5.50 deg. is required. By comparing
the ice shapes at the IRT centerline that result from the attachment line sweeps shown in Fig. 8, we can

determine if the attachment line position has the first-order impact on ice shape we are expecting.

3 1
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Figure 9 compares the ice shapes that
result from running LEWICE3D on the
flow solutions giving the attachment lines
shown above. From Fig. 9(a) we see that
increasing ¢ and, therefore, moving the
attachment line farther down the leading
edge of the model causes the ice shape
to change, reducing the horn angle and
lowering the upper extent of the ice. In-
creasing « has a similar effect, again re-

ducing the horn angle. Notice that the
red ice shapes in both figures best match
the horn angle of the IFB, though the
horn length is longer in the IRT simula-
tions. These results support the conclu-
sion that the attachment line location on the leading edge of a hybrid wing model has a first-order impact
on ice shape, analogous to the first-order impact of stagnation point location on the ice shape on a hybrid
airfoil shown by Fujiwara et al.'” Furthermore, the attachment line can be globally shifted by a change in
either angle of attack or flap angle resulting in a range of a-0 pairs corresponding to a given attachment line
location at the tunnel centerline. Ideally, the model would either have a constant attachment line with span
matched to that of the reference wing at the station of interest or the attachment line on the model would
have the same position across its span as the reference wing over the same span, either of which require local
spanwise control of the C; distribution. Spanwise load control techniques that can potentially address this
need are considered in detail by Wiberg '~ and by the authors' ' in a paper discussing hybrid-wing design.

(a) a = 3.67 deg. (b) 6 =5 deg.

Figure 9. IRT centerline ice shapes on the hybrid model for Case
WB33 T-4.

Altitude Effects

When the flow simulations are performed for the hybrid model in the IRT to simulate the ice shapes that
would be expected during a tunnel experiement, several changes to the flight baseline conditions are made.
Rather than using a Langmuir D droplet distribution like was done for the IFB, a circa 2003 IRT 10-bin
measured distribution is used which better simulates the icing cloud that is generated by the IRT spraybars.
The local air density and pressure at the IRT elevation are also different from that of the flight baseline at
altitude and are adjusted accordingly. Due to these adjustments, it is unclear whether differences in the ice
shapes that result from the IRT simulations versus the IFB should be attributed to differences in the actual
flow or to the effect of droplet distribution and air properties. In order to consider the effects of altitude,
simulations can be performed using the IRT flow solutions but with the exact conditions of the flight baseline
(not adjusted to local IRT elevation).

In Fig. 10(a), ice shapes at the IRT centerline resulting from the IRT flow solution at both local and
flight altitude for o = 3.67 deg. and 6 = 15 deg. are compared to the IFB for Case WB33 T-4. The ice
shapes generated using the IRT simulations compare well to each other, though the shape at the local IRT
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pressure has less mass. The horn lengths of the IRT ice shapes are greater than the IFB, a trend that will
be discussed again.

(a) Ice Shape (b) Impingement Efficiency (c) Heat Transfer Coefficient
Figure 10. Centerline IRT ice shapes, 3, and h. for Case WB33 T-4 at local and altitude conditions.

The impingement efficiency, 5, and convective heat transfer coefficient, h., distributions corresponding
to these ice shapes are shown in Fig. 10(b) and Fig. 10(c), respectively. At altitude conditions, the peak
impingement efficiency, Bmax, on the IRT model is somewhat higher than that of the IFB while the heat
transfer coefficient, h., is well matched. This results in a larger horn due to the extra impinging water
mass in the horn area of the upper surface of the model. The (B,.x value is likely larger due to the lower
maximum thickness of the hybrid model as compared to the baseline airfoil, an effect proposed by Malone
that is discussed later and isolated by running LEWICE3D at altitude conditions. For the IRT model at
local elevation, the effects are reversed with a well matched 8 distribution but considerably higher h.. This
also leads to a larger horn on the IRT model than the IFB since more of the water that impinges on (or
runs past) the horn is able to freeze due to the higher heat transfer. The increase in magnitude of the heat
transfer is caused by the higher density of the air at the elevation of the IRT and is the most apparent effect
of altitude.

Icing Scaling

A flow simulation including viscous effects was run for the conditions of Case WB47 T-6 at the associated
baseline angle of attack of a = 4.36 deg. and a flap angle of 6 = 16 deg. in order to match the attachment
line location of the CFB at the IRT centerline. It was assumed that the IRT test section velocity is limited
to 250 knots (128.6 m/s), leaving the baseline air speed unmatched. This results in a tunnel air speed of
V' =128.61 m/s as compared to V = 139.60 m/s from the flight baseline.
Scaled icing conditions that take into account the difference in IRT
pressure discussed in the previous section and the reduced test section
velocity mentioned above were determined based on the method used .
by Tsao and Lee”” using correlation to swept NACA 0012 data. The
method attempts to maintain similarity in droplet trajectories, water
catch, and droplet freezing by matching the modified inertia param- Zo
eter, Ky, accumulation parameter, A., and stagnation plane freezing
fraction, ng, respectively. Water film dynamics similarity enforced by

matching the Weber number, Wey, was not possible due to a full-scale 4 | [T, Unscated

leading edge with reduced test section velocity. LEWICE3D was then et soseine

used to generate ice accretions using both the unscaled and scaled IRT " “ e 4 s
conditions. The corresponding ice shapes are compared to the IFB ice

shape for Case WBA47 T-6 in Fig. 11. Figure 11. Centerline ice shapes re-

Surprisingly, the IRT ice shape with the unscaled conditions sulting from scaled and unscaled IRT
matches the IFB ice shape better than with scaled conditions. To un- conditions for Case WB47 T-6.
derstand why this may be, consider the 8 and h, distributions shown in
Fig. 12. Comparing the impingement efficiency distributions in Fig. 12(a) reveals that the droplet trajectory
similitude, attempted by matching K, was largely successful. The § distribution from the scaled conditions
matches well except for a slightly higher 5 from about s = 0 to 1 in. whereas the unscaled impingement
efficiency is low throughout most of the leading-edge region. Careful examination of Fig. 12(b) reveals that
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the scaled and unscaled case h. distributions are exactly the same, the respective curves being coincident.
Though equal, the h. for the scaled and unscaled cases are significantly higher than that of the IFB. With
a combined low 3 and high h. distribution, the ice thickness of the unscaled shape approximately matches
that of the IFB. The § of the scaled case matches that of the IFB well except for the overshoot from about
s =0 to 1 in. Nevertheless, the high h. of the scaled case compared to that of the IFB results in ice that is
thicker than the IFB, though the horn angle is perhaps matched better. This brings into question whether
an effort should be made to directly match h. - as Bidwell”" has done for simulations of a swept NACA 0012
wing in the IRT - rather than the more general matching of ny.

The heat transfer coefficient is higher
in the IRT than in the IFB due to the
higher air density at the lower altitude.
While h. is not matched directly in the
scaling method used, it is taken into ac-
count in the matching of the freezing frac-
tion at the stagnation plane, ng, which
is a function of h. through the air en-
ergy transfer parameter and the relative
(b) Heat Transfer Coefficient heat factor.”” To match h. directly would

require that the test section velocity be
Figure 12. Centerline IRT 3 and h. for Case WB47 T-6 at scaled scaled by the factor by which air densities
and unscaled icing conditions. are mismatched due to the dependence of
Nu, on Re,.”” In the context of a large-
scale, swept-wing model this is actually a favorable constraint because, given the higher density of air at
the elevation of the IRT, the test section velocity would need to be lowered in order to match h.. Due to
blockage effects, it is often the case that the true air speed of the reference case cannot be matched in the
tunnel, requiring the tests to be performed at lower velocities anyway. Lowering the IRT test section velocity
simultaneously reduces blockage and loading while allowing h. to be matched directly, perhaps improving ice
shape agreement. However, this precludes surface water dynamics similitude because, with reduced velocity
and a full-scale leading edge, the Weber number of the scaled conditions will not match that of the reference
case.”” This highlights the classic challenge of icing similitude; the scaling of icing conditions is limited to
a small set of parameters over which the operator has control, namely MVD, LWC, 7, T, and perhaps V.
Furthermore, there are often additional constraints on these parameters due to tunnel capabilities such as a
limit on test section velocity due to blockage. This short list of variables over which the icing test designer
has control limits the allowable number of dimensionless parameters that can practically be adjusted in the
tunnel in order to scale the conditions for similitude with the reference case.

Despite the droplet trajectory similarity enforced by matching Ky, the S distribution for the scaled
conditions is somewhat mismatched in the region from about s = 0 to 1 in. A similar trend was found in the
ice shapes for Case WB33 T-4 shown in Figure 10(b) and WB47 T-6 (not shown), though in these cases no
scaling was attempted. However, the higher impingement efficiency near fnax is likely due to the reduced
thickness of the hybrid model as compared to the full-scale reference wing.

For a hybrid model, geometry simil-
itude is achieved by retaining the full-
scale leading edge. However, for obvi- |
ous reasons, the full-scale geometry can = e
only be maintained over a small portion
of the airfoil, up to the leading-edge ex-
tents. The leading-edge extents are gen-
erally selected based on the expected im-
pingement limits. Beyond these points Figure 13. Comparison of the flapped-hybrid airfoil to the full-
the leading-edge is blended with the re- scale CRMS65 airfoil from which it was designed, in the plane nor-
designed aft section of the model. This mal to the leading edge.
results in the thickness of the reference
airfoil not being maintained beyond the leading-edge extents. This is clear in Fig. 13 which shows the
flapped-hybrid airfoil and the full-scale, reference airfoil from which it was designed.

The maximum thickness of an airfoil has an important effect on icing, a topic discussed by Malone.”~ At

(a) Impingement Efficiency

——Flapped-Hybrid Airfoil
~==-Midspan CRMES Airfoil

0.8 09 1
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subsonic velocities, flow upstream of an airfoil or wing is affected by its presence. Streamlines and droplet
trajectories upstream of a thick geometry are influenced more than for a thinner body. Icing cloud droplets
are consequently spread more thinly on the leading edge of the airfoil. For this reason, hybrid models often
result in higher S« than the reference geometry for the same conditions because the hybrid is substantially
thinner than the reference geometry it represents. Such a trend was seen in the icing simulation results for
Cases WB33 T-4, WB47 T-6, and WB71 T-6 (see Figures 10(b) and 12(a)).

Spanwise Variation

It was shown for a swept-wing model that moving from root to tip, the circulation on the model increases,
decreasing the C'p at the suction peak and increasing the local C; which causes the attachment line to shift
farther down the leading edge. It was also shown that the attachment line position has a first-order impact
on ice shape. One important question that results is how this change in attachment line position with span
will affect the impingement and ice shape characteristics along the span.

To explore this question further, ice shapes were generated at stations across the entire span for the Case
WB33 simulation with 7" = —4°C, a = 3.67 deg., and § = 15 deg. that was discussed previously. Recall
that the attachment line location at the IRT centerline agreed well with that of the CFB (see Fig. 8(a)).
Figure 14 shows the resulting spanwise variation in impingement and ice shape characteristics. As stated
previously, y = —36 in. corresponds to the root of the model at the IRT floor and y = 436 in. to the tip at
the ceiling.

v T p———— T v vt

ety =3 —yeo
et A YW y=27"  ----y=33"

-5 -3 -1 1 3 5
x(in.)

(a) Ice Shape (b) Impingement Efficiency (c) Heat Transfer Coefficient

Figure 14. Spanwise variation of impingement and ice shape characteristics for Case WB33 T-4 at a = 3.67 deg.
and § = 15 deg.

The change in ice shape across the span, shown in Fig. 14(a), is very pronounced. Just as the attachment
line moves farther down the leading edge due to the increase in loading across the span, the horn angle of
the ice shapes decreases across the span. The ice shapes also transition from short and wide at the floor
of the IRT to long and thin at the ceiling. The § distributions across the span of the model in Fig. 14(b)
shift to the right (farther down the leading edge) with span (toward tunnel ceiling), tracking the change in
attachment line location. The (.« is greatest at the floor and decreases with span.

The h. distributions across the span of the model are compared in Fig. 14(c). Again, the shift in the
curves caused by the change in attachment line location with span is evident. The heat transfer tends to
increase on the upper surface of the model with span, following the trend in suction peak that was observed.
The h. is considerably lower near the floor, allowing the water film layer to flow further onto the upper
surface of the leading edge before freezing. This results in thinner ice shapes with larger bases near the
floor. As h. increases with span near the hilite, longer and more distinct horns begin to form until, near the
ceiling, very long and thin ice shapes point upstream.

It is clear that the change in ice shape across the model span is significant. Depending on the performance
requirements of the hybrid model, it may be desired that the change in impingement and ice shape across
the span be mitigated. As mentioned, there are methods for controlling the spanwise C; distribution on the
model. However, these methods are part of the model design and are thus discussed in another work by the
authors'’ which considers hybrid-wing designs and trade-offs in more detail. Nonetheless, there remains a
method for reducing spanwise variation in load and attachment line location across the model span which
is of value from an operations standpoint and can be used on the most basic swept-hybrid model geometry
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without any changes. Recall that the spanwise change in C} is driven by the circulation about the lifting
line of a swept model and that it is amplified by the presence of sidewalls. It follows that if the circulation
on the model can be reduced, the variation in spanwise loading will also be attenuated. Fujiwara et al.
showed that for a hybrid airfoil, when the circulation on the model is generated farther forward on the airfoil
less total circulation is required to reach the same stagnation point. This results from the fact that the
strength of the tangential velocity generated by the circulation goes as the inverse of the distance from the
source point. If circulation is generated nearer the leading edge then its influence in the leading edge region
is greater. That this same logic applies to the attachment line of swept-wing models will be made clear.

To reduce the total Cp, (and circula-
tion) on the wing model so that the span- 2.5
wise variation in attachment line would
be reduced, simulations were performed
over a range of a-0 pairs. Starting from =15

2

c
a = 3.67 deg. and § = 15 deg., the flap & ; !
angle was reduced to § = 5 deg. and the —8-0=3.67° 6=15° —4—0=5.50" 6=5°
angle of attack changed to match attach- 0> a=7.50" §=-5°  —#—0a=10.0" no flap
ment line position at IRT centerline, re- 0 - ‘ ‘ T CRMES ; ‘
sulting in « = 5.50 deg. This was re- -27 -18 9 (0 | 9 18 27
vlin.

peated for § = —5 deg., resulting in o =

7.50 deg. Finally, the flap was removed Figure 15. Attachment line position across the span of the hybrid
to explore the option of a single element model for Case WB33 T-4 at several angles of attack and flap
hybrid model, requiring o = 10.0 deg. to deflections.
match attachment line at y = 0 in. Note
that with a shorter overall model chord length, the scale factor becomes SF = 2.67 for the hybrid with no
flap (recall SF = 2 with flap). As the « is increased and the ¢ decreased, the circulation on the model
is shifted farther toward the leading edge, requiring less lift to achieve the same attachment line location
at IRT centerline. Comparing the attachment line positions for the four simulations in Fig. 15 confirms
the effectiveness of this technique in reducing the spanwise variation. The attachment line slope steadily
decreases with increase in angle of attack to the point that, for o = 10.0 deg., the attachment line is nearly
constant over portions of the span.
That a reduction in circulation and thus C, in fact caused
the favorable change in attachment line slope is clear when the

Table 2. Lift coefficient on the hybrid model lift coefficient values for each of the four simulations are com-

for Case WB33 T-4 and several a-d pairs. pared. Table 2 gives the C}, value for each of the a-d pairs as
well as the incremental difference in Cy, that was realized with
a (deg.) 6 (deg.) Cp diff. each reduction in flap angle. As might be expected, removing
3 67 15 0.666 i the flap entirely results in the largest reduction in C7.
’ ’ With the largest reduction in Cp, and the least change in
5.50 5 0.549  0.117 attachment line position with span, the simulation with no
7.50 -5 0.429 0.120 flap and o = 10.0 deg. results in spanwise impingement and
10.0 NA 0.273 0.156 ice shape characteristics most different from those shown for

a = 3.67 deg. and d = 15 deg. The ice shapes, 8 distributions,

and h. distributions across the span of the hybrid model for
a = 10.0 deg. are shown in Fig. 16. The ice shape varies substantially less with span, especially along
the outboard half of the model. This tracks the trend in attachment line observed in Fig. 15 where the
attachment line position nearly matched that of the CFB from y = 0 to 36 in. The £ distribution across the
span is also much more consistent, varying very little except for just near the floor of the IRT compared to
Fig. 14(b) which shows that for o = 3.67 deg. both the extents and peak, 4z, change considerably with
span. A similar trend is observed for h., which varies much less with span for a = 10.0 deg. compared to
a = 3.67 deg. in Fig. 14(c).

A model might need to be operated at an angle of attack other than that of the reference wing for several
reasons. For instance, if a flap stalls at an angle lower than predicted by CFD simulations, wind tunnel
operators may be forced to increase o to reach the appropriate attachment line location. Models could also
be designed without a flap, relying on the use of « alone to set attachment line position. This reduces
model complexity and fabrication costs while allowing either a less aggressive hybrid design for the same
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Figure 16. Spanwise variation of impingement and ice shape characteristics for Case WB33 T-4 at o = 10.0 deg.
and no flap. Compare to Fig. 14.

SF or a larger SF for the same model chord length. Regardless of the reason, the advantages of matching
attachment line position at a lower C';, while reducing the spanwise variation of C; and attachment line are
clear. However, the ultimate goal of a hybrid model is to simulate ice accretions which are representative
of those which would be found on the reference wing in flight. Therefore, before running a model at an
off-case angle of attack can be done as a general practice, it must be shown that matching the attachment
line position at tunnel centerline is sufficient to produce similar ice shapes.

Matching « to the reference case is generally considered important because it ensures that the droplets
from the IRT cloud approach the full-scale leading edge of the model at the same angle of incidence at which
droplets approach the baseline wing in flight. It seems clear that matching the global angle of incidence at
which the droplets impinge on the model in this way is important, but if the local flow in the region of the
leading edge dominates the influence of the flow on droplet trajectories, then it is possible that similar ice
shapes will result, regardless of the model angle of attack. To determine whether ice shapes representative
of the flight baseline could be generated on the hybrid model at off-case angles of attack, centerline ice
shapes were formed on the model using LEWICE3D and the four cases discussed above. The centerline Cp
distributions of the four cases and the ice shapes are compared to the flight baseline in Fig. 17.

—— IRT, 0=3.67 deg. 5=15 deg. 4 -
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Figure 17. Centerline Cp distributions and ice shapes for Case WB33 T-4 and several a-§ pairs.

The Cp distributions for all four IRT simulations agree well with one another and match the leading-edge
region of the CFB well with a slightly high suction peak, as shown in Fig. 17(a). Farther back on the model,
the Cp distributions begin to diverge, resulting in reduced C; values at higher «. The associated ice shapes
of Fig. 17(b) match one another very well and compare reasonably well with the IFB shape, suggesting once
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again that attachment line location is sufficient for ice shape similarity.

It was expected that given a high enough « the ice shapes would begin to differ, however this was not
observed. Even at a = 10.0 deg., which is substantially higher than the model was designed for, the ice
shapes agree very well. The fact that the ice shapes for the four IRT simulations match each other so well
but differ somewhat from that of the IFB suggests that the error, if any, of operating at an off-case angle of
attack is small compared to the error associated with trying to replicate flight conditions in a wind tunnel.

IV. Conclusions

e The attachment line location on the leading edge of a swept-wing, flapped-hybrid model has a first-
order impact on ice shape, analogous to the first-order impact of stagnation point location on the
ice shape on a hybrid airfoil shown by Fujiwara et al.'® The suction peak has a second-order effect,
impacting the heat transfer coefficient. Because the attachment line has a first-order impact on ice
shape, when the attachment line position is matched for a given case, a good ice shape match can be
expected. This makes it the most important metric in early model design. When the attachment line
location is matched, the suction peak will generally also be comparable, depending on the geometry.

e The loading on a swept model between sidewalls increases considerably with span due to the increase
in effective angle of attack that results from the induced upwash caused by stations farther inboard and
amplified by the wall symmetry conditions. This spanwise increase in loading causes the attachment
line to move farther down the leading edge at stations farther outboard.

e Changing the angle of attack or flap angle are equivalent methods of adjusting attachment line location
uniformly over the span.

e Within the limits of the a and M VD ranges of this research, reaching the same attachment line location
using different a-§ pairs will result in very similar ice shapes, implying that icing tunnel tests do not
necessarily have to be conducted at the angle of attack of the reference case. A flap can be removed
and angle of attack used to adjust attachment line location, reducing the required SF' of the main
element of the hybrid for a given chord length.

e Increasing o while decreasing § allows the same attachment line location to be achieved at a lower C,
because the circulation on the model is generated closer to the leading edge, influencing the flow in the
region of interest more. In addition to reducing loads on tunnel turntables and balances, the spanwise
variation in attachment line position is reduced at lower C}, values, reducing the spanwise variation in
ice shape.

e The most significant effect of altitude on ice shape is that the higher density at the low elevations of
icing wind tunnels results in higher heat transfer coefficients compared to icing conditions at departure,
cruise, or approach altitudes. If the impingement efficiency is well matched, this can result in thicker
ice in glaze ice tunnel tests.

e Droplet trajectory similitude resulted in improved impingement efficiency distribution matching while
the overall ice shape did not improve using the scaling method described. The results suggest that
directly matching h. may improve ice shape agreement for the conditions of this research.

e Though hybrid models with full-scale leading edges are generally considered to maintain geometric
similitude, they do not maintain the same thickness as the reference geometry. The lower maximum
thickness of hybrid models results in an increase in [3,,,; because streamlines and droplet trajectories
upstream of the model are influenced less, reducing the spread of the droplets that impinge on the
leading edge.

e The flapped-hybrid model designed to be representative of the midspan of the CRMG65 is effective in
generating ice shapes representative of the IFB when the attachment line location at IRT centerline
is matched to that of the CFB. Simulations indicate horn ice shapes in the IRT tend to be longer
than those generated on the CRM65 in free air, attributed to a higher S,,4, due to reduced maximum
thickness, a higher h. due to altitude effects, or both.
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Appendix E.—Full-Scale and Hybrid Model Airfoil Section
Coordinates for Inboard, Midspan, and Outboard Stations

Table E.1 presents chord lengths for the CRM65 full-scale Inboard, Midspan, and Outboard wing
stations.

Table E.2 lists coordinates for the normal two-dimensional (2D) full-scale airfoils for each of the three
stations (Ref. 11). Coordinates are given in the normal direction, nondimensionalized by the full-scale
CRM65 chord.

The coordinates presented in Table E.3 are for the normal 2D flapped hybrid airfoils design used as

the basis for the Inboard, Midspan, and Outboard three-dimensional (3D) models. Coordinates are given
in the normal direction, nondimensionalized by the full-scale CRM®65 chord.

The respective flap pivot points for the Inboard, Midspan, and Outboard models are presented in
Table E 4.

TABLE E.1.—CRM65 FULL-SCALE WING STATION CHORD LENGTH

CRMG65 full-scale wing station Normal chord, in.
(Angle of attack a = 0°)
Inboard 297.88
Midspan 122.72
Outboard 91.27

TABLE E.2.—COORDINATES FOR 2D FULL-SCALE AIRFOILS
FOR INBOARD, MIDSPAN, AND OUTBOARD STATIONS

Inboard full scale Midspan full scale Outboard full scale
X y X y X y
1.0000 -0.1620 1.0000 0.0211 0.9991 0.0422
0.9685 -0.1451 0.9899 0.0252 0.9858 0.0476
0.9370 -0.1314 0.9797 0.0284 0.9717 0.0518
0.9056 -0.1185 0.9696 0.0311 0.9575 0.0552
0.8741 -0.1066 0.9595 0.0335 0.9434 0.0581
0.8426 —-0.0955 0.9494 0.0356 0.9292 0.0605
0.8111 -0.0849 0.9392 0.0376 0.9151 0.0626
0.7796 -0.0750 0.9291 0.0393 0.9009 0.0645
0.7481 -0.0659 0.9190 0.0410 0.8868 0.0663
0.7167 -0.0573 0.9089 0.0425 0.8726 0.0680
0.6852 —-0.0494 0.8987 0.0440 0.8585 0.0696
0.6537 -0.0420 0.8886 0.0454 0.8443 0.0712
0.6222 -0.0349 0.8785 0.0468 0.8302 0.0727
0.5907 -0.0282 0.8684 0.0482 0.8160 0.0742
0.5593 -0.0218 0.8582 0.0496 0.8019 0.0757
0.5278 -0.0157 0.8481 0.0509 0.7877 0.0771
0.4963 -0.0102 0.8380 0.0523 0.7736 0.0784
0.4648 -0.0045 0.8278 0.0536 0.7594 0.0797
0.4333 0.0005 0.8177 0.0550 0.7453 0.0809
0.4019 0.0054 0.8076 0.0563 0.7311 0.0820
0.3704 0.0108 0.7975 0.0577 0.7170 0.0830
0.3389 0.0160 0.7873 0.0590 0.7028 0.0840
0.3074 0.0208 0.7772 0.0603 0.6887 0.0848
0.2759 0.0251 0.7671 0.0616 0.6745 0.0855
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TABLE E.2.—COORDINATES FOR 2D FULL-SCALE AIRFOILS
FOR INBOARD, MIDSPAN, AND OUTBOARD STATIONS

Inboard full scale

Midspan full scale

Outboard full scale

NASA/CR—2017-219573

X y X y X y
0.2444 0.0287 0.7570 0.0628 0.6604 0.0861
0.2130 0.0314 0.7468 0.0640 0.6462 0.0866
0.1815 0.0333 0.7367 0.0651 0.6321 0.0869
0.1500 0.0341 0.7266 0.0663 0.6179 0.0872
0.1509 0.0341 0.7165 0.0673 0.6038 0.0874
0.1487 0.0341 0.7063 0.0684 0.5896 0.0875
0.1466 0.0341 0.6962 0.0693 0.5755 0.0876
0.1444 0.0342 0.6861 0.0702 0.5613 0.0875
0.1423 0.0342 0.6759 0.0711 0.5472 0.0874
0.1401 0.0342 0.6658 0.0719 0.5330 0.0872
0.1380 0.0341 0.6557 0.0727 0.5189 0.0869
0.1358 0.0341 0.6456 0.0734 0.5047 0.0865
0.1337 0.0341 0.6354 0.0740 0.4906 0.0861
0.1315 0.0341 0.6253 0.0746 0.4764 0.0856
0.1294 0.0341 0.6152 0.0752 0.4623 0.0851
0.1273 0.0340 0.6051 0.0757 0.4481 0.0845
0.1251 0.0340 0.5949 0.0761 0.4340 0.0838
0.1230 0.0339 0.5848 0.0765 0.4198 0.0831
0.1208 0.0339 0.5747 0.0768 0.4057 0.0823
0.1187 0.0338 0.5646 0.0771 0.3915 0.0815
0.1166 0.0337 0.5544 0.0773 0.3774 0.0805
0.1144 0.0336 0.5443 0.0775 0.3632 0.0796
0.1123 0.0336 0.5342 0.0776 0.3491 0.0785
0.1101 0.0335 0.5241 0.0777 0.3349 0.0774
0.1080 0.0334 0.5139 0.0778 0.3208 0.0762
0.1059 0.0332 0.5038 0.0778 0.3066 0.0749
0.1037 0.0331 0.4937 0.0777 0.2925 0.0735
0.1016 0.0330 0.4835 0.0777 0.2783 0.0721
0.0995 0.0329 0.4734 0.0776 0.2642 0.0705
0.0973 0.0327 0.4633 0.0774 0.2500 0.0689
0.0952 0.0326 0.4532 0.0773 0.2472 0.0686
0.0931 0.0324 0.4430 0.0770 0.2370 0.0674
0.0909 0.0323 0.4329 0.0768 0.2269 0.0661
0.0888 0.0321 0.4228 0.0765 0.2168 0.0648
0.0867 0.0319 0.4127 0.0762 0.2066 0.0634
0.0845 0.0317 0.4025 0.0758 0.1965 0.0620
0.0824 0.0315 0.3924 0.0754 0.1864 0.0606
0.0803 0.0313 0.3823 0.0750 0.1763 0.0590
0.0782 0.0311 0.3722 0.0745 0.1662 0.0574
0.0760 0.0308 0.3620 0.0740 0.1561 0.0558
0.0739 0.0306 0.3519 0.0734 0.1460 0.0541
0.0718 0.0303 0.3418 0.0728 0.1360 0.0523
0.0697 0.0300 0.3316 0.0722 0.1259 0.0504
0.0676 0.0298 0.3215 0.0715 0.1159 0.0485
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TABLE E.2.—COORDINATES FOR 2D FULL-SCALE AIRFOILS
FOR INBOARD, MIDSPAN, AND OUTBOARD STATIONS

Inboard full scale

Midspan full scale

Outboard full scale

X y X y X y
0.0654 0.0295 0.3114 0.0707 0.1058 0.0464
0.0633 0.0292 0.3013 0.0700 0.0958 0.0442
0.0612 0.0288 0.2911 0.0692 0.0859 0.0420
0.0591 0.0285 0.2810 0.0683 0.0759 0.0396
0.0570 0.0282 0.2709 0.0674 0.0660 0.0370
0.0549 0.0278 0.2608 0.0665 0.0562 0.0342
0.0528 0.0274 0.2506 0.0655 0.0481 0.0318
0.0507 0.0270 0.2405 0.0644 0.0462 0.0312
0.0486 0.0266 0.2304 0.0634 0.0442 0.0305
0.0465 0.0262 0.2203 0.0622 0.0423 0.0299
0.0444 0.0257 0.2101 0.0611 0.0404 0.0292
0.0423 0.0253 0.2000 0.0598 0.0385 0.0286
0.0402 0.0248 0.2002 0.0598 0.0365 0.0279
0.0381 0.0243 0.1901 0.0586 0.0346 0.0272
0.0360 0.0237 0.1799 0.0573 0.0327 0.0265
0.0339 0.0232 0.1699 0.0559 0.0308 0.0257
0.0318 0.0226 0.1598 0.0544 0.0289 0.0250
0.0297 0.0220 0.1497 0.0530 0.0270 0.0242
0.0277 0.0213 0.1396 0.0514 0.0252 0.0234
0.0256 0.0206 0.1296 0.0497 0.0233 0.0225
0.0236 0.0199 0.1195 0.0480 0.0215 0.0217
0.0216 0.0192 0.1095 0.0462 0.0196 0.0208
0.0196 0.0184 0.0995 0.0443 0.0178 0.0198
0.0176 0.0175 0.0895 0.0423 0.0160 0.0189
0.0157 0.0166 0.0795 0.0401 0.0143 0.0178
0.0137 0.0157 0.0696 0.0378 0.0126 0.0168
0.0118 0.0146 0.0597 0.0353 0.0109 0.0157
0.0100 0.0135 0.0498 0.0326 0.0092 0.0145
0.0082 0.0123 0.0401 0.0296 0.0076 0.0132
0.0064 0.0109 0.0305 0.0262 0.0060 0.0118
0.0048 0.0095 0.0279 0.0248 0.0046 0.0104
0.0033 0.0079 0.0196 0.0211 0.0033 0.0088
0.0020 0.0061 0.0136 0.0178 0.0021 0.0071
0.0010 0.0042 0.0089 0.0148 0.0011 0.0053
0.0003 0.0022 0.0054 0.0118 0.0004 0.0034
0.0000 0.0000 0.0029 0.0089 0.0000 0.0013
0.0002 -0.0022 0.0013 0.0062 0.0000 0.0000
0.0009 —0.0043 0.0004 0.0037 0.0001 -0.0007
0.0020 —0.0062 0.0000 0.0000 0.0005 -0.0027
0.0034 -0.0079 0.0002 -0.0010 0.0014 —0.0046
0.0049 —0.0095 0.0010 —0.0032 0.0026 —-0.0063
0.0065 -0.0110 0.0024 —-0.0055 0.0040 -0.0078
0.0082 -0.0124 0.0045 -0.0079 0.0056 -0.0091
0.0099 -0.0137 0.0075 —-0.0103 0.0072 -0.0103
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TABLE E.2.—COORDINATES FOR 2D FULL-SCALE AIRFOILS
FOR INBOARD, MIDSPAN, AND OUTBOARD STATIONS

Inboard full scale

Midspan full scale

Outboard full scale
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X y X y X y
0.0117 —-0.0150 0.0115 -0.0126 0.0090 -0.0113
0.0135 -0.0162 0.0170 —-0.0149 0.0108 -0.0123
0.0154 -0.0174 0.0245 -0.0174 0.0126 -0.0132
0.0172 —-0.0185 0.0348 -0.0201 0.0145 -0.0140
0.0191 -0.0196 0.0483 -0.0229 0.0164 —-0.0148
0.0210 -0.0207 0.0648 -0.0257 0.0183 -0.0155
0.0229 -0.0218 0.0832 —-0.0282 0.0202 -0.0161
0.0248 -0.0228 0.1000 -0.0301 0.0222 -0.0167
0.0268 —-0.0239 0.1133 —0.0316 0.0242 -0.0173
0.0287 —-0.0249 0.1236 —0.0326 0.0261 -0.0179
0.0307 -0.0259 0.1338 -0.0335 0.0281 -0.0184
0.0326 —-0.0269 0.1440 —-0.0344 0.0301 -0.0189
0.0346 -0.0278 0.1542 -0.0351 0.0321 -0.0194
0.0366 -0.0288 0.1644 —0.0358 0.0341 -0.0198
0.0385 -0.0297 0.1747 —0.0365 0.0361 -0.0202
0.0405 -0.0307 0.1849 -0.0371 0.0381 -0.0207
0.0425 —0.0316 0.1951 —0.0376 0.0401 -0.0211
0.0445 —-0.0325 0.2054 —-0.0381 0.0421 -0.0214
0.0465 -0.0334 0.2156 -0.0386 0.0441 -0.0218
0.0485 —0.0343 0.2259 —-0.0390 0.0461 -0.0222
0.0505 —-0.0352 0.2361 -0.0393 0.0481 -0.0225
0.0525 —-0.0361 0.2464 —0.0396 0.0501 -0.0229
0.0545 —-0.0370 0.2567 —0.0399 0.0564 -0.0239
0.0565 -0.0379 0.2669 -0.0401 0.0665 -0.0253
0.0585 —0.0387 0.2772 —0.0402 0.0767 —-0.0266
0.0605 —0.0396 0.2874 —0.0403 0.0868 -0.0277
0.0625 -0.0404 0.2977 -0.0404 0.0970 -0.0288
0.0646 —0.0413 0.3079 —-0.0404 0.1072 -0.0297
0.0666 -0.0421 0.3181 -0.0404 0.1174 —-0.0305
0.0686 —-0.0429 0.3284 —-0.0403 0.1276 -0.0313
0.0707 —0.0437 0.3386 —0.0402 0.1378 -0.0319
0.0727 —0.0445 0.3489 —-0.0400 0.1480 -0.0325
0.0747 —0.0454 0.3591 —0.0398 0.1582 -0.0330
0.0768 —0.0462 0.3693 -0.0395 0.1684 -0.0335
0.0788 —-0.0469 0.3795 —-0.0392 0.1786 -0.0339
0.0809 —0.0477 0.3898 —0.0388 0.1888 —-0.0342
0.0829 —0.0485 0.4000 —-0.0384 0.1990 —-0.0345
0.0849 —0.0493 0.4102 —-0.0379 0.2092 —-0.0347
0.0870 —-0.0501 0.4204 —-0.0374 0.2194 —0.0348
0.0890 —-0.0508 0.4306 —-0.0368 0.2296 -0.0349
0.0911 —0.0516 0.4409 —0.0362 0.2398 —-0.0350
0.0932 —-0.0523 0.4511 —-0.0355 0.2500 —-0.0350
0.0952 -0.0531 0.4613 —-0.0348 0.2500 —-0.0350
0.0973 —0.0538 0.4715 —0.0340 0.2642 —0.0348
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TABLE E.2.—COORDINATES FOR 2D FULL-SCALE AIRFOILS
FOR INBOARD, MIDSPAN, AND OUTBOARD STATIONS

Inboard full scale

Midspan full scale

Outboard full scale
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X y X y X y
0.0993 —0.0546 0.4817 —-0.0332 0.2783 —-0.0347
0.1014 —0.0553 0.4919 —-0.0323 0.2925 —-0.0344
0.1035 —-0.0561 0.5021 -0.0314 0.3066 -0.0340
0.1055 —0.0568 0.5123 —-0.0304 0.3208 —-0.0335
0.1076 -0.0575 0.5225 -0.0294 0.3349 -0.0330
0.1097 —0.0582 0.5326 —-0.0283 0.3491 -0.0323
0.1117 —0.0589 0.5428 -0.0271 0.3632 -0.0316
0.1138 —-0.0596 0.5530 -0.0259 0.3774 —-0.0308
0.1159 —0.0603 0.5632 —-0.0247 0.3915 -0.0299
0.1180 -0.0610 0.5734 —-0.0234 0.4057 -0.0289
0.1200 -0.0617 0.5835 -0.0220 0.4198 -0.0278
0.1221 -0.0624 0.5937 —-0.0206 0.4340 -0.0267
0.1242 —-0.0631 0.6039 -0.0192 0.4481 -0.0254
0.1263 —-0.0638 0.6140 -0.0177 0.4623 -0.0241
0.1284 —0.0645 0.6242 -0.0161 0.4764 —-0.0226
0.1304 —-0.0652 0.6343 —-0.0146 0.4906 -0.0211
0.1325 —0.0658 0.6444 -0.0129 0.5047 -0.0195
0.1346 —0.0665 0.6546 -0.0113 0.5189 -0.0178
0.1367 -0.0672 0.6647 —0.0096 0.5330 -0.0160
0.1388 —0.0678 0.6748 —-0.0079 0.5472 -0.0141
0.1409 -0.0685 0.6849 -0.0061 0.5613 -0.0122
0.1430 -0.0691 0.6950 -0.0044 0.5755 -0.0101
0.1451 —0.0698 0.7052 —0.0026 0.5896 —0.0080
0.1471 -0.0704 0.7153 —-0.0008 0.6038 —-0.0057
0.1500 —-0.0713 0.7254 0.0010 0.6179 —-0.0034
0.1815 —-0.0804 0.7355 0.0028 0.6321 -0.0010
0.2130 —-0.0884 0.7456 0.0046 0.6462 0.0015
0.2444 —0.0955 0.7557 0.0063 0.6604 0.0040
0.2759 -0.1017 0.7658 0.0081 0.6745 0.0067
0.3074 -0.1072 0.7759 0.0098 0.6887 0.0093
0.3389 -0.1121 0.7860 0.0115 0.7028 0.0120
0.3704 -0.1164 0.7961 0.0132 0.7170 0.0147
0.4019 -0.1203 0.8063 0.0148 0.7311 0.0175
0.4333 —-0.1245 0.8164 0.0164 0.7453 0.0202
0.4648 -0.1285 0.8265 0.0179 0.7594 0.0229
0.4963 -0.1310 0.8367 0.0194 0.7736 0.0256
0.5278 -0.1329 0.8468 0.0208 0.7877 0.0283
0.5593 —-0.1352 0.8570 0.0220 0.8019 0.0308
0.5907 —-0.1375 0.8672 0.0232 0.8160 0.0333
0.6222 —-0.1400 0.8773 0.0242 0.8302 0.0357
0.6537 —0.1423 0.8875 0.0251 0.8443 0.0380
0.6852 —0.1448 0.8977 0.0259 0.8585 0.0401
0.7167 —-0.1470 0.9080 0.0265 0.8726 0.0420
0.7481 -0.1491 0.9182 0.0268 0.8868 0.0436

105




TABLE E.2.—COORDINATES FOR 2D FULL-SCALE AIRFOILS
FOR INBOARD, MIDSPAN, AND OUTBOARD STATIONS

Inboard full scale Midspan full scale Outboard full scale
X y X y X y
0.7796 -0.1510 0.9285 0.0270 0.9009 0.0450
0.8111 -0.1527 0.9388 0.0269 0.9151 0.0460
0.8426 -0.1543 0.9491 0.0265 0.9292 0.0465
0.8741 -0.1561 0.9594 0.0258 0.9434 0.0465
0.9056 -0.1577 0.9697 0.0248 0.9575 0.0460
0.9370 -0.1592 0.9799 0.0233 0.9717 0.0446
0.9685 -0.1607 0.9900 0.0213 0.9858 0.0422
1.0000 -0.1620 1.0000 0.0184 0.9993 0.0386

TABLE E.3.—COORDINATES FOR INBOARD, MIDSPAN, AND
OUTBOARD HYBRID MODEL SECTIONS WITH FLAPS

Inboard hybrid Midspan hybrid Outboard hybrid
Main element Flap Main element Flap Main element Flap
X y X y X y X y X y X y
0.3294  0.0152 0.4327 -0.0042 | 0.3696  0.0362  0.4855  0.0144 | 0.4920 0.0494  0.6461  0.0205
0.3261  0.0161 0.4323 -0.0041 | 0.3658 0.0365 0.4850  0.0145 | 0.4870  0.0501  0.6457  0.0206
0.3227 0.0169 0.4313 -0.0038 | 0.3619 0.0369 0.4838  0.0148 | 0.4820 0.0508  0.6441  0.0210
0.3193  0.0177 0.4296 -0.0033 | 0.3581  0.0372 0.4819 0.0154 | 0.4769 0.0515 0.6416  0.0218
0.3160 0.0184  0.4272 -0.0026 | 0.3542  0.0375 0.4793  0.0162 | 0.4719 0.0522  0.6380  0.0228
0.3126  0.0191  0.4242 -0.0017 | 0.3504 0.0378 0.4759  0.0172 | 0.4669  0.0528  0.6335  0.0242
0.3092 0.0198 0.4206 -0.0006 | 0.3465 0.0381  0.4718 0.0184 | 0.4619 0.0533 0.6281  0.0258
0.3058  0.0204 0.4163  0.0006 | 0.3427 0.0384 0.4671  0.0198 | 0.4568  0.0538  0.6218  0.0276
0.3024 0.0209 0.4116 0.0019 | 0.3388  0.0387 0.4618  0.0212 | 0.4467 0.0546  0.6147  0.0295
0.2990 0.0215 0.4064 0.0032 | 0.3349  0.0390 0.4559  0.0227 | 0.4416 0.0549  0.6069  0.0315
0.2955  0.0220  0.4007 0.0045 | 0.3311 0.0392 0.4495 0.0242 | 0.4366 0.0551  0.5984  0.0335
0.2921  0.0225 0.3947 0.0058 | 0.3272  0.0395 0.4428 0.0256 | 0.4315 0.0553  0.5894  0.0354
0.2886  0.0229  0.3883  0.0070 | 0.3234  0.0397 0.4356  0.0269 | 0.4265 0.0556  0.5799  0.0372
0.2852  0.0234 0.3817 0.0081 | 0.3195 0.0400 0.4282  0.0281 | 0.4214 0.0559  0.5700  0.0388
0.2817  0.0238  0.3749  0.0090 | 0.3156  0.0402  0.4206  0.0292 | 0.4163  0.0562  0.5599  0.0402
0.2783  0.0242 0.3680  0.0098 | 0.3118  0.0404 0.4129 0.0300 | 0.4113  0.0565  0.5497  0.0413
0.2749  0.0246  0.3612  0.0103 | 0.3079  0.0406  0.4052  0.0306 | 0.4062 0.0568  0.5394  0.0421
0.2715 0.0249  0.3543  0.0107 | 0.3040  0.0409 0.3975 0.0310 | 0.4011 0.0571  0.5292  0.0426
0.2680  0.0253  0.3475  0.0107 | 0.3002 0.0411 0.3899  0.0311 | 0.3960 0.0574  0.5189  0.0427
0.2646  0.0257  0.3408  0.0104 | 0.2963  0.0413 0.3824  0.0307 | 0.3910 0.0577  0.5090  0.0422
0.2611  0.0260  0.3345  0.0097 | 0.2924 0.0415 0.3754 0.0299 | 0.3859  0.0580  0.4996  0.0412
0.2577  0.0264  0.3286  0.0087 | 0.2886  0.0417 0.3688  0.0288 | 0.3808  0.0583  0.4908  0.0397
0.2542  0.0267 0.3260 0.0076 | 0.2847  0.0419 0.3658  0.0276 | 0.3757  0.0586  0.4868  0.0381
0.2508 0.0270  0.3238  0.0052 | 0.2809  0.0421  0.3633  0.0249 | 0.3707 0.0590  0.4835  0.0344
0.2473  0.0274 0.3228 0.0020 | 0.2770  0.0424 0.3623  0.0213 | 0.3656  0.0593  0.4822  0.0297
0.2439  0.0277 0.3234 -0.0012 | 0.2731 0.0426 0.3629  0.0177 | 0.3605 0.0596  0.4829  0.0249
0.2404  0.0280 0.3253 -0.0039 | 0.2693  0.0428 0.3650  0.0147 | 0.3554  0.0599  0.4858  0.0209
0.2370  0.0283  0.3281 -0.0055 | 0.2654  0.0430 0.3682  0.0129 | 0.3503  0.0602  0.4900 0.0184
0.2336  0.0286  0.3314 -0.0057 | 0.2615 0.0432 0.3719 0.0126 | 0.3452  0.0605  0.4950  0.0181
0.2301 0.0289  0.3363 -0.0056 | 0.2577  0.0434 0.3773 0.0128 | 0.3402 0.0608 0.5022  0.0183
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TABLE E.3.—COORDINATES FOR INBOARD, MIDSPAN, AND
OUTBOARD HYBRID MODEL SECTIONS WITH FLAPS

Inboard hybrid

Midspan hybrid

Outboard hybrid

Main element Flap Main element Flap Main element Flap

X y X y X y X y X y X y
0.2267  0.0291 0.3421 -0.0052 | 0.2538  0.0436 0.3838  0.0133 0.3351  0.0611 0.5108  0.0190
0.2233  0.0294  0.3481 -0.0047 | 0.2499  0.0438 0.3906  0.0138 0.3300  0.0613 0.5199  0.0196
0.2198  0.0297 0.3544 -0.0044 | 0.2461  0.0440 0.3976  0.0141 0.3249  0.0616 0.5292  0.0201
0.2164  0.0299 0.3609 -0.0042 | 0.2422  0.0441 0.4050  0.0144 | 0.3198  0.0618 0.5390  0.0205
0.2129  0.0302 0.3676  —0.0040 | 0.2384  0.0443 0.4124  0.0146 0.3147  0.0621 0.5490  0.0208
0.2095  0.0304 0.3743 -0.0038 | 0.2345  0.0445 0.4199  0.0148 0.3096  0.0623 0.5590  0.0211
0.2060  0.0307 0.3809 -0.0036 | 0.2306  0.0447 0.4273  0.0150 | 0.3046  0.0625 0.5688  0.0213
0.2026  0.0309 0.3874 -0.0036 | 0.2268  0.0448 0.4346  0.0151 0.2995  0.0627 0.5786  0.0214
0.1991  0.0311 0.3937 -0.0036 | 0.2229  0.0450 0.4417 0.0151 0.2944  0.0628 0.5880  0.0214
0.1957  0.0313 0.3998 -0.0036 | 0.2190  0.0451 0.4485  0.0150 | 0.2893 0.0630 0.5970  0.0213
0.1922  0.0315 0.4055 -0.0037 | 0.2152  0.0453 0.4549  0.0149 0.2842  0.0631 0.6055  0.0212
0.1887  0.0317 0.4108 -0.0038 | 0.2113  0.0454  0.4608  0.0148 0.2792  0.0632 0.6135  0.0210
0.1853  0.0319 0.4156 -0.0040 | 0.2074  0.0456 0.4663  0.0146 0.2741  0.0633 0.6207  0.0207
0.1818  0.0320  0.4200 -0.0042 | 0.2035  0.0457 0.4711  0.0144 | 0.2690 0.0634 0.6272  0.0205
0.1783  0.0322 0.4237 -0.0043 | 0.1997  0.0458 0.4754  0.0142 0.2639  0.0634 0.6328  0.0202
0.1749  0.0323 0.4269 -0.0045 | 0.1958  0.0459 0.4789  0.0140 0.2589  0.0634  0.6375  0.0200
0.1714  0.0324  0.4293 -0.0046 | 0.1919 0.0460 0.4817  0.0139 0.2538  0.0634 0.6412  0.0198
0.1679  0.0325 0.4311 -0.0047 | 0.1881  0.0461 0.4837  0.0138 0.2487  0.0633 0.6439  0.0196
0.1645  0.0325 0.4322 -0.0048 | 0.1842  0.0462 0.4849  0.0137 0.2437  0.0633 0.6455  0.0195
0.1610  0.0326 0.4326  -0.0048 | 0.1803  0.0463 0.4854  0.0137 0.2386  0.0632 0.6461  0.0195
0.1575  0.0326 0.1765  0.0463 0.2335  0.0630

0.1540  0.0327 0.1726  0.0463 0.2285  0.0628

0.1506  0.0327 0.1687  0.0463 0.2234  0.0626

0.1471  0.0327 0.1649  0.0463 0.2184  0.0624

0.1436  0.0327 0.1610  0.0462 0.2133  0.0621

0.1401  0.0326 0.1571  0.0462 0.2083  0.0618

0.1367  0.0326 0.1533  0.0462 0.2032  0.0614

0.1332  0.0325 0.1494  0.0461 0.1982  0.0610

0.1297  0.0325 0.1455  0.0461 0.1931  0.0606

0.1263  0.0324 0.1416  0.0461 0.1881  0.0601

0.1228  0.0323 0.1378  0.0461 0.1831  0.0596

0.1193  0.0321 0.1339  0.0462 0.1781  0.0590

0.1159  0.0320 0.1300  0.0461 0.1730  0.0584

0.1124  0.0319 0.1261  0.0461 0.1680  0.0577

0.1089  0.0317 0.1222  0.0460 0.1630  0.0570

0.1055  0.0315 0.1184  0.0459 0.1580  0.0562

0.1020  0.0313 0.1145  0.0457 0.1530  0.0554

0.0986  0.0311 0.1106  0.0455 0.1480  0.0546

0.0951  0.0309 0.1068  0.0452 0.1430  0.0537

0.0917  0.0307 0.1029  0.0448 0.1380  0.0528

0.0882  0.0304 0.0991  0.0442 0.1330  0.0518

0.0848  0.0302 0.0953  0.0436 0.1281  0.0509

0.0813  0.0299 0.0915  0.0429 0.1231  0.0499

0.0779  0.0296 0.0877  0.0422 0.1181  0.0489

0.0745  0.0293 0.0839  0.0413 0.1131  0.0479
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TABLE E.3.—COORDINATES FOR INBOARD, MIDSPAN, AND

OUTBOARD HYBRID MODEL SECTIONS WITH FLAPS

Inboard hybrid

Midspan hybrid

Outboard hybrid

Main element Flap Main element Flap Main element Flap
X y X X y X X y X
0.0710  0.0290 0.0802  0.0404 0.1082  0.0469
0.0676  0.0287 0.0764  0.0395 0.1032  0.0458
0.0642  0.0283 0.0726  0.0386 0.0983  0.0448
0.0607  0.0280 0.0689  0.0376 0.0933  0.0437
0.0573  0.0276 0.0651  0.0367 0.0884  0.0426
0.0539  0.0272 0.0614  0.0357 0.0834  0.0414
0.0505  0.0267 0.0576  0.0348 0.0785  0.0402
0.0471  0.0262 0.0539  0.0337 0.0736  0.0390
0.0437  0.0257 0.0502  0.0327 0.0687  0.0377
0.0403  0.0250 0.0465  0.0316 0.0638  0.0364
0.0369  0.0242 0.0428  0.0304 0.0589  0.0350
0.0323  0.0229 0.0391  0.0291 0.0541  0.0336
0.0290  0.0219 0.0355  0.0278 0.0492  0.0321
0.0257  0.0209 0.0319  0.0264 0.0444  0.0306
0.0224  0.0198 0.0283  0.0250 0.0396  0.0290
0.0192  0.0186 0.0247  0.0235 0.0348  0.0273
0.0161  0.0172 0.0212  0.0218 0.0301  0.0254
0.0131  0.0156 0.0177  0.0201 0.0254  0.0235
0.0101  0.0139 0.0143  0.0183 0.0208  0.0213
0.0073  0.0119 0.0110  0.0162 0.0163  0.0190
0.0048  0.0096 0.0079  0.0140 0.0120  0.0164
0.0025  0.0071 0.0050  0.0114 0.0079  0.0134
0.0008  0.0041 0.0025  0.0084 0.0042  0.0099
0.0000  0.0000 0.0008  0.0050 0.0013  0.0058
0.0003  -0.0027 0.0000  0.0000 0.0000  0.0009
0.0014  -0.0059 0.0008 -0.0026 0.0010  -0.0040
0.0033  -0.0088 0.0027  -0.0060 0.0042  —0.0080
0.0055 -0.0113 0.0054  -0.0088 0.0083  -0.0109
0.0081 -0.0136 0.0086  —0.0110 0.0127 -0.0133
0.0109 -0.0156 0.0120 -0.0128 0.0175 -0.0152
0.0137  -0.0175 0.0156  -0.0143 0.0223  -0.0168
0.0167  -0.0192 0.0192  -0.0157 0.0271 -0.0181
0.0197  -0.0208 0.0229 -0.0169 0.0321 -0.0194
0.0223  -0.0221 0.0266  —0.0180 0.0370  -0.0204
0.0255 -0.0236 0.0304 -0.0190 0.0420 -0.0214
0.0286  —0.0251 0.0341  -0.0199 0.0470  -0.0223
0.0318  -0.0265 0.0379  -0.0208 0.0520 -0.0232
0.0350 -0.0279 0.0417  -0.0216 0.0570  -0.0240
0.0382  -0.0293 0.0455  -0.0224 0.0620  -0.0247
0.0414  -0.0306 0.0493  -0.0231 0.0670  -0.0254
0.0446  -0.0318 0.0531  -0.0238 0.0720  -0.0260
0.0479  -0.0329 0.0569  —0.0245 0.0771  -0.0266
0.0513  -0.0338 0.0607  -0.0251 0.0821  -0.0272
0.0547  —0.0345 0.0645  -0.0257 0.0871  -0.0278
0.0582  —0.0350 0.0683  —0.0263 0.0922  -0.0283
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TABLE E.3.—COORDINATES FOR INBOARD, MIDSPAN, AND

OUTBOARD HYBRID MODEL SECTIONS WITH FLAPS

Inboard hybrid

Midspan hybrid

Outboard hybrid

Main element Flap Main element Flap Main element Flap
X y X X y X X y X
0.0616  —0.0353 0.0722  -0.0268 0.0972  -0.0288
0.0651 -0.0354 0.0760 -0.0273 0.1022  -0.0293
0.0685 —0.0354 0.0799  -0.0278 0.1073  -0.0297
0.0720  -0.0352 0.0837  -0.0283 0.1124  -0.0301
0.0754  -0.0349 0.0876  —0.0287 0.1174  -0.0305
0.0789  -0.0344 0.0914  -0.0290 0.1225 -0.0309
0.0823  -0.0339 0.0953  -0.0293 0.1275 -0.0313
0.0858  —0.0333 0.0992  -0.0296 0.1326  -0.0316
0.0892  -0.0327 0.1031  -0.0297 0.1376  -0.0319
0.0926  -0.0320 0.1070  -0.0297 0.1427  -0.0323
0.0960 -0.0314 0.1108  -0.0296 0.1477  -0.0325
0.0995 -0.0307 0.1147  -0.0294 0.1528  -0.0326
0.1029 -0.0301 0.1185  -0.0290 0.1579  -0.0326
0.1063  -0.0293 0.1223  -0.0284 0.1629  -0.0323
0.1097 -0.0286 0.1261  -0.0278 0.1680  —0.0320
0.1130 -0.0278 0.1299  -0.0270 0.1731  -0.0315
0.1164  -0.0270 0.1337  -0.0262 0.1781  -0.0309
0.1197 -0.0262 0.1375 -0.0252 0.1831  -0.0301
0.1231  -0.0253 0.1412  -0.0243 0.1881  -0.0292
0.1264  —0.0245 0.1450 -0.0233 0.1931  -0.0283
0.1297 -0.0236 0.1487 -0.0222 0.1981  -0.0272
0.1331  -0.0227 0.1525  -0.0212 0.2031  -0.0261
0.1364  -0.0218 0.1562  -0.0201 0.2081  -0.0248
0.1397  -0.0209 0.1599 -0.0191 0.2130  -0.0235
0.1431  -0.0200 0.1637 -0.0181 0.2179  -0.0222
0.1464  -0.0190 0.1674  -0.0170 0.2228  -0.0208
0.1497 -0.0181 0.1711  -0.0159 0.2277  -0.0193
0.1531  -0.0172 0.1748  -0.0149 0.2325 -0.0178
0.1564  -0.0162 0.1785 -0.0138 0.2373  -0.0163
0.1597 -0.0153 0.1822  -0.0127 0.2422  -0.0147
0.1631  -0.0143 0.1859 -0.0116 0.2470  -0.0131
0.1664 -0.0134 0.1896  -0.0104 0.2518 -0.0115
0.1697 -0.0124 0.1933  -0.0093 0.2566  —0.0099
0.1731  -0.0115 0.1970  -0.0082 0.2614  -0.0083
0.1764  -0.0105 0.2007  -0.0070 0.2662  —0.0067
0.1798  -0.0096 0.2044  —0.0058 0.2710  -0.0051
0.1831  -0.0087 0.2081  -0.0047 0.2758  -0.0035
0.1864  -0.0077 0.2118  -0.0035 0.2806  —0.0019
0.1898  -0.0068 0.2155 -0.0023 0.2854  —0.0004
0.1931  -0.0059 0.2192  -0.0011 0.2902  0.0012
0.1964  —0.0050 0.2228  0.0000 0.2951  0.0028
0.1998  -0.0041 0.2265  0.0012 0.2999  0.0043
0.2031  -0.0032 0.2302  0.0024 0.3047  0.0058
0.2065 -0.0023 0.2339  0.0035 0.3095  0.0074
0.2098 -0.0015 0.2376  0.0047 0.3144  0.0089
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TABLE E.3.—COORDINATES FOR INBOARD, MIDSPAN, AND

OUTBOARD HYBRID MODEL SECTIONS WITH FLAPS

Inboard hybrid Midspan hybrid Outboard hybrid
Main element Flap Main element Flap Main element Flap
X y X y X y X y X y X
0.2132  -0.0006 0.2413  0.0058 0.3192  0.0104
0.2165  0.0002 0.2450  0.0069 0.3289  0.0135
0.2199  0.0010 0.2487  0.0081 0.3337  0.0150
0.2233  0.0018 0.2524  0.0092 0.3385  0.0165
0.2266  0.0026 0.2561  0.0103 0.3434  0.0180
0.2300  0.0034 0.2598  0.0114 0.3482  0.0195
0.2334  0.0042 0.2635  0.0125 0.3531  0.0209
0.2368  0.0049 0.2673  0.0136 0.3580  0.0223
0.2402  0.0056 0.2710  0.0147 0.3628  0.0237
0.2435  0.0064 0.2747  0.0157 0.3677  0.0251
0.2469  0.0070 0.2784  0.0168 0.3726  0.0265
0.2503  0.0077 0.2822  0.0178 0.3775  0.0279
0.2537  0.0084 0.2859  0.0188 0.3824  0.0292
0.2571  0.0090 0.2896  0.0198 0.3873  0.0305
0.2605  0.0096 0.2934  0.0208 0.3922  0.0317
0.2639  0.0101 0.2971  0.0217 0.3971  0.0330
0.2673  0.0107 0.3009  0.0227 0.4020  0.0342
0.2707  0.0112 0.3046  0.0236 0.4069  0.0353
0.2741  0.0117 0.3084  0.0245 0.4119  0.0365
0.2775  0.0122 0.3122  0.0254 0.4168  0.0376
0.2810  0.0126 0.3159  0.0263 0.4218  0.0387
0.2844  0.0130 0.3197  0.0271 0.4267  0.0397
0.2878  0.0134 0.3235  0.0279 0.4317  0.0407
0.2913  0.0138 0.3273  0.0287 0.4367  0.0416
0.2948  0.0141 0.3311  0.0295 0.4417  0.0426
0.2983  0.0144 0.3349  0.0302 0.4467  0.0434
0.3018  0.0146 0.3387  0.0309 0.4516  0.0442
0.3052  0.0148 0.3425  0.0316 0.4566  0.0450
0.3087  0.0149 0.3463  0.0322 0.4617  0.0457
0.3121  0.0151 0.3501  0.0328 0.4667  0.0464
0.3155  0.0151 0.3539  0.0334 0.4717  0.0470
0.3190  0.0151 0.3578  0.0340 0.4768  0.0475
0.3225  0.0151 0.3616  0.0345 0.4818  0.0480
0.3259  0.0150 0.3654  0.0351 0.4869  0.0483
0.3294  0.0148 0.3693  0.0355 0.4919  0.0486
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TABLE E.4—FLAP PIVOT POINTS FOR INBOARD,
MIDSPAN, AND OUTBOARD MODELS

Inboard hybrid Midspan hybrid Outboard hybrid
Flap pivot Flap pivot Flap pivot
X y X y X y
0.33108 | 0.00147 | 0.3715 | 0.02073 | 0.49445 | 0.02886
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