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EXECUTIVE SUMMARY

Aircraft certificanon requires he evaluation of the effects of ice accretions on aircraft
acrodynamic components such as wings, tails, and control surfaces. lce accumulation on
acrodynamic surfaces can have a signiticant impact on aircraft performance. handling qualities,
and thus, aircraft safety. In general, ice accumulation on acrodynamic surfaces can cause flow
scparation whose extent over the acrodynamic surface is + function of ice shape and wing
geometry. The term critical is often used to identify ice shapes respoasible for large degradation
1 the acrodynamic performance of lifting surfaces.

A number of experimental studies have been conducted over the years in an effort to assess the
effect of various forms of ice accretions on aircraft acrodynamic performance and handling
qualities. Most of these studies, however, have been limited to two-dimensional airfoil sections
due to tunnel and model cost constraints. Only a small number of investigations have addressed
the impact of ice shapes on i+ed three-dimensional (3D) finite wings.

To address the lack of experimental data for iced 3D finite wing configurations, the Federal
Aviation Administration (FAA), Wichita State University (WSU), the National Aeronautics and
Space Administration (NASA), and general aviation aircraft manufacturers initiated a
coilabgrative rescarch program in the fall of 200C for a systematic evaluation of ice accretion
effecis on finite wings. The main objective of this research program was the development of a
3D experimental database of ice accretion effects on a swept 3D finite wing. The database can
be used for dcveloping certification guidance material and for improving and validating
simulation tools for acrodynamic analysis and design. A research grant was awarded to WSU to
design and fabricate a wind tunnel model and to conduct icing and acrodynamic performance
tests to develop the required database.

The specific goals of the rescarch program were to (1) investigate wing sensitivity to various
forms of ice accreiions, (2) compare the effects of actual ice shapes from icing tunnel tests with
equivalent simulated ice shapes, (3) assess the effects of glaze ice shape features such as hom
angle, homn height and surface roughness on wing acrodynamic performance, and (4) develop an
experimental database of ice shape effects oa the acrodynamic performance of a swept finite
snaz wing with an aiieron control surface. The principal accomplishments of this research
program, which was completed in the fall of 2002, are summarized below.

A number of mectings were conducted with the FAA, NASA, and general awviation
manufacturers to select a wing model, ice shapes, and test conditions, and to define experimental
wethodologies and procedures. A S5-fi semispan swept finite wing reflection plane model
equipped with aa aileron conirol surface was designed, fabricated, and instrumented at WSU.
Tests were conducted at the NASA Glenn Icing Research Tunnel (IRT) to generate five glaze ice
shapes with complete and incomplete scallop features and one nme ice shape. Ice shape castings
were produced by NASA personnel from the actual ice accretions for acrodynamic testing.
Simulated 3D ice shapes were defined with the NASA Glenn LEWICE ice accretion code for the
same icing conditions used in the IRT icing tests. The 3D ice shapes were fabricated out of
wood or aluminum at WSU and were prepared for acrodynamic testing. Extensive experiments
were conducted at the WSU 7- x 10-ft wind tunnel facility over a period of 10 weeks to generate



the required data for the clean and iced wing. Twenty ice shapes and eight roughness cases were
tested along with the clean wing. The ice shapes included six IRT castings and seven smooth
and seven rough LEWICE shapes. The roughness cases included 120- and 150-gnit sandpaper to
simulate the effect of frost on wing aerodynamic performance. Lift, drag, pitching moment,
hinge moment, and pressure distributions were obtained for all coufigurations tested.

The experimental resuits obtained showed that the stall lift coefficients for the wing with the
glaze ice shape castings were 11.5% to 93.6% less than the clean wing. For the S-min rime ice
shape, the stall lift coefficient was 3.4% higher than the clean wing. The IRT ice shape castings
tested increased the minimum clean wing drag cocfficient by 133% to 3533% and increased drag
near stall by 17% to 104%. In general, the aileron remained effective in changing the lift of the
clean and iced wings for all angles of attack and aileron deflections tested. Aileron hinge
moments for the iced wing remained within the maximum and minimum limits defined by the
clean wing hinge-moment data. In general, the trends in acrodynamic performance degradation
of the wing with the simulated rough LEWICE ice shapes were similar to those obtained with the
IRT ice shape castings. However, in most cases, the ice shape casungs resulted in greater
aerodynamic performance losses than that obtained with the rough LEWICE shapes. in most
cases, the rough LEWICE ice shapes caused greater acrodynamic performance degradation than
did their smooth counterparts.
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1. INTRODUCTION.

Aircraft certification requires the evaluauon of the effects of ice accretions on aircraft
acrodynamic components such as wings, tails, and control surfaces. Ice accumulation on
aerodynamic surfaces can have a significant impact on aircraft performance, handling qualities,
and thus, aircraft safety. A wide range of ice accretions is possible, depending on aircrafi
configuration, icing and flow conditions. Potential ice accretions include glaze ice, rime ice,
runback, and beak ice, as well as small ice shapes which can have considerable degradation in
aircraft performance. In general, ice accumulation on acrodynamlc surfaces can cause flow
separation whose extent over the acrodynamic surface is a function of ice shape and wing
geometry. The term critical is often used to identify ice shapes responcible for large degradation
in the acrodynamic performance of lifting surfaces.

A number of expcrimental studies have been conducted over the years (refer to reference 1 for a
comprehensive review) in an effort to assess the effect of various forms of ice accretions on
aircraft acrodynamic performance and handling qualities. Most of these studies have been
limited to two-dimensional (2D) airfoil sections due to tunnel and model cost constraints. Only a
small number of investigations have addressed the impact of ice shapes on finite wi.gs

To address the lack of experimental data for three-dimensional (3D) iced wing configurations,
scientists and enginecrs from the Federal Awviation Administration (FAA), the National
Acronautics and Space Administration (NASA), the general aviation aircraft industry, and
Wichita State University (WSU) conducted a mecting to plan a research program for a
systematic cvaluation of ice accretion effects on finite wings. The main objective of this
research program was the development of a 3D experimental database of ice accretion effects on
a swept finite wing. The databasc was needed for developing certification guidance matenal and
for improving and validating simulation tools for acrodynamic analysis and design. A research
grant was awarded to WSU to design and fabricaic a wind tunnel model and to conduct icing and
aerodynamic performance tests to develop the required database. The specific goals of the WSU
research effort were to

. investigate wing sensitivity to various forms of ice accrctions.

. compure the effects of actual ice shapes from icing tunnel tests with equivalent simulated
ice shapes.

. assess the effects of glaze ice shape features such as horn angle, horn height, and surface
roughness on wing acrodynamic performance.

° develop an experimental database of ice shape effects on aerodynamic performance of a
swept finite wing with an aileron control surface.

To accomplish the above objectives, wind tunnel tests were planned with a wing representative
of modem business jet and regional jet aircraft wing planforms. The wing selection was based
on input from the FAA, NASA, and the aircraft industry. An important consideration in the
selection of the airfoil section for the finite wing was the availability of 2D iced airfoil
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acrodynamic performance data for comparison with the 3D iced wing acrodynamic performance
resulis. The airfoil selected was a GLC-305 section, which is represcntative of a modem
business jet wing section. NASA has conducted extensive 2D wind tunnel tests with this airfoil
in recent years using a range of ice pccretions.

The ice shapes selecied for the expenimental investigation included the following:

. Po’ rurcthane castings of ice accretions obtsined from icing tests at the NASA Glenn
Icing Rescarch Tunnel (IRT).

. Smooth LEWICE ice shapes obtained for the same icing conditions as the ones used in
the gencration of the ice shape castings.

. Rough LEWICE ice shapes obtained by adding grit roughness to the surface of the
smooth LEWICE ice shepes.

This report describes the icing tests performed in the IRT and the aerodynamic tests
conducted at WSU with the ice castings and the simulated LEWICE ice shapes.
Experimental data presented includes lift, drag, pitching momeat, aileron hinge moment,
and surface pressure data.



2. EXPERIMENTAL FACILITIES AND PROCEDURES.

The experimental 1---estigation consisted of ice accretion tests auad aerodynamic performance
wind tunnel tests. The icing tests were conducted over a time period of 5 days at the IRT facility
to obwin six ice shapc castings for acrodynamic testing. The aerodynamic performance
investigation took piace at the 7- x 10-ft Low-Speed Wind Tunnel facility at WSU. The clean
wing and 20 ice shape configurations were tested at the WSU wind tunnel over a time period of
10 weeks. This section describes the test model and ice shapes tested, the experimental setup,
test conditions, test measurcments, and procedures used in the experimental investigations
conducied.

o b HCING YESTS AT THE NASS GF ENN IRT

The first part of the experiment was conducted at the NASA Glenn 6- x 9-ft Icing Research
Tunnel to obtain castings of ice accretions formed on a swept wing model. Details of the icing
tests are provided in the following sections.

211 Test Facility.

The IRT is a closed-loop refrigerated wind tunnel. Its test section is ¢ ft (1.8 m) high, 9 ft
(2.7 m) wide, and 20 ft (6.0 m) long, In the test section, the total air temperature can be varied
between -20°F (-30°C) and +33°F (+1°C), within accuracy of +1°F (10.5°C), and a maximum
velocity of 390 mph (160 m/s) can be attained. A spray system allows control of the liquid water
content (LWC) between 0.2 to 3.0 g/m’ and provides droplet median volumetric diameters
(MVD) from 15 to 40 um. Figure 2-1 shows the planview of the NASA Glean Icing Research
Tunnel.

FIGURE 2-1. NASA GLENN ICING RESEARCH TUNNEL PLANVIEW



2.1.2 Test Model.

Acrodynamic considerations and facility size limitations determined the overall size of the wing
model. Details of the swept wing modcl are provided in figures 2-2 and 2-3. The model was a
swept finite wing with a GLC-305 airfoil section aligned in the sweamwise directioa. The airfoil
section had a maximum thickness to chord ratio of 0.087 at approximately 38% local chord. The
airfoil section remained constant from the wing root to the wing tip. The wing had a 28° leading
edge (LE) sweep, a 15.6° trailing-edge (TE) sweep, a 60-in. semispan, a 7.35 fi* area (half wing),
an aspect ratio (AR) of 6.80 (left and right wing), a taper ratio of 0.4, and «: - >ometric twist of 0°
at the root and -4° (washout) at the tip. The wing root and tip chords were 25.2 inches and 10.08
inches respectively. In addition, the wing mean acrodynamic chord (MAC) was 18.72 inches
and was located 25.74 inches from the wing root. The model was instrumented with 203
pressure ports distributed chordwise at five spanwise locations correspond.ng to 15%, 30%,
50°/o, 68%), and 85% scrmspan.

AIRFOIL SECTION

1. GLC-305 saction in streanmwise direction (Ucmay=0.087 at
x/c=0.38). Airfoil section is constant from root to tip.
2. Trailing sdge thickness = 0.04 in (constant spanwise)
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WING PLANFORM

1. 5Nt semuspan (72% of WSU tunnel height)

2. Roctchord = 25.2 in, Tip chord = 10.08 in, MAC = 18.72 in

3. t/c varies linsarly from root to tip

4. Planform Area (half wing, 5/2) = 7.35 I’; wing area to test
section ares ratio = 7.35(7x10) = 0.105

0.000 5. taper ratio = 0.4, trapezoidal planform, lineer chord variation
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FIGURE 2-2. WING PLANFORM FIGURE 2-3. AIRFOIL SECTION AND WING
PARAMETERS
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2.1.3 Test Model Hardware for the Icing Tests.

The icing tests conducted for the purpose of generating ice castings for the swept finite wing
required considerable planning to maximize the number of test runs during each day of testing.
In general, once an icing test was completed, the ice casting process required approximately 1
day to provide a mold. Thus, the wing cannot be used until the mold was completed and
removed from the wing. Anower limitation of the ice casting process was the spanwise length of
the casting cannot exceed 25 inches.

The goal of the icing tests conducted in the IRT facility with the 60-in. semispan finite wing was
to produce six icc castings approximately 68 inches long (the length of wing measured along the
swept LE) in 5 days of testing. Due to the limitations of the ice casting process, only five 25-in.
segments could be produced in 5 days, unless significant modifications were made to the wing
model to allow multiple ice castings during cach test day. This was accomplished by designing
and constructing four wing leading edges. The first leading edge was for acrodynamic
measarements only and extended the full span of the wing. Leading edges two through four,
however, were divided into three spanwise segments each, as shown in figures 2-4 and 2-5.
Thus, a total of nine leading-cdge segments were produced in addition to the full-span leading
edge. The removable leading edg.. were labeled top, middle, and bottom. The bodom
removable leading edge (RLE) was 25 inches long and extended from the wing root to 36.79%
semispai. The middle segment was also 25 inches long and extended from 36.79% semispan to
73.78% semispan. The top RLE had a length of 17.95 inches and extended from 73.78%
semispan to the wing tip. Note that the sum of the lengths of the three RLEs was 67.98 inches,
which is the distance from the wing root to the wing tip measured along the swept leading edge.
This distance is equal to the wing semispan divided by the cosine of the leading-edge sweep

angle (i-c., -—6—2—8—0 ). The advantage of having 18 leading-edge scgments was that every time an
cos

ice accretion test was completed, the leading-edge segment with the ice shape was removed for
the ice molding process and a clean segment was placed on the wing. This permitted multiple
icing runs to be conducted each test day.

Additional model hardware had to be designed and fabricated to support the icing tests at the
NASA Glenn IRT. The additional hardware included brackets and a 1-ft wing extension to
permit the placement in the wing from 5.5 inches below the IRT floor to 11.5 inches above the
floor. This was required to placc the wing inside the uniform LWC region of the icing cloud.
By lowering the wing below the tunnel floor, LWC uniformity was maintained over the middle
and top segments of the wing. With the wing in the high position, the middle and bottom
segments of the wing leading edge were exposed to the uaiform region of the icing cloud. For
acrodynamic ~ressure measurement, it was necessary to install the wing with its root scction
placed on the tunnel floor. This required additional hardware to be fabricated. The thrce wing
placemeats v-ith respect to the IRT tunnel floor are shown in figures 2-6 to 2-8.



B Gevrgions su in nches

FIGURE 2-4. WING IN THE LOW FIGURE 2-5. SPECIFICATIONS OF THE
POSITION SHOWING THE RLEs TOP, MIDDLE, AND BOTTOM RLEs

8. Low wing position b. Normal wing position ¢. High wing position

FIGURE 2-6. LOW, NORMAL, AND HIGH POSITIONS OF THE WING IN TH® IRT
{Cuts were made to remove ice accretion from wing at locations A B, and €




FIGURE 2-7. WING IN HIGH POSITION FIGURE 2-8. WING IN LOW POSITION
WITH THE TOP LEADING-EDGE
SEGMENT REMOVED

Table 2-1 lists tie six icing conuitions selected to obtain the ice accretions for the acrodynamic
investigation. These icing conditions were selected to provide four glaze ice shapes with
complete and incomplete scallop features, a 22.5-min glaze ice accretion representative of an ice
protection system (IPS) failure case, and & .ain rime ice shape. Glaze ice accretions with
wmpiem and incomplete scallop features are discussed in detail in references 2 to 4. The four
ice shapes with scallop features were ahtamd using pmgzmt%%y longer ice accretion times to
p@“ﬂ?’ldﬁ a range of horn sizes for aerodynamic testing. The sime ice shape was based on 2 scaled
icing condition from icing tests conducted with a 2D 36-in. chord GLC-305 airfzii. Ice “uﬁw
details are providec in table 2-2. Appendix A lists all of the runs done in the IRT to obta..
accretions for the top, middle, and bottom RLEs ut each of the six icing conditions.




TABLE 2-1. ICING CONDITIONS FOR IRT ICE SHAPE CASTINGS
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: fed at the location w%zwz the top and the middle lending edges joined. This cut was
cut A and is shown i © e 2.5, When the wing was placed in tiw high position, i%ar%
e one af the in osection where the %ﬁng and middle RLEs joined (cut A), anoth
ocation where the middle and bottorm £ az¢ cut B), and one at the lower part of téw
m UL et C) Cuts A nd B - . endicular to the LE, whereas cut C was
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parallel to the flow direction {mﬁammm direction) because it was located 3t the exact root of the
wmg At each cut, illustrated in figure 2-10, a pencil tracing of the ice shape was made on a

dboard template. szﬁii%b&%wm%af&mmiﬁm&g After the ice section
racings were completed, the leading edges were detached from the wing and moved to the cold
room adjscent to the tunnel to begin the casting process.

TABLE 2-2. SUMMARY OF ICE SHAPE SECTIONS /ND CORRESPONDING
ICING CONDITIONS
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FIGURE 2-9. A HEATED COPPER PLATE  FIGURE 2-10. ICE ACCRETION PENCIL-
WAS USED TO CUT ICE ACCRETIONS  TRACED Ol CARDBOARD (IRT-CS22 at
FOR TRACING PURPOSES tip of bottom RLE)
(IRT-CS22 at tip of bottom RLE)

FIGURE 2-11. A SAMPLE OF A PENCIL TRACING OF AN ICE ACCRETION
{IRT-C822 at root of top RLE)

The casting p involved two steps: making the mold and g the actual casting.

The m s started when the LE was removed and taken to the cold room. The LE was placed
inside a wooden box (figure 2-12) specially for the molding process. The top of the box
and one of its sides were removed to free up space for handling the delicate ice accretion. Once
ﬂw RLE was attached to the inside of the box with bolts, the removed side of the box was

nstalled. The box was left open at the top for pouring in the mold 1. Figures 2-13 and

2-8




» side and top views of the ice accretion on the RLE attached inside the wooden box.
Styrofosm pieces were placrd around the jce accretion, without tonching it, to reduce e
quantity of mold ial neer d.

FIGURE 2-12. TOP RLE SEGMENT WITH ICE ACCRETION INSIDE THE
WOODEN MOLDING BOX

FIGURE 2-13. MIDDLE RLE WITH IRT- FIGURE 2-14. LEADING EDGE WITH ICE

€822 ICE ACCRETION ATTACHED TO ACCRETION PREPARED FOR MAKING

THE INSIDE OF A WOODEN MOLDING THE MOLD—TOP VIEW
BOX—SIDE VIEW




reparatio termy | mold material started before
tﬁ@tzmﬁm mwm%ﬁ%fﬁwmmmmwwﬁm%mmm%wﬂ
istokes, at 10% of the Dow Corning 3110 by weight. Each containes : A for 30
minutes or more in 8 bell jar and then placed in a freezer. When the i%dmg edge was ready
inside the box, a container with Dow Coming 3110 was removed from the freezer and Dow
Cmmn:gm 4{:@5&1}?&1 was added, at a 1-10-125 ratio of the Dow Corning 3110¢ by weight. Afier
ssed in the bell jar for 5 minutes, moved to the cold room, end poured into the
edge with the ice accretion. The mold was left o cure overnight. In

separated from the leading edge.

Once the molds were finished, they were muved to the model shop of the NASA Glenn Research

wenter, where the castings were made. To make 2 casting, a mwld vas placed i, ', the same

hox used to make it. The wing RLE that was used to make the moid was placed in the same

pocition as when the mold was made. This is illustrated m figure 2-15. A n distance

was left between the LE and the mold to create a thin wall for the castir tyurethane
r, Ciba-Geigy RP 6430, was poured in and left to cure. Afle. mm&meLﬁww
{ from the casting, and the mold material was removed from around the casting.

FIGURE 2-15. THE MOLD AND LEADING EDGE WERE PLACED INSIDE THE
BOX TO MAKE THE CASTING

Figure 2-16a shows a e::iamwu;: of the casting obtained from the ice accretion, and figure 2-16b
shows a close-up of the at:tuai ice accretion. Comparison of the two figures illustrates the detail
captured with the casting process.

FIGURE 2-16a. CLOSE-UP OF ICE SHAPE FIGURE 2-16b. CLOSE-UP OF THE
CASTING ACTUAL ICE ACCRETION




2.2 AERODYNAMIC TESTS AT THE WU 7- x 10-ft TUNNEL.

All aerodynamic performance tests were conducted in the WSU 7- x 10-ft Beech Memorial Low-
Speed Wind Tunnel. Details of the wind tunnel investigation are provided below.

The WSU wind tunnel is a single-return, closed circuit facility with a maximum speed of
160 mph (235 f/s), corresponding to a Reynolds number of 146 million per foot. The test
mﬁmm?ﬁﬁtghby 10 ft wide by 12 fi long. Four screens located in the plenum chamber

sstream of the test section are used for flow conditioning. The contraction ratio between the
;ﬁmmmmﬁmﬁtmmméml The tunnel is equipped with a four-bladed, 11-ft diameter,
varizble pitch propeller, which is driven by & 1000 horsepower electric motor. Figure 2-17
shows the planview of the facility.

Details of the finite swept wing model used in the aerodynamic Wffﬁfmﬁ% tests weie shown in
figures 2-2 and 2-3. An aileron control su-face was added to the wing model for investigating
the effect of ice accretions on the bahavior of control surface effectiveness and hinge moments.
The aileron had a 15-in. span starting at 42 inches from the wing root, and its leading cdge sweep
was 18.93°. The leading edge and hinge line were at 75% and 80% of the wing local chord
respectively. Note that, due to the wing taper, the local wing chord varied linearly with spanwise
distance. The aileron surface behind the hinge line had a geometric mean chord of 0.2118 ft and
a planform area of 0.2647 ft,




The wing model was installed as a reflection plane model, as x%wm in figures 2-18 t0 2-20. It
was mﬁrmezmd with 203 pressure ports distributed chordwise at five spanwise locations,

responding to 15%, 30%, 50%, 68%, and 85% mziz&m as shown in figure 2.20. The
nmbﬁt ﬁf chordwise pressure ports for each spanwise station was 52 ports at 15% semispan
{near the wing root), 49 ports at 30% semispan, 41 ports at 50% semispan (mid-semispan), 32
ports at 68% semispan, and 29 ports at 85% semispan (near the wing tip).

e
S
a&%mm
- %6

FIGURE 2-18. WING AND STREAMLINED BODY IN WSU

TEST SECTION—SIDE VIEW

FIGURE 2-19. INSTALLATION OF FIGURE 2-20. INSTALLATION OF
CLEAN WING IN WSU WIND CLEAN WING IN wWSU WIND
TUNNEL-—FRONT VIEW TUNNEL—SIDE VIEW




A direct current servomotor was used for deflecting the aileron and a torque cell for measuring
aileron hinge moments. The deflection of the aileron was measured with a linear varisbic
differential transducer (LVDT). The servomotor, torque cell, and LVDT were housed inside the
wing mount, which connected the wing to the external balance, as shown in figures 2-21 and
2-22.

FIGURE 2-21. INSTALLATION OF FIGURE 2-22. HOUSING FOR
CLEAN WING ON TUNNEL SERVOMOTOR, TORQUE CELL, AND
TURNTABLE—REAR VIEW LVDT (Photographed under the wing, near the

trailing edge.)

Two large aluminum (Al) brackets were designed to connect the wing to the tunnel external
balance and to raise the wing model 4.4 inches above the tunnel floor. Raising the model above
the tunnel floor was nec v to keep the wing root section above the floor boundary layer,
which was approximately 1.5 inches high. Since the Al brackets were exposed to the flow, the
wing serodynamic measurements would have been affected by the aerodynamic loads on the
brackets. To eliminate this problem, s wooden fuselage-like body was used to shield the wing
support brackets from the airflow. The streamlined body was 4.436 inches high and 55.6 inches
long. Aerodynamic forces on the body did not affect the wing force and moment measurements
since it was not connected to the tunnel balance. Extensive computational flow dynamics (CFD)
studies were performed prior to the experimental investigation to ensure that the strcamlined
body did not modify the wing flow field and that the flow over the body remained attached even
at high angles of attack (beyond wing stall). A small 0.25-in. gap was allowed between the wing
root section a.d the streamlined body to prevent contact between the wing and the body. The
0.25-in. gap was sealed with a latex sirip called dental dam, as shown in figures 2-23 and 2-24, to
prevent flow leakage through the gap that could have modified the flow near the wing root.

2-13




FIGURE 2-23. CLOSE-UP OF WING FIGURE 2-24. CLOSE-UP OF WING
ROOT AND DENTAL ROOT AND DENTAL
DAM-—PRESSURE SURFACE DAM—SUCTION SURFACE

The ice shapes selected for the aerodynami
actual ice accretions and seven simulated ice shapes defined with the NASA Glenn LEWICE 2.0
ice accretion code. Icing conditions and ice W notaticas are provided in tables 2-1 to 2-3. To

the effects of ice roughness on serodynamic perfmmmw, the LEWICE ice shapes were
W with and without simulated roughness. A total of 20 ice shapes were investigated during
the exnerimental study.

The ice shapes tested were polyurethane castings of actual ice accretions obtained at the NASA
Glenn IRT facility with the GLC-305 wing model, as summarized in tables 2-1 and 2-2. For
each icing condition, a set of three castings were made from the top, middle, and bottom RLEs,
and these castings were glued together using epoxy to make a full span IRT ice shape casting. A
total of six IRT ice castings were produced: IRT-CS10, IRT-IS10, IRT-SC3, IRT-CSZ, IRT-
C822, and IRT-IPSF22, corresponding to icing conditions 1 through 6, respectively. Figures 2-
25 to 2-32 show the installation of various IRT ice shape castings on the wing model. Also,
figure 2-33 presents close-up views of all six IKT ice shape castings.




TABLE 2-3. ICING CONUITIONS FOR LEWICE ICE SHAPES

lcing
Condifs

Description

AQA**
| (deg)

v
(mph)

Towm

3]

LwWC
(g/m’)

MVD
(pum)

1
(Glaze)*

Complete Scallop Condition
(ID: LS-CS10 and LR-CS10)

4

250.0

250

0.68

20.0

2
(Glaze)*

Incomplete Scallop Condition
(ID: L8-IS10 and LR-IS10)

4

150.0

250

0.65

200

3 (Rime)*

Scaled Condition from 2D tests
(ID: LS-SC5 and LR-SCS)

6

2013

11.7

0.51

145

5.0

4
(Glaze)*

Complete Scallop Condition
{(ID: LS-CS2 and LR-CS2)

4

2500

. &

250

0.68

20.0

2.0

3
(Glaze)*

Complete Scallop Condition
(ID: LS-CS22N and LR-CS22N)

4

o i

250.0

25.0

. i

0.68

20.0

22.5

5
(Glaze)'

Completz Scallop Condition
(ID: LS-CS228 and LR-CS.28)

4

2500

250

0.68

200

22.5

6
(Glaze)*

Failed Ice Protection
(ID: LS-IPSF22 and LR-IPSF22)

4

‘g

150.0

270

0.46

20.0

22.5

The methodology used to define the LEWICE ice shapes is discussed in section 2.2.3.

),

ess was simulated with 36-size loose grit (average roughness height is approximately 0.0211 inch or 0.5356

*Computed using airfoil sections and ' component of velocity normal to the wing leading edge (see section 2.2.3),

“Computed using streamwise velocity and airfoil £ 2ctions (see section 2.2.3).
#2ADA = Apgle of attack.

FIGURE 2-25. ICING RESEARCH
TUNNEL CS10 ICE SHAPE CASTING
INSTALLED ON WING—SIDE VIEW

FIGURE 2-26. CLOSE-UP OF IRT-CS10
ICE SHAPE CASTING Ay WING ROOT




FIGURE 2-27. CLOSE-UP OF FIGURE 2-28. CLOSE-UP OF
INSTALLATION OF IRT-1810 ICE INSTALLATION OF IRT-C822 ICE
SHAPE CASTING ON WING MODEL SHAPE CASTING ON WING MODEL

FIGURE 2-29. INSTALLATION OF IRT- FIGURE 2-30. ICING RESEARCH
SC5 ICE SHAPE CASTING ON TUNNEL C82 ICE SHAPE CASTING ON
WING MODEL-—SIDE VIEW TEST MODEL—FRONT VIEW




: IGURE 2-31. GLC-305 SWEPT WING FIGURE 2-32. FRONT VIEW OF IRT-
WITH IRT-CS22 ICE SHAPE CASTING— IPSF22 ICE SHAPE CASTING
FRONT VIEW AT WING ROOT

{(b) View of IRT ice s  niegr wing ool - Root segrents

FIGURE 2-33. POLYURETHANE CASTINGS OF THE SIX ICE SHAPES OBTAINED
FROM ICING TESTS AT IRT

2-17




For ease of installation during testing, ice shape castings were made with cuffs tha* wrapped
around the wing LE. The small ice shape castings were niounted to the wing using aluminum
tape. The larger castings, IRT-CS10, IRT-CS22, and IRT-IPSF22, had aluminum brackets at
selccted spanwise locztions that allowed these castings to be attached securely to the wing. This
was necessary due to e considerable acrodynamic loads experienced by these large ice shapes.
The leading-cdge cuffs and the brackets on the IRT castings provided the additional benefit of
consistent ice shape attachment to the wing during repcated installations.

2.2.3.2 Smooth LEWICE Ice Shapes.

The simulated shapes were 3D ice shapes that were defined from a s ries of 2D ice sections
obtained with the LEWICE ice accretion code [5]. Table 2-2 summarizes all icing conditions for
LEWICE analyses. The procedure used to define the 3D LEWICE ice shapes is detailed in
reference ¢ and is summarized below:

1. Streamwise wing sections at 0% (wing root), 15%, 50%, 85%, and 100% (wing tip)
semispan were selected for the development of the LEWICE ice shapes.

2. Next, four additional wing sections were defined by taking the intersection of the wing
with planes normal to the wing LE at 15%, 50%, 85%, and 100% semispan. The LE of
the normal sections wes at the same spanwise locetion as the streamwise scotions defined

in step 1.

3. 3D Navier-Stokes computations were performed at WSU with the clean wing. In the
computations, the IRT walls were included to simulate the tunnel wall effects on the wing
flow field. The geometric angles of attack (a) used in the analysis were 4° and 6° to
match the angles of attack in the icing tests. Analysis pressures for streamwise sections
at 15%, 50%, and 85% semispan were compared with experimental pressure distributions
obtained in the IRT facility. Good correlation between experiment and analysis was
demcnstrated. From the compuated flow fields, pressure distributions were obtained for
the four wing sections normal to the wing LE defined in step 2 and for the streamwise
section at the wing root.

4. 2D ice accretion analyses were conducted with the LEWICE 2.0 computer code. The
computations were performed using five secuons of the GLC-305 swept finite wing.
These included the streamwise section at the wing root and the four sections normal to
the wing LE at 15%, 50%, 85%, and 100% scmispan (sec step 2 above). The icing
conditions for the LEWICE analysis were identical to those used in the IRT icing tests
(see tables 2-1 and 2-3). However, the LEWICE angle of attack for each wing section
was adjusted to match the pressurc distributions from the Navier-Stokes analysis
described in step 3. The velocity for the ice accretion computations conducted with the
four scctions defined normal to the wing leading edge was sct to equal the component of
the free-stream normal to the wing LE.

5. For cach icing condition in table 2-3, five LEWICE ice shape sections (one strcamwise
and four normal to the wing leading edge) were obtained. The five ice shape sections



along with the wing geometty were Lvporied into & computer-aided design softwaie
package and were used to define 3D I.EWICE ice shapes. The 2D ice shape sections at
the five spanwise locations were connectea with spline surface: and with plane surfaces.
A comparison of the 3D ice shapes obtained using splire interpolation with
corresponding ice shapes obtained with linear intcrpolation showed very small
differences. Since the spline interpolation method provided & smooth transition in the
spanwisc direction between thie five 2D sections, it was used to define the 3D LEWICE
ice siapes, corresponding to icing conditions 1 to 4 (ice shapes LS-CS10, LS-IS10, LS-
SCS, and LS-CS2). Siraight-line interpolation was used for the remaining two ice shapes
(LS-CS22N and LS-IPSF22), which were the large 22.5-min glaze ice acc-etions. The
reason for using straight-line interpolation for LS-CS22N ud LS-IPSF22 was to match
the method used by some aircraft imanufacturers in defining 3D LEWICE ice shapes from
2D sections.

The use of airfoil sections normal to the wing LE along with the normal component of ths
velocity vector for the LEWICE analysis was based on input from NASA. dowever, some
sirframc-s prefer to use streamwise airfoil sections and the streamwise velocity in defining 3D
ice shapes with the LEWICE computer code. Typically, streamwise ice accretion analyses
produce ice shapes with larger horns (fu: glaze ice shapes) due to the higher water load resulting
from the higher speed (streamwise velocity is greater than the velocity component normal to the
LE). To compare the acrodynamic effects of LEWICE icc shapes based on =ormal and
strcamwise wing sections and flow velocitics, one more (seventh) LEWICE ice shape was
defined. This shupe was obtained using the procedure discussed in steps 3 w » above. However,
for this ice shape, streamwise wing scctioas at 0%, 15%, 50%, 85%, and 100% semispan werc
used along with the streamwise free-stream speed to define five 2D LEWICE ice sharvs. The
icing condition used for the seventh LEWICE ice shape (LS-CS22S) was icuug conaition > in
table 2-1, which in the IRT icing tests produced a 22.5-min scalioped ice shape with L ge hors.

Closec-up v'ews of all LEWICE ice shapes are shown in figure 2-34. The smooth LEWILZ
scctions anc' . srresponding IRT ice shape tracings are compared in figures 2-35 1o 2-40. Section
comparisons were made at spanwise locations iabeled cut A, cut B, and cut C in figure 2-5. The
sections at stations A and B wcie taken normal to the wing leading edge. The section at station
C was in the streamwise dizection. Section C was at the wing .o0ot, section B was 25 inches from
the root (measured alorg the wing leading edge), aud section A was at 50 inches from the root
(measured along the wing leading edge). Note that the distance fron the wing root to the wing
tip measured along the wing leading edge was 67.95 inches. Figures 2-35 to 2-40 demonstrate
that the icc accretions had a notable twist from the tip of the wing towards the root. This was
due to the geometric twist of the wing. For all ice shapes obtaincd at a of 4°, the wing tip
section was &t Qo Of 0°, while the wing root was at +4°. Thus, the ice on the rcot accreted
towards the lowcr surface of the wing; while at the wing tip, it was almost equally distributed on
both surfaces. In comparing the LEWICE sectrons with the tracings of the IRT ice shapes, it is
important to realize that the traces do not reflect the complex 3D features of the IRT ice shapes.
A comparison between the 3D LEWICE and IRT ice casting shapes for icing condition 2 is
provided in figure 2-41. Figures 242 and 243 compare the pmfiles of LEWICE ice shapes
obtained for icing condition 5 using streamwisc and normal scctions to the wing LE as discussed
above.
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The LS-CS10, LS-IS10, LS-8CS5, LM%E and %mﬁ’f&?zz ’iﬁ@ shs

LR-CS22N LRCS52 LR-SCS LR510 LRCS10

LRCS10 LRJS1 LR-SCS LRCS52 LR-CS22M LS-C5225

FIGURE 2-34. SMOOTH AND ROUGH LEWICE ICE 51
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FIGURE 2-41. DETAILS OF ICE SHAPES OBTAINED FROM ICING CONDITION 2

FIGURE 2-42. CC" 'PARISON OF PROFILE OF LR-CS22N AND LR-C8225
ICE SHAPES—TIP SECTION

FIGURE 2-43. COMPARISON OF PROFILE OF LR-C822N
ICE SHAPES—ROOT SECTION




ness was simulated by adding 36-size (average mgmeﬁ& ﬁmgﬁt 18

ely 0. &’2 mfzhef& or f% 5356 mm) loose grit to the smooth LEWICE ice shapes. The

shapes were named LR-CS10, LR-IS10, LR-SCS, Ll?;«(;‘fiz LR-

mm LR-CS228, and LK«Z?EF&”’ Figures 2-44 to 2-51 show the installation of LEWICE ice
shapes on the wing model.

FIGURE 2-44. INSTALLATION OF LR-  FIGURE 2-45. CLOSE-UP OF LR-IS10 ICE
CS10 ROUGH LEWICE ICE SHAPE ON SHAPE AT TIP OF WING MODEL
WING MODEL




FIGURE 2-46. INSTALLATION OF LR- FIGURE 2-47. INSTALLATION OF LR-
SC5 ROUGH LEWICE ICE SHAPE ON CS2 ROUGH LEWICE ICE SHAPE ON
WING MODEL WING MODEL

FIGURE 2-48. INSTALLATION OF FIGURE 2-49. INSTALLATION OF
LS-CS22N SMOOTH LEWICE ICE SHAPE = LR-CS22N ROUGH LEWICE ICE SHAPE
ON WING MODEL ON WING MODEL




FIGURE 2-50. INSTALLATION OF FIGURE 2-51. INSTALLATION OF
LS-T¢SF22 ICE SHAPE ON WING LS-IPSF22 ICE SHAPE ON WING
MODEL—SUCTION SIDE MODEL—PRESSURE SIDE

The wind tunnel investigation was divided into four parts that included model installation and
verification of all instrumentation, preliminary, production, and flow visualization tests.

}‘x significant effort was directed at the start of the experimental m%aﬁgaﬂm to ensure that all

scessary hardware and software for the acrodynamic experiments were in proper working order.
?fm af this effort included a complete external balance calibration, testing of the pressure
instrumentation, and calibration of the aileron torque cell and LVDT. Next, a number of
preliminary wind tunnel tests were conducted with the clean wing to evaluate test repeatability,
: tunnel flow angularity, and establish data-sampling rates and sampling period. Morcover,
tests were performed to check force, moment, hinge moment, and pressure instrumentation, and
to evaluate the method for mounting the ice shapes onto the wing LE. During the preliminary
tests, the software for acquiring and reducing experimental data were tested for accuracy using
known static loads that were applied to the wing and the aileron.

The third segment of the im&’%iig&iiﬁﬁ was the production runs. The first set of production runs
were conducted with the clean wing using fixed and free transition. Next, tests were performed
with all 20 ice shape configurations, which included six IRT ice shape castings, seven smooth
LEWICE ice shapes, and seven rough LEWICE ice shapes. Conditions for the experimental
investigation included ADA sweeps for ten aileron deflections, as shown in table 2-4. The
%ywida number (Ke) for all the tests was fixed at 1.8 million, and it was computed using the
wing MAC. For all runs, the mmpim sot {6 components) of fem% a:mi moments for the wing
were obtained. Aileron hinge m i . A




limited Reynolds number study was also conducted with the clean and selected iced wing
configurations for Remsc of 0.5, 1.0, 1.5, and 1.8 million. A complete run log tor all the
production runs is listed in appendix B.

TABLE 24. TEST COI.DITIONS FOR AERODYNAMIC PFERFORMANCE DATA

Reynolds number based on wing MAC {million) 1.8

Dynamic pressure, Q (psf) 50

Free-stream Mach number, M. 0.185

Free-stream velocity (Vo) 225.3 ft/s, 68.7 ra/s, 153.7 mph, 133.5 kts
Mach number normal to wing LE 0.16

Wing geometric a-range (deg.) -8to +20 by 1°

Aileron deflection, 84 (deg.) -15,-10,-5,-2.5,0,2.5, 5, 10, 15, 20

Static tares were obtained for the clean wing and for all ice shapes investigated. There was no
need to obtain dynamic tares for the wing model since the model mount was not exposed to the
flow, and the streamline body fairing was nwot connected to the external valance.

Flow angularty and wing downwash were measured for a portion of the runs. This was
accomplished with two, seven-hole flow angularity probes, dcsigned and calibrated by
AEROPROBE. The seven-hole probes were installed on the clean wing at two stations
corresponding to approximately 16% and 80% semispan. Seven-hole probes were selected
because they can measure the three components of velocity, the total pressure, and the static
pressure at a point in the flow. The seven-hole flow probes provided results with high accuracy
for flow angles as high as 75° [7]. The data from the seven-hole probes were used to cstimate
local a near the inboard and outboard sections of the wing. The tests with the flow probes
includec a-swecps for three aileron deflections (0°, -15°, and +20°). The Reyn~lds number in all
cases was 1.8 million, based on wing MAC. Installation of the seven-hole flow probes is
depicteu in figures 2-52 to 2-55.

At the enc of production runs, flow visualization tesis were performed for selected
configurat.onis, whica included all IRT castings, two smooth LEWICE ice shapes (LS-CS225
and LS-IPSF22), and all rough LEWICE ice shapss. Visualization of the clean and iced wing
flew ficlds was accomplished using white yarn tufis attached to both surfaces of the wing model
and the wing fairing. Each flow visualization rua was performed at a Reynolds number of
1.5 million based on wing MAC and consisted of an a-sweep (-8° to +16°, increment of 1°) with
the aileron in thc neutral position. Figures 2-56 and 2-57 show example installations of yam
tufts on the clean and iced wing. Three video cameras were used to monitor the flow pattern on
both surfaces of the model. One of the cameiss. which was positioned outside the south wall of
the tunnel, was used to capture the flow pattern on .he suction (upper) surface of the wing. The
other two camcras were located above the windew at the tunnel ceiling and outside the tunnel’s
north wall. These cameras recorded the flow pattern on the pressure side of the wing. Separeted
flow patterns near the wing tip of an iced wing configuration are illustrated in figures 2-58 and
2-59.
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FIGURE 2-52. INSTALLATION OF
SEVEN-HOLE FLOW PROBES ON
WING MODEL—FRONT VIEW

FIGURE 2-54. CLOSE-UP OF SEVEN-
HOLE FLOW PROBE NEAR TO WING
ROOT (16% SEMISPAN)

FIGURE 2-53. INSTALLATION OF
SEVEN-HOLE FLOW PROBES ON
WING MODEL—SIDE VIEW

FIGURE 2-55. CLOSE-UP OF SEVEN-

HOLE FLOW PROBE NEAR TO WING TIP

(80% SEMISPAN)




FIGURE 2-56. TUFTS INSTALLATION FIGURE 2-57. INSTALLATION OF
ON CLEAN WING AND STREAMLINED YARN TUFTS ON ICED WING
BODY—PRESSURE SURFACE AND STREAMLINED
BODY—SUCTION SURFACE

FIGURE 2.58. TUFTS SHOW THAT |
FLOW DOWNSTREAM OF ICE SHAPE  FIGURE 2-59. TUFTS SHOW COMPLETE

WAS SEPARATED NEAR WING TIP FLOW SEPARATION AT WING TIP




2.2.5 Test Measurements.

Aerodynamic forces and moments were measurad with a six-component truncated pyramid-type
externil balance. Aileron hinge moments were measured with a 10-in-lb temperature
compensated torque sensor. The resolution of the hinge-moment to:que cell was 0.005 in-lb.
Force balance measurements were resolved as follows: $0.75 1b for lift, £0.3 Ib for drag, and
+0.2 fi-Ib for pitching moment. The resolution of the acrodynamic coefficients obtained at a
tunnel dynamic pressure of 50 psf was 0.002 for lift coefficient (C1), 0.0008 for drag cocfficient
(Cp), 0.0003 for pitching-moment coefficient (Cy), and 0.0001 for hinge-moment coefficient
{Cu).

Pressure measurements were obtained wii, a Pressure Systems Inc. 8400 Industrial System
processor. Pressures were resolved to $0.0025 psi corresponding to a pressure cocfficient (Cp)
of 0.0072 for 2 test dynamic pressure of 50 psf.

Aerodynamic coefficients for each a were computed by taking the average of two sets of
measurements. Each sct consisted of 1024 data points (per channel) obtained over a time
interval of 4 seconds. Thus, the value of each of the force and moment coefficients was
computed by taking the average of 2048 data points per .
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This section discusses the characteristics of the six ice accretions obtained from the icing tests at
the NASA IRT facility and selected experimental data from aerodynamic experiments conducted
at the WSU wind tunnel facility. Additional information regarding the icing tests is given in

Conditions for the IRT icing tests are summarized in table 2-1 and include five glaze conditions
with ice accretion times (1) of 2, 10, and 22.5 minutes and a 5-min rime ice case. Ice accretion
characteristics for each icing condition are discussed below.

At this glaze icing condition, the ice accretion on the top RLE segment (figure 3-1) shows well-
definad scallop tips beginning at the attachment lines. The space between the scallop tins shows
some accumulation of ice. The scallop tips are covered with roughness elements. The side view
af the ice accretion on the pressure side of the wing (lower surface), shown in ﬁgm 3-2,

emonstrates the feather formation of the scallop tips. Figure 3-3 provides an overall view of the
ice accretion obtained at the top RLE. The casting pimtagraph in figure 3-4 shows how the ice
accretion increases in size away from the tip of the wing. The ice accretions on the middle and
bottom RLEs exhibited the same characteristics as the ones observed with the ice on the top
RLE.

FIGURE 3-1. ICING CONDITION 1, FIGURE 3-2. ICING CONDITION 1, SIDE
FRONT VIEW OF ICE ACCRETION ON VIEW OF ICE ACCRETION ON
THE TOP RLE PRESSURE SIDE OF THE TOP RLE




FIGURE 3-3. ICING CONDITION 1, i iUURE 3-4. ICING CONDITION 1,
FKONT VIEW OF THE COMPLETE ICE CASTING FRUM THE ICE ACCRETION
ACCRETION ON THE TOP RLE ON THE TOP RLE

For this glaze icing condition, which is typical of an incomplete scallop case, the ice shape on the
bottom RLE, shown in figure 3-5, cxhibits scallop tips beginning at some distznce from the
attachment line. The side view of the ice accretion on the suction side of the bottom RLE
segment is presented in figury 3-6 and shows the scallop tips and their feather structure. T.¢ ice
accretions on the top and middle leading-edge segments exhibited the same characteristics.
Figure 3-7 presents an overall view of the ice accretion on the bottom RLE, while figure 3-8
shows front and side views of the ice casting for this wing segment. The side view in figure 3-8
demonstrates the ice shape chesacteristics on the pressure side of the bot*cun RLE segment of the
wing.

This condition was obtained by scaling a reference icing condition [9] tested wit,, a 2D 36-in.
chord GLC-305 wing model. The icing condition for the 2D wing was a = 6°, V., = 201.3 mph,
T = 11.7°F, LWC = 0.40 g/m’, MVD = 20 um, and 1 = 16,7 minutes. Aerodynamic t. .is with
the 2D airfoil and the ice shape obtained with the reference icing condition were conducted in the
Low-Turbulence Pressure Tunnel (LTPT) at NASA Langley Research Center [10]. Comparison
of the {ynamic performance data from the LTPT tests with corresponding results from the
WSU finite wing tests using the scaled ice shape will help evaluate differences vetween 2D and
3L iced wing




FIGURE 3-5. ICING CONDITION 2, FIGURE 3-6. ICING COMDITION 2, SIDE
FRONT VIEW OF ICE ACCRETIONON  VIEW OF ICE ACCRETION ON SUCTION
THE BEOTTOM RLE SIDE OF THE BOTTOM RLE

FIGURE 3-7. ICING CONDITION 2, FIGURE 3-8 ICING CONDITION 2,
FRONT VIEW OF THE COMPLETE ICE CASTING FROM THE ICE ACCRETION
ACCRETION ON THE BOTTOM RLE ON THE BOTTOM RLE

The ice accretion presented in figure 3-9 is a no-scallop case. The side view of the ice tion
on th are side of the wing, depicted in figee 3-10, shows a feather structure.  The ice
around the hment line is smooth with a pointed shape and a whitish color. This indicates
that the ice n is of the nme Figure 3-11 shows an overall view of the ice acoretion
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on the bottom RLE. Figure 3-12 shows a front and side view of the casting from the ice
accretion ou the bottom RLE. The side view corresponds to the suction side of t%w wing. The
ice on the top, middle, and bottom RLEs show the same chars

FIGURE 3-9. ICING CONDITION 3, FIGURE 3-10. ICING CONDITION 3, SIDE
FRONT VIEW OF ICE ACCRETION ON  VIEW OF ICE ACCRETION ON SUCTICN
THE BOTIOM RLE SIDE OF THE BOTTOM RLE

FIGURE 3-11. ICING CONDITION 3, FIGURE 3-12. ICING CONDITION 3,
FRONT VIEW OF THE COMPLETE ICE CASTING FROM THE ICE ACCRETION
ACCRETION ON THE BOITOM RLE ON THE BOTTOM RLE




This i wmg condition was 1o obtain an ice shape for a complete scallop case at & short ice
accretion time. The only di mm thig mﬁiﬁzm and im% conditions | and 5 was the
duration of the ice a : ively. The ice

n in figure 3- .

mmmmm@wm%w side. Figure 3-14 shows the ice accretion

scallop tips and their feather formation on the suction side of the wing. Figure 3-15 provides an

overall view of the ice accretion obtained over the middle RLE. Figure 3-16 shows the front and

mﬁewmafﬁwammaﬁng&mﬁ% ce accretion on the middle RLE. The side view of the ice
vy nds to the suction side of the wing,

FIGURE 3-13. ICING CONDITION 4, FIGURE 3-14. ICING CONDITION 4, SIDE
FRONT VIEW OF ICE ACCRETION ON  VIEW OF ICE ACCRETION ON SUCTION
THE MIDDLE RLE SIDE OF THE MIDDLE RLE

FIGURE 3-15. ICING CONDITION 4, FIGURE 3-16. ICING CONDITION 4,
FRONT VIEW OF THE COMPLETE ICE CASTING FROM THE ICE ACCRETION
ACCRETION ON THE MIDD! ¥ RLE ON THE MIDDLE RLE




Mimamwwwiww&waMamimmﬁwm

In general, the ice shape in figure 3-17 had similar characteristi

was m&zmw larger. Fzgmﬁ 3 18 shows a side view of ziw ice

of the ‘ng that dem g .

shows an overall view of the ice acer

Mﬁﬁdﬁéﬁwmafma%mgm ¢ ice accretion on the middle &L}%ﬁ The side view is of
the wing pressure side.

FIGURE 3-17. ICING CONDITION §, FIGURE 3-18. ICING CONDITION 3, SIDE
FRONT VIEW OF ICE ACCRETIONON  VIEW OF ICE ACCRETION ON SUCTION
THE MIDDLE RLE SIDE OF THE MIDDLE RLE

FGURE 3-19. ICING CONDITION 3, FIGURE 3-20. ICING CONDITION 8
FRONT VIEW OF THE COMPLETE ICE CASTING FROM THEICE ACCRE Y
ACCRETION ON THE MIDDLE RLE ONTHE MIDDLERT &




mmamamm%mmwmmm m%ﬁw?&%mﬁmapw&fﬁww@

%’%m as in the case at 250 mph. the LW wvas increased

ned at 225 Wh indic

W%@m@ﬁmmwﬁ%ﬁ 18, %wwm%m%mmﬁm%m
%%ﬁwﬁm&ﬁ %gfm Wwﬁ%aﬁ%ﬁmﬁmﬁmm The ice casting top

; d - | of 250 mph and LWC of

ﬁym ﬁm case. ’Z‘%w m accretion éemcwd in figure 3«2% ‘bﬁt@é scallop tips, wﬁmﬁ were
ed e st away from the sttachment line,
the attachment line. Zn
hmen m (figure 3-22) shows the ma%%m:s
tips formed by the glm ice fmﬁmﬁ Figure 3-23 provides an overall view of the ice

Wmmmm Aaa%ﬁmtmmumafawmmﬁ i ﬁpw&&We@,mﬁm
: a8 not mxfm% as shown i in figure 2@33 {}wr the edges of
- %%w&ﬁ%mﬁmﬁm@%%@w&@f

on the ‘iﬁp RLE. The side view corresponds to the

FIGURE 3-21. ICING CONDITION 6, FIGURE 3-22. ICING CONDITION 6,
FRONT VIEW OF ICE ACCRETION ON SIDE VIEW OF ICE ACCRETION ON
THE TOP RLE PRESSURE SIDE OF THE TOP RLE




FIGURE 3-23. ICING CONDITION €, FIGURE 3-24. ICING CONDITION 6,
FRONT VIEW OF THE COMPLETE ICE CASTING FROM THE ICE ACCRETION
ACCRETION ON THE TOPRLE ON THE TOP RLE

ﬁw aim and m& wing of selected test cases are Ww& in %hm w’m& Mi
e ooefficients ware computed using the corrected mmi W‘a pressure.
ctions were applied to the pressure data. Note that in all cases, the mgi% of attack
in the ﬁgm& arc the geometric angles of attack and have not been corrected
downwash effects.

Pitching-moment measurements were resolved to the quarter-chord location of the mean
¢ chord. By convention, nose-up pitching moment is considered positive, as
figure 3-25.

Siptace ..

FIGURE 3-25. NOTATION FOR PITCHING MOMENT, HINGE MOMENT, AND
AILERON DEFLECTION ANGLE

Aileron hinge-moment coefficients were obtained from the following formula:

Hm
05-p-V2-5, ¢,

f:}%m
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where Hm is the hinge-moment and S, and ¢, are the aileron planform area and the aileron mean
chord behind the hinge line respectively. (The values for S, and ¢, are provided in figure 2-3.)
The sign conveation for Cy is positive for hinge momonts causing the aileron trailing cdge to
move down. Aileron deflecticns corresponding to trailing edge down are also coasic.red
positive. Figure 3-25 depicts the sign coavention for Cy anc da.

In the following discussion, the hinge-moment curve is divided into three regions (A, B, and C),
corresponding to the linear, ncar-stall, and poststall ranges of the lift curve, as shown in
figure 3-26. Typically, in region A, the decrease of Cy was lincar, small and gradual, while in
region B, the growth was much greater due to increasing flow separation over the control
surface. Note the anomaly or break from region A to region B with increase Cy and the
differences between the clean and iced configurations. In region C, the hinge moment remained
nearly constant, since beyond stall the pressure distribution over the aileron upper surface did not
vary significantly for positive a.
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FIGURE 3-26. REGIONS A, B, AND C FOR HINGE-MOMENT CURVE OF CLEAN AND
ICED CONFIGURATIONS
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All pressure data are presented in the form of Cp versus chordwise distance (x/c). In all cases,
negative Cp coefficients corresponding to the suction side (upper surface) of the wing are plotted
upward.

3.2.1 Data Quality and Repeatability.

The

SU wind tunnel facility has been used for commercial and research testing over the years.

Facihty personnel have considerable expertise in wind tunnel testing, instrumentation, data
acquisition, and data processing. To obtain quality data, careful planning and well thought out
test were implemented during the acrodynamic investigation as discussed below.

An analysis was performed to determine instrumentation sensitivity needed to provide the
required resolution of force, moment, and pressure coefficients for the primary test
condition, which was a-sweeps at Reynolds number based on MAC of 1.8 million.

Prior to WSU wind tunnel entry, a complete external balance calibration was performz=d.
Instrumentation such as pressure transducers, torque tubes, load cells, flow probes, and
model hardware were checked to ensure proper operation and accuracy.

The repeatability of the expeiimental data is a function of instrunenta.don, data-sampling
rates, tlow quality, flow unsteadiness, and modcl setup procedures. To venfy the
repeatability of the experimental setup, tests with the baselne configuration were
repeated, and the results were compared. Repeatabiiity of Lift, drag, pitching-moment,
and hinge-moment coefficients are provided in figure 3-27. Also, figures 3-28 to 3-30
show pressure distributions of 15%, 50%, and 85% semispan locations at a of 4°, 0°, 4°,
8°, 12°% and 16°. The maximum average percentage difference of aerodynamic
cocfficients from individual test runs from the average of all test rcpeats was 1% for CL,
2% for Cp, 1% for Cy, and 3% for Cp. Most of the variation occurring near wing stall
was due to flow field unsteadiness and small amplitudec model vibration.

At regular intervals during the wind tunnel tests, the balauce, the hinge-moment system,
and the pressure transducers were tested with known inputs to verify that they were
working properly. For the talance tests, known forces were applied to the model, and
force and moment data were obtained for a complete a-sweep at zero airspeed.
Figures 3-31 and 3-32 show the setup for balance and hinge-moment systcm checking.

To ensure repeatability in the installation of the ice shape tested, all ice shapes were
atached to cuffs designed to fit the wing LE. For the large ice shapes, brackets were also
installed at selected spanwisc locations to provide additional support and minimize
deflections due to the acrodynamic loads.

Preliminary tests were conducted with all models prior to the start of the production runs
to verify tunnel and model instrumertation and data acquisition hardware and softwerc.
Static tares werce obtained for all ice shapes to account for the weight effects of each ice
shape on the acrodynamic measurements.
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A limited number of tests were conducted prior to the production runs to investigate data-
sampling periods, as shown in figure 3-33. All the force and moment coefficients
obtained from wind tunnel tests are average values based on mwultiple measurements over
a period of time. Sampling rate and sampling time depend on tunnel facility, test model,
and airspeed, and are usually established experimentally for each tunnel facility. For the
WSU tests, 1024 readings were taken per a for each force and momeat coefficient. The
sampling time¢ was 4 seconds. For a dynamic pressure of 50 psf, the airspeed in the WSU
wind tunnel was approximately 222 ft/s. Given that the MAC of the wing is 1.56 ft, 1
second of data acquisition was equivalent to averaging the flow over the modei 142
times. In 1 second, the air had traversed a distance equal to 142 chord lengths.

All tests were conducted at constant Reynolds number, i.e., the speed of the tunnel was
adjusted to maintain constant Reyuc.
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{b} Side view of hinge-moment load cell check setup

ie) Close-up of weight (load] applied in normalio {c) Close-up of weight {load) applied in negative
chord direction Hinge-moment direction llooking upstream)

FIGURE 3-31. SETUF TO CHECK FIGURE 3-32, SETUP TO CHECK HINGE-
EXTERNAL BALANCE MOMENT LOAD CELL
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FIGUKE 3-33. DATA SAMPLING STUDIES OF Cy, Cp, Cm, AND Cy; CLEAN
CONFIGURATION; Re = 1.8x10% 8, =0°

In most vind tunnel studies, acrodynamic performance measurcments rely on standard wind
tunnel ir trumentation, which typically include caternal or internal balances and, in some cases,
pressure iastrumentation. Near stall, extensive flow separation and vortex shedding increase
model vibrati'n and cause large wake unsteadincs:, which can affect the accurecy of the
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measured a:.rodynamic coetlicients. Considering the lift coefficient, the objective in 1nost wind
tunnel tests is to determune Lift curve slope, near-stall and poststall behavior, and C, .. for
engineering purposes. In determining the degree of measurement accuracy needed, an analysis
should be performed based on the acceptable level of accuracy with respect to the aircraft
performance. For example, assuming an error in Ci of 0.0! for the wing uscd in this <tudy, the
correspoading error in lift at a speed of 131 kts (151 mph, Q = 50 psf) was approximatety 3.7 Ib.
Given 8 Cp,max Of 0.87, the total Lift generated by the wing at the same flow condition was
31:* 7 Ib. For engineering purposes, & error of 3.7 Ib in lift out of a total lift of 319.7 1b should
oe coasidered to determing if better accuracy is needed in measuring Cp o

Precise measurcment of acrodynamic properties near stall is a very difficult task, which is
beyond the scope of the study described in this report. The experimental difficulties stem from a
number of factors such as the ones listed below:

° The exact dynamic responses of the balanc: with the moccl installed (e.g., response
versus frequency) should be known and appropriate data-sampling rates aad sampling
periods should be established from experiments. The sampling periods should be loag
enough to account for boch model and tunnel flow unsteadiness.

° Model deflections and variations in a due to model vibranon and flow pulsing are
difficult to accurately measure or moaitor in real time.

° Tunnel blockagc effects under stall conditions can be very significant, depending on
model and tun:-v cize, and their impact on tunnel dynamic and static pressures are
Yfficult to determine and correct.

Generally, experimentai data for uansteady conditions require special tunnel facilities and are
usually obtained with simple geometries such as airfoil sections. In most cascs, the best way to
obtain such data is through the use of extensive surface pressure time histories, which can then
be integrated to provide the required coefficients.

In summary, the experimental data provided in this report have been obtained under carefully
controlled conditions. Data near stall should be used with the understanding that it may be
sub‘ect te some uncertainty.

2.2 Com ibility Eff:

For the clean GLC-305 airfoil section, the critical free-stream Mach number for 2D flow was
determined to be 0.22. This value was obtained from *he intersection of the two curves defined
by equations 3-2 and 3-3 {15 .- 114].

Cp. = 2 q[(m(y—l) M‘)_n_I] 3-2)

7-M;L y+1

4
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Cp= Py (3-3)

In the equations above, Cpeis the criticel pressure coefficient for which the local Mach number
is 1, Cp is the maximum suction pressare coefficient for incompressible flow, and Cp is the
compressible pressure coefficien: obtained using Cpy and Laitone’s compressibility correction
given by equaticn 3-3. The value of Cpy for the GLC-30S5 section was -10.1 and correspoaded to
a of 13 5°. This value was obtained from a 2D incompressible viscous flow analysis using the
XFOIL {15] computer code.

Note that the critical Mach number of 0.22 obtained from the 2D aaalysis and equations 3-2 and
3-3 is a conservative cstimate. Typically, in 3D flow, the value of the free-stream Mach number
(M.) required to achieve sonic flow over the wing for fixed a will be higher due to wing sweep
and 3D flow relief effects. For the swept wing tested, the critical Mach number ior 3D flow was

0249 0.22
cos28

the effect of compressibility on acrodynamic coefficients was not significant.

=.3 Clean and Iced Wing Perform: .

o) . Since all tests at the WSU wind tunnel facility were conducted at M., of 0.185,

Aerodynamic performance for the clean and iced wing is presented in figures 3-34 to 3-45 and in
tables 3-1 tn 3-9 for 84 of 0°. The data presented demonstrates the effects 0. all the ice skapes
(six IRT ice shapes, seven smooth LEWICE ice shapes, and sevea rough LEWICE °~e shapes)
investigated on lift, drag, pitching moments, hinge moments, and on the surtace pressw.:
distributions. For the purpose of discussion, the percentages in tables 3-1, 3-2, 3-4, 3-5, 3-7, and
3-8 have been calculated using the following formula:
. v Xied = A ciean -
Change in property A (%) = AX = = ==3. 1) 64)

X oas

and, increase in X means that a negative X becomes more negative and a positive X becomes
INOIe positive.
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CONFIGURATIONS; Re=1.8x10% §,=0°
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TABLE 3-1. EFFECT OF IRT ICE SHAPES ON C. AND Cp; Resuc=1.8x10% 8, = 0°

a (deg) Contig_ranon C AC, Cp ACp
CLZAN 0.22 0.0% 0.008 0.0%
IRT-CS10 0.19 13.6% 0.074 825.0%
IRT-ISlv 0.20 9.1% 0.050 525.0%
3 IRT-SC5 0.22 0.0% 0016 100.0%
IRT-CS- 0.21 4.5% 0.021 162.5%
IRT-CS™2 0.05 773% 0224 2700.0%
IRT-IPSF22 0.18 18.0% 2.081 912.5%
CLEAN 0.38 0.0% 0.01- 0.0%
IRT-CS10 0.35 7.9% 0.089 535.7%
IRT-IS:0 0.37 2.6% 0.064 357.1%
5 IRT-SC5 0.38 0.0% 0.023 64.3%
IRT-CS:Z 0.37 2.6% 0.025 107.1%
=T-CS2: 0.05 86.5% 0220 1535.7%
U T IRT-IPSF22 0.34 210.5% 0.097 592.9%
“LEAN T oTs 0.0%, 0.053 0.0%
TRT-CS'0 .54 -28.9% 0.165 2113% |
| RTIsI0 T, 1 -158% 0.154 190 5%
10 KT-sCS | 0.4 2.6% 0.084 58.5%
IRTCS2 0.72 5.3% 0.100 88.7%
IRT-CS22 R 72.4% 0261 392 5%
IPT-IPSF22 0.5 203% 0.172 224.5%
CLEAN 1 0.86 0.0% 0.198 0.0%
IRT-CS10 0.6 302% 0238 202%
IRT-IS10 0.61 29.1% 224 13.1%
15 IRT-SC5 0.90 4.7% C.21 il.67e
IRTCS2 0.76 11.6% 209 5.6%
| IRTCS22 041 | .23% 0323 63.1%
IKT-IPSF22 1 056 | -3d5% 9234 16.3%

TABLE 3-2. EFFECT OF IRT ICE SHAPES ON Ci_sai, Geun, AND
Cp.ms; Renuc=1.8x10% 84 =0°

| Ceal | AG at Coat | ACpat !
Configeration | Craw | ACiwar | Owmi | AMw. | a=138° 1 a=1358" | Cpm | ACprw | @=138° | a=135°
Cleun 0.87 ﬁ'L C.0% 13.8° 0.0° 0.87 0.0% 0.006 0.0% 0.147 0.0%
_h(T-CSlU 0.54 -379% | 10.%° -3.3° 0.56 -356% | 0.072 | 1160.0% | 0209 42.2%
1R1-1S819) vod | -26.4% | 10.6° -32° 0.59 -322% | C.047 | 683.3% | 0.198 34.7%
hi-ET-SCS 0.50 34% | 15.8° pRv) +.B6 -1.1% § 0014 | 1333% 2.172 17.0%
IRT CS2 L e 17 | -11.5% | 12.7° 1.1° .76 -12.6% | 0.018 | 200.0% | ~.174 18.4%
TRT-CSZ.’. 0.06 | -63.6% | A0° -7.8° 0.36 -566% | 0218 | 535333% t 0.300 104.1%
IRT-IPSF22 | 053 | -sv.1% 105° | 35° | 053 | -29.1% | 0.078 | 1200.0% | 0710 | 429%




Rewac=1.8x10% 6, =0°

TABLE 3-3. EFFECT OF IRT ICE SHAPES ON HINGE-MOMENT COEFFICIENT SLOPE,

Region A Region B Region ¢
dCH/da ] a-range dCH/da a-range JdCH/da Qa-range
Ice shape (per deg) (deg) (pex deg) (deg) (pex deg) (deg)

Clean 00026 | Owl0 -0.0155 10w 14 -0.0001 141020
IRT-CS10 -0.0038 06 -0.0091 61010 0.0019 10 10 20
TRT-IS10 0.0032 0106 20.0106 61010 0.0016 101020
IRT-SCS 0.0022 0109 -0.0143 Swls 0.0004 151020
IRT-CS2 0.0023 0109 -0.0137 91013 00016 13 10 20
IRT-CS22 -0.0057 0106 -0.0065 61011 06021 111020
IRT-IPSFZ2Z | -0.0041 006 20.0100 61010 20.0017 10 10 20

TABLE 34. EFFECT OF SMOOTH LEWICE ICE SHAPES ON C AND Cp;
Reyuc=1.8x10% 6, =0°

a (deg) Configuration CL AC, Co ACp
CLEAN 0.22 0.0% 0.008 0.0%
LS-CS10 0.18 -18.2% 0.079 887.5%
LS-IS10 0.22 0.0% 0.040 400.0%
- LS-SCS 0.22 0.0% 0.012 50.0%
> LSCS2 0.22 0.0% 0.020 150.0%
LS-CSZIN 0.16 -27.3% 0.135 1587.5%
LS-CS22S 0.12 -45.5% 0.155 1837.5%
LS-IPSF22 0.22 0.0% 0.071 787.5%
CLEAN 0.38 0.0% 0.014 0.0%
LS-CS10 0.34 -10.5% 0.093 564.3%
LS-1S10 0.39 2.6% .058 514.3%
5 LS-SC5 0.39 _ 2.6% 0.017 21.4%
1S-CS2 0.39 2.6% 0.030 114.3%
LS-CSZ2N 0.25 -34.2% 0.156 1014.3%
LS-CS22S 0.21 -44.7% 0.168 1100.0%
LS-IPSF22 0.36 -5.3% 0.088 528.5%
CLEAN 0.76 0.0% 0.053 0.0%
LS-CS10 0.61 -16.7% 0.171 222.6%
LS-ISI0 0.63 17.1% 0.14% L T9.2%
10 L5-SC5 .75 3.9% 0 08 ' 9 4%
LS-CS2 0.6y -9.2% $.120 126.4%
LS-CS22N 0.43 43.4% 0.233 339.6%
LS-CS_2 0.43 43.4% 0..3% 549.1%
LS-IPSF22 0.61 -19.7% 0.169 218.9%
CLEAN 0.86 0.0% 0.198 0.0%
LS-CS10 0.71 -17.4% 0.264 33.3%
LS-IS 0 0.07 -22.1% 0.231 16.7%
15 LS-SC~ 1 0.93 5.1% ) 0.189 4.5%
LS-CS2 | 0.74 -14.0% | 0.217 9.6%
LS-CS22N 0.50 -41.9% 0.313 58.1%
r  LS-CS..S 0.55 -36.0% 0319 61.1%
{  LS-IPSF22 0.63 -20.9% 6.256 29.3%
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TABLE 3-5. EFFECT OF SMOOTH LEWICE ICE SHAPES ON Ci_suii, Qgatt, AND Cpoa;
Rexpac=1.8x10% 8, =0°

Cpat AC, at Cpat ACp a1
Configuratiod | Cpmy | ACtun: | Owat | AOgm: | @=13.8° | a=13.8° | Cpmin | ACDmi | @=13.8° | a=13.8°
Clean 0.87 0% 138° | 0.0% 0.87 U.0% 0.006 0.0% 0.147 0.0%
LS-CS10 0.71 -18.4% | 14.6° | 5.8% 0.70 -19.5% | 0.078 | 1200.0% 0.226 55.8%
1S8-ISie 0.6 -21.8% | 13.6° | -1.4% 0.6% -21.8% | 0.036 500.0% 0.202 37.4%
LS-SCS 0.94 8.0% 148° | 72% 093 6% 0.010 66.7% 0.124 -15.6%
LSCs2 0.75 -138% | 14.7° | 6.5% 0.74 -1a9% | 0.017 183.3% 0.182 23.8%
LS-CS22N 0.4y 437% | 13.5° ! -2.2% 0.4y 43.7% { 0.128 | 203533% 289 96.6%
LS-CS228 0.54 -379% | 134° | -2.9% 0.54 -37.9% | 0.148 | 2366.7% 0.294 100.U%
LS-IPSF22 0.09 -20.7% | 146° | 5.8% 0.68 -21.8% | 0.066 | 1000.0% 0.225 S3 .1%_1

TABLE 3-6. EFFECT OF SMOOTH LEWICE ICE SHAPES ON HINGE-MCM. * .

COEFFICIENT SLOPE; Rexuc~ 1.8x10% 8, =0°

Region A Region B Region C 1

dCyda a-range dCyda a-range dGyda Q-range
Ice Shape (per deg) (deg) (per deg) (deg) (per deg) (Jeg)
Clean -0.0026 0t0:0 0.0155 10to 14 -0.0001 141020
LS-CS10 -0.0134 w7 -0.0014 Twls -0.0024 141020
LS-IS10 -0.0067 0to7 -0.0033 713 | 80023 131020
LS-SCS -0.0027 01l -0.0175 111014 3 141020
LS-CS2 -0.0031 Oto& -0.0068 8to0 14 £.6u17 14 10 20
LS-CS22N -0.0089 0t 6 -0.0039 610 14 -0.0060 141020
LS-CS228 -0.0095 0to7 -0.0045 Tto13 -0.0016 13 10 20
LS-IPSF22 0.0109 Oto7 0.0014 | 71014 -0.0021 14 10 20
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TABLE 3-7. EFFECT OF ROUGH LEWICE ICE SHAPES ON C. AND Cp;
Reyac=1.8x10% 8, =C°

a (deg) Conﬁgumum Ce AC Co ACp
CLEAN 0.27 0.0% 0.008 0.0%
LR-CS10 0.1%8 -18.2% 0.077 62.3%
LR-IS10 0.22 0.0% 0.043 437.5%
3 LR-SCS 0.21 -4.5% 0.0:4 75.0%
LR-CS2 0.21 -4.5% 0.023 187.5%
LR-CS22N 0.17 -22.7% 0.189 2202.5%
LR-CSZ2S 0.15 -31.8% 0.214 2575.0%
LR-IPSF22 0.21 -4.5% 0.070 775.0%
CLEAN 0.38 0.0% 0.014 0.0%
LR-CS10 0.33 -13.2% 0.091 550.0%
LR-IS10 0.38 0.0% 0.060 328.6%
s LR-SCS 0.38 0.0% 0.016 35.7%
LR-CS2 0.38 0.0% 0.032 128.6%
LR-CS22N 0.24 -36.8% 202 1342 9%
LR-CS22S 0.21 -44.7% 0.225 1507.1%
LR-IPSF22 0.36 -5.3% 0.089 535.7%
CLEAN 0.76 0.0% 0.053 0.0%%
LR-CS10 0.55 -27.6% 0.168 217.0%
LR-IS10 0.61 -19.7% 0.147 177.4%
10 LR-SC5 0.76 0.0% 0.05% 9.4%
LR °82 0.69 -9.2% 0.121 128.3%
LR-CS22N 0.40 -47.4% 0.254 379.2%
LR-CS22S 0.34 -55.3% 266 401.9%
LR-IPSF22 0.57 -25.0% 0.167 215.1%
CLEAN 0.86 0.0% 0.198 0.0%
LR-CS10 0.61 -29.1% $.249 25.8%
LR-IS10 0.63 -2R.T% 0.226 14.1%
15 LR-SC5 0.98 14.0% 0212 7.1%
LR-CS2 0.72 -16.3% 0218 16.1%
LR-CS22N 0.41 -52.3% 0.307 55.1%
LR-CS228 ! 0.35 -£9.3% 0.311 57.1%
LR-IPSFZ2 | 0.61 -29.1% 0.246 -4.2%
TABLE 3-8. EFFECT Or ROUGH LEWICE iCE SHAPES ON C_au,
Caaatis AND Cp iy Rénac = 1.8x10°% 8, = 0°
| Ciat | aCLat Coat | AGpa
Contigurstion | Cpu | AC Lo Aoy, | .=13%° | a=138" | Cpop | AMpog V a=138" | a=1338°
Clean 0.87 0.0% 13.8° 0.0° 9.87 0.0% 0.006 0.0% 0.147 0.0%
LR-CS10 0.6! -299% | 13.6° -0.2° 0.61 -269% | 0.076 | 1'66.7% 0.221 50 3%
LR-IS10 0.65 | -253% | 13.6° | -0.2° 0.64 -264% | 0.39 | 550.0% | 0200 | 36.1%
LR-SCS 0.9% 12.6% | 15.8° 2.0° 092 $.7% 0.013 11§.7% 0146 0.7%
LR-CS2 0.72 -172% { 13.7° 4).i° .72 -17.2% | 0.020 _ .3.3%% tlind 25.2%
LR-CS22N | 041 | -529% | 114° | 24> 1 cC40 -54.0% | C.'8Z 729333% | 0291 | 98.0%
LR-CS228 034 | -60.9% | 10.2° -3.8° 0.33 -62.1% ' 0.205 | 3316.7% 0.295 100.7%
LR-IPSFZZ__ C.ol -295% | 12.¢° -1.2° 0.61 -29.9% 7 0.065 | 983.3% | 0.2i8 48.3%
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TABLE 3-9. EFFECT OF ROUGH LEWICE ICE SHAPES ON HINGE-MOMENT
COEFFICIENT SLOPE; Reruc = 1.8x10%, 64 = 0°

Region A Region B Region (

dCyda a-range dCyda a.-fange dCydax w-range

loc Shape | (per deg) (dep) (per deg) (dep) (per deg) (dep)
Clean -0.0026 010 10 -0.0155 1010 14 -0.0001 141020
LR-CS10 -0.0164 Owb -0.0017 61013 -0.0025 131020
LR-IS10 -0.0062 0Ot 6 -0.0040 61013 -0.0021 131020
LR-SC5S -0.0026 Gto 1l -0.0157 111015 0.0005 1510 20
LR-CS2 -0.0032 08 -0.0101 81012 -0.0016 121020
LR-CS22N 0.0007 0to7 -0.0036 Twll -0.0100 11 10 20
LR-CS228 0.0007 0to S 0.0009 Sto 10 -0.0120 10 10 20
LR-IPSF22 -0.0160 Ot 6 -0.0013 61012 -0.0025 12 10 20

3231 Cleen Wing.

Maeximam lift coefficient for the cican wing was 0.87 and occurred at an a of 13.8°, as shown in
figure 3-34(a) and in table 3-2. The lift dropped gradually after stall and was reduced io about
0.81 at @ of 20°. The slope of the linear portion of the lift curve was 4.41 per radian or 0.077 per
degrec. Thus slope correlates well with the slope of 0.064 obtained from equation 3-5 [16].

(%)

wheze & is the 2D lift slope of the GLC-30S airfoil and is equal to 0.084 per degree based on the
data of reference 17, Ay is the wing sweep angle at 50% chord and is equal to 22°, AR is the
wing aspect retio (6.8) given in figure 2-3 and M is the free-stream Mach number, which fo:
the WSU wiad tunnel tests was 0.185, as shown in tabie 24.

3 - AR
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From examination r{ the pressure distributions and the flow visualization data obtained, flow
sepasation was initiated at the wing LE and was combined with a leading-edge vortex. Flow
separation was first observed for a of 9° near the 30% semispan station. The region of flow
scparation was very smail in both the spanwise and chordwise directions (2% chord and about
3% semispan). As a was increased to 10°, a large trapezoidal region of rough and scparated
flow was obsesved between the 30% and 85% cemispan stations and between 12% and 60% of
wing chord. Ata of 11°, considerable TE separation occurred near the wing trailing edge over a
chord length of about 20%. Trailing edge scparatiou cxtended from about 55% semispan to the
wing tip. At a of 12°, flow scparation was observed over the wing tip (outboard 15% of
semispen) and near the TE of the inboard (5% to 30% semispan) portion of the wing. Finally, at
a hetween 13° and 14°, complete flow separation occurred over most of the wing upper surfacc
which led to wing stall.

Drag performance for the clean wing is presented in figure 3-34(c) and in tables 3-1 and 3-2.
The minimum drag coefficient was 0.006 at o of 1°. The drag increased to 8 maximum value at
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about 0.28 at a of 20°. The maximum lift to drag ratio for the swept wing was 27.5 at a of 3.2°.
Pitcuing mament about the 25% MAC location was nearly flat, as shown in figure 3-34(¢), until
about stall where a considerable increase in negative pitching moment (ieading edge down) was
observed as the load center moved downstream of the quarter-chord point duc to flow separation.
Pitching-moment coefficient ranged from -0.187 to 0.15. The pitching moment is slightly stable
and there is a tendency for pitch up at a of 10° to 12°. The pitching moment then breaks with
positive stability, airplane nose down, following stall and < in the range 15°to 17°.

Hinge-moment coefficients are presented in figure 3-34(f) and in table 3-3. The maximum slope
of the hinge-moment coefficient occurred in region B and was -0.0155 per degree. This
corresponds to a change in hinge moment of 0.52 in-Ib per degree for the wing model tested. For
a control deflection of 0°, the hinge-moment coefficient was negative (i.e., leading edge down)
for positive C as expected. The graph of hinge moment coefficient versus a is linear in the
region correspoading to the Lin ar part of the lift curve and breaks as maximum lift is approached
and the hinge moment slightly reverses at a larger than 15°.

232
32321 Lift Coefficient.

Ice shapes caused significant changes in the wing lift characteristics, as shown in figures 3-34(a)
and 3-34(b). With the exception of the IRT-SCS5 ice shape, which increased Cy_ua; and aeau with
respect *o the clean wing, all ice shapes reduced lift throughout the a-range. In addition, the iced
wing Oy and the linear lift s'ope were reduced with respect to the clean configuration.
Table 3-1 provides lift performance for the clean and iced wing cases for angles of artack
corresponding to the linear and nonlinear portions of the lift curve. Table 3-2 compares C i
and Qe 1or all six ice shapes tested. The Ci s reduction was in the range of 11.5% to 93.6%
and the corresponding reduction in o ranged from 8% to 56%. The largest degradation in lift
performance was obtained with the IRT-CS22 ice shape. For this ice shape, the large upper and
lower horns near the wing leading edge caused extensive flow separation, even at low a. The
improved lift perfcrmance observed with the IRT-SCS ice shape was mainly due to the small
leading-edge droop (LE flap effect) caused by the ice shape. The pressure distributions at the
50% s~mispan station presented in figure 3-36 demonstratc that for a of 8 , the suction peak for
the IRT-SCS case was lower than the clean wing, indicating a lower effective a. In addition,
figure 3-36(f) shows that at x of 16°, the baseline experienced extensive flow separation, while
flow separation for the wing with the IRT-SCS ice shape was coasiderably reduced.

The acrodynamic performancc data for the IRT-CS2, IRT-CS10, and IRT-CS22 complete
scallop glaze ice shapes indicate that the ice snapec with the larger hore sice resulted in greater
penslties in lift characteristics, as shown n figues 3-34(a) and 3-34(b). The iced wing
performance in terms of O and Cp.ai Was progressively reduced in the following ice shape
sequence: IRT-CS2, IRT-CS10, and IRT-CS27
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2.3.2.2 fficient.

The increase in the drag coefficient duc to the ice shapes tested is demonstrated in
figures 3-34(c) and 3-34(d) and in tables 3-1 and 3-2. In general, the increase in minimum drag
due to the ice accretions ranged from 1.3 to 35 times that of the clean wing. The smallest drag
risc was caused by the IRT-SCS ice shape, while the largest drag increment was due to the
IRT-CS22 wing. Near the aqu of the clean wing, the drag due to the ice shapes was 17% to
104% greater than the clean wing. Furthermore, as the ice shape horn size increased (from
IRT-CS2 to IRT-CS22 ice shapes), the drag increment of the iced wing increased, due to
increased flow separation downstream of the ice shape.

3.2.3.2.3 Pitching-Moment Coefficient.

All pitching moment data presented in figure 3-34(¢) are about the 25% MAC point. The
addition of the ice shapes caused considerable changes in Cymacu due to the shift in the load
distribution caused by the separated flow downstream of the ice shapes. In general, for positive
a, the ice shapes caused more positive pitching moment prior to stall compared to the clean wing
case. Thus, the lift vector for the iced wing was upstream of the 25% MAC location. The ice
shap .auses unstable behavior, with a break at a of 6°. Stability increases for a greater than 6°.
Not that a 0.01 change in the value of the pitching-moment coefficient corresponds to a change
of 5.7 fib in pitching moment about the MAC/4 point.

3.2 * 2.4 Hinge-Moment Coeificient.

The differences observed between the clean and iced wing cases in figure 3-34(f) were mainly
due w the increased separation over the aileron upper surface caused by the ice shapes. In
general, the ice shapes moved the start of region B to the left (lower o) and increased the hinge-
moment coefficients over region B (Cy became more nega..vz). In all cases, the maximum hinge
moment for the iced wing in region C was bounded by the maximum Cy of the clean wing, as
shown in figure .-34(f). Note a shift in the entire Cy versus a plot. A control force reversal
(i.c., change in Cy from positive to negative) was observed between a of 0° and 3° for the 10-
and 22.5-min ice shapes. This was caused by increased flow separation over the lower surface of
the wing that resulted in greater suction over the control lower surface. Thus, the aileron had the
tendency to move trailing edge down for o between 0° and 3°.

The effect of horn height on aileron hinge moments can be assessed by reviewing the results
obtained with the 2-min (IRT-CS2), 10-min (IRT-CS10). and 22.5-min (IRT-CS22) compiete
scallop glaze ice shapes. As demonstrated in table 3-3, the slope of the Cy curve in region B
decreased as the ice horn height was decreased. However, in regions A and C, the Cy slope
increasesl as the ice shape horn height was increased.

12325 _2ressure Distithutions.

oo » -ibutions corresponding to wing sections at the 15%, 50%, and 85% semispan
"y o maescated in figures 3-35, 3-36, and 3-37, respectively. The pressures arc for a of
a* . v7° and 16°, which cover the linear and noalinear lift range. The results indicate
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that, in most cases, the addition of ice shapes resulted in a dramatic change in the clean wing
pressure distribution. Near the wing LE, surface pressures for the iced wing featured a region of
scparated flow, which was characterized by a flat pressure distribution followed by pressure
recovery. The region under the flat curve in the pressure data indicates the presence «f a
separated flow bubble. The extent of bubble was a function of ice shape and a. In many cases,
particularly near the 50% and 85% spanwise stations, massive flow separation was obscrved as a
was increased. Massive flow separation was associated with flat pressure distributions that
extended to the wing TE. At high nositive a, separated flow was observed over the wing upper
surface. For ice shape with the large horns, extensive flow separation occurred over both wing
surfaces at low a. Flow separation caused considerable changes in the load distribution over the
wing and the coatrol surface, which was the main reason for the observea changes in
acrodynamic performance and aileron hinge moment with respect to the ciean wing. Pressure
trends for the iced configurations and for each a preseated in figures 3-35, 3-36, and 3-37 are
summarized below:

. a = -4°: In general, suction was observed over the lower surface of the wing and was
associated with a leading-edge bubble. For all ice shapes, the bubble extent increased
towards the outboard sections of the wing. In most cases, the highest suction occuured
near the inboard sections of the wing (i.e., 0% to 30% of semispan). The IRT-CS22 ice
shape caused massive flow separation at practically all spanwise stations.

. a = 0°: Suction remained higher over the lower surface for practically all ice shapes.
Once again, LE bubbles were evident at all three spanwise locations for most of the ice
shapes tested. The bubble extent was a function of horn size. Large homns resulted in
longer bubbles. For the IRT-CS10, IRT-IS10, IRT-CS2Z, and IRT-IPSF22 ice shapes,
the maximum suction occurred at spanwise stations locited between 15% and 50%
semispan. For the sinall ice accretions, namely 1IRT-SCS and IRT-CS2, the maximum
suction took place over the outboard part of the wing. Note that at a of 0°, the wing tip
was at a geometric a of 4° due to the wing twist.

. a = 4°: For this angle of attack, suction for most of the ice shape cases was increased
over the wing upper surface. The Cp on the lower surface varied from negative near the
LE, indicating the preseace of scparation bubbles, to low negative and, in some cases,
positive near the TE. The extent ot the upper surface bubbles varied with spanwise
distance from root to t'~ % 2 to the negative wing twist, which resulted in a lower Qioal
over the outboara sec. .is. For the 10- and 22.5-min ice shapes, the extent of the
separation bubbles was, in most cases, greater over the middle and outboard sections of
the wing. For these ice shapes, maxiroum suction did not vary significantly with
spanwise location.

. a = 8°: Upper surface suction aud bubble extent was increased at this « at all spanwise
stations for ice shapes IRT-CS10, IRT-IS10, IRT-CS2, IRT-CS22, and IRT-IPSF22. For
the 10- and 22.5-min ice shapes, extensive flow separation was observed at the 85%
serispan siation. The S-min rime ice shape, IRT-SCS, did not exhibit bubble formation
over the two inboard stations. However, at the outboard stetion (85% semisp..n), 8 small
bubble extending to about 20% chord was observed. Maximurm upper surface saction
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took place over the wing near 15% semispan. The only exception was the IRT-CS22
case for which the maximum suction occurred at the 85% semispan station. With the
exception of the IRT-CS22 ice shape, all other ice shapes had positive or low negative
pressure coefficients over the lower surface of the wing.

. a = 12°; Large bubbles were observed at the 15% semispan station and comj.icte flow
separation was evident over the wing upper surface at the 50% and 85% semispan
locations with the 10- and 22.5-min ice shapes tested. The flow over the IRT-SCS and
IRT-CS2 ice shapes exhibited smaller bubbics compared to the larger ice shapes. The
bubbles for these two ice accretions extended from about 20% to about 75% chord

length, depending on ice shape and spanwise station. For all ice shapes, maximum
suction was observed at the inboard station located at 15% semispan.

. o = 16° At this angle of attack, massive flow separation was evident over the wing
upper surface at all spanwise stations for all 10- and 22.5-min ice shapes. In all cases,
maximum suction took place at the 15% semispan station. The 2- and S-iain ice
accretions exhibited long bubbies over the inboard stations. However, at the outboard
stations, the flow for these two ice shapes was completely separated over the wing upper
surface.

The impact of the hom size on aerodynamic performance can be explained by reviewing the
pressure distributions. Specifically for ice shapes with large horn heights, LE separation bubbles
were observed at low a. These bubbles became progressively longer in the chordwise direction
and eventually burst to form a region of massive flow separation. Ice shapes of smaller hom size
formed bubbles with smaller chordwise extent. These bubbles did not appear until o« was higher
witi1 respect to where the bubbles were observed with the larger hom ice shapes. With the IRT-
CS22 configuration, extensive flow separation occurred over the wing suction surface even at
low a. Although the flow over the upper surface of wing with the IRT-CS22 ice shape remained
separated throughout the positive a-range, the lift increased as a was increased beyond about 6°.
This was due to the increase in the pressure on the lower surface of the wing where the flow
remained mostly attached. Pressure on the upper surface did not vary significantly with a once
the wing had stalled.

2.3.3 ts LEWICE Ic¢ Sha

The effects of the smooth LEWICE ice shapes on wing performance are demonstrated in
figures 3-38 to 341 and in tables 3-4 to 3-6.

3.2.33.1 Lift Coefficient.

With the exception of the LS-SCS ice shape, which increased Ci,euu @nd Oy, all ice shapes
reduced lift performance with respect to the clean wing, as demonstrated in figures 3-38(a) and
3-38(b) and in tables 34 and 3-5. In assessing these reductions note that they could be larger if
clean wing data were available for higher Reynolds numbers. The iced wing lift cu’ ves exhibited
reduced lift coefficient and lower lift slope with respect to that of the clean wing. The reduction
of CLsau ranged from 18.4% to 43.7%. The largest loss in lift was obtained with the LS-CS22N
ice shape. As shown in table 3-5, smooth LEWICE ice shapes LS-CS10, LS-SCS, LS-CS2, and
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LS-IPSF22 increased aquy by 5.8% to 7.2%, while LS-IS10, LS-CS22N, and LS-CS22S ice
shapes reduced Oy by 1.4% t0 2.9%. The 5-min rime ice shape LS-SCS increased Cp i by 7%
and increased oy by 1°. The observed performance increment in the iced wing lift was due to
the leading-edge droop (i.c., leading-edge flap effect) caused by the S-min rime ice shape.

The effect of horn height on the lift performance can be observed by comparing the iced wing lift
performance with the LS-CS2, LS-CS10, LS-CS22N, and LS-CS22S ice shapes. The Cp sy
reduction with respect to the clean wing was -13.8%, -18.4%, -43.7%, and -38% for the LS-CS2,
LS-CS10, LS-CS22N, and LS-CS22S ice shapes respectively. The corresponding change in o
was 6.5%, 5.8%, -2.2%, and -2.9% for the same sequence of ice shapes.

3.2.3.3.2 Drag Coefficient.

In general, all smooth LEWICE ice shapes increased wing drag considerably, as demonstrated in
figures 3-38(c) and 3-38(d) and in tables 3-4 and 3-5. The results presented show that the
increase in Cpmia due to the ice shapes ranged from 66.7% for ice shape LS-SCS to 2366.7% for
ice shape LS-CS22S with respect to the clean wing. For a near the clean wing o, drag rise for
the iced wing was in the range of -15.6v% for the LS-SC5 to 100% for LS-CS22S with respect to
the clean case. The effects of the LEWICE ice shape horn height on Cp was similar to that
obtained with the IRT ice shapes, i.e., ice shapes with larger homn heignts produced greater drag
increments. Maoreover, the larger homs of the LS-CS22S ice shape produced a larger drag
increment with respect to the clean wing at lower a in comparison to the LS-CS22N ice shape.
As a was increased, the difference in drag performance between these two 22.5-min ice shapes
fiminished

.2.3.3.3 Pitching-Moment Coeffici

From ﬁgure 3-38(e), it is observed that the pitching moments about the 25% MAC point of the
iced wing were considerably more positive or more negative than the clean wing, depending on
a. This was the result of a shift in the center of the acrodynamic load due to flow separation. In
general, flow separation downstream of the iced shape resulted in a front-loaded pressure
distribution caused by the leading-edge separation bubbles. Another coutributing factor to the
observed increase in iced wing pitching moment was the acrodynamic load on the ice shape,
which increased as o was increased. The largest incremnt in Cy was obtained with the LS-
CS22N ice share.

Pitching moment for the LS-SCS configuratica was comparable tc the clean wing, particularly
for a in the range of -4° to approximately 12°. As a was increased above 12°, however, the LS-
SCS ice shape produced more positive or more negative Cy than the clean case. The similarities
and differences in the Cy curves of the clean and LS-SCS5 cases can be explained by reviewing
e Cp distr-utions shown in figures 3-39 to 3-41. For a of 4° and 8°, LS-SCS produced a lower
suction peak than the baseline at all three spanwise stations. However, pressure recovery
downstream of the suction peak and the Cp distributions over the lower surface were similar to
the clean case. As a result, iced wing Cw at 4° and 8° a was comparable to the ¢J<an wing. On
the cther hand, as a was increased to 12°, the iced configuration (LS-SCS) had a greate. suction
peak than the clean case & 50%0 semispan and over the outboard wing stations. As o was further
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increased to 16°, while both configurations (clcan and LS-SCS5) experienced extensive flow
separation near the wiug tip, the LS-SCS ice shape resulted in a separation bubble on the wing
suction surface and produced higher leading-edge suction than the clean case, as shown in
figures 3-39%(f) and 3-40(f). Consequently, the LS-SCS case resulted in higher Cy for a greater
than 12°,

3.2.3.3.4 Hinge-Moment Coefficient.

Hinge-moment coefficients for all smooth LEWICE ice shapes tested are presented in
figure 3-38(f). Hinge-moment coefficient slope (Cua) for the clean and iced wing are compared
in table 3-6. In general, hinge moments for the iced wing were more positive or more negative
with respect to the clean case, particularly in regions A and B of the hinge-moment curve. The
observed increase or decrease in hinge moment was the resu!t of flow separation over the aileron
due to the ice shapes. Inmostcases,thestartofregionBintheicedwingCchrvewasata
lower a, and the slope of Cy was less than the clean wing. Note that the maximum and
mmmumhmgemomentsforallweshapccascswereboundedbythemaxmummdmmmum
Cy of the clean wing,

2.2.3.3.5 Pressure Distributions.

Cp distributions are presented in figures 3-39 to 3-41 for the 15%, 50%, and 85% semispan
statiors. Near the wing tip, extensive flow separation was observed .ver the wing suction
surfac: for most iced configurations, as shown in figure 3-41. Considering the wing pressure
distributions with the glaze ice shapes LS-CS2, LS-CS10, LS-C522N, and LS-CS228, ice shapes
with larger horns produced longer bubbles, as was the case with their IRT ice shape counterparts.
In general, the LS-CS22N and LS-CS228S cases had comparable Cp distritutions at all stations.
However, for 12° and 16° a, the LS-CS22S had higher pressure over the wing lower surface and
hence generated higher lift.

2.2.34 R LEWICE Ic¢ Sha

The effects of the rough LEWICE ice shapes on wing performance are demonstrated in
figures 3-42 to 3-45 and in tables 3-7 to 3-9. The results showed that, in most cases, the rough
LEWICE ice shapes resulted in greater reductions in Cp sy and aey and larger drag increments
compared to the smooth LEWICE ice shapes. Roughness has a significant impact on the
location of flow scparation, particularly for large glaze ice shapes where the flow at high
Reynolds nurabers usually separates near the hom tip. The size of the separated region
downstream of the ice shape is a function of the location of the separation point. Rough and
smooth ice shapes can result in considerably- Jiiferent acrodynamic effects, particularly when the
radius of the hom tips is large. For small ice shapes that do not exhibit horn features such as
rime ice shapes, roughness may actually increase acrodynamic performance, depending on the
Reynolds number. Ik this case, the location of flow separation is affecied by the state of the
boundary layer. At low Reynolds numbers, roughness can increase the energy levels in ¢
boundary layer and delay flow separation, resulting in improved acrodynamic performance such
5 higher Cp s and Qgau.

341



3.2.34.1 Lift Coefficient.

Note that effects of higher Reynolds numbers representative of flight on the ¢lean wing are not
known. In most cases, the rough LEWICE ice shapes decreased Cp *hr wughcut the a-range, as
demonstrated in figures 3-42(a) and 3-42(b). One exception to this observation was the 5-min
rime ice shape LR-SCS that resulted in improved lift performance with respect to the clean wing.
Tables 3-7 and 3-8 provide lift coefficients for selected angles of attack for the clean and iced
wing cases. The reduction in Cp gy was 30%, 25%, -12.6% (increasc), 17%, 53%, 61%, and
30% for the LR-CS10, LR-IS10, LR-SC5, LR-CS2, LR-CS22N, LR-CS22S, and LR-IPSF22,
respectively. The reduction in ag,y for the glaze-iced configurations ranged from 0.1° to 3.5°,
depending on ice shape. The 5-min rime ice shape increased the clean wing g by 2°. With
the exception of the 5-min rime and 2-min glaze ice shepes, all other rough LEWICE ice shapes
reduced the linear lift slope of the clean wing.

Observe that ice shapes with the larger horn size resulted in greater penalties 1n lift performance,
ie., LR-CS2 ice shape had higher oy and Cp g than LR-CS10, LR-CS22N, and LR-CS22S
cases. Effects of homn height on C; were similar to the trend of IRT ice shapes.

3.2.3.42 Drag Coefficignt.

Table 3-7 lists Cp of clean and iced configurations at angles of attack of 3°, 5°, 10° and 15°,
while table 3-8 shows the effect of rough LEWICE ice shapes on Cp i, Graphically, the Cp and
ACp curves are illustrated in figures 3-42(c) and 342(d), respectively. All roughened LEWICE
ice shapes increased Cp throughout the a-range. The increase in Cpmi, With respect to the clean
case ranged from 116.7% for LR-SC5 to 3316.7% for LR-CS22S. In terms of the horn height
effects on Cp, the trends were similar to that obtained with the IRT ice shapes, i.e., ice shapes
with larger hom heights produced greater dreg increments. Moreover, the larger horns of LS-
CS22S ice shape produced greater drag at lower a in comparison to the LS-CS22N ice shape.
But, as a increased, the difference in drag performance diminished.

3.2.34.3 Pi* “1g-Moment fficient,

The ‘rends " for the rough LEWICE ice shapes were similar to that obtained with the smooth
LEWICE ice hapes, as demonstrated in figure 3-42(e). For positive a less tl an abour 15°, flow
scparation downstream of the ice shapes caused the lift center to move upsiream ¢ *ve 25%
MAC locaticn, which led to more positive (leading edge up) pitching momert than ue clean
wing. However, for greater a, most of the iced wing cases experienced a large change, from
positive to negative, in pitching moment. This was attributed to the flat pressure distribution
associated with massive flow separation over the suction surface ot the wing. For the glaze ice
shapes LR-CS22N and LR-CS22S, the pitching moment remained positive throughout the
positive a-range. For these two large ice shapes, extensiv2 flow separation was present over
both upper and lower wing surfaces for practically all positive a and the lift center did not move
upstream of the 25% MAC location.
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3.2.3.44 Hinge-Moment Coefficient.

Ail.ron hinge moments for the iced wing configurations are depicted in figuic 3-42(f). Table 3-9
provides the slopes and a-range for regions A, B, and C of the Cy curv:s. The results show that
the LR-SCS ice shape had a Cy curve similar to the clean case for practically the complete range
of angles of attack. The ice shapes LR-CS22N and LR-CS22S resulted in large changes from the
clean wing aileron hinge moments. In fact, for a in the rang. of 6° to 8° for the LR-CS22N case
and 6° to 11° for the LR-CS22S ice shape, the aileron hinge moment was nearly zero, indicating
zero stick force and possibly aileron float. Force reversal was the result of nearly equal pressure
distributions over the suction and pressure sides of the aileron surfaces. The other four rough
LEWICE ice shupes (LR-CS10, LR-IS10, LR-CS2, and LR-IPSF22) cause mo.. positive or
more negative hinge moments with respect to the clean wing over regions A and B of the Cy
curve. Once again, the iced wing hinge moments were bounded by the clean wing Cy limits.
One exceyption was the S-min rime ice shape that resulted in slightly higher hinge moments with
respect to the clean wing in region C of the Cy curve for positive a.

3.2.3.4.5 Pressyre Distribytions.

Effects of rough LEWICE ice shapes on pressure distributions ere presented in figures 343 to
3-45 for the 15%°. 50%, and 85% semispan stations. All glaze ice shapes produced separation
bubbles downstream of the ice horns, which reduced the suction peak near the leading edg. of
the clean wing. Among all glaze ice cases, LR-CS2 caused the least penalties on acrodynamic
performance due to the fact that its ice horns were smailer. Conseq.ently, for positive a, the
separation bubble on the suction wing surface had shorter extent. Pressure distributions aft of the
bubble and on the pressure surface were comparebls t¢ tke cleas wing. As the ice shape hom
height increased (such as LR-CS10, LR-CS22N, anc LR-CS?ZS configurations), the size of the
separation bubble was increased.

3.2< aricon of IRT and LEWICE Ice Shapes

Figures 2-33 10 2-38 demonstrate that the differences in the geometric features of the LEWICE
and IRT ice shape sections were considerab)s for the CS10, IS10, CS22, and IPSF22 cases.
These differences included overall shape of ice section, height of the upper and lower ice hormns,
horn angle with retpect to the hoizonts! and location of hom tip, and root with respect to the
leadir;; edge of the wing. For example, at stations A and B, the upper and lower hom tips of
IRT-CS10 were turther upstream of the LEWICE ice saape (LS-CS10) hom tips, as
demonstrated in figure 2-33. In addition, 3t these two stations, the hom angles with (espect to
the horizontal were, in most cases, greater for the LEWICE ice shape. Note, however, taat the
upper and lower horn heights of the LE'VICE and the IRT ic~ shape sections were simular for
both spanwise stations. At station C, the LEWICE ice shape upper and lower homns extended
further upstream and downstream with respect to the homs of the IRT casting. In addition, the
height (distance of hom tip from airfoil LE) of the LEWICE horns was greater. Other signiticant
differences between the simulated and the IRT ice shapes included the intricate roughness and
feather-like features scen on the surface of the IRT ice shape castings present: ! in figure 2-33.

To assess the effect of these geometric differences in the actual and simulated ice shapes on
aerodynamic performance, cxperimental data obtained with the castings and the cor zsncading
smooth and rough LEWICE ice shapes are cumpared in {igures 3-46 to 3-69.
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3.2.4.1 Icing Condition 1.

Lift, drag, and hinge-moment ¢~ <fficients for this case are presented in figure 3-46. The results
indicate the following:

Lift coefficients for the IRT, smooth, and rough LEWICE ice shapes were in good overall
agreement for a in the range of -7° to 7°, as shown in figure 3-46(a). All ice shapes
resulted in a lower lift slope with respect to the clean wing. Over the stall region, the lift
curves for the rough LEWICE ice shape (LR-CS10) and that of the IRT casting (IRT-
CS10) were in good correlation. The smooth LEWICE ice shape (LS-CS10), however,
resulted in higher Cp g and agau.  The reduction in Cr_g with respect to the clean wing
for the IRT-CS10, LS-CS10, and LR-CS10 ice shapes was 38%, 18%, and 30%
respectively. The change in aau With respect to the clean wing case was -24%, 5.8%,
and -1.4% for ice shapes IRT-CS10, LS-CS10, and LR-CS10 respectively.

All ice shapes caused a siguificant increas< in Cp (e.g., 1100% to 1200% in Cpmin) With
respect to the clesn wing, as demonstrated in tables 3-1, 3-2, 34, 3-5, 3-7, and 3-8. Drag
cocflicients obtained with all three ice shapes were in good overall agreement. However,
the drag duc to LEWICE ice shapes was, in general, higher than the IRT ice shape
casting, as shown in figure 3-46(c). For a greater than 10°, the smooth LEWICE ice
shape produced higher drag compared to the rough LEWICE shape. This was the result
of more exteusive flow separation downstream of the smooth LEWICE ice homs. In
general, the size and extent of flow separation downstream of large glaze ice shapes are
affected by the roughness of the hom tip.

Pitching-moment characteristics of clean and iced configurations are presented in
figure 3-46(¢). The results show that all three ice shapes produced pitching moments that
were considerably higher or lower than the clean wing, depending on a. The trends in
pitching moment with a for the ice shapes IRT-CS10, LS-CS10, and LR-CS10 were
similar. As a was incrcased from -8° t0 g, pitching moment was increased from
negative (nose down) to positive (nose up) for all iced wing cases. This was :nainly due
to the leading-edge bubbles that resulted in a forward shift (ahead of the 25% MAC
point) of the lift vector. When the bubble was on the lower surface (negative a), lift was
negative, and the lift vector was ahead of the 25% MAC, resulting in negative Cy.
Positive & had the opposite effect on lift and Cy. Past stall, Cyy exhibited a downward
trend as the load center moved aft of the 25% MAC point. This was due to massive flow
separation over the wing, which resulted in a flat pressure distnibution over the upper
surfacc of the wing. Notable differences in the magnitude of the pitching moment of the
IRT-CS10 ice shape compared to the LEWICE icc shapes were observed for a in the
range of 6 to about 15°. Thesc differences were, again, a function of the extent of the
flow scparation over cach ice shapc.

Aileron hinge-moment coeflicients for the IRT and LEWICE ice shapes are presented in
figure 3-46(f). In all cases, the hinge moments due to the ice shapes were within the
range defined by the minimum and maximum hinge moments of the clcan wing. In
general, the increase in hinge moments caused by the LEWICE ice shapes was greater
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than the IRT ice shape for a in the range of -3° to 20°. Note that the Cy, in region A of
the LEWICE ice shape curves was considerably higher than the IRT ice shape.

3.2.4.2 Icing Condition 2.

Lift, drag, and hingc-moment cocfficients for \his ice shape configuration are presented in
figure 3-47. The results indicate the following:

Lift coefficients for the IRT, smooth, and rough LEWICE ice shapes were in good overall
agreement for a in the rangc of -7° to 12°, as shown in figure 3-47(a). The lift slope for
all three ice shapes was the szme as the clean wing. The reduction in Cy,.ay With respect
to the clean wing for the IRT-IS10, LS-IS10, and LR-IS10 cases was 26.4%, 21.8% and
25.3% respectively. The reduction in o,y With respect to the clean wing was 23%, 1.4%,
and 1.4% for ice shapes IRT-1S10, LS-1S10, and LR-IS10 respectively.

Drag coefficients for all three ice shapes were in geod overall agreement for a in the
range of 6° to 20°, as shown in figure 3-47(c). For a less than 6° the IRT-IS10 ice shape
resulted in higher drag tuan that obtained with the smooth and rough LEWICE ice
shapes. The increase in Cpny for the iced wing with respect to the clean wing case was
683%, 500%, and 550% for the IRT-IS10, LS-IS10, and LR-IS10 ice shapes respectively.

Pitching-moment coefficients for the IRT-IS19, LS-IS10, and LR-IS10 ice shapes are
shown in figure 3-47(e). For a in the linear lift range, the results show that all ice shapes
exhibited similar trends in Cy behavior. Specifically, a maximum Cy, of approximately
0.03 was attained at a of about 7°. However, beyond 7° AOA, the wing with the IRT-
IS10 ice shape exhibited a drop followed by a small increase in Cy, indicating that the hift
vector was moving back and forth. The LEWICE ice shapes resulted in a flat pitching-
moment curve with positive Cy values for a in the range 7° to about 14°. After wing
stall, all ice shapes manifested decreasing Cum (more negative) with a.

Aileron hinge-moment cocfficients for the IRT and LEWICE ice shapes are presented in
figure 3-47(f). The ice shapes increased aileron hinge moments for a in the raige of -6°
to 13°. In all cases, however, the hinge moments due to the ice shapes were within the
rang: defined by the minimum and maximum hinge moments of the clean wing. The
increase in the iced wing hinge moment with respect to the clean wing for the LEWICE
cases was greater than that obtained with the IRT ice shape for a in the range of 5° to
10°.

3.2.4.3 Icing Condition 3.

The IRT and LEWICE ice shapes were very similar in shape and size, as demonstrated in
figure 2-35. Acrodynamic performance of the GLC-305 wing with the IRT and LEWICE rime
ice shapes is presented iu figure 3-48. The data presented indicate the following:

Note that effects of higher Reynolds numbers representative of flight on the clcan wing
arc not known. The lift cocfficients for the clean and all iced wing cases were in good
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overall agreement for a in the range of -§° to 12°, as shown in figure 3-48(a). The ice
shapes tested resulted in 3.4% to 12.6% higher Cy g and 7.2% to 14.5% higher oy
with respect to the clean wing. The main reason for the observed increase in Cp g and
oaai for the iced wing cases was the wing leading edge droop (see figure 2-35) feature of
these three ice shapes. Note that the rough LEWICE shape resulted in the largest Lift
performance increment. This was probably due to delayed boundary layer separation
caused by the grit roughness.

The IRT and rough LEWICE ice shapes resulted in bigher drag with respect to the clean
wing for most of the a-range tested. The smooth LEWICE ice shape (LS-SCS) increased
drag for a up to 10°, as shown in figure 3-48(c). At higher angles of attack, however, the
drag of LS-SC5 was in most cases lower than that of the clean wing. Th: increase in the
iced wing Cp min With respect to the clean wing case was 133%, 67%, and 117% for the
IRT-SCS, LS-SCS5, and LR-SCS ice shaj.cs respectively.

From figure 3-48(¢), it is observed that Cy was gradually increased with AOA prior to
stall. But, as the IRT-SC5 and LR-SCS configurations stalled, Cm decreased
considerably and eventually became considerably more negative compared to the clean
wing. As for LS-SC5 ice shape, its Cyv awsuribution maintained more positive Cy than
that of the clean case for angles of attack greater than 7°.

Aileron hinge-moment coefficients for the IRT and LEWICE ice shapes were very
similar to that of the clean wing for angles of attack greater than -4°, as shown in
figure 3-48(f). Between a of -8° and -4°, the ice shapes resulted in lower aileron hinge-
moment cocfficient.

3.2.4.4 Icing Condition 4.

The IRT and LEWICE ice shape sections presented in figure 2-36 were in good overall
agreement. Note that the cross section area of LEWICE ice shape at station A was larger than
that of the IRT ice shape casting. Acrodynamic performance degracation due to the IRT and the
LEWICE ice shapes is presented in figure 3-49. The experimental lift, drag and, hinge-momemt
coefficients presented indicate the following:

The lift coefficients of the clean and iced wing cascs were in good agreement over the
linear lift range corresponding to angles of attack between -6° and 9°, as shown in
figurc 3-49(a). The redu~tion in the Cp qu With respect to the clean wing caused by the
IRT, smooth LEWICE, and rough LEWICE ice shapes were 11.5%, 13.8%, and 17.2%
respectively. The corresponding change in oy with respect to the clean wing was -8%,
€.5%, and -1%. Note that the rough LEWICE shape resulted in the largest lift reduction
near stall, whilc the IRT casting caused the largest reduction in Ggai.

The IRT and rough LEWICE ice shapes resulted in higher drag with respect to the clean
wing throughout the a-range, as shown in figure 3-49(c). The increase in the iced wing
C ».mn With respect to that of the clcan wing was 200%, 183%, and 233% for the IRT-
CS2, LS-CS2, and LR-CS2 ice shapes respectively.
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Pitchiig moment trends for all three ice shapes were very similar. In general, the iced
wing Cy was more negative or more positive than that of the clean wing throughout the
a-range. The difference betweern. e clean and the iced wing Cy rangea from -0.04 to
0.02.

The aileron hinge moment behavior for the clean and IRT-CS2 cases were very similar
for angles of attack in the range of -7° to 14°. The LEWICE ice shapes increased aileron
hinge moments with respect @ the clean case over region B of the Cy curve. For all ice
shapes, the hinge-moment coefficients were within the range defired by the hinge
moments of the clean wing.

3.2.4.5 Icing Condition S.

The IRT and LEWICE ice shape sections presented in figure 2-37 exhibited large differences in
horn shape, size, and cverall section area. In addition, the IRT-CS22 ice shape had complex
roughness and scallop features not present in the LEWICE ice shapes. Two sets of smooth and
rough LEWICE ice shapes were tested for this icing condition as discussed in section 2.2.3.2.
Cne was based on computations using scctions normal (N) to the wing leading edge while the
other was computed using streamwise (S) sections. The wing aerodvnamic performance data for
the IRT, the smooth, and rough LEWICE ice shapes presented in figure 3-50 indicate the
following;:

The iced wing performaice exhibited large reductions in lift, a..y and in Lift slope with
respect to that of the clean wing. The largest degradation in lift was causcd by the IRT-
CS22 ice shape. The rough LEWICE ice shapes caused larger reductions in lift than their
smooth counterparts. The rough LEWICE ice shape LR-CS22S obtained using
streamwise wing sections and free-stream velccity resulted in larger lift degradation than
that obtained with the rough LEWICE ‘ce shape LR-CS22N, which was computed with
the rormal component of the free-stream velocity and airfoil sections ncrmal to the wing
leading edge. The differcnce in lift reduction due to the IRT-CS22 ice shape and that
caused by the rough LEWICE ice shapes was considerable, particulaily for angles of
attack in the range of 0° to approximately 13°. The reduction in the Cp 1 with respect to
the clean wing causcd by the IRT-CS22, LS-CS22N, LS-CS22S, LK-CS22N, and LR-
CS22S icec shapes was 93.6%, 44%, 38%, 53%, and 61% respectively. The
corresponding reduction in o,y with respect to the clcan wing was 56%, 2%, 3%, 17%,
and 25%.

All ice shapcs tested caused very large drag increments, as shown in figure 3-50(c). The
increasc in the Co my for the iced wing was 3533%, 2032%, 2367%, 2933%, and 33!7%
for the ice shapes IRT-CS22, LS-CS22N, LS-CS22S, LR-CS22N, and LR-CS22S
respeciively.  The LEWICE ice shape that provided the best drag corrclation with the
IRT-CS22 ice shape was the LR-CS22S.

Figurc 3-50(c) shows pitching moment characteristics of the wing with all five CS22 ice
shapes. Separated flow downstream of both upper and lower ice homns on the IRT-CS22
ice shape led to small changes in Cy compared to the clean case, despite the large
differences in the wing pressurc distributions obtained with the IRT-CS22 ice saape and
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the clean wing. The four LEWICE ice shapes produced significantly more negative or
more positive Cy than that of the clean wing. Also, the difference in Cmdea-C: - wwice
ranged from 0.07 at negrtive AOA tc -0.085 at positive AOA. With increasing _ ssitive
a, the separation bubbles behind the glaze ice horns shifted the load center upstream of
the quarter-chord locadon and hence ‘ncreased Cm. Conversely, beyond o, separated
flow over the upper surface and attached flow over the lower surface moved the center of
pressure downstream and led to decreased Cy. 1t is worth noting that both LS-CS22N
and LR-CS228S ice shapes had higher maximum Cy than their CS22S counterparts. Alsc,
the break from positive to negative values in the Cy curve o~curred at a higher a for the
CS22N ice shapes.

The ~.eron hinge moment behavior for the clean and iced wing cases exhibited large
differences, a; shown in figure 3-50(f). However, for all ice shapes, the hinge-momen:
coeflicients wcre practically within t. . range defined by the minimum and maximum
hinge moments of the clean v »g. The LEWICE ice shape that provided the best Cy
correlation with the IRT casting was the LS-CS22N.

3.2.4.6 Icing Condition 6.

The IRT and LEWICE ice shapc sections presented in figure 2-38 demonstrated notable
differences in size and shape. However, the hom angles and horn heights of the IRT ice shape
castings and the LEWICE ice shapes were similar. Aerodynamic performance degradation due
to the IRT and the LEWICE ice shapes is presented in figure 3-51. Tae experimental lift, drag
and hinge-moment coefficicnts presented in these figures indicate the following:

The lift coefficient for the iced wing exhibited lower lift and linear lift slope than that of
the clean wing, as evident in figure 3-51(a). The reduction in the Cp s of the: iced wing
with respect to the clean wing was 39%, 21% and 30% for the IRT, smooth LEWICE,
«~d rough LEWICE ice shapes respectively. The corresponding change in ogan with
respect to the clean wing was -24+5, 6%, and -9%. Note that the IRT-IPSF22 ice shape
resulted in the largest reduction ot Cp s and aeuy with respect w the clean wing. The lift
curves for the IRT and rough LEWICE ice shapes were in good agrccment except ncar
stall where the IRT shape caused approximately 1% to 8% more reduction in lift with
respect to the clean wing.

All ice shapes resulted n significant drag increments with respect to the clean wing drag,
as shown in figure 3-51(c). The increase in Cpmin of the iced wing with respect to the
clean configuration was 1200%, 1000%, and 983% for the IRT-IPSF22, LS-IPSF22 and
LR-IPSF22 ice shapes respectively. The trends in the IRT and LEWICE ice shapes drag
curves were similar. However, the IRT ice shape caased higher drag at angles of attack
in the range of -8° to 11°. For a greater than 11°, the LEWICE ice shapes resulted in
higher drag.

The trends in Cy; for the IPSF22 ice shapes were quite similar to that obtained with the

CS10 icc shapes. In general, the LS-IPSF22 and LR-IPSF22 cases produced similar
pitching moment characteristics, as demonstrated in figure 3-51(c). The observed

3-72



differcnces in Cy between IRT and LEWICE ice shapes i~cluded more positive Cy fo
the LEWICE ice shapes for angics of attack between 6° ana 18° and higher dCw/da afte
a of approximately 12°. The iced wing cases resulted in cocsiderably more positive C
than the clean sving for angles of attack in the rangz of 1° tc 11° for the IRT-IPSF22 an
1° to 15° for the LEWICE ice shapes.

. The iced winyg aileron hinge moment was within the range defined by the minimum an
maximum 2inge moments of the clean wing for all ice shape cases. For most angles ¢
atnack, the LEWICE ice shapes caused a iarger increase (more negative of more posztive
in hinge moments than that causcd by the IRT ice shape.

2.2.4.7 Summary.

With the exception of icing condition 5, the rough LEWICE ice shapes caused similar loss in lii
compared with the IRT ice shape castings. The difference ir iced wing Cpaan (IRT Cp g
rough LEWICE Cy_,au) obtained with the rough LEWICE and IRT ice shapes was -0.07, -0.0]
-0.08, 0.05, -0.35, -0.28, and -0.08 for CS10, IS10, SC5, CS2, CS22N, CS22S, and 1PSF2
respectively. In all but one casc, the IRT ice shape castings resulted in higher reduction in Cy .
compared to that obtained with the rough "EWICE ice shapes. Again, with the excepton ¢
icing conditicn 5, the observed differences in Cp sy reduction between the IRT and LEWICE ic
shapes were in the range of 1% to 9% with respect to the clean wing Cp g, which was equal t
0.87. In addition, the behavior of the lift curves obtained with the IRT and LEWICE ice shape
was very sumilar.

In genersl, the incremer * in wing drag causeC by the LEWICE and IRT ice shapes was in goo
corr=latior. The difference in iced wing Cpm, (rough LEWICE Cpma - IRT Cpma) for th
rough LEWICE and IRT cases was 0.004, -0.008, -0.001, 0.002, -0.036, -0.013, and -0.013 fc
CS10, IS10, SCS5, €S2, CS22N, CS228S, and 1PSF22 respectively.

With the exception of icing condition 5, the trends ir: eileron hinge 1oments obtained with th
rcugh LEWICE and IRT ice shapes were in good agreement. For icing conditions 2 and 3, th
IRT and LEWICE Cy magnitudes were in good correlation throughout the a-range. For icin
conditions 1, 4, and 6, the LEWICE ice shapes resuited in larger hinge moments over regions .
and B of the Cy curve compared with the IRT ice shapes. For ic.ng condition 5, the behavior ¢
Cy for the rough LEWICE and IR7T icec shapes was considerably different. This was mainly du
to higher suction over the wing upper surface caused by the rough LEWICE 1ice shapes.

1o vizw of the differences in the geometric features of the large glaze IRT and LEWICE ic
shapes tested, the LEWICE ice shapes provided a good enginecring approximation to to
aerodynamic effects of the IRT ice shapes for five out of the six cascs tested.

Pressure distiihnitions for the clean wing - ... ali 20 ice shape configurations tested are presente
in figures 3-52 to 3-69 for « in the range of -4° to 15° »- ipaz. - ise locations correspondin
0 15% scimispan (ncar wing rot), 5G% emus; -wiispan (near wing tip). Th
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pressure data provided insight into the change in wing load distribution with a and the stalling
behavior of the clean and iced wing. In the discussion below, reference is made to three angles
of artack, namely the wing geometric angle ot attack, the local geometric angle of artack, and the
cffective angle of attack. These angles are defined as follows:

. Geometric angle of attack (a): this is the wing angle of attack as set on the wind tunnel
turntable and is the a used in all force and moment plots.

° Local geometric angle of attack (ouoca): this is the geometric angle of attack at a given
spanwise station, which can be determuined from a and the local geometric twist.

. Effective angle of attack {a.): this angle of attack is the sum of o and the local
upwash or downwash angle. Upwash or downwasi 1s caused by the wing tip vortex and
depends on wing Lift.

For negative a, the wing upper surface was at a higher pressure than the lower surface. Duce to

wing twist, which was 0° at the root aua -4° at the tip, the i varied from root to tip. Thus, at

negadve a, the wing root was at a lower Qo than the wing tip. In other words, the oyoca
increased from root to tip. At positive a, the wing tip was at a lower Qyoca than the wing root.

However, for positive a, the wing experienced upwash, which increased as the a was increased.

Thus, for positive lift, the wing upwash was higher near the wing tip than near the wing root.

The term suction used in the discussion of the clean and iced wing pressures refers to a region of
flow where the static pressure is lower than in the free steam. Suction is associated with
negative pressure coefficients and is usually observed in regions of the wing where the
combination of wing curvature and a accelerates the flow to speeds higher than the free stream.

In most cases, the pressurc data presented in figures 3-52 to 3-69 indicated that the addition of
1cc shapes resuited in a dramatic change in the pressure distribution mainly due to a combination
of leading-edge scparation bubbles and extensive flow separation over the wing. Flow
scparation is a function o1 ice shape and a. The length of the scparated region increased as a, or
the heipht of the ice siiape hom, were increased. The large changes in surface pressures
downstream: of the ice shapes were responsible for the observed behavior of the iced wing force
and moment coefficients.

Separated flows contain vortex structures, bubbles, and frec shear layers that have a significant
impact on the flow ficld. Vortex structures may be fixed in location as in the case of cavity
flows and large stationary bubbles, or they can convect with the flow and interact with other
vortices, fiee shear layers, or wall-bounded flows. Vortices can also stretch, depending on
external forces (normal and shear forces) imposed on the vortex. The shape and strength of
vortices in close proximity to the airfoil surface can produce considerable changes in surface
pressures and, therefore, in acrodynamic loads.

The flow ovcr iced wings, particularly for cases involving glaze ice shapes with large homns,

features large regions of flow separation downstream of the icc shapes, which are typically
referred to as leading-edge bubbles or long bubbles. These bubbles are regions of viscous flow
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bound by the inviscid fiow sireamlines. The streamlines detach from the wing surface upstream
of the bubbie and reattach downstream of the bubble. If reattachment takes place over the wing
surface, then the bubble is closed. The location of the reattachment point is a function of a and
born size. As a 1s increased, the bubble becomes progres.si\el}, longer and eventually massive
flow separation takes place once the bubble reaches the wing TE. In some cases, a long bubble
can combine with separated flow initiated at the TE, and massive flow separation can occur
betfore the bubble reaches the wing TE.

For swept wings, LE scparaiion bubbles may include a combinauon of LE flow scparation and
LE vortex flow. Wken sween 1s incorporated in a wing, a conical vortex lying on the wing
surface can occur, as discussed in reference 18. This LE vortex results from both the LE
separation bubble and the spanwise pressure gradient due to sweep. The vortex cross section
grows nearly perpendicular w0 the wing LE (conical vortex) in the spanwise direction. The
growth of vortex diameter as the wing tip is approached is the result of a combination of vortex
flow with the thick bouncary layer transported by the spanwise flow from the inboard sections.
With increased a, the vortex becomes strongcr near the inboard sections but diffuses near the
outboard sections. Near the wing tip, the diffused conical LE vortex can combine with the wing
tip vortex, and complex flow separation patterns are often ¢ >served. LE vortices were chserved
with both the cican and iced wing configurations tested as a was increased.

In general, pressure disiributions for wing flows with LE bubbles exhibit a considerable
reduction in LE suction and & rounding of the LE pressure disaibution. As the a is increased,
the bubble becomes longer in the streamwise direction and the suction over the bubbie is
typically reduced. This led to a flat pressure distribution over the wing surface. In general, LE
bubbles shift the load towards the LE. However, as the bubble becomes longer and massive flow
scparation takes place, the wing load shifts in the downstream direction. Massive flow
secparation is an unsicady phcnomenon that involves convection of vortices, which cause
significant changes to the load distnbution over the wing and, thus, to wing pitching moments.
Flow s.—aration near the outboard pertion of the iced wings could also cause large changes in the
load over aileron controls, and in some cases, it could reduce or cven climinate the control
etiectiveness. Flow separation over the aileror is also responsiblc for control force reversal and
potential large changes in control stick forces. Thus, bubble formatior, growth, and bursting can
cause large changes in the wing pitching moments and in aileron hinge moments.

Another contrel issue regarding rolling moments is that ice accretions on the left and right wings
arc not typically symmetric. As a result of the ice asymmetry, flow separation in the spanwise
awrection could be different between the two sides of the wing, thus leading to considerable
rolling moments.

In reviewing the pressures distributions of the clean and iced wing configurations presented in
figures 3-52 to 3-69, the following trends and features in the pressure data should be examined.

. Location of the arca centroid of the chordwise pressure distribution with respect to the
25% MAC point of the wing. Thus detcrmines pitching-moment behavior.
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. Change in pressure distribution in the spanwise direction. This affects panwise load
distribution and provides insight into spanwise flow separation. The snanwise load
distribution also affects wing rolling moment.

. The growth of scparation bubbles with a. Sudden changes in bubble featres are
undesirable because they cause sudden changes in wing loads.

° The shape of the pressure distribution over the upper and lower control surface. This is
responsible for the observed behavior of control hinge moments.

) a = -4°: High suction was observed over the lower surface of the wing. Suction
increased with spanwise distance and reached a maximum suction Cp of -3.53 at the 85%
semispan station. The pressure data indicated that the flow was attached.

. a =0° The flow remained attached. Duc to the wing geometric twist, the averege o was
negative, resulting in negative lift. In all cases, the lower surface of the wing expenenced
suction that was lower near the root and higher near the tip.

. a = 4°: For this a, aa Was 4° at the root and 0° at the tip. The pressure over the wiLg
upper surface was lower than over the lower surface, resulting in posit.ve lift. Upper
surface suction was higher near the wing root than near the wing tip. The flow remained
attached.

. a = 8°: Hign suction was observed over the wing upper surface at all spanwise stations.
The suction Cp increased from. -3.3 at 15% semispan to -3.5 at 56% semispan, and then it
decreas.d ¢ -2.7 at 85% semispan. The pressure data indicated that flow separation was
not present over the wing for this a.

. o = 12°: LE separation bubbles are cvident for this near stall a. The extent of the
separation bubbles increased from root to tip, while the suction over the bubble
decreased.

. a = 16° A large LE separation bubble was observed near the wing root. The flat Cp
curves corresponding to the wing upper surface at the 50% and 85% serr 'span stations
are indicative of massive flow scparation. The pressure data presented for a of 12° and
16° show that flow scparation (wing stall) was initiated wut the tip of the wing and
progressed toward the root.

3.2.4.10 Iced Wing.

Pressure distributions tor the iced wing with the IRT castings and the simulated sinooth and
rough LEWICE ice shapes are discussed below. The experimenwal pressure distributions for the
iced configurations tested exhibited leading-edge bubbles over the upper, lower, and in many
cases, over both surfaces of the wing. As the a was increased, the bubble(s) grew longer in the
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downstream direction and eventually burst into massive flow scparation as the streamlines failed
to reattach to the wing surface.

3.2.4.10.1 Icing Condition 1—Ice shapes: IRT-CS10, LS-CS10, LR-CS10 (Figures 3-52 to 3-54).

o =-4° At 15% semispan, LE bubbles were evident over the wing lower surface for all
ice shape cases. The suction over the bubble region was greater for the LEWICE ice
shapes compared to the IRT ice shape casting. At the mid-semispan location, extensive
flow separation was observed over the lower wing suiface for the cuses presented. The
flow remained separzicd over the lower surface near the tip staiion, and the suction was
recced. An LT bubble wes present over the lower suifice for the JEWICE ice shapes.

a = (°: Tlow separation in the form of LE bubbles was present over both wing surfaces
for all ice shapes tested. Suction over the lower surface was higher than over the upper
surfuce. In most cases, the LEWICE ice shapes resulted in higher suction over the lower
surface. The bubble extent was less near the wing root than at the outboa.J stations.
Near the wing tip, flow separation extended to the wing TE.

a =4°: For this angle of attack, suction was increased over the wing upper surface. The
Cp on the lower surface varied from high negative near the LE, indicating the presence of
separation bubbles to low negative and, in some cases, slightly positive near the TE. The
extent of the upper surface bubbles decreased (separation was reduced) with spanwise
distance from root to tip due to the negative wing twist, which lowered the @oca OVer the
outb. -d sections.

a = 8°: Long bubbles were observed over the inboard wing upper surface for all the ice
shapes. The bubbles grew longer (chordwise) over the outboard sections of the wing and
eventually, complete flow separation was observed near the wing tip. Suction over the
bubbles for the LEWICE ice shapes was higher than obtained with the IRT ice shape
casting. In most cases, the pressurc distribution over the wing lower surface obtained
with the LEWICE shapes exhibited bubble formation between 0% and approximately
50% chord.

a = 12°: Large bubbles were obscrved at the 15% station, and complete flow separation
was evident over the wing upper surface at the 50% and 85% semispan locations with all
ice shapes tested. The IRT ice shape had lower suction over the two inboard stations than
the LEWICE 1ce shapes. Bubbles were also present over the lower surface of the wing
ror the iwo LEWICE shapes.

a = 16°: At this angle of attack, extcnsive flow separation was observed over the upper
surface of the wirg at all spanwise stations. The only exception was the smooth
LEWICE ice shapes for which the flow over the inboard (15% semispan) staiion was
partially attached.
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3.2.4.10.2 Icing Condition 2—Ice Shapes: IRT-1S10, LS-1S10, LR-1S10 (Figures 3-55 to 3-57).

. a =-4°: At 15% semispan, LE bubbles were evident over the wing lower surface for all
ice shape cases. In addition, at the mid-semispan location, the bubbles grew longer.
Furthermore, reduced suction and extensive flow separation werc observed over the wing
lower surface near the tip station. Note that the LE bubbles of the IRT-1S10 and LR-IS10
cases were comparable at the 50% and 85% semispan stations, while the bubble of the
LS-IS10 corfiguration produced higher suction.

. a =0°: Flow separation in the form of LE bubbies was present over both wing surfaces
for all ice shapes tested. Suctiou over the lower surface was higher than over the upper
surfacc. The IRT and LEWICE ice shapes resulted in comparable suction over the lower
surface. The bubble extent was less near the wing root than at the outboard stations.
Near the wing tip, flow s¢paration extended to the wing TE.

. a = 4°: For this angle of aunack, suction was increased over the wing upper surface. The
Cp on the lower surface varied from high negative neer the LE, indicating the presence of
scparation bubbles, to low negative and, in some cases, slightly positive near the TE.
Note that at the 15% semispan station, the suction on the wing upper surface, due to the
IRT-IS10 ice shape, was lower than that produced by the LEWICE ice shapes. However,
the difference in suction between the IRT and LEWICE ice shapes diminished with
spanwise distance from root to tip.

. a = 8% Long bubbles were observed over the inboard wing upper surface for al! ice
shapes. The bubbles grew longer (chordwise) over the outboard sections of the wing and
evenwally complete flow separation was observed near the wing tip. Suction over the
bubbles for the LEWICE ice shapes was higher than that obtained with the IRT ice shape
casting near the wing root. In most cases, the pressure distribution over the wing lower
surface obtained with the LEWICE ice shapes exhibited bubble formation between 0%
and approximately 50% chord.

. At the higher a of 12° and 16°, extensive flow separation was observed over the upper
surface of the wing at all spanwisc stations. The only exception was the flow at the 15%
semispan station, which was partially attached for all ice shape configurations.

) a =-4°: At 15% semispan, small LE bubbles were observed over the wing lower surface
for all ice shape cascs. The suction over the bubble region was comparable between the
LEWICE and IRT ice shapes casting. The bubbles grew longer (chordwise) at the mid-
semispan station. At the 85% semispan location, extensive flow scparation was obscrved
over the wing lower surface for all cascs presented. An LE bubble was present over the
lower surface for all ice shapes.

. a = 0°: Flow separation in the form of LE bubbies was present over both wing surfaces
for all ice shapes tested. Suction over the lower surface was higher than over the upper
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surfce. The bubble extent wes less near the wing root than at the outboard stations.
Near the wing tip, flow separation extended to the wing trailing edge.

. For angles of attack of 4° and 8°, Cp distributions of all ice shape configurations were in
good agreement with the clean casc. At the two inboard locations, the minimum pressure
near the LE for the iced wing was lower than the clean wing, indicating lower a.. The
reduction in a. was due to the LE droop caused by the rime ice accretion.

. a = 12°% At the 15% semispan station, only the IRT-SCS ice shape produced a LE
bubble on the wing upper surface. At the same time, observe that suction was increzsea
for both LEWICE ice shapes. As the flow progressed to the 50% semispan location, the
Cp distributions exhibited a bubble near the LE for all three iced wing configurations,
where the suction over the bubble for the LS-SCS case was higher than the other two SC5
ice shapes. The LE bubbles grew in chordwise length from the 50% semispan station to
the wing tip.

. a = 16°: At this angle of attack, all ice shapes maintained partial attached flow over the
wing suction surface at the two inboard stations. However, extensive flow separation
was observed over the upper surface of the wing at the 85% location.

3.2.4.10.4 Icing Condition 4—Ice Shapes: IRT-CS2, L.S-CS2. LR-CS2

. a =-4°: At 15% semispan, LE bubbles were evident over the wing lower surface for all
ice shape cases. From root to mid-semispan stations, the bubble region extent increased.
Extensive flow separation was observed over the wing lower surface near the tip station
for all cases presented.

e a = 0°: Flow separation in the form of LE bubb..s was present over both wing surfaces
for all ice shapes tested. Suction over the lower surface was higher than over the upper
surface. Note that the bubble extent was lesc near the wing root than at the outboard
stations. However, the LEWICE ice snapes produced separation bubbles of greater
extent than the IRT ice shape.

) a = 4°: For this angle of attack, suction was increased over the wing upper surface.
Separation bubbles were observed over the lower surface between 0% and approximately
20% chord. The extent of the upper surface bubbles decreased (scparation was reduced)
with spanwise distance from root to tip due to the negaiive wing twist, which lowered the
Qioca OVer the outboard sections. Moreover, suction over the LE bubbles of the LEWICE
icc shapes was higher than the IRT-CS2 case at ali spanwise stations.

. a = 8§°: Once again, bubbles were ooserved over the inboard wing upper surface for all
the icc shapes. The bubbles grew longer (chordwise) over the outboard sections of the
wing. For the LEWICE ice shapes, suction over the bubbles was higher than obtained
with the IRT ice shape casting at the 15% scmispan station. However, at the mud-
semispan and ncar tip stations, the smooth and rough LEWICE ice shapes had lower
suction over the separation bubbles than the IRT-CS2 ice shape.
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a = 12° Large LE bubbles were obscrved at the 15% semispan station, and complcte
flow scparation was evident over the wing upper surface at the two outboard locations
with all the ice shapes, except the IRT-CS2 ice shape for which the flow was partially
attached nesr the wing tip.

a =16 At this angle of attack, extensive flow separation was observed over the upper
surface of the wing &t all spanwise stations.

3.2.4.10.5 Icing Condition S—Ice Shapes: IRT-CS22, LS-CS22N, L S-CS22S, LR-CS22N, and

LR-CS22S (Figures 3-64 to 3-66).

a =-4°:. At 15% semispan, LE bubbles were evident over the wing lower suriace for all
ice shapes. Suction over the bubble region was greater for the LEWICE ice shapes
compared to the IRT-CS22 case. Comparing the smooth and rough LEWICE ice shapes,
it was observed that the addition of roughness to the ice horns produced bubbles with
lower suction but of greater chordwise extent than obtained with the smooth LEWICE ice
shape. At the mid-semispan location, extensive flow separation was observed over the
wing lower surface for all cuses, except the LS-CS22S and LR-CS22S ice shapes. The
flow remained scparated over the lower surface near the tip siation.

o = 0% Flow separation in the form vi LE bubbles was present over both wing surfaces
for all ice shapes tested. Suction over the lower surfac  vas higher than over the upper
surface. In most cases, the LEWICE ice shapes resulted in higher suction over the lower
surface. Near the wing tip, flow was completely separated.

a = 4°: For this angle of attack, LE bubbles were present over both surfaces near the
wing root. For the rough LEWICE ice shapes, suction over the bubbles was higher than
their smooth counterparts. At the mid-semispan location, extensive flow separation was
observed for the IRT and rough LEWICE ice shapes, while for the LS-CS22N and LS-
CS22S cases, the flow was partially attached. An LE bubble was evident for the IRT-
CS22 ice shape at the 85% semispan station. Flow remained separated near the wing tip
for all LEWICE cases

o = 8% Long bubbles were obscrved over the inboard wing upper surface for all
LEWICE ice shapes, whereas flow downstream of the IRT-CS22 horns was completely
scparated over the wing upper surface. For the LEWICE cases, the LE separation
bubbles failed to reattach over the wing sections at the 50% and 85% scmispan stations,
and complete flow separation was observed. For the wing with LEWICE ice shapes, the
pressure distribution over the lower surface exhibited bubble formation between 0% and
approximately 50% chord.

a = 12° Aft of IRT-CS22 upper ice horn, complete flow separatio:, occurred. For all
LEWICE icc shapes, large bubbies werc observed at the 15% semispan station, and
massive flow scparation was cvident over the wing upper surfacc at the 50% and 85%
scmispan locations. Notc that the IRT ice shape had lower suction than the LEWICE icc
shapcs. Bubbles were also present over the lower surface of the wing for all ice shapes
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from root to tip. Yet, only the LS-CS22S ice shape maintained a lower surface bubble
near the wing tip.

a = 16°: At this angle of attack, extensive flow separation was observed over the upper
surface of the wing at all spanwise stations. Once again, all ice shapes produced an LE
bubble over the wing pressure surface at the threc spanwise stations, as shown in the

a = -4°: At 15% semispan, LE bubbles were evident over the wing lower surface for all
ice shape cases. The suction over the bubble region was greater for the LEWICE ice
shapes compared to the IRT ice shape casting. At the mid-semispan location, bubbles of
greater extent were observed over the wing lower surface for all cases presented. Over
the lower surface, the flow was separated near the tip station for the IRT-IPSF22
configuration, whereas an LE bubble was present for the LEWICE ice shapes.

o = 0° Flow separation in the form of LE bubbles was present over both wing surfaces
for all ice shapes tested. Suction over the lower surface was higher than that over the
upper surface. In most cases, the LEWICE ice shapes result «d in higher suction over the
lower surface. The bubble extent was less near the wing root than at the outboard
stations. Necar the wing tip, flow separation extended to the wing TE.

o = 4°: For this angle of attack, suction was increased over the wing upper surface. The
Cp on the lower surface varied from high negative near the LE, indicating the presence of
scparation bubbles, to low negative and, in some cases, slightly positive near the TE.

a = 8°: Long bubbles were observed over the inboard wing upper surface for all ice
shapes. The bubbles grew longer (chordwise) over the outboard sections of the wing, and
eventually, complete flow scparation was observed near the wing tip. Suction over the
bubbles for the LEWICE ice shapes was higher than obtained with the IRT ice shape
casting. Separation bubbles were also observed on the lower wing surface for ail ice
shapes. The lowcr surface bubble increased its chordwise length from root to tip.

a = 12°: Large bubbles were observed at the 15% station, and complete flow separation
was evident over the wing upper surface at the 50% and 85% semispan locations for all
ice shapes tested. The IRT ice shape had lower suction over the two inboard stations than
the LEWICE icc shapes. Bubbles were also prescnt over the lower surface of the wing

for all ice shapes.

a = 16°: At this angle of attack, cxtensive flow separati~ was obscrved over the upper
surfacc of the wing at all spanwisc stations. The only exception was the smooth
LEWICE ice shapes for which the flow over the inboard (15% scmispan) station was
partially attached. Once again, LE bubbics werc obscrved for all ice shapes over the
wing lower surface.
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3.2.5 Effect of Aileron Deflection.

The effect of aileron ceflection on the acrodynamic performance of the clean and iced wing
is presented in figures 3-70 to 3-73 and in table 3-10. The main performance parameters
presented include:

. Cv versus a for all aileron deflections (64)
° Cy versus a forall 5,

. CL veisus 84 for selected

. Cu versus 8, for selected a

Another important parameter for assessing aileron performance is the change in rolling moment
with 34 and a. Rolling moment data were obtained during the experimental investigation at
WSU.

The experimental lift and hinge-moment data prescnted in figures 3-70 to 3-73 were obtained
with a reflection planc wing model having a single aileron. Aircraft wings, however, have left
and right ailerons that are not independent but are connected via cables to the control wheel.
Thus, the control forces experienced by the pilot are¢ due to the difference in the hinge moments
generated by the left and right ailerons. To estimate the net aileron control force from the
experimenta! data presented, the hinge moment for positive and negative aileron deflections musi
be combined. For example, using the rcsults presented in figure 3-70(f) for the clean wing, a of
0° and & of 5°, the difference between - for aileron deflection of -5° and Cy for aileron
deflection of 5° provides the net aileron control forre. This procedure assumes that the up and
down aileron deflection angles are the same. However, in some aircraft, left and right aileron
deflection angles are not the same, and in such a case, the actual deflections for each aileron have
to be used to compute the control force. Another assumption made regarding the
superimposition of the experimental results is that ice accretions for the left and right wings are
symmetric. In general, the left and right wing ice shapes will not be exactly the same, aud this
could cause different separation patterns over the left and right sides of the wing and the ailerons.
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TABLE 3-10. Cy,au OF ALL CONFIGURATIONS WITH
AIL ERON DEFLECTION; Rewac=1.8x10°

8. |

Configuration s | -19° | -5 | 250t o° 2.5° 5° 10° | 15¢ | 20
Clcan 0.829 | 0.545 | 0.858 | 0.868 | 0.873 | 0.883 | 0.887 | 0.904 | 6913 | 0529
IRT-CS10 0491 | 0505 | 0522 | 0526 | 0.536 | 0.544 | 0.533 | 0573 | 0.593 | 0.613
IRT-IS10 0.591 | 0.603 | 0618 | 0.628 | 0.646 | 0.648 | 0.662 | 0.6 | 0.688 | 0.716

[ IRT-SCS 0862 | 0874 | 0.888 | 0.893 | 0.896 | 0.908 | 0916 | 6.930 | 0.948 | 0.961
IRT-CS2 0737 | 0.752 ] 0770 | 0.774 | 0.775 | 0.782 | 0.788 | 0.807 | 6.819 ' 03¢
IRT-CS22 0.005 | 0.016 | 0.025 | 0.025 | 0.033 | 0.036 | 0.037 | 0.039 | 0.039 | 0.0° |
IRTIPSF22 | 0.506 | 0.515 | 0.527 | 0.532 | 0.528 | 0.527 | 0.531 | 0.546 | 0.563 | 0.579 |
LS-CS10 0.669 | 0679 | 0.692 | 0.755 | 0.710 | 0.718 | 0.723 | 0.744 | 0.760 | 0.772
LS-IS10 0630 | 0.656 | 0.666 | 0.672 | 0.67 | 0.687 | 0.697 | 0.722 | 0.735 | 0.747
LS-SCS 0900 | 0915 | 0927 | 0933 | 0939 | 0952 | 0965 | 0.980 | 0.984 | 1.000
LS-CS2 0714 | 0722 [ 0737 | 0.741 | 0.748 | 0.759 | 0.769 | 0.780 | 0.800 | 0.812
LS-CS22N 0450 | 0.462 | 0.476 | 0.476 | 0.484 | 0.490 | 0.496 | 0.505 | 0.512 | 0.520

LS-C8228 0495 | 0.507 | 0.516 | 0.517 | 0537 | 0.542 | 0.548 | 0.564 | 0.575 | 0.601
LS-IPSE22 0.635 | 0.648 | 0.660 | 0.657 | 0.676 | 0.683 | 0.697 | 0.713 | 0.737 | 0.746

LR-CS10 0.564 | 0584 | 0597 | 0.607 | 0.613 | 0.024 | 0.035 ! 0.647 | 6.66% | 0.683
LR-IS10 0.589 | 0.605 | 0027 1 0036 | 0.644 | 0.651 | 0.661 | 0.678 | 0.694 | 0.711
LR-SC5 0621 [ 0939 | 0955 | 0962 | 0.980 | 0.982 | 0994 | 1.012 | 1.027 | 1.044
[ LRCS? 0.677 | 0691 | 0.703 | 0.70% | 0.717 | 0730 | 0.736 | 0.754 | 0.770 | 0.782

LR-CS22N 0406 | 0.405 | 0409 | 0406 | 0.407 | 0412 | 0413 | 0416 | 0424 | 0427
LR-CS22§ 0.352 | 0351 | 0349 | 0346 | 0.342 | 0344 | 0343 | 0.352 | 0.351 | 0.356
LR-IPSF22 0566 | 0577 | 0590 | 0.6uZ | 0.612 | 0.617 { 0.626 | 0.646 | 0.659 ' 0.680

3.2.5.1 General Comments Regarding Aileron Controls.

Ailerons are designed to meet aircraft roll performance criteria in terms of roll rate (typically |
to 15 degrees per second) and attitude. In addition, the ailerons should be able to provi
sufficient roll control to handi~ special aircraft situations such as an engine-out case or steac
heading sideslip. Aileron forces should remeain within the capabilitics of th: pilot as defined t
the certification requirements [11], which state that the meximum permissible aileron contr
force is 50 1b with two hands on the control wheel and 25 b for a single hand on the contr
wheel (autopilot settings vary with design but often a 20 Ib limit is used).

The change in ailcron hinge moments with 64 and a has a direct impac: on aileron controi force
The slope of Cy with 84, Cusa, also known as the control heaviness parameter, is of prima
importance in evaluating control surface behavior and control forces. In generel, aileron desig
have negative Cya 0 that the aileron has the tendency to return to its undeflected position. TI
hinge-moment slope, Cy,q, also known as the contrel floating paramcter, affects the change in tl
control force resulting from the response of the aircraft to the control movement. When tl
ailerons are deflected and wing roll is initiated, the local a of the upward and downward movir
wings is changed (typically by a couple of degrees for small deflection), and the con'rol for:
required to maintain a steady maneuver is ¢ither greater or less than the control force required
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iniiiate the maneuver, depending on the sign and magnitude of Cy,. Conuol surface designers
usually aim at small positive or negative vaiues for Cy, w avoid large differences in coantrol
forces during maneuver [18 and 19]. The effect of Cyq on contol forces is of secondary
importance, particularly for small aileron deilection and roll rates that cause small changes in a.
For large deflections, however, which can produce large roll rales and theretore a large change in
a, Cy . could have a notable effect on conuol forces.

Once the clean wing aileron design requirements have been sansfied, the effect of 1ce shapes on
aileron perfcrmance should be assessed for unwanted changes in control behavior. In general,
the presence of ice on the wing leading edge can result in early flow separation over the wing
and control surfaces, and the iced wing lift with 84 could change with respect to the clean wing.
It is important that the lift of the iced wing exhibits the expected behavior with positive and
negative aileron deflectioas, although some loss in aileron effectiveness is expected.

The effect of ice shapes on aileron hinge moments (i.e., control forces) and on the overall
behavior of the hinge-moment curve should be evaluated. With iced wings, the growth in hinge
moment with a (region B as defined in figures 3-26(a) and 3-26(b)) takes place at a lower a with
respect to the clean wicg, as shoan in figures 3-26(c) and 3-26(d). For such a case, a large
amplitude roll maneuver could change the « sufficiently to place the aileron on the down moving
side of the wing in the sicep region of the hinge-moment curve. This could cause a considerabie
increase in conwol force. If, in addition to the increasc in control force, the aileron effectiveness
I» reduced because of flow separation over the ailerons caused by the ice shape, then a situation
could develop where recovery may be ditficult.

lu uoeessing aileron performance for iced wings, the magnitude of Cy and the slope of Cy with
respect W o and S should be considered. Ideally, the magnitude of Cy should be balanced;
small enough to avoid excessively high forces, yei large enough to avoid very small forces. The
actual permissible values of Cy will be a function of the acrodynamic and mechanical design of
the control, as well as certificatioa requirements. Any change in the slope of Cy with @ or 64
should also be small and gradual.

3.2.52 Clean Wing.

For a reflecton place model, positive aileron deflections increase wing lift and reduce the a,qu,
while negative deflections have the opposite cffect. Note that large positive aileron defleciions
at high angles of attack should be evaluated carefully since they increase the angle of attack over
the outbo~rd portion of the wing and can result in early tip stall.

For the clean wing tested, the aileron remained effective for all a and aileron deflections, i.e.,
positive aileron deflection (TE down) increased wing lift, while negative deflection resulted in
lift reduction, as ecxpected. In addition, as the aileron deflection was increased, the lift increment
(for aileron TE down) or decrement (for aileron TE up) increased, as shown in figurcs 3-70(a)
acd 3-70(b).

The aileron hinge moments presented in figures 3-70(c) and 3-70(d) exhibited gradual change
with « for all ailecror deflections tested. The slope, Cig, for all three regions A, B, and C (as
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defined in figure 3-26) of the Cy curve were ncgative, indicaung that the hinge moment became
less positive or more negative as a was increased from -8° to 20°. On a number of cases, a
change in the sign of Cy was observed in the hinge-moment data. Coansider, for example, the
case in figure 3-70(c), corresponding to 8, of -15° (TE up). For this case, a change in a from
10° to 16° resulted in & change in aileron hinge moments from 0.07 to approximatcly -0.03. The
chenge in sign of Cy occurred near wing stall, corresponding to a of approximately 13.5°. For a
between 10° and 13.5° and for 64 of -15°, the hinge moment was positive, indicating that the
aiieron trailing edge had the tendency to retum to its undeflected position. However, at ¢f greater
than 13.5°, the aileron had the tendency to maintain its deflected position due to extensive flow
separation over the upper surface of the aileron. Flow conditions which force a control surface
to maintain its deflection status result in conwrol force reversal. However, with aileron controls,
such a condition over one of the ailerons may not be a problem 1if the other aileron (the one
deflected TE down in this case) remains effective. Considering the 15° aileron deflection case in
figure 3-70(d), it is observed that for a of 13.5°, the hinge moment for the TE down aileron was
approximately -0.18, i.e., the TE down aileron had a strong tendency to return to its neutral
position. Thus, the combined hinge moment and, therefore, the net control force ¢ue to both
ailerons maintained the correct behavior (i.c., the controls had the tendency to return {o the
neutral position).

The change in C;, with 84 depicted in figure 3-70(c) was p.acticaily lincar for a in the range of -
6° to 16°. The change in lift as 3, was increased from -15° to 20°, while maintaining a constant
a. was in the range of 0.1 to 0.2, depending on a. The higher lift increments were obtained for a
in the linear lift range where the flow over the control surface was mostly attached.

The change in control hinge moment with 84 i1s demonstrated i figure 3-70(f). The aileron Cy
was a function of the prevailing flow conditions over the aileron. Consider the line in
figure 3-70(f) corresponding 10 a of 0°. At this a, the flow was attached on both surfaces of the
wing for all aileron deflections. The results show that for negative & (aiicron TE up), Cy was
positive, that is the aileron had the tendency to return to its undeflected position. For positive
aileron deflecticus (TE down), Cy is negative, which once again indicates that the aileron had the
tendency to return to the neutral position. The linear vehavior of the curve shows that as 8, was
increased, the moment and, therefore, the control force were increased i1n & linear fashion. Note
that for a full-span wing, the nct aileron control force can be obtained from the results prescented
n figure 3-70(f) by computing the change in Cy, corresponding to the same positive and negative
aileron angular deflections. For example, at a of 0° the change in thc magnitude of Cy
corresponding to aileron deflections of +5°, was approximately 0.075; Cy for TE up aileron was
0.032, while Cq for TE down aileron was -0.043.

Now consider the Cy versus &4 curve corresponding to a of -8°. At this «, the upper surface of
thec wing was the pressure side, while the lower surface was the suction side. For negative
ailcron deflections, the hinge moment was positive as the aileron upper surface expericnced
higher pressure than the lower surface. For small positive ailerou deflections. the pressure over
the ailcron upper surface remained higher than over lower surface, which now had lower suction,
and the hinge moment remained positive. As the aileron approached maximum positive
deflection, the pressure over the upper surface did not change significantly but the suction over
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the lower surface was considerably reduced. Thus, the magnitude of the positive hingec moment
was reduced. The reason for the nonlineanity in Cy versus 84 curve was mild flow separation
over the aileron lower surface.

The results presented in figure 3-76(f) demonstrate approximately linear change in Cy with 84
for a corresponding to the linear lift range. For these o, the change in aileron hinge moment was
approximately 0.21 as 8, was increased from -15° to 15°. At high negative or positive a, the
change in hinge moment with aileron deflecticn was not lincar. This is demonstrated in figure
3.70(f) for a of 16°, 12°, and -8°.

3.2.5.3 IRT-CS22 Ice Shape.

The effects of the 22.5-min glaze ice accretion with the large scallop features on the acrodynamic
performance of the swept wing for all aileron deflections tested is presented in figure 3-71. The
experimental results obtained indicate the following:

. Lift increase or decrease with &, was as expected for most a as demonstrated in
figures 3-71(z) and 3-71(b). For a-range of 1° to 6°, however, negative aileron
deflections increased lift while positive deflections had practically no effect on Lit. This
was mainly due to massive flow separation over the wing and contol surfaces cau.*d by
the large size (2- to 3-in.) ice horns.

. The maximum positive Cy was 0.1 and occurred for da of -15° and a cf -8° as shown ir
figure 3-71(c). The maximum negative hinge-moment coetficient was -0.19 at a of 20°
and d4 of 20° as evident from figure 3-71(d). Corresponding maximium and minimum
values for the clean wing were 0.165 and -0.22. Thus, the iced wing hinge moments were
within the maximum and minimum limits of the clean wing hinge moments. It is
important, however, to point out that for some aircraft, the maximum hinge moment for
the clean wing are typically not reached either due to the aircraft natural angle of attack
limits or due to an artificial stall barrier. In such a case, the iced wing hinge moments
should be compared to the actual clean wing hinge moment limits.

. A change in the sign of Cy was cbserved for all negative aileron deflections and for
a-range of 2° to 5° as shown in figure 3-71(c). For positive aileron deflections in the
rangc of 0° to 5°, the change in the sign of Cy occumred between a of 1° and 3°, as
demonstrated in figure 3-71(d). For larger positive aileron detiections, the sign of Cy
was reversed twice near G of 0°. As discussed previously, for the clean wing case, a sign
change in Cy indicatcs that the aileron has the tendency to maintain its deflecied posicion.
To detcrmine the net aileron control hinge mcment and its direction for the combined left
and right aileron system, the Cy; for both positive and negative aileron deflections should
be examined.

. As demonstrated in figure 3-71(e), the change in wing lift with 84 for constant a was
practically lincar for all a presented. The lincs had a small positive slope for most a.
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However, for a-range of 0° to 4°, the slope was nearly zero and, in some cases, slightly
negative, indicating that the aileron was not effective in changing lift.

The behavior of Cy with 5, was notably noulinear for all a presented in figure 3-71(f).
Given an o and assuming attached flow, Cy will be positive for negative aileron
deflections (TE up) since the aileron will tend to move to its undeflected position. For
positive aileron detlections, the sign of C;; will eventually become negative. For fixed
positive aileror deflection, the pressure over the aileron lower surface and the suction
over the upper surface should increase as the a is increased from -8° to 0° (note that such
a change in o with fixed 84 is not practical under flight conditions). The Cy should
become progressively morc negative and the hinge-moment curves will move further
apart. This was not the case with the IRT-CS22 ice shape, as shown in figure 3-71(f) for
a-range of -8° to 0°. The intersection in the hinge-moment curves correspoading to these
a near 8, of 5° is indicative of extensive flow separation over the control surface.

3254 IRT-IPSF22 and L R-IPSF22 Ice Shapes.

Aciodynamic performance with aileron deflection for the 22.5-min glaze ice shape casting IRT-
IPSF22 and the corresponding rough LEWICE ice shape LR-IPSF2Z2 are presented in
figures 3-72 and 3-73 rcspectively. These ice accretions were representative of ice protection
system failure cases for the wing model tested. The results presented in figures 3-72 and 3-73
indicate the following:

Increase or decrease in lift with 8, was as expected for all aileron deflections and a, as
demonstrated in figures 3-72(a), 3-72(b), 3-73(a), and 3-73(b).

Tke maximum positive Cy for both ice shapes was approximately 0.14 and occurred for
64 of -15° and a of -8°, while the maximum negative Cy was -0.2 at a of 20° and 8, of
20°, as shown 1n figures 3-72(¢), 3-72(d), 3-73(c), and 3-73(d). Once agan, the iced
wing hinge moments were witiin *he maximum and minimum hinge-moment bounds of
the clean wing.

The change in lift with 8, for the IRT-IPSF22 and LR-IPSF22 ice shapes was practically
linear for all a as shown in figures 3-72(e) and 3-73(e). For all cases presented in these
figures, the Cp, versus da curves had a small positive slope indicating a monotounic
increasc in lift with aileron deflection.

For most of the cases presented in figures 3-72(f) and 3-73(f), the change in the hinge-
moment cocfficient with aileron deflection exhibited nonlinear behavior mainly due to
flow scparation over the aileron.

ot

In general, ice accretions on swept wings can be classified as complete scallops, incomplete
scallops, and no-scallop, as discussed in references 2, 4, 20, and 21. Schematics of these three
types of ice accretions are provided in figure 3-74,
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Complete scallops are glaze ice accretions that appear only on swept wings and are characterized
by the presence of scallop tips extending from the attachment line. The scallop tips have a
particular shape, height, and spacing. Incomplete scallops are glaze ice shapes that also appear
only on swept wings and where scallops tips form beginning at some distance from the
attachment line. No-scallops are ice accretions where scallop tips are not present.

Scallop tips are made of glaze ice feathers, which develop from roughness elements that form
during the ice accretion process as shown in figure 3-75(a). The feathers have a preferred
direction of growth that is perpendicular to the external streamlines, as shown in figures 3-75(b)
and 3-75(c). Ice feathers join along the preferred direction to form ridges, with incipient scallop
tips formed by the feathers at the end of each ridge. As the ridges grow, they form scallop tips.
As the ice accretion grows, the scallop tips merg. with adjacent scallop tips by joining at the top.
This increases both the size of the scallop tips and the gap between them. Detailed descriptions
and experimental data for scallop ice accretions can be found in references 2, 4, 20, and 21.

The type of ice accretion that will form on a swept wing depends on the airfoil geometry, sweep
angle, flow, and tunncl conditions. Icing conditions that lead to scalloped ice features can
produce ice shapes with complex surface characteristics such as the IRT-CS10 and IRT-CS22
cases shown in figure 2-33.

Ice shapes with large scallop formations contain gaps between scallops, as demonstrated in
figure 2-33(b) for the IRT-CS22 case. Acrodynamicists have debated over the years the effects
of scallop features on acrodynamic performance. This is of practical interest because state-of-
the-art ice accretion codes are not able to produce scalloped ice shapes. Simulated ice shapes for
swep: wings developed with the use of ice accretion codes or other empirical means have solid
homns, as shown in figure 2-34. If the scallop-gap features in the ice horns have a significant
impact on aerodynamic performance, then methods should be explored for incorporating their
cffects in simulated ice shapes.

To investigate the effect of scalloped ice shapes on acrodynamic performance, a limited study
was conducted with the IRT-CS22 ice shape. In this study, the gaps between scallops were
progressively filled with a modeling compound to produce an ice shape with solid homns, as
scown in figure 3-76. To reduce the acrodynamic loads on the modeling compound, the
experimental study with the baselinc and modified IRT-CS22 ice shapes was conducted at a
lower airspeed for which the Reynolds number based on MAC was 1.0 million. Experimental
results from thes¢ tests are presented in figure 3-77. The first set of tests was conducted with the
middle 25-in segment of the IRT-CS22 ice shape filled with the modeling compound (casc 1,
RS16 in figure 3-77). Next, the gaps in the 18-in tip segment were filled (case 2, R517 in
figure 3-77), and finally, the gaps in all three ice segments were filled (case 3, R518 in figure 3-
77). Each time a new set of force, moment, and pressure data was obtained.
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(a) Atachment line zone, glaze ice feathers zone
and critical distance (view from direction
normal to leading edge)

(b) Attachment line zone, giaze ice feathers zone
and critical distance (overall view)

Preferted Dwection of Growth

{c) No scallops (c) Feather detall
FIGURE 3-74. ICE ACCRETION ON FIGURE 3-75. DEVELOPMENT OF
A SWEPT WING AT GLAZE ICE ROUGHNESS ELEMENTS AND ICE
CONDITIONS [21] FEATHERS DURING ICE ACCRETION
ON A SWEPT WING [20 AND 21]
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{c} Filling in the root ; {f) Filling in all

FIGURE 3-76. ICING RESEARCH TUNNEL (822 ICE SHAPE FILLED WITH
MODELING COMPOUND
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Lift, drag, hinge-moment, and pressure coefficients for the baseline IRT-CS22 ice shape (R113
in figure 3-77) and for the three cases where the gaps between scallops were partially or
completely filled with modeling compound are compared in figure 3-77. The vesulis presented
in this figure show a progressive increase in C. for a-range of -2° to 9° as more gaps in the ice
homs were filled with the modeling compound. The maximum gain in Cy was obtained for
case 3 and ranged from 0.022 to 0.073 with respect to that of the baseline IRT-CS22 case. The
change in Cp with respect to the baseline ice shape was small but measurable for all three cases
tested. For case 1, the change in the Cy with respect to the baseline IRT-CS22 ice si:ape was
small. However, for cases 2 and 3, the hinge moments were less negative (i.c., the aileron
trailing edge had less of a tendency to move up).

The exact mechanism for the observed acrodynamic effects caused by the gaps between the ice
scallops is not known. However, the pressure data at 15%, 50%, and 85% semispan stations for
case 3 (R518) presented in figure 3-77 for a of 5° offer some clues. The pressure distributions
for the case where all the gaps between scallops were filled with the modeling compound
exhibited increased suction on both the upper and lower wing surfaces with respect to the
bascline IRT-CS22 ice shape.

For large glaze ice accretions, the region between the homs is typically a high-pressure region
because the air flow slows down within the cavity formed by the horns. The regions downstream
of the upper and lower hows are in general low-pressure regions with small or large scparation
bubbles. With scalioped ice siapcs, the gaps between the scallops allow the high pressure
between the horns to ieak to tire low-piessure region downstream of thie horns, thus reducing the
suction near the wing LE. This is clearly evident in the 15% and 50% semispan pressure
distributions presented in figures 3-77(d) and 3-77(e). At the 8C% semispan station, the IRT-
CS22 ice shape with modeling compound produced lower suction peaks necar the wing LE than
the bascline ice shape. This was mainly due to flow separation that was more extensive for the
case of the modified ice shape. Since Cp depends on the pressure difference between the upper
and lower wing surfaces, as this difference was reduced duc to flow leakage in the case of the
baseline IRT-CSZ2 ice shape, the net lift was also decreased.

The observed lift increase with the modified IRT-CS22 ice shape (case 3, R518) in figure 3-77(a)
can be explained by direct examination of the pressure distributions presented in figures 3-77(d)
to 3-77(f). The pressure distributions show that, for the 15% scmispan station, case 3 produced
72% more positive lift than the bascline case. At the 50% semispan station, case 3 resulted in
18% less negative lift than thc bascline ice shape. At the 85% semispan location, both
configurations resulted in about the seme amount of negative lift. Thus, for case 3 where ali
gaps between the scallops were closed, the increase in suction over the wing resulted in a net
increase in Cp, with respect to the baseline ice shupe.

In summary, the limited study conducted with the glaze IRT-CS22 scalloped ice shape showed
that the scallop features and in particular the gaps between scallops can result in greater loss of
lift than ice shapes with solid horms. It must be stressed, however, that these results should not
be gencralized until further studies are conducted with more scalloped type ice shapes.
Furthermore, the results presented here may only be applicable to ice shapes with large scalloped
features and for ice shapes with small scallops, the effects may not be as significant.
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3.2.7 Reynolds Number Effects.

Reynolds number effects on the clean and selected iced wing configurations is presented in
figure 3-78. Reynolds numbers included 0.5, 1.0, 1.5, and 1.8 million were computed based on
the wing mean acrodynamic chord of 1.56 ft. Corresponding tunnel airspeeds were 42, 84, 128,
and 152 mph.

For the clean +ing, experimental results for Reynolds numbers in the range of 0.5 to 1.8 million
are picsented in figure 3-78. For the low Reynolds number of 0.5 million, the Cp gy was
approximately 0.87 and o was approximately 16°. For higher Reynolds numbers of 1.0 and
1.5 million, both Cp s and agai decreased and were approximately 0.84 and 15° respectively.
However, as the Reynolds number was increased to 1.8 million, Cy g increased to 0.87 while
Qg decreased to 13.8°.

Reynolds number effects on C of the IRT-IPSF22, LS-IPSF22, LR-IPSF22, IRT-SCS, and LR-
SC5 configurations arc presented in figurcs 3-78b to 3-78(f). In general, the Reynolds number
cffects on Cp, of the IRT-IPSF22 icc shape was small, as demonstrated in figure 3-78(b). The
effects of Reynolds number on the nea. stall lift performance of the LS-IPSF22 and LR-IPSF22
ice shapes were more pronounced than for the IRT-IPSF22 case, as demonstrated in figures 3-
78(c) and 3-78(d). For the LR-IPSF22 configuration, as the Reynolds number was increased
from 0.5 to 1.8 million, Cy_u. decreased while o,y remained approximately the same.

For the 5-min rime IRT-SCS and LR-SCS5 ice shapes, the effects of Reynelds number on Cy are
demonstrated in figures 3-78(¢) and 3-78(f) respectively. Most of the change in lift with
Reynolds numucr was observed in the near-stall and poststall flow regimes. In general, Cpsan
decreased as the Reynolds number was increased from 1.0 to 1.8 million. The behavior of CL
for the low Reynoids number case of 0.5 million was similar to that for the 1.5 millior Reynolds
number. The Reynoids number effects observed with the S-min rime ice cases were mainly due
to the change in the location of flow separation over the rough ice shapes. At low Reynolds
numbers, roughness can cnhance or reduce performance, depending on the value of Re molds
number, by changing the state of the viscous boundary layer. At flight Reynolds number,
however, even small levels of roughness can resuli in considerable performance losses, as was
demonstrated in reference 18. The Reynolds number range expiored in this study was small and
considerably lower than that experienced by full-scalc wings at flight conditione. it 1s not known
how much different flight test results would be.

3-97



1.0 5 0.8
- -
08 ]
] 0.6
0.5 ]
3 04
0.4 t ]
02 T 02 :
00 i 3
€ 3 & 0.0
02— h
- 0.2 =
243 h
e o
-0.81-#111Tm11-rrn111-rrr1-n11-rrn1-n1\1 05
10 -6 0 5 0 115 2 25 10 & 0 5 10 15 20 25
Angie of attack (deg) Angie of attack (deg)
(a) Lift coefficient; Clean configuration (b} Lift coefficient; IRT-IPSF2~ ice shape
os 1 ¥ ]
-
4 <
- -
05— .6 - /m‘
< -
e L
M-: 0.4-5
| . |
< 02+ T 0.2
-y -
1., 1.,
e 9907 e 907
- h Rests St RITY)) 4 b e ol B * (RAZY
u_. - = @ - — Renix'¥ (RATY 0.2 - = @ - - RewixV® R}
R - Reat it Gt p — - Rt W1 2T
< — & - - Rt o 3ot 4 ——a - - Rty 16
-4 -
-0.4-‘1 -0.4-_1
b b
- - -
08 \AALY RARAN RARAS RAARE RARES RAALE RARS w \ARAN RAAR: RAAANSALEE RAARS ALY RAA L
-10 E-3 0 5 10 15 20 25 -10 5 <] L 10 15 20 25
Angle of attack (deg) Angie of sttack (deg)
(c) Lift coefficient; LS-IPSF22 ice shape (d) Lift coefficient; LR-IPSF22 ice shape
1.0 1.2
3
o8 1.0
0s 083
0.6
; 04 .‘ 3
3
0.4 =
a2 3 3
3 0.2 -
a0 3
g — g 003
0.2 Nomt 10 IR 3 —— s-u-;o-—m':]
- - - Resti(ANE 0.2 - - - @- — Reeixiv (RS
——-- Rest 10 (R117} - —-0—-- st A0 (BART)
0.4 —a - - RestaxW (hOSR) 0.4 = ——& - - RestoxW RIIG
/ 0.6
m 0.8 LA R AL R AR ARARN ARLEE RARAN RARES AR

6 5 0 & 10 1 22 25 0 6 0 5 10 15 20 25
Angile of sttack (deg) Angle ¢ " attack (deg)
(e) Lift coefticient; IRT-SC5 ice shape (6) Lift coefficient; LR-SC5 ice shape

FIGURE 3-78. REYNOLDS NUMBER EFFECT ON Cp; CLEAN AND ICED WING; 64 =6°

3-98



4. CONCLUSIONS.

Wind tunnel tests were conducted to investigate the effect of 20 ice shapes on the acrodynamic
performance of a swept finite wing model. The wing consisted of an 8.7% thick airfoil section,
which remained constant from root to tip. The wing was tapered and had a leading-edge (LE)
sweep of 28°, a trailing-edge sweep of 15.5°, aspeu rauo of 6.8, and -4° geometric twist at the
tip (washout). Tests were performed with the clean wing, six ice shapes castings obtained frcm
ice accretion experiments at the NASA Glenn Icing Research Tunnel (IRT), and seven smooth
and seven rough LEWICE ice shapes. The LEWICE ice shapes were obtained for the same icing
coaditions as those used in the IRT ice accretion tess. One LEWICE ice shape was defined for
each icing condition using airfoils sectione :ormal to the wing LE at five spanwise stations. For
icing condition 5, an additional LEWICE ice shape was defined using streamwise airfoil
sections, as discussed in section 2.2.3 of this report. Roughness effects for the LEWICE ice
shapes were simulated with 36-size grit. Tests were performed with the clean and iced wing in
the low-speed 7- x 10-ft wind tunnel at Wichita State University. A complete set of force and
momernt coefficients were obtained along with aileron hinge moments and pressure distributions
for a range of test conditions. Test conditions included Reynolds number of 1.8 million based on
the wing mean acrodynamic chord yielding test Reynolds numbers well below typical flight
Reynolds numbers, angles of attack in the range of -8° tc 20°, and aileron deflections of -15°,
-10°, -8°, -2.5°, 0°, 2.5°, 5°, 10° 15° and 20°. From the results presented, the following
conclusions are drawn.

4.1 PERFORMANCE OF CLEAN WING.

The clean wing Cyp .1 was 0.87 and occurred at a of 13.8°. The linear lift slope was 0.077 per
degree or 4.41 per radian. Drag coefficient {Cp) varied from a2 minimum value of 0.0063 at a of
1°t0 0.15 at @ of 13.8°. The maximum lift to drag ratio for the swept wing was 27.5 at a of 3.2°.
The hinge-momeut cocfficient (Cy) with the aileron in the neutral position varied from 0.079 at
a of -8° t0 -0.02 at a of 0°, to -0.098 ai a of 15.8°. Th. Cy increased gradually through the
nonlinear portion of the lift curve .id attained a maximum slope of -0.0195 per degree. The
clean wing experienced a leading edgc long bubble/vortex stall, which progressed from the
center of the wing to the tip and then to the root as a was increased.

42 BFEECTS OF IRTICE SHAPE CASTINGS.

The six IRT ice shape castings included 2-, 10- and 22.5-min glaze ice accretions with
incomplete and complete scallop featurcs and a 5-min rime ice shape. The glaze ice snapes
resulted in 11% to 93.6% reduction in Cp . and 8% to nearly 56.5% reduction in oy with
respect to the clean wing. These ice shapes increased the clean wing Cp s by 200% to 3533%.
In many cases, the behavior of the aileron Cy for the clean wing was considerably aitered by the
glaze ice accretions. However, in all cases, Cy of the iced wing remained within the maximum
and minimum limits defined by the clean wing aileron Cy. The S-min rime ice shape improved
the wing Cp s by approximately L7 and the auuu by 14.5%. The iced wing Cpas Was 133%
greater than that of the clean wing. Aileron Cy for the 5-min rime case were simile. to that of the
clean wing.



For the IRT-CS22 ice shepe with the large scallops, the results presented showed that the gaps
between the scallops increased * * d:gradation. This was due to flow leakage from the near
stagnation region between the ice shape horns to the low-pressure region Gt wnstream of the ice
homs. This is a preliminary finding and requires further investigation before more general
conclusions can be drawn regarcing the effects of gaps in scalloped ice shapes.

4.5 DEFINITION OF LEWICE ICE SHAPES.

A methodol~gy for defining three-dimensional simulated ice shapes for a swept tinite wing using
the two-dimensional LE\v 'E ice accretion code was presented.

44 FFFECTN OF SMOOTH EEWICE ICE SHAPEN,

The glaze ice shapes resulted in 14% to 44% reduction in Cp g,y The aea for the iced wing
ranged from 13.4° to 14.8°. The iced wing Cpmis Was 183% to 2367% greater than that of the
cican wing. In most cases, the aileron Cy for the wing with the glaze LEWICE ice shapes were
more positive or more negative than that of the clean wing for a-range of -7° to +13°. However,
in all cases, the Cy of the iced wing remained within the maximurmr and minimum limits defined
by the clean wing aileron Cy. The 5-min rime LEWICE ice shape improved Cp ,u by
approximately 8% and the clean wing og.y was increaced by 1°. Tae Cpm, for this ice shape
was 67% greater than that of the clean wing. Aileron Cy for the >-min rime LEWICE ice shape
were similar tc that of the clean wing.

4.2 PEFECTS OF ROUGH L EWICE ICE SHAPES.

The rough glaze ice shapes resulted in 17% to 61% reduction in Cpgu. The o for the iced
wing ranged from 12.6° to 13.7°. The iced wing Cp min Was 233% to 3317% greater than that of
the clean wing. In most cases, the aileron Cy for the wing with the rough glaze LEWICE 1ce
shapes were more positive or more negative than thosc of clean wing for a-range of -7° to +13°.
However, in all cases, Cy of the iced wing remained within the maximum and minimum limits
defined by the clean wing aileron Cy. The 5-min rime LEWICE ice shape improved the ciean
wing Cp . by approximately 13% and increase aguy by 2°. The Cp i, for this ice shape was
117% greater than that of the clean wing. Aileron Cy for the $-min rime LEWICE ice shape
were in general similar to that of the clean wing.

4.6 ROUGH VERSU'S SMOOTH L EWICE ICE SHAPES,

Inger - the smooth and rough LEWICE ice shapes produced similar lift curves for all but twe
of the - - >n ice shapes tested. The two cases where considerable differences in lift t.aavior
wcre observed were the CS22N and CS228 cases. With the exception of the 5-mun rime ice
shape, the addition of roughness resulted in lower lift coefficients at stall. The change in Cy (i.e.,
rough LEWICE C; i - smooth LEWICE Cy 1) was as follows: -0.1, -0.02, +0.24, -0.03, -0.08,
-0.2, and -0.08 for the CS10, 1S1¢, SCS5, CS2, CS22N, €S228, and IPSF22 cascs. With the
exception of the CS22N and CS22S cases, the rough and smooth LEWICE ice shapes resulted in
similar Cp and Cy.



The trends in acrodynamic performance losses obseived with the smooth and rough LEWICE ic
shapes tested were coasistent with results from other experimental sdies invoiving LEWICE
1ce shapes.

40 ICING RESEAICH "ENAFL VERSUS ROUGH LEWICE YCE SH aPES,

With the excepuon of icing condition S (22.5-min complete scaliop case), the rough LEWICE ic
shapes caused similar loss in lift compared witk the IRT ice bape castings. The d'fference v
iced wing (- defined by (ACpsuu = IRT casting CL gy - rough LEWICE Clyuu) was -0.07
-C.C1, 0.08, +0.C5, 0.35, -0.28, and -0.C§ for CS10, IS10, SCS, CS2, CS22N, CS22S, am
IPSF22 respectively.

In most cases, the wing drag increase caused by the LEWICE and IRT ice slapes was in goox
correlation. The difference in iwud wing Cpo, (i.€., Rough LEWICE Cppa - IRT ice shap
Cb.mun) Was 0.004, -0.008, -0.001, +0.0C2, -0.036, -0.013, and -0.013 for CS10, IS10, SCS, CS2
CS22N, CS22S, and IPSF22 respecuvely.

With the excepuon of icing condition S, the trends in aileror Cy cbtained with the roug!
LEWICE and IRT ice shapes were in good agreement. Fcr icing conditions 2 and 3, the IRT an
LEWICE Cy magritudes were in good correlarion throughout the a-range. For icing condition
1, 4, and 6, the LEWICE ice shapes resulted in larger Cy over regions A and B of the Cy curv:
compared with the IRT ice shapes.

In summary, the IRT and the rough LEWICE ice shapes produced similar acrodynamic etfect
for fve out of the six icing conditious tested. This is an imnportant finding considenng th
observed differences between the actual and the simulated ice shapes. It must be siressed
however, taat considerable more experimental work is needed with a range of ice accretions t
deteroune the gencrality of this finding.

4% ALERCN PERFORMANCY.

For the clean wing and, for pructically, all iced wing ~ases presented, the aileron remaine
effective in increasing and dccreasing lift with aileron deflection. The ice shapes cause
considerabic changes to the Cy of the clesn wing. However, in all cases, the iced wing C
remained within the maximum and miniraam limits of the clean wing Cy.

4.7 REYNOLDSANTUMBER EFEECTS,

In general, for the low Reynolds number (Ke) range of 0.5 to 1.8 million used in this study, th
effects of Re on iced wing lift performance were small. The oaly notable Re effect was is. th
behavior of Cy_u.:. for the 5-min rime ice shapes. For taese ice shapes, lift near stall decreased a
Re was increased from 1.0 to 1.8 million.
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APPENDIX B—RUN LOG FOR AERODYNAMIC INVESTIGATION AT

WICHITA STATE UNIVERSITY
Date Run No. | 8. (deg) | Confinuration N. ..e Comments
25-Apr-02 1 0 Clean
2 -16 Clean
3 -10 Clean
4 -5 Clean
5 -25 Clean
i 6 0 Clean
7 2.5 Clean
8 5 Clean
9 10 Clean
10 18 Clean
11 20 Clean
26-Apr-02 13 20 IRT-CS10 (it-icel) Repeat R012
14 15 IRT-CS10 (irt-icet)
15 10 IRT-CS10 (ist-icel)
16 5 IRT-CS10 (irt-icel)
17 25 IRT-CS10 (irt-ice1)
18 0 IRT-CS10 (irt-ice1)
19 -2.5 IRT-CS10 (it-icel)
20 -5 IRT-CS10 (int-ice1)
21 -10 IRT-CS10 (irt-icel)
22 -15 IRT-CS10 (int-icel)
23 0 IRT-CS10 (int-icel)
24 0 Clean
29-Apr-02 26 0 Clean Gap opened
27 0 Clean Gap closed
28 -2.5 IRT-1S10 (it-ice2)
29 -5 IRT-I1S10 (irt-ice2)
30 -10 IRT-1S10 (irt-ice2)
31 -16 IRT-1S10 (irt-ice2)
32 0 IRT-IS10 (irt-ice2)
33 25 IRT-IS10 (irt-icez)
34 g IRT-IS10 (iit-ice2) ice shape broke
30-Apr-02 36 0 Clean Baseline repeat
37 -15 IRT-CS22 (irt-ice5)
38 -10 IRT-CS22 (it-ice5)
39 -5 IRT-CS22 (int-iceb)
40 -2.5 IRT-CS22 (int-ice5)
41 0 IRT-CS22 (irt-ice5)
42 2.5 IRT-CS22 (int-ice5)
43 5 IRT-CS22 (irt-kce5)
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Date Run No. | 64 (deg) | Configuration Name Comments
1-May-02 44 10 IRT-CS22 (irt-lceb)
45 15 IRT-CS22 (it-iceb)
46 20 IRT-CS22 (irt-ice5)
47 0 IRT-CS22 (irt-iceb)
49 0 Clean Baseline repeat
50 4] IRT-SC5 (irt-ice3)
51 15 IRT-SCS (irt-ice3)
52 -10 IRT-SCS5 (irt-ice3)
53 -5 IRT-SCS (irt-ice3)
54 -2.5 IRT-SCS5 (irt-ice3)
55 0 IRT-SCS (irt-ice3)
2-May-02 56 2.5 IRT-SCS5 (irt-ice3) Loose tape
57 25 IRT-SCS (it-ice3) | Loose tape
58 2.5 IRT-SC5 (irt-ice3) Repeat R056 and R0O57
59 5 IRT-SC5 (irt-ice3)
60 10 IRT-SCS (irt-ice3)
61 15 IRT-SC5 (int-ice3)
62 20 IRT-SCS (irt-ice3)
64 0 Clean Baseline repeat
65 0 IRT-CS2 (irt-iced)
66 -15 IRT-CS2 (irt-iced)
67 -10 IRT-CS2 (int-ice4;
68 -5 IRT-CS2 {int-ice4)
69 -2.5 IRT-CS2 (it-iced)
3-May-02 70 0 IRT-CS2 (irt-iced)
n 2.5 IRT-CS2 (irt-iced)
12 5 IRT-CS2 (irt-iced)
73 10 IRT-CS2 (irt-iced)
74 15 IRT-CS2 (irt-iced)
75 20 IRT-CS2 (irt-iced)
82 0 Clean Baseline repeat
6-May-02 84 0 Clean Baseline repeat
85 0 IRT-IPSF22 (int-ice6)
86 -15 IRT-IPSF 22 (irt-ice6,
87 -10 IRT-IPSF 22 (irt-Ice6)
88 -5 IRT-IPSF22 (ir:-ice6)
89 -5 IRT-IPSF22 (it-ice6) | Repea! R083
90 -2.5 IRT-IPSF22 (irt-ice6)
91 0 IRT-IPSF22 (irt-iceb)
92 25 IRT-IPSF22 (irt-ice6)
93 5 IRT-IPSF22 (irt-ice6) | Max out speed; Tyune = 152°F
94 10 IRT-IPSF22 \irt-Ice6) -
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Date Run No. | &4 (deg) Configuration Name Comments
7-May-02 g5 15 IRT-IPSF22 (irt-ice6)
96 20 IRT-IPSF22 (it-ice6} | Loose tape. Terminate run
97 20 IRT-IPSF22 (irt-ice6) | Repeat R096
99 0 Clean Baseline repeat (Reyc = 1.8x10°
100 0 Clean Repuc = 1.5x10°
101 0 Clean Rewuc = 1.0x10°
102 0 Clean Rejuc = 0.5x10°
103 0 IRT-1S10 (int-ice2) Repeat R032
104 25 IRT-IS10 (irt-ice2) Repeat R033
105 5 IRT-1S10 (irt-ice2) Repeat R034
106 10 IRT-IS10 (it-ice?)
107 15 IRT-1S10 (ist-ice2)
8-May-02 108 20 IRT-IS10 (it-ice2)
199 -15 IRT-IS10 (irt-ice2)
110 0 IRT-1S10 (it-ice2)
m 0 IRT-CS22 (int-ice5) | Resuc = 0.5x10°
112 0 IRT-CS22 (int-ice5) | Rewuc = 1.5x10°
113 0 IRT-CS22 (int-ice5) | Resuc = 1.0x10°
114 0 IRT-CS22 (int-ice5) | Rewuc = 1.8x10°
115 0 IRT-SCS5 (irt-ice3) Reyuc = 1.8x10° (tape loose)
116 0 IRT-SC5 (irt-ice3) | Reyuc = 1.8x10% Repeat R115
17 0 IRT-SCS5 (irt-ice3) Rewac - *.5¥10°
118 0 IRT-SC5 (it-ice3) | Renac=Tux: °
119 0 IRT-SC5 (irt-ice3) Reémuc = 0.5x10°
121 0 Clean Baseline repeat
9-May-02 135 0 Clean Baseline repeat
136 0 Clean Baseline (using Model Constants Table 2).
10-May-02 149 0 Clean Baseiine repeat
13-May-02 151 0 Clean Baseline repeat
14-May-02 167 0 LS-I1S10 (Is-ice2)
168 -15 LS-1S10 (Is-ice2)
169 -10 LS-IS10 (Is-ice?)
170 -5 LS-1S10 (ls-kce?2)
171 -2.5 LS-1S10 (is-ice2)
172 0 LS-IS10 (is-ice2)
173 25 LS-IS1C (Is-kce2)
174 5 LS-1S10 (Is-ice2)
15-May-02 175 10 LS-1S10 (Is-ice?)
176 15 LS-IS10 (Is-ice?)
1717 20 LS-IS10 (is-ice2)
178 0 LS-1S10 (Is-kce2)
180 0 Clean Baseline repeat
181 0 LS-SC5 (Is-ice3)
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Date RunNo. | 8a(deg) | Conlfiguration Name Comments

15-May-02 182 -15 LS-SC5 (Is-ice3)
183 -10 LS-SCS (Is-ice3)
164 5 LS-SC5 (Is-ice3)
185 -2.5 LS-SC5 (Is-kce3)
186 0 LS-SC5 (Is-ice3)
187 0 LS-SC5 (Is-ice3)
16-May-02 188 2.5 LS-SC5 (Is-ice3)
189 5 LS-SC5 (is-ice3)
190 10 LS-SC5 (Is-ice3)
191 15 LS-SC5 (lIs-ice3)
192 20 LS-SCS5 (is-ice3)
193 0 LS-SCS (Is-ice3)
195 0 Clean Baseline repeat
196 0 LR-1S10 (ir-ice2)
197 15 LR-1S10 (Ir-ice2)
198 0 LR-IS10 {ir-ice2) Repeat of R196 (start at a = 0°), losing grit
199 -10 LR-IS10 (k-ice2)
200 -5 LR-IS10 (Ir-ce?)
17-May-02 201 0 LS-CS2 (is-iced)
202 -15 LS-CS2 (is-iced)
203 -10 LS-CS2 (Is-iced)
204 -5 LS-CS2 (Is-ice4)
205 -2.5 LS-CS2 (is-iced)
206 o LS-CS2 (Is-iced)
207 2.5 LS-CS2 (Is-iced)
208 5 LS-CS2 (Is-iced)
209 10 LS-CS2 (Is-ice4d)
210 15 LS-CS2 (Is-iced)
211 20 LS-CS2 (is-iced)
213 0 LR-SC5 (Ir-icel)
214 -15 LR-SC5 (Ir-ice3)
215 -10 LR-SC5 (ir-ice3)
20-May-02 216 0 LR-SC5 (Ir-ice3)
217 -5 LR-SC5 (Ir-ice3)
218 -2.5 LR-SC5 (Ir-ice3)
219 2.5 LR-SC5 (ir-ice3)
220 5 LR-SC5 (Ir-kcel)
221 10 LR-SC5 (k-icel)
222 15 LR-SCS5 (Ir-ice3)
223 20 LR-SC5 (Ir-ice3)
225 0 Clean Baseline repeat
226 0 LR-CS2 (Ir-iced) Use static tare R1114




Date Run No. | 8 (deg) Configuration Name Comments
20-May-02 2217 -15 LR-CS2 (Ir-ice4)
228 -10 LR-CS2 (ir-iced)
229 -5 LR-CS2 (ir-iced)
230 -2.5 LR-CS2 (Ir-iced)
231 2.5 LR-CS2 (r-iced)
21-May-02 232 0 LR-CS2 (Ir-ice4)
233 2.5 LR-CS2 (ir-kced)
234 5 LR-CS2 (Ir-iced)
235 1C LR-CS2 (lr-ice4)
236 15 LR-CS2 (ir-ice4)
237 20 LR-CS2 (ir-ice4d)
239 0 Clean Baseline repeat
o muy-02 240 0 LR-1S10 (k-ice2) Use stalic tare R1113
241 -5 L R-IS10 (Ir-ice2) Repeat of R199
242 -2.5 LR-1S10 (k-kce2)
243 2.5 LR-IS10 (Ir-ice2)
244 5 LR-IS10 (ir-ice2)
245 10 LR-IS10 (ir-ice2)
246 15 LR-IS10 (ir-ice2)
247 20 LR-IS10 (ir-ice2) L
24-May-02 | 264 0 Clean " e repeat
28-May-02 276 0 Clean B-seline repeat
29-May-02 291 0 Clean Baseline repeat
30-May-02 299 0 Clean Baseline repeat
31-May-02 314 0 Clean Baseline repeat
315 -15 Clean (fixed transition) | 2 layers of aluminum strips at 2%c
316 -5 Cler - ‘fixed transition) | 2 layers of aluminum strips at 2%c
| 37 | n_ g Clean (fixed transition) | 2 layers of aluminum strips at 2%c
318 | 5 _; Clean (fixed transiion) | 2layers of aluminum strips at 2%c
319 ;& i Ciean (iixed transition) | 2 layers of aluminum strips at 2%c
3Jun02 | 325 | o 1 Clean Baseline repeal
326 ' G LS-CS10 (Is-ice)
329 15 | LS-CS10 (Is-kel)
330 -10 I.5-CS10 (is-ice1)
331 -5 LS-CS10 (is-ice1)
32 -25 LS-CS10 (Is-ice1)
333 2.5 LS-CS10 (is-ice1)
4-Jun-02 334 0 LS-CS10 (Is-ice1)
335 5 LS-CS10 (Is-icel)
336 10 LS-CS10 (is-icel)
337 15 LS-CS10 (is-icet)
338 20 LS-CS10 (Is-icel)
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Date Run No. | 3. (deg) Configuration Name Comments
4 June-02 339 0 LS-IPSF22 (Is-iceb)

340 -15 LS-IPSF22 (Is-ice6)

K2 -10 LS-IPSF22 (is-kce6)

342 -5 LS-IPSF22 (Is-iceb)

343 -2.5 LS-IPSF22 (Is-ice6)

344 2.5 LS-IPSF22 (lIs-ice6)

345 5 LS-IPSF22 (Is-iceb)

346 10 LS-IPSF22 (ls-ice6)

347 15 LS-IPSF22 (is-ice6)

5-Jun-02 348 0 LS-IPSF22 (Is-ice6)

349 15 LS-IPSF22 (Is-ice6) | Repeat R347

350 20 LS-IPSF22 (Is-ice6)

351 10 LS-IPSF22 (Is-ice6) | Repeat R346

352 0 LR-CS10 (ir-ice1) Use Static Tare R1116

353 -15 LR-CS10 (ir-ice1)

354 -10 LR-CS10 (ir-cel)

355 -5 LR-CS10 (k-icel)

356 -2.5 LR-CS10 (Ir-ice1)

357 2.5 LR-CS10 (Ir-icel)

358 5 LR-CS10 (Ir-icel)

359 10 LR-CS10 (Ir-icel)

360 15 LR-CS10 (Ir-icel)

361 20 LR-CS10 (Ir-icel) Alleron binding. Terminate run

362 20 LR-CS10 (ir-kce) Repeat R361

363 0 LR-CS10 (ir-icel)

6-Jun-02 364 0 LR-IPSF22 (ir-ice6)

365 20 LR-IPSF22 (Ir-kce6)

366 15 LR-IPSF22 (ir-ice6)

367 10 LR-IPSF22 (jr-ice6)

368 5 LR-IPSF22 (ir-ice6)

369 25 LR-IPSF22 (ir-ice6)

370 25 LR-IPSF22 (jr-ice6)

3N -5 LR-IPSF22 (Ir-ice6)

372 -10 LR-IPSF22 (Ir-ice6)

373 -15 LR-IPSF22 (Ir-icef)

374 0 LR-IPSF22 (Ir-ices)

376 0 Clean Bascline repeat
10-Jun-02 390 0 Clean Baseline repeat
11-Jun-02 396 (o) Clean Baseline repeat (automation wiong)

397 0 Clean Baseline repeat

399 0 IRT-CS22 (int-ice5)

400 0 IRT-1S10 (int-ice2)
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Date Run No. | 54 (deg) Configuration Name Comments

12-Jun-02 402 0 Clean Baseline repeat

403 0 LS-CS22N (Is-ice5n)

404 20 LS-CS22N (is-ice5n)

405 15 LS-CS22N (is-ice5n)

406 10 LS-CS22N (Is-ice5n;)

Horn on pressure side spiit, due to heal.
407 5 LS-CS22N (Is-ice5n) | Was glued back and reinforced with
SCTews.

408 5 LS-CS22N (Is-ice5n) | Repeat of R407

409 25 LS-CS22N (Is-ice5n)

410 -2.5 LS-CS22N (1s-ice5n)

411 -5 LS-CS22N (Is-ice5n)

412 -10 LS-CS22N (Is-ice5n)
13-Jun-02 413 -15 LS-CS22N (is-ice5n)

414 0 LS-CS22N (is-ice5n)

417 0 LS-CS22N (Is-ice5n) | Rewac = 0.5x10°

418 0 LS-CS22N (ls-kce5n) | Reyuc = 1.0x10°

419 0 LS-CS22N (is-ice5n) | Repuc = 1.5x10°

420 0 LR-IPSF22 (ir-ice6) | Repeat R364 and R374

421 0 LR-IPSF22 (ir-ice6) | Rewmac = 1.5x10°

422 0 LR-IPSF22 (ir-ice6) | Rewmac = 1.0x10°

423 0 LR-IPSF22 (ir-ice6) | Remac = 0.5x10°

424 0 LR-IS10 (Ir-kce?) Repeat R196 and R240

425 0 LR-SC5 (i-kce3) Repeat R213 and R216
14-Jun-0. 426 0 LR-SC5 (ir-ice3) Re-Installed ice shape. Repeat R425

427 0 LR-SC5 (ir-ice3) Reuc = 1.5x108

428 0 LR-SC5 (ir-ice3) Reyuc = 1.0x10°

429 0 LR-SCS (ir-kce3) Rewuc = 0.5x10°

430 0 LS-CS22S (Is-icebs)

431 0 LS-CS22S (is-ice5s)

432 20 LS-CS22S (Is-kce5s)

433 15 LS-CS22S (is-ice5s)

434 10 LS-CS22S (Is-kce5s)

435 5 LS-CS22S (Is-kce5s)

435 2.5 LS-CS22S (Is-ice5s)

a37 25 LS-CS22S (Is-icebs)

438 -5 LS-CS22S (Is-ikce5s)

439 -10 LS-CS22S (Is-ice5s) | Alleron binding. Terminate run
17-Jun-02 440 -10 LS-CS22S (Is-icebs) | Repeat R439

441 -15 LS-CS22S (Is-Ice5s)

442 0 LS-CS22S (Is-ice5s)

444 0 Clean Baseline repeat

445 0 LR-CS22N (ir-ice5n)
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Date Run No. | 5, (deg) Configuration Name Comments
17-Jun-02 446 20 LR-CS22N (ir-ice5n)
447 15 LR-CS22N (k-ice5n)
448 10 LR-CS22N (Ir-ice5n)
449 5 LR-CS22N (Ir-kce5n)
450 2.5 t R-CS22N (ir-kce5n)
451 2.5 LR-CS22N (Ir-ice5n) | Loosetape. Terminat: run
18-Jun-02 455 -2.5 LR-CS22N (lr-ice5n) | Repeat R451
44 -5 LR-CS22N (Ir-ice5n)
457 -10 LR-CS22N (ir-ice5n)
458 -15 LR-CS22N (Ir-ice5n)
459 0 LR-CS22N (ki-ice5n)
460 0 LR-C_22S (Ir-kce5s)
461 20 LR-CS22S (Ir-ice5s)
462 15 LR-CS22S (Ir-ice5s)
463 10 LR-CS22S (Ir-ice5s)
464 1S LR-CS22S (ir-ice5s) | Loose tape. Terminate run
465 0 LR-CS22S (Ir-ice5s) | Repeat R460, loose tape
466 0 LR-CS22S (ir-lce5s) | Repeat R460, loose tape
467 0 LR-CS22S (Ir-lcebs) | Repeat R460, loose tape
19-Jun-02 468 0 LR-CS22S (Ir-ice5s) | Repeat R460
469 5 LR-CS22S (ir-icebs} | Repeat R464
470 2.5 LR-CS22S (Ir-icebs)
n °
47 25 | LR-CS22S (i-icess) bsjt 32;930:‘:3%‘? peel off 2t about 17
472 -5 LR-CS22S (Ir-iceSs)
473 -10 LR-CS22S (Ir-ice5s)
474 -15 LR-CS22S (Ir-ice5s) | Lost sandpaper
475 -15 LR-CS22S (Ir-ice5s) | Repeat R474
476 0 LR-CS22S (Ir-kce5s) | Rewec = 1.5x10°
477 0 LR-CS22S (Ir-ice5s) | Reyuc = 1.0x10°
478 ) LR-CS22S (ir-ice5s) | Remac = 0.5x10°
480 15 Clean Repeat R010
481 0 LR-CS22N (Ir-icebn) | Repeat R445
482 0 LR-CS22N (Ir-ice5n) | Rewuc = 0.5x10°
20-Jun-02 | 483 0 LR-CSZ2N (ir-ice5n) | Rewuc = 1.0x10°
) 484 0 LR.CS22N (Ir-lce5n) | Remac = 1.5x10°
485 0 LR-CS10 (Ir-ice1) Repeat R352
486 0 LR-CS10 (ir-kce) Reyuc - 1.5x10°
487 0 LR-CS10 (ir-ice) Reyac = 1.0x10°
488 0 LR-CS10 (ir-icel) Reyuc = 0.5x10°
21-Jun-02 501 0 Clean Baseline repeat
25-Jun-02 521 0 Clean Flow-viz, Reysc = 1.5x10°
522 0 IRT-CS10 (iri-ice1) | Flow-viz, Reyuc = 1.5x10°
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Date Run No. | 5, (deg) Configuration Name Comments
25-Jun-02 523 0 IRT-IPSF22 (irt-lce6) | Flow-viz, Repuc = 1.5x10°
524 0 IRT-IS10 (int-ice2) | Flow-viz, Renuc = 1.5x10°
525 0 IRT-SCS (irt-ice3) Flow-viz, Repac = 1.5x10°
526 0 IRT-CS2 (irt-lced) Flow-viz, Repuc = 1.5x10°
26-Jun-02 527 0 LR-IS10 (Ir-lce2) Flow-viz, Reyuc = 1.5x10°
528 0 LR-SCS5 (Ir-ice3) Flow-viz, Repuc = 1.5x10°
529 0 LR-CS? (Ir-iced) Flow-viz, Reyuc = 1.5x10°
530 0 LR-CS10 (Ir-ice1) Flow-viz, Resuc = 1.5x10°
531 0 LR-IPSF22 (ir-ice6) | Flow-viz, Rewuc = 1.5x10°
532 0 LR-CS22S (Ir-icess) | Flow-viz, Reyuc = 1.5x10°
533 ) LR.CS22N (lr-ice5n) | Flow-viz, Reyuc = 1.5x10°
534 0 IRT-CS22 (int-kce5) | Repeat R520, Reyuc = 1.0x10°
! 536 0 Clear. Repeat R521, Rewuc = 1.5x10°
27-Jun-02 537 20 Clean Flow-viz, Rewuc = 1.5x10°
_ 538 -15 Clean Flow-viz, Reyuc = 1.5x10°
27.Jun02 | 539 0 Clean L‘;ﬁ:“__"?;’;‘fo\‘{am wits on model,
541 c Clean Baseliiie repeat
548 0 LR-IPSF22 (ir-ice6) | Added 24-grit to tip of horns of ice shape
549 15 LR-IPSF22 (Ir-ice6) | Added 24-grit to tip of homs of ice shape
550 -15 LR-IPSF22 (Ir-ice6) | Added 24-grit to tip of horns of ice shape
1-Jui-02 564 0 IRT-IPSF22 (irt-ice6) | Rewuc = 1.8x10°
565 0 IRT-IPSF22 (it-ice6) | Rey-~= 1.5x10°
566 0 IRT-IPSF22 (nt-ice6) | Reuc = 1.0x10°
567 0 IRT-IPSF22 (irt-ice6) | Repac = 0.5x10°
568 0 LS-IPSF22 (Is-kce6) | Rewac = 1.8x10°
1-Jul-02 569 0 LS-IPSF22 (Is-kceb) | Rewac=1.5x10°
575 0 LS-IPSF22 (Is-ice6) | Rewac = 1.0x10°
571 0 LS-IPSF22 (Is-ice6) | Remuc = 0.5x10°
573 0 Clean Baseline repeat
2.Ju02 | 582 0 LS-CS22S (is-iceSs) | otz e’if;afn; 1.5x10°, one of the VCR
583 0 LS-CS22S (Is-ice5s) | Flow-viz, Resac = 1.5x10°, Repeat R582
584 0 LS-IPSF22 (Is-lce6) | Flow-viz, Reyac = 1.5x10°
3-Jul-02 587 0 IRT-CS22 (it-ice5) | Flow-viz, Reyac = 1.5x10°
S5-Jul-02 585 C Clean casaine repeat
596 o Clean gr:e%uggfnow angularity probe Installation,
597 0 Clean 7-riole flow angularity probes ]
598 20 Clean 7-hole flow angularity probes
599 -15 Clean 7-hole flow angularity probes
603 0 Clean Gap opened
604 0 IRT-CS22 (irt-ice5) | Gap opened
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APPENDIX C—PRESSURE DATA FROM ICING TESTS

Sarface pressures at 15%, 50%, and 85% semispan locations were obtained prior to the ice
accretion tests. At velocity of approximately 150 mph. with the wing in normal position (refer to
sectiou 2.1.3), pressures were measured at angles of attack of -3°, -2.5°, -2°, -1.5°, -1°, -0.5°, 0°,
0.5°, 1°, 1.5° 2° 4° 6° 8° 10° 11° 12° 13° 14° and 14.5°. Pressure coefficient (Cp)
distributions of selected a are presented in figure C-1.

Pressure measurements were performed with the icing research tunnel (IRT) electronically
scanned pressure (ESP) system. Six 32-port (15 psid) ESP modules were available in the IRT,
providing a total of 192 pressure channels. One port in each module was used for a check
pressure; thus 31 chaar :ls per module were available for test data, or a tctal of 186 ports. The
EP sysiem applicd a three-point pressure calibration to all port transducers. This on-line taree-
point calibration ensured that measurement errors were not greater than +0.1% of full-scale. The
standard calibration interval was every 400 cycles (approximately 15 minutes).

The experimentai press e da’a were used to validate Cp distributions from LEWICE analyses
and wind tzanel tests at Wichita State University.
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APPENDIX D—FLOW ANGULARITY STUDIES

Two, seven-hole flow angulanty probes were installed on the clean wing at two statio
corresponding to approximatcly 16% and 80% semispan. Seven-hole probes can measure t
three components of velocity, the total pressure, and the static pressure at a point in the flor
The flow probe provides results with high accuracy for angles as high as 75°. The data from t
seven-hole probes were uscd to estimate the local angle of attack of the wing due to geomet
twist ot the wing, presence of the streamlined body, and vortices at the wing tip. Angle of atta
sweeps were conducted for three aileron deflections (-15°, 0°, and 20°) and at Reynolds numb
of 1.8 million based on wiry mean acrodynamic chord. Pressures measured from the seven-hc
probes were recorded. Installation of the seven-hole flow probes is shown i1n figures 2-52
2-55.

In order for the probes to provide accurate downwash angle measurements, they were attach
onto the wing leading edge and aligned to the free-stream flow direction. Note that this line
direction is not concurrent to the wing chordwise direction, and therefore, a set of brackets w
specifically made to accommodate the installation.

Effects of flow probes on the wing lift and drag coefficients are demo.-strated in figures D-1 a
D-2. It is observed that the {low probes improved lift performance of the wing; e, 1
coefficient (C) was increased through.ou: the a-range and as a result Cpqu was increased
well. This is because the flow probes geacrated vortices that re-energized the boundary lay:
which delaved transition and flow separation; hence, improved Cpuu. From figure D-1, it
obscrved that the offsets between the Cp values obtained with and without the flew probx
amongst all three aileron deflections of -15°, 0°, and 20°, were very similar, and that hi~her 1
cwves were produced with higher 8a. It is of interest to draw &ttention to the fact that the !
curve gencrated wih the flow probes at 8, of -15° behaved very much like that from without t

probes at 85 of 0°.

The same vortices that re-cnergized the b-undary layer also inadvertently increased dr
coefficient (Cp), as shown in fis;ure D-2. In cneral, the increment in drag conwibuted by t
probes was only accouztable when the wing was expenencing a positive a. Consider the case
drag coefficients generated by the wing with the flow probes installed at 8, of 20°, its Cp vaiu
were the highest amongst all three aileron deflection configurations, with and without the prob«
yet oniy at the range of positive a from 2° onwards. In contrary, its Cp values from a of 4°
-8° wers the lowest amongst all configurations tested.

Downwash (c. upwash) angle as a function of gecometric angle of attack is depicted
figures D-3 and D4. Results from figure D-3 were collected from the probe at 16% scmisp
location, whereas hose from figure D-4 were collected from the one at 80% semispan. In bc
cases, the most negative ailcron deflection (8, = -15°) configuration gencrated the larg:
amouumt of downwash angles for the positive a-sweep. Under the same argument, the
configumtion of the most positive aileron deflection (54 = 20°) generated the largest upwa
angles (negative downwash anglcs) during the negative a-sweep. Notc that the downwash ang
curve in figure D-¢ obtained ncar the tip of the semispan bchaved less linearly than the o
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observed towards the wing root, as shown in figure D-3. Also, the slope of the downwash angle
with respect to the angle of attack observed at the near-tip section is smaller than that of the near-

To0t section.
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APPENDIX E—SIMULATED FROST USING SANDPAPER

As per Federal Aviaton Administration request, a total of eight configurations of frost
simulation using 2-grit sandpaper (times four coverage) were ideatified and investigated to study
the effects of frost on acrodynamic performance of a swept wing. The use of sandpaper in
simulating ice shape roughness aligns with curren: procedures used by airframers during aircraft

Sandpaper tested were 40 grit and 150 grit. With mean acrodynamic chord (MAC) of 1.25 ft,
40-gnt provided normalized roughness (kMAC) of 1x10°, where the 150-grit sandpaper
provided kkMAC of 2x10™. Figure E-1 shows the four different frost simulation coverage using
40-grit sandpaper. The first configuration (figure E-1(a)) simulated frost coverage on the whole
wing. From figures E-1(b) and E-1(c), the second and third configurations were to simulate frost
coverage on the aft 87.5% and 35% of the wing, respectively. In addition, the fourth coverags
(figure E-1(d)) was to simulate failed deicing fluid condition. All sandpaper coverage were
applied on the wing upper surface only.

Figure E-2 demonstrates the effects of simulated frost on C, Cp, Cy, and Cy of the wing using
40-gnt sandpaper, whereas the simulated frost effect using 15¢-grit roughness was shown in
figure E-3.

* Papadakis, M., Yeong, H.W., Chadrasckharan, V.R., Hinston, M., and Ratvasky, T.P., “Effects of Roughness on
the Acrodynamic Performance of a Businss Jet Tail,” AIAA Paper 2002-0242, January 2002,
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FR1-40 (confipuration 5)

FRA-40 {configuration 7) FRA-40 (conliguration 8}

FIGURE . -1. GLC-305 MODEL WITH 40-GRIT (K/MAC = 1X10 ) SANLC PAPER,
SIMULATING FROST FORMATION
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APPENDIX G—COMPUTATION OF LEWICE ICE SHAPE PROFILES

The ice accretion code used in this study is LEWICE v2.0 [G-1], developed by NASA Glenn
Rescarch Center. LEWICE is commonly used in the industry to determine ice shape profiles,
waler droplet impingement patterns, water or ice mass flux, and chordwise extent of ice growth
on the body of interest. Due to the physical modeling and computational methods employed in
the software, LEWICE executes very rapidly and thus can be used to perform extensive analysis
as long as the assumptions inherent in the software are not violated. This software uses the clean
body geometry along with the acrodynamic and meteorological conditions to compute an ice
shape. The output of the software is a 2-dimensional (2D) ice shape profile that car be
calculated for several locations along the span of the wing. The approach taken in this work was
to calculate ice shapes at five locations along the span of the 3-dimensional (3D) wing and then
construct a full 3D ice shape by lofting between sections. The five locations selected for the ice

shape computations were 0% (wing root), 15%, 50%, 85%, and 100% (wing tip) scmispan.

In order to use the 2D calculation for construction of the ice shape, adjustments were made to
account for the 3D flow effects and how these effects impact the droplet trajectory, heat transfer,
and ice growth calculations. From t*2 work of Dorsch and Brun {G-2], the calculation of droplet
impingement on a swept wing can be performed by taking a cross-section normal to the leading
edge and adjusting the velocity by use of the following expression:

V, = VcosA (G-1)
where V;, is the velocity in the plane normal to wing leading edge.

In addition to this velocity adjustment, o was modified to match the pressure profile at the
leading-edge region as determined from a 3D INavier-Stokes calculation of pressures over the
eatire wing surface.

The 3D Navier-Stokes computations were perfo-med at Wichita State University with the clean
wing. In ‘he computations, the NASA Glenn Iciug Research Tunnel (IRT) walls were includea
to simulatc the tunnel wall effects on the wing fiow field. The a used in the analysis were 4° and
6°, to match the geometric angles of attack in the icing tests. Analysis pressures for streamwise
sections at 15%, 50%, and 85% scmispan were compared with experimental pressures
distributions obtained in the IRT facility. Good correlation between experiment and analysis was
demonstrated. From the computed flow fields, pressure distributions were obtained for the four
wing sections normal to the wing leading edge (at 15%, 50%, and 85% semispan, and wing tip)
and for the streamwise scction at the wing root.

The two adjustments described above allow the velocity and pressure profile of the 2D
calculation to be similar to those of the actual 3D flow. An alternative meihod to matching the
pressure profile is to change the angle of attack in the 2D calculations so that the 1if of the airfoil
is equal to the lift of the wing at the cross section of interest or to simply adjust the angle of
attack gec -etrically. These approaches were not attenipted for this investigation; rather, the
former met: od was employed throughout the study.



The exception to this approach was the calculation of the ice shape at the root of the wing. !a
that location, a section cut perpendicular to the leading edge would intersect the floor of the
tunnel. In addition, the airflow in that region was aftected by the presence of the tunpe! fioor.
Flow visualization suggests that the flow was parallei to the tunnel walls. As such, e L WICE
calculation for the root section was performed using the geometry corresponding to & cross-
sectional cut parallel to the tunnel walls.

The temperature input for the LEWICE software was also adjusted to approximate the conitions
present on the actua! wing model. LEWICE requires the static temperature of the free stream as
input. Since the input velocity was reduced, as indicated in equation G-1, the resulting total
temperature profile for the airfoil would be reduced by an amount approximately equal to

V:i-v?
2C

P

G-2)

where Cj is the specific heat of air.

Thus, the input free-stream static temperature was modified such that the free-cacam total
temperature matched that of the 3D flow. The expression used to make this adjustment is
provided in equation G-3.

v: o
Tp=T,r+52-sin’A ()

P

where T, and Trare the static temperature in the planc normal to wing leading edge and free-
stream plane, respectively.

In summary, the aecrodynamic and icing conditions input for LEWICE acalyses to generate the
seven LEWICE ice shapes are documented in table G-1.
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TABLE G-1. FLOW AND ICING CONDITIONS INPUT FOR LEWICE ICE SHAPES

VLWC [ MVD | ¢ | RH | Puu | Tuasc | Spenwise | C vV a

Ice Shape | (g'm’) ! (um) | (mm) | (%) | (N/m?) | (K) Section (m) (m/s) | (deg)
Root 0.640 | 111.76 | 4.0

15% 0.572 | 95.678 | 28

LS-CS10 | 068 | 20.0 | 100 | 100 | 100000 | 263 50% 0.440 | 98.678 | 22
85% 9308 | 98678 | 0.6

Tip 0257 | 98.678 | 06

F.oot 0.640 | 67.055 | 4.0

15% 0.572 | 59.207 | .8

LS-IS10 065 | 200 | 100 | 100 | 100000 | 263 50% 0440 | 59.207 | 22
5% 0.308 | 59207 | 0.6

Tip 0257 | 59.207 | 06

Root 0.640 | 89.989 | 4.0

15% 0572 | 79456 | 2.8

LS-SC5 051 | 145 | 50 | 100 | 100000 | 263 50% 0440 | 79.456 | 2.2
85% 0.308 | 79.456 | 06

Tin 0257 | 79456 | 0.6

Root 064U | 111.76 | 40

15% 0572 | 98678 | 2.8

LS-CS2 068 | 200 | 20 | 100 | 100000 | 263 50% 0.440 | 98678 | 2.2
85% 0308 | 98.678 | 06 |

Tip €257 | 98.678 | 0.6

Rt 0640 | 111.76 | 4

15% 1 572 Togers | 28

LS-CSN | 068 | 200 | 22.5 | 100 | 100000 | 263 54 “330 | 98.678 | 22
TT8.% | 0208 | 98678 | 06

Tip 1257 | 98.678 | 0.6

Root 0.640 | 111.76 | 4.0

15% 0.580 | 111.76 | 2.8

Ls-Cs22s | 068 | 200 | 22.5 | tov | 100000 | 263 | 50% | 0448 | 111.76 | 22
55% 0314 | 111.76 | 06

" Tip 0257 | 111.76 | 06

Root 0.640 | 67.056 | 4.0

15% 0572 | 59.207 | 2.8

SIPSF22 | 046 | 200 [ 225 | 100 | 190000 { 263 50% 0.440 | 59.2¢7 | 22
85% 0.308 | 59.207 | 0.6

Tip 0257 | 59.207 | 06
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APPENDIX H—COMPAI:S0N OF TWO- AND THREE-CEJAENSIONAL WING ICE
SHAPL TRACES AND LIFT DATA

H.1 COMPARISON OF TWO- AND THREE-DIMENSIONAL ICE SHAPES.

The icing conditions for ice shape 'RT-SCS5, listed in tables 2-1 and 2-2 of tiis report were
obtained by scaling the conduions used 12 an ice accretion test conducted with & wwo~dimensional
(2D) 36-inch chord GLC-305 airfoil [H-1].

Tuc scale condidons were determined w.ing the Ruff metr sd [H-2] for sea level testing wiib
constant velocity. This method was devele~:d for scaling 21> models to permit simulating a
larger model by testing a smalle model, o tc permut tes<ng at one set of test conditions to
simulate congitions that were not attainat-le in the facility being used. For either simulation, the
objective is to produce a scaled ice shape that simulates the reference shape; in fact, whea
normalized by the model chord, the two shapes should match in overall size and in loc:tions and
size of individual features. The Ruft method maicnes scale and reference values of those
nondinensional similarity paramc’ers that have been demonstrated to have the strongest
influence on the ice accretion cuantity anl shape. The dimensionless simils~" - parameters
include the modified inertia parame* v, Ko, which relates to the droplet trujectories; the
accumulation parameter, A., whbich is 2 measure ¢f the quantity of ice that can potentially accrete
vu the model; and the frecsing fraciion, ng, which is the proportion of water impinging at
stagnation that actually freezes. Another encrgy paruneter that can be uscd is the water cnergy
transfcr parameter, ¢. This 1 -ameter has units of temperature and collects all the ferms 1n the
enc.gy balance that relate w cnergy carried to thz surface by water drops. For rime ice, it is
convenient and acceptable to set the scale velocity equal to the reference, aithough other methods
of finding scalr velocity have been shown to give better results for glaze ice. The five equat:ons
formed by matching the scale and refercnce values of the three noadimemsions! similanty
parameters, plus the water energy parameter and the veiocity can be solved to fine the scale test

The method outlined in the previcus paragraph has only been validated to scale 2D (straight
wag) models. There have becn no studies of 20 to three-dimensional (3D) (vwept wing)
scaling, and a ciucial question is how valid sre the 2D paranwters, some of which appiy only o
the stagnation liae, imight be for swept wings., However, scabing betwe~1 two goemetticsily
similar sweisl wing models of diffecent size was studied by ONERA [H-3 aud H-4] by applying
most of the saine simnilarity parameters that Rufl [ater used. Altaocgh direct compariscas of
scale and relerence ice shanu. were not possible, phoiegraphs suggosted that quuntities and
featurcs of the reference accreuons were simulatca wetl by the scale tests.  These results
provided somc 7 suragzment that the Ruff method mught b2 valid for 2D w "D scalirg. To test
this possibility in a very litnited way, the present study in~luded rime tests with & 215 model as a
refercnce and compared those ice shapes with ones from a 3D model at scaled conditions.

Th. strategy was to anpiy the Ruff scaling calcclations owlines above using rime iests with a 36-
in chord, 2D GLC-305 model as the reference. The scalc model was to have the same aarfor,
form as the reference but with a chord of 7.4 inches. Rime ice, even for swept wings, has a
fairly simple shape, lacaing the 3D s allops of swept wing giaze. Therefore, the assumprion was
that rims ice sccretions would be no ditiercat whethet on a 17.4-iu chord 2D airfoi! or on 2 3D
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airfoil with a mean aerodynamic chord (MAC) of 17.-
edge radius for the GLC-305 airfoils was taken to be 0.0134c, whers ¢ is the chord.
reterence concuions and resuiting scale conditions wre shown in the foliowing tabie:

nches, at least a* the MAC. The lea

C v |« Tow | MVD | LWC Time Bo
(in) | (mph; | (deg) | CF) | (um) | (g/'m’) ! (minutes) | (%) | Bq
Reference 360 | 2013 6 1.7 | 230 0.40 16.7 66.3 | 1.(
Scaled 174 | 2013 6 11.7 12.8 0.58 5.6 66.3 1.(

The relative thickness of ice accreted at the leading edge is proportional to the product of 1
paramercrs: the collection efficiency at stagnation, Bo, the accuruiaiion parameter, A, anc
stagnadon freezing fraction, ng. Thus, for vime ice (ng of 1), the product BeA, gives a measu
the reiative size of the ice accretons. Note that for proper scaling, this product must o
beiween scele and roforence. Other simiterity parameters are not importan: for rime scaling.

Soine adjustments to the celculated scale conditions were necessary. First, because the ¢
drop size determined by the Ruft method wes smaller than the minimum value for whict
icing rescarch tunnel (IRT) cloud was calibrated (14.5 jum), the minimum median volum
diameter (MVD) for the IRT had to be substituted. For a straight wing, this increase tn drop
would result in a stagnation collection efficiency about 6% higher than the reference. Fo
swept wing, the assumption was made that the change wouikd have the same proportional e
as that for the straight wing. Thus, the second adjustment w =< to rcduce the spray time fron
to 5 minutes to compensate for the increased collection cificiency. Then the revised
conditions were:

c \% a | Twa | MVD | LWC Time Bo
(in) | (mph) | (deg) | (°F) | (um) | (¢/m’) | (minutes) | (%) | Bo
Reference | 306 | 2013 | 6 117 | 200 | o040 167 1663] 10
Scaled 174 12013 6 11.7 | 145 | 058 5.0 702 | 1.0

Although the scaling calculaiions were made using a chord of 17.4 inches, the icing tests -
actually performed with a swept GLC-305 eirfoil with a8 MAC of 18.72 inches. Bott
collection efficiency and accumulator paramcter are dependent on chord. The local cho
which icing traces were made also varied with spanwise location; thercfore, the scale
conditions shcwn above were valid only for one location. In additiou to the change in MAC
liquid watcr content (LWC) actually tested was not the value desired due to an error in the
calibration discovered after the completion of tests. Thus, while the snray bar conditions
sct to give an LWC of 0.58 g’m as recommendcd from the scele calculations, the actual va:
believed to have been 0.51 g/m:”.

Figure 4-! compares a trace of the ice shape obtained from the icing tests with the 2D GLC
with three traces of the ice shape obtained from the 3D swept wing icing tests at the N.
Gienn IRT facility. The traces of the 3D ice shape were obtamned at wing stations A, B, and |
shown iu figure 2-5 of this report. The ice traces a stations A and B werc taken normal
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swept wing leading edge, while the trace at station C was teken in the streamwise direction. A
discussed in the main body of this report, the swept wing had a GLC-305 airfoil section that wa
in the streamwise direction. Thus, sections taken normal to the leading edge of the swept win
were slightly thicker thai. the streamwise GLC-305 section anu uud a chord length that we
approximately 99%; of the streamwise airfoil chord length. The airfcil and ice traces presented i
figure H-1 have been normalized with the normal or streamwise chord of each airfoil sectiol
These nondimensional tracings show good agreement between the 2D tiace and that of cut A ¢
the swept wing, but the relative quantity of ice for cuts B and C are far less than that for the 2l
trace. The foi'owing table shows the relevant similarity parameters for the conditions actuall
tested at the ® [ «C cnd at each of the tracing locations:

Q15
20 Tests
-------- ~= 3D Touts (CA A, rofer to Sre 2%
_____ 3D Tosts (Cut B, rofer 0 Spse 2.9
0..0 3D Tosts (Can €, rofer  lgase L%

E B
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006 000 Q05 010 Q15 020 025 030
XiC

FIGURE H-1. COMPARISON OF THE ICE SHAPES FOR THE 2D AND 3D MODELS

c \Y a Twow | MVD | LWC Time Bo
(in) | (mph) | (deg) | (°F) | (um) | (g'm’) | (minutes) | (%) | BoA.
Reference 36.00 | 201.3 6 11.7 20.0 0.40 16.7 66.3 | 1.06!
Scaled (MAC) | 18.72 | 201.3 6 11.7 14.5 0.51 5.0 68.9 | 0.81.
Scaled (Cut A) | 13.80 | 201.3 6 11.7 14.5 G.5i1 5.0 74.1 | 1.18.
Scaled (Cut B) 19.30 | 201.3 6 11.7 14.5 0.51 5.0 68.3 | 0.78]
Scaled (Cut C) | 25.10 | 201.3 6 11.7 14.5 0.51 5.0 63.2 | 0.55!

Nate that the scale value of PgA. is only cin<e to the reference at cut A, where the scale ar
reference are within 11%. The parameter A, is dircctly proportional to LWC, and the uncertaiut
in the LWC calibration for the IRT is generally quoted as +10%, so these numbers a
reasonably closec. The good agreement of the ice tracings for the 2D and 3D at cut A 1
therefore, consistent with the BoAc value there, and this result shows thiat for this nme case, .
least, it is possible to scale effectively from 2D to 3D. The much smaller scalc shapes at cuts
and C are predicted by the significantly lower BgA. values at those locations.
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Although the results for nearly matched foAc were encouraging, the tests were very limited in
scope, including only rime ice at one set of reference conditions. For glaze ice, the scallop
formation on swept wings of large sweep angles makes a direct comparison with 2D ice shapes
impossible. However, additicnal tests for glaze ice at several freezing fractions are encouraged
to determine if useful similarities in 2D and 3D shapes can be identified. For future tests, it
should also be recognized that the matching of reference and scale similarity parameters applies
oaly at one swept wing spanwise focation.

H.2 COMPARISON
PERFORMANCE.

F

2D AND 3D CLEAN AND ICED WING AERODYNAMIC

In this section, the acrodynamic lift performance of the clean and iced GLC-305 2D wing model
presented in reference H-1 is compared with the lift performance of the clean and iced GLC-305
3D wing presented in the main body of this veport. The 2D and 3D iced wing configurations
considered below are the ones presented in figure H-1. The aerodynamic performance
comparisons will be Limited to linear lift slope and maximum lift coefficient.

In comparing the acrodynamic performance of the two wing models, the following differences in
model geometry and flow-field behavior should be considered:

. Model size and geometric features. Tne 2D model was a straight infinite span planar
wing with a chord of 36 inches. The 3D model was a finite span swept wing with
geometric twist and taper, and with a MAC of 18.72 inches.

o The lift data for the 2D model were obtained at Reynolds numbers in the range of 3 to 7.5
million compared to the 1.8 million Re:nolds number used in the 3D wing tests.

. The flow ficid about a finite swept v-ing is three-dimensional and is, therefore, inherently
different from 2D flow about an infiuite straight wing. Three-dimensionz! effects include
spanwise flow, leading edge and wing tip vortices, downwash effects, end complex
separation patterns at high angle~ or attack as the wing approaches stall. As a result, the
stall behavior of the 2D infinite span wing will in general be different from that of the
finite span wiag with the same airfoil section.

. Aerodyracus per ‘ormance of finite swept wings depends on aspect ratio (AR), taper ratio
(A), sweep argle (A), Reynolds number (Ke), wing twist, and potential fusclageswing
interacticn effects. Noie that the 3D wing was tested with a fuselage like body, as shown
11 figuie 2-18 of this report.

From experimcnca: work and classical acrodvnamic theory, a number of simple equations have
been developed for relating the lift slope of a straight finite wing to that of a 2D wing with the
same airfoil section. For planar untapered swept wings, basic swept wing thecry can be applied
to correct tne lift slone of straight wings for the cffects of wing sweep as discussed in
reference H-5. Sweep corvections accouunt for the fact that, for swept wings only the velocity
componcnt norina! to thic wing lcading edge is responsible for wing lift and surface pressures.
The velocity component tangentiai to the wing leading edge is important only for the

H4



determination of the frictional stresses on the surface. Corrections for sweep effects depend to
some extent on the method used to convert a straight wing into a swept wing. In general, sweep
is inroduced by rotating or by shearing a straight wing. If rotation is applied to sweep the wing
(bent-back or yawed wing), then the airfoil section of the unswept wing is the same as the airfoil
section normal to the leading edge of the swept wing. A sheared wing is obtained by shearing
backward (or forward) every section of the unswept airfoil, leaving its shape and lateral position
unchanged The swept finite GLC-305 wing was obtained by applying the shear method. Thus,
the airfoi! section of the straight 2D wing and the sweamwise seciion of the swept wing were the
same. However, the airfoil section normal to the swept wing leading edge was slightly thicker
than that of the standard GLC 305 profile. Note that the simple sweep theory requires the use of
the lift data for the airfoil section normal to the wing leading edge. A 2D viscous flow analysis
was conducted with the XFOIL code [H-6] to assess the difference in lift performance between
the GLC-305 airfoil and the thicker airfoil section normal to the wing leading edge. The results
showed that the airfoil normal to the wing leading edge had a slightly higher maximum Lft
coefficient but in general the lift performance ot both airfoils was very similar over the linear lift
range. Thus, it was decided to use the bascline GLC-305 lift data in all calculations presented
below.

Experimental lift curves for the 2D and 3D clean wing are compared in figure H-2. The main
differences between the 2D and 3D wing lift curves include the following:

. Considerably higher lift slope for the 2D wing (i.¢., higher lift at a given angle of attack).
. Angle of zero lift is negative for the 2D wing but slightly positive for the 3D wing.
. Maximum lift is considerably greater for the 2D wing.

. Stall behavior for the 2D and 3D wings is considerably different. A gradual stall is
observed to take place for the 3D wing compared to a sharp stall for the 2D wing.

LIt coefficlent
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FIGURE H-2. COMPARISON OF LIFT CURVES FOR THE CLEAN 2D AND 3D WINGS

H-5



In the following, the lift characteristics of the clean and iced GLC-305 finite wing will be
estimated from the lift properties of the clean and iced 2D wing using simple equations
developed for swept wings. It should be emphasized that stall behavior cannot be predicted by
these simple schemes.

The method used to esdmate the finite swept wing lift data from thai of the 2D wing was as
follows:

o Apply standard sweep, aspect ratio, and compressibility corrections to estimate the 3D

. r'stimate effective twist angle for the 3D wing and use this value to correct the 3D wing
geometric angle of attack.

. Estimate the effect of Reynolds number oa lift slope using experimental data and a 2D
viscous analysis panel code.

. Apply a simple formula to estimate maximum lift for the 3D wing from that of the 2D
wing.

Due to downwash and geometric twist effects, the lift curve slope of the 3D swept wing was
reduced compared to that of the 2D wing model. Knowing the 2D lift slope (&) and the angle of
attack for zero lift (o), one can predict the lift curve of a finite swept wing from equation H-1
[H-7] which takes sweep angle and aspect ratio into consideration. Note that al: lift siopes in
equation H-1 are per radian. From refercnce 24, the 2D slopes (ag) of the clean and iced wing
were 0.0973 and 0.0977 per degree, respectively. Corresponding lift slope vaiues per radian
were 5.574 and 5.598. From equation H-1, the lift slopes (CLg) of the clean and iced finite swept
wings were calculated to be 4.114 and 4.127 per radian or 0.0718 and 0.072 per degree,
respectively.

CL, = a_ AR - 1)

(Bl -

where AR= 6.8, Ay, = 22° and M,, = 0.185 for the swept finite wing tested.

Typically, planar wings with infinite and finite span and identical airfoil sections have the same
angle of zero lift (az-). The GLC-305 swept wing model, however, had a washout of 4° at the
wing tip, which reduced the effective angle of attack of the 3D wing, thus {ar-0)sp and (@r-0)2p
were not the same. For a finite wing with washout, (a-)3p should be the difference of (az-0)p
and O.g, where g is the effective angle of twist of the whole wing. Note that at zero lift, the
downwash angic gencrated by a finite wing is practically zero, thus only wing geometric twist
causes the 2D and 3D geometric angles of attack to differ. To estimate the effective twist angle
of the finite swept wing, the spanwise lift distribution of the 3D wing must be coasidered. Using
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the spanwise lift distribution, the spanwise location, where the wing local lift times the span of
the wing is approximately equal to the total lift of the wing (integral under the curve), is
determined. From the limited surface pressure data ob-nined with the 3D wing, an approximate
spanwise lift distribution was computed and the data was used to determine the spanwise
location corresponding to the effective twist angle. This location was close to the 50% semispan
for the angles of attack presented in figure H-3. The geometric twist at the 50% scmispan station
(Bs0) was -1.14°. Thus, the effective twist of the wing at low angles of attack was ~1.14°,
Therefore, the difference between the 2D and 3D geometric angles of attack at zero lift was 1.14°

(the 3D angle of attack was 1.14° higher than the 2D geometric angle of attack).
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FIGURE H-3. SPANWISE LIFT DISTRIBUTIONS OF THE CLEAN SWEPT WING

The effect of Reynolds number on the lift behavior is demonstrated in figurc H-4 using the
experimental data of reference H-1 and computational data obtained with the XFOIL code [H-6].
Both the experimental and analysis data indicate a significant increase in maximum lift and angle
ot stall as expected. In addition, a small increase in lift slope is observed as Reynolds number is
increased. Since the airfoil section for the 3D was constant from root to tip, the Re effects for the
3D wing should be similar to that observed with the 2D airfoil.

The experimeatal lift curves of the clean and iced wings are compared in figures H-2 and H-5
respectively. Each figure provides the 2D and 3D experimental lift curves and the lincar part of
the lift curve for the 3D wing (line with diamond symbols) that was computed from simple wing
sweep theory. The results indicate that the estimated 3D wing slope is in good agreement with
the experimental data of the 3D wing.

Next, an estimate of the maximum lift coefficient for the 3D wing is computed using simple
wing sweep theory. According 10 Hoerner [H-5], CL,ux for a swept wing can be predicted from
the maximum lift coefficient (Clua2p) Of 8 2D wing using equation H-2. Again, the formula
provided is strictly applicable to planar wings and assumes that the airfoil section, in this case
GLC-305, and the flow arc normal to the wing leading edge.

CLy, = Clop-0s?A, . (H-2)
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where A4 is the quarter-chord sweep angle, which was 25° for the 3D GLC-305 swept wing.
Experimenial data presented in reference H-5 indicate that equation H-2 underestimates Cluax for

sweep angles greater than about 20°.
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FIGURE H-4. EFFECT OF REYNOLDS
NUMBER ON GLC-305 LIFT SLOPE

10 12 14 16

0.6 . /
o4 /£
oz /f

o s

—— i 20 Exp duim (he=d G 10%, Wb 21S)
—t— - 30 Exp dam (o=t 1P, Mud. 106
— ~ - — Prodicied CL using equatien H1

5 10 5 20 25

0
Angle of attack (deg)

FIGURE H-5. COMPARISON OF LIFT
CURVES FOR THE ICED 2D AND
3D WINGS

Lift slopes, maximum lift coefficients, and angles of stall for the 2D and 3D clean and iced wing
models are summarized i table H-1. The stall angles p—vided in tabie H-1 were obtained from
the experimental data. Due to spanwise flow, leading <dge and tip vortex structures, washout,
and downwash effects, the stall mechanism of finitc swept wings is considerably different frora
that of straight 2D wings and in general the angle of stall for 3D wings is higher.

TABLE H-1. SUMMARY OF LIFT CURVE SLOPES AND ClLuux

Clean Wing Iced Wing
. 2D Exp 0.0973 0.0977
Lﬁ;ﬁ;ﬂ;"e > B 0.0765 0.0775
Calc.* 0.0718 0.0720
2D Exp 1.0850 09702
CLunax D | 0.8738 0.8955
Calc.* 0.8912 0.7969
20 Exp 10.54 13.23
Gl (dcg) 3D Exp 13.78 15.80

® Estimates for 3D wing obtained from the 2D experimental data of reference H-1 and simple

sweep wing theary.



H.3 RELATIONSHIP BETWEEN 2D AND 3D WING GEOMETRIC ANGLE OF ATTACK.

To estimate the effective angle of attack of the 3D wing, the geometric twist and downwash
angle effects need to be estimated and the geometric angle of attack must be adjusted for these
effects. These corrections will provide an equivalent geometric angle of attack for the 2D wing,
Note that for the same lift, the geometric angle of attack of a finite wing is greater than that of an
infinite span wing. According to Hocrner [H-5], the characteristic of pressure distributiors in the
vicinity of 50% semi-span of a swept wing is the same as that found in conventional irfinite span
straight wing sections. Therefore, by matching pressure distributions at 50% semispan of the
clean 3D wing model to the coefficient pressure distributions of the clean 2D wing model, the
relationship between the geometric angles of attack of the 2D and 3D wing models can be
estimated. Note that this method assumes the Reynolds numbers of the 3D and 2D flows are the
same, which is not the case here. However, as it was shown in figure H-4, the effect of Ke over
the linear portion of the lift curve was small. The results obtained by applyine the pressure
matching method are presented in figure H-6. By fitting a least-squares straight iiae to the data
presented in figure H-2, the relationsnip between the 2D and 3D geometric angles of attack can
be obtained. Note that the difference (@ - asp) provides an estimate of the average geometric
twist and downwash angle at 50% scmispan.
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