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SUMMARY

An investigation of the ice accretion patterns and performance characteristics of
a multi-element airfoil was undertaken in the NASA Lewis Icing Research Tunnel.
Several configurations were examined to determine the ice shape and performance
characteristics. The testing included glaze, rime, and mixed icing regimes. Tunnel
cloud conditions were set to correspond to those typical of the operating
environment for commercial transport aircraft. Measurements acquired included
ice profile tracings and aerodynamic forces both during the accretion process and
in a post-accretion evaluation over a range of angles of attack. Substantial ice
accretions developed on the main wing, flaps and slat surfaces. Force
measurements indicate severe performance degradation, especially near CL max,
for both light and heavy ice accretions. Frost was seen on the lower surface of the
airfoil which was found to contribute significantly to the force components.

INTRODUCTION

Several studies have been completed of ice accretions and resulting performance
losses for typical airfoil profiles (refs. 1-6). To date, most studies have been for
single element airfoils such as the NACA 0012 profile with the exception of
Ingelman-Sundberg et. al. (ref. 7). The use of slats and flaps has the potential for
development of significant ice accretions at many locations on an airfoil other than
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the leading edge. In an effort to document these accretions and their effects on
airfoil performance, icing tests were performed on a 2D multi-element model
representing a Boeing 737 wing section. This model, configured for four simulated
flight conditions, was tested in the NASA-Lewis Icing Research Tunnel (IRT) while
mounted in a horizontal position between two splitter walls, as shown in Figure 1.
The actual model mounted in the IRT is shown in Figure 2.

The conditions of the test were set to attempt reproduction of natural icing
conditions for this airfoil during hold and approach situations, as specified in the
FAR-25 specifications for commercial aircraft (ref. 8). This was not always possible
given the restrictions imposed by the scale of the models and the capabilities of
the IRT. In several cases, the spray durations were extended in order to
accumulate ice of sufficient quantities to allow tracings to be feasible. Additionally,
it was desired to obtain results for glaze, rime, and mixed conditions in order to
develop an understanding of how these may impact the several configurations
examined. Glaze ice accretions occur at warm temperatures and high cloud liquid
water content, while rime ice accretions occur at cold temperatures and low cloud
liquid water content. Glaze ice accretions can produce large protuberances called
horns at locations slightly downstream of the stagnation region. A mixed ice
accretion has a glaze ice core at the stagnation region with surrounding layers of
rime ice. Further explanation of these differences is found in reference 6.

The goal of this report is to present the complete set of ice shapes and
performance characteristics for the multi-element airfoil for a wide rand of icing
conditions. Previous reports by Potapczuk and Berkowitz (refs. 9, 10) have
presented a summary of the test results along with several ice shape and
performance predictions for the cruise wing configuration. However, this technical
report will focus entirely on the experimental results. For each test run, ice shape
profiles and performance characteristics will be presented along with a summary
of the test results for each of the four configurations.

APPARATUS AND PROCEDURE
Wind Tunnel

This test program was conducted in the NASA Lewis Icing Research Tunnel (IRT).
The IRT, shown in Figure 3, is a closed loop subsonic wind tunnel with a 6" X 9
foot solid wall test section. The maximum test section velocity is 300 mph with no
blockage. The IRT airstream temperature is controlled by a 2100 ton Freon
cooling system which allows the total temperature to range between 32° and -20°F.
Atmospheric icing clouds are simulated in the tunnel by spraying water droplets
into the cold airstream slightly upstream of the contraction section. Calibrated
clouds may be generated with liquid water contents ranging from 0.5 to over 2.0
gm/m? and with volume median droplet diameters ranging from 10 to 20 microns.



wind Tunnel Model

The test article was a 0.18 scale model of a Boeing 737-200ADV 2D wing section.
The model was mounted horizontally between two splitter walls which spanned the
height of the tunnel test section. A diagram of the model mounted in the splitter
walls is seen in Figure 1. The model could be rotated about its spanwise axis
using a turntable mounted in the splitter walls. This allowed variation of the angle
of attack both during and after the duration of the spray. For most of the test runs
the model was set at 5° angle of attack during the icing encounter.

The Boeing 737-200ADV 2D wing section is a multi-element airfoil with a leading
edge slat and three trailing edge flaps. Figure 4 shows the four configurations that
were tested in the NASA Lewis IRT. The cruise wing configuration, shown at the
top, had a chord length of 1.5 ft. The other three multi-element configurations, 1°,
5° and 15° flap, had varying slat and flap positions that correspond to various high
lift configurations to simulate possible flight conditions that may be encountered
during hold and approach situations.

Measurements

The tunnel velocity at the location of the model was obtained by use of a
calibration curve produced during earlier ground de-icing tests. This was done by
relating a static pressure probe reading located at the model location, without the
model present, to that of a static pressure probe located in the ceiling upstream
of the splitter walls. The output of this probe was referenced to a heated total
pressure probe, also located in the tunnel ceiling, to yield the corrected free stream
velocity at the model location.

Aerodynamic loads on the models were measured during and after each test run
using two three-component force balances. One balance was mounted in each
splitter wall and attached to the end of the model. These balances allowed the
measurement of the normal and axial forces and of the bending moment on the
airfoil. From these measurements, the lift, drag, and pitching moment could be
determined with an estimated accuracy of 3 percent.

During the De-/Anti-Icing tests which preceded these, a problem developed in the
axial force component of the left hand balance. This meant that any spanwise
variation of the axial loading would lead to errors in the measurements. A simple
examination of the relative magnitudes of the axial loads to either the lift or drag
values indicated that an axial load imbalance could contribute to a 3 percent error
in lift and as much as a 75 percent error in drag. It was decided to use the
balance under these conditions and to take note of any test runs which had a
non-uniform distribution of ice in the spanwise direction. It was felt that lift values
would be acceptable and that if the ice accretion was uniform across the span then
the drag measurements would also be meaningful. This indeed was the case for
most of the test runs. Four runs (2B, 15, 20 and 21) had non-uniform ice
accretions and the drag data for these runs should be used with caution.
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Test Procedure

A typical test run consisted of the following steps. The force coefficients versus
angle of attack were determined for the clean airfoil. The spray conditions were
set and the tunnel was brought to the correct temperature and airspeed. As the
spray was allowed to impinge on the airfoil, the force balance measurements were
taken in order to determine changes during the encounter. These measurements
were taken with the airfoil at a set angle of attack. Upon completion of the icing
encounter, the force coefficients versus angle of attack were again taken to
determine changes due to ice accretion and frost. After these measurements were
completed, the tunnel was brought to idle and frost was removed using plastic
scrapers. The tunnel was then brought back to speed and the force
measurements versus angle of attack were repeated without the frost.

After each icing test was conducted, a set of ice shape tracings were made at
pre-determined locations along the span of the airfoil. A steam knife was used to
cut a 0.25 inch wide slice into the ice and flush with the clean airfoil. Figure 5
shows the distance and section name for each of the 5 cuts. After each cut was
made, a cardboard template was inserted into the cut and a tracing of the ice
shape profile was made. At section C, ice shape tracings were obtained on both
sides of the template.

Test Conditions

The test program consisted of twenty-four runs, ten with the cruise wing
configuration and fourteen with the three high lift configurations. The test
conditions were selected to simulate cruise and approach conditions for the
Boeing 737-200ADV. This consisted of determining combinations of temperature,
liquid water content, and drop size within the FAR-25 envelope and scaling these
conditions to the size of the model using scaling laws similar to those described
by Ruff (ref. 11). Velocities and accretion times were also adjusted in an attempt
to achieve proper scaling of the total mass of ice accreted. The attempt to remain
close to real flight conditions was done to produce realistic ice shapes but was not
intended to achieve complete simulation of actual flight conditions. Since the main
objective was to produce a database for code validation, it was decided in several
runs to deviate from the simulation conditions in order to produce ice accretions
suitable for modeling. Typically, the deviations consisted of running for longer
periods of time in order to accumulate enough ice to yield a suitable shape for
testing the computer codes. Table 1 lists the actual test conditions for each of the
24 runs.

RESULTS AND DISCUSSION
Detailed results of the ice shapes and performance characteristics will be
presented for each of the 24 test runs. Because of the quantity of data presented

in this report, it will not be possible to discuss each figure individually. Therefore,
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a brief summary of the test results will be given for each of the 4 configurations
tested. For a more thorough discussion of the data, refer to references 9 and 10.

The experimental data for each run will be presented in the following order:

1) plots of the digitized ice shapes for each section and for each element of
the airfoil

2) data tables of the digitized ice shape coordinates

3) lift, drag and pitching moment coefficients versus angle of attack for the
clean airfoil, iced airfoil with frost, and iced airfoil without frost

4) ratio of force coefficients/force coefficient of clean airfoil versus time

5) data tables of force coefficients versus angle of attack and time

6) table of the IRT tunnel conditions

The experimental ice shapes shown for each section were created by digitizing the
actual ice shapes that were traced on the templates. The digitized ice shapes
were then compared to the original tracings for accuracy. Each experimental ice
shape will be shown full scale on a section of the airfoil /slat/or flap on which the
ice shape was accreted. However, the data tables that follow each set of ice
shapes will include only the digitized ice shape coordinates. Unless otherwise
noted, all plots of the airfoil and ice shapes are shown full scale with the
coordinates given in inches.

Before the results are presented for each run, it is necessary to discuss briefly the
frost that was encountered during these tests. During many of the tests, frost
formed on the lower surface of the airfoil. The frost was especially evident for the
15° flap configuration. Frost was distinguished from the actual ice accretions by
its appearance. The ice accretions had a growth pattern which indicated
development in the upstream direction. The frost on the other hand seemed to
have no preferred direction of growth. Instead, the frost appeared as a thin layer
with a uniformly rough surface. Olsen (ref. 6) has suggested that the frost is due
to a free-stream turbulence level higher than that in flight. However, since only the
lower surface of the airfoil had any frost, some other reason is suspected. With
the exception of runs 1-10, the effect of the frost on the airfoil performance was
evaluated by taking force measurements before and after removal of the frost.

Cruise Wing Configuration

The Boeing 737-200ADV 2D cruise wing configuration was the first to be tested
and is shown in Table 2 along with the airfoil coordinates. Ice shape and
performance characteristics for the cruise wing configuration are shown in Figures
6-25 and Tables 2-42. In general, the ice accretions produce premature stall and
increased drag. The drag values are larger over the entire range of angles of
attack, while the lift is not generally affected until near CL max. This apparently
happens because the ice shape does not substantially alter the pressure
distribution over the airfoil until flow separation occurs, while the boundary layer is
significantly altered at lower angles of attack. The moment coefficient changes
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from being nearly constant over the range of angles of attack to being a linearly
increasing value with angle of attack until stall. Changes to this parameter reflect
both the changes to the boundary layer at small angle of attack values and to the
pressure distribution at large angles of attack. All these results indicate significant
changes in handling characteristics for the iced airfoil. Since the lift values do not
change substantially until near CL max, this can be an extremely important resuilt
for incorporation into flight simulators (refs. 12, 13).

The drag appeared to increase with time very rapidly during the initial change from
clean surface to iced surface. Within the first minute, the rate of increase declined
to a near linear rise with time. The lift values did not change very much at all with
time due to the low angle of attack at which the ice was accreted. The moment
coefficient did not seem to follow any pattern in how it changed during the
accretion time. Thus, it appears that as the ice accretes it initially disturbs the
boundary layer causing an increase in drag. This is most likely due to premature
tripping from laminar to turbulent flow. Then, as the ice continues to grow,
separation regions develop behind the ice shape and changes to the boundary
layer aft of the ice shape are reduced. Further changes to lift and pitching moment
are determined not by the spray duration but by the type of ice accreted with the
more significant changes occurring at the warmer temperatures. This latter effect
is due to changes in the overall flow pattern as opposed to alterations in the
boundary layer. These trends have been seen in other single element airfoil
studies and have been reproduced in analytical simulations.

Frost developed on the lower surface of the airfoil. The extent of this frost varied
from the first 30 per cent of the airfoil to the entire lower surface. The major effect
of frost is to increase the pitching moment over the entire range of angle of attack.
The changes in lift and drag due to frost are not as dramatic as will be seen in the
next series of runs. This indicates that the results for lift and drag previously
discussed should apply whether or not the frost is present.

Multi-Element Configurations

The Boeing 737-200ADV 2D multi-element configuration is shown in Figure 26.
Tables 43-47 show the coordinates for each of the 5 elements that make up the
multi-element configuration. Note in Figure 26 that the airfoil is shown at 0° flap
and the axis origin is defined at the leading edge of the slat. All subsequent
coordinates for each element and for all ice shapes will be given with respect to
the airfoil at 0° flap with the origin being at the leading edge of the slat.

Figures 27 and 28 show the orientation of the leading edge slat and the trailing
edge flaps to the main airfoil element for each of the three configurations (1°, 5°
and 15° flaps). The coordinates for each airfoil element and ice shapes will be
given with respect to the 0° flap configuration as shown in Figure 26.



5° Flap Configuration

The 5° flap configuration was the second configuration to be tested with results
shown in Figures 29-37 and Tables 48-64. The distinguishing characteristic of this
high lift configuration is the sharp drop in lift at angles of attack near stall. The
icing runs covered mixed to rime ice conditions and these accretions altered the
lit curve and stall characteristics significantly. Apparently the ice shape causes
early transition to turbulent flow resulting in trailing edge separation. Confirmation
of this would require pressure distributions and velocity profiles around the airfoil,
which were not obtained for this experiment.

The other interesting feature of this set of runs is the effect of the frost. The lift and
drag values were altered only slightly by the presence of the frost. On the other
hand, the frost had a significant effect on the moment coefficient. The change in
pitching moment is larger than would be suggested by the accompanying changes
in lift and drag. Apparently the distribution of forces over the surface of the airfoil
is changed by the frost. Since frost is considered to be a phenomena found only
in the tunnel and not in flight, tunnel tests must be evaluated with great care when
extrapolating to airfoil performance in icing.

1° Flap Configuration

Results for the 1° flap configuration are shown in Figures 38-50 and Tables 65-87.
The ice shapes from these runs all tended to be on the upper surface of the
leading edge slat. This is quite different than the prior configurations where the ice
accreted at the leading edge and on the lower surface. These runs produced lift
curves with very flat tops such that stall would occur early but may not be as
severe as other configurations. The drag and moment coefficient curves also
appear to be affected similarly for all runs. All five of these runs were in the mixed
ice regime and hence this could account for the similarities between runs.

15° Flap Configuration

The last five runs were made with the 15° flap configuration. The results for these
runs are shown in Figures 51-69 and Tables 88-115. The interesting aspect of
these runs was the lift values at low angles of attack. Unlike the previous
configurations, the lift values at angles of attack well below stall are lower than
those of the clean airfoil. Obstruction of the flow over the flaps by the ice must
have reduced the lift available from these elements. This could lead to a potentially
more hazardous condition for this configuration. The stall condition is also altered
by the ice accretion. The lift decreases more gradually than for the clean airfoil
and this decrease starts at a lower angle of attack. As suggested earlier, this is
considered to be due to a change in stall mechanism from leading edge stall to
trailing edge stall.



CONCLUSIONS

The test results indicate that the changes in performance characteristics are most
affected by the temperature and duration of the ice accretion. The warmer
temperatures, leading to glaze ice conditions, tend to produce the largest loss of
lift. The duration of the accretion does not influence the changes to the lift, as
shown in the lift history plots, once the accretion has developed beyond some
minimal size. The drag increase is not so dependent on temperature while it does
increase significantly with time. The drag rise was seen to rise rapidly during the
initial change from a clean condition to an iced condition with a linear increase
thereafter. The moment coefficient normally increased as a result of the accretion.
This tended to produce a less stable condition for the airfoil as the tendency
towards stall was enhanced.

Test results also indicate that performance changes due to icing can be dependent
on the airfoil configuration. For the cruise configuration and the 1° flap
configuration, the performance changes due to glaze or mixed ice accretions were
similar. The cruise configuration actually had increased lift as a result of rime ice
accretion with the ice acting as a leading edge slat. It is doubtful that this would
occur for the other configurations. The 15° flap configuration accumulated ice on
the flaps which resulted in lift loss for all angle of attack conditions. This indicates
that high-lift configurations may be more sensitive to icing problems than the cruise
wing configuration. This suggests that an airplane is most sensitive to icing
performance losses just at the time it is most likely to experience icing conditions.

Another significant result was documentation of the effect of frost. Frost was
identified as ice that developed with no preferred growth direction as opposed to
accreted ice which tended to grow upstream. Typically, the frost grew on the first
30 to 40 per cent of the lower surface of the airfoil. The frost did not alter the lift
or drag in many cases but did change the pitching moment. This indicates that
the pressure profile was altered somewhat but more in distribution than in
magnitude. It is important to insure that frost is removed prior to measurement of
iced airfoil performance values in order to more accurately recreate natural icing
conditions.

Variability of the ice accretion as a function of spanwise location was documented
by taking ice profile tracings at several locations during each test run. Results
indicated that the ice shape profiles could be quite different even when visual
inspection indicated uniform ice growth.
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FIGURE 4 — Multi-Element Airfoil Configurations Employed During Ice Accretion Test Program.
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TABLE 1 - TEST CONDITIONS FOR THE BOEING 737-200 ADV AIRFOIL

Run Duration Temperature Velocity LWC, MVD,
Number min °F M.P.H. g/ms um

Test Condiions Torthe Cruise Wing Configuration... e
1 5 30 108 1.49 14.0
2B 5 28 108 1.40 17.0
3 5 13 108 0.90 14.0
4B 5 10 108 1.13 17.0
5 2 20 108 0.70 14.0
6 13 20 164 0.70 14.0
7 5 16 160 1.00 12.5
8 8 15 161 0.80 14.0
9 5 -16 105 0.87 17.1
8 -19 104 1.38 16.0

st R ek Conditions fortha: 5% Flap: Configuration:: sl
4 24 108 0.48 13.4
11 25 108 0.46 12.0
8 17 108 0.42 13.4
8 7 107 0.90 14.0
15 5 28 108 0.92 14.4
416 10 27 108 0.92 14.4
17 10 26 108 0.92 14.4
448 10 18 108 0.90 14.4
19 10 19 107 0.90 14.4
a,bo0 8 28 108 0.92 14.4
21 8 28 108 0.92 14.4
Co2 8 29 108 0.92 14.4
423 6 -3 110 0.62 12.2
24 6 -9 108 0.62 12.5

@ These runs were accreted with the airfoil at 0° AOA.
B Force measurements lost due to data system error.

C This run was accreted with the airfoil at 8° AOA.
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FIGURE 7 - FORCE BALANCE MEASUREMENTS FOR RUN NUMBER 2.
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TABLE 6 - TEST CONDITIONS FOR RUN NUMBER 1.

RunNo. 1 Configuration ~ Cruise Wing | Date  05-02-88

P, 76.0psig |ap,  185psid | T,, 25°F vV, 100 mph
Spray Duration 5 min | Ice Accretion Type  Glaze AOA. 5°
LWwCc  1.49 g/md MvD 14 um

Remarks

e Procedure not followed correctly. Possible sublimation of ice prior to
force measurements. Less ice than expected. Approximately (1/4" - 3/8")

® Frost on entire lower surface

e |ce shape tracing for Section C 5not available
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FIGURE 9 - FORCE BALANCE MEASUREMENTS FOR RUN NUMBER 2B.
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FIGURE 9 - FORCE BALANCE MEASUREMENTS FOR RUN NUMBER 2B (con't).
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TABLE 10 - TEST CONDITIONS FOR RUN NUMBER 2B.

RunNo. 2B Configuration  Cruise Wing Date (05-02-88

P, 43 psig op, 16.4 psid Tag 25°F vV, 100 mph
Spray Duraton 5 min Ice Accretion Type Rime AOA. 5°
we 1.4 g/m3 MvD 17 um

Remarks

® |ce accretion approximately 1/4" - 3/8"
e More ice noticed between sections C and D than at other locations

o No frost evident
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FIGURE 11 - FORCE BALANCE MEASUREMENTS FOR RUN NUMBER 3.
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FIGURE 11 - FORCE BALANCE MEASUREMENTS FOR RUN NUMBER 3 (con't).
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TABLE 14 - TEST CONDITIONS FOR RUN NUMBER 3.

RunNo. 3 Configuration ~ Cruise Wing | Date  05-02-88

P, 37 psig AR, 6.8 psid Tag 10°F V, 100 mph
Spray Duration 5 min Ice Accretion Type  Rime AOA. 5°
Lwc 0.9 g/me MVD 14 um

Remarks

® |ce accretion approximately 1/4" - 3/8" thick
e Very uniform across span

® We were expecting mixed rime and glaze ice, but there was essentially
rime ice at this condition

e Frost on lower surface to about 30% chord
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FIGURE 13 - FORCE BALANCE MEASUREMENTS FOR RUN NUMBER 4B.
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TABLE 18 - TEST CONDITIONS FOR RUN NUMBER 4B.

RunNo. 4B Configuration  Cruise Wing | Date  05-02-88

Py 31psig ar, 105psid | T, 10°F V, 100 mph
Spray Duration 5 min lce Accretion Type  Rime AOA. 5°
twe  1.13 g/m? MvD 17 um

Remarks

® |ce accretion approximately 1/2" thick
e Uniform across the span

e Beginning of ice fingers on lower surface, including light frost
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FIGURE 15 - FORCE BALANCE MEASUREMENTS FOR RUN NUMBER 5.
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63



0.10 r @ CLEAN AIRFOIL

o |ICED WITH FROST
0.05 |-

0.00 -

-0.05 |

-0.10 |

-0.15 |

-0.20

-0.25

-0.30 [

-0.35 1

-0.40 |

-0.45

-0.50

_0'55||1|||||||||||1||||||l||||||

4 2 0 2 4 6 8 10 12 14 16 18 20 22 24
Q, degs.

(C) CmVERSUS a

FIGURE 15 - FORCE BALANCE MEASUREMENTS FOR RUN NUMBER 5 (con't).

64



C/Cq

3.00

275

2.50

2.25

2.00

1.75

1.80

1.25

1.00

0.75

0.50

0.25

0.00

oCd
s C

| | l 1 | I 1 1 | 1 | | | 1 I

0 30 60 90 120 150
TIME, SEC.

(D) RATIO OF FORCE COEFFICIENTS/FORCE COEFFICIENT
OF CLEAN AIRFOIL VERSUS TIME.

FIGURE 15 - FORCE BALANCE MEASUREMENTS FOR RUN NUMBER 5 (con't).
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TABLE 22 - TEST CONDITIONS FOR RUN NUMBER 5.

RunNo. 5 Configuration ~ Cruise Wing | Date  05-03-88

P, 38.0psig |ar, 6.8 psid Tag 20°F vV, 150 mph
Spray Duraton 2 min Ice Accretion Type  Mixed AOA. 5B°
Lwc 0.7 g/ms3 MVD 14 um

Remarks

e QOverloaded balance at original test conditions

e Model was vibrating at AO.A. above 14°

e Changed conditions to lower the velocity and avoid this problem
e |ce accretion approximately 1/8" thick

e Top was rime-like, opaque

e Bottom was glaze-like, clear

68



'3 -V SNOILO3S HO4 SONIOVHL 3dVHS 3019 NNY - 91 3HNOId

69



evL682 0— 0€0988°0— GI1G¥22°'0— 6%ELEB O— L8288 0— T0IEGL 0O- L9991¥% 0— LVL3SLL O- €611SE8°0— G980289°0— $G2EES 0— 934LL36°0—
G1LE8S 0~ GLIPIB 0— G92202'0— 9¥¥198°0— 28LILE0— T¥E108°0— £689C¥°0— 9L69€8°0— 82G91€°0— 20%¥9¥9°0— 1,.8002°0— T1¥9€€6°0—
G6GLI9S 0— 0GE99¥6°0— 190%81°0— €£€€€8°0— GBEE9E'0— 98GI¥8 00— £0882%'0— 891168°0— 68682 0— L90¥L9°0— GGGPLTI 0— 8L4G56E£6°0—
ov¥6v¥3 0— 6S¥796 0— 926TLT 0— LES608°0— 9TTL9€°0— 23064L8 00— 66501V 0— LYEI¥6°0— LL2182°0— G200TL 00— £86991°0— 6L4EL060—
912622 0— 262346 0— 2I8191°0— 9GI68L0— TL80LE°0— 9810160 L2SE98E0— PSPILE 00— 8289%2°'0— 0€G13L0— $¥£9291°0— L22188°0—
1L0112°0— 00S%96°0— 9L96%1°0— 8230LGL 0— 98G9%€°0— 601926°0— 8L0¥9€0— 2E£GE66°0— 08G922°0— LESLSL 0— 2¥S8¥1°0— 080€98°0—
¥18981°0— 81 ¥2¥6° 0— SLPTET 0— GLBBILO— 6GS02€°0— ¥9L6060— 968L7E°0— LBSITOT-— L11202°0— OI8¥PL 00— L690ST1°0— 968928 0—
9G92LT 00— Geeee6 0— $IELIT0— 1€L3890— £6¥962°0— €8¥6680— £69626°0— ¥99420°1— 268€9T°0— €3EShL 00— 886991 0— 96L968L°0—
026291 °0— 691988 0— 610160°0— 8LSYY9' 00— 1698L42°0— 080L98°0— e¥HL08°0— B9LESO'T— 168GEI 0— 298L3L 00— LLBSST 0— €8G9GL 0~
¥6E¥GT 0— 0961¥8°0— 204290°0— 92%¥909°0— L98%92°0— 0890£8°0— 180G42°0— 2EL6V0'I— SY106T°0— T3LS0L 0— SLEYYT 0— LLESEL 0—
8818€1 0— 1GLGBL 0— 1269¥0°0— 62€238G0— cv68€2°0— <S¥2208°0— 98L8%2°0— L696E0'T— 129021°0— LB8Y6990— 098221°0— G01969°0—
670821 °0— GLSLSL 0— 0e¥8€0°0— GBI9YS 00— 866022'0— €€618L°0— £L98€2°0— 81G686°0— 6S621T°0— 90€€¥9°0— 092901°0— 0€68L9°0—
$G8IT1°0— STHI3L 0— 29€2€0°0— 2LO0BIG O— 998881°0— 009€LL0— 98L8%2°0— ¢28E€1S6°0— 8G6001°0— 80TLE9 00— 899260 0— ¥8LGG9 0—
$0L660°0— 082169°0— $02810°0— 82618% 0— $6689T1°0— 961EVL 0— LLBIGS 0— L¥2E16°0— £1.4160°0— ¥%€82850— 20G62L0°0— 9296E£9°0—
LOYTLOO— €61L99°0— 890900°0— GS8E9¥ 0— $L26¥T1°0— 2G9¥69°0— 896¥92°0— L60TLB 00— 122980°0— T1999%G 0— 9€G290°0— LLEBBS 0—
LP2LG0°0— 860GY9°0— 9¢1210°0 LILIYY 0— LEGLET 0— LE3BYS90— 2€82G2°0— LY6838°0— 8G£2S0°0— 280025 0— $962G0°0— 68119G°0—
800LE0°0— $26¥09°0— cL3%230°0 L8912% 0— TLLSTIT 0— LOL6090— 829¥€2°0— 218064 0— 8268€0°0— B69LSLY O— 28G2¥0°0— 98688 0—
299900°0— 0TLYGG 00— ¥62920°0 0GGL8E 0— S¥8680°0— B89218G 0— $2H912°0— 0699GL°0— e¥Se200— SIvLSh 0— L9SHE0°0— LLLYOG O—
€9GT110°0 €0G80G 0— L1€820°0 LGEBEE 0— $0TSLO0— 3LLIEG O— 2S1261°0— 86%20L°0— 162¥00°0— ¥860LE0— 109920°0— 89G0LY 0—
696100 SL209% 0— G8evE€0°0 L61662 0— 22G6990°0— 862328%0— £06691°0— GO0E8Y9 00— 9616100 806328 0— G999T0°0— LiL222V 0—
G08G620°0 S¥02T¥ 0— 867¥¥0°0 260892 0— 084960°0— 916E¥Y 00— S6YEET 0— 0LBESS 00— L392S0°0 G98L92°0— 99L900°0— €£6£9€°0—
0S0¥¥0° 0 0GLLYE 0— 87L990°0 886972 0— 9%623¥0°0— ¥9GEI¥ 0— 8LIGOT 0— B86LG0G°0— ¥¥0260°0 221602 0— €0€G00°0 €6LGVE 0—
9€€890°0 0¥S663 0— 626280°0 2€6282°0— 26I1E€0°0— GIIGLE O— £88840°0— ¥89¢€LY 00— 0261600 9v0GLT 00— 9814000 G8GL0E 0—
8€G¥80°0 0GELGS 0— GGIE0T'0 6LLY6T 0— $¥9GG10°0— T16G8IE 0— ¥$S8%¥0°0— LLYSTIV 00— $€1680°0 €201G61°0— 1216100 £6€G692°0—
L8¥9L0°0 £228830— PIELIT O GE98G1 00— $11000°0 690892 0— 6¥2220°0— L3EBELE O— 6888010 8G69%31°0— G216200 6G0€22°0—
81¥990°0 804023 0— 162GTT°0 $168231°0— 1081100 €0912320— 890900°0 671628 0— L398I1°0 GGv201°0— 1126700 G8LY8T 0—
¥1%290°0 128%L41°0— 102L01°0 ¥6€860°0— 694€€0°0 192102°0— $62920°0 €169G62°0— 6¥1801°0 0GG9L0°0— L82€90°0 L19291°0—
LS9780°0 8188%1°0— 6GEIST'0 L63YL00— 1961600 118291°0— 9LY2Y0°'0 $14002°0— £94G0T°0 L2G2G0°0— 0926900 LGY9ET 0—
¥¥6011°0 889911°0— SLYIET 0 L12%G0°0— 9%¥G690°0 G0G8eT 0— 219%G0°0 8LG29T1 00— 8¥€SIT 0 208030°0— L12GLO0 942901 0—
LG2GET 0 6SEYH0 0— 809€¥1°0 2L0810°0— 6L0€90°0 €61960°0— 0L4890°0 00%2T1°0— 20T1e1°'0 L66E00°0 660SL0°0 LOTYLO0—
81€6€1°0 G92¥20°0— LILLST O $20900°0 142900 088GS0°0— $,6980°0 €61 %50 0— G6L0OST 0 T1LE€%€0°0 2L0EB00 8061%0°0—
6¥2621°0 481000 LILLST O $01920°0 0662400 196620 0— 102L0T°0 0G0%10°0— 019%S1°0 $9¥8¥0°0 2669800 STLLO00—
L€2G21 0 9666200 06L6GT 0 6022G0°0 6829L0°0 6€4800°0 LEEBIT O LOT0E0°0 $9€8S1°0 G9G990°0 €06980°0 $I¥910°0
ur ‘X ur ‘X ut ‘& ur ‘X ut ‘i ur ‘X ut ‘X ur ‘X ur ‘g ur ‘X ur ‘A ur ‘X
c a (%) [%0) d v
NOILOES NOILLOAS NOILLOES NOILLDAS NOILDAS NOLLOES

"3 - V¥ SNOILO3S HO4 S3LVNIAHOOD IdVHS 3019 NNY - €2 318VL

70



06L1€9°0— €%6S52°0 GLETOE0— ¥86G6V'0 eyvL0€°0— 6160280 GG916¥'0— 18¥¥¥0°0

6L6L%¥9°0— €18G22 0 L¥9G62€°0— LI9LIVY O 6LGBTE0— €8428L°0 2GES8Y 0— 9€8610°0—
222999°0— L3GE91'0 9086E£E€°0— 06S46€°0 G29€2€°0— S092€L°0 0¥0TL¥y 0— L00290°0—
L8E9L9°0— 2Ee2I01'0 GG029€°0— 60€42€°0 L¥9G62€0— 2SI¥8L9°0 £696L2°0— 10¥629°0 L¥829%'0— 921060°0—
LLY089°0— 0T0SS0°0 18228€°0— ¥¥0192°0 929282°0— 9300180 9086€€°0— 4229290 9L6642°0— 1631290 89LYLY 0— 8L¥8YI0—
69G789°0— 8449000 S6£26E£0— 618%02°0 I¥001€°0— GB806IL0 ¥96€S€°0— 1608850 26£662°0— GE686S°0 6297LY'0— 6L9981°0—
699069°0— €0¥1€0°0- £6590¥°0— 22S0€1°0 T€961E°0— €96299°0 2LE06E0— 3I6LESO ys0e2e'0— 16¥¥9G°0 16P0LY°0— ¢S8322°0—
2LLB690— €1GSS0°0- YY9vIv 0— 68228400 99TTE€E0— 0964690 S8¥00% 0— €94LG6¥°0 2ELBGE0— 08642850 yee3Ly 0~ €90192°0—
2L9%89°0— 989480°0— G8¥00¥°0— €SI8E0°0 G089GE€°0— GS23GES0 LSLY2Y 0— OLYETT O G320LE°0— 18SG68%°0 80289%'0— 991€82°0—
86%¥99°0—  LBLSOT 0— LIY$6E€°0— 960%230°0— ¥923LE8°0— 9398SV°0 ¥86¥¥Y 0— LLSBGE0 B6LLLBE0— 0324VY'0 £€50%9%'0— 0I€e1e0—-
69€9¥9°0— €208%1°0— 18228€°0— 602250°0— LB916E°0— GSILGLEO 2r16SY'0— 8206820 $9€€1¥'0— 1E490V°0 268G6SY' 0— O0O¥¥EVE 0—
£€9%269°0— GLIO08I'0— ¥1294€°0— 2¥¥0IT°0— YE¥ITIY'0— 98162€°0 9G6269%'0— 6¥88€2°0 £062€¥'0— GE€€99¢€°0 ¥6008%'0— GG94L9€°0—
617¥¥9°0— 18€018°0— 9¥104€°0— 2090GT°0— T11GEY 0— ¢S¥G2L20 9vELLY 0— L0O90LT'0 eL¥8%¥%'0— 6000€€°0 8G86LY 0— 606SI¥ 0—
TLI$19°0— 196062 0— ¥12948°0— GE€8802°0— 196%S¥'0— 0GLI61°0 6S¥L8Y 0— SEEY60°0 966697 0— LLSLBZ0 189LLY'0— $218S%°0—
£2096G°0— 00LV4LS 0 18228€°0— 9668¥20— 2802L¥'0— ©00SIT°0 9YELLY 0— $12090°0 02TTIS0— 6348020 2LSe8Y 0— 00¥90G0—
LBBSLS 0O—  L30LEEO- £9Y¥86€°0— €€1€82°0— 1$SG6%°0— 9028800 1¥960G6°0— 000000°0 ¥€1235°0— 8I¥8€1°0 TLEGLY 0— 0€S9€G°0—
¥18€95°0— 88149€°0— 66S0T¥'0— 4LE260E€°0— 9LIGIS 0— LI¥020°0— 60L60S°0— 0018200 81€S€S°0— 890840°0 £€868%%'0— €LG29G0—
189G6¥G'0— GBESOV 0— yY9¥Iv 0— 8EV6GE0— 16%%€G°0— 8EELIT0— L98€3G5°0— 00€¥80°0— y2¥0€5°0— %00220°0 Y€G91¥'0— €8598G0—
82¥G1S0— 96566V 0— 9L680% 0— ¥$LGE6E0— GET8SS'0— O0T0841°0— 08296S5°0— LS¥8231°0— 669€25°0— 200220°0— y¥188€0— 48G9090—
L0E66Y 0—  TLLILY O— ov¥96€0— 48912V 0— 12869G°0— IL¥¥22°0- 99€89S6°0—- 6698910~ EYIT1IG0— 9881S0°0— g€I16€LE°0— 1¥9929°0—
06268Y°0— 09640S°0— 2LE0BE0—  L9LT¥¥ O— LOYELG 0— 2316942°0— GL209G°0— S8L022°0— 926867 0— 8LLGBO 0— yesLve 0— ¥89269°0—
892L8%°0— 6231275 0— 6G208€°0— 888I4%0— €689L4G°0— LYVIVEO— £8996S°0— 906¥G20— 966167 0— €9L6T1°0— ¥924€€°0— 098269°0—
22169Y°0—  LL2B9G0— 8L0%9€°0— ¥86S6% 0— 128G94G°0— 16LS8E°0— eLLY09'0— €10682°0— 9%¥2€8Y 0— PELIOI 0~ 6ETLEE0— O0V04LSL 0—
€968%¥%'0— LS¥009°0- 61667 0— 9EIPES0— 2L00SS0— 8E861V0— 20608G°0— 032e¥E0— S0SYLY 0— O0TLS020— ISE19€°0— 2I2EVL 0—
6180€Y'0— G19829'0— 09LGEE0— T0208S°0- $GLG39°0— 16L6EV0— 29T0GS°0— 04E8G68E°0— 616457 0— 2S€9GE2 0— 99¥6L8°0— GO¥LI9L 0—
L9901% 0— ¥38999°0— 64G618°0— G232995°0— IGET0S°0— €2869%0— L98€3G°0— 03SL2¥ 00— 0069€¥'0— T19€162°0— 60€E€LE0— OIGIBL 0
8LG96E80— 9060470~ LY9G62€0— G¥E€98G°0— L368LY°0— €0680G0— 0GGG67 0—  LLITLY O— YLLIZY 0— S88LSE 00— 10T€9€°0— T19418°0—
$6506€°0— TISTIVL0— 094GEE€°0— 9¥S9€9°0—- e¥¥9LY°0— $2€09G°0— G0GI6%'0— €186050— 612607 0— 8914880~ 2e8¥¥E0— 1¥96€8°0—
92€99€°0—  LS3S¥L 00— 20912€°0— 6S99¥99°0— 0€108%'0— 249009°0— 69€6LY' 0— 2961650 L19Y6E€°0— G2061%0— £€6G92€'0— 8296¥8°0—
821 ¥¥€0— 0SE6GL 0~ €v¥L0€°0— €08004°0— £€086S¥'0— 069%29°0— 2¥16SY'0— 2I1¥650— G81¥6€°0— 880LYY 0— LEEY0E 0— BGGLYB8 00—
166€28°0— TGYGLL 0~ 292162°0— 916824L°0— 9¥€62¥'0— L899G9°0— v86vvY 0— L232929°0— 666566 0— 9€2667'0— 211882°0— €96658°0—
€9811€°0— 265108°0— 9€01L2°0— ¥¥019L°0— 926%0%'0— GELBB9°0— 68981%'0— €E€¥v¥89°0— 28988€°0— 9926¥S0— S¥8ELS 0— TL9688°0—
268G0€°0— 908€¥8°0— 98L8%2'0— S02T108°0— 86G26€°0— 8988140~ 16S¥0%'0— 6963240~ G966LE°0— ¥12G8G0— 8EGEGS 0— GILTTI60—

ut ‘A ut ‘X ut ‘g ur ‘X ut ‘A ut ‘X ur ‘X ut ‘X ur ‘g ut ‘X ur ‘A ur ‘X
! €0 30 d 4
NOILLOES NOILOEAS NOILOAS NOILOHES NOILDAS NOILOAS

"(1,U02) 3 - ¥ SNOILO3S HOL SILVYNIAGHOOD 3dVHS 3019 NNH - €2 318v.L

71



g68608°0— 212€66°0
€66G1€°0— 1%0LG6°0
92€8Y€0— 8LB9E6'0
$299L80— 1682160
98428€°0— 099¥%98°0
08L¥8€°0— ¥052€8°0
6860070~ G2€26L'0
0¥geey’'0— 1I818G4L°0
I18YE¥¥'0— 966GTL0
LYLGOY 0—  $8LL99°0
0L6€8%'0— 48SE29°0
8¥186%'0— GI¥S89°0
YPyves0— 9¥29¥S0
29L28G°0— 6908050
LG06LS0— T116%9V°0
126109°0— 60481%°0
26G6129'0— 98E€8¥E'0
869€29°0— 1819080

¥g8¥92°0— 0€52€9°0
€10692°0— 69€26S°0
6€2682°0— S819¥S°0

68VITE°0— 26912301
TIGEIE0— GLPLLEO
6LG61E0— €£2606'0
LSGLTE0— €868€8°0

£69906°0— SL9106°0
g6981€°0— I¥¥598°0
L¥90€€°0— 2E1SI8°0
SISYEE0— €9899L°0
€1¥88E°0— LE992L0
€0¥¥9€'0— €0EVLI9°0
08%04€°0— 9609%9°0
2LG88E°0— T4BSI90
12980%'0— €¥5L9G°0
99G2T¥'0— 04LELESO
6¥90€¥'0— G¥140S°0
0LLBYY 0— €96¥8¥%'0
8¥829%'0— 66429V 0
I186YSY'0— 0LSYIV O
LLSYYY 0— 1€8298°0
2602¥¥'0— GOIBIE0
€L02SY'0— 8481820
I¥6£SY'0— 8¥96€2°0
1986S¥'0— ¥I¥661°0
LLI6SY 0— 6VI6¥I0
£EL6LY 0— 2€8201°0

ur ‘% ur ‘X

NOILDOHS

NOILOHS

%)
NOILLOAS

%)
NOILLOES

NOLLDES

NOILILOHS

"(1,u02) 3 - ¥ SNOILO3S HO4 SILVYNIAHOOD IdVHS 3019 NNH - €2 31avl

72



350 © CLEAN AIRFOIL
3.95 _ © |CED WITH FROST
3.00 !
2.75 -
2.50 —
2.25 ~
2.00 -
1.75 -
1.50 —
1.25
1.00 *

0.75

0.50 r

o

n

()}
T

4 2 0 2 4 6 8 10 12 14 16 18 20 22 24

a, degs.

(A) C, VERSUS @

FIGURE 17 - FORCE BALANCE MEASUREMENTS FOR RUN NUMBER 6.

73



0.50 r o CLEAN AIRFOIL
o |CED WITH FROST
0.45 -

0.40

0.35

0.30 |

0.25

0.20

0.15

0.10 |

0.05

0.00 |

-0.05

_0_10||J||||||J|||||||||||l||||x|

4 2 0 2 4 6 8 10 12 14 16 18 20 22 24
a, degs.

(B) C dVERSUS a

FIGURE 17 - FORCE BALANCE MEASUREMENTS FOR RUN NUMBER 6 (con't).
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FIGURE 17 - FORCE BALANCE MEASUREMENTS FOR RUN NUMBER 6 (con't).

75



C/Cq

3.00
2.75
2.50
2.25
2.00
1.75
1.50
1.25
1.00 4 \

0.75

0.50 |- ™

025

0. OO P R R NN Y TN SN NSNS S S SN NN T RN SO N SN SR S S A SN NN U SN SR S NN SR S
0] 100 200 300 400 500 600 700 800

TIME, SEC.
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FIGURE 17 - FORCE BALANCE MEASUREMENTS FOR RUN NUMBER 6 (con't).
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TABLE 26 - TEST CONDITIONS FOR RUN NUMBER 6.

RunNo. 6 Configuration ~ Cruise Wing | Date  05-03-88

P, 380psig |ap, 6.8 psid Tag 20°F V, 150 mph
Spray Duraton 13 min Ice Accretion Type  Mixed AOA. 5°
twc 0.7 g/msd MvD 14 um

Remarks

e |ce accretion approximately 1" thick, mixed ice
e Uniform across span
e Some vibration at 13° A.O.A.

e Large fingers present on lower surface
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o CLEAN AIRFOIL
o |CED WITH FROST
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(A) C, VERSUS a

FIGURE 19 - FORCE BALANCE MEASUREMENTS FOR RUN NUMBER 7.
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(B) C4VERSUS a

FIGURE 19 - FORCE BALANCE MEASUREMENTS FOR RUN NUMBER 7 (con't).
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FIGURE 19 - FORCE BALANCE MEASUREMENTS FOR RUN NUMBER 7 (con't).
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OF CLEAN AIRFOIL VERSUS TIME.

FIGURE 19 - FORCE BALANCE MEASUREMENTS FOR RUN NUMBER 7 (con't).
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TABLE 30 - TEST CONDITIONS FOR RUN NUMBER 7.

RunNo. 7 Configuration ~ Cruise Wing | Date  05-03-88

P, 88psig ap, 13.8 psid Tag 15°F V, 150 mph
Spray Duration 5 min Ice Accretion Type Mixed AOA. 5°
Lwc 1.0 g/me MWD 12.5um

Remarks

® |ce accretion approximately 3/8" thick, mixed ice

e Some additional spraying from 2 spray bars for about 30 sec after
spray stop time

o This occured intermittently during the 30 sec
e Clear core with opaque edges

¢ Significant frost on the lower surface to about 30-40% chord
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(A) C, VERSUS @

FIGURE 21 - FORCE BALANCE MEASUREMENTS FOR RUN NUMBER 8.
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FIGURE 21 - FORCE BALANCE MEASUREMENTS FOR RUN NUMBER 8 (con't).
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FIGURE 21 - FORCE BALANCE MEASUREMENTS FOR RUN NUMBER 8 (con't).

96



C/Cq

3.00 1

2751

2.50

2.25

2.00

1.75

1.50

1.25

0.75

0.50

0.25

1.00 %s

t:vCl
oCd
e

IlIllIlIllIlllllllllllI|III|lIlIIII|IIIIIII'III|

0.00
0

40 80 120 160 200 240 280 320 360 400 440 480

TIME, SEC.

(D) RATIO OF FORCE COEFFICIENTS/FORCE COEFFICIENT
OF CLEAN AIRFOIL VERSUS TIME.

FIGURE 21 - FORCE BALANCE MEASUREMENTS FOR RUN NUMBER 8 (con't).
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TABLE 34 - TEST CONDITIONS FOR RUN NUMBER 8.

RunNo. 8 Configuration  Cruise Wing Date (05-03-88
Pyr 43 psig ar, 8.8 psid Tag 15°F V, 150 mph
Spray Duration 8 min Ice Accretion Type Mixed AOA 5°

Lwc 0.8 g/md

MVD 14 um

Remarks

e Uniform across the span

® |ce accretion approximately 1/2" to 9/16" thick

¢ Rime on the outside with a glaze core
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TABLE 38 - TEST CONDITIONS FOR RUN NUMBER 9.

RunNo. 9 Configuration Cruise Wing | Date 05-03-88

Py 22 psig ap, 6.3 psid Tag 22°F V, 100 mph
Spray Duration 5 min Ice Accretion Type Rime AOA. 5°
twc 0.87 g/m3 MWD 17.1 um

Remarks

® |ce accretion approximately 3/8" thick
e Uniform across span

e Frost to trailing edge on lower surface
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FIGURE 25 - FORCE BALANCE MEASUREMENTS FOR RUN NUMBER 10.
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TABLE 42 - TEST CONDITIONS FOR RUN NUMBER 10.

RunNo. 10 Configuration ~ Cruise Wing Date (05-03-88

Py 47 psig ap, 159 psid | T, -22°F vV, 100 mph
Spray Duration 8 min Ice Accretion Type Rime AOA. 5°
twec  1.38 g/m® MvD 16 um

Remarks

® |ce accretion approximately 7/8" thick
e Uniform accretion across the span
* |ce fingers formed on the lower surface

e Frost on the lower surface
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305 | o |CED WITH FROST
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(A) C| VERSUS a

FIGURE 30 - FORCE BALANCE MEASUREMENTS FOR RUN NUMBER 11.
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FIGURE 30 - FORCE BALANCE MEASUREMENTS FOR RUN NUMBER 11 (con't).

135



0.10 o CLEAN AIRFOIL

o |CED WITH FROST

0.05

0.00 |

-0.05

T

-0.10

T

-0.15

T

-0.20

-0.25

T

-0.30

-0.35

T

-0.40

-0.45

-0.50

_0'55 | l | l | I | l 1 I 1 l 1 J | | 1 | | I 1 ] 1 I | I | |

4 2 0 2 4 6 8 10 12 14 16 18 20 22 24
' qQ, degs.

(C) CnVERSUS a

FIGURE 30 - FORCE BALANCE MEASUREMENTS FOR RUN NUMBER 11 (con't).
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OF CLEAN AIRFOIL VERSUS TIME.

FIGURE 30 - FORCE BALANCE MEASUREMENTS FOR RUN NUMBER 11 (con't).
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TABLE 51 - TEST CONDITIONS FOR RUN NUMBER 11.

RunNo. 11 Configuration  5° Flap Date (05-04-88

P 25 psig ap, 20 psid Tag 25°F V, 100 mph
Spray Duration 2 mMin + 2 Min | lce Accretion Type ‘Mixed AOA. 5°
twc 0.48 g/m?d MvD 13.4um

Remarks

® This run was to simulate an intermittant icing condition. The spray
was run for 2 minutes then turned off. A picture was taken at this time.
The spray was then turned on for another 2 minutes. Tracings were made
after the 4 minute mark. There was frost on the lower surface behind
the slat and on the last trailing edge flap lower surface. No force balance
measurements taken with frost removed.

e Uniform across span

e Ice accretion on Leading Edge Slat approximately 1/8" thick
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3.50 o CLEAN AIRFOIL

o ICED WITH FROST
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