


4. ANALYSIS AND OBSERVATIONS

4.2.2 Wing Skin Temperatures

Wing skin temperatures were recorded on the leading edge at six positions on each
wing at the threshold of Runway 25, just prior to takeoff. Temperatures for Run 2,
presented in degrees Celsius, are shown in Figure 4.4.

Prior to the takeoff of the Falcon 20, the wing temperatures ranged from -5.5°C to
-7.5°C (see Figure 4.4). The ambient air temperature at the start of testing was again
-13°C, however the sky was only partially cloudy and the wing temperatures warmed
due to solar radiation.
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Figure 4.4: Wing Skin Temperatures for Run 2 (°C)
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4. ANALYSIS AND OBSERVATIONS

4.3 February 24, 2003 — Run 3: Type IV Ethylene Glycol; No
Dilution

Run 3 was conducted with clean EG Type IV fluid sprayed entirely over both wing
surfaces. The fluid was applied in neat concentration and was not further diluted.
The objective of this test was to provide a clean EG fluid baseline for comparison
with clean wing and diluted and contaminated fluid tests. Run 3 was a duplicate test
of Run 2.

4.3.1 Fluid Thickness Measurements

Fluid thickness measurements were recorded at the six pre-determined locations on
each wing at the runway threshold. Measurements for Run 3, recorded in
millimeters, are shown in Figure 4.5. Fluid thickness ranged from 0.7 mm to 1.0 mm,
and the coverage was similar on each wing. Values recorded in Run 3 were very
similar to those of Run 2.
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Figure 4.5: Fluid Thickness Measurements for Run 3 (mm)
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4. ANALYSIS AND OBSERVATIONS

4.3.2 Wing Skin Temperatures

Wing skin temperatures were recorded at the six leading edge positions on each
wing at the threshold of runway 25, just prior to takeoff, with a hand-held
temperature probe. Temperatures for Run 3 are shown in Figure 4.6.

Prior to the takeoff of the Falcon 20, the wing temperatures ranged from -8.3°C to
-9.6°C (see Figure 4.6). The ambient air temperature at the start of Run 3 was again
-13°C. The sky condition for Run 3 was reported as overcast, which contributed to
lowering the wing skin temperatures closer to the ambient temperature. Despite
having the same ambient test temperature (-13°C) as the two previous runs, the
wing skin temperatures in Runs 1 and 2 were warmer due to the partially cloudy sky
in those tests.
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Figure 4.6: Wing Skin Temperatures for Run 3 (°C)
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4. ANALYSIS AND OBSERVATIONS

4.4 February 24, 2003 — Run 4: Type IV Ethylene Glycol; No
Dilution; Clean Fluid on Outboard Wing Sections Only

Run 4 was conducted with clean EG Type IV fluid sprayed only on the wing sections
outboard of the boundary layer fence. The fluid was applied in neat concentration
and was not further diluted. The objective of this test was to determine the effect on
lift of the localized fluid coverage.

4.4.1 Fluid Thickness Measurements

Fluid thickness measurements were recorded at three positions on the outboard
leading edge of each wing. Measurements for Run 4, presented in millimeters, are
shown in Figure 4.7. Fluid thickness ranged from 0.8 mm to 1.0 mm and were of
similar distribution on each wing.
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Figure 4.7: Fluid Thickness Measurements for Run 4 (mm)
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4. ANALYSIS AND OBSERVATIONS

4.4.2 Wing Skin Temperatures

Wing skin temperatures were recorded on the leading edge at the
six pre-determined positions on each wing at the threshold of Runway 25, just prior
to takeoff. Temperatures at each of the inboard leading edge positions were taken
directly on the wing surface, as no fluid was present at these locations and were
recorded with a hand-held temperature probe in degrees Celsius. Temperatures for
Run 4 are shown in Figure 4.8.

Prior to the takeoff of the Falcon 20, the wing temperatures ranged from -9.5°C to
-11.5°C (see Figure 4.8). The ambient air temperature at the start of Run 4 was
again -13°C. For this run, the sky was overcast and daylight was receding, which
contributed to lowering the wing skin temperatures near the ambient temperature.
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Figure 4.8: Wing Skin Temperatures for Run 4 (°C)
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4. ANALYSIS AND OBSERVATIONS

4.5 February 25, 2003 — Run 5: Type IV Propylene Glycol; No
Dilution

Run 5 was conducted with clean PG Type IV fluid sprayed entirely over both wing
surfaces. The fluid was applied in neat concentration and was not further diluted.
The objective of this test was to provide a clean PG fluid baseline for comparison
with clean wing and diluted and contaminated fluid tests.

45.1 Fluid Thickness Measurements

Fluid thickness measurements were recorded on the leading edge at the
pre-determined positions on each wing at the runway threshold. Measurements for
Run 5 are shown in Figure 4.9. Fluid thicknesses ranged from 0.4 mm to 0.7 mm,
and were of similar distribution on each wing. The average thickness of the PG fluid
on the leading edge just prior to takeoff was considerably lower than that observed
in the tests with EG fluid.
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Figure 4.9: Fluid Thickness Measurements for Run 5 (mm)
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4. ANALYSIS AND OBSERVATIONS

452 Wing Skin Temperatures

Wing skin temperatures were recorded at the six pre-determined leading edge
positions on each wing at the threshold of Runway 25, just prior to takeoff, with a
hand-held temperature probe. Temperatures for Run 5 are shown in Figure 4.10.

Prior to the takeoff of the Falcon 20, the wing temperatures ranged from -6°C to
-11.4°C on the port wing and -2.7°C to -4.2°C on the starboard wing (see Figure
4.10). The ambient air temperature at the start of testing was -20°C. For Run 5, the
sky was clear and sun was shining brightly, which contributed to raising the skin
temperatures of the aircraft well above ambient temperature. The port wing of the
Falcon 20 was shaded from the sun during the fluid application and taxi phase of the
test, which attributed for the colder skin temperatures on this wing, especially the
wing section near the fuselage which was almost completely obscured from the sun.
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Figure 4.10: Wing Skin Temperatures for Run 5 (°C)
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4. ANALYSIS AND OBSERVATIONS

4.6 February 25, 2003 — Run 6: Type IV Propylene Glycol; No
Dilution

Run 6 was conducted with clean PG Type IV fluid sprayed entirely over both wing
surfaces. The fluid was applied in neat concentration and was not further diluted.
The objective of this test was to provide a clean PG fluid baseline for comparison
with clean wing and diluted and contaminated fluid tests. Run 6 was a duplicate test
of Run 5.

4.6.1 Fluid Thickness Measurements

Fluid thickness measurements were recorded at the six leading edge positions on
each wing at the runway threshold. Measurements for Run 5 are shown in
Figure 4.11. Fluid thicknesses ranged from 0.4 mm to 0.7 mm, and were of similar
distribution on each wing.

Additional fluid thickness measurements were recorded at 18 locations on two
chords of each wing during Run 6 and were performed to generate data for a
separate project, the development of an ADMS model. Tests with EG fluid had been
conducted in 2001-02 to support this project, and similar test data were required for
PG fluid. The results of this test appear in Appendix F.
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Figure 4.11: Fluid Thickness Measurements for Run 6 (mm)
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4. ANALYSIS AND OBSERVATIONS

4.6.2 Wing Skin Temperatures

Wing skin temperatures were recorded at the six pre-determined leading edge
positions on each wing at the threshold of Runway 32, just prior to the takeoff of the
aircraft, with a hand-held temperature probe. Temperatures for Run 6 are shown in
Figure 4.12.

Prior to the takeoff of the Falcon 20, the wing temperatures ranged from -8.5°C to
-10.3°C on the port wing and -14°C to -15.3°C on the starboard wing (see
Figure 4.12). The ambient air temperature at the start of testing was again -20°C.
For this run, the sky was clear and sun was shining brightly, which contributed to
raising the skin temperatures of the aircraft well above ambient temperature. For this
test, the aircraft was positioned into the wind at the NRC pad, shading the starboard
wing from the sun during the fluid application process.
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Figure 4.12: Wing Skin Temperatures for Run 6 (°C)
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4. ANALYSIS AND OBSERVATIONS

4.7 February 25, 2003 — Run 7: Type IV Propylene Glycol; No
Dilution

Run 7 was conducted with clean PG Type IV fluid sprayed entirely over both wing
surfaces. The fluid was applied in neat concentration and was not further diluted.
The objective of this test was to provide a clean PG fluid baseline for comparison
with clean wing and diluted and contaminated fluid tests. Run 7 was a duplicate test
of Runs 5 and 6.

4.7.1 Fluid Thickness Measurements

Fluid thickness measurements were recorded on the leading edge at six positions on
each wing prior to takeoff. Measurements for Run 7 are shown in Figure 4.13. Fluid
thickness ranged from 0.3 mm to 0.6 mm on each wing. The six fluid thickness
measurements on the starboard wing were all identical at 0.4 mm.
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Figure 4.13: Fluid Thickness Measurements for Run 7 (mm)
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4. ANALYSIS AND OBSERVATIONS

4.7.2 Wing Skin Temperatures

Wing skin temperatures were recorded at the threshold of Runway 32, just prior to
takeoff, with a hand-held temperature probe. Temperatures for Run 7 are shown in
Figure 4.14.

Prior to the takeoff of the Falcon 20, the wing temperatures ranged from -6.2°C to
-7.8°C on the port wing and -11.7°C to -13.7°C on the starboard wing (see
Figure 4.14). The ambient air temperature at the start of testing was -18°C. For this
run, the sky was clear and sun was shining brightly, which contributed to raising the
skin temperatures of the aircraft well above ambient temperature. For this test, the
aircraft was positioned into the wind at the NRC pad, shading the starboard wing
from the sun during the fluid application process.
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Figure 4.14: Wing Skin Temperatures for Run 7 (°C)

4.8 February 25, 2003 — Run 8: Residual Type IV Propylene Glycol
from Run 7; No Dilution

After the Falcon 20 had landed from Run 7, the aircraft exited the arrival runway and
taxied back to the departure runway. The PG anti-icing fluid present on the wings at
the beginning of the takeoff roll in Run 7 was largely removed due to shear forces
exerted on the fluid. A very thin film of fluid remained on the wing after the aircraft
landed. The objective of this test was to examine the effect of the residual PG fluid
on the lift generated by the aircraft.
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4. ANALYSIS AND OBSERVATIONS

4.8.1 Fluid Thickness Measurements

Fluid thickness measurements were not recorded for Run 8, as the aircraft merely
taxied into position on the departure runway following Run 7 (see Figure 4.15).
Residual fluid could be seen on the wings of the aircraft following Run 7. A very thin
film of fluid remained. Tests were previously conducted to measure the thickness of
the residual fluid. In most cases, the residual fluid thickness was immeasurable (less
than 0.1 mm). Some pooling of fluid was observed on and around the trailing edge
control surfaces. This fluid generally measures between 0.1 and 0.3 mm.
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Figure 4.15: Fluid Thickness Measurements for Run 8 (mm)

4.8.2 Wing Skin Temperatures

Wing skin temperatures were not recorded prior to the departure of the aircraft for
Run 8.

4.9 February 26, 2003 — Run 9: Type IV Propylene Glycol; Light
Freezing Rain Applied

Run 9 was conducted with PG Type IV fluid. The fluid was applied to both wings of
the aircraft in neat concentration and was diluted with light freezing rain until the fluid
had reached the onset of failure. The objective of this test was to examine the
effects of the diluted PG Type IV on the lift generated by the Falcon 20.
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4. ANALYSIS AND OBSERVATIONS

49.1 Fluid Thickness Measurements

Fluid thickness measurements were recorded on the leading edge at six positions on
each wing at the runway threshold. Measurements for Run 9 are shown in Figure
4.16. Fluid thicknesses on each wing ranged from 0.6 mm to 1.1 mm and were of
similar distribution on both wings. These thickness values were higher than those
observed in previous tests with the undiluted propylene glycol Type IV. This can be
explained by the formulation of the Kilfrost ABC-S fluid, which readily accepts water,
increasing in thickness and viscosity until a certain dilution has been attained, at
which point it begins to decrease in thickness and viscosity.
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Figure 4.16: Fluid Thickness Measurements for Run 9 (mm)
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4. ANALYSIS AND OBSERVATIONS

4.9.2 Wing Skin Temperatures

Wing skin temperatures were recorded on the leading edge at six positions on each
wing just prior to takeoff, with a hand-held temperature probe. Temperatures for Run
9 are shown in Figure 4.17.

Prior to the takeoff of the Falcon 20, the wing temperatures ranged from -12°C to
-14.8°C on the port wing and -9.5°C to -10.9°C on the starboard wing (see Figure
4.17). The ambient air temperature at the start of testing was -23°C. For this run, the
sky was clear and sun was shining brightly, which contributed to raising the skin
temperatures of the aircraft well above ambient temperature. For this test, the
starboard wing obtained more exposure to sunlight and thus had warmer skin
temperatures.
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Figure 4.17: Wing Skin Temperatures for Run 9 (°C)
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4. ANALYSIS AND OBSERVATIONS

4.9.3 Fluid Freezing Points

Light freezing rain was applied to the fluid covering the wings of the Falcon 20 during
Run 9. Fluid freezing points were measured with hand-held refractometers during
the application of the light freezing rain to ensure that the ideal condition of the fluid
was obtained for each test. The desired condition of the fluid was on the onset of
fluid failure. Fluid freezing points were measured at 5-minute intervals at various
wing locations during the application of the light freezing rain, and then again at the
six leading edge locations on each wing at the threshold of the departure runway,
prior to the takeoff of the aircraft. The fluid freezing points were read directly of the
refractometer (in °Brix) and the converted to a freezing point in degrees Celsius
using the conversion chart included in Table 3.2 for Kilfrost ABC-S fluid. The
freezing points of the Kilfrost ABC-S fluid on the wings of the Falcon 20 at the
departure runway are shown in Figure 4.18.

At the threshold of the departure runway, ice embedded within the fluid was
observed at several locations on the trailing edges of both wings. As the ambient
temperature was -23°C at the runway threshold, the freezing point buffer of the fluid
on the leading edge ranged from 3° to 12°C. In all cases, the ice was not adhering to
the wing surfaces. This is a typical failure mechanism of Kilfrost ABC-S fluid at this
temperature.
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Figure 4.18: Fluid Freezing Points for Run 9 (°C)
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4. ANALYSIS AND OBSERVATIONS

4.10 February 26, 2003 — Run 10: Type IV Propylene Glycol; Light
Freezing Rain Applied

Run 10 was conducted with PG Type 1V fluid. The fluid was applied to both wings of
the aircraft in neat concentration and was diluted with light freezing rain until the fluid
had reached the onset of failure. The objective of this test was to examine the
effects of the diluted PG Type IV on the lift generated by the Falcon 20. Run 10 was
a duplicate of Run 9.

4.10.1 Fluid Thickness Measurements

Fluid thickness measurements were recorded on the leading edge at six positions on
each wing at the runway threshold. Measurements for Run 10 are shown in
Figure 4.19. Fluid thicknesses on each wing ranged from 0.4 mm to 1.0 mm, and
were of similar distribution on both wings.
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Figure 4.19: Fluid Thickness Measurements for Run 10 (mm)
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4. ANALYSIS AND OBSERVATIONS

4.10.2 Wing Skin Temperatures

Wing skin temperatures were recorded on the leading edge at six positions on each
wing at the threshold of Runway 25, just prior to takeoff. Temperatures for Run 10

are shown in Figure 4.20.

Prior to the takeoff of the Falcon 20, the wing temperatures ranged from -8.5°C to
-12.3°C on the port wing and 0.3°C to -3°C on the starboard wing (see Figure 4.20).
The ambient air temperature at the start of testing was -23°C. For this run, the sky
was clear and sun was shining brightly, which contributed to raising the skin
temperatures of the aircraft well above ambient temperature. For this test, the port
wing was shaded during the application of the light freezing rain.
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Figure 4.20: Wing Skin Temperatures for Run 10 (°C)
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4. ANALYSIS AND OBSERVATIONS

4.10.3 Fluid Freezing Points

Light freezing rain was applied to the fluid covering the wings of the Falcon 20 during
Run 10. Fluid freezing points were measured with hand-held refractometers during
the application of the light freezing rain to ensure that the ideal condition of the fluid
was obtained for each test. The desired condition of the fluid was on the onset of
fluid failure. Fluid freezing points were recorded at the six leading edge locations on
each wing at the threshold of the departure runway, prior to the takeoff of the
aircraft. The fluid freezing points were read directly off the refractometer (in °Brix)
and converted to a freezing point in degrees Celsius using the conversion chart
included in Table 3.2 for Kilfrost ABC-S fluid. The freezing points of the Kilfrost
ABC-S fluid on the wings of the Falcon 20 at the departure runway are shown in
Figure 4.21.

In Run 10, the PG anti-icing fluid was exposed to light freezing rain for 23 to
28 minutes. At the runway threshold, the freezing points of the fluid on the leading
edge ranged from -20°C to -33°C. As the ambient temperature was -23°C, it would
have been expected that leading edge ice would have been present on the aircraft.
This was not the case, however, as the wing surface temperatures were much
warmer than the ambient temperature. Ice was embedded within the fluid at several
trailing edge and mid-chord locations. No ice was adhering to the wing surface.
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Figure 4.21: Fluid Freezing Points for Run 10 (°C)
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4. ANALYSIS AND OBSERVATIONS

4.11 February 26, 2003 — Run 11: Type IV Ethylene Glycol; Light
Freezing Rain Applied

Run 11 was conducted with EG Type IV fluid. The fluid was applied to both wings of
the aircraft in Neat concentration and was diluted with light freezing rain until the
fluid had reached the onset of failure. The objective of this test was to examine the
effects of the diluted EG Type IV on the lift generated by the Falcon 20.

4.11.1 Fluid Thickness Measurements

Fluid thickness measurements were recorded on the leading edge at six positions on
each wing at the runway threshold. Measurements for Run 11 are shown in
Figure 4.22. Fluid thicknesses at the six leading edge positions on each wing
ranged from 0.4 mm to 0.6 mm, and were of similar distribution on both wings.
These values were lower than those seen in previous tests with undiluted ethylene
glycol Type IV. This can be explained by the formulation of the Dow Ultra+ fluid,
which readily dilutes under precipitation, eroding the thickness of the fluid layer until
ice begins to form on the surface of the wing.
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Figure 4.22: Fluid Thickness Measurements for Run 11 (mm)
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4. ANALYSIS AND OBSERVATIONS

4.11.2 Wing Skin Temperatures

Wing skin temperatures were recorded on the leading edge at six positions on each
wing at the threshold of Runway 25, just prior to takeoff. Temperatures for Run 11
are shown in Figure 4.23.

Prior to the takeoff of the Falcon 20, the wing temperatures ranged from -3.9°C to
-11.2°C on the port wing and 3.3°C to 6.9°C on the starboard wing (see Figure 4.23).
The ambient air temperature, recorded just prior to the departure of the aircraft was
-15°C. For this run, the sky was clear and sun was shining brightly, which
contributed to increasing the skin temperatures of the aircraft well above ambient
temperature. For this test, the port wing was shaded during the application of the
light freezing rain, while the starboard wing was exposed to the bright sun.
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Figure 4.23: Wing Skin Temperatures for Run 11 (°C)
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4. ANALYSIS AND OBSERVATIONS

4.11.3 Fluid Freezing Points

Light freezing rain was applied to the fluid covering the wings of the Falcon 20 during
Run 11. Fluid freezing points were measured with hand-held refractometers during
the application of the light freezing rain to ensure that the ideal condition of the fluid
was obtained for each test. The desired condition of the fluid was determined to be
the onset of failure. Once the desired fluid freezing point was attained, the light
freezing rain was halted and the aircraft was taxied to the departure runway. At the
threshold of the departure runway, fluid freezing points were recorded at the
6 leading edge locations on each wing, prior to the takeoff of the aircraft. The fluid
freezing points were read directly off the refractometer (in °Brix) and converted to a
freezing point in degrees Celsius using the conversion chart included in Figure 3.1
for Dow Ultra+ fluid. The freezing points of the Dow Ultra+ fluid on the wings of the
Falcon 20 at the departure runway are shown in Figure 4.24.

The only locations that had ice adhering to the wing were located on the leading
edge of the port wing. Fluid at this location also had the highest freezing point at
-9°C. The ambient temperature for this test was -15°C. All other leading edge
locations contained fluid with freezing points well below the ambient temperature.
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Figure 4.24: Fluid Freezing Points for Run 11 (°C)
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4. ANALYSIS AND OBSERVATIONS

4.12 February 26, 2003 — Run 12: Residual Type IV Ethylene Glycol
from Run 11; No Dilution

After the Falcon 20 landed from Run 11, the aircraft exited the arrival runway and
taxied back to the departure runway. The EG anti-icing fluid present on the wings at
the beginning of the takeoff roll in Run 11 was largely removed due to shear forces
exerted on the fluid. A very thin film of fluid remained on the wing after the aircraft
landed. The objective of this test was to examine the effect of residual EG fluid on

the lift generated by the aircraft.

4.12.1 Fluid Thickness Measurements

Fluid thickness measurements were not recorded for Run 12, as the aircraft merely
taxied into position on the departure runway following Run 11 (see Figure 4.25).
Residual fluid could be observed on the wings of the aircraft from inside the cabin.
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Figure 4.25: Fluid Thickness Measurements for Run 12 (mm)
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4. ANALYSIS AND OBSERVATIONS

4.12.2 Wing Skin Temperatures

Wing skin temperatures were not recorded prior to the departure of the aircraft for

Run 12.

4.12.3 Fluid Freezing Points

Run 12 was flown with residual fluid from Run 11 on the wings of the Falcon 20. As
only residual fluid remained on the aircraft, no fluid freezing point measurements
were recorded prior to the takeoff in Run 12. A quick external examination of the

wings was performed prior to the
guantity of ice from Run 11, located

takeoff at the runway threshold. A very small
on the leading edge of the aircraft outside of the

boundary layer fence, was still adhering to the leading edge surface. The location of

the ice is shown in Figure 4.26. The

ice was not present when the aircraft returned to

the NRC apron after Run 12, removed entirely by the second takeoff and flight.
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Figure 4.26: Location of Adhering Ice for Run 12 (°C)
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4. ANALYSIS AND OBSERVATIONS

4.13 February 26, 2003 — Run 13: Type IV Ethylene Glycol; Light
Freezing Rain Applied

Run 13 was conducted with EG Type IV fluid. The fluid was applied to both wings of
the aircraft in neat concentration and was diluted with light freezing rain until the fluid
had reached the onset of failure. The objective of this test was to examine the
effects of the diluted EG Type IV on the lift generated by the Falcon 20. Run 13 was
a duplicate test of Run 11.

4.13.1 Fluid Thickness Measurements

Fluid thickness measurements were recorded on the leading edge at six positions on
each wing at the runway threshold. Measurements for Run 13 are shown in
Figure 4.27. Fluid thicknesses at the six leading edge positions on each wing ranged
from 0.3 mm to 0.6 mm, and were of similar distribution on both wings. These values
are lower than those seen in previous tests with undiluted ethylene glycol Type IV.
This can be explained by the formulation of the Dow Ultra+ fluid, which readily
dilutes under precipitation, eroding the thickness of the fluid layer until ice begins to
form on the surface of the wing.

M\Groups\CM1747\Reports\Falcon 20\working docs\Figure 4.27.ppt

Figure 4.27: Fluid Thickness Measurements for Run 13 (mm)
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4. ANALYSIS AND OBSERVATIONS

4.13.2 Wing Skin Temperatures

Wing skin temperatures were recorded on the leading edge at six positions on each
wing at the threshold of Runway 32, just prior to takeoff, with a hand-held
temperature probe. Temperatures for Run 13 are shown in Figure 4.28.

Prior to the takeoff of the Falcon 20, the wing temperatures ranged from -11.6 to
-12.6°C on both wings of the falcon 20 (see Figure 4.28). The ambient air
temperature, recorded just prior to the departure of the aircraft from the NRC apron
was -12°C. For this run, the sky was clear but due to the late hour of the afternoon,
the sun had almost completely set, which contributed to lowering the skin
temperatures of the aircraft to the ambient temperature.
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Figure 4.28: Wing Skin Temperatures for Run 13 (°C)

M:\Groups\CM1747(TC-Deicing 02-03)\Reports\Falcon 20\Final Version 1.0\Final Version 1.0.doc
Final Version 1.0, April 08

74



4. ANALYSIS AND OBSERVATIONS

4.13.3 Fluid Freezing Points

Fluid freezing points were measured with hand-held refractometers during the
application of the light freezing rain to ensure that the ideal condition of the fluid was
obtained for each test. The desired condition of the fluid was determined to be the
onset of failure.

Once the desired fluid freezing point was attained, the light freezing rain was halted
and the aircraft was taxied to the departure runway. At the threshold of the departure
runway, fluid freezing points were recorded at the 6 leading edge locations on each
wing, prior to the takeoff of the aircraft. The fluid freezing points were read directly
off the refractometer (in °Brix) and converted to a freezing point in degrees Celsius
using the conversion chart included in Figure 3.1 for Dow Ultra+ fluid. The freezing
points (in °C) of the Dow Ultra+ fluid on the wings of the Falcon 20 at the departure
runway are shown in Figure 4.29.

The only location that had ice adhering to the wing was located on the leading edge
of the port wing. Fluid at this location also had the warmest freezing point at -10°C.
The ambient temperature for this test was -12°C.
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Figure 4.29: Fluid Freezing Points for Run 13 (°C)
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4. ANALYSIS AND OBSERVATIONS

4.14 February 27, 2003 — Run 14: Type IV Ethylene Glycol;
Pre-Diluted Fluid (-23°C Freezing Point)

Run 14 was conducted with EG Type IV fluid. The fluid was applied to both wings of
the aircraft pre-diluted to a freezing point of -23°C. The objective of this test was to
examine the effects of the pre-diluted EG Type IV on the lift generated by the
Falcon 20, and compare the results of pre-diluted fluid with tests with fluid diluted
using simulated light freezing rain.

4.14.1 Fluid Thickness Measurements

Fluid thickness measurements were recorded on the leading edge at six positions on
each wing at the runway threshold. Measurements for Run 14 are shown in
Figure 4.30. Fluid thicknesses at the six leading edge positions on each wing ranged
from 0.1 mm to 0.3 mm, and were of similar distribution on both wings. The
pre-diluted fluid thickness values are significantly lower than the undiluted thickness
values for this fluid. This can be explained by the formulation of the Dow Ultra+ fluid,
which dilutes readily with water, eroding the thickness of the fluid layer.

M\Groups\CM1747\Reports\Falcon 20\working docs\Figure 4.30.ppt

Figure 4.30: Fluid Thickness Measurements for Run 14 (mm)
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4. ANALYSIS AND OBSERVATIONS

4.14.2 Wing Skin Temperatures

Wing skin temperatures were recorded on the leading edge at six positions on each
wing at the threshold of Runway 32, just prior to takeoff, with a hand-held
temperature probe. Temperatures for Run 14 are shown in Figure 4.31.

Prior to the takeoff of the Falcon 20, the wing temperatures ranged primarily from
-3.6 to -5.7°C on both wings of the Falcon 20 (see Figure 4.31). One leading edge
location on the starboard wing had a temperature of -9.1°C, however this location
was shaded from the sun while the aircraft was outdoors at the NRC apron. The
ambient air temperature for this test was -16°C.
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Figure 4.31: Wing Skin Temperatures for Run 14 (°C)

4.14.3 Fluid Freezing Points

Since the fluid was pre-diluted to a freezing point of -23°C, freezing point
measurement of the fluid on the wings of the Falcon 20 was not required for this run.
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4. ANALYSIS AND OBSERVATIONS

4.15 Fluid Viscosity

Prior to fluid application process for each test, Type IV samples were collected from
each fluid container. Fluids samples were again gathered from the wing following
fluid application, following light freezing rain application (if applicable), and upon
return of the aircraft to the NRC pad following the takeoff. The fluid samples were
transported to the APS laboratory and subjected to viscosity testing.

The measurement method used to determine the viscosities for both fluids was the
standard AIR 9968 viscosity measurement method:

a) Spindle SC4-31;
b) 10 mL of fluid;

c) 10 minute duration;
d) 0.3 r/min; and

e) 20°C.

The above-mentioned method, which requires only a 10 mL sample of fluid, was
used for all viscosity tests in Falcon 20 tests. The manufacturer's recommended
viscosity measurement method for Kilfrost ABC-S normally requires a 150 mL
sample of fluid, but as it is often difficult to collect a 150 mL sample from the wing
after a flight, the simplified, standardized AIR method was selected. The viscosity log
from Falcon 20 tests in February 2003 is shown in Table 4.1. All viscosity values in
Table 4.1 are presented in centipoises (cP).

Table 4.1: Viscosity Log from February 2003 Falcon 20 Tests

RUN i Virgin ; . Port wihg - Starboard Yving
# Fluid o After fluid | After rain After flight After fluid | After rain After flight
spray spray spray spray
1 UCAR Ultra+ 33000 1 26600 N/A 9700 26800 N/A 2600
2 UCAR Ultra+ 33000 1 31600 N/A 8400 30900 N/A 15900
3 UCAR Ultra+ 33000 1 22500 N/A 12500 25300 N/A 1900
4 UCAR Ultra+ 33000 1 25200 N/A 24800 15700 N/A 1900
5 Kilfrost ABC-S 22500 1 19400 N/A 600 17100 N/A 2400
6 Kilfrost ABC-S 22500 1 26100 N/A 16600 19900 N/A 12800
1 14100 18800 14300 19400 18100 54000
9 Kilfrost ABC-S 22500 2 13000 17800 12600 18800 - 38900
3 12700 - - 16800 - 37700
10 | Kilfrost ABC-S 22500 1 12500 21200 18700 11300 21000 24500
11 | UCAR Ultra+ 33000 1 23800 23400 700 24600 6900 200
13 | UCAR Ultra+ 33000 1 29400 27000 23000 29200 15400 26600
14 | UCAR Ultra+ 33000 1 300 N/A 300 200 N/A 200
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4. ANALYSIS AND OBSERVATIONS

4.16 Summary of Tests

4.16.1 Fluid Thickness

A summary of the thickness measurements recorded at the threshold of the runway,
just prior to the takeoff of the Falcon 20, is shown in Table 4.2.

The neat, undiluted ethylene glycol Type IV fluid (Dow Ultra+) had thickness
measurements on the leading edge that ranged from 0.7 mm to 1.1 mm just prior to
the departure of the aircraft.

The neat, undiluted propylene glycol Type IV fluid (Kilfrost ABC-S) had thickness
measurements on the leading edge that ranged from 0.3 mm to 0.7 mm just prior to
the departure of the aircraft.

When the two Type IV fluids were diluted with simulated light freezing rain, the
thickness trends reversed. The thickness of the diluted ethylene glycol Type IV fluid
(Dow Ultra+) was inferior (0.3 mm to 0.6 mm) to the neat, undiluted Type IV EG
thickness values. The thickness of the diluted propylene glycol Type IV fluid (Kilfrost
ABC-S) was superior (0.4 mm to 1.1 mm) to the neat, undiluted Type IV PG
thickness values.

The thickness results with the diluted Type IV fluids highlight two distinctly different
fluid failure mechanisms:

a) Dilution failure: The fluid film erodes due to dilution and contamination begins to
accumulate on the surface of the aircraft. This mechanism of failure is common
with Ultra+ fluid; and

b) Bridging failure: The fluid film swells with dilution, and contamination begins to
bridge on top of the fluid layer or begins to embed within the fluid. This
mechanism of failure is common with propylene glycol formulations, in
particular the Kilfrost ABC-S fluid.

The Ultra+ fluid pre-diluted to a -23°C freezing point had very low thickness
measurements on the leading edge, 0.1 mm to 0.3 mm.
4.16.2 Wing Temperatures

A summary of the wing temperatures measured prior to takeoff from the Falcon 20
tests is shown in Table 4.3.
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4. ANALYSIS AND OBSERVATIONS

Table 4.2: Summary of Falcon 20 Thickness Tests

Run Fluid Fluid Condition Wing Min. I:]irf]')‘”ess Mex. (Tmh:f]')‘“ess Avg. Tr:]irf]')‘”ess

1 Ultra+ (EG) Neat, Undiluted Port 0.8 11 1.0

1 Ultrat+ (EG) Neat, Undiluted Starboard 0.7 0.7 0.7

2 Ultra+ (EG) Neat, Undiluted Port 0.8 10 0.9

2 Ultra+ (EG) Neat, Undiluted Starboard 0.7 10 0.8

3 Ultra+ (EG) Neat, Undiluted Port 0.7 10 0.9

3 Ultra+ (EG) Neat, Undiluted Starboard 0.8 10 1.0

4 Ultra+ (EG) Neat, Undiluted Port 0.8 10 0.9

4 Ultra+ (EG) Neat, Undiluted Starboard 0.8 10 09

5 ABC-S (PG) Neat, Undiluted Port 0.6 0.7 0.6

5 ABC-S (PG) Neat, Undiluted Starboard 04 0.7 0.6

6 ABC-S (PG) Neat, Undiluted Port 04 0.7 05

6 ABC-S (PG) Neat, Undiluted Starboard 04 0.6 05

7 ABC-S (PG) Neat, Undiluted Port 03 0.6 05

7 ABC-S (PG) Neat, Undiluted Starboard 04 04 0.4

8 ABC-S (PG) Residual Port N/A N/A NA

8 ABC-S (PG) Residual Starboard N/A N/A NA

9 ABC-S (PG) Neat, Diluted with Zr- Port 0.7 11 09

9 ABC-S (PG) Neat, Diluted with Zr- Starboard 0.6 10 0.8

10 ABC-S (PG) Neat, Diluted with Zr- Port 0.6 1.0 0.8

10 ABC-S (PG) Neat, Diluted with Zr- Starboard 04 10 0.6

11 Ultrat+ (EG) Neat, Diluted with Zr- Port 04 0.6 05 P

11 Ultra+ (EG) Neat, Diluted with Zr- Starboard 04 04 0.4 %
[

12 Ultrat+ (EG) Residual Port N/A N/A NA é:

12 Ultra+ (EG) Residual Starboard N/A N/A N/A g

13 Ultrat+ (EG) Neat, Diluted with Zr- Port 0.3 04 04 é

13 Ultra+ (EG) Neat, Diluted with Zr- Starboard 0.3 0.6 04 §

14 Ultrat+ (EG) Pre-Diluted Port 0.1 0.3 02 %g

14 Ultra+ (EG) Pre-Diluted Starboard 0.1 0.2 02 é
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4. ANALYSIS AND OBSERVATIONS

Table 4.3: Summary of Falcon 20 Wing Temperatures

Date Run OAT (° Q) Wing Tempel\r/la?ﬁ.re o Min. T((e:ng)erautre Avg. Tt(aomcp;erature
24-Feb-03 1 -13 Port -2.5 -5.0 -4.3
24-Feb-03 1 -13 Starboard -3.5 -5.0 -4.3
24-Feb-03 2 -13 Port -55 -7.3 -6.9
24-Feb-03 2 -13 Starboard -6.7 -7.5 -7
24-Feb-03 3 -13 Port -8.3 -9.2 -8.8
24-Feb-03 3 -13 Starboard -9.0 -9.6 -9.3
24-Feb-03 4 -13 Port -95 -11.5 -10.7
24-Feb-03 4 -13 Starboard -11.2 -11.4 -11.3
25-Feb-03 5 -20 Port -6.0 -11.4 -8.1
25-Feb-03 5 -20 Starboard -2.7 -4.2 -3.5
25-Feb-03 6 -20 Port -8.5 -10.3 -9.7
25-Feb-03 6 -20 Starboard -14.0 -15.3 -14.8
25-Feb-03 7 -18 Port -6.2 -7.8 -7.3
25-Feb-03 7 -18 Starboard -11.7 -13.7 -12.6
25-Feb-03 8 -18 Port N/A N/A N/A
25-Feb-03 8 -18 Starboard N/A N/A N/A
26-Feb-03 9 -23 Port -12.0 -14.8 -13.4
26-Feb-03 9 -23 Starboard -9.5 -10.8 -10.4
26-Feb-03 10 -23 Port -8.5 -12.3 -10.4
26-Feb-03 10 -23 Starboard 0.3 -3.0 -1
26-Feb-03 11 -19 Port -3.9 -11.2 -6.7
26-Feb-03 11 -19 Starboard 33 6.9 5.3
26-Feb-03 12 -15 Port N/A N/A N/A
26-Feb-03 12 -15 Starboard N/A N/A N/A
26-Feb-03 13 -12 Port -11.6 -12.5 -12.1
26-Feb-03 13 -12 Starboard -12.0 -12.6 -12.2
27-Feb-03 14 -16 Port -3.6 -5.7 -4.5
27-Feb-03 14 -16 Starboard -4.2 -9.1 -5.5
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4. ANALYSIS AND OBSERVATIONS

4.16.3 Fluid Viscosity

A summary of the viscosity results from the Falcon 20 tests was previously shown in
Table 4.1.

In general, the viscosity values from the Falcon 20 tests followed an expected trend.

4.16.3.1 Dow Ultra+

The virgin Dow Ultra+ samples had viscosity values of 33,000 cP, determined using
the AIR 9968 standard viscosity measurement method. The average viscosity of the
Ultra+ fluid when sprayed through the Type IV sprayer decreased by approximately
20 percent.

After simulated light freezing rain spray on the Ultra+ fluid, the viscosities diminished
to varying degrees, based largely on exposure to the light freezing rain. This was
expected, as the fluid film of Ultra+ erodes rapidly with dilution.

Following the takeoff and flight of the Falcon 20, samples of the residual fluid on the
trailing edge of the aircraft were collected. Although the results have been deemed
largely inconclusive, the residual Ultra+ samples that were collected at the
conclusion of each test run had viscosity values inferior to the pre-takeoff viscosities.
In some cases, the differences were significant.

4.16.3.2 Kilfrost ABC-S (manufactured by Cryotech)

The virgin Kilfrost ABC-S samples had viscosity values of 22,500 cP, determined
using the AIR 9968 standard viscosity measurement method. The average viscosity
of the Ultra+ fluid when sprayed through the Type IV sprayer decreased by
approximately 30 percent.

After simulated light freezing rain spray on the Kilfrost ABC-S fluid, the viscosities
increased by approximately 15 percent. This result can be explained by the
formulation of the Kilfrost ABC-S fluid, which readily accepts water, increasing in
thickness and viscosity as it dilutes.

Following the takeoff and flight of the Falcon 20, samples of the residual fluid on the
trailing edge of the aircraft were collected. In most cases, the viscosities of the
residual fluid collected on the wing were inferior to the pre-takeoff fluid viscosities,
although in some cases the viscosities were actually higher. The results of viscosity
tests with the residual fluid are largely inconclusive.

4.16.4 Fluid Freezing Points

Four tests were conducted with Type IV fluid diluted with simulated light freezing rain
in 2002-03. Another test was conducted with fluid pre-diluted to selected freezing
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4. ANALYSIS AND OBSERVATIONS

point. A summary of the fluid freeze data from the Falcon 20 tests appears in
Table 4.4.

In Run 9 on February 26, 2003, the PG anti-icing fluid was exposed to light freezing
rain for approximately 9 minutes. At the runway threshold, the freezing point buffer of
the fluid on the leading edge ranged from 5°C to 14°C on the port wing, 3°C to 12°C
on the starboard wing. Ice was embedded within the fluid at several trailing edge and
mid-chord locations. No ice was adhering to the wing surface.

Table 4.4: Summary of Falcon 20 Fluid Freezing Points

Date Run Fluid Fluid Condition Wing Tenég.]b(." 0 LO;VO?:: E)rge):ze Hi%r;?:tt (Iirg()eze A;g‘::ﬁ tFEf?:Z)e
26-Feb-03 9 ABC-S (PG) Neat, Diluted with Zr- Port -23 -37 -28 -32
26-Feb-03 9 ABC-S (PG) Neat, Diluted with Zr- | Starboard -23 -35 -26 -32
26-Feb-03 10 ABC-S (PG) Neat, Diluted with Zr- Port -23 -33 -20 -24
26-Feb-03 10 ABC-S (PG) Neat, Diluted with Zr- | Starboard -23 -32 -20 -24
26-Feb-03 11 Ultra+ (EG) Neat, Diluted with Zr- Port -15 -42 -9 -26
26-Feb-03 11 Ultra+ (EG) Neat, Diluted with Zr- | Starboard -15 -51 -41 -47
26-Feb-03 13 Ultra+ (EG) Neat, Diluted with Zr- Port -12 -39 -10 -26
26-Feb-03 13 Ultrat+ (EG) Neat, Diluted with Zr- Starboard -12 -31 -27 -29
27-Feb-03 14 Ultrat+ (EG) Pre-Diluted Port -16 -23 -23 -23
27-Feb-03 14 Ultrat+ (EG) Pre-Diluted Starboard -16 -23 -23 -23

In Run 10 on February 26, 2003, the PG anti-icing fluid was exposed to light freezing
rain for 23 to 28 minutes. At the runway threshold, the freezing point buffer of the
fluid on the leading edge ranged from -3°C to 10°C on the port wing, -3°C to 9°C on
the starboard wing. Ice was embedded however within the fluid at several trailing
edge and mid-chord locations. No ice was adhering to the wing surface.

In Run 11 on February 26, 2003, the EG anti-icing fluid was exposed to light freezing
rain for on average 28 minutes. The ambient temperature for the test was -15°C.
The fluid freezing point buffer on the leading edge of the aircraft ranged from -6°C to
27°C on the port wing, 26°C to 36°C on the starboard wing. At two locations on the
port wing, the freezing point of the fluid was inferior to the ambient temperature and
ice had accumulated on the wing structure at these points.

In Run 13 on February 26, 2003, the EG anti-icing fluid was exposed to light freezing
rain for on average 13 minutes. The ambient temperature for the test was -12°C.
The fluid freezing point buffer on the leading edge of the aircraft ranged from -2°C to
27°C on the port wing, 15°C to 19°C on the starboard wing. At one location on the
port wing, the freezing point of the fluid was inferior to the ambient temperature, and
ice had accumulated on the wing structure at this location.
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4. ANALYSIS AND OBSERVATIONS

In Run 14, the EG anti-icing fluid was pre-diluted to a freezing point of -23°C. The
ambient air temperature was -16°C.
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4. ANALYSIS AND OBSERVATIONS

Photo 4.1: Residual Fluid on Trailing Edge
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5. CONCLUSIONS

5 CONCLUSIONS

Tests performed in 2002-03 with the Falcon 20 were conducted during the second
year of a three-year test program. The following sections describe the conclusions
reached from field tests conducted in the 2002-03 winter season.

5.1 Test Coordination and Provision of Support

APS coordinated and provided support for tests aimed to quantify the aerodynamic
penalties associated with the presence of neat, diluted, or partially contaminated anti-
icing fluids on the wings of the NRC Falcon 20. The test methodologies employed for
the application of light freezing rain and the collection of fluid thickness, fluid viscosity,
wing temperature, and fluid freezing point data were satisfactory.

5.2 Fluid Thickness Measurements

5.2.1 Fluid Thickness Data Prior to Takeoff

The neat, undiluted Ultra+ Type IV fluid (EG) had thickness measurements on the
leading edge that ranged from 0.7 mm to 1.1 mm just prior to the departure of the
aircraft. The neat, undiluted ABC-S Type IV fluid (PG) had thickness measurements
on the leading edge that ranged from 0.3 mm to 0.7 mm.

When diluted with simulated light freezing rain, the Ultra+ Type IV fluid (EG) had
thickness measurements in the 0.3 mm to 0.6 mm range on the leading edge,
considerably less than the undiluted measurements for this fluid. The thickness
measurements of the diluted ABC-S Type IV fluid (PG) were increased (0.4 mm to
1.1 mm) when compared to the undiluted fluid thickness measurements for this fluid.

The thickness results with the diluted Type IV fluids highlight the differences in fluid
formulation that ultimately produce two distinctly different fluid failure mechanisms:

a) Dilution failure: The fluid film erodes due to dilution and contamination begins to
accumulate on the surface of the aircraft. This mechanism of failure is common
with Ultra+ fluid; and

b) Bridging failure: The fluid film swells with dilution, and contamination begins to
bridge on top of the fluid layer or begins to embed within the fluid. This
mechanism of failure is common with propylene glycol formulations, in particular
the Kilfrost ABC-S fluid.

The Ultrat+ fluid pre-diluted to a -23°C freezing point had very low thickness
measurements on the leading edge, 0.1 mm to 0.3 mm.
5.2.2 Elimination of Neat, Diluted, and Partially Contaminated Fluids

One EG-based Type IV fluid (Ultra+) and one PG-based Type IV fluid were tested in
neat, diluted, and partially contaminated state to observe the process of fluid
elimination from the wing surface during takeoft.

M:\Groups\CM1747(TC-Deicing 02-03)\Reports\Falcon 20\Final Version 1.0\Final Version 1.0.doc
Final Version 1.0, April 08

87



5. CONCLUSIONS

For tests with neat and diluted fluids, the videotape of the fluid surface during the
takeoff run showed that the majority of the EG and PG-based fluids had been
eliminated from the wing surface by the time the aircraft speed had reached 80 knots.
A thin film of Type IV fluid can be observed, receding toward the trailing edge of the
aircraft, at the time of rotation.

Both fluids underwent near complete elimination, leaving only a very thin film of
residual fluid. The remaining fluid film was much less than 0.1 mm when present on
leading edge surfaces, but ranged from 0.1 mm to 0.3 mm in areas of localized
pooling on the trailing edge.

In the two tests with partially contaminated EG-based fluid, the small areas of ice
present on the leading edge of the Falcon 20 prior to takeoff were deemed to be
adhering to the wing surface. Most of the ice had been eliminated by the shear forces
exerted by the aircraft acceleration, rotation, climb-out and circuit of the airport. In one
test, however, a small area of ice remained on the wing at the time of landing.

In the two tests with partially contaminated PG-based fluid, the areas of contamination
were located primarily around the trailing edge. Ice embedded within the fluid was
deemed not to be adhering to the wing surface. All of the ice contamination was
eliminated by the shear forces exerted by the aircraft acceleration, rotation, climb-out
and circuit of the airport.

5.3 Fluid Viscosity
In general, the viscosity values from the Falcon 20 tests followed an expected trend.

The Ultra+ fluid viscosities diminished by approximately 20 percent when sprayed
through the mobile sprayer. After dilution of the fluid by simulated light freezing rain,
the viscosities of the Ultra+ fluid diminished to varying degrees, based largely on
exposure to the light freezing rain. This was expected, as the fluid film of Ultra+
erodes rapidly with dilution.

The ABC-S fluid viscosities diminished by approximately 30 percent when sprayed
through the mobile sprayer. After dilution of the fluid by simulated light freezing rain,
the viscosities of the ABC-S fluid increased by approximately 15 percent. This result
can be explained by the formulation of the Kilfrost ABC-S fluid, which readily accepts
water, increasing in thickness and viscosity as it dilutes.

Following the takeoff and flight of the Falcon 20, samples of the residual fluid on the
trailing edge of the aircraft were collected. Although the results of viscosity tests with
the residual fluid have been deemed largely inconclusive, the samples that were
collected at the conclusion of each test run had viscosity values that were generally
inferior to the pre-takeoff viscosities.
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6. RECOMMENDATIONS

6 RECOMMENDATIONS

Tests conducted to examine the lift penalties associated with the presence of neat,
diluted, or partially contaminated anti-icing fluid on the wings of the NRC Falcon 20
aircraft were conducted in 2002-03 as the second year of a three-year test program.

Several recommendations can be put forth from the results of this testing:

a) Further takeoff tests should be conducted using natural snow precipitation. The
objective of these tests would be to evaluate whether snow provides results
similar to freezing rain with respect to the elimination of diluted fluid from
aircraft wings;

b) Further takeoff tests should be conducted using different fluid formulations,
including non-glycol fluid formulations;

c) Further takeoff tests should be conducted using higher levels of dilution,
including contamination; and

d) Clean wing takeoff tests should be performed during a natural rain occurrence
to use as a baseline for comparison with anti-icing fluid tests.
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