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FOREWORD

The qualification processes for SAE fluids are described in ARP5718, and the standards, including aerodynamic standards,
with which the fluids must comply are given in AMS1424 (Type |) and AMS1428 (Types I, Ill, and IV). These standards
require that the aerodynamic performance of all fluids be tested and qualified in accordance with AS5900. The purpose of
the aerodynamic acceptance test (AAT) is to ensure that new fluids have aerodynamic performance properties that are not
worse than an established, accepted standard. In this way, the AAT provides a general screening of the aerodynamic effects
of the fluids. Even with successful AAT qualification, however, there can be circumstances that require evaluation of the
aerodynamic effect of the fluids on specific aircraft.

The intent of this SAE Aerospace Recommended Practice (ARP) is to provide guidance for the evaluation of aerodynamic
effects of fluids on aircraft if it is determined that an evaluation is required to ensure safe operation of an aircraft with fluids
applied. This ARP describes previously used methods and methods under development. To evaluate fluid effects on a
particular model, it should typically not be necessary to utilize more than one method described in this ARP; however,
depending upon the cirg
fluid dynamics [CFD]).

gmstances;it may be advantaycuue todoso (c.g., stmitar ity ana:yaia combjned with computational

The recommended pra
SAE G-12 ADF Aerody
from all possible sou
recommendations or rg
Group.

1. SCOPE

This ARP describes me

performance and hand
methods under develop

ctices and other information described herein are limited to the experiences
amics Working Group. Thus, this ARP is not intended to be an exhaustive d

vision suggestions, they are encouraged to contact the SAE G-12AWG

thods that are known to have been used by aireraft manufacturers to evalug
ling effects following application of aircraft.ground deicing/anti-icing fluig
ment. Guidance and insight based upon those experiences are provided, in

of the members of the
iscussion of information

ces. Should users of this ARP, or other entities with relevant expelience, have additional

Aerodynamics Working

te aircraft aerodynamic
s (“fluids”), as well as
cluding:

Similarity analyses.

Icing wind tunnel te

Flight tests.

CFD and other numjerical analyses.

This ARP also describes:

The history of evalyation of-the” aerodynamic effects of fluids.

The effects of fluidd en-aircraft aerodynamics.

The testing for aerodynamic acceptability of fluids for SAE and regulatory qualification performed in accordance with
AS5900.

Additionally, Appendices A to E present individual aircraft manufacturers’ histories and methodologies, which
substantially contributed to the improvement of knowledge and processes for the evaluation of fluid aerodynamic effects,
and Appendix F considers the modeling of fluid removal from aerodynamic surfaces.

NOTE 1: This document is applicable for fluids that are “qualified” (i.e., have passed) to the tests and other standards
prescribed in AMS1424 or AMS1428, and are properly used in accordance with AS6285.

NOTE 2: There are topics of potential interest not discussed in this document, such as re-hydrated gel residues (see 2.2).

CAUTION 1: The results and conclusions of the various test programs described herein should not be assumed to be
universally applicable.

CAUTION 2: All methodologies presented in this ARP were created or developed considering solely glycol-based fluids.
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2. REFERENCES
2.1 Applicable Documents

The following publications form a part of this document to the extent specified herein. The latest issue of SAE publications
shall apply. The applicable issue of other publications shall be the issue in effect on the date of the purchase order. In the
event of conflict between the text of this document and references cited herein, the text of this document takes precedence.
Nothing in this document, however, supersedes applicable laws and regulations unless a specific exemption has been
obtained.

2.1.1  SAE Publications

Available from SAE International, 400 Commonwealth Drive, Warrendale, PA 15096-0001, Tel: 877-606-7323 (inside USA
and Canada) or +1 724-776-4970 (outside USA), www.sae.org.

AMS1424 Fluid, Aircraft Deicing/Anti-Icing, SAE Type |
AMS1424/1 Deicing/Anti-Icing Fluid, Aircraft SAE Type | Glycol (Conventional and Noficehventjonal) Based

AMS1424/2 Deicing/Anti-Icing Fluid, Aircraft SAE Type | Non-Glycol Based

AMS1428 Fluid, Aircraft Deicing/Anti-lcing, Non-Newtonian (Pseudoplastic), SAE Types II, lllf and IV

AMS1428/1 Fluid, Aircraft Deicing/Anti-Icing, Non-Newtonian (Pseudoplastic), SAE Types| Il, IIl, and IV Glycol
(Conveintional and Nonconventional) Based

AMS1428/2 Fluid, Aircraft Deicing/Anti-lcing, Non-Newtonian*(RPseudoplastic), SAE Types Il | lll, and IV Non-Glycol
Based

ARP5718 Qualifigations Required for SAE Type II/IIJAV Aircraft Deicing/Anti-Icing Fluid

AS5900 Standafd Test Method for Aerodynami¢ Acceptance of AMS1424 and AMS1428 Aijrcraft Deicing/Anti-Icing
Fluids

AS5901 Water [Spray and High Humidity Endurance Test Methods for AMS1424 and AMS1428 Aircraft

Deicind/Anti-Icing Fluids
AS6285 Aircraftl Ground Dejcing/Anti-Icing Processes
2.1.2 Other Publicatipns

1. Anti-Icing Materials|International Laboratory, University of Quebec at Chicoutimi. (1997). Large| Transport Type Jet
Aircraft Acceptancp Tneﬁng of the Anﬁ.lning Eluid annwing MP I\/ 1957 (R’npnr’r No EFP-Q7-32).

2. Akkad, A.E. (1993). Comparative Studies of Boundary Layer and Lift, for a Flat Plate and Wing Model, with Various
Fluid Application [Master’s thesis, University of Quebec at Chicoutimi].

3. Bastian, M. and Hui, K. (2004). Lift-Loss Due to the Presence of Anti-Icing Fluid on a Falcon 20 Aircraft in
Out-of-Ground Effect Conditions (Report No. TP14184E). Transport Canada.

4. Beisswenger, A., Wang, X., Laforte, J.-L., and Perron, J. (2007). Aerodynamic Flow-off of Aircraft Ground Type IV
Anti-Icing Fluids with Ice Embedded: Laboratory Tests (in press). Transport Canada.

5. Beisswenger, A. and Laforte, J.-L. (2003). Low Takeoff Rotation Speed Commuter Type Aircraft Aerodynamic
Performance of Type Il and Type IV Fluids (Report No. FAA DOT/FAA/AR-03/47).

6. Beisswenger, A,, Fortin, G., and Laforte, J.-L. (2003). Investigation of Type Il and Type IV Aircraft Ground Anti-Icing
Fluid Aerodynamic Cetrtification Standards (Report No. FAA DOT/FAA/AR-03/55).
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Beisswenger, A., Laforte, C., and Perron, J., “Issues and Testing of Non-Glycol Aircraft Ground Deicing Fluids,” SAE

Technical Paper 20

11-38-0058, 2011, https://doi.org/10.4271/2011-38-0058.

Boeing Canada, de Havilland Division. (1988). Adverse Aerodynamic Effects Attributed to Old AEA Formulation
(1987-88) Type Il De-Ice/Anti-Ice Fluids (Advisory Notice No. 34).

The Boeing Company. (1992). Aerodynamic Acceptance Test for Aircraft Ground Deicing/Anti-Icing Fluids (Document

No. D6-55573).

Bouchard, G., Laforte, J.-L., and Louchez, P. (1995). Wind tunnel study of lift reduction on a wing section covered with
anti-icing fluid in supercooled precipitation. Canadian Aeronautics and Space Journal, 41(4).

Carbonaro, M., Locatelli, C., Mantegazza, C., McSpadden, C., and Moller, I. (1985). Experimental Study of the Flow of
a Film of Aircraft De-Icing Fluid during a Simulated Take-off at Subfreezing Temperature (Report No. 1985-02). von

Karman Institute fo
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Carbonaro, M. (1986). Experimental Study of the Aerodynamic Characteristics of a Two-Dimer
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Carbonaro, M. and
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Chaput, M. (2003).
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Cruse, D.L. and Zie
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Dart, N. (2010). Nu
Atmospheric and S

De/Anti-Icing Fluid,

Dyer, K., “Anti-lcing
https://doi.org/10.42

Fluid Dynamics.

7). Further Study of the Aerodynamic Performance of a TwosDimensional Y
t or with De/Anti-Icing Fluid During a Wind Tunnel Simulated Take-off at St
D). von Karman Institute for Fluid Dynamics.

Godrie, P. (1992). Study of Aerodynamic Effects-of Ground De/Anti-Icing F
p. 1992-31). von Karman Institute for Fluid Dynamics.

cation of Part 23 Airplanes for Flight in Icing Conditions (Advisory Circular 2
A Potential Solution for De/Anti-Icing of Commuter Aircraft (Report No. TP1
rten, T.A. (1988). Boeing/Association of European Airlines (AEA) Evaluatio
round De-/Anti-Icing Fluids:Society of Flight Test Engineers Nineteenth An

merical Analysis of De-Icing Fluid Flow Off from Aircraft Wings (Paper No. A
pace Environments/Conference.

Aircraft (Material Specification). Association of European Airlines.

Fluid_Residues,” SAE Technical Paper 2007-01-3302, 2007,
74/2007-01-3302.

sional Wing Model
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Ving Model Covered
bfreezing Temperature

uid for Commuters

3.1419-2D).

4152E). Transport
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nual Symposium.

IAA-2010-7838). AIAA

Ellis, N.D. and Lim, E. (1991). Effects of Anti-Icing/Deicing Fluids on the Take-Off Performance of Commuter Aircraft
(Report No. TP 10838E, DHC-TDC 90-1). Canadian Transportation Development Centre.

Ellis, N.D., Lim, E., Teeling, P., and Zhu, S. (1991). Wind Tunnel Tests of Aerodynamics Effects of Type | & Il Ground
De/Anti-Icing Fluids on Small Transport & General Aviation Aircraft During Takeoff (Paper No. AIAA-91-0763).

FAA. (2015). Type Certification Policy for Approval of Use of Type I, lll, and 1V Deicing/Anti-icing Fluids on Airplanes
Certified Under 14 CFR Parts 23 and 25 (Policy No PS-ACE-23-05/PS-ANM-25-10).

Hendrickson, G.S. (1983). Wind Tunnel Investigation of the Aerodynamic Effects of Type Il Anti-Icing Fluids When
Applied to Airfoils (Document No. D6-37730). The Boeing Company.

Hendrickson, G.S. and Hill, E.G. (1987). Effects of Aircraft De-/Anti-Icing Fluids on Airfoil Characteristics, von Karman
Institute for Fluid Dynamics Lecture Series, Influence of Environmental Factors on Aircraft Performance.
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Hill, E.G. (1988). Society of Automotive Engineers Aircraft Ground Deicing Conference Proceedings.

Hill, E.G., Runyan, L.J., and Zierten, T.A. (1989). Aerodynamic Effects of Deicing Fluids (Airliner). The Boeing

Company.

Hill, E.G., Runyan, L.J., and Zierten, T.A. (1989). Flight and Wind Tunnel Investigation of the Aerodynamic Effects of
Aircraft Ground Deicing/Anti-Icing Fluids (Paper No. 24). Advisory Group for Aerospace Research and Development
Symposium, Flight in Adverse Environmental Conditions.

Hill, E.G. and Zierten, T.A. (1991). Flight and Wind Tunnel Tests of the Aerodynamic Effects of Aircraft Ground
Deicing/Anti-Icing Fluids (Paper No. AIAA-91-0762).

Hill, E.G. and Zierten, T.A. (1991). Wind Tunnel Investigation of the Aerodynamic Effects of Aircraft Ground
Deicing/Anti-lcing Fluids and Criteria for Aerodynamic Acceptance, Advisory Group for Aerospace Research and
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2.2 Definitions and A

2.2.1 Definitions

HOLDOVER TIME (HO|
precipitation until its vis

LOWEST OPERATION
the higher (warmer) of

(high speed, middle sp
10 °C (18 °F) for Type |

Dbreviations

Lial failure at a predefined level of frozen contamination on the treated aircra

AL USE TEMPERATURE OF A FLUID (LOUT): The lowest operational use
a) the lowest temperature at which the fluid meets the AAT (according to A
bed, or low’speed) of aircraft, or (b) the freezing point of the fluid plus the
fluidand 7 °C (13 °F) for Type I, Ill, or IV fluids.

s of Aircraft Ground Deicing/Anti-Icing Fluids (NASA Technical Paper3238).

[unnel Test of the

MP |V 1957 at Clariant

MP 11l 2031 ECO at

Cing Fluid Application

Vlechanics, 212, 41-53.

T): The estimated time.between the initial application to an aircraft of an anfi-icing fluid subjected to

ft surfaces.

temperature (LOUT) is
S5900) for a given type
freezing point buffer of

THICKENED FLUID(S)

Fluid(s) that contain polymeric thickeners; that is, AMS1428 Types 1l lll. a

hd 1V fluids.

2.2.2 Abbreviations
AAT
AEA
AFM
AGL
AlAA

AIATC Aerosp

aerodynamic acceptance test
Association of European Airlines
Airplane Flight Manual

above ground level

American Institute of Aeronautics and Astronautics

ace Industries of America - Transport Committee
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AMIL Anti-lcing Materials International Laboratory, University of Quebec at Chicoutimi, Quebec, Canada
AMS Aerospace Material Specification

AOA angle-of-attack

AOM Aircraft Operations Manual

APU auxiliary power unit

AS Aerospace Standard

BLDT boundary layer displacement thickness
c wing cHord

CD drag cqefficient

Cf coefficient of friction

CFD compufational fluid dynamics

CFR Code of Federal Regulations

CG, cg center pf gravity

cl 2D lift qoefficient

CL 3D lift gqoefficient

clmax 2D maximum lift coefficient

CLmax 3D maximum lift coefficient

DGPS differential global positioningisystem
ECS environmental control system

FAA United States Federal Aviation Administration
FWP flight wprking{paper

g gravitatiofrat-constant

HOT holdover time

HP pressure altitude

HSR high-speed ramp

ITT interstage turbine temperature

JAA Joint Aviation Authorities

ks sand grain roughness

kts knots
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LAAT lowest acceptable aerodynamic temperature

LOUT lowest operational use temperature of a fluid

LSR low-speed ramp

MAC mean aerodynamic chord

NAE National Aeronautical Establishment

NASA IRT NASA |

cing Research Tunnel, Glenn Research Center, Cleveland, OH, USA

NASA National Aeronautics and Space Administration (USA)

NS2D 2-dime
OAT outside
OEl one en

TCCA, TC Transp

TDC Transp
\% airspee
V2 takeoff

VMC minimu

VMU minimu
VR rotation
VS1g 1-g sta

3. DEICING/ANTI-ICII
3.1 Deicing/Anti-Icing

The SAE Standards cat|
upon their physical perf

nsional Navier-stokes CFD code
air temperature
jine inoperative
prt Canada Civil Aviation
brtation Development Centre, Canada
d
safety speed
m control speed
m unstick speed
speed
| speed
NG FLUIDS AND FHEIR EFFECT ON AERODYNAMICS
Fluid Types

bgoriz€Afluids as Type |, I, 11I, or IV. The fluids are qualified to one of two SA
brmance. Type | fluids are qualified to AMS1424 and are Newtonian fluids. K

aof-alveal anatar crirfactanta A ond ~aorraoion ot e T |l

F Standards, depending
listorically, Type | fluids

have essentially been
holdover time (HOT).

hivebrac AALD 0
MTATOTC S OT gy CoOwatC T, - SuractartsS; Oy S artt SO OSTOT T T TiotoTST Ty po T 1

ids provide very limited

Types I, lll, and IV fluids are qualified to AMS1428 and are non-Newtonian, pseudoplastic fluids. This means that as the
shear stress on them increases, their viscosity decreases, so that they flow off as the airplane speed increases during
takeoff ground roll. These fluid types contain thickening polymers that facilitate the fluid maintaining greater thickness on
the airplane surfaces following application, thereby providing longer HOTs than Type | fluids. Type Il fluids were developed
to satisfy the desire for longer HOTs than are provided by Type | fluids. Type IV fluids were developed after Type Il fluids to
further lengthen HOTs. Most recently developed were Type lll fluids, which provide longer HOTs than Type | fluids while
maintaining acceptable aerodynamic effects for commuter-type aircraft with low takeoff rotation speeds, although they may
be permitted on other types as well.
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3.2  Aerodynamic Impacts

The application of fluids removes frozen contamination and/or prevents frozen contamination from forming on aircraft
surfaces, maintaining “clean” surfaces. In this context, “clean” means that there is no frozen contamination adhering to the
surfaces. However, the fluids themselves interfere with the boundary layer, disturbing the airflow over the surfaces and
reducing their aerodynamic efficiency. The aerodynamic effects of fluids are transitory and decrease as the fluid flows off of
the surfaces during taxi, ground roll, rotation, and climb. The wave roughness of the fluid surface introduced by the flowoff
has a variety of adverse aerodynamic consequences. The thickened fluids (Types II, lll, and IV) do not flow off of the
surfaces as easily or completely as Type | fluids, and therefore, thickened fluids have greater aerodynamic impact.

It has been demonstrated that with wing leading edge thermal anti-icing systems that can be operated on the ground,
thickened anti-icing fluids on the leading edges may become dehydrated by the heat, affecting both the anti-icing protection
capability and the aerodynamic properties of the fluid. It is recommended that such systems not be operated on the ground
when Type Il, lll, or IV fluids have been applied.

3.2.1 Effects on Aergdynamic Performance

The presence of fluid aircraft lifting surfaces reduces the lift generated by those surfaces. The
correlated to the boundary layer displacement thickness (BLDT). The BLDT is affected by the shea
surface and the roughngss introduced by the fluid flowoff surface waves.

At the time of rotation, |not all of the fluid (particularly thickened fluid) has departed the aircraft g
rotation results in additional fluid wave motion. The resulting lift loss duringdiftoff and initial climb
may be significant. As g consequence, to maintain safe takeoff margins, it\may be necessary to ing

The most critical point during a takeoff should be considered. The most critical point occurs at the m
(AOA) achieved betwegn liftoff and reaching initial climb speed (typically between V2 + 10 kts ang
occurs depends in gengral on wing stall characteristics, high-lift\configuration, fuselage geometr
climb speed, and time tp accelerate to rotation speed and initial’climb speed:

effect of fluid varies| as a function of AOA. The effect’is very complex but can be generalized as

A wing with leagling edge stall characteristiCs is very sensitive to fluid on the leading edge &
aft of the leading edge. The lift decrease due to fluid is often constant at all AOAs, and 3D
(CLmax) might pe unaffected but could be strongly affected.

leading edge. Ip this case,the boundary layer thickness gradually increases with increas
separation occyrs. The fift-decreases due to fluid increases (more or less linear) with incre
is often strongly affected.

adverse effect on lift is
ring of the fluid from the

urfaces, and the act of
can be measurable and
rease takeoff speeds.

aximum angle-of-attack
V2 + 20 kts). Where it
, rotation speed, initial

The wing stall chargcteristics (leading edge stall versus‘trailing edge stall) and high-lift configuration determine how the

follows:

nd less affected by fluid
maximum lift coefficient

A wing with trajling edge stall.characteristics is sensitive to fluid on the leading edge andl also to fluid aft of the

ng AOA until local flow
Asing AOA, and CLmax

The high-lift conffiguration (leading edge slats and/or trailing e-edge flaps) influences the loca

| flow and thus changes

the local effect of fluid. A conclusion from the Boeing 737-200ADV testing (see Appendix A; refer to Reference 43)
was that for a high-lift configuration with leading edge devices, the fluid effect is largest at the maximum lift condition.

If the aircraft is geometry-limited, then the rotation angle is limited to avoid a tail strike. In that case, a lower maximum

AOA is reached during the rotation than if the aircraft was not geometry-limited. This should be considered when

determining the most critical point.

time mean less fluid flowoff and, thus, more fluid remaining on the wing.

Speed and time to accelerate to rotation speed have an important effect on the fluid flowoff. Lower speed and shorter

During the takeoff ground roll, continuing throughout rotation, liftoff, initial climb, and beyond, more and more fluid shears
off of the wing, thus decreasing the aerodynamic effects caused by the fluid on the wings. This is referred to as the fluid
effects being transient. Current data suggests that the fluid’s transient behavior is similar for different types of aircraft.
Examples include test data for the Boeing 737-200ADV, shown in the plot in Figure 1 from Reference 26 (also Reference
24 and possibly others), Saab 2000 (see Figure 2), and Bombardier Dash 8 (see Figure E4).
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generally been found to
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Figure 1 - Maximum lift loss variation with time (B737-200ADV)

bn the aircraft also increases drag, but the overall effect of this.én<aircraft t

be insignificant.

bkeoff performance has

Aerodynamic effects typically increase with decreasing outside air temperature(OAT) due to the irjcrease in fluid viscosity
rease in the time that it takes for fluid to flow off.

and the consequent inc

3.2.2

Effects on Handglling Qualities

Most aircraft that have conducted testing have not exhibited ,neticeable fluid effects on latefal control; some have

experienced detrimentq

Some aircraft with unpg
stick/column forces that

Several theories have 4

e It has been shown
leading edge of the

I, but acceptable, effects.

wered pitch control surfaces have experienced rotation difficulties during t
can be caused by the aerodynamic effects of fluids on the elevator and ho

bkeoff due to increased
izontal tail.

een postulated for aircraft\with unpowered pitch control surfaces, for example:

hat fluids can flow down through the gap between the stabilizer and eleva
elevator on the lower side with fluid roughness, affecting hinge moments.

or and contaminate the

e Fluid has also been observed {o.accumulate on top of the elevator balance nose during the takeoff ground roll. This
fluid suddenly flowq through the gap when the elevator is deflected for takeoff rotation, which cg
and separation on the lowérside of the elevator. This will affect the elevator control force, especially when the elevator
is equipped with gepr or.Spfing tabs and may also reduce the effectiveness of the elevator.

e Another theory is t

a e Tluids may partially obstruct air rrom tiowing

elevator and/or elevator and tab, decreasing elevator and/or tab effectiveness.

n result in flow reversal

ween the stabilizer and

As a result of the associated change in the hinge moment characteristics by flow separation, the sudden increase of force
gradient will feel like the elevator has hit the stop and available elevator deflection seems insufficient for takeoff at a normal

takeoff speed.

Increased rotation speeds or a decrease in takeoff flap setting, which also results in increased rotation speeds and times,
has alleviated these effects on some aircraft. For the Mitsubishi YS-11, it was found that applying fluid to the lower surface
of the horizontal tail eliminated the rotation difficulties.

A caution to be noted with regard to elevator and tab hinge moment effects is that every airplane model has a different
configuration and different dependencies. Therefore, the physics and aerodynamics of the fluid behavior that have resulted
in these rotation difficulties may also be different for each model. It would be misleading and potentially erroneous to assume
that the cause(s) associated with increased rotation forces for one model are the same for other models.
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3.3 AS5900 - the Aerodynamic Acceptance Test (AAT)
3.3.1  History of the AAT

See Appendices A and B for a description of research and testing that resulted in development of the AAT (refer to AS5900).
3.3.2 Testing Conducted per the AAT

The AAT attempts to determine the aerodynamic acceptability of fluids relative to airplane lift loss. It measures the effect of
the fluid on the BLDT on a flat plate. To ensure safe operation when a fluid is used, V2 speed must be at least 1.10 VS1g.
This requirement results in a maximum acceptable lift loss due to the fluid of 5.24% for a large jet aircraft and 8% for a
commuter-type aircraft with wing-mounted propellers.

The test set-up consists of a duct inserted in the test section of a refrigerated wind tunnel. In this tunnel, the airflow and fluid

can be maintained at a
a 2-mm layer of fluid tq

following takeoff profiles:

e Large jet transport-

o BLDT is calculg
the 27th and th
o The high-speed

100 kts, with fi
approximately 2

e Large turboprop air|

o BLDT is calculg
the 20th and th
o The middle-spe

80 and 100 kts,
scenario for lar

Propeller-type comimuter aircraft (low=speed ramp test):

onstantemperature, petiween o Lt 1 L anad-40 U 2 L. The AAT Prot
cover the duct floor. The fluid is then subjected to an accelerating airflov
p.

ype aircraft (high-speed ramp test):

ted from the static pressures measured in the tunnel and is_the average of
b 33rd seconds after the beginning of the test.

ramp test is used to evaluate fluids to be used on:airplanes with takeoff rot
5 seconds. This is a general takeoff scenariodor large jet aircraft.
craft (middle-speed ramp test):

ted from the static pressures measured in the tunnel and is the average of
e 22nd seconds after the beginning of the test.

ed ramp test is used to evaluate fluids to be used on airplanes with takeoff ri

with time from brake release to rotation speed between 16 and 20 seconds.
he turboprop aircraft.

ted from the\static pressures measured in the tunnel and is the average of
st secands after the beginning of the test.

ramp test is used to evaluate fluids to be used on airplanes with takeoff rota

ol begins with applying
, simulating one of the

the measures between

htion speeds exceeding

me from brake release to rotation speed greatér.than 20 seconds and tinpe to liftoff greater than

the measures between

ptation speeds between

This is a general takeoff

the measures between

ion speeds between 60

h-time-from-brakerelease-toretation-speed-between15-and-20-seconds

Jhis is a general takeoff

scenario for commuter-type aircraft with wing-mounted propellers.

o BLDT is calculg
the 19th and 21
o The low-speed
and 100 kts, wi
NOTE:

procedure, the high-speed ramp can apply.

When compensating measures, such as increased rotation speed, are used in a particular airplane’s takeoff

The test acceptance criteria is calculated for each fluid qualification using results from dry tests, performed without fluid,
and reference fluid tests, for which BLDT results are well documented. This was done to take into account the tunnel
variations between facilities, although, to date, only one facility conducts this testing. For dry and reference fluid tests, the
BLDT values are recorded at four temperatures: 0 °C, -10 °C, -20 °C, and -25 °C. A candidate fluid is acceptable at a test
temperature if none of the independent BLDT measurements is greater than the acceptance criteria. This test temperature
is the average of the three lowest temperatures of the acceptable data points. The test is performed at decreasing
temperatures until the lowest temperature at which the fluid is aerodynamically acceptable is found. Each fluid is tested at
temperatures including 0 °C, -10 °C, and -20 °C, and to the lowest acceptable aerodynamic temperature (LAAT) identified
by the fluid manufacturer (if lower than -20 °C), in approximately 10 °C increments.

A detailed description of this test protocol is presented in AS5900.
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Before introduction of the middle-speed ramp, Type | and Ill fluids were often tested to both the high-speed and low-speed
ramps; Type Il and IV fluids were generally only tested to the high-speed ramp. This may change after introduction of the
middle-speed ramp.

NOTE 1: History of Boeing development, which resulted in the AAT and the high-speed ramp, is presented in Appendix A.
NOTE 2: History of Bombardier development, which resulted in the low-speed ramp, is presented in Appendix B.

NOTE 3: History of the middle-speed ramp is presented in Appendix C of AS5900 (from Revision E onward).

3.4 Evaluation of Aerodynamic Effects on Specific Aircraft

As described in Appendix A, development of the AAT was conducted using the Boeing 737-200ADV airplane configuration

with the Type | and Il fluids that were available at that time. This research resulted in many important conclusions. With
respect to the AAT, Hill[(referto Reference 267 states that:

Compliance with the acgeptance test is considered a minimum requirement for acceptable aireraft ground deicing/anti-icing
fluids. An airframe manufacturer may impose additional requirements that reflect considerations for airplane designs that
are different than the 737-200ADV and for performance criteria not addressed by the acceptance tgst.

Itis, therefore, important to note that the AAT is a basic requirement, and there can ©g differences hetween the implications
of the AAT results and the applicability to specific airplanes. As discussed in 3.2 there are some @perational examples of
events that have occurred with fluids qualified to AS5900 that resulted in a need for airplane-specifjc evaluation, such as:

e Reports of high stick or wheel forces during rotation on some airplane)types with unpowered flight controls.

e Takeoff speed corrections needed to compensate for lift losses.caused by fluids.

There are a number of factors, both airplane-configuration based’and operationally based, that should be considered relative
to fluid-related performance that are beyond the AAT evaluation. For example:

e There is a large vpriation in wing designs (extérnal lines/configuration, high-lift systems, gweep, taper, and twist
distributions) acrosg the spectrum of airplanés jin operation. These variations can affect the flowoff of fluids and the
resulting aerodynanic effect relative to the results of the AAT. Particularly the leading edge configuration may affect the
size of the secondary wave and its contribbution to the lift loss (refer to Reference 33). AAT doe$ not consider the effect
of secondary wave [separately but asstimes a correlation to only one aircraft type (Boeing 737-{200ADV).

¢ Rotation speeds and takeoff aceeleration profiles for some airplane types are different from thgse used for the AAT.

These factors can necefsitate the evaluation of fluid aerodynamic effects on specific airplanes.

4. RECOMMENDED METHODOLOGIES

There is more than one way to do the evaluations described below. This section presents both methodologies that have
been used, as well as some that are in development.

4.1 Evaluation Process Flow Chart
The flow chart below provides items to consider when evaluating the effects of thickened fluids on aircraft (see Figure 2).

The first option presented is to determine if thickened fluids been approved for use on a similar aircraft model. Items to be
considered in a similarity analysis are provided in 4.2.1. If the effects of thickened fluids are well known on an existing
aircraft model and the new model is found to be sufficiently similar, then the thickened fluids can be approved on the new
model. Any special takeoff procedures in use for the existing aircraft model should, at a minimum, also be used for the
model being evaluated. This methodology has been successfully utilized.
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If the new model is not found to be similar to a model that has been previously approved for operation with thickened fluids,
then there are multiple things to consider prior to utilizing one of the methodologies presented in the following sections. One
of the primary considerations is whether or not the new airplane has powered flight controls. Some airplanes that have
unpowered flight controls have experienced increased rotation forces on takeoff (see 3.2.2). Some airplanes have also
experienced issues with lift loss (see 3.2.1). These issues have typically been resolved with adjustments to the takeoff
procedure when thickened fluids have been applied (see Section 5).

Airplane similar to
previously
approved
airplane?
Maybe No
Conduct
Similarity Unpowered
Analysis flight controls?
Takeoff Evaluate the followi
. valuate the following as
AdJustments Evaluaté the following as appropriate;
Required? appropriate; «Lift Loss
»T/Q'otation forces (Multi *Handling qualities
engine and OEI)
«Lift Loss
*Handling qualities
¢ 2
Takeoff
Takeoff Adjustments
Adjustments Required?
Required?
Figure 2 -cFlow chart for evaluating the aerodynamic effects of deicing/anti-icipg fluids

4.2  Similarity Analysis

If the characteristics of a high-speed aircraft are similar to those of the B737-200ADV, it follows that AS5900-compliant
fluids should be acceptable for use on that aircraft as well. A similarity analysis may be used to compare any aircraft with
the B737-200ADV to consider whether they are different enough that further analysis or tests may be required.

If the characteristics of a low-speed aircraft can be shown to be similar to those of the DHC-8, it follows that
AS5900-compliant Type | and Type lll fluids (which are tested to the low-speed ramp of AS5900) should be acceptable for
use on that aircraft as well. A similarity analysis may be used to compare any aircraft with the DHC-8 to consider whether
they are different enough that further analysis or tests may be required.

It should be noted that the B737-200ADV and the DHC-8 do not necessarily have to be used as the reference aircraft for
an analysis of similarity. If the aerodynamic effects of fluids have been established for another aircraft by some means, that
aircraft may be used as the reference aircraft against which the similarity of a new aircraft is assessed.
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Similarity analysis is known to have been used by one aircraft manufacturer, which flight tested a previous model and made
an analytical comparison with a new model, using numerical tools (i.e., CFD) to extend the previous test results to the new
model.

It should also be noted that the acceptability of the AAT results is limited to the effect on wing lift; other issues may need to
be addressed.

4.21 Considerations

An important consideration is the service history of existing aircraft models, i.e., whether or not similar models have
experienced in-service events attributable to the use of fluids.

The following features and characteristics of an aircraft should be considered when assessing its similarity to a reference
aircraft:

Geometry of the wing, particularly:
o Design of 2D airfoil(s) or 3D wing (note: several relevant airfoil cuts may be needéd;to evaluate a 3D wing).
o High-lift devices - particularly the leading edge configuration.
o Incidence during the takeoff roll.

o Chord.
o Type of stall (ejg., leading edge or trailing edge) and CLmax sensitivity to roughness.
e Geometry of the hofizontal tail.

o Geometry of any other lifting surfaces (e.g., vertical taily canards, winglets).

e Takeoff acceleratiop profile and speed schedule,‘including which takeoff performance requirements define or limit the
takeoff speed (i.e., VS1g, minimum unstick speed [VMU], or minimum control speed [VMC]).

o Design of flight controls and flight-contrel'systems, such as their actuation method (i.e., powergd versus unpowered).

It may be necessary tojunderstand how any differences in aircraft geometry and takeoff performahce may affect the fluid
effects and, therefore, the ability to)demonstrate an acceptable level of similarity. The followingd information should be
considered when determining the impact of any differences:

e The local air boundary-layér edge velocity distribution over the wing in the takeoff configuratjon(s) will influence the
speed at which fluigsiwill flow off the aircraft. A region of high localized air velocity may cause|the fluid to be removed
from that region morequicklytmcontrast,a Tegion of fow tocatizedairvetocity may causethe fluid to flow off more
slowly from that location and may even create a temporary increase of fluid thickness during the initial flowoff. The air
velocity distribution characteristics will therefore affect the quantity and distribution of fluid over wing at rotation and
therefore the disturbance that the fluid creates. Consideration should also be given to the change in the air velocity
distribution that occurs following rotation, since previous experience has shown that the movement of the stagnation
point and the increase of local air velocity around the leading edge may create a secondary wave of fluid flowing aft
following rotation.

e Fluids may flow more slowly from a wing that has a larger chord than from a smaller-chord wing due to the larger
distance over which the fluid has to travel. It should be noted, however, that the testing performed by Boeing, NASA,
and Association of European Airlines (AEA) (as described in Appendix A) indicated that the fluid effects on the
aerodynamic performance were insensitive to the chord (the model scale).

o A faster takeoff profile, resulting either from a more rapid acceleration or a lower rotation speed, will allow less time for
the fluid to flow off of the wing and will cause a larger quantity of residual fluid to be present on the wing at rotation.
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o Differences in airfoil profiles or the nature of the high-lift systems may change the sensitivity of a wing to the effects of
fluids, either due to changes in the sensitivity to roughness or due to changes in air boundary-layer edge velocity.

e Although the aerodynamic characteristics of the wing are typically the primary focus, the characteristics of the horizontal
and vertical tail surfaces should also be considered.

It may be appropriate to perform suitable analyses to evaluate the degree of similarity. CFD may be used to determine the
air velocity distribution for the reference aircraft and the aircraft that is being evaluated. Previous studies have also explored
the possibility of modeling fluid transportation using thin-film fluid mechanics theory to model the flow characteristics of a
fluid under the influence of the predicted shear forces (see 4.5.1.3). It should be noted, however, that the fluid transfer is
created by the motion of the solitary waves on the fluid surface. The motion of these waves is dominated by a complicated
eddying air flow over the fluid surface. The clean surface Cf analysis does not correlate to the wave motion as the waves
are being transferred by pressure forces not friction. CFD may also be used to evaluate the relative sensitivity of the aircraft
to arbitrary quantities of roughness and to simulate the disturbances caused by the flowoff of fluids, as described in 4.5.1.2.

If analyses are perform(ld and are inconclusive in evaluating similarity, it may be necessary to consijier other methods, such
as wind tunnel testing dr flight testing, to supplement the similarity analysis.

4.2.2 Applicability

This method is suitable| only for aircraft that are similar to another aircraft (the reférence aircraft),|for which the effects of
fluids are known.

4.2.3 Pros and Cons
4231 Pros

e Relatively low cost [little or no physical testing is required).
4232 Cons
o If differences are idgentified, it may be difficult to.determine their impact.
4.3 Wind Tunnel Tes|s
4.3.1 Historical Testing
See Appendices A and B for descriptions of wind tunnel testing conducted by Boeing and Bombardigr (then Boeing Canada,
de Havilland Division), yhich werg primarily research oriented to understand the physics behind thg aerodynamic effects of

fluids.

4.3.2 Recommended| Rrocedures for Wind Tunnel Testing

Based upon consideration of the historical practices, the following are recommended procedures to be considered:
e Start with a clean, dry model.
¢ Bring the tunnel and model to test temperature.

o Apply fluid to the model until there is complete coverage and the fluid actively drips off of the model, e.g., applying 3 L
of Type IV per square meter is a good rule of thumb.

e Linearly increase the tunnel speed at the appropriate rate until reaching the target speed.
¢ Rotate the model per the takeoff profile.

e Continue the run for 30 seconds past the end of model rotation.
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4.3.3 Boundary Layer Tripping
For the wind tunnel tests conducted by Boeing, boundary layer tripping was used (refer to Reference 43; see Appendix A).

To assure that turbulent flow existed on as much of the wing as possible and to better simulate the shear stress to which
the fluid is subjected in full-scale fight, a trip strip was applied near the wing leading edge.

NOTE: As later understood (see Appendix F), the shear-stress on the fluid is not related to boundary-layer skin friction;
even so, use of trips in wind-tunnel test may still be important for higher Reynolds number simulation.

4.3.4 Pros, Cons, and Considerations

4341 Pros

o Ability to determine[the maximum [ifit coefficient degradation due to the fluids, which 1S not posgible from flight testing.
o Ability to determine|the drag increase due to the fluids, which is less accurate from flight,testing.

e Ability to economically test a matrix of various fluid formulations and concentrations, ‘at differemt temperatures, and on
different configuratipns, which would otherwise be cost-prohibitive.

e Flow visualization gapability.

e Boundary layer measurement capability.

43.4.2 Cons

e It is necessary to cprrelate the model wind tunnel data to airplane flight test data. Without flight test data, or at least
prior experience with such a correlation for fluids testing,\it'is unlikely that correct interpretation of the wind tunnel data

is possible.

e The conduct of fluid tests in aerodynamic wind.tunnel facilities is very uncommon, and there arg only a small number of
facilities where such testing with fluids is permitted (presumably only two are available for cominercial use).

4.3.4.3 Considerations

e Fluid cannot be scaled, and the effect of this is unknown. However, for the Boeing tests, it wgds not believed to be an
issue after comparing wind tunneland flight test data (see Appendix A).

e The small wind tunnel scalemodels’ short chord lengths provide a shorter distance for the fluid Jto travel for flowoff than
on the full-scale wihg. in-dddition, there is a greater fluid-depth-to-chord ratio. The effects ofl these aspects may be
insignificant (see Appendix A).

4.4  Flight Tests

Flight tests can be used to determine the aerodynamic effects of fluids on aircraft performance (lift and drag) and flying
qualities.

4.4.1 Instrumentation

Aircraft instrumentation should include an inertial reference system (IRS) and a data acquisition system (e.g., inputs for
calculations of gross weight and center of gravity [CG], engine parameters, airspeed, accelerations, ground speed, distance,
and IRS angular data). An onboard engineering data analysis system can also be useful.

Video and photographic equipment may be set up in the aircraft cabin. Typically, two fixed video cameras mounted at an
over-wing window are used to provide full and clear coverage of one wing. Additional fixed cameras or a handheld video
camera can be used to record the fluid flowoff behavior. For aircraft with high wings or without windows, the video cameras
would need to be located externally, looking down at the wings.
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4.4.2 Fluid Selection and Application

A fluid should be chosen whereby it can be used at a temperature as close to the aerodynamic acceptance limit as
practicable. In order to accomplish this, obtain an AAT result report from the fluid manufacturer (refer to AS5900, Figures 11
and 12).

Review the aerodynamic acceptance limit graph and note the temperature range below -20 °C where the fluid is closest to
the acceptance limit. This will be the preferred aircraft flight test temperature range.

Since different fluids have somewhat different aerodynamic behavior, the best practice will be to review a number of fluids
to find one or more closest to the aerodynamic acceptance limit near the desired test temperature range.

Although it may not be practical to choose the fluid closest to the acceptance limit, an effort should be made to choose one
that closely approaches the limit. This may require using a fluid that is not normally available at the chosen flight test airport.

Since all thickened fluig
with a fluid that is closq
results of the flight-test
relation to the aircraft’s
approximately 25 secor

Fluid should be applied
appropriate for the purp

NOTE: Some propylen|
65 to 75% dilut
(above -20 °C)

s are qualified to the same aerodynamic acceptance specification (referdqg
to the AAT limit allows the airframe manufacturer to approve all thickehe
bd fluid. However, consideration should be given to the fluid's BLDT-versu
takeoff speed schedule, especially time to liftoff. If the aircraft to‘be tested
ds, then the BLDT characteristics at the actual times should.b&considered

to the airplane in accordance with SAE and aircraft manufacturer recomme
ose of the testing.

e glycol fluids present an increase in viscosity as)they dilute from a neat ¢
on, bringing the fluid closer to the BLDT limit than the undiluted fluid, even
In this case, it could be possible to performithe flight tests with the diluted

AS5900), flight testing
 fluids based upon the
5 time characteristics in
with fluid lifts off before

nded procedures, or as

oncentration to roughly
for higher temperatures
fluids in a temperature

range above -2p °C.

4.4.3 Airplane Perforjnance and Handling Tests

4431 Purpose
Takeoff performance tgsting can provide sufficient’information to determine the amount of lift los
fluid at or after liftoff,! of at another point of interest; the takeoff acceleration drag and in-flight drag
the fluid; and whether the presence of residual fluid after takeoff causes noticeable effects on hand

5 (ACL) due to residual
increases (ACD) due to
ing qualities.

4432

Test Procedyres

44321 Lift

4.43.2.11 General Information

The aircraft should be flown by an experienced flight test air crew to safely and efficiently perform handling and performance
tests.

This testing is typically conducted away from an aircraft manufacturer’s flight test center; thus, a full off-site instrumentation
and maintenance team with appropriate equipment are recommended. A portable ground station should be used to record
OAT and wind data.

The aircraft should be configured at the lightest weight practical for these tests, corresponding to a low operational takeoff
weight with low takeoff speeds. The most critical aircraft weight regarding fluid effects on lift is the highest of the minimum
operational weight and the weight when rotation speed (VR) is just limited by VMC. A means to determine accurate gross
weight and CG data should be available at the test location.

' Recent flight tests have focused on obtaining ACL at liftoff or during rotation, whereas the AAT fluid-acceptance limit is based upon
ACLmax at V2. The difference is because the AAT was developed based upon the determination that the V2 margin is the single
most critical safety criterion around which a fluid-acceptance test should be established.
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Analysis of comparable test data for the aircraft with and without fluid applied, at similar weight, and CG conditions will show
the effects, if any, of the fluid on takeoff characteristics and airplane performance. Typical data comparisons include control
inputs, control forces, control-surface positions, altitude, speed, pitch angle, pitch rate, AOA, and time to rotation and liftoff.
4.43.21.2 Performance Checks - Normal and “Fixed-Pitch” Takeoffs

Comparisons of lift data with and without fluid application should be made to check whether the effects of the fluid are minor

or are significant. If they are not minor, it may be necessary to determine takeoff performance adjustments that need to be
made when fluids are used.

Back-to-back normal takeoffs should be conducted with and without the application of the test fluid to the wings and
horizontal stabilizer. Direct comparison should be made of the flight data with and without fluid to determine if there are any
significant effects on the lift coefficients and takeoff performance. Normally, the maximum AOA during takeoff does not

occur at liftoff but rather at the end of the rotation and may be higher than the stabilized AOA at V2 speed.

“Fixed-pitch” takeoff te

fluid) takeoffs to facilitai

applied involve early ro
wing at liftoff than that
normal takeoffs. Aircraff
to uncertainties and as{

All-engines-operating n
abuse takeoffs, the reg
fluids, considering that
conduct abuse takeoffs
44322 Drag

In general, the additiona

may be ignored. Even w
to fluid is still not signifi

The aerodynamic effec
not have to be consider

ociated concerns, performing fixed-pitch takeoffs is not recommended.

brmal and abuse takeoffs may be conducted to assess’any deviations fro
ilatory criterion without fluids applied is VR (10 kts) or VR (7%), whichever
the V2 margin is 1.10 VS1g rather than 1.13 \/S1g for a clean wing, it is
with rotation at VR (7 kts) or VR (3.5%).

| drag due to fluid is not significant forthe takeoff distance required (TODR,
hen aircraft performance corrections are needed when operating with fluids
tant for the TODR.

of fluid is transitory and.diminishes quickly after liftoff. Therefore, addition
ed for the climb performance.

For example, Saab dg¢termined the additional drag due to fluid by flight testing with an ins

(see Appendix C). Norr
and thus additional drag
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voff. Figure/3 is an example of measured lift loss as a function of time after

s have historically been performed to establish stable pitch attitudes durifig normal, clean-wing (no
the accurate estimation of an aircraft’s lift characteristics. However, fixed-pitch takeoffs with fluids
ation to high pitch angles, which can cause greater accumulation(ef-residual anti-icing fluid on the
which occurs during normal takeoffs. This can cause larger liftdosses at Jiftoff than occur during
with rotation-force issues cannot rotate early and therefore cannot perform fixed-pitch takeoffs. Due

m normal behavior. For
is higher. For tests with
considered adequate to

distance to 35 feet) and
the additional drag due

bl drag due to fluid may

trumented test aircraft
he lift loss due to fluid,
dly after that due to the
liftoff on the Saab 2000
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SAAB 2000 Flap 0 Lift loss due to Type IV fluid as a function of time

o5 (Clariant Safewing MP IV 1957) test 201 pos 12
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Figure 3 - Lift loss as a function of time - Saab 2000.(Flap 0)

The measured additiongl drag due to fluid is presented in Figure 4:

delta CD [dragcounts]
0 50 100 150 200 250

0.0

*

-1.0

-2.0

-3.0

-5.0

delta CL [% CLmax]
*
L 4

-6.0 L

-7.0

-9.U0

Figure 4 - Drag due to the fluid - Saab 2000 (Flap 0)

The highest values occurred at the maximum AOA during rotation. The data points with values close to zero are from a
climb, i.e., after significant fluid flowoff. Based on these results, Saab decided to use in the aircraft performance calculations
a conservative average drag increment of 75 drag counts during the whole takeoff distance (i.e., up to 35 feet) when a
takeoff speed correction due to fluid is required.

It should be noted that, in this example, the additional drag due to fluid was analyzed from transient flight test data directly
after liftoff and, thus, the accuracy is likely an order of magnitude lower than drag data obtained from dedicated,
well-stabilized flight tests.
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4.4.3.2.3 Handling Qualities

It should be sufficient for handling-qualities flight testing to be qualitative in nature. The purpose of the tests is to evaluate
airplane handling during the takeoff and climb, as well as to evaluate the control forces after fluid application. Additionally,
simulated one-engine inoperative (OEI) takeoffs can be used to evaluate climb performance with fluid applied. If it is desired
to assess directional controllability, then fluid must also be applied to the vertical tail for the testing.

The following maneuvers to assess the aircraft’s longitudinal and lateral control characteristics after fluid application have
been required of some aircraft manufacturers by some authorities and are included here for completeness. However,

whether these maneuvers are of value is questionable since it is believed that no abnormalities have ever been found.

e Bank excursions of

140 degrees (+30 degrees for simulated OE| takeoffs).

Normal load factor variation between 0.5 and 1.5 g (or between 0.8 and 1.3 g for simulated OE| takeoffs).

While it is desirable that
for the evaluation, it mu
flight safety. Flight test

4.4.3.2.3.1 Control H

It is desired that the stid
and without the applica

maneuvers be performed soon after takeoff such that there is representative
5t be acknowledged that high-risk maneuvers must only be performed‘at'an
bilots or engineers can establish appropriate limits.

lorces

k forces required to rotate and control an aircraft during-takeoff should be e
ion of thickened anti-icing fluids. An undue and unexpected increase in stig

residual fluid remaining
altitude that will ensure

Esentially the same with
k force can mislead the

pilot into believing that there is a problem with the flight controls. A rejected.takeoff at speeds aboveé VR can be hazardous.

Therefore, a qualitative
of anti-icing fluids.

Some aircraft equipped

as well as quantitative assessment of the stick farces should be made durin

with unpowered elevator flight control-surfaces have experienced large

during the takeoff rotatipn following application of thickened anti-icing fluids (see 3.2.2 for additional

force increase is exceq
deflection to alleviate th

Degradation of aerodyn
and/or control force ing
adequate safety margin
in every case.

If the takeoff speeds a

sive, it may be necessary to either increase the takeoff rotation speeds
e effects of the fluids.

amic performance or controlrcharacteristics due to the presence of fluids,

reases, may require adjustments to takeoff speeds (e.g., increases to V
5. While normally a suecessful solution, speed increases have not mitigated

e adjusted, Other aspects of takeoff performance will need to be re-evaly

takeoff field length. Corfections may<also be necessary for takeoff weight and distances, as well as b

takeoff techniques can

hlso be neeessary (e.g., change of pitch rate or target pitch attitudes).

g a flight test evaluation

ncreases in stick force
information). If the stick
or use a reduced flap

as indicated by lift loss
R and/or V2) to ensure
ncreased control forces

ated, such as required
rake energies. Different

rol forces.

Some aircraft types wiﬂr unpowered ailerons have also experienced minor increases in lateral cont|

444

Evaluation of Fluid Behavior

Flight tests can also be used to evaluate the behavior of fluids during the takeoff ground roll, liftoff, and climb-out. Flow
visualization techniques, such as ultraviolet photography, have been utilized to capture images of fluid flowoff, wave action,
etc. It may be beneficial to conduct flow visualization testing at night to enhance image resolution.

445
[ ]
[ ]

Wind speed should

Flight Test Considerations

Calm and stable air with no precipitation or active frost conditions is recommended.

not be greater than 10 kts.

Wind speed and ambient air temperature measurement facilities (wind station) are recommended.
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e Testing should be conducted on a cloudy day with no precipitation. A cloudy day will help ensure that the aircraft skin
temperature is closer to the ambient air temperature. Flight testing on a clear, sunny day has shown that there can be
a large variance between the skin temperature and the ambient temperature. Skin temperature should be monitored
with spot measurements using a handheld probe to ensure that the skin temperature does not vary greatly from the
OAT.

e Flight test quality control should be implemented to ensure repeatability of the test and the integrity of the test results.
At a minimum, the following measures should be taken:

o

Fluid samples should be taken to determine the viscosity of the fluid in the application vehicle. To confirm that the
fluid’s viscosity is between the lowest on-wing viscosity and highest on-wing viscosity limits for that fluid, fluid
samples should also be taken directly from the application nozzle of the truck and from fluid applied to the wing.

These samples should be taken at the start of each test day and again whenever the truck is refilled with fluid.

taken for the fir$

to settle and to
5 minutes whilg
be judged empi
documented.

It is recommeng
any residual fly
however, for la

step, deicing, tle fluid may be used to “wash” the aircraft surfaces prior to applying the th

the second ste
as possible. It i
extensive appli

Alternatively, it
during the flight
test will give co
used for cleanir
the one-step fly

t and final test points; however, it is recommended that measufements be t
It may be good|practice to initially measure and record the fluid thickness 5yminutes after @pplication to allow fluid

minimize variability during the settling process; the thickness decreases
it is settling. After gaining experience with the fluid application process, the
ically rather than applying a 5-minute wait time. The amount of fluid applied

led that each test begin with a clean wing. ‘Before each test, the wing shoul
id from a previous test flight. This can bevaccomplished by using a squee
rger aircraft, a two-step fluid applicationvprocess as per AS6285 is recomr

. When using a two-step process;.the methods employed should be as clo
5 important to purge any Type-lfrom the surface with the second-step fluid
cation of heated Type | may increase the wing skin temperature.

Can also be acceptable'to not remove residual fluid between tests (so long ag
and the same fluid is being used). Applying thickened fluid on top of the resid
nservative aerodynamic results. It also eliminates the potential for dilution of
g. Testing time\constraints may also be a factor favoring this approach. Thi
id application-procedure currently utilized in Europe.

It is recommen

the fluid manuchturer’s specifications.

jed t@’ ensure that the fluid and equipment used for the fluid application arg

ceasurements should be
ken for every test point.

e most during the first
settling of the fluid may
for each test should be

d be cleaned to remove
gee for smaller aircraft;
nended. During the first
ckened test fluid during
5e to normal operations
It should be noted that

the fluid has not frozen
ual fluid from a previous
the test fluid by the fluid
5 procedure is similar to

appropriate and within

For small aircraft, a single application vehicle may be sufficient for application and inspection. For larger aircraft, it
may be desirable to have additional vehicles that can be dedicated to fluid application, inspections, and fluid

measurements.

It is recommended that the same personnel conduct the entire test to ensure consistency.
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4451 Pros and Cons

44511 Pros
¢ Real airplane data.

Flight-control hinge moments can be evaluated.
Flow visualization capability.

Operational aspects of using fluids can be evaluated (e.g., auxiliary power unit [APU] ingestion, accumulation in
aerodynamically quiet areas).

44512 Cons

Very expensive.

Weather dependent (need cold temperatures, low winds, no precipitation, ideally cloudy skies)

Flight test maneuvérs close to the ground are high risk. For example, it is (hopefully) not fepsible to determine the
CLmax degradatior].

Logistics.

Most manufactyrers find it necessary to do this testing at a remote location. An airport is
runway, low trdffic, and fluid application and recovery (if necéssary) equipment available.
provide the desjred fluid for the testing. It is possible that theairplane will be cold-soaked in
may need to wait for the airplane to warm up.

o heeded that has a long
It may be necessary to

he morning, and testing

4.5 Computational Flpid Dynamics (CFD) and Other Numerical Analyses

451 Procedures

4511 Overview

CFD and other numerij
aerodynamic degradati

CFD methods have bsg
performed is varied. In
evaluate the fluid effect
only as part of ongoing

cal modeling methods can potentially be used to estimate the fluid flow
bn caused by the presence of fluids on the wing surface.

en used lin)different ways by several aircraft manufacturers. The maturit
somecases, CFD has already been used as part of the aircraft design and
s. In-gther cases, the use of CFD and other numerical modeling technique
Fésearch studies.

bff behavior and/or the

y of the CFD analyses
certification process to
5 has been investigated

Furthermore, the precise application of CFD has varied. Some aircraft manufacturers have used CFD to determine the
aircraft CLmax loss due to fluids by using CFD to extrapolate flight-measured lift losses (lift losses in the linear part of the
lift curve) that were measured at the highest AOA during rotation. Other aircraft manufacturers have begun to investigate
whether it is feasible to use numerical analyses to model fluid flowoff, either to support similarity assessments or to obtain
residual fluid data for subsequent CFD assessments of the aerodynamic effects. There may be other ways in which CFD
and numerical methods may be used, but this document intends only to describe how some aircraft manufacturers have
used CFD in the past or envisage how CFD may be used in the future.

The flow chart in Figure 5 illustrates possible uses of CFD and other numerical methods. The processes shown in Figure 5
are described in more detail in 4.2, 4.5.1.2, and 4.5.1.3. It should be noted that it is not necessary to perform the activities
shown in both the red box and the blue box, but only one or the other. Furthermore, Figure 5 illustrates only two examples
of how CFD and numerical analyses may be used; there may be other ways in which numerical analysis may be used to
help evaluate fluid effects. For both of the processes shown in Figure 5, the final goal of the analysis is to determine the
effect of the fluid on the aircraft CLmax. In addition, other aerodynamic and takeoff performance characteristics may be of
interest.
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Through empirical
transformations,
evaluate BLDT for

Modelflatplate in CFD
and determine what

M odel fluid flow off
characteristics using

I—__—-‘

Define roughness
distribution onwing

Determine what
chordwise coverage of

Fi

based on predicted
residual fluid film,
usingvalidated

roughnessk; givesthe
same CFD-predicted
liftlossesas measured

ight-measured
ACL

Y

D escribed in Section 4.5.1.2

correlation between
fluid thicknessand

CFD rnughness
= == — height, k,

inflight

the aircrafttakeoff ,| CFOroughnessheight, computational Sectionaz |

characteristics and K, resultsin the same methods I |
flighttested fluid flatplate BLDT U [ simitarity

ternperature vL ) A L__ty analyses |

[

4512 Useof CFDt
CFD methodologies ca
acceleration profile. Cri
this methodology can b

acceptance” as the “Ck

BLDT during rotation sh

Starting with the fluid’s
or speed ramp) and the
of the fluid temperature

AssessACLya using CFD forthe K,
roughness height and chordwise
coveragefdistribution determined by
the previous steps

Figure 5 - Flow chart example of the possible use of CFD"and other
numerical methods for evaluating the aerodynamigc effect of fluids

b Model Aerodynamic Effects

n be used based upon the AAT BLDT constraints for fluid qualification a
ical data for this methodology are the AAT.results for the specific fluid bei
e used for a generic, non-fluid-specific, worst-case evaluation by adopting
D standardized roughness” when time:to liftoff is 25 seconds or more; o
ould be considered.

AAT test results (BLDT versus fluid temperature on a flat plate for a standardi

nd the aircraft’'s takeoff
g evaluated. However,
the AAT BLDT “limit of
herwise, the maximum

zed acceleration profile,

aircraft acceleration profile;.it\is possible to correct the BLDT variation on a flat plate as a function

for the actual aircraft acceleration profile through an empiric transformation

are then used to make @ correlation between the corrected flat-plate BLDT variation and a respecti

height that matches thi
numerical roughness th
can be determined. The

With the CFD standard
calibrated against fligh
numerical roughness is
standardized roughness$

5 BLDT variation. Thesnumerical roughness is equivalent to a sand grain rg
at matches the fluid-influence on the flat-plate BLDT, denoted by “CFD st
next step is torextend these data to the aircraft.

zed roughness height determined, the result of the roughness distribution

process. CFD analyses
e numerical roughness
ughness (ks). Hence, a
bndardized roughness,”

pver the wing surface is
e chord-wise extent of

test or-wind tunnel test results, both qualitatively and quantitatively. Th
varieduntil the reference lift loss (flight test and/or wind tunnel test data
5 can be used with elther a 2D or 3D CFD code to determlne the 3D maxi

roughness. If a 2D code-s

is matched. The CFD
um lift deviation due to

One aircraft manufacturer has used a 2D critical section method WhICh assumes that the wing is at its maximum lift when
any individual spanwise element or section (2D) is at its maximum lift coefficient.

For calibration purposes, the specific fluid’'s AAT BLDT data must be used, as opposed to the generic “limit of acceptance”
data. However, once calibrated, this methodology may be extended to other aircraft models besides those used for the

calibration process.

Appendix C describes how CFD methodology has been used by another aircraft manufacturer to extrapolate flight test data

to CLmax.
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4513

Use of Computational Methods to Model Fluid Flowoff

Theoretical methods are being developed that aim to model the fluid flowoff and/or the subsequent effect of any residual
fluid on the aerodynamic performance. Either or both of these two elements of the theoretical method may be used to
evaluate the relative effects between two different aircraft to provide further supporting evidence of similarity, as discussed
in 4.2. Furthermore, in principle at least, it may be possible to evaluate theoretically the flowoff and aerodynamic effects of
an aircraft in isolation to determine the aerodynamic effects of a fluid that complies with the AS5900 flowoff criteria.

Fluid flowoff modeling: Some previous efforts to model fluid flowoff are using thin-film theory to model the transportation

of the fluid over the wing. The wing surface is discretized, and the transportation of the fluid under the influence of the
air shear stress from one control volume to the next is modeled using an explicit numerical scheme. The air shear stress
may be obtained from a Navier-Stokes CFD code or from an inviscid CFD method that is coupled to integral boundary
layer analysis. Current studies have focused on modeling 2D airfoils, but a theoretical method such as this is also
capable of modeling the flowoff on a 3D wing or aircraft surface. However, a clean surface Cf is not a primary factor in

fluid removal. The f
the fluid flowoff rat
fully developed bo
the solitary waves

Residual-fluid mod
predicted by a flowq
would be used to
roughness). Anothg
test and/or flight tes

In any case, it would bg necessary to establish and validate a correlation between the residual flu

and an artificial surface

The use of CFD codes
those cases, the requi
measurements from flig

4.5.2 Applicability
As shown in Figure 5, C
The applicability of CF
include the following:

Determination of m

Supporting a detern

. The wave speed is defined by a complicated eddying airflow over the, Wz
ndary layer in which one could even determine unambiguous Cf. Sgithé d
oes not determine the fluid removal.

ling: Current studies are investigating the feasibility of evaluating the effect
ff analysis, on the aerodynamic performance. A suitable CED*code, such a
nodel the aerodynamic performance (although it is necéssary for the CFD
r method that has been used is to model or estimate the effect of residua
t data with artificial roughness.

roughness distribution that causes an equivalent effect on the aerodynamig
to predict the aerodynamic performance in this manner is also discussed

Fed roughness height is obtained. by correlating lift loss in the linear pa
ht testing.

FD and other numericat methods may be used in a variety of ways to evall
D and other numerical methods depends upon how a particular method ig

hximum lift-coefficient degradation due to fluid effects.

nination, of similarity between aircraft and quantifying the impact of any diffe

ves determines mostly
vy surface. There is no
lean surface Cf without

of the residual fluid, as
5 a Navier-Stokes code,
code to model surface
fluid using wind tunnel

d thickness distribution
behavior.

in 4.5.1.2; although, in
It of the lift curve with

ate the effects of fluids.
being used, but might

rences.

45.3 Pros, Cons, an

| Cansiderations

4.5.3.1 Pros

[ )
values.

4532 Cons

the methodology.

Allows evaluation of aerodynamic fluid effects for the “worst scenario,” i.e., using the AAT BLDT “limit of acceptance”

Allows estimation of maximum lift coefficient degradation due to the fluids, which is not possible from flight testing.

Before use, it is necessary to calibrate the CFD methodology. Flight test or wind tunnel data should be used to calibrate
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4533

Considerations

e The capability to determine hinge-moment effects on flight-control surfaces may be feasible but has not been validated.

e The methodologies would benefit from application on a broader sample of aircraft for calibration/validation.

5. POTENTIAL PERFORMANCE ADJUSTMENTS

Degradation of aerodynamic performance or control characteristics due to the presence of fluids, as indicated by lift loss
and/or control force increases, may require adjustments to takeoff speeds (e.g., VR and/or V2 increases) and/or procedures
to ensure adequate safety margins. The corrections will be different for specific aircraft based upon their takeoff
performance. In some cases, the lift loss caused by fluids will not impact the airplane’s normal performance schedule (when
the takeoff speeds are already sufficiently greater than stall speeds).

If the takeoff speeds ar
necessary for takeoff w
(e.g., change of pitch rg

6. SYNOPSIS

This section presents 4

aerodynamics and handlling qualities.

6.1

Table 1 presents the re

Recommended M

ethodologies

b adjusted, other aspects of takeoft performance will need 1o be revisited. U
bight and distances, as well as braking energies. Different takeoff technique
te or attitude).

synopsis of the recommended methodologies described (in Section 4, ag

commended methodologies, comparing the main pros and cons of each on

Table 1 - Recommended methodologies

4

orrections may also be
5 can also be necessary

well as the effects on

Methodology

Pros

Con

p

Similarity Analysis

Low cost

Difficult to determine
differences

mpact in case of

Wind Tunnel Tests

Maximum lift coefficient/degradation
determination

Drag increase determination

Evaluation of a matrix of various fluid
formulations and concentrations, at
differenttemperatures, and on different
configurations

Flow-visualization capability

Boundary layer measurement capability

Correlation of wind tu
flight test data require
Small number of facil
can be conducted (pr
are available for com

nnel data to airplane
d
ties where fluid tests
esumably only two
mercial use)

Numerical Analyses

estimation

¢&~)Real airplane data e Very expensive
¢ Flight-control hinge moments evaluation e \Weather dependent
Flight Tests o Flow visualization capability e High-risk maneuvers
e Evaluation of operational aspects of using e Logistics
fluids (e.g., APU ingestion, accumulation
in aerodynamically quiet areas)
Computational e Aerodynamic effects evaluated at the e CFD methodology calibration is required
Fluid Dynamics worst scenario
and Other o Maximum lift coefficient degradation
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6.2 Effects of Fluids on Aerodynamic Performance
See below the list of aerodynamic performance characteristics affected by anti-icing fluids:
e Aircraft lift during liftoff and initial climb.
o Potentially reducing takeoff safety margins.
o Aircraft drag (usually not significant).
o Takeoff climb gradient (deemed acceptable; see Appendix B).

The practical actions to overcome the characteristics presented above are:

e Increase takeoff speeds (see Appendix C).

6.3 Effects of Fluids ¢n Handling Qualities

See below the list of hapdling-qualities characteristics affected by anti-icing fluids:

o Takeoff rotation diffjculties (due to increased stick/column forces).

e Lateral control forcg changes (detrimental, but acceptable; see examplé.in Appendix C).

NOTE: Fluids will reduge the effectiveness of the controls. Both elevator.and aileron control forces jare an issue for manual
controls.

The practical actions toJovercome the characteristics presentedabove are:
e Increase takeoff spgeds (see example in Appendix B)'

o Decrease takeoff flaps setting.

7. NOTES
7.1 Revision Indicatoy
A change bar (I) locateq in the left margin is for the convenience of the user in locating areas where technical revisions, not
editorial changes, have|been made to the previous issue of this document. An (R) symbol to the Igft of the document title

indicates a complete relision‘ofithe document, including technical revisions. Change bars and (R)[are not used in original
publications, nor in dociments’that contain editorial changes only.

PREPARED BY SAE G-12ADF AIRCRAFT DEICING FLUIDS
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APPENDIX A - BOEING HISTORY - EVALUATIONS OF THE EFFECTS OF DEICING/ANTI-ICING FLUIDS ON
AIRCRAFT AERODYNAMICS AND DEVELOPMENT OF AN AERODYNAMIC ACCEPTANCE TEST
A1 INTRODUCTION
Throughout the 1980s and into 1990, Boeing performed wind tunnel and flight test evaluations of the aerodynamic effects
of deicing/anti-icing fluids (“fluids”). These tests were initially research oriented and aimed at quantifying the aerodynamic
performance effects and understanding the fluid dynamic behavior causing those effects. Later, as part of the international
Aerospace Industries of America Transport Committee (AIA TC) 218-4, one of the ultimate results of Boeing’s efforts was

the development of a wind tunnel test methodology and aerodynamic acceptance criteria for fluids. Several reports of this
work were published and are available to the public.

Boeing conducted its first tests with fluids, Types | and I, in 1982. In the Boeing Icing Wind Tunnel, a 0.25-m (10-inch) chord
airfoil model was utilized for flow V|sual|zat|on studies of the fluid flowoff characteristics. In the Boeing Research Wind

Tunnel, both force and
Association of Europea
program, which gener

AEA requested that Bo

In January of 1988, Bq
obsolete Type Il that wa
Advanced provided by

gross weight, CG, engi
engineering data analys

For Type | testing, cold
was utilized to apply 50
stabilizer. Fluid samp
non-precipitation weath

Airlines (AEA) and the von Karman Institute for Fluid Dynamics sponsored
ly validated the results of Boeing’s 1982 testing. To understand model<sd
ing perform flight testing.

eing and the AEA conducted flight-test evaluations of four fluids (one th
s wind tunnel tested in 1982, and two then-current Type lIs) at Kuopio, Finlar
| ufthansa Airlines. Aircraft instrumentation included an IRS; a data acquisiti
ne parameters, airspeed, acceleration, ground speed; distance, and IRS ar
is system; and video and photographic equipment.

neat fluid was applied with a one-step procedure. For Type Il fluids, the A
50 Type | and cold, neat Type Il. Fluid was.applied to the upper surfaces of|
es were taken to establish rheological properties. The testing was
br conditions. Ambient test temperaturés ranged from 2 to -10 °C (36 to 14

984 through 1987, the
a three-phase research
ale and 3D effects, the

en-current Type |, one
d, on a Boeing 737-200
pn system for recording
gular data; an onboard

EA two-step procedure
the wing and horizontal
conducted in cloudy,
"F).

Photo source references: Nos. A.8, A.9, A.11, and A.15

To establish lift curves in ground effect with and without fluids, a series of constant-attitude takeoffs was performed at
Flaps 5 (sealed slats) and Flaps 15 (gapped slats). The aircraft was rotated early to a specific attitude and then accelerated
at that attitude through initial climb. Normal, continuous-rotation takeoffs were also performed to confirm that the
constant-attitude technique did not affect results. Thrust and weight were varied to keep ground-roll time to liftoff and the
takeoff speed approximately constant such that the fluids were subject to the same shear stress and flowoff time (except
when shear stress and flowoff time were varied to ascertain their effects). Assessments were made at the liftoff attitude
corresponding to OEI climb (12 degrees). The fluids caused an increase in takeoff acceleration drag, but it was not possible
to accurately measure in-flight drag due to atmospheric conditions. Small variations in liftoff speed, fluid flowoff time, and
fluid exposure time showed no measurable effect on results.

Qualitative handling characteristics were evaluated by performing +30-degree bank turns. For one flight, Type Il fluids were
applied to the left wing only. There were no noticeable effects on handling qualities.
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Flow visualization images were acquired using ultraviolet photography and back-scatter laser techniques. A fluorescent dye
was added to the fluids? to enhance visibility and provide for the measurement of fluid depth and roughness. A camera
mounted on the vertical tail was focused on the 65% semi-span region of the wing. Photographs were taken every 2 seconds
via synchronization of the camera with ultraviolet strobe lights located in cabin window cutouts. The flow visualization testing
was conducted at night for better image resolution. The photographs showed an initial fluid wave flowing aft from the leading
edge, as well as roughness of the fluid surface behind the wave, during the takeoff roll. This was consistently followed by a
secondary wave immediately after takeoff.

‘Wing leading edge

Figure / release

& Ultraviolet fluorescent photograph of a fluid at liftoff
é oto source references: Nos. A.8, A.9, A.11, and A.15

Results and conclusion s%?gg/ﬂight tests included the following:

e The fluids cause measurable lift losses and drag increases, with the lift losses of the neat fluids being similar to those
seen in the 1982 wind tunnel testing.

o Fluid effects are configuration dependent, insignificant for handling qualities, and transitory.

o Fluid flowoff characteristics include a secondary wave commencing immediately after takeoff rotation, which results in
greater lift losses at higher AOA.

The 1988 flight tests were followed by two evaluations in the NASA Icing Research Tunnel (IRT). Phase | was conducted
in 1988 and Phase Il in 1990. The tests were a team effort: Boeing supplied the models; NASA IRT provided and operated
the tunnel; fluid manufacturers supplied the fluids; AEA monitored the tests; and Boeing and NASA IRT conducted and
documented the tests.

2 The dye that was added to the fluids also dyed the white wings of the airplane pink, earning it the nickname “The Pink Pussycat” - a
bit of historical trivia that ought not be lost.
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Both a 0.46-m (1.5-foot) chord 2D, 0.18-scale model of the 65% semi-span 737-200ADV airfoil and a 0.091-scale 3D
half-model of the 737-200ADV were utilized (see Figures A4 and A5). Again, the Flaps 5 and Flaps 15 configurations were
tested, as well as Flaps 15 with retracted (cruise) leading edge. For the 3D half-model testing, a ground plane was in place
for most of the runs. To ensure that the flow would be turbulent on the entire wing and to improve simulation of the full-scale
shear stresses, a trip strip of No. 50 microbeads was applied near the wing leading edge.

The Phase | testing established that wind tunnel lift loss results could be directly extrapolated to full scale (1:1) with
reasonable confidence. In addition to the configuration dependency established during flight testing, aerodynamic effects of
the fluids were found to be strongly influenced by operational speeds and time to liftoff. The purpose of testing Flaps 15 with
a cruise leading edge was to investigate the effects of fluids on a commuter-type aircraft. For this configuration, the highest
lift loss occurred at taxi attitude rather than at maximum lift. The high leading edge flow velocities caused high shear stresses
and reduced fluid viscosity, resulting in less residual fluid and no secondary waves.

The effects of three different Type | fluids and four Type Il fluids were further examined in the Phase Il testing. Lift and drag

were most adversely im
thickness of the fluid di
tested, and the 25% dil
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the importance of 3D effects.

The second entry also

testing, water equivalen
of this procedure later hecame the Water Spray Endurance Test of AS59071). At the colder tempg)

either higher or similar
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Figure A4 - 2D model
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*9.1% scale
*Avg. chord = 0.305m (1)
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Figure A5 - 3D model
Diagram/photo source references: Nos. A.8, A.9, A.11, A.14, and A.15 (and possibly more)

Boundary layer data, gathered utilizing a rake of 10 total and one static pressure probe located at the trailing edge of the
2D model, clearly showed the effect of the fluids. The boundary layer displacement thicknesses were calculated from these
data and correlated to the 3D maximum lift losses. This correlation between fluid effects on the boundary layer displacement
thickness (BLDT, or &*) and effects on airplane performance made possible one of the primary Phase |l test objectives:
development of a methodology for a test to determine aerodynamic acceptance of specific fluids.
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In 1988, the AIA TC 218-4 group (which included Airbus, Boeing, British Aerospace, Fokker, McDonnell Douglas, AEA, and
the von Karman Institute for Fluid Dynamics) had begun considering the aerodynamic effects of fluids. Results of the Boeing
tests were supplemented by research conducted at the von Karman Institute. The von Karman testing established that fluid
flowoff characteristics could be replicated on a flat plate in a wind tunnel operating at takeoff speeds and temperatures and
that a correlation existed between the flat-plate BLDT and the lift loss on a 2D wind tunnel model. By measuring a fluid’s
BLDT on a flat plate in a small, cooled wind tunnel, a direct correlation to 3D lift losses due to fluids could be made, and
therefore, a relatively simple aerodynamic acceptance test was possible.

Several considerations laid the foundation for an AAT, the most important of which was that airplane safety is paramount.
Other considerations included the transitory nature of fluid effects and the history of safe fluid use. Five criteria based upon

airplane takeoff performance were identified:

1. Takeoff safety speed margin to 1-g stall speed.
2. Liftoff speed margitomimmurronstick-speed:
3. Aft body runway clgarance.

4. Takeoff acceleratioh and climb capability.

5. Maneuver capability to stall warning.

The first was deemed
minimum regulatory req
fluid, reducing the V2 s

The test correlations sh
data indicated that at

therefore set at a constnt 9.15 mm for temperatures up to -20.2C and then linearly decreased with

This was the origin of th

most critical. A 10% speed margin was applied (V2y=1.10 VS1g). For a
uirement of 1.13 VS1g for a clean, dry wing, the resultant maximum accepf]
beed to 1.10 VS1g, is 5.24%.

pwed that a 5.24% lift loss resulted in a maximum acceptable fluid BLDT of
barmer temperatures, the fluid BLDT was: thinner. The proposed BLDT a(

e aerodynamic acceptance test (refer'to AS5900).
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APPENDIX B - BOMBARDIER HISTORY - EVALUATIONS OF THE EFFECTS OF
DEICING/ANTI-ICING FLUIDS ON AIRCRAFT AERODYNAMICS

B.1 INTRODUCTION

What are now classified as SAE Type | fluids, primarily ethylene-glycol based, have been used for many years to remove
accumulated ice prior to flight without reported aerodynamic degradation. In the early 1980s, a new class of fluids was
developed: non-Newtonian, “thickened” fluids (initially SAE Type I, followed by Types IV and Ill). These thickened fluids
absorb incoming precipitation, delaying the accumulation of frozen contamination for significant periods. In 1988, several
European DHC-8 operators reported difficulty during rotation, which resulted in an increase in rotation speeds under certain
conditions when Type Il fluids were applied. Bombardier (then Boeing Canada, de Havilland Division) issued an Advisory
Notice (refer to Reference B.9) to alert operators to adverse aerodynamic effects attributable to fluid formulations from 1988
and earlier, and a limited ambient temperature qualitative wind tunnel test of a particular fluid in question was conducted.
The test was performed at the National Aeronautical Establishment (NAE) 9 x 6 feet low-speed wind tunnel on a 0.25-scale
DHC-8 empennage.

The results of the test vere qualitative since the balance system was designed to measuréronly|static loads. The video
records of these tests showed that when the elevator was deflected, the fluid migrated fromithe’uppef surface of the tailplane
through the gap aheafl of the elevator to the lower, aerodynamically active surface) of the glevator. The resulting
wave-induced roughnegs was expected to significantly degrade the elevator performatice and posgibly the ability to rotate
the aircraft. Figure B1 shows the model setup.

At the same time, Boeing performed flight and wind tunnel tests with fluids (see Appendix A). Boeing identified lift losses
and drag increases for its jet aircraft, which could be expected to affect turboprop commuter aircraft as well. A more
comprehensive investigation of the effects of these fluids for turboprop commuter aircraft types was necessary.

A test of the wing/flap and tailplane/elevator models in an icing wind tunnel was selected as the most appropriate approach
to determine the aerodynamic effects of thickened fluids for two model configurations (a wing with a flap and a tailplane with
an elevator) at rotation speeds and times typical of commuter aircraft operations. Although testing with relatively small
models in a wind tunnel raises the question of scale effects, flight testing, because of the transient presence of the fluid, is
not appropriate for examining the critical cases of CLmax loss and single-engine climb gradient. Also, flight testing a matrix
of various fluid formulations and concentrations at different temperatures, configurations, and rotation speeds would not
have been economically viable. Finally, previous Boeing tests (refer to Reference B.10) showed a good correlation between
flight test and wind tunnel test data at climb AOA, in spite of the small model scale.
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The primary objective of the de Havilland test was to obtain data that would contribute to understanding the aerodynamic
effects of ground deicing/anti-icing fluids on aircraft, particularly for the commuter and larger general aviation types. The
test provided a basis for providing advice to operators regarding the use of these fluids. The results of this test also
contributed to the database for establishing an aerodynamic acceptance standard for fluids applicable to the lower takeoff
rotation speeds of commuter and general aviation types of aircraft.

B.2 WIND TUNNEL TEST

The wind tunnel test was conducted at the NASA IRT in the early part of 1990 with a new formulation of fluids. This test was
a joint effort among Boeing Canada, de Havilland Division (BCDD); Transport Canada Transportation Development Centre
(TDC); and NASA IRT. Ten fluid manufacturers assisted in the test by providing fluids. BCDD built, instrumented, and
installed the models; planned and conducted the test; and analyzed the data. TDC shared with BCDD the cost of building
and testing the model. NASA IRT provided and operated the tunnel and assisted with the model installation, the conduct of
the test, and recording of the data. The test was conducted immediately following Boeing’s second entry (Phase Il) in the
IRT, discussed in Appepdix#:

The models tested had the wing/flap and the tailplane/elevator configurations as shown in/Figuge B2. The scale of the
wing/flap model is 0.2, pnd the tailplane/elevator model is 0.35. The wing/flap configuration-is a 2P section of the DHC-8
wing at the mean aerodynamic chord (MAC) with the highest takeoff flap setting (15 degrées). The failplane/elevator model
is a simulated DHC-8 tgilplane section with both a nose-balanced and a round-nose, elevator.

Tailplane Model (unbaianesd Elevatar)

--Wing Box

i-+Elevator Shroud
: w—+Elevatar
v 2

“--Elevator Hinge Linhe

~flwlnq Reference Paint

Tai lplane Model i(mMose Balanced Elevatar)

oW lng Box
A v +Elevatar Shroud

~Elavator

‘--Elevater Hinge Line

2.Winqg Referenca Polnt

Wing Flap Model

\Jrnc Basx

<-Wing Flap Shroud

m c, -Flap

"“”,r [¢ O

«7.Wing Reference Polnt ~Flgp Refcrense Polnt

S’ 15°

Figure B2 - Geometry of DHC-8 wing/flap and tailplane/elevator 2D models

The test parameter matrix as presented in Table B1 shows the Type I, Type Il, and Type Il fluids (then called Type 1.5, or
turboprop fluids) at different concentration, temperature, and rotation speeds tested for the wing/flap model and, where
appropriate, for the tailplane/elevator models.
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Table B1 - Test parameter matrix

AIRCRAFT GROUND DE-ICING/ANTI-ICING FLUIDS WIND TUNNEL TEST
2ND ENTRY IN NASA LEWIS IRT {PHASE Il) | Tumo: Frop | Type |l
b v Dry Type | Pred.| Exp. | Production] Experimental |
| Test Description RoT
= P Kn | sSs|TTZ]aTaTi8s 678 ]oioizhakianisheh7fig]
[ Codes Ju. 1] sfai|rofadsfladedzdad alz s a7 a]r 2 s
Wing/Flap Model (6; = 152, a ramp 0 to 20°)
Ambient Temperatura S : l
Baseline ENITEIEEENBSRNEERSEERE [ % |
Temperature 0°C AR
Full Strength ﬁD&E—ﬂ14I2:‘!1222| [ 2|2 2l272f2[2T2¢2 22222|
?5 25 Dlluunn 60 & 80| 210 2 (Rl 2 2| 2 | 1 2
G- BO20 ragam q
60 & BO| 20 4 Lol | .
2 1z |
a0 & 80| 4/0 21 212 ] X I
G0 & 80| 210 i
60 & 80| /0 2
60 | 2/0 N 23 |
7 X :
[EBo&sol60] [ T | | ﬂzlggzm 0213721 (2] [ 1212
60 & BO[ 4/2 F2[2[2F2[2 ¢ | ‘1
BORBO 2/0 02|22 i
Model, e = 0° s\\\}\
| b |
x T [_60 :HTIFL_L‘Q«I 115 T e R R (O | L1 111
Foll Strenjgth, 6, ramp 0 to -30° [60 & 80| 2/2 || I 7 1] 1
Full Strenggth, é, ramp 0 10 -20° |80 & 80| 2/0 \) 2 I 2 |
Temperaturs| -20°C
Full Strenjgth, 4, ramp 0 to -30° [0 & 80 9@ 2 2(1
Full Strength, &, ramp 0 to -20° |60 & s 2 2 | |
Temperaturs| -23°C = e o ;
Full Strength, d, ramp 0 1o -30° &D&) 2!2 2] Tz i
50:80 Diliion, &, ramp 0 to -30° 2/0 |1 1
Full Strenpyth, &, ramp 0 10 -20° |60.& 80| 2/2 § 2| | 2 1
8 50:50 Dil , &, ramp 0 10 -2 G 210 {1 1 |
Tailplane/Round Nosa Elgg__gq, odel, a = 0°
Ambient Terpperature : ! 1
Baseline, |g, ramp O t BRI RMEL ST e SR | [ 1
Temperature| 0°C =
Full Strenfyth, &, to -30° |60 & 80] 272 | 3 2 |
Full Strenfgth, p0to-20° |60 & B0} 2/0 | FZ 2
Temperature| - T
Full Stren o ramp O to -30° [60 & 80] 272 | 3 2 T F
Full Stren 00 g0 E S0l 20 ! 3 2 |
~ 1
Legend: plain type (eg. 2 ... Number of runs planned and tested
struck 'IJ:;I‘O'HQI'II or crossed out (eg. 2 or &) ... Number of runs planned but either dropped or count
revised. [
bold and underlined {eg. 3} ... Number of runs added or count revised [
100% Program:
~Wing/Flap Medel: 100 wet runs, 32 dry runs, 146 total runs
Wing/Elevator Modal: 44 wet runs, 48 dry runs, 76 total runs [
Model Test Program: 144 wet runs, 78 dry runs, 222 total runs

Takeoff acceleration profiles for both the DHC-6 (lower rotation speed of 60 kts) and DHC-8 (higher rotation speed of 80 kts)
were tested.

To simulate a takeoff, the takeoff acceleration profile as shown in Figure B3 was used.
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Figure B3 - Wind tunnel takeoff acceleration profile

speed of 6.2 m/s (12 kts) for about 4 minutes_and 30 seconds; it was then

ate taxi. The time spent at these speeds wasnot long enough to cause si
bn linearly increased to a V2 speed of 36 m/s(70 kts) at an acceleration ratg
m/s? (5 kts/s), as appropriate, for a rotation speed of 30.9 m/s (60 kts) comg
arable to the DHC-8. After 15 seconds, the wing/flap model was rotated from O to 20 degrees at
tailplane/elevator model, the elevator trailing edge was deflected up from Q
24 degrees/s. The run was continued for 30 seconds past the end of the m

Immarized in Table B2:

run at 12.3 m/s (24 kts)
gnificant clearing of the
of 2.1 m/s? (4 kts/s), or
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degrees to the desired
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Table B2 - Test fluids

Type | Deicer Fluids Code  Fluid Base'  Fluid Statys?
1. Union Carbide (USA] UCAR ADF D 4.5  [EG} Production
2. Hoechst VP 1732 1 (DG/PG) Praduction
3. Octagon ADF-1427 G |PG] Production
4, Technoshield Airborne 83 9.1 EG) Production
19, MIL-A-8243D 10 IFGEG) Production

Turbo-Prop Deicer/Anti-icer Fluids

5. Hoachst VP 1788 3.3 Eroductinn

6. SPCA (France) AD 108 5.3 Production

7. Union Carbide Canada 5.3 4.6 Experimental

8. Octagon ADF Plus 8.2 (PG Experimeftal

9, Kilfrost (Arca) 2.4 Expdiimental

Type Il Deicer/Anti-icer Fluids
10. DOW FLIGHTGARD 2000 3.2 Production
11. Union Carbide Canada AAF 250-3 4 Production
12, Kilfrost (Arco) ABC3 2.2 Production
13, SPCA AD 104 5.1 Production
14, Union Carbide Canada 5.1 4.3 Experimental
15. Taxaco TWD P5 7.1 IPG) Experimental
16. Texaco TWD ES A2 (EG) Experimental
17, Octagon B.1 Experimental
18, BASF Aerex 21173 81 (PG} Experimental
Notas:

» DOW Flight Guard 2000 is Hoechst 1704 LTV/88 seld under license

» Kilfrost products sold undef license by Arco

* EG ... Ethylene GlycolBash

» DG ... di-Ethylene Glytol Base

» PG ... Propyleng Glycol Base

‘2 Fluid hase as-ondérstood at time of test

Fluid status as-Understood at time of test

Detail descriptions of the IRT, models and installation, data system and measurement, test proceduires, and limitations are
presented in Reference|B.7:

B.3 TEST RESULT

The fluids are classified in the following figures with fluid codes, as indicated in Table B2. Because of the sensitivity of the
fluids to shearing stress, such as is caused by the fluid application systems, the fluids were provided by the manufacturer
in a sheared state, with the exception of fluid 3.2, which was inadvertently delivered unsheared and was tested in that state.
The sheared fluid, when poured on the wing, has similar rheological properties to fluid applied on an aircraft. Since the test,
fluids 2.4, 4.6, 5.3, 7.1, and 7.2 (an experimental fluid) were discontinued. For Figures B4, B5, B7, and B9, a line is shown
at 8% lift loss, which represents an acceptable transient loss of clmax. Similarly, for Figures B6, B8, and B10, a line is shown
at 0.008, which is considered to represent an acceptable transient loss of climb gradient. A more detailed discussion can
be found in Section B.5. Figures B4 and B5 show the effects of temperature on the lift losses at maximum lift for the undiluted
fluids. Most of the Type Il fluids and the turboprop fluids have lift losses greater than 10% at some temperature. For the
Type | fluids containing non-ethylene glycol, where viscosity increases sharply with decreasing temperature, the lift losses
at -29 °C (-20 °F) are well above 20%. The data for Figures B4 and B5 are at rotation speeds of 30.9 m/s (60 kts) and
41.1 m/s (80 kts), respectively, and the time to rotate to those speeds from the beginning of acceleration to rotation is
15 seconds. The lift loss does not seem to be affected very much by the two different rotation speeds.
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Wing/Flap Model C,,,,, ... Full Strength
Effect of Temperature with Vg = 60 KT

Percent Loss in Maximum Lift

25

20

15

10

5|

1 22243233 4 4345455153 6 6.16.2 7172819110
Fluid Codes

o o o ) o - 26°%G

Fig4yre B4 - Wing/flap model decrement in cimax, undiluted fluids, Vrs:.5.6Q kts

Wing/Flap Model C, ... Full Strength
Effect of Temperature with Vg = 80 KT

Percent Loss in Maximum Lift

| 22243233 4 43464651653 6 6462 7417.2 81 91 10
Fiuid Codes

[CJT1-0¢ EEtT«w0°c EET=--200 HEET-=--29°C

Figyre B5 - Wing/flap modél.decrement in cimax, undiluted fluids, Viot = 8Q kts

The results for a rotation speed of 80 kts jn'Eigure B6 show that climb gradient losses at minimum cljmb-out speed correlate
well with the lift losses at maximum liftdn Figure B5. This is also true for a rotation speed at 60 kts.

Wing/Flap Model WAT ... Full Strength
Effect of Temperature with Vg = 80 KT

Loss of Climb Gradient
o0nNs

0.020

0.015

0.010

0.005

0.000
1 22243233 4 4345465153 6 6.162717.2819110

Fluid Codes

[ ITt=0c EZT.-10°C

N T=--20°c HET--29°C

Figure B6 - Wing/flap model decrement in climb gradient at V2, undiluted fluids, Vrot = 80 kts
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The effect of fluid dilution on lift losses at maximum lift and loss of climb gradient are shown in Figures B7 and B8 (for
rotation speed of 80 kts). Both the lift loss and the loss of climb gradient are reduced as the fluids become more diluted,
with the exception of one fluid (No. 3.2); this is also true for a rotation speed of 60 kts. For that fluid at a 75:25 dilution
(fluid:water), the losses remain fairly similar to those of a 100% fluid concentration. This is to be expected, as this fluid has
a peculiar behavior in which viscosity increases as the fluid is diluted to 75:25 concentration and then subsequently
decreases with further dilution. Although most diluted fluids have reduced lift loss and loss of climb gradient relative to neat
fluids, the HOTSs are also reduced.

Wing/Flap Model G,,,,, ... Full Strength
Effect of Dilution with Vg = 80 KT

Percent Loss in Maximum Lift

25
100% Goncentrati 75% Concentration 50% Concentration
20
15
10 - M ¢
5 -
I | | T S 1 E T A H\ I | I |l

1 223.23.3 4 45 8 6.16.2 1 2.23.23.3 4 45 6 6.16.2 1 2.23.233 4 46 ©

Fiuid Codes

[t =0 EAT - -10°C

S r--20c HEET--29°C

Figure B7 - Wing/flap model decrement in cimax, fluid dilution = Vary, Vot = 80 kts

_ Wing/Flap Model WAT
Effect of/Dilution with VR = 80 KT

Loss of Climb Gradient
D.025 N

N
N
100% Concentraon 75% Concentration 50% Concentration

0.020 -

0.015

0.010

0.0086

0.000
Fluid Ccdes

ElT-0°c EZAT.~-10°¢c [EIT--200¢c N7 --20°C
Figure B8 - Wing/flap model decrement in climb gradient at V2, fluid dilution = Vary, Vot = 80 kts

The effect of increasing the time to rotation is presented in Figures B9 and B10. This shows that an increase from
15 to 30 seconds results in a substantial reduction in both lift losses at maximum lift and the loss of climb gradient. The
extra time, as evident from viewing the motion of the fluid during the tests, allows a considerable amount of the fluid to be
cleared from the model, whereas very little, if any, is cleared from the model for the shorter rotation time.
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Figure B9 - Wing/flap model decrement in clmax, undiluted fluids
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Figue B10 - Wing/flap model decrement in climb gradient at V2, undiluted fluids

B.4 SUMMARY OF TEST RESULTS

The magnitude of the degradation in the maximum lift and climb gradient at climb-out for the wing/flap model appears to
differ for each fluid, rotation speed and time to rotation, range of temperature, and fluid dilution.

The most significant finding is the effect of increasing the time to rotation. Tests showed that one fluid (No. 3.2, a Type Il)
had no significant clearing of the fluid from the wing/flap model for a rotation time of 15 seconds, resulting in a large
aerodynamic penalty, which is considered unacceptable. When the same fluid was exposed to a 30-second rotation time,
there was a significant improvement even with a lower rotation speed; most of the degradation caused by reducing the
rotation speed was gained back. This phenomenon undoubtedly exists for most of the fluids tested. Therefore, this
substantial improvement with the longer time to rotation would make those fluids acceptable as well.

From the results of this test, it is clear that deicing/anti-icing fluids have a more significant impact on commuter-type aircraft
operating with a shorter time to rotation and lower rotation speed than large jet aircraft.
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These results also provide a database for the aerodynamic acceptance testing of future fluids.
A full summary of the test results, including those of the tailplane/elevator model, is presented in Reference B.7.

B.5 PERFORMANCE CONSIDERATIONS

When scheduling airplane takeoff performance, criteria for ensuring adequate safety margins with one engine failure and
with the degradation due to deicing/anti-icing fluids must be considered. The major concern is the increased potential of
inadvertently stalling the wing.

The first criteria, and the most critical, are an adequate margin to stall and the maneuver capability to stall warning. For the
DHC-8 type of aircraft, a loss of 8% in maximum lift, as presented in References B.7 and B.8, would leave the aircraft
capable of 30-degree banked turns with no margin to stall remaining. This reduced margin may be acceptable for the short
period between liftoff and further clearlng of the f|UIdS when the following m|t|gat|ng cwcumstance for two-engine,
propeller-driven aircraftfi the propeller slipstream
from the moment of power appllcatlon and will thus have substantially more fluid cleared than the’rest of the wing. Even in
the case of an engine failure, a portion of the wing will provide powered lift from the remainingengine and will increase the
margin to stall.

The test correlations sh
discussed in Reference
with wing-mounted proy

The second criterion is

For two-engine airplangs, airworthiness regulations require a 0.8% margih between the gross an

reduction of 0.8% from
may be deemed accep
capability of the airplane
these fluids are applied

As for the effect of degr@dation in elevator effectiveness atthe liftoff speeds for the Dash 8, as discu

lift degradation of 10%

pwed that an 8% lift loss resulted in a maximum acceptable fluidrat a consta
B.12. This is the basis of the AAT (low-speed ramp) (refer to,AS5900) for 4
ellers.

the ability of the aircraft to climb with the aerodynamic performance degra

the net climb gradient will leave the airplane with no margin between gros
is at its minimum performance level underhot and high conditions, not at lo

Therefore, some margin will likely exist.

or the tailplane was considered insignificant.

nt BLDT of 10.6 mm as
commuter-type aircraft

Jation caused by fluids.
d net climb gradient. A
5 and net gradient. This

able because the reduction is temporary due'to the transient presence of the fluid. Also, the climb

ver temperatures where

5sed in Reference B.11,
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APPENDIX C - SAAB AB METHODOLOGY - DETERMINING AIRCRAFT PERFORMANCE
CORRECTIONS WHEN DEICING/ANTI-ICING FLUIDS ARE APPLIED

CA1 METHODOLOGY

This appendix describes the methodology used by Saab AB to determine aircraft performance corrections when aircraft
ground deicing/anti-icing fluid (“fluid”) is applied.

SAE Type |, II, lll, and IV fluids, qualified according to AMS1424 and AMS1428, are approved for use on the Saab 340 and
Saab 2000, provided that the procedures in Aircraft Operations Manual (AOM) Supplement No. 1 (Operations in cold
weather and icing conditions) are used. The AOM supplement presents the recommended aircraft performance corrections
when fluid is applied.

During 1989 to 1990, the Aerospace Industry of Amenca (AIA) Transport Commrttee (TC) PrOJect 218-4 established criteria
that defined acceptable fffowo g, and the active members
included representativep from Alrbus Industry, Brltlsh Aerospace Fokker and McDonneII Douglas| with contributions from
the Association of Eurg
Institute for Fluid Dynafnics and Boeing 737-200ADV wind tunnel results in the NASA IRTS'a fluid| acceptance predicated
on fluid flowoff charactefistics over a flat plate at operational temperatures and airspeed was selected. Fluid flowoff behavior
is defined by measuring the fluid effect on the BLDT on a flat plate. Acceptability of thé’fluid flowoffl behavior is determined
by comparing the BLD[I with that found to produce acceptable airplane performance on the Boging 737-200ADV. The
premise of the acceptance test is that the BLDT is a valid indicator of the fluid’s aerodynamic gffects; increased BLDT
caused by the fluid resylts in increased adverse aerodynamic effects (increased/lift loss and drag injcrease). Reference C.3
presents information that forms the technical basis of the AAT for fluids. Thé AAT is described in AS5900 and is required
by AMS1424 and AMS 1428 to qualify a fluid for aerodynamics. The AAT.isalso included in the ISO|specifications for fluids.

In 1992, Professor Mario Carbonaro at the von Karman Institute forFluid Dynamics continued the above investigation with
a study of aerodynamic|effects of fluids for commuter airplanes (refer to Reference C.1). One figurg of that report is copied
to show the linear correjation of lift loss with BLDT (see Figure(C1).
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Legend: delta_star is equal to BLDT
h2 = h20/BLDT measured at half the flat-plate length after 20 seconds
h3& h30 BLDT measured at half the flat-plate length after 30 seconds
f2 = f20 BLDT measured at end of the flat plate after 20 seconds
f3 = f30 BLDT measured at end of the flat plate after 30 seconds

“Lift coeff loss at 80 kts” is the percentage lift loss due to several fluids from measurements in NASA IRT with the 45%
semi-span section of the Boeing Canada, de Havilland Division DHC-8 Series 100 with Flaps 15 degrees. The model
scale was 20%.

Figure C1 - Correlation of lift loss with BLDT
Copied from Reference C.3

The methodology used by Saab AB to determine the aircraft performance corrections for fluids is primarily based on the
principle behind the AAT, i.e., a linear correlation of lift loss with BLDT.

Saab has performed flight tests with and without fluid to determine the effect of the fluid on aircraft performance and
handling. The flight tests were performed in 1998 and 1999.
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The Saab 340 and Saab 2000 aircraft performance corrections, when fluids are applied, have been determined as follows:

Determination of the reference case:

1.

2.

Flight test with and without fluid.

Analysis of flight test data to determine the lift loss and additional drag due to fluid.

AAT wind tunnel data.

a. Anti-lcing Materials International Laboratory (AMIL) AAT wind tunnel data for fluid used during flight test.

b. Additional flat-plate wind tunnel tests at Saab 340 and Saab 2000 takeoff speed schedules with fluid used
during flight tests.

Calculate delta
additional flat-p

Numbers 2 and
due to fluid.

Determination of th

1.

2.

Extrapolate the
calculations wit

Determine thre

Determination of A(

1.

2.

BLDT = (BLDTfluid - BLDTdry) for the flight test condition based on AMIL Aj
ate wind tunnel data.

AT wind tunnel data and

4 give the reference case for the determination of Saab 340 and Saab 2000 performance corrections

ee-dimensional loss in CLmax due to fluid:

lift loss from flight test to two-dimensional Acimax by two-dimensior
h roughness.

p-dimensional ACLmax with extended lifting\line theory.

LLmax for other flight conditions:

al Navier-Stokes CFD

Determine the fotation speed as a function of aircraft weight, temperature, altitude, and flap angle.

Determine the
temperature, al

Numbers 1 and
new flight cond

time from brake release_to maximum AOA during rotation as a fung
itude, and flap angle.

2 give the rotationspeed and time from brake release to maximum AOA
tion.

AAT wind tunnel data.

a. AMIL AAT]

windtunnel data for reference fluid and several other fluids.

tion of aircraft weight,

during rotation for each

b. Additional

£l | R H i e N i ) L 240 -l I [aYaVaVa Wiy £ | 1 H
flat-ptate—wind-tummet-tests—at-Saab—346—and-Saab—2600-takeoffspeed-schedules with fluid used

during flight tests.

From numbers 3 and 4, determine (BLDTfluid - BLDTdry) for each new flight condition.

Scale the lift loss from flight test (i.e., maximum lift loss during rotation) with the ratio of (BLDTfluid - BLDTdry) for

each new flight

condition and (BLDTfluid - BLDTdry) for the reference case.

Extrapolate the lift loss during rotation to ACLmax by two-dimensional Navier-Stokes CFD calculations with

roughness and

extended lifting line theory.
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C.2 INITIAL CHECK

The VR and time from brake release to maximum alpha during the rotation for the various takeoff conditions were compared
with the AAT high-speed ramp (HSR) speed schedule. The VR speed fits well with the HSR AAT speed schedule, but the
time from brake release to maximum alpha during the rotation at sea level varies between 16 and 29 seconds, i.e., it is
always less than the 30 seconds where the BLDT is checked in the AAT. This indicates that the Saab 2000 might need
performance corrections due to fluids.

When comparing the maximum AOA during rotation with and without fluids, a difference of about 1 degree was found. Thus,
a further assessment of the effect of fluids was initiated.
C.3 FLIGHT TESTS

Flight tests were performed with and without fluid to determine the effect of the fluid on aircraft performance and handling
qualities. These tests wereperformedoma Saab 2000 mstrumented prototypeanmdoma Saab-340eries aircraft.

C.31 Flight Tests fpr Flight Handling Qualities

Handling-qualities flight|tests were performed to investigate the effect of fluid on:

e Aileron characterist

cs, by performing rolls immediately after liftoff.

e Elevator characterigtics, especially stick force during rotation and required ‘takeoff trim.

Stall-speed flight tests v
safety reasons, and if th

Handling-qualities flight|

The Saab 2000 is
presence of fluid b

The Saab 2000 ha
important. The eleyv,

balance than the S
The required Saab

ith fluid were not performed since stalls cannot be-performed immediately a
e stalls would be performed at a safe altitude{the fluid would have flown o

test results:

bquipped with a manual aileron control system. The aileron control forces|
t still acceptable.

5 a powered elevator controb system. Thus, a change in elevator control fo
ator efficiency during rotation was not affected by fluids.

The Saab 340 has @ manual elevatorand aileron control system. The Saab 340 aileron controls

hab 2000 aileroens= Thus, the effect of fluids is less on the Saab 340 comp|
B40 elevatoreontrol forces during rotation and elevator trim in takeoff were n

ter liftoff due to obvious
significantly.

were increased by the

rces due to fluids is not

have less aerodynamic
ared to the Saab 2000.
ot significantly changed

due to fluids.

C.3.2 Flight Tests for Performance Corrections

Takeoff ﬂlght tests with 'and-without-fiuic-were chfU||||cd todetermine-theeffect-of-the-fluid-omaireraft performance. These
tests were performed on a Saab 2000 instrumented prototype. The Airplane Flight Manual (AFM) takeoff procedure was
used (i.e., normal takeoff with AFM rate of rotation). Normal takeoff runs were preferred to constant-pitch runs to avoid
uncertainties regarding validity of fluid flowoff behavior during the constant-pitch runs. Tests were performed with both
Flaps 0 and Flaps 15. All tests were performed at about the same aircraft weight (and above minimum control speed limited
takeoff weight).

The purpose of the takeoff tests without fluid was to obtain a reference lift curve (CL versus alpha).

The takeoff tests with fluid to determine the performance corrections were performed with neat Clariant
Safewing MP IV 1957. This fluid has BLDT characteristics close to the allowed limit according to the AAT, also at higher
temperatures (see Figure C2). Thus, lift degradations due to the fluid were obtained close to the maximum allowable BLDT
limit. This is important in order to minimize the amount of extrapolation for the most critical flight conditions as the testing
was performed at temperatures between -8 and +4 °C.
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Figure C2 - BLDT as a function of temperature for Clariant Safewing MP IV 1957
Copied from Reference C.6
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Figure C3 presents an example of the lift during takeoff (all data points from liftoff are shown) as a function of AOA with and
without fluid. This figure clearly indicates that the lift is affected by fluid; however, it is not possible to determine from this
figure how much the lift is affected. Therefore, the time-dependent lift contributions due to ground effect, elevator deflection,
and pitch rate have to be removed. This was done for all takeoff flight tests, both with and without fluid, by correcting the CL
test results to:

e No ground effect.

¢ Neutral elevator deflection.

e Zero pitch rate.

The correction to no ground effect, neutral elevator deflection, and zero pitch rate also removes the variations in ground

effect, elevator deflection (important), and pitch rate between different flights. It is assumed that the lift contribution from
ground effect, elevator fleflection, and pitch rate is unaffected by fluid.

SAAB 2000 Flap 15 Lift during takeoff az a function of angle-of-
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Figure C3 - Lift during takeoff as a function of AOA with and without
Type IV fluid (Clariant Safewing MP IV 1957)

For the reference cases, i.e., without fluid,.a least-square regression line was used to obtain straigh{ CL-alpha curves (using
all data points from liftgff). Whether the CL-alpha curve was a correct representation of the measyred data was checked.
This was done by subtrpcting the straight CL-alpha curve from the measured CL data, corrected ag mentioned above, and
this delta CL was plott¢d as a function of time to check that no time-dependent residues were present. The average of
several CL-alpha curveg, without fluid, has been used as the “reference CL-alpha curve.”

The lift degradation due|toithe fluid was obtained by subtracting the “reference CL-alpha curve” fron the measured CL data,
corrected as mentioned above. This delta lift was plotted as a function of time to determine the highest lift degradation
during rotation.

Figure C4 presents an example of the lift loss due to fluid as a function of time. This figure clearly shows that the lift loss is
maximum at the highest AOA reached during rotation rather than at liftoff, i.e., the first data points at time = 0.
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Figure C5 - Lift loss during rotation due to Clariant Safewing MP IV 1957
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C4 AERODYNAMIC ACCEPTANCE TEST

The flat-plate AAT is described in AS5900, as well as in 3.3 of this document. The AAT is required by AMS1424 and
AMS1428 to qualify a fluid for aerodynamic acceptability. The AAT is performed by AMIL. The AAT is performed according
to the HSR and/or low-speed ramp (LSR) protocol. The HSR AAT is intended for large transport-type jet aircraft, and the
LSR AAT is intended for commuter-type propeller aircraft. Refer to Reference C.1 for the AMIL aerodynamic qualification
test report for Clariant Safewing MP IV 1957. Figure C6 shows the digitized HSR BLDT versus time curves from this report.
This data has been used to determine the reference cases and to calculate the performance corrections.

Clariant performed additional flat-plate tests to determine the effect on BLDT for accelerations and final speeds, which
match the Saab 340 and Saab 2000 takeoff speed schedules. Clariant performed these additional flat-plate tests both for
Type IV (Clariant Safewing MP IV 1957) and Type Il (Clariant Safewing MP Il 2031 ECO) (refer to References C.8 and

C.9).

Digitized BLDT - Clariant Safewing MP IV 1957 NEAT
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30
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w

Figure C6 - Digitized-BLDT versus time curves for several temperature
d.BLDT = (BLDTfluid - BLDTdry)
Clariant Safewing MP IV 1957 neat
Data from Reference C.6

Based on the additionall AAT results, it has been concluded that AAT results for Clariant Safewing NIP IV 1957 according to
takeoff speed schedule$ of the' Saab 340 and Saab 2000 can be approximated by correcting the ANIIL HSR AAT results for

Clariant Safewing MP 1Y 1957 as follows:

e The delta BLDT (BLDTfluid - BLDTdry) as a function of time for Clariant Safewing MP IV 1957 for another acceleration
time to the same final airspeed can be approximated by correcting the time of the AMIL HSR AAT results by
(-0.65) times (25 minus the actual acceleration time) seconds. For instance: accelerating in 15 seconds instead of
25 seconds to the same final airspeed means that the delta BLDT curve of the AMIL HSR AAT result is shifted in time

by (-0.65)*(25-15) = -6.5 seconds.

e The delta BLDT as a function of time for Clariant Safewing MP IV 1957 for another final airspeed obtained with the
same acceleration time can be approximated by correcting the delta BLDT of the AMIL HSR AAT result by

0.8 mm per 10 m/s lower final airspeed.
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However, the additional AATs with Clariant Safewing MP 111 2031 ECO resulted in different corrections:

The delta BLDT as a function of time for Clariant Safewing MP Il 2031 ECO for another acceleration time to the same

final airspeed can be approximated by correcting the time of the AMIL HSR AAT results by (-0.3) times (25 minus the
actual acceleration time) seconds. For instance: accelerating in 15 seconds instead of 25 seconds to the same final
airspeed means that the delta BLDT curve of the AMIL HSR AAT results is shifted in time by (-0.3)*(25-15) = -3 seconds.

The delta BLDT as a function of time for Clariant Safewing MP 1ll 2031 ECO for another final airspeed obtained with

the same acceleration time can be approximated by correcting the delta BLDT of the AMIL HSR AAT result by
0.35 mm per 10 m/s lower final airspeed.

The results of Clariant Safewing MP IV 1957 are used for all Type Il and IV fluids.

The results of Clariant Safewing MP 111 2031 ECO are used for all Type | and IlI fluids.

C.5 EXTRAPOLAT
Two-dimensional CFD
to lift losses at CLmax.

The two-dimensional N
NS2D code is a two-di
roughness has been m
C.7). The NS2D calcu

performed for several oughness heights, roughness locations, and réughness lengths. From th

concluded that the deg
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The extended lifting lin
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them in the same way ¢

Figure C7 shows the re]
been used to determing
during rotation to lift Ig
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calculations and extended lifting line theory have been used to extrapolate

avier-Stokes code (NS2D) has been used at Saab to extrapolate to two-q
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ss at CLmax is notssignificant for the flaps retracted configuration. How|
significant above about 7% lift loss during rotation.
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Figure|C7 - Relationship between lift loss at rotation and at CLmax determinéd with

two-dimensid

C.6 CALCULATION

C.6.1 General

The loss in CLmax at a
VR and time from brake
the ratio:

Since the aerodynamic
without increasing the t
propeller slipstream ov
necessary to ensure sa

nal Navier-Stokes CFD calculations with roughness and extended lifti

OF PERFORMANCE CORRECTIONS

certain aircraft weight, temperature, flap angle, and altitude has been calcu
release to maximum AOA during rotation by multiplying the delta CLmax of]

(BLDTfluid --BEDTdry)actual/(BLDTfluid - BLDTdry)reference

effect of the fluid rapidly decreases after liftoff, a slight increase in stall spee
bkeoff speeds, especially since at least one engine is operating, providing
br the wing) However, for larger effects on the stall speed, increased tak
isfactory-margin to stall after liftoff.

hg line theory

ated for the appropriate
the reference case with

(Eg. C1)
d is deemed acceptable

additional lift due to the
poff speeds are judged

ose V2 speed is at the

According to Referencg C-2, the acceptable lift loss resulting from fluids is 5.24% for aircraft wh
minimum margin, 1. 13%gmnvmmmrwmnmpme-m-mm

aircraft with wing-mounted propeller engines. Based on flight test results of a Saab 2000 single-engine takeoff with fluid and
the allowed effect of in-flight icing, an acceptable lift loss due to fluids of 5% has been used for the Saab 340 and Saab 2000.

ng from fluids is 8% for

The required takeoff speed increase depends on how much of the fluid has flown off the wing and tail at the time of liftoff
and the roughness of the fluid. At cold conditions and at low weights, the takeoff speeds are in many cases limited by
minimum control speeds, which artificially increases the margin to stall. In those cases, the required speed increment is
reduced. The most critical aircraft weight regarding fluid effects is the highest of minimum operational weight and the weight
when VR is just limited by VMC.

In general, Type Il, lll, and IV fluids are applied to the airframe neat (undiluted). Sometimes these fluids are available in
diluted form as well. In general, diluted fluid will have less impact on aerodynamics compared to the neat form. However,
some fluids have the opposite effect for certain dilutions, and therefore, the generic speed increments are recommended to

be used also for diluted

fluids.
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Type | fluids will not cause effects as severe as Type I, lll, and IV fluids, unless they are diluted less than 60/40 and are
used at very cold temperatures. Type | fluids diluted with 40% water or more can be used on the Saab 340 and Saab 2000
without performance corrections.

It was decided to have generic performance corrections in the Saab AOMs rather than fluid-specific ones; however,
fluid-specific performance corrections can be supplied upon request.

Generic recommended speed increments are presented in 5.2 of Saab 340 and Saab 2000 AOM Supplement No. 1
(operations in cold weather and icing conditions). The speed increments should be added to V1, VR, and V2. The
recommended speed increments are presented both with and without power against the brakes prior to the takeoff roll to
enable each operator to minimize the adverse takeoff performance effect if required.

Increased takeoff speeds, as well as increased aerodynamic drag, will result in longer takeoff distances. Charts and tables
of the resulting distance increments are presented in 5.3 of Saab 340 and Saab 2000 AOM Supplement No. 1 (operations

in cold weather and ici
performance effects arg
bled off during the initia
the determined AFM va

NOTE: VMU is not lim
might be differd

C.6.2 Fluid Data U{

Performance correctio
Eight Type I fluids, two
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fluids, out of the two T
corrections.

See Figure C8 for an e
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means that the

Ig CUI |u'iﬁunb). Sillbb' “Ib‘ db‘lUUlylldlllib b'ffb'bi Uf ﬁ 1< fil.llul ib Idpll.“y Ulb'blb'd
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SAAB 2000

Aircraft Operations Manual OPERATION IN COLD/HOT WEATHER
Winter operations and operation in icing conditions

TAKEOFF SPEED INCREMENTS (KIAS) FLAPS 0
TYPE II AND IV DE-/ANTI-ICING FLUID

‘ WITHOUT POWER AGAINST THE BRAKES

Pressure altitude S.L.

. OAT (°C)
Weight (kg) 25 | 20 | s 0 5 0 5
14 000 0 0 0 0 0 o] 0
15 000 0 0 0 o 0 0 0
16 000 0 0 0 o} 0 0 0
17 000 0 0 0 0 0 0 0
18 000 2 2 2 2 1 0 0
19 000 5 5 5 5 4 3 2
20 000 8 7 7 6 4 3 2
21 000 7 7 6 6 4 2 1
22 000 7 6 6 5 3 2 1
23 000 6 6 5 5 3 2 1

Pressure altitude 4000 ft

. QAT (°C)
Weight (ka) -25 -20 -15 -10 -5 1] 5
14 000 0 0 0 0 0 0 0
15 000 0 0 0 0 0 0 (]
16 000 0 0 0 o 0 0 0
17 000 3 3 3 3 2 1 1
18 000 6 6 6 6 5 8, 2
19 000 7 7 6 6 4 3 1
20 000 7 6 6 5 4 2 1
21 000 7 6 5 5 8 2 1
22 000 6 5 5 4 3 2 1
23 000 6 5 4 3 2 1 1

Pressure altitude 8000 ft

. OAT (°C)
Weight (kg) -25 -20 -15 -10 -5 0 5
14 000 o] 0 o 0 [¢] 0 0
15 000 0 0 (4} 0 0 0 0
16 000 3 3 3 4 3 2 1
17 000 6 6 7 6 5 3 2
18 000 7 7 6 6 4 3 1
19 000 7 6 6 5 4 2 1
20 000 6 6 5 4 3 2 1
“§§ 21 000 6 5 4 4 3 2 1
':; 22 000 6 5 4 3 2 1 0
#d 23000 5 4 3 3 2 1 0

Table 13. Speed increment, Flaps 0, No power against the brakes 37/1
PAGE 33

Way 20705

Figure C8 - Example of Saab 2000 speed increments due to fluid


https://saenorm.com/api/?name=abbffa8bacfab43d484ac68e4e98fa59

SAE INTERNATIONAL ARP6852 ™E Page 56 of 72

C.6.3 Determination of Performance Corrections for the Saab 340

Performance flight tests with and without fluid have been performed on an instrumented Saab 2000 prototype. To assess
the effect of fluids for the Saab 340, flight tests have also been performed on a series Saab 340. The Saab 340 flight test
results showed similar effects due to fluid as the Saab 2000 flight test results. This was expected since the Saab 340 wing
profiles and planform are essentially identical to the Saab 2000. Therefore, the Saab 2000 flight test results have also been

used to determine the speed corrections for the Saab 340.
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APPENDIX D - CESSNA METHODOLOGY - FLUID TEMPERATURE USE RANGE DETERMINATION
AND FLIGHT TESTING TO EVALUATE DEICING/ANTI-ICING FLUID EFFECTS

D.1 INTRODUCTION

This section describes a methodology that has been used by Cessna to determine a fluid temperature use range.

AAT HSR data (refer to AS5900) for all fluids available in North America were obtained from the fluid manufacturers. These
data were evaluated to determine the aerodynamic characteristics of the fluids with respect to the aerodynamic limit versus
temperature. A temperature use range for each fluid was determined from this data. In order to ensure that the fluid was
tested close to its critical temperature, an acceptable temperature use range was determined for each fluid by identifying
the temperature range where each fluid’s BLDT was within 1 mm of the BLDT limit (see Figure D1). A fluid with a steep
slope (Fluid A), and therefore a narrow temperature use range, poses test difficulties in that testing can only be conducted
until the OAT warms to the high limit of the range. Fluids with a shallower slope provide a wider range and, therefore, more

time to complete test cqmditiors:

Since Type Il and Type |V fluids are qualified to the same aerodynamic acceptance specifications (1
a fluid that is close to tHe AAT limit allows the airframe manufacturer to approve all Type Il;and Typ

ﬂ’ Aerodynamic Acceptance Limit ‘

efer to AS5900), testing
e 1V fluids.
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Figure D1 - Anti-icing fluid temperature use evaluation

D.2 FLIGHT TEST REQUIREMENTS

Visual meteorological conditions.
e Ambient temperature within fluid use range.
e Clean and dry runway.

e Ceiling 23000 feet.

o Elevator travel set to minimum trailing edge up.

e Airplane configured to forward CG.
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