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1. SCOPE

This SAE Aerospace Recommended Practice (ARP) describes methods that are known to have been used by aircraft
manufacturers to evaluate aircraft aerodynamic performance and handling effects following application of aircraft ground
deicing/anti-icing fluids (“fluids”), as well as methods under development. Guidance and insight based upon those
experiences are provided, including:

e  Similarity analyses.

e Icing wind tunnel tests.

e Flight tests.

e Computational fluid dynamics and other numerical analyses.

This ARP also describes:
e The history of evaldation of the aerodynamic effects of fluids.
e The effects of fluidg on aircraft aerodynamics.

e The testing for aergdynamic acceptability of fluids for SAE and regulatory qualification perforqed in accordance with
AS5900.

e Additionally, Appendices A to E present individual aircraft manufacturers’ histories and methodologies which
substantially contriuted to the improvement of knowledge and precesses for the evaluation of flfid aerodynamic effects.

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

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

CAUTION: All methodg¢logies presentedin this ARP were created or developed considering solely| glycol-based fluids.
2. REFERENCES

2.1 Applicable Documents

The following publications-form a part of this document to the extent specified herein. The latest isgue of SAE publications
shall apply. The applicable issue of other publicafions 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-lcing, SAE Type |
AMS1424/1 Deicing/Anti-Icing Fluid, Aircraft SAE Type | Glycol (Conventional and Non-Conventional) Based

AMS1424/2 Deicing/Anti-Icing Fluid, Aircraft SAE Type | Non-Glycol Based
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AMS1428 Fluid, Aircraft Deicing/Anti-Icing, Non-Newtonian (Pseudoplastic), SAE Types Il, Ill, and IV

AMS1428/1 Fluid, Aircraft Deicing/Anti-Icing, Non-Newtonian (Pseudoplastic), SAE Types IlI, lll, and IV Glycol
(Conventional and Non-Conventional) Based

AMS1428/2 Fluid, Aircraft Deicing/Anti-lcing, Non-Newtonian (Pseudoplastic), SAE Types Il, Ill, and IV Non-Glycol
Based

ARP5718 Qualifications Required for SAE Type II/1II/IV Aircraft Deicing/Anti-lcing Fluid

AS5900 Standard Test Method for Aerodynamic Acceptance of AMS1424 and AMS1428 Aircraft Deicing/Anti-Icing
Fluids

AS6285 Aircraft Ground Deicing/Anti-lcing Processes
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2.2 Definitions and Abbreviations
2.2.1 Definitions

HOLDOVER TIME (HOT): The time that anti-icing fluid is expected to prevent the formation of frozen contamination on the
treated surfaces of an aircraft.

LOWEST OPERATIONAL USE TEMPERATURE OF A FLUID (LOUT): The lowest operational use temperature (LOUT) is
the higher (warmer) of (a) the lowest temperature at which the fluid meets the aerodynamic acceptance test (according to
AS5900) for a given type (high speed or low speed) of aircraft, or (b) the freezing point of the fluid plus the freezing point
buffer of 10 °C (18 °F) for Type | fluid and 7 °C (13 °F) for Type I, lll, or IV fluids.

THICKENED FLUID(S): SAE Types I, Ill, and IV, containing polymer thickeners for extended anti-icing protection relative
to Type I; governed by AMS1428.

2.2.2 Abbreviations

AAT aerodypamic acceptance test

AEA Association of European Airlines

AFM Airplang Flight Manual

AGL above ground level

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

AOA angle-qgf-attack

AOM aircraft|operations manual

APU auxiliary power unit

AS Aerospace Standard

BLDT bounddry layer-displacement thickness
CcD drag cqefficient

Cf coefficient of friction

CFD computational fluid dynamics

CG, cg center of gravity

cl 2D lift coefficient

CL 3D lift coefficient

clmax 2D maximum lift coefficient

CLmax 3D maximum lift coefficient

DGPS differential global positioning system
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ECS environmental control system

FAA United States Federal Aviation Administration

FWP flight working paper

g gravitational constant

HOT holdover time

HP pressure altitude

HSR high-speed ramp

ITT interstdge Turbine tfemperature

JAA Joint Ayiation Authorities

ks sand gfain roughness

kts knots

LAAT lowest pcceptable aerodynamic temperature

LOUT lowest pperational use temperature of a fluid

LSR low-spged ramp

MAC mean gerodynamic 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-dimepsional Navier-Stokes CFD code

OAT outside air temperature

OEl one engine.inoperative

TCCA, TC TranspbrtEanadaCivitAviation

TDC Transportation Development Centre, Canada

uUSsSC United States Code of Federal Regulations

V2 takeoff safety speed

VMC minimum control speed

VMU minimum unstick speed

VR rotation speed

VS1g

1-g stall speed
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3. DEICING/ANTI-ICING FLUIDS AND THEIR EFFECT ON AERODYNAMICS

3.1 Deicing/Anti-Icing Fluid Types

The SAE Standards categorize fluids as Type |, II, lll, or IV. The fluids are qualified to one of two SAE Standards, depending
upon their physical performance. Type | fluids are qualified to AMS1424 and are Newtonian fluids. Historically, Type | fluids
have essentially been mixtures of glycol, water, surfactants, dye, and corrosion inhibitors. More recently, Type | fluids
utilizing freezing-point depressants other than glycol have been introduced. Type | fluids provide very limited holdover time
(HOT).

Types I, lll, and IV fluids are qualified to AMS1428 and are non-Newtonian, pseudo-plastic 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 which 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
further lengthen HOTSs.
maintaining acceptable
be permitted on other ty

3.2  Aerodynamic Img

The application of fluig
surfaces, maintaining “c
surfaces. However, the
reducing their aerodyng
the surfaces during taxi
has a variety of advers
surfaces as easily or co

It has been demonstra
thickened anti-icing fluig
capability and the aerog
when Type Il, llI, or IV f
3.2.1 Effects on Aero
The presence of fluid o

correlated to the bound
surface and the roughn

At the time of rotation,
rotation results in addit

fed that with wing leading-edge thermal anti-icing systems that can be o

onger HOTsthamare provided-by TypetHHuids—Type v fluidsweredeveto

Most recently developed were Type Il fluids, which provide longer HOTs
aerodynamic effects for commuter-type aircraft with low takeoff rotation,spg
pes as well.

acts

s removes frozen contamination and/or prevents frozén contamination fi
lean” surfaces. In this context, “clean” means that there/is no frozen contar
fluids themselves interfere with the boundary layer; disturbing the airflow
mic efficiency. The aerodynamic effects of fluids.are transitory and decreas
ground roll, rotation, and climb. The wave roughness of the fluid surface in
e aerodynamic consequences. The thickened fluids (Types I, lll, and IV
mpletely as Type | fluids, and therefore thickened fluids have greater aerod

s on the leading edges may become dehydrated by the heat, affecting both
ynamic properties of the fluid Atiis recommended that such systems not be
uids have been applied.

dynamic Performance
h aircraft lifting surfaces reduces the lift generated by those surfaces. The
bry layer displacement thickness (BLDT). The BLDT is affected by the shea

ess introduced by the fluid flow-off surface waves.

not all, of the fluid (particularly thickened fluid) has departed the aircraft s
onal fliid wave motion. The resulting lift loss during liftoff and initial climb

may be significant. As 3

d after Type Il fluids to
than Type | fluids while
eds, although they may

om forming on aircraft
hination adhering to the
over the surfaces and
b as the fluid flows off of
troduced by the flow-off
) do not flow off of the
ynamic impacts.

berated on the ground,
the anti-icing protection
operated on the ground

adverse effect on lift is
ring of the fluid from the

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

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 maximum angle of attack
achieved between liftoff and reaching initial climb speed (typically between V2 + 10 kts and V2 + 20 kts). Where it occurs
depends in general on wing stall characteristics, high-lift configuration, fuselage geometry, rotation speed, initial climb
speed, and time to accelerate to rotation speed and initial climb speed:

e The wing stall characteristics (leading-edge stall versus trailing-edge stall) and high-lift configuration determine how the
effect of fluid varies as a function of angle of attack. The effect is very complex, but can be generalized as follows:

A wing with leading-edge stall characteristics is very sensitive to fluid on the leading edge and less affected by fluid
aft of the leading edge. The lift decrease due to fluid is often constant at all angles of attack, and CLmax might be
unaffected, but could be strongly affected.

o
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o

A wing with trailing-edge stall characteristics is sensitive to fluid on the leading edge and also to fluid aft of the

leading edge. In this case, the boundary layer thickness gradually increases with increasing angle of attack until
local flow separation occurs. The lift decreases due to fluid increases (more or less linear) with increasing angle of
attack, and CLmax is often strongly affected.

The high-lift configuration (leading-edge slats and/or trailing e-edge flaps) influences the local flow and thus changes

the local effect of fluid. A conclusion from the Boeing 737-200ADV testing (see Appendix A; also refer to
Reference 41) 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

angle of attack is reached during the rotation than if the aircraft was not geometry-limited. This should be considered
when determining the most critical point.

Speed and time to
time means less flu

During the takeoff grou
off of the wing, thus de
effects being transient.
Examples include test d
possibly others), Saab |

The presence of fluids

Ccelerate 1o rotation speed have an Important effect on the fiaid flow-off-L
d flow-off and thus more fluid remaining on the wing.

nd roll, continuing throughout rotation, liftoff, initial climb, and beyond; mor
creasing the aerodynamic effects caused by the fluid on the wings. This is

ata for the Boeing 737-200ADV, shown in the plot below from Reference 26
PO00 (see Figure 2), and Bombardier Dash 8 (see Figuré€4).

# Flightgard 2000 af«20°C

& FAT-200A0V, 30 haff mrosle
eFlaps &

» MASA Lewis IRT

2

In ground effact

Tieme aftar ftof, sed

Figure 1 - Maximum lift loss variation with time (B737-200ADV)

brithie aircraft also increases drag, but the overall effect of this on aircraft t

wer speed and shorter

b and more fluid shears
referred to as the fluid

Current data suggests that the fluid’s transient behavior is Similar for different types of aircraft.

(also Reference 24 and

bkeoff performance has

generally been found t

L . . I "
vTniorgrinmnodarit.

Aerodynamic effects typically increase with decreasing OAT due to the increase in fluid viscosity and the consequent

increase in the time tha

3.2.2

t it takes for fluid to flow off.

Effects on Handling Qualities

Most aircraft that have conducted testing have not exhibited noticeable fluid effects on lateral control; some have
experienced detrimental, but acceptable, effects.

Some aircraft with unpowered pitch control surfaces have experienced rotation difficulties during takeoff due to increased
stick/column forces that can be caused by the aerodynamic effects of fluids on the elevator and horizontal tail.
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Several theories have been postulated for aircraft with unpowered pitch control surfaces, for example:

leading edge of the

elevator on the lower side with fluid roughness, affecting hinge moments.

It has been shown that fluids can flow down through the gap between the stabilizer and elevator and contaminate the

Fluid has also been observed to accumulate on top of the elevator balance nose during the takeoff ground roll. This

fluid suddenly flows through the gap when the elevator is deflected for takeoff rotation, which can result in flow reversal
and separation on the lower side of the elevator. This will affect the elevator control force, especially when the elevator
is equipped with gear or spring tabs and may also reduce the effectiveness of the elevator.

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

Another theory is that the fluids may partially obstruct air from flowing through the gaps between 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
takeoff speed.

Increased rotation spes
has alleviated these eff
of the horizontal tail elin

A caution to be noted

configuration and differént dependencies. Therefore, the physics and aerodyhamics of the fluid beh
|ly erroneous to assume

in these rotation difficulf]
that the cause(s) assoc

3.3 AS5900 - the Aer

3.3.1 History of the A
See Appendices A an
acceptance test (“AAT”
3.3.2 Testing Condugd
The AAT attempts to dg
the fluid on the bounda

used, V2 speed must b
5.24% for a large jet air

The test set-up consists
can be maintained at a ¢

elevator has hit the stop and available elevator detlection seems Insufficier

ninated the rotation difficulties.
vith regard to elevator and tab hinge moment effects is‘that every airplan

es may also be different for each model. It would b&misleading and potentia
ated with increased rotation forces for one model.are the same for other m

odynamic Acceptance Test
erodynamic Acceptance Test

I B for a description of research-and testing that resulted in developmg
, AS5900.

ted per the AAT

t for takeoff at a normal

ds or a decrease in takeoff flap setting, which also results in incréased rotation speeds and times,
bcts on some aircraft. For the Mitsubishi YS-11, it was found that applying f

uid to the lower surface
b model has a different
avior that have resulted

pdels.

nt of the aerodynamic

termine the aerodynamic acceptability of fluids relative to airplane lift loss. |
ry layer displagcement thickness (“BLDT”) on a flat plate. To ensure safe o
o at least 1.40:VVS1g. This requirement results in a maximum acceptable i
craft and 8% for a commuter-type aircraft with wing-mounted propellers.

of a duct inserted in the test section of a refrigerated wind tunnel. In this tu
onstant temperature, between 5 °C + 1 °C and -45 °C £ 2 °C. The AAT prot

a 2 mm layer of fluid to

following takeoff profiles:

(0]

Large jet transport-type aircraft (high-speed ramp test):

the 27th and the 33rd seconds after the beginning of the test.

measures the effect of
eration when a fluid is
loss due to the fluid of

nel, the airflow and fluid
ol begins with applying
, simulating one of the

BLDT is calculated from the static pressures measured in the tunnel and is the average of the measures between

The high-speed ramp test is used to evaluate fluids to be used on airplanes with takeoff rotation speeds exceeding

100 kts, with time from brake release to rotation speed greater than 20 seconds and time to lift-off greater than
approximately 25 seconds. This is a general takeoff scenario for large jet aircraft.
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o

Large turbo-prop aircraft (middle-speed ramp test):

the 20th and the 22nd seconds after the beginning of the test.

BLDT is calculated from the static pressures measured in the tunnel and is the average of the measures between

The middle-speed ramp test is used to evaluate fluids to be used on airplanes with takeoff rotation speeds between

80 kts and 100 kts, with time from brake release to rotation speed between 16 seconds and 20 seconds. This is a

general takeoff

o
the 19th and 21

scenario for large turbo-prop aircraft.

Propeller-type commuter aircraft (low-speed ramp test):

st seconds after the beginning of the test.

BLDT is calculated from the static pressures measured in the tunnel and is the average of the measures between

The low-speed
60 kts and 100
general takeoff

(e]

NOTE: When compen
procedure, the

The test acceptance cr|
and reference fluid tes
variations between faci
BLDT values are record
temperature if none of t
is the average of the

temperatures until the |
temperatures including

by the fluid manufacturer (if lower than -20 °C), in approximately 10 °C increments.

A detailed description 0

Before introduction of t
ramps; Type Il and IV f
middle-speed ramp.

NOTE: History of Boei
presented at Ay

NOTE: History of Bombardierrdevelopment, which resulted in the low-speed ramp, is presented at

kts, with time from brake release to rotation speed between 15 seconds af]
scenario for commuter-type aircraft with wing-mounted propellers.

bating measures, such as increased rotation speed, are used‘in a parti
high-speed ramp can apply.

teria is calculated for each fluid qualification using resulfs from dry tests,
s, for which BLDT results are well documented. Thisvwas done to take
ities, although, to date, only one facility conducts this*testing. For dry and n
ed at four temperatures: 0 °C, -10 °C, -20 °C, and-25 °C. A candidate flui
he independent BLDT measurements is greater than the acceptance criteri

ramp test is used to evaluate fluids 1o be used on airplanes with takeoft.rptation speeds between

d 20 seconds. This is a

cular airplane’s takeoff

berformed without fluid,
nto account the tunnel
eference fluid tests, the
| is acceptable at a test
h. This test temperature

three lowest temperatures of the acceptable data points. The test is pgrformed at decreasing

pwest temperature at which the fluid is agrodynamically acceptable is founc
0 °C, -10 °C, and -20 °C, and to the lowést acceptable aerodynamic tempe
f this test protocol is presented in AS5900.

e middle-speed ramp, Type | and lll fluids were often tested to both the hig

uids were generally enly tested to the high-speed ramp. This may change

ng developmeént, which resulted in the aerodynamic acceptance test and
pendix A,

NOTE: History of the m

. Each fluid is tested at
rature (LAAT) identified

h-speed and low-speed

after introduction of the

the high-speed ramp is

Appendix B.

iddle-speed ramp is presented at Appendix C of AS5900 (from Revision E

bnward).

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 and Zierten (Reference 26) state that:

Compliance with the acceptance test is considered a minimum requirement for acceptable aircraft ground deicing/anti-icing
fluids. An airframe manufacturer may impose additional requirements which reflect considerations for airplane designs that
are different than the 737-200ADV and for performance criteria not addressed by the acceptance test.
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It is therefore important to note that the AAT is a basic requirement, and there can be differences between the implications
of the AAT results and the applicability to specific airplanes. As discussed in 3.2, there are some operational examples of
events that have occurred with fluids qualified to AS5900 that resulted in a need for airplane-specific evaluation, such as:

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

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

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:

There is a large variation in wing designs (external lines/configuration, high-lift systems, sweep, taper, and twist

distributions) across the spectrum of airplanes in operation. These variations can affect the flow-off of fluids and the
resulting aerodynamic effect relative to the results of the AAT.

¢ Rotation speeds an

These factors can nece
4., RECOMMENDED

There is more than ond
been used, as well as g

4.1 Evaluation Proce

The flow chart below pr

The first option present
considered in a similar|
aircraft model and the “
model. Any special tak
model being evaluated.

If the new model is not {
then there are multiple
of the primary consider
unpowered flight contrg
experienced issues wit
procedure when thicker

d takeoff acceleration profiles for some airplane types are different fromitho
ssitate the evaluation of fluid aerodynamic effects on specific airplanes.
METHODOLOGIES

way to do the evaluations described below. This section presents both n
ome that are in development.

5s Flow Chart
bvides items to consider when evaluating the effects of thickened fluids on

bd is to determine if thickened fluids been approved for use on a similar air|
ty analysis are provided in 4.2.1,df the effects of thickened fluids are we
new” model is found to be sufficiently similar, then the thickened fluids can
coff procedures in use for the_existing aircraft model should, at a minimu
This methodology has been)successfully utilized.

ound to be similar to-a:model that has been previously approved for operati
hings to consider-prior to utilize one of the methodologies presented in the
ptions is whetheror not the “new” airplane has powered flight controls. Sq

n lift loss/(see 3.2.1). These issues have typically been resolved with adj
ed fluids:hrave been applied (see Section 5).

se used for the AAT.

ethodologies that have

hircraft (see Figure 2).

craft model. Items to be
| known on an existing
approved on the new

e
EL, also be used for the

pn with thickened fluids,
following sections. One
me airplanes that have

Is have experienced increased rotation forces on takeoff (see 3.2.2). Some airplanes have also

Ustments to the takeoff
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Airplane similar to
previously
approved
airplane?
Conduct
Similarity Unpowered )
. N
Analysis > flight controls?
Takeoff Evaluate the followi
. valuate the rollowing as
AdJUStmen,;S Evaluate the following as appropriate;
Required? appropriate; =Lift Loss
*T/O rotation forces (Multi +Handling qualities
engine and OEI)
«Lift Loss

*Handling qualities

¢ Y

Takeoff
Takeoff Adjustments
Adjustments Required?
Required?

Figure 2 - Flow chart for eyvaluating the aerodynamic effects of deicing/anti-icil

4.2  Similarity Analysi

L2

If the characteristics of[a “high-spegd” aircraft are similar to those of the B737-200ADV, it follows
fluids should be acceptpble forcuse on that aircraft as well. A similarity analysis may be used to cq
the B737-200ADV to cdnsiderwhether they are different enough that further analysis or tests may

ng fluids

that AS5900-compliant
mpare any aircraft with
be required.

If the characteristics ofa“fow-speed*—aircraft—cam be—stowm to—be—simitarto—those—of the
AS5900-compliant Type | and Type llI fluids (which are tested to the low-speed ramp of AS5900) s

DHC-8, it follows that
hould 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.

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.
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421 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:

Design of 2D airfoil(s) or 3D wing (note: several relevant airfoil cuts may be needed to evaluate a 3D wing).

g the takeoit roll.

@)

o High-lift configuration.
o Incidence durin

o Chord.

o Type of stall (e

Geometry of the hg
Geometry of any of

Takeoff acceleratio
takeoff speed (i.e.,
[ ]

Design of flight con

It may be necessary to
effects and therefore t

g., leading-edge or trailing-edge) and CLmax sensitivity to roughness.
rizontal tail.
her lifting surfaces (e.g., vertical tail, canards, winglets):

h profile and speed schedule, including which takeoff performance requirer
VS1g, VMU, or VMC).

rols and flight-control systems, such as-their actuation method (i.e., powere

understand how any differences,ifaircraft geometry and takeoff performa

considered when deter!

e ability to demonstrate an acceptable level of similarity. The following
ining the impact of any difféerences:

The local skin frictign coefficient (CF) distribution in the takeoff configuration(s) will influence th

hents define or limit the
d versus unpowered).
hce may affect the fluid

information should be

e speed at which fluids

will flow off the aircfaft. Local differences should be considered, in addition to the average CF ¢ver the chord. A region
of high localized CF may cause the“fluid to be removed from that region more quickly. In c
localized CF may cpuse the fluid_to.flow off more slowly from that location and may even crea
of fluid thickness during the initial flow-off. The CF distribution characteristics will therefore
distribution of fluid pver wing(atjrotation and therefore the disturbance that the fluid creates. Cqg
be given to the chanhge in the CF distribution that occurs following rotation, since previous exp
the movement of th¢ stagnation point and the increase of shear forces around the leading edge
wave of fluid flowing aft following rotation.

bntrast, a region of low
e a temporary increase
affect the quantity and
nsideration should also
erience has shown that
may create a secondary

distance over which the fluid has to travel.

Fluids may flow off of a wing that has a larger chord more slowly than from a smaller-chord wing due to the larger

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.

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 the distribution of shear forces

(CF distribution).

and vertical tail surfaces should also be considered.

Although the aerodynamic characteristics of the wing are typically the primary focus, the characteristics of the horizontal
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It may be appropriate to perform suitable analyses to evaluate the degree of similarity. CFD may be used to determine the
CF distribution for the reference aircraft and the aircraft that is being evaluated. Recent 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). CFD may also be used to evaluate the relative sensitivity of
the aircraft to arbitrary quantities of roughness, used to simulate the disturbances caused by the flow-off of fluids, as
described in 4.5.1.2.

If analyses are performed and are inconclusive in evaluating similarity, it may be necessary to consider other methods, such
as wind tunnel testing or 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 reference aircraft), for which the effects of
fluids are known.

4.2.3 Pros and Cons
4231 Pros

o Relatively low cost [little or no physical testing is required).
4232 Cons
o If differences are identified, 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,
gﬁidl—;z.avilland Division), which were primarily research_oriented to understand physics behind the [aerodynamic effects of
4.3.2 Recommended| Procedures for Wind Tunhnel Testing
Based upon consideratjon of the historical practices, the following are recommended procedures tq be considered:

e Start with a clean, dry model.

e Bring the tunnel ang modgelkto test temperature.

o Apply fluid to the mpdel‘until there is complete coverage and the fluid actively drips off of the nllodel, e.g., applying 3 L
of Type IV per squaremeterisagood ruteof thomib:

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.

4.3.3 Boundary Layer Tripping

For the wind tunnel tests conducted by Boeing, boundary layer tripping was used (refer to Reference 41; also 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.
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4.3.4 Pros, Cons, and Considerations

4341 Pros

Ability to determine the maximum lift coefficient degradation due to the fluids, which is not possible from flight testing.
¢ 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 different temperatures, and on
different configurations, which would otherwise be cost-prohibitive.

e Flow visualization capability.

e Boundary layer measurement capability.

4342 Cons

e |t 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 twe/are available for comimercial use).

4.3.4.3 Consideratiofs

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 comparipng wind tunnel and flight test data (see Appendix A).

e The small wind tunnel scale models’ short chord lengths provide a shorter distance for the fluid {o travel for flow-off than
on the full-scale wipg. In addition, 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 usefd to determine the jaerodynamic effects of fluids on aircraft performance (Jift and drag) and flying
qualities.

4.41 Instrumentation
Aircraft instrumentation| sheuld include an inertial reference system (IRS) and a data acquisition |[system (e.g., inputs for

calculations of gross wdight and center of gravity, engine parameters, airspeed, accelerations, groupd 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 hand-held video
camera can be used to record the fluid flow-off behavior. For aircraft with high wings or without windows, the video cameras
would need to be located externally, looking down at the wings.

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.
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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 fluids are qualified to the same aerodynamic acceptance specification (refer to AS5900), flight testing
with a fluid that is close to the aerodynamic acceptance test limit allows the airframe manufacturer to approve all thickened
fluids based upon the results of the flight-tested fluid. However, consideration should be given to the fluid's BLDT versus
time characteristics in relation to the aircraft’s takeoff speed schedule, especially time to liftoff. If the aircraft to be tested
with fluid lifts off before approximately 25 seconds, then the BLDT characteristics at the actual times should be considered.

Fluid should be applied to the airplane in accordance with SAE and aircraft manufacturer recommended procedures, or as
appropriate for the purpose of the testing.

NOTE: Some propylen|
65 to 75% dilut
(above -20 °C)
range above -2

4.4.3 Airplane Perfor
4431 Purpose
Takeoff performance te

at or after liftoff!, or at 3
fluid; and whether the p

44.3.2 TestProcedu
4.4.3.2.1 Lift
443211 General

The aircraft should be fl
tests.

This testing is typically
and maintenance team
outside air temperature

The aircraft should be d

e glycol fluids present an increase in viscosity as they dilute from a neat.qg
on, bringing the fluid closer to the BLDT limit than the undiluted fluid,‘eyen
In this case, it could be possible to perform the flight tests with the diluted
D °C.

mance and Handling Tests

5ting can provide sufficient information to determing the amount of lift loss (4
nother point of interest; the takeoff acceleration drag and in-flight drag incr
resence of residual fluid after takeoff causes.noticeable effects on handling

res

nformation

bwn by an experienced:flight test air crew to safely and efficiently perform hal
conducted away.from an aircraft manufacturer’s flight test center; thus, a ful
with appropriate equipment are recommended. A portable ground station s

and wind data.

onfigured at the lightest weight practical for these tests, corresponding to 3

weight with low takeoff

oncentration to roughly
for higher temperatures
fluids in a temperature

CL) due to residual fluid
bases (ACD) due to the
qualities.

ndling and performance

off-site instrumentation
hould be used to record

low operational takeoff

peeds. The most critical aircraft weight regarding fluid effects on lift is the

ighest of the minimum

operational weight and the weight when VR is just limited by VMC. A means to determine accurate gross weight and center-
of-gravity data should be available at the test location.

Analysis of comparable test data for the aircraft with and without fluid applied, at similar weight and center-of-gravity
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,
angle-of-attack, and time to rotation and liftoff.

" 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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44.3.21.2 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 angle of attack during takeoff
does not occur at liftoff but rather, at the end of the rotation and may be higher than the stabilized angle of attack at V2
speed.

“Fixed-pitch” takeoff tests have historically been performed to establish stable pitch attitudes during normal, clean-wing (no
fluid) takeoffs to facilitate the accurate estimation of an aircraft's lift characteristics. However, fixed-pitch takeoffs with fluids

applied involve early ro
wing at liftoff than that
normal takeoffs. Aircrafi
to uncertainties and ass

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

44322 Drag

which occurs during normal takeoffs. This can cause larger lift losses-at
with rotation-force issues cannot rotate early and therefore cannot pefform
ociated concerns, performing fixed-pitch takeoffs is not recommended.

prmal 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 VS1g for @ clean wing, it is
with rotation at VR (7 kts) or VR (3.5%).

In general, the additional drag due to fluid is not significant for the takeoff distance required (TODR,

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

The aerodynamic effec
not have to be consider

hen aircraft performance corrections are aeeded when operating with fluids
tant for the TODR.

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

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

(see Appendix C). Norn

hal Flaps 0 and Flaps 15 takeoffs with and without fluid were performed. 1

and thus additional drag, peaks after liftoff(atjthe maximum angle of attack during rotation and dec

due to the lower angle ¢
on the Saab 2000 Flaps

f attack and fluid\flow-off. Below is an example of measured lift loss as a fu
0:

SAAB 2000 Flap 0 Lift loss due to Type IV fluid as a function of time

(Clariant Safewing MP IV 1957) test 201 pos 12

alpha/l00

al anti-icing fluid on the
iftoff than occur during
ixed-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,
Feases rapidly after that
hction of time after liftoff

0.05
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delta CL due to fluid
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Figure 3 - Lift loss as a function of time - Saab 2000 (Flap 0)
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The measured additional drag due to fluid is presented in Figure 4:

delta CD [dragcounts]

50 100 150 200 250

L J

0.0

-1.0

-2.0

-3.0

The highest values occ
from a climb, i.e., after

calculations a conservattive average drag increment of 75 drag counts during the whole takeoff dist

when a takeoff speed ¢

It should be noted that

after liftoff and thus the @ccuracy is likely an order ofmagnitude lower than drag data obtained from d

flight tests.
44323 Handling Q

It should be sufficient fq

delta CL|[% CLmax]
<

-7.0

-8.0

-9.0

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

Urred at the maximum angle of attack durihg rotation. The data points with
significant fluid flow-off. Based on these results, Saab decided to use in t

brrection due to fluid is required.

n this example, the additional*drag due to fluid was analyzed from transien

ualities

r handling-gualities flight testing to be qualitative in nature. The purpose of

airplane handling durin

simulated one-engine irjoperative (OEI) takeoffs can be used to evaluate climb performance with flu

to assess directional ¢

the takeoff and climb, as well as to evaluate the control forces after fluid 4

trollability, then fluid must also be applied to the vertical tail for the testing,

alues close to zero are
he aircraft performance
bnce (i.e., up to 35 feet)

t flight test data directly
edicated, well-stabilized

the tests is to evaluate
pplication. Additionally,
d applied. If it is desired

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.

+40-degree bank excursions (+30 degrees for simulated OEI takeoffs).

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

While it is desirable that maneuvers be performed soon after takeoff such that there is representative residual fluid remaining
for the evaluation, it must be acknowledged that high-risk maneuvers must only be performed at an altitude that will ensure
flight safety. Flight test pilots or engineers can establish appropriate limits.
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44.3.2.31 Control Forces

It is desired that the stick forces required to rotate and control an aircraft during takeoff should be essentially the same with
and without the application of thickened anti-icing fluids. An undue and unexpected increase in stick force can mislead the
pilot into believing that there is a problem with the flight controls. A rejected takeoff at speeds above VR can be hazardous.
Therefore, a qualitative as well as quantitative assessment of the stick forces should be made during a flight test evaluation
of anti-icing fluids.

Some aircraft equipped with unpowered elevator flight control surfaces have experienced large increases in stick force
during the takeoff rotation following application of thickened anti-icing fluids (see 3.2.2 for additional information). If the stick
force increase is excessive, it may be necessary to either increase the takeoff rotation speeds or use a reduced flap
deflection to alleviate the effects of the fluids.

Degradation of aerodynamic performance or control characteristics due to the presence of fluids, as indicated by lift loss

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

If the takeoff speeds a

takeoff field length. Corfections may also be necessary for takeoff weight and distances{as well as 4

takeoff techniques can

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

4.4.4 Evaluation of F

Flight tests can also bg used to evaluate the behavior of fluids during the takeoff ground roll, Iif

visualization techniques
etc. It may be beneficia

4.4.5 Flight Test Con
Calm and stable air

Wind speed should

Testing should be ¢
temperature is clos
a large variance be

Wind speed and anpbient air temperatdre measurement facilities (wind station) are recommend

Tegses, ay Tequire adjustments—totakeoffspeeds(eg;increases to v
5. While normally a successful solution, speed increases have not mitigated
e adjusted, other aspects of takeoff performance will need to be re-evaly

hlso be necessary (e.g., change of pitch rate or target pitcheattitudes).

uid Behavior

, such as ultraviolet photography, have been utilized to capture images of fl
to conduct flow visualization testing ataight to enhance image resolution.

Siderations
with no precipitation or active'frost conditions is recommended.

not be greater than_10%kts.

onductedon -a cloudy day with no precipitation. A cloudy day will help ens
br to the-ambient air temperature. Flight testing on a clear, sunny day has {
tweeh'the skin temperature and the ambient temperature. Skin temperatu

with spot measurer
outside air tempera

nents using a hand-held probe to ensure that the skin temperature does n

and/or V2) to ensure
ncreased control forces

ated, such as required
rake energies. Different

rol forces.

off, and climbout. Flow
hid flowoff, wave action,

ed.

ire that the aircraft skin
hown that there can be
Fe should be monitored
pt vary greatly from the

ture-

At a minimum, the following measures should be taken:

o

Flight test quality control should be implemented to ensure repeatability of the test and the integrity of the test results.

Fluid samples should be taken to determine the viscosity of the fluid in the application vehicle. To confirm that the

fluid’s viscosity is above the lowest on-wing viscosity 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 a

nd again whenever the truck is refilled with fluid.
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o

4451

44511 Pros
¢ Real airplane data.

¢ Flight-control hinge|momients can be evaluated.

To ensure appropriate and repeatable fluid thicknesses, flood the surface with fluid (about 2 to 4 L/m?) and allow
the fluid to settle (when the rate of the fluid dripping off decreases). A visual inspection should be carried out by a
trained individual to verify the proper application of fluid. This inspection should ensure a uniform and adequate
coverage of fluid. In addition, fluid thickness measurements should be taken near the leading edge, on top of the
wing, and on the aft portion of the wing to confirm uniform fluid coverage. At a minimum, measurements should be
taken for the first and final test points; however, it is recommended that measurements be taken for every test point.
It may be good practice to initially measure and record the fluid thickness 5 minutes after application to allow fluid
to settle and to minimize variability during the settling process; the thickness decreases the most during the first
5 minutes while it is settling. After gaining experience with the fluid application process, the settling of the fluid may
be judged empirically rather than applying a 5-minute wait time. The amount of fluid applied for each test should be
documented.

It is recommended that each test begin with a clean wing. Before each test, the wing should be cleaned to remove
any residual fluid from a prewous test fllght ThIS can be accompllshed by usmg a squeegee for smaller aircraft;
however, for larger-airera apphe Apr . S mended. During the first
step, deicing, the fluid may be used to “wash” the alrcraft surfaces prlor to applylng the thickened test fluid during
the second step. When using a two-step process, the methods employed should be @as ‘cloge to normal operations
as possible. It is important to purge any Type | from the surface with the second-step fluid| It should be noted that
extensive appligation of heated Type | may increase the wing skin temperature.

Alternatively, it fan also be acceptable to not remove residual fluid betweentests (so long as the fluid has not frozen
during the flightland the same fluid is being used). Applying thickened fluid-on top of the residual fluid from a previous
test will give copservative aerodynamic results. It also eliminates the potential for dilution ofthe test fluid by the fluid
used for cleaning. Testing time constraints may also be a factor favofing this approach. This procedure is similar to
the one-step flJid application procedure currently utilized in Europe.

It is recommenged to ensure that the fluid and equipment.used for the fluid application ar¢ appropriate and within
the fluid manufacturer’s specifications.

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

It is recommengled that the same personnel conduct the entire test to ensure consistency.

Pros and Cons

¢ Flow visualization capability.

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

44512 Cons

e Very expensive.

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

¢ Flight test maneuvers close to the ground are high risk. For example, it is (hopefully) not feasible to determine the
CLmax degradation.
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e Logistics - Most manufacturers find it necessary to do this testing at a remote location. An airport is needed that has a
long runway, low traffic, and fluid application and recovery (if necessary) equipment available. It may be necessary to
provide the desired fluid for the testing. It is possible that the airplane will be cold-soaked in the morning and testing
may need to wait for the airplane to warm up.

4.5 Computational Fluid Dynamics and Other Numerical Analyses

451 Procedures

4511 Overview

Computational fluid dynamics (CFD) and other numerical modeling methods can potentially be used to estimate the fluid
flow-off behavior, and/or the aerodynamic degradation caused by the presence of fluids on the wing surface.

CFD methods have bden use yS Dby . of the CFD analyses
performed is varied. In pome cases, CFD has already been used as part of the aircraft design-and certification process to
evaluate the fluid effects. In other cases, the use of CFD and other numerical modeling techriigue$ has been investigated
only as part of on-goind research studies.

Furthermore, the precige application of CFD has varied. Some aircraft manufacturershave used CFD to determine the
aircraft CLmax loss dug to fluids by using CFD to extrapolate flight-measured lift losses (lift losseq in the linear part of the
lift curve) that were measured at the highest angle of attack during rotation. Other aircraft manufacturers have begun to
investigate whether it i feasible to use numerical analyses to model fluid flow=off, either to suppor{ similarity assessments
or to obtain residual fluld data for subsequent CFD assessments of the aerodynamic effects. There may be other ways in
which CFD and numdrical methods may be used, but this document intends only to desciibe how some aircraft
manufacturers have us¢d CFD in the past or envisage how CFD maycbe used in the future.

The flow chart in Figurg 5 illustrates possible uses of CFD and other numerical methods. The procgsses shown in Figure 5
are described in more detail in 4.2, 4.5.1.2, and 4.5.1.3. It sheuld be noted that it is not necessary o perform the activities
shown in both the red box and the blue box, but only one or the other. Furthermore, Figure 5 illustiates only two examples
of how CFD and numetical analyses may be used; theresmay be other ways in which numerical gnalysis may be used to
help evaluate fluid effe¢ts. For both of the processes-shiown in Figure 5, the final goal of the analysis is to determine the
effect of the fluid on thq aircraft CLmax. In addition, ether aerodynamic and takeoff performance characteristics may be of
interest.

_T - : — = P © Mul— iy |_nesTri|E|iTs.ﬁioT;ﬂ.3';
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tlansformations, Modelflatplate in CFD Model fluid flow off
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Figure 5 - Flow chart example of the possible use of CFD and other
numerical methods for evaluating the aerodynamic effect of fluids
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45.1.2 Use of CFD to Model Aerodynamic Effects

CFD methodologies can be used based upon the AAT BLDT constraints for fluid qualification and the aircraft's takeoff
acceleration profile. Critical data for this methodology are the AAT results for the specific fluid being evaluated. However,
this methodology can be used for a generic, non-fluid-specific, worst-case evaluation by adopting the AAT BLDT “limit of
acceptance” as the “CFD standardized roughness” when time to liftoff is 25 seconds or more; otherwise, the maximum
BLDT during rotation should be considered.

Starting with the fluid’s AAT test results (BLDT versus fluid temperature on a flat plate for a standardized acceleration profile,
or “speed ramp”) and the aircraft acceleration profile, it is possible to correct the BLDT variation on a flat plate as a function
of the fluid temperature for the actual aircraft acceleration profile through an empiric transformation process. CFD analyses
are then used to make a correlation between the corrected flat-plate BLDT variation and a respective numerical roughness
height that matches this BLDT variation. The numerical roughness is equivalent to a sand grain roughness (ks). Hence, a
numerical roughness that matches the fluid influence on the flat plate BLDT, denoted by “CFD standardized roughness,”
can be determined. Th

bk Hy " ) PP P P | H £b
INTALSITU 15 U TAITTIU UITOT Udlad LU 1T adifvlialt.

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

roughness. If a 2D cod¢ is used, it is essential that 3D data (wind tunnel or flight) are available to

One aircraft manufactu
any individual spanwise

For calibration purpose
data. However, once ¢
calibration process.

Appendix C describes h
to CLmax.
4513 Use of Comp
Theoretical methods ar
fluid on the aerodynami
the relative effects betv

Furthermore, in princip
aircraft in isolation, to d

Fluid flow-off mode|
the fluid over the w
shear stress from o

zed roughness height determined, the result of the roughness distribution
test or wind tunnel test results, both qualitatively and quantitatively. Th
varied until the reference lift loss (flight test and/or wind tunnel test dat
5 can be used with either a 2D or 3D CFD code to determing the 3D maxi

er has used a 2D critical section method, which assumes that the wing is &
element or section (2D) is at its maximum lift coefficient.
blibrated, this methodology may be extended-to other aircraft models bes

ow CFD methodology has been used:by)another aircraft manufacturer to ex

utational Methods to Model Fluid-Flow-Off

b being developed that aim-to model the fluid flow-off and/or the subseque
C performance. Either.orboth of these two elements of the theoretical metho
een two different aircraft to provide further supporting evidence of similar
e at least, it may. be possible to evaluate theoretically the flow-off and ae
btermine the aeredynamic effects of a fluid that complies with the AS5900 f

1

pver the wing surface is
e chord-wise extent of
is matched. The CFD
um lift deviation due to
calibrate the 2D results.
t its maximum lift when

5, the specific fluid’'s AAT BLDT data must be usedyas opposed to the genetic “Limit of Acceptance”

des those used for the

trapolate flight test data

nt effect of any residual
1 may be used evaluate
ty, as discussed in 4.2.
odynamic effects of an
ow-off criteria.

ing: Current efforts to model fluid flow-off are using thin-film theory to mo

may be obtained frq

el the transportation of

ng. The'wing surface is discretized, and the transportation of the fluid undef the influence of the air
ne. control volume to the next is modeled using an explicit numerical scheme. The air shear stress
m.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 flow-off on a 3D wing or aircraft surface.

Residual-fluid modeling: Current studies are investigating the feasibility of evaluating the effect of the residual fluid, as

predicted by a flow-off analysis, on the aerodynamic performance. A suitable CFD code, such as a Navier-Stokes code,
would be used to model the aerodynamic performance (although it is necessary for the CFD code to model surface
roughness). Another method that has been used is to model or estimate the effect of residual fluid using wind tunnel
test and/or flight test data with artificial roughness.

In any case, it would be necessary to establish and validate a correlation between the residual fluid thickness distribution
and an artificial surface roughness distribution that causes an equivalent effect on the aerodynamic behavior.

The use of CFD codes to predict the aerodynamic performance in this manner is also discussed in 4.5.1.2; although, in
those cases, the required roughness height is obtained by correlating lift loss in the linear part of the lift curve with
measurements from flight testing.
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4.5.2 Applicability

As shown in Figure 5, CFD and other numerical methods may be used in a variety of ways to evaluate the effects of fluids.
The applicability of CFD and other numerical methods depends upon how a particular method is being used, but might

include the following:

Determination of maximum lift coefficient degradation due to fluid effects.

4.5.3 Pros, Cons, and Considerations

4531 Pros

Supporting a determination of similarity between aircraft and quantifying the impact of any differences.

Allows evaluation d
values.

e Allows estimation 0

453.2 Cons

e Before use, it is ned

the methodology.

4533

The capability to de

e The methodologies

5. POTENTIAL PERF

Degradation of aerodyn
and/or control force incr
to ensure adequate s
performance. In some ¢

the takeoff speeds are qlready sufficiently greater than stall speeds).

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

Considerations

f aerodynamic fluid effects for the “worst scenario,” i.e., using the AAT BL

f maximum lift coefficient degradation due to the fluids, which is notpossibl

essary to calibrate the CFD methodology. Flight test orwind tunnel data shqg

termine hinge-moment effects on flight-control surfaces may be feasible but

would benefit from application on a broader sample of aircraft for calibratio
DRMANCE ADJUSTMENTS

amic performance or control characteristics due to the presence of fluids,
pases, may require adjustments to takeoff speeds (e.g., VR and/or V2 incred
bfety margins. The~corrections will be different for specific aircraft ba
ases, the lift loss Caused by fluids will not impact the airplane’s normal perfo

b adjusted, other aspects of takeoff performance will need to be revisited.
bight and-distances, as well as braking energies. Different takeoff technique
te ar.attitude).

T “limit of acceptance”

e from flight testing.

uld be used to calibrate

has not been validated.

h/validation.

as indicated by lift loss
ses) and/or procedures
sed upon their takeoff
rmance schedule (when

Lorrections may also be
5 can also be necessary
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6. SYNOPSIS

This section presents a synopsis of the recommended methodologies described in Section 4, as well as the effects on

aerodynamics and handling qualities.

6.1

Recommended Methodologies

Table 1 presents the recommended methodologies, comparing the main pros and cons of each one.

Table 1 - Recommended methodologies

Methodology

Pros

Cons

Similarity Analysis

Low cost

Difficult to determine impact in case of

differences

Wind Tunnel Tests

Maximum lift coefficient degradation
determination

Drag increase determination

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

Flow visualization capability

Boundary layer measurement capability

Correlation of wind«tu
flight test data require
Small numberof-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

e Real airplane data e Very expensive
¢ Flight-control hinge moments evaluation o Weather dependent
Flight Tests ¢ Flow visualization capability e High-risk maneuvers
o 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

6.2 Effects of Fluids ¢n Aerodynamic Pefformance
See below the list of aefodynamic performance characteristics affected by anti-ice fluids:
e Aircraft lift during liffoff and initial climb.

o Potentially redycingtakeoff safety margins.

e Aircraft drag (usually not significant).
o Takeoff climb gradient (deemed acceptable; see Appendix B).
The practical actions to overcome the characteristics presented above are:

¢ Increase takeoff speeds (see Appendix C).
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6.3 Effects of Fluids on Handling Qualities

See below the list of handling qualities characteristics affected by anti-ice fluids:

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

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

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

The practical actions to overcome the characteristics presented above are:

¢ Increase takeoff speeds (see example on Appendix B).

e Decrease takeoff flzlzps setting.
7. NOTES
7.1 Revision Indicatoy
A change bar (l) located in the left margin is for the convenience of the user indocating areas wherg technical revisions, not
editorial changes, have|been made to the previous issue of this document<{An’(R) symbol to the Ieft of the document title

indicates a complete reyision of the 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 COMMITTER
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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

A.1 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 visualization studies of the fluid flow-off characteristics. In the Boeing Research Wind

Tunnel, both force and
Association of Europea
program which generall
requested that Boeing

In January of 1988, Bq
obsolete Type Il that wa
Advanced provided by
acquisition system for r
distance, and IRS angu

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

n Airlines (AEA) and the von Karmén Institute for Fluid Dynamics spbnsored
y validated the results of Boeing’s 1982 testing. To understand model-scale
erform 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

pcording gross weight, center of gravity, engine parameters, airspeed, accs
ar data; an onboard engineering data analysis system; video and photogra

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
er conditions. Ambient test temperaturés ranged from 2 °C (36 °F) to -10 °C

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

en-current Type |, one
d, on a Boeing 737-200

Lufthansa Airlines. Aircraft instrumentation included arr inertial referenc¢ system (IRS); a data

leration, ground speed,
phic equipment.

EA two-step procedure
the wing and horizontal
conducted in cloudy,
(14 °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 one-engine-inoperative 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 flow off 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 imagines 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 7 release

Speiler ruilelgedpe

N

=N

Figure 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%Qg/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.

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

¢ Fluid flowoff characteristics include a secondary wave commencing immediately after takeoff rotation, which results in
greater lift losses at higher angles of attack.

The 1988 flight tests were followed by two evaluations in the NASA 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; 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-feet) 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 |l testing. Lift and drag

were most adversely im
thickness of the fluid di
tested, and the 25% dil
Flaps 5 sealed-slat con
model data, however,
importance of 3D effect

The second entry also
testing, water equivalen
of this procedure later

either higher or similar
froze into a sheet of ice

There were some cond
effects due to the small
section, which resulted
Reynolds number prody
that corrections to the w

not significantly affect results. For two of the Type Il fluids, dilutions of-/5:
Lition had lift losses similar to the neat fluid. In many cases, the 2D modél

figuration, showed greater lift losses at 8-degree wing angle of attack (aw
consistently showed greater lift losses at CLmax than at 7-degree angle

5.

ncorporated investigation of the effects of precipitation©n Type Il flow-off
t to 10% and 20% dilutions were sprayed over the modelto simulate active
pecame the Water Spray Endurance Test of AS59071). At the colder tempe
fo those with the water mixed to dilute the fluid: Video recordings revealed
on top of the fluid layer rather than being abserbed by the fluid.

erns relative to the validity of the wind tunnel testing (refer to Reference
scale models, and the fact that the model chord lengths were limited due to
in both reduced relative fluid flow-off distance compared to a full-scale ai
cing higher shear stress than on‘afull-scale airplane. However, comparisor
ind tunnel data and test parameters for these effects were not needed.
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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
flow-off 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 aerodynamic acceptance test, 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 margintomimmumrunstickspeed:
3. Aft body runway clgarance.

4. Takeoff acceleratiop and climb capability.

5. Maneuver capability to stall warning.

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

The test correlations sh
data indicated that at v

therefore set at a constant 9.15 mm for temperatures up to -202C 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 accept
peed 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).

V2 speed equal to the
Able CLmax loss due to

9.15 mm. However, the
ceptance criterion was
ncreasing temperature.

hy, 1985.
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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 II, 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 |l fluids were applied. Bombardier (then Boeing Canada, de Havilland Division) issued an Advisory
Notice (refer to Reference B9) 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 measuré-enly|static loads. The video
records of these tests ghowed that when the elevator was deflected, the fluid migrated from' the dipper surface of the tail
plane through the gap phead of the elevator to the lower, aerodynamically active, surface of the| elevator. The resulting
wave-induced roughnegs was expected to significantly degrade the elevator performaince and posgibly the ability to rotate
the aircraft. Figure B1 shows the model set-up.

At the same time, Boeing performed flight and wind tunnel tests with fluids (see Appendix A). Boeing identified lift losses
and drag increases for their jet aircraft, which could be expected to affect turbo-prop commuter aircraft as well. A more
comprehensive investigation of the effects of these fluids for turbo-prop 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 angles of attack, 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, 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 Appendix A

The models tested had the wing/flap and the tailplane/elevator configurations as shown in/Figufe B2. The scale of the
wing/flap model is 0.2 @nd the tailplane/elevator model is 0.35. The wing/flap configuration'is a 2P section of the DHC-8
wing at the MAC with the highest takeoff flap setting (15 degrees). The tailplane/eleyator mode] is a simulated DHC-8
tailplane section with bgth a nose-balanced and a round-nose elevator.

Tailplane Model (unbaianesd Elevatar)

--Wing Box

i-+Elevator Shroud
: w—+Elevatar
v 2
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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 |, Type Il, and the Type Il (then called Type 1.5, or
“turbo-prop fluids”) at different concentration, temperature, configuration, and rotation speeds were tested for the wing/flap
model and, where appropriate, for the tailplane/elevator model.
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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 Il
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 E WSl DlSREEroEEE ol
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
69-Ar 801210 AN 0
60 & BO| 20 4t 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\\\}\
| 3 |
x T [_60 :”TITL_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 Swength, &, ramp 0 to -30¢ (B0 &80T 277 [ | 3 T T
Full Stren| 20° |60 5 80, 2/0 4 | 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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T T i
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Figure B3 - Wind tunnel takeoff acceleration profile

The tunnel was idle at g speed of 6.2 m/s (12 kts) for about 4 minutes.and 30 seconds; it was then|run at 12.3 m/s (24 kts)
for 30 seconds to simulate taxi. The time spent at these speeds was ot long enough to cause significant clearing of the
fluid. The tunnel was then linearly increased to a V2 speed of 36 m/s (70 kts) at an acceleration ratg of 2.1 m/s? (4 kts/s), or
45.3 m/s (88 kts) at 2.6|m/s? (5 kts/s), as appropriate, for a rotation speed of 30.9 m/s (60 kts) comgarable to the DHC-6, or
41.2 m/s (80 kts) comgarable to the DHC-8. After 15 seconds, the wing/flap model was rotated from O to 20 degrees at
4 degreesl/s; or, for the [tailplane/elevator model, the elevator trailing edge was deflected up from ( degrees to the desired
deflection at the rate of[24 degrees/s. The run was coniinued for 30 seconds past the end of the mpdel rotation or elevator

deflection.

The fluids tested are summarized in Table B2:!
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Table B2 - Test fluids

TEST FLUIDS

Type | Deicer Fluids Code  Flyid Base'  Fluid Statys?
1. Union Carbide (USA) UCAR ADF 1D 4.5 |[EG} Production
2. Hoechst VP 1732 1 [DG/PG) Production
3. Octagon ADF-1427 B IPG] Productian
4. Technoshield Airborne 30 9.1 {EG) Praduction
19, MIL-A-8243D 10 [PG/EG) Production

Turbo-Prop Deicer/Anti-icer Fluids

6. Hoachst VP 1788 3.3 EBroduction
8. SPCA (France) AD 108 5.3 Production
7. Union Carbide Canada 5.3 4.6 Experimental
8. Octagon ADF Plus 6.2 (PG) Experimental
9. Kilfrost (Arco} 24 Expédrimental

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. Texaco TWD P5 71 (PG} Experimental
16. Texaco TWD ES 72 (EG) Experimental
17, Octagon B.1 Experimantal
18, BASF Aerex 21173 8.1 (PG} Experimental
Notes:

» DOW Flight Guard 2000 is Hoathst 1704 LTV/88 sold under ficense

» Kilfrost products sold under license by Arco

» EG ... Ethylene GlycolBass

» DG ... di-Ethylene Giytel Base

» PG ... Propyleng Glycol Base

12 Fluid hase asundérstood 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 procedurres, 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 the Performance Considerations section below. 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 turbo-prop 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

Figyre B4 - Wing/flap model decrement in cimax, undiluted fluids, Vist.=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

[COJTt=-0°c EEre-10°c EllT--2000 HEET--20°
Figyre B5 - Wing/flap modeél.decrement in cimax, undiluted fluids, Viot = 8Q kts

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

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, Vot = 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 holdover times 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+ - il
10 u I ¢
| |\
0 @8 [k I Al I 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

N r--200¢c HET--29°C

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

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

Loss of Climb Gradient

D.025

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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Wing/Flap Mode! Cy,,,, ... Full Strength
Effect of Time to Rotation at T = -20°C

Percent Loss in Maximum Lift

25
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10

Fluid 3.2 at 60 KT Fluid 3.2 at 80 KT Fluid 3.3 at 60 KT Fluid 3.3 at. 80°KT

I Time - 15 seconds EZ2 Time = 30 seconds

Figure B9 - Wing/flap model decrement in cimax, undiluted fluids

Wing/Flap Model WAT ... Full Strength
Effect of Time to Rotation at T = -20°C

Loss of Climb Gradient
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0.020

0.015
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0.005 —

0.000 -
Fluid*3.2 at 60 KT Fluid 3.2 at 80 KT Fluid 3.3 at 60 KT Fluid 3.3 at 80 KT

M Time = 15 seconds EZ3 Time = 30 seconds

Figune 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 II)
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 tail plane/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-icings 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.8 and B.7, 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 mltlgatlng circumstance for two-engine,

propeller-driven aircraftyi

from the moment of po
the case of an engine f
margin to stall.

The test correlations sh
discussed in Reference
a commuter-type aircra

The second criterion is

er apphcatlon and will thus have substantially more fluid cleared than the
ilure, a portion of the wing will provide powered lift from the remaining-engi

pwed that an 8% lift loss resulted in a maximum acceptable fluid-at a constg
B.12. This is the basis of the aerodynamic acceptance test(low-speed ram
t with wing-mounted propellers.

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

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

the net climb gradient will leave the airplane with no margin between gros

he propeller slipstream
st of the wing. Even in
he and will increase the

nt BLDT of 10.6 mm as
p) (refer to AS5900) for

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

is at its minimum performance level undenhot and high conditions, not at lo
Therefore, some margin will likely exist.

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

lift degradation of 10%

or the tail plane was considered insignificant.

ver temperatures where

5sed in Reference B.11,

nti-lce Fluids,” Advisory

| Study of the Flow of a
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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 I, I, Ill, 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 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 America (AIA) Transport Committee (TC) Project 218-4 established criteria
which defined acceptable flow-off behavior for fluids. The AIA TC Project 218-4 was chaired by Boeing, and the active
members included re T T iti

contributions from the Association of European Airlines. Based on research performed by Professor
von Karman Institute fof Fluids Dynamics and Boeing 737-200ADV wind tunnel results in the NASA
predicated on fluid flo
flow-off behavior is defined by measuring the fluid effect on the Boundary Layer Displacément Thig
plate. Acceptability of the fluid flow-off behavior is determined by comparing the BLDT with that foun
airplane performance oh the Boeing 737-200ADV. The premise of the acceptancedest is that the B
of the fluid’s aerodynamic effects; increased BLDT caused by the fluid resultsin increased adver
(increased lift loss and|drag increase). Reference C2 presents information-that forms the technig
fluids. The AAT is desciibed in AS5900 and is required by AMS1424 and AMS1428 to qualify a fluig
AAT is also included in fthe ISO specifications for fluids.

In 1992, Professor Mari
a study of aerodynamic
to show the linear corre

b Carbonaro at the von Karman Institute for:Eluids Dynamics continued the

ation of lift loss with BLDT (see Figure(G1).

ell Douglas, and with
Mario Carbonaro at the
IRT, a fluid acceptance

-off characteristics over a flat-plate at operational temperatures and-airsp¢ed was selected. Fluid

kness (BLDT) on a flat-
 to produce acceptable
LDT is a valid indicator
se aerodynamic effects
al basis of the AAT for
for aerodynamics. The

bbove investigation with

effects of fluids for commuter airplanes (refer to Reference C.4). One figure of that report is copied
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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 = 20 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 De Havilland Canada 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.2

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. 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 ‘A4
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.

CLmax for other flight conditions:

Determine the fjotation speed as a function of aircraft weight, temperature, altitude, and fla

Determine the {ime from brake release to\maximum angle of attack during rotation as a fu

temperature, al

Numbers 1 and
for each new fli

itude, and flap angle.

2 give the rotationspeed and time from brake release to maximum angle
ght condition.

AAT Wind Tunnel Data

a. AMIL AAT

wind\tunnel data for reference fluid and several other fluids.

al Navier-Stokes CFD

b angle.

hction of aircraft weight,

bf attack during rotation

b. Additional

From Numbers

£l L. H (N b b O o2 4.0 L e 000 Lol rdd -l H H
Trat=prate-wmnatumeTr eSS at oaao o4U and Saao ZU0U TareoT Speeu-SC 1edules with fluid used

during flight tests.

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 (rotation speed) and time from brake release to maximum alpha during the rotation for the various takeoff conditions
were compared with the AAT high-speed ramp 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 seconds 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 angle of attack 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.
C3 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-340keries aircraft.

C.3.1 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

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

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|
it still acceptable.

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

hab 2000 ailerons: 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 fpr Performance Corrections

Takeoff ﬂlght tests with 'and-withrout-fiuid-were pcl_funllcd todetermine-theeffectof-the-fluid-omaireraft performance. These
tests were performed on a Saab 2000 instrumented prototype. The 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 flow-off 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 °C and +4 °C.
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Figure C2 - BLDT as a function of temperature for Clariant Safewing MP 1V 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 angle of attack
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:

¢ No ground effect.

e 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-

1.8 g—aftack
wilh and without Type IV flui 0 F V]
1.7 Jtir
15
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F'
1.4 /{.‘
d 1.3 .‘Ii""‘| -
12 g\,
11 \,\Q e
\\) i REFERENCE
1.0 ) S‘
0.8 Q\
0.8 —
o 1 z 3 r z & 7 8
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Figt

For the reference cases
all data points from liftg
This was done by subtr
this delta CL was plotts
several CL-alpha curve

re C3 - Lift during takeoffas a function of angle of attack with and wit
Type IV fluid (Clariant Safewing MP IV 1957)

, i.e., without fluid,.a least-square regression line was used to obtain straighf
hcting the straight CL-alpha curve from the measured CL data, corrected as

bd as a function of time to check that no time-dependent residues were p
5, without fluid, has been used as the “reference CL-alpha curve.”

The lift degradation due

hout

CL-alpha curves (using

ff). Whether the'CL-alpha curve was a correct representation of the measiyired data was checked.

mentioned above, and
resent. The average of

tothe fluid was obtained by subtracting the “reference CL-alpha curve” from

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 angle of attack 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
AMS 1428 to qualify a fluid for aerodynamic acceptability. The AAT is performed by AMIL. The AAT is performed according
to the high-speed ramp (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.4 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 lll (Clariant Safewing MP 11l 2031 ECO) (refer to References C.8 and C.9).

Digitized BLDT - Clariant Safewing MP IV 1957 NEAT

——-10,1

-0
S

" N&}ﬂ ——-27,1
10 x —=--20,3

;
2

%
time (sec)

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

v

Based on the additionall AAT resultss.it has been concluded that AAT results for Clariant Safewing NIP IV 1957 according to
takeoff speed scheduleg 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 (BI D¥Ffluid - Bl DTdry) as a function of time for Clariant Safpwing MP 1\ 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 111 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.

The delta BLDT as a function of time for Clariant Safewing MP 111 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 1V 1957 are used for all Type Il and IV fluids.

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

C5 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

calculations and extended lifting line theory have been used to extrapélate
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ations have been performed on the most critical section for wing stall.

he lift losses at rotation
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es solver. The surface
to References C.5 and
alculations have been

performed for several foughness heights, roughness locations, and roughness lengths. From these calculations, it was

concluded that the deg
and/or location, and thu

The extended lifting lin
losses. The two-dimens
them in the same way @

Figure C7 shows the re
that has been used to d
to fluid during rotation t
extrapolation becomes

-25

radation in clmax was in principle only a factorePBLDT and not of the p
s was in agreement with the basic idea behind’ithe AAT, i.e., linear correlati

b theory has been used for the conversion of two-dimensional lift losses
ional lift curves of the sections other than the most critical section have bee
s the most critical section by applying the same delta cl and delta clmax.
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significant above about\7% lift loss during rotation.
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Figure C7 - Relationship between lift loss at rotation and at CLmax determined with
two-dimensional Navier-Stokes CFD calculations with roughness and extended lifting line theory
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