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Executive summary

Nationaal Lucht- en Ruimtevaartlaboratorium

National Aerospace Laboratory NLR

Wind criteria due to obstacles at and around airports

Problem area

Wind, wake and turbulence induced
by obstacles may affect the flight
handling and performance of
aircraft during take-off and landing.
Therefore wind disturbance criteria
are required. Because aircraft are
much more vulnerable to disturbed
wind velocity profiles during the
final stage of the approach than
during take-off the focus of the

study was aimed on landing aircraft.

Within the frame work of the wind
disturbance study three altitude
bands were defined according to
their threat to safety:

Firstly, height between 0ft and
200ft. In this region flare, de-crab
and high speed roll out takes place.
Apart from prevailing gust and
turbulence due to general surface
characteristics, stand alone
obstacles may play a dominant role
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in this part. From a safety point of
view this is a critical phase.
Secondly, height between 200ft and

1000ft. Gust/turbulence levels due
the build up area affecting the
landing zone are dominant in this
segment. Speed deficits and
accompanying turbulence due to
“stand alone” obstacles are
submerged. From a safety point of
view this phase is less critical.
Thirdly, height above 1000ft.
From a safety point of view wind
disturbance above 1000ft is not
considered a threat for flight safety.

Description of work

The investigation is focused on the
effects of wind disturbances on the
flight handling and landing
performance of aircraft. This has
been done by means of offline
mathematical simulations. Two
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aircraft types were chosen at the
high and low end of the aircraft
weight and inertia range viz. B747
and Fokker 100. A limited number
of piloted moving base simulations
has been executed to validate the
offline results. Based on the
simulations applicable wind
disturbance criteria were defined.

Results and conclusions

The conclusions of the study for the
defined segments can be
summarized as follows:

For the segment that covers the
approach flight phase from 1000ft
AGL to 200ft AGL it appeared both
from the offline and piloted
simulations that the obstacle
clearance planes defined by ICAO
Annex 14 give sufficient protection
with respect to wind disturbances
due to “stand alone obstacles”.

For the segment that covers the
landing phase from 200ft to touch
down and the high speed roll out it
was established that wind
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disturbance criteria are necessary
that are more stringent than the
“Annex 14” planes. The segment
where the wind disturbance plane is
restrictive is bounded by a disk-
shaped segment with origin in the
center of the runway threshold and
radii of approximately 1200m
(perpendicular to runway
centerline) and 900m in front of the
runway threshold. In order to cover
the high-speed roll out the 1:35
plane is extended up to 1500m aft
of the runway threshold.

The study also revealed a strong
relation between surface roughness,
reference wind speed and
gust/turbulence levels. Surface
roughness and reference wind
speeds selected for the simulations
lead to gust and turbulence levels
varying from medium to severe.

Applicability
Legislation of planned constructions
at and in the vicinity of airports.
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Summary

This report deals with the effects of wind disturbas behind obstacles on a landing aircraft.
Because aircraft are much more vulnerable to distiwvind velocity profiles during the final
stage of the approach than during take-off ([9)dht effects on approaching aircraft have
been considered.

Based on the investigation wind disturbance ceateave been defined.

To limit the scope of the study two ground segmargee defined in which obstacles may affect
the handling and performance of an aircraft onglide path. The glide path parts covered by
these two ground segments range from 1000ft AG20@ft AGL and from 200ft AGL to touch
down. For altitudes above 1000ft AGL it is assurtied wind disturbances from a safety point
of view present no direct hazard to an approachirgaft. The area which covers the height
band above 1000ft is indicated yellow in the fighetow.

1. Planned constructions in the vicinity of the runwaythreshold. Wind disturbance will be
caused by the speed deficit and induced turbulaaeesult of the shading of a “stand
alone” obstacle in combination with the prevailogst/turbulence conditions. The effect of
this is perceptible during the last part of thefiapproach (below 200 ft), during the flare
and the high-speed roll out. This sector is defineithe figure below as thgreenarea.
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2. Planned constructions in a sector outside the abovaentioned area Wind disturbances
then are not directly caused by the wake induced tsfand alone” obstacle but are the
result of the prevailing turbulence intensity dadtte build up area that affects the runway
threshold zone. The turbulence intensity is a fioncbf the surface roughness parameter
(z0) and a reference wind speed. The effects sfdté perceptible during final approach in
the altitude band of 200ft to 1000 ft. This secsodefined in the figure as tmed area.

In the figure also the ground projection of theias obstacle clearance intersection lines
defined in ICAO Annex 14 ([11] is drawn.

The investigation is aimed at the effect of winstdibances (wind, shears, gusts and
turbulence) on the response and landing performahagcraft. This was done mainly by
means of offline mathematical simulations. Two rafctypes have been used at the high and
low end of the aircraft weight and inertia range @ Boeing 747 and a Fokker 100. A limited
number of piloted moving base simulations withBY&7 have been performed to validate the
offline results by means of pilot ratings.

The National Aerospace Laboratory (NLR) and theo&pace Software & Technologies
Institute (ASTI) of Delft University of TechnologffUD) have performed the work in response
to the DGTL call for tender presented in ([1].

The study was able to refine the above-mentiongtheats and to define wind disturbance
planes, which are in the immediate vicinity of theway more restrictive than the ICAO
Annex 14 obstacle clearance planes.

The conclusions of the study for the considerediegtiath segments can be summarized as
follows:

e The variation in mean wind speed due to wind distusing structures must remain
below 7 knots_along the aircraft trajectoryat heights below 200ft. The speed deficit
change of 7 knots must take place over a distancéat least 100m.

e The variation in mean wind speed due to wind distusing structures must remain
below 6 knots_across the aircraft trajectoryat heights below 200ft. The speed deficit
change of 6 knots must take place over a distancéat least 100m.
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This results in the following guidelines as faméstacles are concerned:
1. The glide path segment that covers the approach fro 1000ft AGL to 200ft AGL.
a. “Stand alone” obstacle.

No distinct effect of “stand alone” obstacles oa #ircraft handling and performance
could be established in this height range. Theceffesubmerged in the overall surface
characteristics of the build up area affectingrteavay. The offline and piloted
simulations showed that the obstacle clearanceepldefined by ICAO Annex 14 give
sufficient protection to wind disturbances as restifstand alone” obstacles. No
specific wind disturbance planes are requiredhis segment.

b. Surface roughness.
In this altitude range the wind disturbance eftatthe aircraft is defined by the
turbulence intensity applicable for build up arffaaing the runway. It is a function
of the surface roughness and a reference wind speed
The offline and piloted simulations showed that Ri#&ies of the turbulence intensity
in excess of 5kts (heavy turbulence) sometimestesab large glide path deviations
as result of gust and wind shear phenomena.

2. The glide path segment that covers the landing phadgrom 200ft AGL to touch down
and the high speed roll out.
a. “Stand alone” obstacle.

In this height range a distinct effect of “standrad” obstacles on the aircraft handling
and performance could be established.
For this segment wind disturbance criteria are s&a® that are more stringent than
the ICAO “Annex 14" planes. It appeared that “stal@he” obstacles in a disk-shaped
area with origin in the center of the runway thiddland radii of approximately
1200m (perpendicular to runway centerline) and 9@0front of the runway threshold
and not protruding an imaginary plane with a slop#:35 with the extended runway
centerline as base did not affect the respons@aridrmance of the aircraft
significantly. In order to cover the high speedugrd roll the 1:35 plane is also
applicable up to 1500m beyond the runway threshold.

b. Surface roughness.
Also in this height range the aircraft handling edformance is affected by the
turbulence intensity applicable for the build upapreceding the runway on which the
aircraft lands.

The offline and piloted simulations showed that Ri#&ies of the turbulence intensity
less than 4kts (medium/heavy turbulence) due tatiniace roughness in the vicinity
of the landing area in combination with the speeficd and induced speed gradients
of “stand alone” obstacles limited by the 1:35 plaid not lead to unacceptable
aircraft handling and landing performance.
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Because the 1:35 plane is a practical interpretatfdhe 7kts criterion this means that the study
has reconfirmed the 7kts criterion for “stand alovigstacles. However, in the Annex 14
obstacle clearance planes the criterion only hée tapplied to a defined area in front and aft of
the runway threshold. Outside this area no spewific disturbance criteria for “stand alone”
obstacles are required.

In addition to the 7kts criterion, this researck fmmulated the gust/turbulence levels at which
aircraft handling and landing performance will ign#icantly deteriorated.

The segment where the wind disturbance plane satdge for “stand alone” obstacles is
shown as thgreenarea in the figure shown hereafter.
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1 Introduction

This report deals with the effects of wind disturbas caused by man made structures (in this
report called obstacles) on aircraft during appncared landing. Because aircraft are much more
vulnerable to disturbed wind velocity profiles dgithe final stage of the approach than during
take-off ([9] the study focused on the approachlanding phase.

Based on the investigation wind disturbance catbave been defined.

Based on ([1] two areas have been selected in whiitings or obstacles may affect the

handling and performance of landing aircraft.

1. Constructions in the vicinity of the runway threkhddere in addition to the prevailing
gust/turbulence level wind disturbances may bergathby “stand alone” obstacle shading
and the evoked increase in gust/turbulence leVéls effect of this is perceptible during
the last part of the final approach (below 20@ft);ing the flare and the high-speed roll out.
The sector in which “stand alone” obstacles maylpce wind disturbances that affect the
aircraft handling and performance significantlydweR00ft is shown schematically in
Figure 1-1 as thgreenarea.

2. Constructions in a sector outside the above meati@mnea. Wind disturbances due to
obstacles situated in this sector are mainly thalt®f the turbulence intensity, which is a
function of the so-called surface roughness parante0) and a reference wind speed.
Effects due to “stand alone” obstacle shading igmdhea submerge in the overall surface
characteristics. This area produces wind disturesnehich affect aircraft on a higher part
of the glide path, viz. between heights of 200fL880ft. It is shown in Figure 1-1 as the
redarea.

Outside thggreenandred area yellowarea in Figure 1-1) wind disturbances due to
buildings/obstacles affect aircraft on the glidéhpgbove a height of 1000 ft. Wind disturbances
due to buildings/obstacles are considered notatitiith respect to aircraft safety above this
height. The area which covers the height band ah606ft is indicated yellow in Figure 1-1.
The subdivision of the segments presented in Fifjtirés based on simple geometry and is
only a first estimation of the areas in which oblsa may affect the handling and performance
of aircraft on the glide path. Results from thedgtwill be used to refine the mentioned sectors.

The core of the investigation is aimed at the ¢fééavind disturbances (wind, shears, gusts and
turbulence) on the response and performance oingradrcraft. This is done mainly by means
of offline mathematical simulations. Two aircrafpes have been used at the high and low end
of the aircraft weight and inertia regime viz. Beeing B747 and Fokker 100.

19



NLR-TP-2010-312 (NLR

y(m)
7500

6500

\ approach surface
5500 M N
\\ transitional surface
4500 inner horizontal surface

e AN
|| NN

NN = ||

conical surface

1500

NS

/Y I —
- LY
L/

R oy

-6500

x(m)

-7500
-1500 -500 500 1500 2500 3500 4500 5500 6500 7500 8500 9500 10500 1500 2500 13500 4500

Figure 1-1: Definition of sectors in which wind disturbance affects landing aircraft

A limited number of piloted moving base simulations have been performed with the B747 to
validate the offline results by means of pilot ratings.

By combining the objective (recorded data) and the subjective data (pilot comments) a more
balanced conclusion has been obtained.

Both the wind disturbance field in the direction of flight (wind shear phenomena) and
perpendicular to the direction of flight (crosswind deviations) as well as the impact of gust and
turbulence on aircraft handling and performance has been taken into account.

In ICAO Annex 14 ([11] obstacle clearance surfaces are defined to reduce the collision
probability of aircraft with obstaclesin the vicinity of arunway.

The Annex 14 surfaces mentioned in Figure 1-1 are defined as follows:

Inner horizontal surface

Thisisasurface located in a horizontal plane above an airport and its environment.
Transitional surface

Thisis acomplex surface along the side of the strip and part of the side of the approach surface
that slopes upwards and outwards to the inner horizontal surface.

Approach surface
Thisisan inclined plane preceding the threshold.

20



NLR-TP-2010-312

o

Approach surface
This is an inclined plane preceding the threshold.

The data for the dimensions and slopes correspgrdithe above-mentioned planes are
presented in Table 1-1 for an aero plane referfigldelength of more than 1800m and a 45m
width runway.

Table 1-1: Dimensions and slopes of obstacle limitation surfaces (landing & approach)

non-instrument runway

non-precision approach

precision approach

precision approach

distance from threshold: 60m
divergence (each side): 10%
length: 3000m

slope: 2.5%

distance from threshold: 60m
divergence (each side): 15%
length: 3000m

slope: 2.0%

distance from threshold: 60m
divergence (each side): 15%
length: 3000m

slope: 2.0%

catl cat Il +cat Il
inner horizontal height: 45m height: 45m height: 45m height: 45m
radius: 4000m radius: 4000m radius: 4000m radius: 4000m
transitional slope: 14.3% slope: 14.3% slope: 14.3% slope: 14.3%
approach length of inner edge: 150m length of inner edge: 300m  |length of inner edge: 300m length of inner edge: 300m

distance from threshold: 60m
divergence (each side): 15%
length: 3000m

slope: 2.0%

The ground projection of the various obstacle elree intersection lines defined in Annex 14 is
included in Figure 1-1.

The aim of this investigation is to define planes a perspective of the wind disturbance
hazard in addition to the obstacle clearance pldhesnstructions are planned within the
defined wind disturbance planes then no problenagraraft handling are expected. However if
proposed constructions exceed a minimum width aottyde the wind disturbance planes a
potential problem may arise. Through simulation tasding it must then be demonstrated that
e.g. because of a more refined shape of the catistnithe evoked wind disturbance does not
violate the acceptance criteria as derived fomthest-case block-shaped obstacle with height
limited by the wind disturbance plane used forrtban definition.

References ([3] to ([9] are NLR documents thatd/edrlier research related to crosswind
operations and wind climates.

The investigation comprehended six successive wackages, which are described in ([2]:
«  WHP1: Inventory

«  WP2: Modeling wind disturbances due to obstacles

*  WP3: Offline computer simulations

*  WP4: Correlation of results

» WHP5: Validation of wind disturbance criteria on GBR

* WP6: analysis and reporting
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NLR divisions that participated in the researcheniEBO 9001/AQAP 110 standards approval.
The National Aerospace Laboratory (NLR) and theo&pace Software & Technology Institute
(ASTI) of Delft University of Technology (TUD) hayeerformed the work in response to the
DGTL call for tender presented in ([1].

The report is organized as follows. In section€@gbope of the investigation is defined into
more detail. Section 3 gives an overview of thedygust and turbulence characteristics in the
earth boundary layer. The wind climate models ketbinstacles required for the simulations are
discussed in section 4. Section 5 deals with aaoeptcriteria required for the offline and
piloted simulations. The offline simulations perfard with the Fokker 100 and Boeing B747
aircraft are described in section 6. The simulatgreriment with the B747, which was carried
out on NLR'’s six degrees of freedom research flgiimulator GRACE in March 2006, is
presented in section 7. The results and proposed aisturbance criteria are presented in
section 8. Finally conclusions and recommendatssagyiven in section 9.
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2 Scope of the investigation

2.1 Introduction

The approval procedure for planned constructiors at the vicinity of airports takes place
according to several guide lines and recommendation

The position and height of the planned construasorerified with the so-called “Obstacle
Limitation Surfaces (OLS)” laid down in ICAO AnnéxX, Aerodromes ([11].

During the assessment of a planned building alseahiand departure procedures applicable for
the airport are considered. This because plannidirgs may not interfere with electronic and
visual landing aids and beacons such as ILS and/B®IE. Finally the minimum flight safety
altitude within the vicinity of the airport has be addressed when assessing a new construction
proposal.

For Schiphol and the vicinity of the airport thedh restrictions of buildings are laid down in
chapter 8 of the aviation law called “Luchthaveddlings besluit (LIB)".

Wind disturbances due to (new) constructions atgad of this legislation. However the
Schiphol legislation will be re-assessed. Parhisf te-assessment is to see if the obstacle
clearance planes have to be adapted for wind bestices.

It is known from pilot reports that in certain matelogical conditions, constructions meeting
the obstacle limitation surfaces but located nedénbyapproach paths of aircraft can cause
wakes, vortices and turbulence that are disturtmragr traffic. The consequence may be the
execution of a missed approach or in general valleha negative effect on aircraft safety.

At this moment the so-called 7-knots criterion sed for the approval procedure of planned
constructions. In practice it means that buildipg®ruding an imaginary plane with a slope of
1:35 with the extended runway centerline as baseswasmitted to further investigations. The
foundation for the criterion however is small besait is based on a relatively small number of
pilot incident reports.

Therefore a need is present to qualify and quathigywind disturbance more clearly such that
it can be part of the evaluation procedure in @oidito the existing ICAO guidelines.
Consequently IVW-DL chartered by DGTL issued a RéiPan investigation to formulate wind
disturbance criteria due to structures planneahat@ound airports.

The investigation based on this RFP has been dpneehns of available mathematical models
of representative aircraft in offline computer slations. In addition a moving base flight
simulator experiment was executed to verify théiradfresults.

From the offline computations the most safety caitcases were determined, hereby reducing
the number of pilot-in-the-loop simulations.

23



NLR-TP-2010-312 <N'-R

2.2 Existing criteria

2.2.1 Introduction

Wind disturbance due to structures (obstacles}lameffect of this on the handling and
performance of aircraft did not get much attentiesause structures were located far away
from the runways. Because of the increasing expard airport related activities more and
more obstacle congestion occurs near and at dsfidllthough construction height restrictions
apply by law, in recent years the number of bugdisituated relatively close to active runways
has increased substantially.

2.2.2 7kts criterion

In the Netherlands the cause for a number of tesisstudies related to wind disturbances due
to structures near runways has been an engineutefdcility for wide body aircraft located on
Amsterdam Airport Schiphol. This facility is siteat close to the threshold of runway 27 and

22. A plan view is shown in Figure 2-1.
N\ i Vi \

rwy27 ||-'-/——_¥(\ S

N Ny 4
N WIT:
measured
wind field
helding 27 N\ cross section
——— .
.
? P y
-

330m

Figure 2-1: Position of PDP near runway 27 and 22

A number of pilots reported heavy disturbanceswatheights under strong south-westerly
winds landing on these runways. Studies performébi, ([6] and ([7] lead to the conclusion
that the main problem was caused by the stron@uswake behind the facility in which the
wind speeds were reduced significantly. Also théati@n in cross wind during the last stage of
the approach appeared to be a significant distgraictor to aircraft. At present there is no
generally accepted criterion, which describes tlosvad distortions in the wind field behind
buildings located close to runways. For authoritiés therefore difficult to assess the effect of
the wind flow around obstacles in relation to pbkeseffects on flight safety. Based on the
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limited amount of pilot reports, wind tunnel andhsiator tests ([6] NLR was able tivaft a
pragmatic solution, which was called the 7kts aagte It is related to the maximum lateral
wind speed defect that occurs behind an obstadésastefined as follows:

“The difference in wind velocity perpendicular tetaircraft over a short interval may not
exceed 7kts”

The wind speed defect in longitudinal directiomat included in this criterion. Also the shape
and the width of the wake are not accounted fortheéumore nothing is said about the
corresponding gust and turbulence levels that alsWowill affect aircraft handling. Therefore
it was recognized that more study was requiredtain better insight into the phenomena,
which would lead to a more balanced and well-founck&erion. From the investigation a new
criterion could evolve but also an adaptation ceanfirmation of the present 7kts criterion is
possible.

2.3 Objectives
The objectives of the work described in this repoet
* To collect_objective performance dataring offline simulated auto land approaches flow

in strong gusting crosswind conditions with andhaiit the presence of obstacles.
* To collect objective performance daad pilot subjective workload daéad acceptance

ratings during a limited number of pilot-in-the-fpapproaches flown in strong gusting
crosswind conditions with and without the preseofoebstacles.

e To arrive at a criterion for planned buildings/stires, based on the offline simulations
and the assessment of five highly qualified pilatsether the changed wind climate due to
an obstacle is acceptable or not from a flight hézdd point of view.

2.4 Boundaries and limitations

Through this study more insight is obtained inte tontrollability and safety of an aircraft

during landing under the influence of obstacles.

However, in order to focus the investigation a nanmdf choices were required to complete the

investigation in limited time. It is expected tllagse choices resulted in the worst-case situation

and will not further limit the obstacle planesclonsultancy with the contractor, the following
limitations to the investigation have been made:

e Tail wind components are not present.

* The wind direction is perpendicular towards a “gtafone” obstacle. Thus effects due to a
non-perpendicular wind flow are no part of thisastigation. Through this assumption
symmetric flow patterns streaming from the obstaele be postulated.

e Turbulence and wind shear are dependent otothbwind speed.
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e The F100 offline simulations and piloted B747 siatidns only address generic “worst-
case” block-shaped obstacle characteristics inlwaeiations in the wind field at the two
corners of the obstacle are taken into account.offtine B747 simulations also
encompassed simulations in which less critical Utagj block-shaped obstacles were
implemented.

* A*“worst case” obstacle width is assumed.

* No mechanical failures (e.g. engine) are introduodtie aircraft during the
approach/landing.

e Only dry runway conditions are considered.

* Good visual conditions (20 miles) prevailed durihg piloted simulations.

¢ Maximum cross wind in the investigation is limited20 knots.

e The work is tailored to two jet aircraft equippedhnconventional controls. Propeller
driven aircraft and Fly-By-Wire aircraft as well ¥ery Large Aircraft have not been
evaluated. However in section 9 possible consecseaie elaborated on.

* The results apply to a neutral atmosphere includirmng winds in excess of 15 knots.
Convective effects as result of the local heatifhthe earth surface by the sun have not
been taken into account.

< High speed roll out, take-off and go-around wergad of the investigation.
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3 Wind, gust and turbulence in the earth boundary layer

3.1 Introduction

Wind phenomena can be divided into a number ofjcaites: mean wind, wind shear, discrete
gusts and turbulence. Mean wind and turbulencstatistical parameters that are related to
each other. Gust is defined as a discontinuous mtanechange in wind speed and direction.
Turbulence is characterized by very irregular wiods. The following graph shows the wind
phenomena as function of their frequency in retatmtheir effect on an aircraft.

Increasing frequency
Mean Wind Wind shear Gust Turbulence
Performance Performance
Controllability Controllability
Nuisance
Structural loads Structural loads
Fatigue

In this section the atmospheric conditions presetite earth boundary layer will be addressed,
whereas section 4 deals with the specific wind atavbehind an obstacle.

3.2 Mean wind

The wind at heights well above the surface of #mheis directed along lines of equal pressure.
This is called the gradient wind and its magnitisgdenaffected by the roughness of the earth’s
surface. At the surface of the earth horizontagdosces, induced by ground obstacles, are
exerted on the wind flow causing it to slow dowhisTforce decreases with increasing height
above the ground and becomes negligible at thaegralkdeight where the wind speed first
reaches the gradient wind value. For strong wihdggtadient height depends on terrain
roughness and the strength of the wind. It can fram about 250m over smooth terrain to
400-500m over an extremely rough city terrain. Tigishown in Figure 3-1 for a common
gradient wind of 100 mph (86 knots).

The region between the ground and the gradienhh&dnown as the atmospheric boundary
layer in which the wind speed progressively incesasith height. The variation of the mean
wind speed from the ground to the gradient heightle approximated by a number of
mathematical expressions of which the power lawlagdrithmic law are well known ([23].
They are valid for strong winds associated witlyfdeveloped weather systems in which the
assumption of a neutrally stable atmosphere islvali
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Figure 3-1: Mean wind speed profiles for three surface roughness parameters

The logarithmic law is of the form:

[In(h/ z0)+ fetgrd]
In(Href / z0)

Vw=Vwref [ (3.2)

In (3.1) “Vwref” is the mean wind speed at a defined referenaghbéHref ”. “ z0" is the

surface roughness length which is a measure oktheding effect that the surface has on the
wind speed near the ground. The paramefetgrd " in (3.1) is included to make the wind
speed constant at the gradient height ([24].

Mean wind speed profiles according to (3.1) ardt@tbin Figure 3-2 for three surface
roughness values. They are related to a runwayasoeof a fixed cross wind of 20kts at

Href =10m.

“ z0” values representative for various surface coodgiare presented in Table 3-1 ([24]. The
z0 band of interest for aircraft operations considenetthis investigation is framed in red.
According to this source the surface roughnessuimvay areas at airports lies between .003m
and .004m.

The wind profiles depicted in Figure 3-2 apply twface roughness values defined in Table 3-1
viz. flat desert (z0O =.001m)ppen farmland (zO =.01m andhedged farmland (zO =.1m)

As can be observed from (3.1) and Figure 3-2 thmlygrofiles for all three surface roughness
lengths correspond to a mean wind speed (23 kabth reference heighHref =10m).

In addition to the mean wind speed also the X-vand head wind component are plotted in
Figure 3-2. At the reference height a head windmament of 12kts can be observed.

As shown the wind profiles in Figure 3-2 are linkedhe wind speed present at the reference
height. Consequently at the gradient height, défiéwind speeds result for different z0 values.
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Table 3-1: Overview of values of surface roughness z0 ([24]

Terrain Description

2 E
5L
6k
4t } Rugged hilly terrain (d =12 ;)
3R
1R
1 S E } Centres of large towns, cities Forests
f r Centres of small towns
. i Fairly level wooded country
3 Suburbs
s } Many trees, hedges, few buildings
10!
L Many hedges
i Few trees, summer time
: r * Farmland Long grass ( = 0.06 m) crops
Ik Isolated trees
) Uncut grass
.\ l Fairly level grass plains
=, L Few trees, winter time
Ll Cut grass (=0.03 m)
é L Natural snow surfaces (farmland)
4 L
o (m) 3l Airports (runway area)
S
107 ¢
sF Large expanse of water (see Equation (6.1))
i
_; : Desert (flat)
£l
S
104 0 b Cabm open sea .
5 [ Snow — covered plains
s |
4 L
3
S
Ice, mud flats
10-°
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Figure 3-2: Wind profiles for 3 surface roughness parameters
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This is contrary to the profiles shown in Figuré 8#ich originate from a common wind speed
at the gradient height. In this study the modeéingording to 3.1 is used because of the
relevance of the measured reference wind speedheannway threshold, which is radioed to
the pilots during their final approach.

3.3 Gust and turbulence

The velocity of near surface winds is constantlgrading. Fluctuations in direction and in speed
occur every minute. Consequently the mean wind fboaccompanied by varying amounts of
shears as the wind is broken up by the surfacehrmgs into gusts and turbulence. As with the
mean wind speed the turbulence depends on theofytperain and is greater in urban areas than
in open country. From measurements it appearghbahagnitude of the gusts increases with
the mean wind speed.

Theoretically the gust/turbulence due to the sheagifect becomes negligible at the gradient
height. However the intensity of the turbulencels affected significantly by the thermal
stability of the air. Cold surface air tends to gaout mechanical turbulence. Heated surface air
tends to rise and to increase turbulence. Whewihe is strong, the air near the surface
becomes thoroughly mixed and the thermal stalbiggyomes neutral. Under these conditions
temperature differences are such that they neitéwep out nor increase the mechanical
turbulence caused by surface roughness.

The mean wind is constant for the wind averaged aspecified period of wind measurement.
The error in the mean wind is defined as turbuleiibe characteristics of turbulence are
determined by scale length (band width) and stahdaviation (intensity). The turbulence
intensity is defined as the quotient of the staddbaviation (root mean square) and the
momentary mean wind speed. Tthebulence intensity is not constant because of the change
in mean wind speed with height. Thebulence intensity is also reflected in the variations in
wind direction. In smooth terrain the wind directibuctuates through +20dg typically and
+40dg maximum. In rough city terrain the fluctuatie +60dg typically and peak fluctuations
correspond to a complete reversal of the wind fitingction.

In ([25] a gust speed envelope is derived basat@turbulence intensity and the so-called
peak factor. Theturbulence intensity is dependent on the surface roughness lengtra(eD)

the height above the ground. Tipeak factor is a function of height, gust duration and the
observation period over which the wind speed issue=.

The ratio between the maximum gust speed (enveklnp@}he mean wind speed is called the
gust factor. In ([25] thgust factor is defined as follows:

Gust factor= Vgust/Vwind = 1+peak factor x turbulence intensity (3.2)
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The maximum gust profile (gust envelope) is alsmashin Figure 3-2. It must be realized that
this is a profile of the envelope of peak gust gggather than the profile at a particular time.
Instantaneous wind speed profiles including gudtitience as function of height might evolve
as is shown in Figure 3-2 (red curve).
For a fixed reference wind spé&drigure 3-2 clearly shows the substantial efféthe surface
roughness parameter on the mean wind speed paofiléhe corresponding gust envelope.
Table 3-2 shows wind speeds and correspondingagtsts obtained from Figure 3-2
applicable for a height of 200 ft.

Table 3—-2: Wind speeds as function of surface roughness

Values at 200 ft z0 (m) Mean wind Max. gust Gust factor
Mean wind: 23 knots speed (knots) | speed (knots) (-)
flat desert| .001 28.5 35 1.23
open farmlandg .01 30 39 1.3
hedged farmland .1 33 48 1.45

Figure 3-2 shows large shear effects as functidreafht for the wind speed profile
corresponding to thenedged farmland'.
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Figure 3-3: Gust factor as function of height (no obstacle)

For the wind profiles in Figure 34ust factorsas function of height are presented in Figure
3-3. Gust factor values range from approximatelyp4->1.36 at a height of 500ft to values of

1)
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1.3<->1.5 close to the ground. In strong, turbuleimd conditionsgust factorsare typically

1.3 over open sea, 1.6 over open country and Peatey over very rough terrain.

When the wind has blown over a fetch of at lea®kh®of uniform terrain the boundary layer

is in equilibrium with the underlying surface itke wind and gust profile does not change with
increasing distance. However it is exceptional thatifficiently long upwind fetch of uniform
terrain occurs for an equilibrium boundary layeekist. Examples are open sea, large plains
and extensive forests.

Immediately downwind of a change in terrain rougtmeuch as the edge of a town, a new
internal layer starts to grow. This is schematjcalown in Figure 3-4. Within this new layer
the flow is not in equilibrium and the wind profind its turbulence characteristics change as
the distance behind the change in terrain roughinessases. Above the internal layer it can be
assumed that the wind profile is independent afyam the distance and equal to the value just
upwind of the roughness change. A change in surfagghness causes changes in the profiles
of mean wind speed and gust/turbulence. Consequietigust speed also changes with the
distance downwind of the roughness change up toticplar distance where equilibrium
conditions are again established.

The change in surface roughness shown in Figureng8@duces an increase in wind shear
effects and turbulence levels.

Vh
Vh \Vh

) :

hl internal layer

V.
z01

equilibrium B A new equilibrium

boudary layer wind profile changing with x boudary layer

upwind of site A X site downwind of site

sudden roughness change

Figure 3-4: Wind profile as function of distance behind change of surface roughness

3.4 Wind shear

Air flow in the boundary layer is normally turbuleie some degree but such turbulence does
not significantly alter the aircraft’s flight patRractically all turbulence hazardous to flighais
result ofwind shear, a suddefivariation in wind along the flight path of a patte intensity

and duration that displaces the aircraft abruptlgrh its intended path.Theshear is the rate
of change of wind speed and directioand its effect on flight can range from inconsetjia¢

to extremely hazardous.
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The wind shear hazard arises from:

Vertical shear which is the change in horizontal wind velocitytwheight. i.e. as the aircraft is
climbing or descending.

Horizontal shear is the change in horizontal wind velocity (i.eesd and/or direction — gusts
and lulls) with distance flown.

Horizontal speed defects, up draughts and downtitawgll impact the angle of attack of an
aircraft flying into them. A horizontal speed ddfatcombination with a vertical downdraught
can cause an aircraft to sink rapidly and can iafpmse high structural loads on the aircraft. If
such gusting/turbulence occurs when an aircrdlyiisg near the surface, particularly in take-
off and landing, it may place the aircraft in a garous situation. The closer to the surface that
the shear occurs the more hazardous it will baifaraft, particularly for aircraft with low
momentum. The shear may be large and rapid enaugkceed the airspeed safety margin and
the aircraft’'s capability to accelerate or climb.

3.5 Effects on aircraft response

Frequencies affecting flight handling range betwéeand 2.5 rad/sec (.08 and .4 Hz).
Consequently scale lengths of turbulence definethisyfrequency range are important for
aircraft control issues.

At lower frequencies the effect on control becomhess prominent, however then aircraft
performance becomes affected. In this lower frequérand wind shear phenomena play an
important role. Wind shear in the horizontal pl@eharacterized as a change in speed of 20
knots or more for a time period of at least 5 sdson

From a flight handling point of view near the vitynof the ground unique and complex flight
conditions occur. Just before and during the fiareurate control of the flight path is required
because the width of the runway is small where@glahanges in both strength and direction
of the wind may occur. In addition precise contbthe roll attitude of the aircraft is required.
In particular this applies to large wing-mountedjiee configurations where a nacelle ground-
strike is possible. Therefore both handling andgoerance are at stake during final approach in
strong wind conditions.

As has been discussed a number of variables asenirim the models describing the
characteristics of the atmosphere in the boundamr! Key parameters are the wind speed at
the reference height (Vwind ref), the surface rowegs (z0), the standard deviation of the
turbulence (related to the turbulence intensity) tire scale length. Figure 3-5 shows the
relationship between the surface roughness anstanelard deviation of horizontal turbulence
(sgmu, sgmv) as function of the wind speed at éifierence height according to Appendix B.
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The same relationship is found from ([25]. Alsoigaded in the figure are values of correlated
turbulence intensities.

Standard deviation turbulence (sgmu,sgmv) (kts) 38 36 34 32 30
4

h=33it

|

=
=
7

heawy

4 = i

= A\

/ - Vwref (kis)
3

medium
2
light

1

\

lu=.125 lu=.15 lu=.20 lu=.25 lu=.30

0
0.001 0.010 0.100 1.000
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Figure 3-5: Standard deviation of horizontal turbulence as function of z0

JAR-AWO ([10] has defined atmospheric models ajgbie for low altitude (<2000ft) which
are used amongst others for the certification ¢dland systems. In this document JAR-AWO
also defines various levels of turbulence whichgiven in the next table.

Table 3-3: JAR-AWO definition of turbulence levels

Standard Light Medium Heavy
deviation (kts)
Sgmu = Sgmv 1.5 3.0 5.0
Sgmw 75 1.5 2.5

In the atmospheric models the standard deviatigheofertical turbulence (sgmw) is correlated
to the horizontal turbulence components. FiguresB@ws this relationship as function of
height according to JAR-AWO ([10] and ESDU ([25]c&n be observed from the figure that
the JAR-AWO standard deviation of the vertical tuemce is equal to the horizontal
component at a height of 1000 ft or more and dee®to a half near the ground. ESDU shows
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a similar relationship, only very close to the grduhe standard deviation (Sgmw) decreases to
zero.

The three turbulence levels mentioned in Table&@-e3schematically depicted in Figure 3-5 as
three separate bands. It can be observed thaga ddrsurface roughness magnitudes are able to
create heavy turbulence. For instance a z0 valug0din causes heavy turbulence (standard
deviation 4.3 knots) at an extreme reference wpeed of 35 knots.
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Figure 3-6: Relationship of vertical turbulence and horizontal turbulence as function of height

However the same standard deviation results freorface roughness of .03m and a reference
wind speed of 23 knots. Turbulence intensity howéveguite different for the two cases and
ranges from .125 to .18.

ICAO has defined turbulence levels in terms of gataons with respect to the normal 1g load
on the aircraft. These are presented in the nbié.ta

Table 3—4: Turbulence levels according to ICAO

Very low below .05 g Light oscillations

Low 0.05t00.2 g Choppy; slight, rapid, rhythmic bunopgobble stoning
Moderate 0.2t00.5¢g Strong intermittent jolts

Severe 0.5t01.5¢g Aircraft handling made difficult

Very severe above 1.5g Increasing handling difficulty, struettdamage possible
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Figure 3-7 presents maximum normal loads in thghtdiand of 50ft to 200ft experienced
during 100 auto land approaches with the F100 iiing turbulence conditions. During the
approaches no “stand alone” obstacle was presbkatturbulence characteristics are completely
determined by a build up area. From the indivigalats in this figure it can be observed that
when the standard deviation of the horizontal gegtu) is increased from 1.0 knot to 7.4
knots the maximum normal load that can occur irsgedrom 1.1 g to 1.65 g. In the plots the
surface roughness and reference wind speed is sivhigh leads to the sgmu range presented.
For reference in Figure 3-7 also the boundariefoferand moderate turbulence as defined in
Table 3—-4 have been indicated.

Figure 3-7 shows that sgmu values in excess ofbappately 6 knots may lead to severe
turbulence conditions according to ICAO standafgsording to JAR-AWO this is designated
as heavy turbulence.
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Figure 3-7 Maximum normal load as function of sgmu standard deviation

In Appendix A it is shown that g-variations of .32qd .36g occur for the B747 and F100
respectively when flying in “heavy” turbulence carahs defined by JAR-AWQO”. In ICAO
standards this condition is labeled as moderateiteince (Table 3—4).

It can be demonstrated that the low altitude atiesp model of JAR-AWO is valid for only
one surface roughness length viz. z0=.046m. As cambiserved from Figure 3-5 this

corresponds to a turbulence intensity of .2.
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From Figure 3-5 it appears that heavy turbulendée JAR-AWO model (z0=.046m) can be
created by reference wind speeds ranging from 2@skio 30 knots.
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Figure 3-8: Definition of scale lengths

Figure 3-8 shows the scale lengths LU, LV and L\pliapble for horizontal turbulence (sgmu,
sgmv) and vertical turbulence (sgmw) as definedAR-AWO and MILSPEC. They are
tailored to the frequency range of interest vighi handling and performance at low altitude
(<2000ft). Also plotted are the scale lengths dediby TSO-117A ([13], which specifies
criteria for wind shear alerting systems. Bothtfar offline and online (pilot in the loop)
simulations the scale lengths as defined by JAR-AMIOPSEC are used in the atmospheric
model. As can be observed from Figure 3-8 the dealgths range from a constant value of
1000ft above a height of 1000 ft to 50m near tlogd.
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4 Wind climate behind a “stand alone” obstacle

4.1 Introduction

The present study takes a parametric variatioewéral wind related parameters as a starting
point to evaluate where undesired wind conditidag $0 occur. Moreover, a real time piloted
flight simulator test was part of the research,clilriequires short wind field calculation times.
Both requirements made the use of very sophistioated field calculation methods or the use
of experimental data obtained in a wind tunnel suosequent interpolation less attractive.
Therefore a simple analytic calculation method dexeloped that fulfilled the requirements.
The method was based on widely accepted modelfimgkes behind wind breaks and was
further improved by means of wind tunnel data irkk@sbehind building structures as are
typical for Schiphol and also on wind tunnel datettte PDP. The method is described in detall
in Appendix B. During the piloted simulator tegtse wind field generated in this way was
considered very realistic by the pilots. First agral picture of the wind flow around obstacles
will be sketched.

Furthermore results will be shown of the boundagel wind field including a stand alone
obstacle with a limited width.

4.2 General description
The airflow around a generic block shaped constugs described in ([26], ([27] and ([28]. It
is schematically shown in Figure 4-1.

Figure 4-1: Schematic airflow around building

The airflow depends on the characteristics of ffir@aching wind and on the size and shape of
the building itself. Due to the surface roughnésswind speed increases with the height of the
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building. When the wind reaches the obstacle thmelwgradually diverges until at the stagnation
point at three-quarter of the building height awapl and downward flow occurs. Below this
height air flows downwards and outwards reachimgwindward corners. The accelerated air
streams pass around the corners of the buildingema jets of air are formed in lob-like areas
that stretch downwind for a considerable distahrcearticular for long slender obstacles high
speeds may evolve. The corner streams are usunédiaied as the corner effect and are able to
create wind shear like phenomena.

As the wind flows around the obstacle it createsgures above or below local atmospheric
conditions. Pressures over most of the “wall towdhd wind” are above atmospheric. The
maximum occurs at the stagnation point, where ithis &rought to rest. The contours follow a
well-defined shape around this centre. Close tathmeers accelerating flow produces small
areas where the pressure is below atmospheridqsuantas). The sidewalls, roof and “wall on
the leeside” all experience suction. At the “walltbe leeside” an upward flow occurs towards
the region of high suction on the roof. Close ® sidewalls and the roof air flows in a reverse
direction back towards the front where it separfita® the surface of the building. The air
motion over the top of the building creates an uphilow that only at a respectable distance
behind the building reverts to a downward flow.

The area behind the building is known as the whratle or wake area. In the wake relative slow
wind speeds are present. The area is charactdryzes! high turbulence levels that can be
observed at quite a distance behind the buildihgs i caused by the transformation of high
energy available in the airflow into gust/turbuleneghen the airflow is slowed down
significantly. Changes in wind direction up to 1@fgrees may occur in this area. In general the
wake behind the building extends to 4 to 5 timeskthilding height. However this does not
mean that behind the wake the original undistudpeskd profile immediately is restored. Wind
tunnel tests have shown that the disturbances mtape@to more than 15-20 times the building
height.

The wake and corner streams are two phenomenaddtatach other. As result of the corner
speeds and the wake, whirls will develop starthognfthe corners of the building. Due to these
whirls air is dragged along at the edges of theenska. The air supply for this comes from
larger distances behind the obstacle where speadsally decrease and the pressure slowly
increases. As result of this a flow will evolvean opposite direction towards the building.

This leads to the formation of two large stationahjrls around a vertical axis in the wake area.
The faster moving and smaller whirls are presetwden the fast airflow outside the wake and
the mentioned larger stationary whirls. Due tovlade a site downwind from the obstacle will
be shielded from the wind for a considerable distain practice this shielding depends on the
height of the obstacle and the distance of thedsitenwind. The shielding effect will vary with
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height above the site surface and the net resuffually to produce a distorted wind speed
profile such as given in Figure 4-2.

Also indicated in Figure 4-2 is the boundary of itternal layer that develops behind the
building. In the internal layer wind speeds lesmtthat would occur in the undisturbed flow are
present. Above the internal boundary the undistlivhied speed profile is valid.

It is assumed that the incoming airflow is perpentdir to the front side of the building. This
means that a symmetrical air flow can be adoptdif;iwis favorable for the mathematical wind
flow modeling behind the building. This is not ttese when wind approaches the building
from an oblique direction. Then conical whirls areated on the rooftop and sides of the
obstacle leading to an asymmetrical flow pattefre €onical eddies are transported with the
upward airflow and can be active at a large digdehind the obstacle. The wake area in the
case of an oblique airflow is smaller than for peghicular flow.

height undisturbed flow

internal layer

E obstacle

Figure 4-2: Air flow pattern behind obstacle

distance behind obstacle

Consequently parameters that affect the airflowadcand behind an obstacle significantly are:
1. Height

When the height of an obstacle is increased thie bafilow patterns around the obstacle don't
change very much. However a taller obstacle ine®#®e airflow around the sides of the
obstacle significantly. Because of the increasedarcstreams the height of an obstacle has a
significant effect on the wake area. The tallerdbstacle the larger the reverse flow area will
be.
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2. Width

An increase in obstacle width at constant heigbtagepth has a large effect on the magnitude of
the wake area. There appears no limit value farghenomenon. Consequently an increase in
obstacle width will automatically lead to a largeake area.

3. Depth

When the depth of an obstacle is large in relatoine width and height of the obstacle a
smaller wake area will develop. This situatione@sisvshen the depth is more than two times the
building height. Consequently a thin obstacle @eatwake area with larger whirls and more
reverse airflow.

4. Airflow direction

When a corner of an obstacle is directed towaresvind direction (oblique flow) this may lead
to the creation of strong conical “corkscrew likefiirls that can be transported by the airflow

over a large distance behind the obstacle. Verypbexrand asymmetric flow patterns may
result. In general an oblique airflow leads to aken wake area.

5. Shape

The shape of an obstacle strongly affects theoairflatterns and the resulting wake
characteristics. If an obstacle diverges from thleck shaped” form as is discussed here wake
characteristics can deteriorate substantially.rfengéase in roof inclination enlarges the wake
area. Also the roof and roof edge shape defin@dissibility of the creation of strong conical
eddies. Smooth and rounded shapes are favorathlssirespect because the lower probability
on whirls. An abrupt change in shape creates stainfigws and eddies. As result of the U-
shape of the construction this situation occurteti@engine test run facility (PDP) mentioned
in section 2.2.2. Characteristics of such an obstae defined as “worst case” in the offline
and online simulations. Therefore to avoid highespairflows the pressure differences must be
kept as low as possible. Consequently gradual @simggeometry must be aimed at. If the
shape of an obstacle deviates from the rectanfpiarusually wind tunnel or flow calculations
are required.

4.3 Wind climate modelling behind infinitely long (2D) obstacle

The model for the wake behind an infinitely longtatzle placed perpendicular to the wind is
studied extensively in the past and well-documendditiough this type of obstacle is not of
interest in the study at hand, it serves as this lfasdetermining the wake behind obstacles of
finite width and the PDP. The wake model is thesasiused for the FLYLAND study ([9].
This is a modified ESDU-model ([18] with improvetkfto the experimental data. A detailed
description of the model is given in Appendix B.
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4.4 Wind climate modelling behind obstacle with limitedwidth

The 2D wind break model has been extended to iedluel end effects for wind breaks or
buildings of finite width in order to generate alistic, although generic building wake.
Verification of the results was done using the itssaf wind tunnel measurements. Figure 5-3
shows a comparison between the results of the msael and the wind tunnel for a wind field
at 400m behind a building complex. It is seen thatcomparison between the wind velocity
defects is very acceptable, certainly if the generke properties (width, gradients and depth)
are considered.

EH 310/A-4422 (Vx-Vabl)/V10: XH = 13.3333 (400 m)

Z [m]
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a) Results of wind tunnel model
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b) Data from wind tunnel experiment

Figure 4-3: Wind velocity decrease behind building complex
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4.5 Wind climate modelling behind PDP facility

The calculation of the wind field behind the PDRadlved a more complicated model as the
strong vortices shed by the PDP had a dominatiiegtedn the vertical position of the wake.
Besides, the wake of the PDP was exceptionally deepto the unfavourable shape of the
facility. This combination caused a deep wake tdifte to the height of the approach
trajectory for runway 27 (Figure 4-4).

deep, turbulent wake T
due to shape PDP | 2 -
.
strong vortices
APP= . — vortex rotation generated by
- lifts wake - side walls:
e rotation ypin
7y, center

PDP

Figure 4-4: Schematic of vortex wake lifting mechanism behind PDP

It was this wake that lay on the basis of the aagji7 knots criterion. Figure 4-5 shows the
results of the wind tunnel measurements transiatedhe actual wind conditions that occurred
at the times of the approaches that resulted at mlports. On one day the wind direction was
220 with 22 knots and on the other day it was 24fih 30 knots. The cross wind components
in both cases reach 7 knots as is seen in theefigur
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Figure 4-5: The 7 knot cross wind velocity variation behind PDP (pilot report conditions)
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The rationale behind the simple criterion was agewrin ([5]:

1. “The magnitude of the velocity defect in case afssrwind conditions will determine the
magnitude of the side slip disturbance effects,

2. For a wake of given width, the maximum velocityetgfis proportional to the gradients
experienced by the aircraft;

3. The larger the gradients, the larger also the (yeramic) turbulence levels in the wake.”

However, as was stated in the same referenceriteaan clearly lacked a more sound basis

e.g. to make more clear statements on the widtheofvake that also determine the gradients,

apart from being ‘of the order of the width of tRBP-wake’. The present study is intended to

shed more light on that question.

Wx 16/09/1998 17:22:10 abkS+T PDP 16 m
Eo T T T T T T T

1.30000

1.25000
1.20000
B0 [— 1.15000
1.10000
1.05000

1.00000

0.950000

20— 0.800000

- 0.850000
0.800000

wovall 1008.pe

~80

a) Measurement DNW-LST ([5].

PDP 210 (16 m) Vx with lateral velocities: X/H = 21.875 (350 m)

b) Result of PDP wind model at x=350m.

Figure 4-6: Wind field behind the PDP for wind direction 210 °(colors give velocity magnitude
(V/V4p) in wind direction, vectors are velocities normal to the wind direction)
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Vx-Vobl 11/08/1998 11:58:09 abl:S+T  PDP 16 m a:zgz:ﬁ:za?i;g%g?
80 - J 0.100000
0.0500000
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~0.0500000
~0.100000
~0.150000
~0.200000
~0.250000
~0.300000
L -0.350000
i ~0.400000

Y [m] wave011003.ps

60—

20—

a) Measurement DNW-LST ([5].

PDP 210 (16 m) (Vx-Vabl)V10: X/H = 21.875 (350 m)

-80 60 -40 20 0 20 40 60 80
Y [m] min(dVx)=-0.50

-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1

b) Result of PDP wind model at x=350m.
Figure 4-7: Wake behind the PDP for wind direction 210 9.

The wake including cross flow velocities, as meadun the wind tunnel, is shown in Figure
4-6 in comparison with the results of the calcolatmethod, adapted for the PDP-situation.
Dimensionless wake velocities as obtained from wimhel data and the PDP wind model are
presented in Figure 4-7 . As can be observed fiir thata sets the position and depth of the
wake show a good agreement.
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Turbulence levels were also measured in the LSITf&gure 4-8 shows the turbulence level
distribution behind the PDP at z = 46 and 22m enghme cross section as above. The
calculation results were adapted in these graphgflect the lower undisturbed atmospheric
boundary layer turbulence levels that were preethiis wind tunnel test.
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Figure 4-8: Calculated turbulence levels behind the PDP for wind direction 210 °(blue line)
compared to the DNW-LST wind tunnel results (red line)
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4.6 Atmospheric model examples

The effect of the wake behind a “worst case” olletan the wind speed profile is presented in
Figure 4-9 For the same three surface roughness parametevs ghéigure 3-2 (z0=.001m,
.01m and .1m) the wind speed distortion is preskerithe speed defect corresponds to an
obstacle at a position of 400m before the thresholtia lateral offset of 700m with respect to
the runway centerline. Dimensions of the obstaeagheight of 45m and a width of 250m. It
can be observed that for these conditions the spefedt occurs between a height of 150ft and
250ft. The maximum speed defect varies from 10akts4kts depending on the surface
roughness.

It can be expected that the speed defect in conibinaith the mean wind speed profile and
the stochastic gust/turbulence variations leadsrtaller or larger shear effects, depending on
the sign of the gusts near the speed deficit. Bituations are possible in which the combined
effect of the speed defect and gusts partly camelThis means that the mutual effect of the
wind disturbance due to the obstacle on the airperformance is minor. However also a worst
case scenario may arise if circumstances are dgdintise odds and both wake and gust
enhance each other.

Obviously in the crosswind landings that are comsd in this study both the head wind and
crosswind component are affected by the speedtdé&ligare 4-9 shows the head and cross
wind components when the mean wind direction israssl constant with height and making an
angle of 60 degrees with the runway centerline. Wimel velocity is taken such that the cross
wind at the reference height of 10m correspon@dtknots.

The speed deficit in the headwind (along track) lmamabeled as a performance decreasing
wind shear phenomenon, whereas the sudden Iuikierosswind (cross track) may lead to
disturbing roll deviations and to an offset in tbealizer track.

Just as irFigure 3-2the gust envelope profile is include in Figure 4H9can be observed that
the gust speed envelope becomes smaller in the Isgigie range where the speed deficit
occurs. However still higher gust factors are edgueed in this area as is showrFigure 4-10
Depending on surface roughness the gust factacieased with 30<->35 % due to the
presence of the obstacle.
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Figure 4-9: Wind profiles including nearby obstacle for 3 surface roughness parameters
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Figure 4-10: Gust factor as function of height with obstacle included
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5 Acceptance criteria for non-piloted and piloted simulations

5.1 Introduction

To decide whether the flyability during approa@nding and flare in the presence of obstacles
is acceptable or not acceptance criteria are ésftall. These acceptance criteria have been
applied both to the objective data gathered dutiegffline (non-piloted) and online (piloted)
simulation runs and to the subjective ratings efgioject pilots during the piloted simulations.
Although not used as an acceptance criterion aksagink rate at main gear touch down is
discussed.

5.2 Objective acceptance criteria
The objectiveacceptance criteria are related to the followtegs:

1. Applicable topiloted simulations
*  The number of go-around’s in the piloted simulagion
a. Due to alongitudinal/lateral speed defect
b. Due to turbulence
2. Applicable tonon-piloted simulations
* The number of crossings of the critical F-factothia offline simulations in the altitude
band of 50ft to 450ft.
a. Due to alongitudinal speed defect
b. Due to turbulence
3. Applicable topiloted andnon-piloted simulations
* The vertical speed during final approach (<200ft)
a. Due to a longitudinal speed defect
b. Due to turbulence
*  The touchdown dispersion
a. Due to alongitudinal/lateral speed defect
b. Due to turbulence
* The bank angle at the runway threshold (F100 sitiaunis only)
a. Dueto alateral speed defect
b. Due to turbulence
* The bank angle at touchdown.
a. Due to a lateral speed defect
b. Due to turbulence
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5.2.1 Critical F-factor
A wind speed defect along the approach path ofrara#t can be seen as a wind shear
encounter. Due to a number of accidents in the WS#hich wind shear was the main cause,
wind shear alerting systems have been developextdir to certify these systems Technical
Standard Orders (TSO) have been issued by the BAAnportant parameter that evolved
from NASA studies ([12] with respect to this suljescthe so-called F-factor expressed in g. It
describes the wind shear impact on the climb awglerespect to the ground. The F-factor is
defined as:

FFACT(g) = 2x - (5.1)

g TAS

whereU . Is the Lagrangian derivative of the horizontal wigds the gravitational acceleration,

w is the vertical wind component allédS is the aircraft’s true airspeed. The first termtlog
right side represents tt@rizontal shear component and the second ttegtical shear
component as mentioned in section 3.4.

Shear intensity curve
0.5
: TSO-Cll7a
045 1 ", 20 knot w indspeed
| change line
04 : i
Fav : N
0.35 A g’ R
(9) N N
03 1 : R must alert
0.25 A .
02 - )
F K »\ .
oo E R ; critical F-factor
0.15 -
| mayalert -, 7kis windspeed
. Y / charige line
0.05 4 o
must not alert :
0 T T T - . ‘ :
tx
° ? N 6 8 Time(s) 10 12 14

Figure 5-1: Wind shear intensity curve and critical F-factor
In TSO —C117 ([13] trip levels for these systenesdeafined. In Figure 5-1 the so-calleshear

intensity curve” is shown in which these trip levels are indicatdd an example in the plot the
parameteFav, xis the average shear intensity, which results26-&not wind speed change
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aftertx seconds. According to this TSO then a wind shiest @ust occur. Also in the graph

the line corresponding to a 7 knot wind speed desgalotted.

In this investigation a critical F-factor value.@bg is chosen as longitudinal criterion. This
F-factor value frequently is used in NASA studies & also plotted in Figure 5-1 as well.

For the offline simulations the crossing of thdical F-factor below 200 ft is considered as an
“alternative” go-around parameter.

The critical F-factor can be triggered by a spesféct as result of e.g. obstacle shading but also
in turbulent conditions in which shear phenomeng bepresent.

5.2.2 Vertical speed during final approach (below 200ft)

5.2.2.1 Due to a longitudinal speed defect

A descent rate of 1000 ft/min or more is consideneacceptable during final approach. If such
an event is encountered in this stage operatiooakpures prescribe the initiation of a go
around. Consequently this event is used as an tacuapcriterion in this study. To evaluate the
amount of longitudinal speed defect behind an alestahich causes a descent rate exceeding
1000 ft/min., open loop simulations with the F100dal were performed. Vertical speed loss
due to various combinations of the strength ofrgjitzidinal wake versus endurance of the wake
was evaluated.

In the performed simulations it is assumed thaetient can evolve unattended for a time
period of 3 seconds before pilots will react to $iiaation. Consequently the descent rate due to
the longitudinal speed defect was recorded afs&c®nds. As an example a time trace of a
maximum speed defect of 8 knots in a time period séconds is presented in Figure 5-2. The
overall results of the evaluation are presentdeéigare 5-3. Herein the descent rate after 3
seconds is depicted as function of the maximumdpeéect (wake) encountered and
endurance of the speed defect. The descent ratedang to the ILS glide path is indicated as
well. From the figure it can be observed that wakigs a maximum of 8 knots or more and
lasting more than 4 seconds lead to a descenitrateess of 1000 ft/min.

WAKE ALONG TRACK (kts)
9
[ s

8 ! g

1 4 sec wake
7 i
6 i
5 1 Wake 8 kts
4 i
3 i
2
L N\ /
N N

0 1 2 3 4 5 6
t(s)

Figure 5-2: Maximum longitudinal speed defect of 8kts in 4 seconds

54



o

NLR-TP-2010-312
A
VIS (ft/min) after 3 sec
-600 ‘
— ]sec wake
2 sec wake
-700 e 3 sec wake ||
— 4 sec wake
-800 IT— \\ = 5 sec wake ||
\\\ \\\ — 6 sec wake
\
-900 \\\
\ | \\
-1100 \\\ \
-1200 \\\
-1300 ! \
4 6 8 10 12 14 16 20 22
w ake (kts)
Figure 5-3: Descent rate as function of speed defect characteristics
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Figure 5-4: Longitudinal time histories corresponding to a along track speed deficit of 8 knots

Time histories of vertical speed, CAS, angle ddeltPitch attitude and the speed deficit
gradient as result of the along track speed dafdéigure 5-2 are shown in Figure 5-4.

The along track speed defect shown in Figure 5adbeaconsidered as a condition in which a
wind shear occurs. This is illustrated in Figuré By the time history of the airspeed (CAS).
The speed deficit gradient attains a peak valué &fs/m., which corresponds to a 8kts speed

defect over a distance of 80m.
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5.2.2.2 Due to turbulence

Apart from a speed defect due to shading of a tstdone” obstacle also gust/turbulence is able
to create vertical speed s in excess of 1000 ft/iirfis is illustrated in Figure 5-5 in which the
minimum vertical speed in the altitude band of %0f200ft is depicted encountered during 100
auto land approaches with the F100 aircraft in mgryurbulence conditions. During the
approaches no “stand alone” obstacle was present..
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Figure 5-5: Minimum vertical speed as function of sgmu below 200ft
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From the individual plots in this figure it can bleserved that when the standard deviation of
the horizontal gust (sgmu) is increased from 16 ka 7.4 knots the minimum vertical speed
that can occur decreases from approximately -78@rftto -1360 ft/min.

In the plots the surface roughness and referenoe sypeed is shown which leads to the sgmu
range presented.

For reference in Figure 5-5 the 1000 ft/min descat& has been indicated.

Figure 5-5 shows that standard deviations of hateddurbulence (sgmu) in excess of
approximately 4 knots may lead to busts of the 0@@n descent rate

5.2.3 Vertical speed at touch down

The vertical speed at the moment of touch downmasitored and evaluated, but it was not
used as an acceptance criterion. The reason #isttiat vertical touchdown speeds in
simulators generally appear to be larger thanahleandings. This is created by a number of
limitations inherent to piloted simulation suchlask of periphery and small time lags between
visual and mathematical model parameters. Botlfftine and online simulations limitations

in the models representing the ground effect aadl{imamics of wheel spin up are restrictive.

x 2 EE
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2| 8
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2
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g
= 1 [ 0 0 < B TTTTIIII I
o P -y
L~ | .[2:8 (nominal) |... 36
5 W

............
0 |
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Normal variables of weight, Effect of wind, shear and
CG, GS angle etc turbulence

Piloted flare

Figure 5-6: Touch down velocities

Figure 5-6 indicates the dispersion in touch dowetosities for B747 aircraft around the
nominal 2.8 ft/sec as experienced during normalitags and landings in adverse weather
conditions such as strong winds, shears and turbele

A cumulative probability plot of B747 touch downtdas shown in Figure 5-7. It reveals that
for 99.5% of the landings a vertical velocity ai¢b down of 6 ft/sec or less is experienced.
Therefore a touch down sink speed of 6 ft/sec iptetl as a reasonable boundary for this
study.
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5.2.4 Touch down dispersion
The required touch down position is defined by JAWRO document section 131 ([10]. This

Figure 5-7: Cumulative distribution of B747 touch down descent rates

document yields criteria for performance demonistnadf automatic landings. The required

touch down accuracy is shown in Figure 5-8, whigplias to the aircraft's center of gravity

position relative to the runway.

The box is symmetric with respect to the centertihthe runway, because it is the aim of pilots

to have main gear touch down near the centerlirenf cockpit perspective this means (in

particular for large aircraft) that during flaredalanding the cockpit position is on the upwind
part of the runway. Because of the difference ieelhirack between the B747 and Fokker 100

both aircraft have different allowable center aty touch down zones.

2800ft

v
200ft 4

150ft
123t boundary of touchdown zone lighting
_|104ft]|
B - CG TD zone B747
///
| /ce TD zone F100
Vg
runway threshold

Figure 5-8: Required touch down zone
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The touch down dispersion is influenced both byttiibulence conditions prevailing during the
final approach as well as by the influence of aristalone” obstacle creating both a speed
defect and an increase/decrease of the turbulemztions.

5.2.5 Bank angle limits below 200ft (including T/H and tauch down)

5.2.5.1 Introduction

Lateral directional acceptance criteria have bedfimeld from wake vortex research. Here it was
investigated which roll angle disturbance due va#te encounter was accepted as function of
height. Work done in this area is described in]([{{45] and ([16]. Figure 5-9 shows the
magnitude of the roll angle as function of heighdwe the ground that was still considered as
non-hazardous. Figure 5-9 was derived for a fogiree Boeing B-707 aircraft. It can be
observed from the plot that at heights below 2Q@8dttolerated roll angle varies from
approximately 10 degrees (200 ft) to 6 degreest{50

Height (ft)
450

oo |\ /
300 \ /
250 \ B /
200 N 7

50 B /

100

50

0

20 -8 -6 -4 -2 -0 -8 6 -4 2 0 2 4 6 8 10 2 U B B 20
Maximum bank angle (dg)

Figure 5-9: Boundary between hazardous and non-hazardous bank angles

5.2.5.2 Bank angle limit due to a lateral speed defect

To evaluate the amount of lateral speed defechidedm obstacle which causes a bank angle
exceeding the values presented in Figure 5-9, tgmmsimulations with the F100 model were
performed. Bank angle excursions were recordedtiggdirom a matrix in which the maximum
strength of a wake versus endurance of the wakevaréed. Hereby it is assumed that the event
can evolve again unattended for a time period sé@®nds before pilots will react to the
situation. Consequently the bank angle changealtietspeed defect was recorded after 3
seconds. As an example a time trace of a maximteralsspeed defect of 12 knots in a time
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period of 4 seconds is presented in Figure 5-1@.0uerall results of the evaluation are
presented in Figure 5-11. Herein the bank angkr 8fseconds is depicted as function of
maximum lateral speed defect (wake) and enduraintte speed defect.
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Figure 5-10: Time history of a lateral speed defect as function of time
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Figure 5-11: Bank angle limits as function of wake strength and wake endurance

From the figure it can be observed that wakes diri?s or more lasting more than 4 seconds
lead to a bank angle in excess of 6 degrees. Tistaries of side slip angle, bank angle, roll
rate and roll acceleration and heading/track adtrebthe lateral speed defect in Figure 5-10
are shown in Figure 5-12. Furthermore in the figheespeed deficit gradient (kts/m) is
presented. A peak value of .15kts/m can be obseffed means that with this gradient the 12
knots speed deficit is reached after a distan@®of.

The lateral speed defect shown in Figure 5-10 eacosidered as a condition in which the
crosswind momentarily drops off. This is illustrdie Figure 5-12 by the time histories of
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heading (PSI) and track (TRACK). Initially an offsetween the two variables is present as

result of the left-hand crosswind.
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Figure 5-12: Lateral time histories corresponding to a lateral speed defect of 12kts

When passing the obstacle shading the cross wilscofeand track and heading come together
leading to perturbations in side slip angle antl Elie to the so called dihedral effect of the
wing the lateral speed defect initially resultsipositive side slip angle and left wing down roll

acceleration.

5.2.5.3 Due to turbulence

Apart from a lateral speed defect also turbuleaa@pable of upsetting the aircraft during final
approach. This is illustrated in Figure 5-13 in ghhthe maximum bank angle in the altitude
band of 50ft to 200ft is depicted encountered aufif0 auto land approaches with the F100
aircraft in varying turbulence conditions. Duriigetapproaches no “stand alone” obstacle was
present. From the individual plots in this figurean be observed that when the standard
deviation of the horizontal gust (sgmu) is increbfsem 1.0 knot to 7.4 knots the absolute
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maximum bank angle excursion that can occur inesseem approximately 1.6 degree to 8.3
degrees.

In the plots the surface roughness and referenoce sypeed is shown which leads to the sgmu
range presented.
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Figure 5-13: Maximum bank angles as function of sgmu below 200ft

For reference in Figure 5-13 the 6 degrees banledingjt applicable at the runway threshold
and at main gear touch down has been indicated.
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Figure 5-13 shows that standard deviations of bat&l turbulence (sgmu) in excess of
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approximately 4.5 knots may lead to a conditiowich the absolute bank angle exceeds 6

degrees.

5.3 Subjective acceptance criteria

Subijective criteria for the piloted simulations Bdeen based on Cooper-Harper and mental
workload rating scales. Examples of these ratiadescare presented in Appendix C. Although
not used as a criterion the rating scale for assg#ise control effort of selected parameters
during a specific task is presented in this appeatsio.
Albeit related to each other, approach and landnegdifferent phases of flight for pilots with
different performance criteria. Therefore in thiotgd simulator experiment two phases have
been defined for which pilot ratings have beenexéd.

Table 5-1: Acceptance criteria for pilot ratings

approach
(1000ft- landing
200ft) (200ft-TD)| take-off
less than 1/2| 40-100ft
desired dot overT/H| --—----
longitudinal
less than 1 | 100-150ft
adequate dot overT/H|[ --—---
less than | less than
less than 1/2| 30ft from | 10ft from
desired dot CL CL
lateral
less than
less than 1 | 60ft from
adequate dot cL | -

First the‘approach phasewhich covered the height range from 1000ft to 2&0f the actual
‘landing phase’from 200ft to touch down including de-crab anddlaro assist the pilot in
keeping consistent C-H ratings during the experinfiemboth phases different performance

criteria have been used. These criteria are predémfTable 5-1.
The pilots were briefed to base the decision toeeitontinue or abort the landing on:

* The interpretation of the basic flight instrumesiieh as speed, speed trend, climb/sink
rate, altitude, ILS deviations and wind vector thgp
e The perceived hazard of the situation.
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5.4 Summary of acceptance criteria
The following acceptance criteria have been defioedhe offline/online simulation runs:
« Acceptance criteria onbjective data
i. For thepiloted simulationsthe presence of a “stand alone” obstacle mayaaat to
an increase in the number of go-around’s.
ii.  For theoffline simulations the presence of an obstacle may not lead to deslag
increase in the number of crossings of the crificédctor below 450 ft.
iii.  The touch down point of the aircraft’s center cd\gty must fall within the box
defined in Figure 5-8.
iv. Below 200 ft the maximum bank angle in the simolatiuns may not exceed the
values as indicated in Figure 5-9.
v.  No single landing may experience a bank anglewtt@own exceeding the value
corresponding to a nacelle or wing tip ground strik
vi. Descent rate below 200ft may not exceed 1000ft/min
« Acceptance criteria osubjective data (piloted simulations only)
Cooper-Harper rating of less than or equal to Strhesbtained for both the approach and
landing phase.
A C-H rating in excess of 5 indicates moderateaigsficies in flying qualities.
Furthermore the mental workload must be no more thdetween Demanding of pilot
attention, skill or effort’and ‘very demanding of pilot attention, skill or effart”
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6 Non-piloted F100 and B747simulations

6.1 Introduction

To extract valid conclusions from the offline simtibns, validated flight simulator

mathematical models are required in which the nesg® of an aircraft in reaction to

atmospheric disturbances (including mean wind, Isheasts and turbulence) are modeled with
sufficient accuracy.

With the validated models offline auto land simidas can be performed in various

atmospheric wind fields. For the purpose of thigstigation two types of aircraft have been

chosen each representing a specific aircraft eiass Boeing B747 and Fokker 100.

The objective of the offline auto land simulatiosgo find wind disturbances which are critical

from an aircraft response and performance pointet.

Obviously handling qualities are difficult to pretlivhen performing simulations in which the

pilot is not participating in the control loop. Hewer by means of a Monte Carlo like approach

prediction of aircraft landing performance is pobesiwith offline simulations.

In the simulations it is assumed that nominal cooiaé exist. This means that the following

assumptions have been made:

* ILS precision approaches are performed.

* A maximum crosswind of 20 knots (excluding gustsha reference height of 10m is
selected. The consequences of increasing the maxenosswind to 25 knots (excluding
gusts) are discussed in section 9.

e The high speed ground roll is part of the Fokked dffline simulations, because in high
crosswind conditions the high-speed ground patti@landing is crucial. However because
of the limited accuracy of the mathematical modiglscribing the interaction of the
aircraft, landing gear and runway surface resulistrhe evaluated carefully.

* Inthepiloted simulations the high-speed ground part of theitama not taken into
account.

The F100 offline simulations have been performedlbiR whereas the Boeing B747 offline
evaluation was done by the Aerospace Software &i@ogy Institute (ASTI) of TUD.

6.2 Wind conditions

The maximum crosswind/tailwind levels in which tad€ and landing runways still can be
used are very important. It determines the oriemaif the main runways and can lead to
specific requirements for necessary runways unaeswind conditions. The quadrangle in the
wind rose shown in the left part of Figure 6-1 shdte implication of a number of
requirements for runway 27 of Schiphol airporpriésents the boundaries for a crosswind of
20 knots (lines parallel to the runaway trackiawind of 10 knots (right line perpendicular to
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the runway track) and a wind speed of 35 knots dateft). The right part of the figure shows
the same boundaries for a crosswind of 25 kndts) eind of 10 knots and a wind speed of 35
knots. The wind rose also includes wind speediligions for Schiphol as function of wind
direction with a .1% and .2% exceeding probabilitg.can be observed from the plots
maximum wind speeds of 35 knots with a .1% excagpdiobability from south western
directions can be encountered at Schiphol Airport.

For runway 27 the permissible wind directions withexceeding the specified wind limits can
be found directly from the plots. From Figure Gettpoints (green dots) have been determined
for both the offline and online simulations.

The figure on page 63 labelled “FIGURE 1" is ob&irfrom a JAR-AWO document ([10] and
shows the probability of exceeding a given meardvgipeed magnitude based on world-wide
in-service operations of UK airlines. From thistgtaappears that a 30kts mean wind has a
probability of occurrence of .1%. However as isvghan Figure 6-1 for Schiphol 35kts wind
speeds occur with a .1 % probability. Consequehtye is a higher probability to encounter
30kts mean wind speeds or more at Schiphol airport.

6.3 Comparison between B747 and F100 aircraft

Table 6-1 shows a comparison of the B747 and F&0éngtrical, inertial and flight condition-
dependent parameters.

The table clearly shows the difference in aircpaftportions. In particular the difference in
aircraft inertias is appealing and indicates whgsthtwo aircraft have been chosen for the
simulations. It can be noted that the roll inediahe B747 is almost 60 times the inertia of the
Fokker 100, whereas the airspeed only is 1.2 tiarger than the Fokker 100. Obviously this
has impact on the lateral/directional flight dynesni

Table 6-1: B747 and F100 aircraft data for approach/landing

B747 F100 |B747/F100
Parameter Unit

Wing area m2 510.97 93.5 5.5
Mean aerodynamic cord m 8.324 3.833 2.2
Span m 59.643 28.076 2.1
Center of gravity range % mac 14.5-32 7-35

Mass kg 240000 33000 7.3
Inertia moment Ixx kgm2 ]18700000 320000 58.4
Inertia moment lyy kgm2 |]41000000| 1800000 22.8
Inertia moment Izz kgm2 |56000000] 2000000 28.0
Inertia moment Ixz kgm?2 1100000 | 90000 12.2
Flap setting deg 30 42

Gear position dwn dwn

Reference speed kts IAS 141 118 1.2
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Aircraft parameters for the simulations such aslilag mass and flap setting have been based
on a light aircraft weight. Light aircraft weighdse chosen because then reference speeds are
lowest, which from a flying qualities point of vieave more critical.

Recommended flap settings and speeds result frem#mufacturer’s operational manual
(AOM) of the two aircraft (see Table 6-2).

Table 6-2: B747 and F100 reference data

F100 (off line simulations) B747 (piloted simulations)

mass 32860 kg mass 240000 kg

CG 21.7% mac CG 25 % mac
APP/LDG Vref  |129 kts flap 25 APP/LDG |Vref 148 kts flap 25
APP/LDG Vref 118 kts flap 42 APP/LDG |Vref 141 kts flap 30

To bring the dimensions of the two aircraft in perstive Figure 6-2 shows the front view of the
B747 and F100 in relation to an obstacle heigiswh.

25n

F100

Figure 6-2: Aircraft dimension related to an obstacle height of 25 m

The crosswind landing technique of the B747 and)R4 @lifferent. The B747 normally is
traverse landed in a nominally wings level conditidoo large control wheel inputs must be
avoided because of the complicated lateral cosyrstiem of the aircraft. At a certain level of
wheel input also spoiler deflection is commandedttvimay lead to large drag increases not
desirable during the final approach.

Contrary to the B747 the lateral flight control &ya of the F100 is much simpler and only
commands aileron deflection. With the F100 a dé&-cnaneuver is initiated between 100-150ft
AGL leading to a non-wings level condition duritgtflare with the upwind main gear
touching first.
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6.4 Fokker 100

6.4.1 Mathematical models

For the dynamic simulations of the ILS auto langrapches and landings in x-wind conditions
use has been made of an offline simulation packaged on the non-linear equations of motion
([30]. Beside the non-linear aerodynamic model emgine characteristics the package also
contains the mass and inertia properties of th&émk00. Generic auto pilot and auto throttle
control laws governing the control surfaces (IL&king) and throttles (airspeed) are
incorporated in the simulation model.

6.4.1.1 Mass properties model
The mass and inertia properties of the Fokker hbiding fuel quantity and payload
distribution are derived from data presented id]([4

Table 6-3: Mass properties data of F100

Fuel (kg) 5010 Ixx (kgm2) 356920
Payload (kg) 3200 lyy (kgm2) 1843450
OWE (kg) 24648 1zz (kgm2) 2111930
Aircraft mass (kg) 32858 Ixz (kgm2) 90260
Xcg (Yomac) 21.7 Ixy (kgm2) 6930
Ycg (Yspan) .06 lyz (kgm2) -145
Zcg (Yomac) 6.8

Table 6-3 gives an overview of the mass propedia¢a used in the simulations.

6.4.1.2 Aerodynamic model

For the approach and land simulations use was widtie aerodynamic data base of the
Fokker F100 as laid down in Fokker report L-28-3Bk2]. The aerodynamic database used for
stability and control purposes is built up in twars viz. LG100x.tab containing the
longitudinal characteristics and DR100x.tab, whyetds the lateral/directional data.

6.4.1.3 Engine model

The performance and transient characteristicseoRiblls-Royce TAY Mk650 engines used in
the simulations are obtained from a technical desggort.
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6.4.1.4 Landing gear model

The offline simulation package also yields the dyits of the undercarriage, including the tire
and shock absorber characteristics of the F100rigrgkar. The required data for the under
carriage is obtained from ([41].

6.4.1.5 Flight control model

The F100 offline auto land simulations are goverogd

1. Auto pilot control laws which command the controifaces of the aircraft to follow the
ILS glide path and

2. Auto throttle control laws that command the engitvedeliver thrust to maintain the
commanded approach speed.

3. Flare and de-crab control laws that take over aft@nd thrust control at defined heights
above the ground. Control surface and throttle carmds line up the aircraft with the
runway centerline bring the aircraft in a flarechitattitude and close the throttles to idle.

These actions must be performed withstanding tine @isturbances that are present during the

approach.

6.4.1.6 Wind climate model

6.4.1.6.1 Wake axes

In the wake behind an obstacle the average winelsisereduced but mechanical turbulence is

increased, because some of the velocity energyrnigected to turbulence energy. Consequently

intense intermittent gusts and matching lulls cakperienced on the lee side. Turbulent

eddies may form in both the horizontal and vertpiahe.

The mathematical model of the earth boundary laperthe disturbed wind speed profile

behind a three dimensional obstacle is discusseéddtion 3 and section 4 respectively. The

model described in section 4 (applicable to a gefdock shaped obstacle with “worst case”

wake characteristics) has been implemented infflireosimulation package of the Fokker 100.

The wind climate model and all variables related #ve valid in the so-calledvake axes

systeri, which is defined as follows:

Origin: Situated in the geometric center of thetable projected on the ground.

XPATHN-axis: Perpendicular to windward wall, pogdiin the direction of the wind vector.

YPATHN-axis: Perpendicular to the X-axis, positteethe left when looking in the positive X-
direction

ZPATHN-axis: Perpendicular to the ground planetpasupwards

This axes system is presented in Figure 6-3 in.blue
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However the position of the aircraft is presentethe ‘funway axes systeitnwhich is defined

as:
Origin: On the runway centerline at runway thaddh
XRW-axis: Along runway centerline positive in ttiieection of landing.

YRW-axes: Perpendicular to X-axis positive to tiglt as seen from the landing aircraft
HRW-axis: Perpendicular to the ground plane pasitipwards
This axes system is presented in Figure 6-3 in red.

Figure 6-3 shows schematically the part of airdrajectory that is affected by the obstacle
shading and also the positions where the landirgadi may encounter vortices created by a
PDP-like obstacle.

/7 glide path
X3 dg

+YRW

obstacle J___

Figure 6-3: Conversion of wake to the runway axes system

6.4.1.6.2 Effect of wake vortices on F100 aircraft dynamics

As is elaborated in section 4 and Appendix B thergjth of the vortices streaming from a PDP
like structure can be estimated. This data is eyapldo calculate the resulting
increments/decrements in the vertical force anthgpbmoment on a F100 wing platform
crossing the vortex pair. The vortex model is bamethe Rankine formulation ([43] and ([44].
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Figure 6-4: Position of obstacle vortices in relation to the wake

o

Figure 6-4 illustrates the position of the vortiegth respect to the wake behind an obstacle.
The wake is shown as function of the distanceantfof the runway threshold. The wake

characteristics correspond to an obstacle posiid®®m in front of the runway threshold with
an offset to the runway centerline of 700m. Thetadie is block shaped with a width of 250m
and a height of 45m. The wind speed at the referee@ht of 10m is 35kts.
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Figure 6-5: Delta lift and rolling moment due to wake vortices

Figure 6-5 shows the ensuing changes due to thige®ion the lift (DCLVORT) and rolling
moment coefficient (CRROLVR) of the F100 aircraft.
The induced aircraft perturbations due to thesaghan lift and roll appear to be small as can
be observed from Figure 6-6 and Figure 6-7. Thésghow the response of the aircraft in

terms of delta angle of attack (ALFVORT), roll raed roll angle.
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Figure 6-6: Delta angle of attack due to obstacle vortices

In section 4 and Appendix B it is shown that comtita the wake vortices streaming from
aircraft wings vortices due to obstacles are muadller in strength. Consequently they are not
capable to affect the attitude and performancelahding aircraft significantly.
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Figure 6-7: Lateral response due to wake vortex pair encounter

6.4.2 Model check out

Mean wind speed

Before the start of the simulations the implementéd climate including the gust/turbulence
models were compared with models available initeeature. Both MILSPEC MIL-F-8785C
([31] and JAR-AWO ACJ AWO 131 ([10] define mean wispeed models and turbulence
spectra for low altitudes (<2000ft).

MILSPEC requires for the certification of Categ@yoperations a low altitude disturbance
model. Just as the JAR-AWO model the MILSPEC méalbhsed on a logarithmic wind

profile and a reference wind speed at a heighOtif Zhe turbulence models are based on both
the von Karman and Dryden form.
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Figure 6-8: Comparison of wind profiles with JAR-AWO/MILSPEC data

Turbulence RMS intensities are defined. Scale lengte the same as for JAR-AWO.
Furthermore it can be shown that the mean winddspeslel as specified by JAR-AWO is
identical to the MILSPEC wind speed logarithmicfpeoif a value of .046m is chosen for the
surface roughness parameter (z0).

Figure 6-8 shows mean wind speed profiles appléctdil a reference wind speed (Vwind ref)
of 23, 28 and 35 knots according to the JAR-AWO BHASPEC (z0=.046m) model and the
implemented wind climate model (z0=.001 and z0=i01he F100 simulation. It can be
observed that the JAR-AWO wind profiles and thednyimofiles used in the simulations
corresponding to a z0 of .01m cover the same wieed range.

RMS turbulence intensities

RMS values of horizontal turbulence intensitiesr{agsgmv) as result of reference wind speeds
of 23, 28 and 35 knots and surface roughness @fa@ .01m are depicted in Figure 6-9. Also
the corresponding JAR-AWO/MILSPEC RMS values of leeizontal turbulence intensities
are presented for the three mentioned wind spdedsas in Figure 3-5 also in Figure 6-9 the
three turbulence level ranges as defined by JAR-A&kOindicated. It shows that the selected
reference wind speeds and surface roughness lecgths a large range of turbulence levels.
Light to heavy turbulence is encountered. It caolieerved that the JAR-AWO ‘RMS’ values
lie between ‘RMS’ values corresponding to a zQ06flm and .01m used in the simulations.
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Figure 6-9: Comparison of RMS turbulence intensities with JAR-AWO/MILSPEC data

However standard deviations of turbulence exceeappgoximately 6 knots result in large
structural excitations on an airframe. This issthated by Figure 6-10 in which the normal load
deviations due to turbulence on a F100 aircrafsamvn as function of surface roughness (z0)
and reference wind speed (Vwind ref). The normatifoshown are the average of the
maximum/minimum normal load that occurred in sampie100 approaches performed for a
number of zO/Vwind ref combinations.

From the figure it can be observed that for a serfaughness of .001m maximum normal load
varies between 1.15g and 1.25g. According to ICfDdards this corresponds to low-
moderate turbulence. For a surface roughness of réitmal load variations already lie
between 1.22g and 1.35g which is characterizedaaterate turbulence. JAR-AWO/MILSPEC
turbulence (green ovals in Figure 6-10) leads tonabload values between 1.3g and 1.48g
which can be considered as an upper limit (sewelritence) to what is tolerable from a flying
qualities point of view.

75



NLR-TP-2010-312

15 NZW (g) average max/min normal load over 100 runs

moderate
1.4

13

1.2

11 .

1 i

0.9 .

0.8

0.7

0.6
moderate

0.5 - ‘ ‘ ‘

0.0001 0.001 0.01 0.1
Z0 (m)

Figure 6-10: Normal load as function of surface roughness and wind speed

In Figure 6-10 lines corresponding to .35g variagiare drawn. According to Table 3—4 this
range is labeled as heavy turbulence by JAR-AW@dstals.

Power spectrum density

Figure 6-11 shows power spectrum density (PSDy@pplicable to the model turbulence in
three directions (Ugust, Vgust and Wgust). The datacorded at airspeed of 66.9 m/s and
applies to a scale length of 1000ft in each dicecti
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Figure 6-11: PSD plots of model turbulence in relation to the von Karman spectra
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The model turbulence is compared with the von Karsyaectra for two reference wind speeds
viz. 10kts and 20kts. The RMS values of the tunbcdedepend on the reference wind speed and
are chosen the same in the three directions. Abegqerceived a good correspondence as
function of frequency is obtained.

Finally the model turbulence data is compared Wigit data from Fokker 70 crosswind
certification trials performed at Keflavik airpditeland) ([22]. According to the turbulence
scaling defined by ICAO (Table 3—4) the aircrafpesienced heavy turbulence during these
flight tests.

. Histogram turbulence data

I I I
—o—kewviavik rn 47 F70 .
@~ simulated gust P
Normal distribution .
rrrrrrr standard deviation

70 H

60

50

40

30

20

10

=

o . . -
0

12 14 16
Wurb (kts)

Figure 6-12: Histogram of turbulence data from flight and model
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Figure 6-12 shows a histogram of the F70 Keflaataccorresponding to an approach towards
runway 020. This approach resulted in a go-arouitidied at approximately 100ft AGL.

In addition in the plot the corresponding RMS vabfig.3kts is indicated. Simulated model
turbulence data with the same RMS value is repteddyy the green line. For reference the
corresponding normal distribution is plotted aslwel

Due to the stochastic behavior of the gust/turbedezvery simulated approach is unique.
However all samples are part of the envelope définethe overall model parameters such as
reference wind speed, surface roughness, RMS dfithalence intensity, scale length and gust
speed envelope. Figure 6-13 shows six samplesraf speed profiles corresponding to a wind
speed of 35kts at the reference height (10m) aswdface roughness of .01m. For reference also
the wind profile is plotted which was reconstruchenm an approach and landing of a Boeing
757 aircraft in strong crosswind and turbulent ¢oows ([39].
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Critical F-factor

As discussed in section 5 below a height of 45@ftitecal F-factor of .15g is chosen as an
acceptance criterion for the offline F100 simulasioBecause of this, tests are performed to
make sure that the algorithm in which the F-fattaralculated is a valid procedure.

The F-factor takes the effects of both performateeeasing horizontal shears and vertical
shears into account.

Figure 6-14 (a) shows the airspeed decay as m@salperformance decreasing wind deficit of
7kts, which occurs in a period of time of 5 secortisst/turbulence is not present. This more or
less represents the 7kts wind speed loss behinbstacle. It can be observed that the F-factor
(FFACT) reaches a maximum value of .11g too lowrigmer the critical F-factor of .15g.

Figure 6-14 (b) shows the airspeed decay as rekalperformance decreasing wind deficit of
20kts also taking place in five seconds. Now é@uglent that the F-factor exceeds the critical F-
factor after a time period of approximately 4.2cws.

A final test of the model wind shear logic compsisesimulation with a test case used for the
certification of the F100 wind shear system ([4l6]e horizontal (VWIND) and vertical (WEW)
wind as function of time are presented in thepeftt of Figure 6-15. When turbulence with an
RMS turbulence intensity of 2.6m/s (5.1 knots) arstale length of 500ft in all three

directions, is added to the wind profiles, timedies of the horizontal and vertical wind result
as presented in the right part of Figure 6-15. Fédi+16 shows the response of the F100 aircraft
to the wind profile shown in the right part of Figl6-15. Presented are the horizontal and
vertical shear components that are part of thecksfgsection 5.2.1). Furthermore the decrease
in performance is clearly visible through the lossair (ground) speed. As can be observed
airspeed even drops below the reference spee@® dfsl.It must be mentioned though that in
this simulation no throttle inputs are given. Nolij¢éhe auto throttle will react to the speed
loss by applying power.
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Figure 6-13: Model wind samples compared to wind profile from ([39]
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Figure 6-14: Speed deficit in relation to the “F-factor”

80



NLR-TP-2010-312

VWIND (kts) WIND+GUST (kts)
50 - 50 .
45 - 45
40 / 40
35 35
30 30 fl‘ ot
25 - 25 J
20 4 . 20
15 | : 15 - l" }
10 10
5 J 5
0 . . . 0 } . . . 1
0 10 20 30 40 50 60 0 10 20 30 40 50 60
t(s) (s
WEW (m/s) WEW+GUST (m/s)
6 - 10 .
8 o
4 . \
5 4 ] ) |
2 . l T
0 - :
0 —F — J l
-2 / -2 N
4 .
4 .
: \/ -6
% . 8
0 10 20 30 40 50 60 0 10 20 30 40 50 60
t(s) t(s)
Figure 6-15: Wind shear profiles with and without turbulence
105 AIRSPEED ,GROUNDSPEED (m/s) HORIZONTAL SHEAR, VERTICAL SHEAR (g)
0.6
95 h 04 : 'y
' YA
85 : “).‘/
'\\ 02 /] Wh
b 7~
‘WV-\ \ : o .
65
S 13vs o 0.2 W
55 Lﬁ‘
45 \/ 0.4 o
35 : 0.6
0 10 20 30 40 50 60 0 10 20 30 40 50 60
t(s) t(s
DTWNDS (s) FFACT (g)
20 . 0.6
18 windshear alert |
e o4 FANIA
/,’. W
14 0.2 / . . critical F-factor
12 T
10 0 '._/\\ / \
s N/ W,
6 TN W
4 N
0.4
2 v .
0 . 06 :
0 10 20 40 50 60 0 10 20 30 40 50 60
t(s) t(s)
0s Shear intensity curve .
0.45 4 20 knot windspeed
change line ‘
0.4 TSO-Cl117a
Fav
0.35
(@)
0.3
0.25 4 must alert
0.2
Favx
critical F-factor
0.15 -
kts windspeed -
014 changeline T
005 | Foo & 0 TR Cccee---.. .
0 = - - - 3
0 2 4 6 8 Time(s) 10 12 14

Figure 6-16: Wind shear test
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From the plot in Figure 6-16 in which the F-factBFACT) is displayed it can be noted that a
wind shear alert is generated after 29.6 secortdghe time history or 5 seconds after the
system is armed (see DTWNDS parameter). This agéntlicated in the other plots as well.

In the “shear intensity curveplot it can be observed that the real wind shieerat is triggered
whereas smaller airspeed variations due to turbelesmain below the critical F-factor and trip
levels of the wind shear alert logic.

6.4.3 Test matrix

The test matrix for the offline F100 simulationsmwises a number of selected
wind/gust/turbulence conditions in combination watlimited number of obstacle positions and
obstacle dimensions in the sector defined agitbenarea in section 1. This is based on the
observation that obstacles situated in this ses®able to affect the aircraft on the glide path
below approximately 350ft. Obstacles positionediolet this sector affect the aircraft above
350ft. In addition it appeared from simulationstitiee effects of the wake outside treen

area vanished and that the wake turbulence mengedhie wind and gust/turbulence
characteristics governed by surface roughness paeasn As was described they represent the
combined wind disturbance effects of a much labygld up area.

Wind conditions selected
Wind conditions chosen for the F100 simulationsutovay 27 of Schiphol Airport are
applicable for a cross wind limit of 20kts withausts as presented in Table 6—4.

6Windspeed (excl. gust) VWREFVCRS,VTL (kts)
= \ \ [
32 \ \
30 Rwy 27
28 Tl-wnd limit: 10 kts
26 - / \
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Figure 6-17: Wind speeds as function of wind direction
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Table 6—4: Wind conditions for F100 offline simulations

Wind speed (kts) | Wind direction (dé) Cross windsjki Head wind (kts
23 210/330 20 12
28 225/315 20 20
35 235/305 20 29

As can be observed from both crosswind from left aght have been included.

These wind conditions are obtained from the leftdviose shown in Figure 6-1 and are
depicted in this plot by green dots. The selectedwonditions with respect to runway 27 are
also presented in Figure 6-17, which shows thé to¢an wind speed (VWIND REF), the
crosswind (VCRS) and headwind (VTL) componentsuastion of wind direction. The
maximum wind speed that is employed in the simoitettiis restricted to 35kts. From the wind
rose shown in Figure 6-1 it can be noted thatwlingl speed from south western directions
occurs at Schiphol airport with a .1% exceedindplulity.

Obstacle dimensions and positions

The upper constraint posed on obstacle heighttesrdened by the ICAO obstacle clearance

planes as defined in ([11]. The upper left grapRigure 6-18 shows the “Annex 14” maximum
allowable height of a “stand alone” obstacle up tnaximum of 160m. In the plot the centers
of the “stand alone” obstacles with the “Annex hight limit are distributed over a ground
grid originating at the center of the threshold artending 6000m in front of the threshold
(X0) and 6000m perpendicular to the runway cemter{ly0). The lower plots in Figure 6-18
present therhaximum speed deféeind “maximum RMS turbulence inten8itlyat is
experienced by an aircraft on the glide path whemcounters the wake of an “Annex 14 height
limited” worst case block shaped obstacle positiome the defined ground grid. The height of
the glide path where this encounter occurs is ptedan the upper right plot of Figure 6-18.
The speed defect and RMS values presented in FigliBecorrespond to the following wind
climate parameters:

1. Reference wind speed: 23 knots

2. Wind direction: 330 degrees

3. Surface roughness: .01m.

4. Porosity obstacle: -100% “Worst case”

According to Figure 3-5 this means that due toaerall surface roughness medium turbulence
conditions are present.

From calculations it appears that critical wakerabteristics occurred between an obstacle
width of 200m and 300m. Smaller widths resulted/ékes that were too small in endurance to
change the attitude and performance of the airsigftificantly. Larger widths did not

aggravate the wake substantially further. Therefoth for the offline and online simulations a
standard obstacle width of 250m has been adopted.
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Figure 6-18: Speed defect and RMS turbulence intensity corresponding to annex 14 planes

A number of observations can be made from Figut8:6-

» Speed defects up to 13 knots occur within a disipet segment of 2000m (X0) x 1200m
(YO) with origin at the centre of the threshold.

e Corresponding RMS turbulence intensity values withis segment range from 4 to 7
knots.

* Glide path heights at which these speed deficitisRIMS values occur, range from 0 to
approximately 200ft.

» For the wind conditions simulated the upper rigbt phows that the wind disturbance
affect the aircraft below 350ft when obstaclessituated inside the triangle defined by the
corner points X0=2000m and Y0=2000m. This isdheenarea defined in Figure 1-1 and
is indicated in the plots by the semi permeabntyie.
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It can be concluded that the Annex 14 height regin leads to speed defects higher than 7kts
and that these values are encountered igrdenarea as defined in Figure 1-1.

For reference in the semi permeable trianglesdhexted obstacle positions for the F100 offline
simulations are indicated.

According to Table 3—4 the standard deviation dfwience due the combined effects of a
“stand alone” obstacle and a build up area is &bak heavy to severe within the semi
permeable triangle.

As has been illustrated in section 4 the heiglarobbstacle is a very important parameter with
respect to wind disturbance. This is reflectechimpiractical translation of the 7kts criterion into
a height restricted plane indicated as the “1:3&he. It consists of an imaginary plane with a
base that coincides with the extended runway dam¢rand has a slope of 1:35 upwards ([47].
After the introduction of the 7kts criterion (1:p&ane) no pilot reports on this issue have been
received.

Consequently the investigation is started withréhier evaluation of the 7kts criterion.

Basically the 7kts criterion does not address ffextof wind shear, gust and turbulence
although these phenomena affect the handling (gealind performance of an aircraft to a large
extend. Therefore these aspects will be addregsifisally.

In section 6.4.2 it was demonstrated that a speéditdof 7 knots alone does not reach critical
F-factors and therefore is not an immediate datayflight safety. However it was also shown
in section 5.2.2 that a speed defect of approxilp@t&nots was able to bring the F100 aircraft
in a condition during final approach where it expeces a descent rate of more than 1000
ft/min.

Consequently it is postulated that a variation in nean wind speed due to a wind

disturbing obstacle less than 7 knots along the airaft trajectory below 200ft can

be considered as a possible criterion with respeti flight safety.

In addition gust/turbulence levels may not exceed BMS value of 4 knots.

To evaluate the impact of the 1:35 plane heiglitiotsd obstacles on the speed deficit and
turbulence intensity RMS values the same calcuiatwith the wind climate model were
performed as done for the Annex 14 height resttiotestacles shown in Figure 6-18. The
results are shown in Figure 6-19 for the same gi@uid and wind climate parameters as were
used for the “Annex 14” case.

For reference also in these plots the selectecadlespositions for the F100 offline simulations
are indicated within thgreenarea of Figure 1-1.
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Figure 6-19: Speed defect and RMS turbulence intensity corresponding to 1:35 plane

Observations from Figure 6-19 are:

* From the “stand alone” obstacle height plot (ugp&rmplot in Figure 6-19) it can be
observed that between X0= 0<=>2000m and Y0=15008668 ICAO annex 14 obstacle
clearance planes are more restrictive than theés"Jpane.

« A small band exists where a maximum speed defégt6oknots occurs. This band is
situated close to the runway threshold (0-100na) distance from 500 to 1000m from the
extended runway centerline.

* Corresponding RMS turbulence intensity values withis band range from 4 to 5 knots.

« Glide path heights at which these values are erteceshcomprise the same range as for the
“Annex 14" case viz. 0 to approximately 200ft.

It can be concluded that the wind climate modetljgte maximum speed defects smaller than

7kts with the 1:35 plane restriction and that these&imum values are encountered also in the

greenarea as defined in Figure 1-1. According to T&bslé the standard deviation of
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turbulence due to the combined effects of a “s&lode” obstacle and a build up area
encountered in this region is labeled as mediulrettvy. Consequently it can be concluded
from this that despite the 1:35 height restrictiarbulence levels are still high for the chosen
combination of reference wind speed and surfacghoess.

As has been mentioned based on this evaluatiomaerof obstacle positions have been
determined indicated in Figure 6-18 and Figure 671ty are also presented by the red and
blue marks in Figure 6-20. They are included indfikne test matrix defined hereafter.

In the left plot of Figure 6-20 the obstacle pasis for the offline F100 simulations are
projected symmetrically within thgreenarea. The right part of the figure shows the heigh
the “stand alone” obstacle test points accordinipéd‘annex 14” obstacle clearance planes
(purple shaded) and the “1:35” plane (green shaddsd from this figure it appears that the
“1:35” plane is more restrictive than the obstadézarance plane only between a lateral offset of
200m and 1550m from the extended runway centerline.
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Figure 6-20: Test points situated in XY plane and YZ plane

The complete test matrix for the offline simulatda presented in Table 6-5.

It is split up in three parts, viz.:

1. Session oneonsists of simulations without the presence ‘stand alone” obstacle
(POROS=100%) and simulations in which the origlP@P configuration (POROS=-
100%) is included. The simulations without a “statahe” obstacle serve as a reference.
Approaches and landings are made with three diffaeference wind speeds viz. 23, 28
and 35kts, a crosswind limit of 20kts and two stefeoughness parameters (.001m and
.01m). Fifty runs per surface roughness parameg¢sperformed leading to a total of 100
runs per item. According to Figure 6-9 this medrad in the simulations RMS turbulence
intensities are encountered varying from lightéavy turbulence below 300ft.

2. Session twoof the matrix consists of 100 simulations at &refice wind speed of 28kts
and a cross wind limit of 20kts in which the heighthe selected “stand alone” obstacles is
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varied according to the “1:35” plane. Also here tsusface roughness parameters (.001m
and .01m) are considered. A “worst case” obstd(@R0S:-100%) with a width of 250m
is simulated. According to Figure 6-9 this meara th the simulations RMS turbulence
intensities are encountered varying from mediumnetavy turbulence below 300ft.

3. Session threeof the matrix consists of 100 simulations at @refice wind speed of 28kts
and a cross wind limit of 20kts in which the heighthe selected “stand alone” obstacles is
varied according to the obstacle clearance plae@satl in ICAO Annex 14. Again two
surface roughness parameters (.001m and .01lmpas&ered. A “worst case” obstacle
(POROS:-100%) with a width of 250m is simulatedcéwaling to Figure 6-9 this means
that in the simulations RMS turbulence intensiéies encountered varying from medium to
heavy turbulence below 300ft.

Table 6-5: Offline test matrix for F100 simulations

sion 1 Landing rwy 27 Original PDP configuration worst case obstacles
[ mean
wind
speed Appr. spd XRW/YRW-
(kts) excl| wnddir. | X-wind | Hd-wind Turb flps 42 Hobst zZ0 Width position | POROS
gust (dg) (kts) (kts) (on/off) (kts) [nrof runs (ft) (m) (m) (m) (%) FILE
23 210/330 20 12 off 123 50/50 52 .001/.01 145 -93/332 100 sesl_0
23 210/330 20 12 on 133 50/50 52 .001/.01 145 -93/332 100 sesl 1
23 210/330 20 12 on 133 50/50 52 .001/.01 145 -93/332 -100 sesl 2
29 225/315 20 20 on 133 50/50 52 .001/.01 145 -93/332 100 sesl 3
29 225/315 20 20 on 133 50/50 52 .001/.01 145 -93/332 -100 sesl 4
35 235/305 20 29 on 133 50/50 52 .001/.01 145 -93/332 100 sesl 5
35 235/305 20 29 on 133 50/50 52 .001/.01 145 -93/332 -100 sesl 6
sion 2 Landing rwy 27 Height obstacles according to 1:35 plane worst case obstacles
[ mean
wind
speed Appr. spd XRW/YRW-
(kts) excl| wnddir. | X-wind | Hd-wind Turb flps 42 Hobst zZ0 Width position | POROS
gust (dg) (kts) (kts) (on/off) (kts) [nrof runs (ft) (m) (m) (m) (%) FILE
28 225/315 20 20 on 133 50/50 30 .001/.01 250 -80/300 -100 ses2 1
28 225/315 20 20 on 133 50/50 66 .001/.01 250 -400/700 -100 ses2 2
28 225/315 20 20 on 133 50/50 75 .001/.01 250 -200/800 -100 ses2 3
28 225/315 20 20 on 133 50/50 121 .001/.01 250 -720/1300 -100 ses2 4
28 225/315 20 20 on 133 50/50 46 .001/.01 250 -1000/500 -100 ses2 5
28 225/315 20 20 on 133 50/50 95 .001/.01 250 -240/1000 -100 ses2_6
sion 3 Landing rwy 27 Height obstacles according to annex 14 plane worst case obstacles
[ mean
wind
speed Appr. spd XRW/YRW-
(kts) excl| wnddir. | X-wind | Hd-wind Turb flps 42 Hobst Z0 Width position | POROS
gust (dg) (kts) (kts) (on/off) (kts) [nrof runs (ft) (m) (m) (m) (%) FILE
28 225/315 20 20 on 133 50/50 69 .001/.01 250 -80/300 -100 ses3 1
28 225/315 20 20 on 133 50/50 148 .001/.01 250 -400/700 -100 ses3 2
28 225/315 20 20 on 133 50/50 148 .001/.01 250 -200/800 -100 ses3 3
28 225/315 20 20 on 133 50/50 148 .001/.01 250 -720/1300 -100 ses3 4
28 225/315 20 20 on 133 50/50 148 .001/.01 250 -1000/500 -100 ses3 5
28 225/315 20 20 on 133 50/50 148 .001/.01 250 -240/1000 -100 ses3 6
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Figure 6-21: Wake height as function of obstacle position and obstacle dimension
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The F100 wind correction applied to the approacedpepicted in Table 6-5 is derived from
the F100 AOM. The approach speed (Vref+5) corredpono a KCAS of 123kts for the aircraft
mass and flap setting used. This speed is corréatednd, including gusts as follows:

e Wind up to 10kt : o correction
e Wind (+gust) 10 — 20kts : add 5kts
e Wind (+gust) more than 20kts : add 10kts

The maximum wind correction with respect to Vrel&kts.

The three sessions in the test matrix can be dished in terms of their wake characteristics.
This is illustrated in Figure 6-21 where for thestaizle positions chosen (Figure 6-20) the
maximum speed deficits behind the obstacle in wiinelction are plotted for the performed
approaches. This is done as function of heightratimthis maximum speed deficit encounters
the aircraft. The 7kts speed deficit line is intéchin each plot for reference.

The first plot shows the wake corresponding torthnes performed isession lof the test

matrix. As can be observed the maximum speed ti&icthe original PDP configuration
amounts to 8-10 knots. The height at which the wslesmcountered varies from 100ft to 200ft
depending on the reference wind speed. Clearlyigtascritical height regime because de-crab
and flare take place in this height band.

The second plot in Figure 6-21 shows that “standeil obstacles with heights according to the
Annex 14 obstacle clearance plangssgion produce much larger speed defects. However it
is interesting to see that the speed deficit dse®guickly and encounters the aircraft at higher
heights when the obstacle is positioned fartherydvean the threshold. Again most critical is
the wake below 200ft where a speed deficit ranfjiogy 6 to 14 knots is encountered.

Finally speed deficits due to “stand alone” ob&saatlith a height according to the “1:35” plane
(session 2are depicted in the third plot of Figure 6-21eTdelected positions of the obstacle
result in maximum speed defects between zero laratst knots well below the 7kts reference.
Due to the various positions of the obstacle thgltte at which the aircraft traverses the wake
become more dispersed. Heights where the wakec@muatered ranges from 100ft up to 450ft.
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6.4.4 Results

6.4.4.1 Introduction

In this section results will be presented obtaifieth the F100 offline simulations defined in
the test matrix and performed with the F100 noedimsimulation package including the wind
climate model derived in section 3 and 4. Accordimthe offline test matrix numerous auto
land like approaches have been performed with 1198 Fhnodel. Results of simulations
addressing the original PDP configuration (ses&josre presented in Figure 6-27 to Figure
6-31. Results from session 2 and 3 are shown iar€i§-34 to Figure 6-35.

6.4.4.2 Example

First, as an example time histories are presentéibure 6-22 and Figure 6-23 which are the
result of a simulated auto land ILS approach wi#hE100 to runway 27 in atmospheric
conditions determined by a reference wind spe&8dinots, a wind direction preventing a X-
wind exceeding 20kts at the reference height aswface roughness of .01m. According to
Figure 6-9 this means that medium turbulence is@mered. Both figures yield the same
parameters as function of the distance to the hibid<f the runway. The figures include the
height of the CG of the aircraft with respect te tommanded glide path (HEIGHT), the wind
including gust and wind without gust (WIND), thdibeated airspeed (KCAS), the lateral offset
with respect to the runway centreline (YRW), thik@agle (ROLL ANGLE), the headwind
component (HEADWIND), the distance of the aircraifth respect to the obstacle (DISTANCE
TO OBSTACLE), the power setting (POWER) and thesswand component (CROSSWIND).
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Figure 6-22: Time histories of parameters recorded during offline F100 simulation (casel) wind
speed: 23kts z0:.01m (medium turbulence)
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Figure 6-22 shows the results of an approach amiig when a “worst case” obstacle is
positioned 400m in front of the runway thresholdhvan offset of 700m from the runway
centreline (in short 400/700). Obstacle heightOmZaccording to “1:35” plane) and obstacle
width is 250m. It is referred to aaselhereafter.

Figure 6-23 shows the results of an approach withoaist case” obstacle position of 240m in
front of the threshold and a lateral offset of 50@mshort 240/500). Obstacle height now is
45m according to “Annex 14” and obstacle widthdieritical, viz. 250m. It is referred to as
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Figure 6-23: Time histories of parameters recorded during offline F100 simulation (case2) wind
speed: 23kts z0:.01m (medium turbulence)

From a comparison of both figures it can be obskthat the obstacle configurations yield a
large difference in wake characteristicscéselthe maximum speed deficit is 3.1kts, whereas
in case2a maximum speed defect of 19.5kts is experientied wake forcaselaffects the

aircraft between heights of 150-250ft, whereasase2the wake encounter occurs between
altitudes of 100-200ft. The impact on the aircrafiponse for the two cases is quite different. In
caselthe headwind and crosswind component are not rolaghged by the obstacle shading.
Consequently no large power and control correctaasequired. litase2the opposite occurs.
The headwind component completely drops off. Tlesswind component is also affected
severely with a decay of almost 15 knots. As resfulhe speed defect in the headwind, airspeed
also decreases. To compensate for the immineiegidsioss the auto throttle increases power
as can be seen from the POWER parameter in Fig2Be However despite the application of
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power the speed loss is large enough to reachritrafareference speed of 118 knots and to
exceed the critical F-factor. As can be noted ftbenorange square in Figure 6-23 this occurs
just before the largest speed defect. Obvioushsttzgling from the wind by the obstacle is
limited in time. After the largest speed defect basurred the wind quickly reaches its original
magnitude. However the auto throttle is not capableacting fast enough to this change. From
the airspeed and height plot in Figure 6-23 itais be observed what happens as result of this.
Due to the sudden increase in wind and the sugdlttgust the aircraft accelerates and ascends
above the glide path. The consequence may be gedelauch down and/or a touch down at a
too high airspeed.

Table 6-6: Overview of snapshots at wake height, at T/H and TD

wake at T/H at TD
1:35 Annex 14 1:35 Annex 14 1:35 Annex 14
Wake (kts) 3.1 19.5
Height of wake (ft)] 150-250 | 100-200
Position of wake in front of T/H (m) -800 -518
Offset from runway CL (m) -0.5 5.2 -2.6 -1.5
X-Position of CG at TD (m) 323 384
Roll angle (dg) 3.1 1.7 1.9 2.1
Pitch angle (dg) -0.6 -2.8 0.9 -1.2
Heading (dg) 275.4 276.8 272.2 272.2
Sink rate 760 ft/min| 714 ft/min] 6.5 ft/s 8.5 ft/s
Height (ft) 59 82
Kcas 130 141 115 130

The initial decrease and subsequent increase icrdsswind also affects the lateral directional
behaviour of the aircraft. Lateral/directional @mtions are required to line up the aircraft with
the runway centreline. However due to the fluch@tirosswind and headwind as result of the
obstacle shading the de-crab and line up withuhgay centreline quickly becomes a very
demanding task certainly in combination with detexiing longitudinal flying characteristics.
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Figure 6-24: F-factor of case2 in shear intensity curve

The above described effects on the landing perfoceare illustrated in Table 6-6 in which
snapshots are presenteccase2(Annex 14) anadtasel(1:35) at the moment the aircraft passes
the obstacle wake, crosses the runway thresholaitheg moment the main gear touches the
runway surface.

Figure 6-24 shows the F-factor plotted in teb€ar intensity curveas defined in TSO-117a. It
appears that although the critical F-factor is exiesl the wake endurance is too short to reach
the region in the plot where a wind shear aleruhoccur.

6.4.4.3 Height of CG at T/H, TD dispersion, Roll angle & Snk rate & Airspeed at TD

At first results from session 1 related to the RidRfiguration will be discussed. In this batch of
simulations the reference wind speed (23, 29 arkh8%) and the surface roughness (.001m
and .01m) were varied. In all runs gust/turbulenes included except for run nr 0 in which the
turbulence models were switched off. The resultsHrs case are presented in the plots with
green diamond symbols.

In the plots the severity of the turbulence legahdicated as well. The classification is based
on Table 3-3 and Table 3—4.
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Figure 6-25: Height of cg during wake encounter, T/H and main gear touch down

Results are compared for two ¢

onditions, viz:

« No “stand alone” obstacle is included. Only turlmgle characteristics due to build up area
are included. This is labeled as the referenceitiond
« A“stand alone” obstacle with PDP like charactésssts included positioned at 93m in
front of the threshold with a lateral offset of 33093/330).

Figure 6-25 presents the wake position, threshadsing and main gear touch down points of
the performed approaches in session 1 with respéle ILS glide path. It can be observed
from Figure 6-25 that the position of the wake tlughe PDP is influenced mainly by the
reference wind speed. For a reference wind spe28ki$ the wake position lies at
approximately 90-120ft, whereas for a referencedvgipeed of 35kts the wake position shifts to
a height band of 120-180ft. Clearly noticeabléhesincrease in data scatter when the turbulence
level increases. When severe turbulence is presemtn in the lowest right plot of Figure 6-25
landing performance becomes unacceptable becausalzer of main gear touch downs occur

in front of the runway threshold.
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Figure 6-26: Height of cg at T/H versus main gear touch down

Figure 6-26 shows the height of the centre of dyaati the threshold versus main gear touch
down as obtained from the runs of session 1. Intfas represents the airborne distance which

is part of the landing performance. The box shawtne plots indicate the boundaries set for
the main gear touchdown and runway threshold args3ihe following observations can be
made from this figure:

« The plots show the large impact of the encountardalilence level on the airborne

distance performance. When encountering heavy/saudsulence (RMS turbulence

intensities in excess of 5kts) landing performameereases substantially, noticeable by the

low threshold passing and early main gear touchndow
* The effect of the presence of the PDP structurebeagvaluated from Figure 6-26 as the

difference between the data representing the rungich the PDP structure was included

and the runs where this was not the case. Ford@svence wind speeds and consequently

low turbulence levels the data are closely coreglatThis means that the data scatter is
mainly caused by the turbulence characteristichekarth surface in front of the runway.
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Figure 6-27: Height of CG at threshold

However with increasing reference wind speed andrgég of the turbulence the
difference between the two data sets becomes laigjeh is caused by the presence of
the “stand alone” obstacle. The difference canttribated to the already mentioned
observation of additional power increase to abfoebmomentary speed loss due to the
PDP wake and the sub sequential height increasdelaged main gear touch down.

Figure 6-27 also presents snapshots taken in déirpged approaches at the moment the aircraft

passes the runway threshold, but now referredetdetieral deviation at the T/H. The data is
referenced against a window that is based on thieaive acceptance criteria as defined in
Table 5-1. At the threshold the centre of gravitthe aircraft should be at a height between

40ft and 100ft and within 30ft (9.1m) on eithereswof the runway centerline. Figure 6-27 shows

that the lateral requirement is fulfilled for alises.
However in the vertical plane landings with underth below 40ft occur. This is illustrated in
Table 6-7 in which the percentage of landings tinaershoots the threshold window as

function of reference wind speed and surface roeghis presented. That undershoots below
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40ft may occur is also found in ([48], in whichtady is conducted using in-flight recorded

data collected from day-to-day landing operations.

From this table the following observations can e

e The number of undershoots increases substantiinweference wind speeds and surface
roughness are above 28kts and .01m respectivelthedmble shows this corresponds to
RMS turbulence intensity (sgmu) values of more #hkis.

» Less undershoots occur when the PDP structurelisded. This can be attributed to the
application of power required to compensate intitdr the speed loss due to the obstacle
shading. As was observed from Figure 6-23 thislt®sua height increase just before
landing.

Table 6-7: Survey of number of undershoots at threshold (T/H)

Windspeed z0=.001 m| Undershoof z0=.01 m | Undershootf comment
(kts) Sgmu (kts) (%) Sgmu (kts) (%)

23 0 0 no obstacle
23 24-29 0 3.5-3.8 0 no obstacle
23 24-29 0 35-38 0 PDP

28 29-3.6 0 43-4.6 6 no obstacle
28 29-3.6 0 43-4.6 4 PDP

35 39-44 2 54-5.8 34 no obstaclg
35 39-44 2 54-5.8 14 PDP

Figure 6-28 shows the main gear touch down dispengiotted against the TD box as defined
for the F100 in Figure 5-8. In addition the positf the wake encounter projected into the
ground plane is indicated for each case. It apgbatdhe surface roughness does not effect the
wake position very much. However, an increase mmvgipeed shifts the wake further away
from the threshold and thus to a higher altitude @lso Figure 6-25). Figure 6-28 shows that
only at a reference wind speed of 35kts and a seiffaughness of .01m landings result in an
undershoot. However it must be remarked againatidiis wind speed severe turbulence is
encountered.

98



NLR-TP-2010-312 <N'-R

z0=.001 z0=.01
45 - YRW (m) medium turbulence 45 YRW (m) medium turbulence
+PDP
20 1% no obstacle 2
15 19 no turb, no obstacle 15 ———
10 HOflight data 10
wind: 23 kts 5 W 5
x-wind: 20 kts o ! o
5 m’* 5 *-
+
-10 ——— wake position -10
15 -15 I——
20 -20
-25 25
-600 -400 -200 0 200 400 600 800 1000 1200| -600 -400 -200 0 200 400 600 800 1000 1200
XRW (m) XRW (m)
45 TRW (m) medium turbulence 5 YRW (m) heavy turbulence
20 20
15 15
10 10 X +
wind: 28 kts s *+ s %{' X
x-wind: 20 kts 0 0 X £
5 5 »\TXI x +
10 | Wake position 10
-15 -15
20 -20
25 -25
-600 -400 -200 o 200 400 600 800 1000 1200 -600 -400 -200 o 200 400 600 800 1000 1200
XRW (m) XRW (m)
YRW (m) heavy turbulence 45 TRW () severe turbulence
20 20
15 15 ——
. 10 10
wind: 35 kts X *
: 5 5 + xH
x-wind: 20 kts & N X4 4
0 b 0 X
*:
. x . | 58
10 Wake position 10
45— -15
-20 20
25 25
-600 -400 -200 0 200 400 600 800 1000 1200 -600 -400 -200 0 200 400 600 800 1000 1200
XRW (m) XRW (m)

Figure 6-28: Main gear touch down dispersion

In Figure 6-29 the roll angle at the threshold anhthain gear touch down is plotted for all
cases. Also the roll angle boundaries as indicat&iyure 5-9 are included. Again the large
increase in dispersion is noticeable when the tartoe levels are increased.

Magnitude of touch down roll angles remains witthia boundary limits. However two landings
at z0=.01m and 35kts wind speed (severe turbulemselt in a roll angle bust at the threshold.
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Figure 6-30 and Figure 6-31 present the sink speddirspeed respectively at main gear touch

Figure 6-29: Roll angle at threshold and main gear touch down

down versus the lateral position of the aircraft ®W) at touch down with respect to the
runway centerline. Table 6—8 shows the percentandings that resulted in a main gear

touch down speed in excess of 6 ft/s.

Table 6-8: Survey of number of sink speeds at TD above 6 ft/s

Wind z0=.001m | >6ft/s | z0=.01 m | >6 ft/s comment
speed (kts) Sgmu (kts) (%) | Sgmu (kts)| (%)

23 0 0 no obstacle
23 24-29 0 3.5-3.8 2 no obstacle
23 24-29 2 3.5-3.8 0 PDP
28 29-3.6 2 4.3 -4.6 10 no obstacle
28 29-3.6 0 4.3-4.6 6 PDP
35 3.9-44 14 54-5.8 26 no obstacle
35 39-44 8 54-5.8 14 PDP
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Also this table reveals the large impact on thelilag performance of a wind speed increase in
combination with an increase in turbulence levetféce roughness). It appears that at the
higher wind speeds and higher turbulence levelsitiseent rate at main gear touch down
associated with the PDP construction included besosabmerged in the atmospheric
conditions created by the wind speed and gust/tenice.
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Figure 6-30: Sink speed at main gear touch down

Airspeed dispersion at main gear touch down (Figd8&) in particular is affected by surface
roughness. In Figure 6-31 the employed approactdspef speed (1.23 Vs) and stall speed for
the aircraft configuration simulated is indicaticcan be noticed that if no turbulence and/or
“stand alone” obstacle is present the airspeedaat gear touch down is at the reference speed
(green diamond symbols). As can be expected tleesdatter around the ref speed increases
when turbulence levels become higher. Airspeeceiments/decrements up to 20kts at touch
down can be observed. When severe turbulence awiatered the touch down airspeed in a
number of cases is at or slightly below the siadiesl.
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In Figure 6-28 to Figure 6-30 available flight date=100 landings from ([37] are plotted for
comparison. It appears that these data are wedltsill within the dispersion of the simulation

data.
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Figure 6-31: Airspeed at main gear touch down

Snapshot results at threshold and main gear toowh dbtained from simulations according to

conditions presented in session 2 and sessiont&dést matrix (Table 6-5) are presented in

Figure 6-32 to Figure 6-35. Results from theseisassllow a comparison between the wind

disturbance effects created by a generic blockesthéporst case” stand alone obstacle with a

height limited by the “1:35” plane and “Annex 14apes. The width of the obstacle in all cases

is 250m. The simulations are executed with a refa¥avind speed of 28kts and two surface
roughness parameters viz. z0=.001m and z0=.01m.

e Figure 6-32 gives for all 6 considered obstaclétiprs and runs of the test matrix an
overview of the position of the centre of gravitiiem the aircraft passes the wake, the
runway threshold and the moment of main gear talastn. The left part applies to a
surface roughness of .001m whereas the right paslid for a z0 of .01m. Also from these
plots it is clear that the wake position at thelglpath is determined mainly by the obstacle
position with respect to the runway threshold.
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Figure 6-32: Height of cg during wake encounter, T/H and main gear TD
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To illustrate the effects of a “stand alone” sturetdefined above on the aircraft landing

performance two obstacles from Table 6-5 are coatpaiz.:

« A stand alone obstacle positioned at 80m in frénhe threshold with an offset of 300m
from the runway centerline (in short 80/300), héterdndicated as thentarby” obstacle
position (see first row plots of Figure 6-32).

* A stand alone obstacle positioned at 720m in fabrhe threshold with an offset of 1300m
from the centerline (in short 720/1300), hereafééerred to as thefdr away” obstacle
position (see last row plots of Figure 6-32).

As mentioned obstacle height is varied accordintped'1:35” plane and the obstacle clearance

planes. The same set of parameters at the runweghttid and at the moment of main gear

touch down as shown for the PDP configuration (Fédgi+27 to Figure 6-31) is presented in

Figure 6-32 to Figure 6-35.
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Figure 6-33: Height of cg versus main gear TD
Just as Figure 6-26 for the PDP, Figure 6-33 stltbevgirborne distance of the landing length

defined by the height of the centre of gravity & &ind main gear touch down. Two conditions
are presented for each obstacle position, viz.@ 2Z001m and a z0 of .01m. In both cases the
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reference wind speed is 28kts with a cross windpmmant of 20kts. The following

observations can be made from this figure:

e The plots show the large impact of the encountardalilence level on the airborne
distance performance. When encountering heavy lemba (RMS turbulence intensities in
excess of 4kts) landing performance decreasesasiadly, noticeable by both by the low
threshold passing and early main gear touch down.

* The effect of the presence of worst case standcalbstacles can be evaluated from Figure
6-33 as the difference between the data repreggthté runs in which the stand alone
obstacle is included and the runs where this ighotase. For thddr away” obstacle
presented in the right hand plots of Figure 6-B8 data are closely correlated. This means
that the data scatter is mainly caused by the tenoe characteristics as result of the
surface characteristics. The wake and turbulenedalthe “stand alone” obstacle however
is not capable of affecting the landing performasigaificantly. The opposite occurs for
the “nearby” obstacle presented in the left hand part of Figa88. The difference
between the two data sets is much larger cleadwsty the impact of the “stand alone”
obstacle on the landing performance.

By plotting the snapshot data for the two obstaol&figurations, which are positioned far apart

from each other and have different heights it issfile to evaluate what the effect on landing

performance will be.

Figure 6-34, which is valid for a wind speed of &3&nd a surface roughness of .001m shows

two sets of data. The left part applies to thedrby” obstacle and the right part of the figure to

the “far away” obstacle. For both “Annex 14” and “1:35” limitexbstacle heights the following
parameters are shown: the height of the CG at TiHdispersion, roll angle at threshold and
main gear touch down, sink rate at TD and the ag#dmt touchdown. Figure 6-35 presents the
same data only now applicable for a surface roughne.01lm. With a reference wind speed of
28kts medium turbulence is encountered in the kam simulations with z0=.001m and heavy
turbulence in the simulations with z0=.01m.

Also from Figure 6-34 and Figure 6-35 it can beeasbed that thefar away” obstacle data

corresponding to the “1:35” height and “Annex 14idht are closely correlated. This means

that the landing performance due to the “standeglobstacle is hardly affected. The landing
dispersion is almost completely induced by theulehce associated with the surface
roughness. The opposite picture appears forribarby” obstacle. The dissimilarity between
the two data sets has increased substantially ffextsathe landing performance of the aircraft.

Figure 6-34 and Figure 6-35 again show the largeachof the turbulence level on the landing

performance of the aircraft. However includingarby” obstacle aggravates the landing

performance dispersion even more. For “Annex 1ditéd height obstacles in heavy
turbulence conditions the dispersion in a numbgrashmeters becomes such that landing
performance becomes unacceptable because roll iimgkeare exceeded and sink rate and
airspeed variations at touch down are too high.

105



P

NLR-TP-2010-312 <N'-R

A

wind: 28 kts x-wind: 20 kts z0: .001
nearby obstacle position: 80 m in front of threshold far away obstacle position: 720 m in front of threshold
300 m from CL runway 1300 m from CL runway
110 Height at thrshid (ft) medium turbulence 110 Height at thrshid (ft) medium turbulence
100 100
90 90
80 *x T 80 ¥
70 X,y Xy 70 X e
5 Sl
Height at T/H O % R O &% 1
eight at
50 K+ X - 50 * X
w0 1 Kt X g ¥ X ] 20 x HLITX |
30 30
20 i +annex 14 20
X1:35
10 9 no turb, no obstacle 10
0 T T T } } } 0 T T T T
-0 -8 6 -4 2 0 2 4 6 8 10 -0 8 6 -4 -2 0 2 4 6 8 10
YRW (m) YRW (m)
2 YRW (m) wake position at XRW= -370 m 2 YRW (m) wake position at XRW=-2000 m
20 20
15 - 15 n
g i S B LTI SN T PRy S R A LTS S T
. . -+ +
TD dispersion ° %{W Xt s % X
0 o
K k3 ¥
Kyt X
. R P LT . X S
W secieocot il W e S
s s
20 ’E ight data F -20
-25 -25
o 200 400 600 800 1000 1200| 0 200 400 600 800 1000 1200|
XRW (m) XRW (m)
Height (ft) Height (ft)
100 ‘\ /' 100 ‘\ /'
90 \ / 90 \ /
80 80
o \ / o \ . Fx /
o 0 XX
Eaal® o
Roll angle +# ME
at T/H and TD 50 50 *
40 40 ¥
30 30
20 20
10 Ww* 10 WW*
0 } } 0 } }
-0 -8 -6 -4 -2 0 2 4 6 8 10 10 -8 K 4 2 0 2 4 6 8 10
Roll angle (dg) Roll angle (dg)
Sink speed at TD (ft/s) Sink speed at TD (ft/s)
10 10
9 9
+
8 8
7 7
6 + 6 X
S|nks$§ed at . N £ 4 s i "Q%_m_ o . XX
. x § FIROER X o4
X _g( T %
3 X 3 x oy O Kx
tF X * P o
2 2 x - ®¥XXgo
1 ! o
0 - 0 - I - -
6 8 10 -0 -8 -6 -4 -2 0 2 4 6 8 10
YRW (m) YRW (m)
KCAS at TD KCAS at TD
140 140
130 1 130
+ +
X
+ + % X + X+ * X
Airspeed at TD| | 120 + o o, + 120 Ty b % x
*x +X+ | 1.23vs x T x8%a P
110 = X - 110 e
+ F+ +X ¥ T -% +
100 100
4 Vs
90 = 90
80 T T T T 80 - T -
-0 -8 6 -4 2 0 2 4 6 8 10 -0 -8 -6 4 2 0 2 4 6 8 10
YRW (m) YRW (m)

Figure 6-34: Comparison of parameters for obstacle nearby and far away for z0=.001
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Figure 6-35: Comparison of parameters at threshold and TD for obstacle nearby and far away
for z0=.01

107



~

o

A

NLR-TP-2010-312

6.4.4.4 Vertical speed below 200ft

As has been discussed in section 5.2.2 a desd¢erdfra000 ft/min or more is considered
unacceptable during final approach. Therefore dueisch approach to runway 27 of the
performed offline auto lands, the minimum vertispéed below a height of 200ft occurring was
logged. The results for the six considered obstaa$itions in session 2 and session 3 are
presented in Figure 6-36. Data related to the mimimertical speed are shown for medium
turbulence (z=.001m, red symbols) and heavy turtme€z0=.01m, blue symbols) respectively.
They apply for obstacles with height limited by 85 plane (filled symbols) and obstacles
limited by the Annex 14 obstacle clearance critéwjgen symbols). As can be expected the
crossing of the1000 ft/min line is strongly depemtdan the amount of turbulence present
during the approach and the position of the obstaith respect to the runway threshold. It
appears from the figure that heavy turbulence lis thcreate 1000ft/min busts independent of
stand alone obstacle position and obstacle heyhthe other hand if an obstacle according to
Annex 14 is positioned close enough to the runwagshold also medium turbulence may lead
to 1000ft/min busts.
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Figure 6-36: Minimum vertical speed as function of obstacle configuration and turbulence level

Medium turbulence did not lead to vertical spegd4.000 ft/min or more during approaches
with stand alone obstacles limited in height by 1t#5 plane.
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6.4.4.5 Critical F-factor

The general conclusions drawn at the previous paphg are confirmed when looking at the
number of critical F-factor crossings during théodand simulations. According to the test
matrix for each session number 100 auto lands baea simulated. They are divided in 50
runs with z0=.001m and 50 runs with z0=.01m. Onhibrezontal axis of each plot in Figure
6-37 to Figure 6-39 the number of simulations esspnted. The first 50 simulations apply for a
surface roughness of .001m whereas runs 50 tod@l§ #or a surface roughness of .01m. On
the vertical axis of each plot in Figure 6-37 tgufe 6-39 for each performed simulation run
the height of the aircraft centre of gravity isgeeted at which the wake is encountered by the
aircraft. For a given wind speed this height degemthe obstacle position and obstacle

dimensions.
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Figure 6-37: Critical F-factor exceeding for obstacle at PDP position
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For the original PDP configuration (session 1)rémults are shown in Figure 6-37. Figure 6-38
and Figure 6-39 yield the data corresponding tdamies positions and obstacle height limits
according to the “Annex 14" planes and the “1:3&f@ (session 2 and 3).

In Figure 6-37 for three reference wind speeds 283 35kts) crossings of the critical F-factor

are presented for the situation in which no “neadfystacle is present and the situation in

which the PDP configuration is included. In eatit fhe turbulence level is indicated
associated with the z0/Vwind ref combination.

The figure shows that at a reference wind spe&3kifs the height of the wake for the PDP

configuration is situated at approximately 100 lftereas at a wind speed of 35kts this height

increases to 150 ft. The maximum strength of thikeWar each case is approximately 9kts. The
effect of the PDP obstacle is visible in Figure®ky the number of critical F-factor crossings
in the left part of the figure (no obstacle) and tight part (including PDP).

The following observations can be made from Fidgi+&Y:

* Anincrease in reference wind speed above 23ktsnmbination with an increase in surface
roughness equal or above .01m or in other wordagsincrease in turbulence level
quickly deteriorates the atmospheric conditiona tevel where gust/shear effects become
prominent.

* If a PDP like obstacle is imbedded in the simulaitacan be noted that at a wind speed of
28kts the number of critical F-factor crossingséases substantially around the height
where the obstacle wake is encountered. Conseguhrelthe wake and the gust and
turbulence level, shear effects are increasedatgit where flare and de-crab take place.

e At awind speed of 35kts and surface roughnesglon (severe turbulence) the increase in
crossings due to the stand alone obstacle ishHassroticeable at the wind speed of 28kts.
This can be explained by the fact that due to ¢éver® turbulence the effect of the
standalone obstacle is submerged in the atmospdm@rditions created by the high wind
speed in combination with the larger surface roeghn

Table 6-9: Critical F-factor crossings for PDP

no obstacle PDP configuration
z0=.001 z0=.01 z0=.001 z0=.01

wind F-factor F-factor F-factor F-factor
speed wake | crossings| wake |crossings|] wake |crossings| wake crossings
23 kts 0 0 0 0 9.4 kts 1 9.2 kts 1
28 kts 0 1 0 8 9.3 kts 4 9.2 kts 16
35 kts 0 1 0 16 8.9 kts 7 9 kts 18
total

crossings 2 24 12 35
nr of

landings 150 150 150 150

1.3% 16.0% 8.0% 23.3%
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The data presented in Figure 6-37 are summariz&€dbie 6-9. The table shows the number of
crossings below 450ft.

Data presented for the PDP configuration in Figit8Y is also reproduced in Figure 6-38 and
Figure 6-39 for six different stand alone obstagusitions. The figures show the results for the
obstacle positions defined in session 2 of thertedtix with a height limited by the “1:35”
plane (left part of Figure 6-38 and Figure 6-39) aassion 3 with a height limited by “Annex
14”obstacle clearance planes (right part of Figii88 and Figure 6-39). As can be observed
from the test matrix the data apply for one refeeewind speed only, viz. 28kts. Generic block-
shaped “worst case” obstacles are considered witidth of 250m. A summary of the results
shown in Figure 6-38 and Figure 6-39 is presemieihble 6-10.

As can be observed from the plots the height athwtiie wake is traversed by the aircraft
varies from 125ft (position 80/300) to 400ft (pazit 720/1300).
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Figure 6-38: Critical F-factor exceeding for obstacles according to 1:35 and annex 14 plane

111



NLR-TP-2010-312 <N'-R

wind: 28 kts x-wind: 20 kts
Height according to 1:35 plane Height according to annex 14 plane
I—Lesight (ft)  medium turbulence heavy turbulence useioght (ft) medium turbulence heavy turbulence
. . []
400 WWWNMV\M w00 \MNVV\A/\WV
350 1 . 350 1 .
Obstacle pos.: 300 4 a : 300 a .
720/1300 . ——wake height .
250 4 : 250 1+ 20=.001
Width: 250 m N ——wake height
200 4 : 200 1+ 20=.01 ;
150 o o 150 {{ B exceeding | 8
. critical F-factor
. ] -]
100 B 100 . o
5] .| L " o .| L 5
50 . - 50 } . -
0 20 40 60 80 100 0 20 60 80 100
run nr (-) run nr (-)
HA%Q[\I (f) medium turbulence heavy turbulence I—Lesigr]t (f)  medium turbulence heavy turbulence
400 . s 400 . s
350 - 350 . A
. " [u] .
Obstacle pos.:|| WWMM\/J\WM/\A 300 V\’\WWMMMM
1000/500 ' '
250 4 : 250 .
Width: 250 m : ' .
200 . 200
150 | | L 150 1 m L
100 . L a 100 : "]
5] . m % =] '@ |=
50 T T 50 T T
0 20 40 60 80 100 0 20 0 60 80 100
run nr (-) run nr (-)
I—Lesi ht (ft) medium turbulence __ heavy turbulence I—Lesi ht (ft) medium turbulence __heavy turbulence
. ] . ]
400 400
350 350 :
Obstaclepos.:|| _ | @ : ] w0l ° : L]
240/1000 AWM A M AN AW/
2 iabililatn s ol 2o MY N
Width: 250 m 200 4 : 200 | .
150 — 0 150 — 0 o g
100 . L g 100
=} ‘= =} .
50 50 Ll ‘ﬂ
0 20 40 60 80 100 0 20 40 0 80 100
run nr (-) run nr (-?

Figure 6-39: Critical F-factor exceeding for obstacles according to 1:35 and annex 14 plane

Table 6-10: Critical F-factor warnings for 1:35 and annex 14 planes

height according to 1:35 plane height according to annex 14 plane
z0=.001 z0=.01 z0=.001 z0=.01
obstacle F-factor F-factor F-factor F-factor
position wake crossings| wake crossings| wake crossings| wake crossings
80/300 0.6 kts 1 1.8 kts 9 8.7 kts 9 11.3 kts 27
400/700 | 0.9 kts 1 1.8 kts 9 7.5 kts 4 9.5 kts 10
200/800 2.1 kts 2 3 kts 9 7.6 kts 4 9.1 kts 12
720/1300| 1.3 kts 2 2 kts 9 2.2 kts 2 3.1 kts 9
1000/500 | -0.5 kts 1 -0.6 kts 8 2.7 kts 3 5.4 kts 15
240/1000| 2.2 kts 3 3 kts 9 5.2 kts 4 6.4 kts 12
total
Crossings 10 53 26 85
nr of
landings 300 300 300 300
3.3% 17.7% 8.7% 28.3%
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From Figure 6-38, Figure 6-39 and Table 6-10 tlleviang observations can be made:

* Maximum speed deficits in the wake for obstaclepeding to the 1:35 plane height limit
are in the range of nil to 3 knots. This appliastfoth surface roughness parameters
considered.

 Maximum speed deficits in the wake for obstacleoeding to the “Annex 14” obstacle
clearance height limit are in the range of 2 tkadts. This applies for both surface
roughness parameters considered.

* For a wind speed of 28kts and no “stand alone”aubstthe following conclusion can be
derived from Table 6-9 :

o For a surface roughness of .001m (medium turbu)e2fiteof the approaches resulted
in a crossing of the critical F-factor. For a sagaoughness of .01m (heavy
turbulence) the number of crossings is increasdd.

» If these numbers are compared with the resultsabfer6—10 it follows for the number of
critical F-factor crossings expressed in percentddiee total number of performed

simulations:
Obstacle Z0=.001m| Z0=.01m
No “stand alone” obstacle 2% 16%
According to 1:35 plane 3.3% 17.79
According to Annex 14 8.7% 28.3%

From this table it can be observed that:

« Surface roughness (which can be translated inestain turbulence level) has a large
effect on the wind shearing in the lower atmosphere

e The number of crossings when no “stand alone” alesia present appears to be of the
same order as for the case in which obstaclesrasemt according to the “1:35” plane
height limit. This applies both for the surface gboess of .001m (2% versus 3.3%) and
surface roughness of .01m (16% versus 17.7%)

« A substantial increase in crossings can be obsevhed the obstacle height is increased to
“Annex 14" level. For a surface roughness of .0GLkarge increase can be noted. For a
surface roughness of .01m the increase is smétlferuagh still significant. The latter result
is understandable because the wind shearing ttgoveyned mainly by the increased
surface roughness (turbulence). The stand alortadedecomes less prominent in these
conditions.

6.4.4.6 Conclusions

Based on the offline F100 auto land simulationsr@a could be defined where “Annex 14”
heights in combination with a certain turbulenoeslecreated significant, undesired disturbance
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on the final approach and landing performance. @iisk-shaped shaded area valid for “worst
case” obstacles is shown in Figure 6-40. It canliz®rved from the figure that the area covers
four of the six tested obstacles configuration$imithegreenarea shown in Figure 1-1. All
configurations within the defined area affect tireraft on the glide path below 350ft and have
maximum speed deficits of 6kts or more. Howeveriomedurbulence level (RMS turbulence
intensity approximately 4 kts) or more may alsallemdegraded landing performance within
this area independent of “stand alone” structures.

After touch down the aircraft enters the high spgeind roll phase in which the aerodynamics
still play an important role. Down to an airspedédjoproximately 80 knots the aerodynamic
control surfaces contribute substantially in thetoallability of the aircraft. A conservative
estimation obtained from the F100 simulations shithasthis high speed ground roll in adverse
weather conditions may consume up to 1500m of ryrieragth. Therefore the area defined for
the airborne phase is extended parallel to the ayregntre line as indicated in Figure 6-40.

YRW(m)
2000 \
1500

1000

500

approach surface —

-500

-1000 transitional surface =

inner horizontal surface

conical surface

-1500

® offline F100 test points [~

& PDP position

-2000 ‘ /

-1500 -500 500 1500 2500 3500 X(m) 4500

Figure 6-40: Disk shaped area in which 1:35 wind disturbance plane applies

6.5 Boeing B747

6.5.1 Aircraft model

The offline Monte Carlo simulations for a Boeing7#§pe aircraft were performed with a six
degree-of-freedom, non-linear model with the chisrstics of a Boeing 747-200 equipped
with four Pratt & Whitney JT9D-3 engines ([32]([32} summary of the B747, inertial and
flight condition-dependent parameters can be faorihble 6—-11. A light aircraft mass and an
aft centre of gravity were chosen since this ingpiidow landing reference speed “Vref” which
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offers the most critical flying qualities. The appch speed of 150kts was determined
empirically through an analysis of the aircraft rabslstall speed with the recommended flap
setting of 30°, and includes a correction of 2@&tshe expected longitudinal gusts.

Table 6-11: B747-200 inertial and flight condition parameters

Parameter Value Unit
Wing areaS 510.97 m?
Mean aerodynamic chord (maé) 8.32 m

Wing sparb 59.64 m
Position of centre of gravity 25 % mac
Mass 226,800 kg
Reference speéd.; 150 kts IAS
Flap setting 30 deg
Gear position DWN -

A generic autopilot with auto-throttle system gudiee aircraft along the ILS trajectory while
holding the prescribed reference speed. More datailthe functionality of the programmed
autopilot are given in section 6.5.3. The airceaftiations of motions and the control system
were updated at 50 Hz.

6.5.2 Atmospheric response model

Atmospheric turbulence is a random, stochastic pimemon and can be decomposed in the gust
velocitiesu,, vy andw,. A random gust field is typically modeled by pasgsa white noise signal
through a linear, rational filter which generatesobored output signal, the gust velocities ([34].
The transfer function of this forming filter shoute defined such that the generated output
seems to best fit the frequency characteristica’¢papectral densities) of the available
theoretical and experimental data on atmospheriutence.

The effect of turbulent air on aircraft behaviondse modeled as additional aerodynamic forces
and moments acting on the aircraft. These extigefoand moments are then functions of the
gust velocitiesl,, vy andwy,.

The aircraft response to atmospheric turbulencebessplit up in a symmetric motion
component and an asymmetric motion component.

The symmetric response of the aircraft, definedhieylongitudinal force¥y; andZ,, and the
longitudinal momenMyg, only depends on the varying longitudinal gust porrentsfjg andag

acting in the centre of gravity. A gust velocitgltl that is encountered along the aircraft’s flight
path can be described with a one-dimensional tartm@l model characterized by the known
Dryden spectral densities.
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The asymmetric aircraft motion is more complicatgtte the gust velocitiag andw, vary
along the lateral axis resulting in a span wisgibisted turbulence field that effects the rolling
and yawing moments of the aircraft. Consequentiypapheric turbulence now has to be
considered as a two-dimensional process. The boititsh of the side gust velocity can still

be evaluated in the center of gravity of the aftcra

The gust model and the interaction with the aitalghamics are elaborated in more detail in

Appendix D.
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Figure 6-41: Wind profiles for an approach through the wake of a generic obstacle

The gust models and the models for the aircrafiomese to the created atmospheric turbulence
are now combined with the wind climate model far thake of an obstacle (section 4) to serve
as an input for the offline simulation of the Bagird7 approaches in the desired atmospheric
conditions. A few examples of the created wind dédoaks are shown in Figure 6-41. Presented
are mean wind profiles with superposed gust veéxcds can be encountered during an
approach through the wake of a “regular” block-gthpbstacle with height of 21m and width
of 200m, located 300m next to the runway and 80farbehe runway threshold (in short
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80/300). The mean wind speed at 10m above the drsw2Bkts coming from direction 210.

The surface roughness is 0.03m. The horizontal lgrayndicates the runway threshold.

In general, for the given environment conditiordgitional gusts up to maximum 10-15kts are
encountered additional to the mean wind velocipm8&times, the random atmospheric
turbulence may cover up the presence of a wakbasrsat the bottom. However there will

also be situations where the gust peaks adds fénet ef the wake. In the example at the top, the
cross wind even suddenly drops from 25kts to niémvpassing through the wake. Such
scenarios will not contribute to a successful aafd &anding.

6.5.3 Autopilot considerations

The designed autopilot offers vertical and latgratlance of the aircraft along the ILS approach
path. It consists of two uncoupled closed-loop ariaws for, respectively, elevator and
aileron control. The feedback loops use angulaiatien and angular deviation rate with
respect to the 3° ILS glide slope beam and thdilmrabeam for the vertical and lateral
guidance, respectively. A yaw damper assists lateotion of the aircraft through rudder
deflection. An auto-throttle system controls thettie setting in order to keep the predefined
indicated airspeed during the approach.

Due to the highly turbulent atmospheric environmard strong wind shear conditions, the
gains of the control laws were carefully tunedncrease its accuracy of guiding the aircraft to
the touchdown zone. Open-loop de-crabbing has deded to compensate for the lateral drift
just before touchdown caused by the vertical wimebs while keeping the wings almost level.

6.5.4 Test procedure and test matrix for “regular” obstades

The Monte Carlo simulation focused on an objectinalysis and comparison of B747 ILS
approach trajectories to runway 27 disturbed byakenoriginating from a building or obstacle
in the vicinity of the runway threshold. The stuuret consists of “Annex 14” height limited
obstacles and buildings with a height limit accogdio the “1:35” plane. For this comparison
‘regular’ block-shaped obstacles were chosen withrasity factomp of 0.1 as mentioned in the
wind climate modeling of section 4 and Appendix3nulated approaches through an
atmosphere with only gust disturbances (thus ntaclespresent) served as a baseline reference
condition.

Each Monte Carlo run was performed with identicebmwind conditions corresponding to a
maximum cross wind of 20kts at the reference heafiOm AGL. A related wind direction of
210 degrees was chosen, since this generates adigtildance as close as possible to
touchdown which is the most critical stage of teding. This results in a mean wind speed of
23kts coming from direction 210 (in short 210/28)ee reference height. The terrain surface
roughness was fixed at 0.03m which according t8] ({2 applicable for a runway-type
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environment (i.e. flat land with only superficisdgetation (grass) and sometimes small
obstacles, like runways, fallow farmland, etc).

Each experiment run started with the aircraft $itaddl on the ILS path of runway 27 in
complete landing configuration, i.e. flaps 30° gear down. The initial altitude was set at
2000ft in order to allow complete aircraft stakilibn by the autopilot and to provide adequate
initialization time for the Dryden turbulence fifted output representative gust velocities.
Three independent variables were varied to obkardst matrix of Table 6—12. First, the
position of the obstacle, defined by the x- anagrdinate of its centre, ranges from 80m to
560m in front of the runway threshold (x-directi@md from 300m to 1300m perpendicular to
the runway (y-direction). In total eleven locatiomere selected. A few combinations were
omitted because results indicated that these twtativould not provide additional valuable
data. Last, the obstacle is given two heights Ha¢tording to “Annex 14” regulations and (2)
according to the “1:35” ruleFigure 6-4Xisplays an overview of the obstacle locations and
restrictions according to both regulations. In starym22 scenarios (11 x 2) are analyzed, plus
the baseline scenario where no building is presen23 situations in total. The width of the
obstacle is fixed to 200m.

Table 6-12: Test matrix for B747 Monte Carlo simulation

Obstacle x position [m]

-80 -240 -400 -560
H=9m (2:35) H=9m (2:35) H=9m (2:35) H=9m (2:35
H=21m (annex 14)H =21m (annex 14)H =21m (annex 14)H =21m (annex 14)
H=20m (1:35) H=20m (2:35) H=20m (1:35
-700 XXX XXX XXX XXX
H =45m (annex 14)H = 45m (annex 14)H = 45m (annex 14)
H=29m (1:35) H=29m (2:35) H=29m (1:35
-1000 XXX XXX XXX XXX
H =45m (annex 14)H = 45m (annex 14)H = 45m (annex 14)
H=37m (1:35

-1300 XXX XXX XXX XXX XXX X XXX XXX XX XXX XXX XXX XXX

H =45m (annex 14)

-300

Obstacle y position [m]

Each scenario was repeated 300 times for randdsul&nce conditions to obtain sufficient
statistical data. Evaluation of the results poirgatithat more than 100 runs were required to
allow adequate convergence of the statistical perars, as shown in Figure 6-43. This figure
shows the history of the mean and standard dewi#ieral off-set at touchdown over the total
range of 300 runs for the approach scenario distlldy the wake from the “Annex 14”
approved obstacle positioned at x = 80 and, y sr8flicated short as (80,300).
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For the analysis of the Monte Carlo experiment dé&ameters were recorded with a sample rate

of 10 Hz. Data acquisition occurred from the montbat the aircraft passed 1000 ft until

touchdown.

Relevant performance indicators as indicated itiae& were selected to quantify the

disturbance of the wake on the aircraft approagjedtories:

1. The position of the touchdown point in terms of lderal deviation from the centerline
“XteTD” (cross-track-error) and the longitudinalgsion “XTD”,

2. The maximum bank angle that was initiated durirglést 500 ft of the approach,

3. The maximum wind shear hazard index or F-factooantered.

Yiml,

annex 14 restricted
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1
Y[m] ' -300 700 -1000  -1300

Figure 6-42: Obstacle locations from test matrix and the obstacle restrictions

A full-factorial model Analysis of Variance (ANOVAyas conducted to evaluate the effects of
the independent measures on these performancatodicBox plots were created to visualize
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the centre and spread of the results. The box plstsreveal ‘weak’ and ‘extreme’ outliers in
the data which are presented in the plots with@decand a star, respectively. These outliers are
large deviations and were caused by high gust peaksibly combined along multiple axes of
the aircraft equations of motion.

rnean XTE at TD [m]
&
std XTE at TD [m]

i 1 i i i i i i i i
50 100 150 200 260 300 50 100 150 200 250 300
MNr of runs [-] Mr of runs [-]

Figure 6-43: Mean and standard deviation lateral off-set at TD as function of number of runs

6.5.5 Test matrix results and discussion

The turbulent wind conditions make every simulation unique. An example of the wind and
gust velocities encountered during the baselineasoe (i.e. no wake) and the situations where
an obstacle has been set at 80m in front of tleslimd with a lateral offset of 300m (80,300) is
presented in Figure 6-44. It presents a wind prafiicountered over the last 2.5 km for the
obstacle-free scenario and scenarios with the meedi building location in the 210/23 wind
condition.

The mean and standard deviations are, respectihelyed and green lines. The horizontal gray
line indicates the runway threshold. The logarithmiean wind profile and the contribution and
strength of the different wakes become very clRatice that during a few runs, severe gust
peaks were created. These rare atmospheric ext@masuse very large trajectory deviations
and consequently have a direct impact on the meadstandard deviations of the performance
indicators. Figure 6-48emonstrates this effect with a few relatively &jpgmps in the history

of the mean and standard deviation of the latdfaded at touchdown over the number of
simulation runs. Therefore, visualization with hmats that indicate the center and spread of
the results is preferred for the comparison oftéfs¢ matrix scenarios. The probability (p) value
from the ANOVA analysis provides a quantitative @& for the comparison of the disturbed
approach trajectories with respect to the nomistagtacle-free approach. If the probability p is
smaller or equal .01 a highly significant differeris found. When the probability p lies
between 0.01 and 0.05 the compared scenarios diffeificantly. The range between 0.05 and
0.1 indicates borderline significance. No signifitdiscrepancy can be distinguished when the
probability is larger than .01.
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Figure 6-44: Wind profile encountered over the last 2.5 km for 3 scenarios in the 210/23 wind
condition

6.5.5.1 The main gear touch down point
The most important criterion for the evaluatioradanding procedure is the position of the
main gear touchdown point within the desired towstrd zone of the runway (section 5.2). The
300 touchdown points for the baseline scenariothedwo evaluated obstacles at position
(80,300) are demonstrated in Figure 6-45 for tH¥23 wind condition. The red cross indicates
the mean touchdown point. The green rectangle stimsvateral and longitudinal standard
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deviation. It stands out that all touchdowns ocediiat the very beginning of the desired
touchdown zone. When disturbed by the wake of bstazles, the B747 even ‘lands’ before the
runway which is not acceptable. This is causedbylitnited functionality of the used autopilot
which had an insufficient sensitive glide slopetcoilaw and fails an auto-flare system. In the
upcoming evaluation of the longitudinal touchdovainp and glide slope error, these
imperfections will be neglected and the discussidhbe confined to a general comparison of
the variation between all scenarios.
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Figure 6-45: The touchdown locations (XTD, XteTD) for the obstacle-free scenario and
scenarios for building location (80,300)
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The distribution of the lateral deviation “XteTDT the touchdown point for every scenario of
the test matrix is shown in Figure 6-46. The dadimedin the figure indicates the edges of the
desired touchdown zone. The vertical size of tharé corresponds with the runway width.
As can be expected, the median lateral touchdowrspread of “XteTD” is larger when
“Annex 14" obstacles disturbed the approach thazase of “1:35” obstacles. An increasing
standard deviation can also be observed in the jgieaoh Figure 6-45.
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Figure 6-46: Lateral deviation at touchdown “XteTD” for various obstacle locations (x, y) and the
obstacle-free scenario
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The “Annex 14" obstacles even pushed a number mfogehes to the side edge of the touch
down zone which is certainly not desirable. Natyrtile wake impact on the cross-track error
diminished when the buildings were positioned fertaway from the threshold both in x- and
y- direction. Since the aircraft encountered ttstutbance of the wake earlier in the approach,
they had more time to recover and re-stabilizeaghygroach. For the most remote obstacles
analyzed here, similar variation for both the “Arrigl” and “1:35” planes can be noticed as
with the baseline approach. This suggests thatregilations are sufficiently strict at those
locations.

An ANOVA analysis can quantify which buildings ktiave a relevant effect on “XteTD".
With these results a position perimeter of the aties could be marked out for the two
investigated regulations.

p-factor [-]
p-factor [-]

X [m] X [m] -80

(@) 1:35 rule vs. obstacle-free (b) Annex 14 vs. obstacle-free

p-factor [-]

(c) 1:35 rule vs. Annex 14

Figure 6-47: The p-value from “XteTD” comparison using ANOVA analysis
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A mutual comparison between “1:35” plane obstaclksnex 14” obstacles and the baseline
scenario of “XteTD” is visualized in Figure 6-47.

The height of the bars indicates the level of sigant difference (p-factor) of “XteTD”

between the two scenarios. The actual p-valuekstéed in Table 6—13. The evaluation
primarily indicates that “Annex 14" approved ob&aci.e. the least strict regulation, tended to
have no noticeable disturbance on the lateral offstne touchdown point when these buildings
were located outside a triangular area with a s$idet of 400-560m along the x-axis and a long
side of 1000-1300m along the y-axis. Outside teisnpeter hardly any difference can be
observed between obstacles with an “Annex 14" dn85" rule approved height. Inside this
triangle, a few “1:35” obstacles also induce (hyylgignificant differences, but the discrepancy
is clearly less pronounced in the distribution§&igfure 6-46. Apart from a few outliers, the
extremes and variation of “XteTD” for “1:35" struges were quite similar to the obstacle-free
scenario. Notice that the largest differences @uad for obstacles that are set around 700m
from the runway centerline rather than the oneectoghe approach trajectory.

Table 6-13: The p-values from ANOVA comparison of “XteTD” between 1:35 rule, Annex 14
obstacles and obstacle-free condition

Obstacle x position [m] Obstacle x position [m]

-80 -240 -400 -560 -80 -240 -400 -560
E -300 0.101 0.057 0.290 0.713 0 0 0 0.770
S
2 | -700 0 0.019 | 0.443 0 0 0.736
o
>
% -1000| 0.049 0.126 0.709 0 0.200 0.899
z
O | -1300| 0.577 1:35 rule vs. obstacle-freej 0.826 | Annex 14 vs. obstacle-free
E. | -300 0 0 0 0.949 | [] Highly significantp<0.01
S
g -700 0 0 0.703 [] Significant 0.01< p<0.05
>
§ -1000| 0.020 0.806 0.616 [] Borderline significanf.05< p<0.1
7]
8 -1300| 0.432 1:35 rule vs. Annex 14 []  Not significantp > 0.1

The longitudinal position of the touchdown pointTR®” appears to be less dependent on the
obstacle conditions than “XteTD” as shown with box plots of Figure 6-48. The solid line is
the threshold of the runway. The dashed line indithe front of the desired touchdown zone.
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Obstacles located close to the runway do causenberof early touchdowns when
strengthened by a severe gust combination, bugnergl the disturbance of the wake on the
vertical approach profile is relatively small atithdown. The ANOVA analysis confirms these

observations as demonstrated in Figure 6-49 antkBali4.
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Figure 6-48: Longitudinal touchdown point “XTD” for various obstacle locations (X, y) and

(c) Obstacle position x = - 400 m

obstacle-free scenario for the 210/23 wind condition

(d) Obstacle position x =- 560 m

Obstacles conform the “1:35” plane do not crea®aificant disturbance on XTD, except
obstacle position (80,700).
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This obstacle generated an even smaller touchdpread (probably causing the small p-
value), but with more outliers towards the runwaneshold. “Annex 14” approved buildings
positioned within 400m from the runway tend to havgust) significant effect. For these cases
the variation is somewhat larger with several eanlich down'’s. Although the autopilot is
limitedly capable of performing adequate landingthie vertical plane, it can still be concluded
that the obstacles only have a relatively smaluarice on “XTD”. But when considering the
results from the “Annex 14” obstacles located adifpan (80,300) and (240,300), it might be
valuable to limit their heights at least to the33" rule.

p-value [-]

p-value [-]

-1300
-1000

Y [m]

-240 -
X [m] -80 X [m] -80

(a) 1:35 rule vs. obstacle-free (b) Annex 14 vs. obstacle-free

p-value [-]

-400
X [m]

-80

(c) 1:35 rule vs. Annex 14

Figure 6-49: The p-value from “XTD” comparison using ANOVA analysis
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Table 6-14: The p-values from ANOVA comparison of “XTD” between 1:35 rule, Annex 14
obstacles and obstacle-free condition
Obstacle x position [m] Obstacle x position [m]

-80 -240 -400 -560 -80 -240 -400 -560
E -300 0.702 0.770 0.576 0.886 0.096 0.022 0.116 0.874
S
% | 700 | 0.042 | 0.827 | 0.610 0.219 | 0.971 | 0.340
o
>
§ -1000 [ 0.412 0.328 0.802 0.729 0.750 0.705
2
O | -1300| 0.651 1:35 rule vs. obstacle-freej 0.921 | Annex 14 vs. obstacle-free
E. | -300 | 0.056 0.011 0.290 0.626 [ ] Highly significantp < 0.01
c
i
g -700 | 0.430 | 0.800 | 0.140 [ ] Significant 0.01< p<0.05
>
% -1000| 0.619 0.526 0.887 [[] Borderline significanf.05< p<0.1
1
O | -1300| 0.741 1:35rule vs. Annex 14 | [  Not significantp > 0.1

6.5.5.2 The roll response

The maximum absolute roll angle encountered dutiegapproach appeared to be another
interesting parameter when comparing the diffeveakes. As can be expected, the “Annex 14”
obstacles induced (much) larger roll angles toemrior the lateral deviations from the
localizer track as presented in Figure 6-50. AmgXa of the roll angles that were required to
keep the aircraft on track for obstacle positiod,880) is depicted in Figure 6-51. The figure
shows histories of the roll angle over the lastk®b(~500 ft descend) for the obstacle-free
scenario and scenarios with building location (80)3n the 210/23 wind condition. The mean
and standard deviations are, respectively, thanedgreen lines. The vertical gray line
indicates the runway threshold. The vertical bl reflects the center of the wake when
crossing the approach path. The orange edges lthermbnes wherein bank angles are
considered hazardous. (Note: these lines are cmbtstr assuming that the aircraft perfectly
moves along the 3° ILS descend trajectory.)

The large disturbance of the “Annex 14” approvestatie with a height of 21m strikes
immediately. Notice in the baseline scenario thsd a single detrimental gust combination can
cause the B747 to respond with a maximum roll anfE) degrees. “Annex 14" obstacles
located closer than 400-560m in front of the thoddland 700-1000m laterally, caused the
aircraft to roll more than 10 degrees during sdvwenas. At touchdown this would cause an
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engine strike with the ground. However none ofgbenarios resulted into an actual engine
strike or bank angle warning.
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Figure 6-50: Maximum absolute roll angle for various obstacle locations (X, y) and obstacle-free
scenario for the 210/23 wind condition

Secondly, almost all of these high maximum rollleagpccur very close to the ground, as
depicted in Figure 6-52, which shows the altitutielaich the maximum absolute roll angle
occurred, for various obstacle locations (X, y) abdtacle-free scenario for the 210/23 wind
condition. An ANOVA analysis indeed reveals higklgnificant distinctions for the altitude
within the mentioned perimeter (Figure 6& Table 6—15). Large rolling maneuvers at final
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approach and close to the ground can not be actapeen applying the criterion for
hazardous bank angles (Figure 5-9), hazardousdmagiks occurred in almost 10% and more
of the approaches with “Annex 14” obstacles locatettie mentioned area, as shown in Table
6—16. This table shows the percentage of runs wheeardous bank angles were encountered
according to the “1:35” rule and “Annex 14" obstxcl As a reference the baseline turbulent
atmosphere in the obstacle-free scenario causeddwas bank angles in 1% of the runs.

Mo building - Wind: 210/23
I [

Rall angle ¢ [deg]

1:35 RULE

Rall angle 4 [deg]

ANNEX 14

Rall angle ¢ [deg]

"3500 -2000 -1500 -1000 -500 ] 500
% [m]

Figure 6-51: Histories of the roll angle over the last 2.5 km
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This suggests that “Annex 14" approved obstaclesisinot be allowed there. Outside this
boundary, the difference in the number of runs Wakardous bank angles between “Annex
14” and the “1:35" rule is relatively small.
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Figure 6-52: The altitude at which the maximum absolute roll angle occurred

On the other hand all obstacles according to th&5"Irule have a very similar maximum roll
angle with respect to the obstacle-free scenaigu(E 6-50). Despite the visual similarity,
(highly) significant differences were calculated foost “1:35” obstacles. Indeed, the
distributions of the maximum roll angle are slightrger. This could be expected since the
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wake naturally provides some extra lateral deviaiba certain point during the approach,
demanding stronger roll maneuvers. Neverthelesanitoe concluded that the difference in
maximum roll angle is in most cases negligible. ifiddally, the corresponding altitudes of the
maximum roll 6@gmay With 1:35 obstacles are comparable to the baselmdition (Figure
6-52), except for the first two obstacles alongphbsition line of 80m in front of the threshold.
The calculation of the probability value confirnnese observations (Figure 6-53): only the
obstacles at position (80,400) and (80,700) sigaifily cause maximum roll angles occurring
at lower altitude than when no wake is generated, the bank angles only appeared to be
hazardous in maximum 3% of the runs (Table 6—18)chvis just a small discrepancy with
respect to the obstacle-free reference conditioerevthe aircraft responded with hazardous
bank angles in 1% of the approaches.

p-value [-]
p-value [-]

X [m]

(a) 1:35 rule vs. obstacle-free

p-value [-]

(c) 1:35 rule vs. Annex 14

Figure 6-53: The p-value from h@@max comparison using ANOVA analysis
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The analysis of the roll response indicated th#tiwithe rectangle with a length in x-direction
of approximately 500m and width in y-direction edand 1000m annex 14 obstacles induced
too large bank angles. Limiting the heights tot85 rule in this area is expected to be
acceptable. However this should be validated withjetive opinions in the piloted simulator
experiment. Outside the mentioned area, the anfezdulations appear to be well applicable.

Table 6-15: The p-values from ANOVA comparison of h@@.x between 1:35 rule, Annex 14
obstacles and obstacle-free condition

Obstacle x position [m]

Obstacle x position [m]

-80 -240 -400 -560 -80 -240 -400 -560
E -300 0 0.234 0.446 0.717 0 0 0 0.559
S
% | 700 | 0.021 | 0.829 | 0.334 0 0 0.330
o
>
% -1000| 0.421 0.144 0.126 0.130 0.273 0.310
2
O | -1300| 0.159 1:35 rule vs. obstacle-free] 0.305 | Annex 14 vs. obstacle-free
E. | -300 0 0 0 0.891 | [] Highly significantp <0.01
c
o
g -700 0 0 0.001 [] Significant 0.01< p<0.05
>
% -1000| 0.013 0.621 0.491 [] Borderline significan0.05< p<0.1
7]
8 -1300| 0.668 1:35 rule vs. Annex 14 [  Not significantp > 0.1

Table 6-16: The percentage of runs where hazardous bank angles were encountered for the
1:35 rule and Annex 14 obstacles

Obstacle x position [m]

Obstacle x position [m]

-80 -240 -400 -560 -80 -240 -400 -560
E -300 3.0% 1.7% 1.0% 1.3%] 69.0% 38.3% 9.0% 2.0%
%)
§ -700 2.7% 1.3% 1.7% 27.7% 10.7% | 4.3%
g -1000| 1.7% 0.7% 1.0% 3.3% 2.3% 2.0%
8 -1300| 0.0% 1:35 RULE 1.3% ANNEX 14
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6.5.5.3 The wind shear hazard index

The presence of the wakes from an obstacle didpgar to have any major influence on the
maximum encountered wind hear hazard index or tfaluring the approaches, as presented
in Figure 6-55. This figure shows the maximum wahheéar hazard index encountered for
various obstacle locations (X, y) and the obst&elescenario for the 210/23 wind condition. A
“must alert” threshold is set at 0.13 ([36], indexh by the dashed line.
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Figure 6-54: The wind shear hazard index or F-factor experienced over the last 2.5 km
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Only a very few extremes were reported, like ingkample of Figure 6-54, which shows the
wind shear hazard index or F-factor experienced theelast 2.5 km (~500 ft descend) for the
obstacle-free scenario and scenarios with builttogtion (80,300) in the 210/23 wind

condition.
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Figure 6-55: The maximum wind shear hazard index encountered (F-factor)

The mean and standard deviations are, respectihelyed and green lines. The vertical gray
line indicates the runway threshold. The black lieflects the center of the wake when
crossing the approach path. From the plots it agpeat the wind shear alert was never
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triggered. Especially for “1:35” obstacles, the geted wake did not significantly increase the
F-factor as the high p-values prove in Figure G686 Table 6-17. A few “Annex 14" approved
obstacles positioned near the threshold tendetttease the risk of wind shear slightly but
significantly. In the area up to 400m in front bétthreshold and 700m in lateral direction also
a significant difference in wind shear hazard isnio with respect to the “1:35” rule.

p-value [-]
p-value [-]

-1300
-1000

Y [m]

X [m] -80

(@) 1:35 rule vs. obstacle-free

p-value [-]

(c) 1:35 rule vs. Annex 14

Figure 6-56: The p-value from F-factor comparison using ANOVA analysis

For the “Annex 14” obstacle located at position,880), the mean of the wind shear hazard
measure over all the runs definitely increase aasbe seen in Figure 6-54. Although this is
undesirable, no strong conclusions on the declifiigbt safety by “Annex 14” obstacles can
be drawn.

The non-significant effect of the presence of “1.8bstacles on the F-factor also supports an
observation from the data that showed an insiganificlisturbance on the maximum downward
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glide slope deviation. So in general, several tsqubpose that the 1:35 rule might form a good
regulation for the maximum height of obstacles faséed closely to the runway.

Table 6-17: The p-values from ANOVA comparison of F-factor between 1:35 rule, Annex 14
obstacles and obstacle-free condition

Obstacle x position [m] Obstacle x position [m]

-80 -240 -400 -560 -80 -240 -400 -560
E -300 0.411 0.251 0.303 0.277 0.169 0 0.033 0.559
S
% | 700 | 0.965 | 0.509 | 0.553 0.023 | 0.123 | 0.493
o
>
% -1000| 0.808 0.687 0.933 0.66 0.738 0.086
z
O | -1300| 0.732 1:35 rule vs. obstacle-freej 0.305 | Annex 14 vs. obstacle-free
E | -300 | 0.031 0 0.002 | 0368 | [] Highly significantp <0.01
S
g -700 | 0.020 | 0.032 | 0.219 [] Significant 0.01< p<0.05
>
§ -1000 | 0.515 0.931 0.078 [ ] Borderline significand.05< p< 0.1
7]
Q0
O | -1300| 0.247 1:35 rule vs. Annex 14 [  Not significantp > 0.1

6.5.6 Extension for “worst case” obstacles

The influence of a wake generated by “regular” kiehaped obstacles has been evaluated in
the previous paragraphs. However, not all obstd@es a nice rectangular shape. They might
have a special form, like for example the net-shafphe engine test facility (PDP). A wind
tunnel experiment demonstrated that the PDP creatasch stronger wake as its shape
withholds more wind (section 4). Therefore, thdioff B747 simulations have been extended
with an investigation on the disturbance causedua “worst case” obstacles with heights
according to “Annex 14” and the “1:35” rule. In erdo model the worsening wake
characteristics of the obstacle, its porosity faptbas been set to -1, just like the PDP. This can
be physically interpreted as the creation of a noa@ impenetrable wind shield. Figure 6-57
illustrates the consequential difference in wakergjth. The figure shows scenarios with a
“regular” block-shaped building (p = 0.1) and a ‘hatocase” obstacle (p = -1), both located at
position (240, 1000) and for a 210/23 wind conditibhe mean and standard deviations are,
respectively, the red and green lines. The horaagray line indicates the runway threshold.
With the results of the test matrix in mind, a fparticular obstacle locations have been selected
for analysis, as shown in Table 6-18. The resiMs gn idea of the effect of a “worst case”
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shape on the “1:35” rule on one hand. On the dihed, again a rough indication should be
found of the area where “Annex 14” regulations stiawt be applied for these “worst case”
conditions, in comparison to the boundary assigoethe “regular” shaped obstacles. Again,
Monte Carlo simulations with 300 runs per scenhéwe been conducted in a 210/23 wind
environment with surface roughness of 0.03, asdeasg for the test matrix evaluation.

Table 6-18: Additional scenarios of non-regular Annex 14 and 1:35 rule obstacles

X position [m] y position [m] height (H) [m] width (W) [m]
1:35 rule -80 -300 9 200
-240 -1000 29 200
Annex 14 -240 -1000 45 200
-80 -1300 45 200
-560 -1000 45 200
-760 -700 45 200
-560 -300 21 200
Regular Annex 14 obstacle (porosity p=0.1) Regular Annex 14 obstacle (porosity p=0.1)
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Figure 6-57: The wind profile encountered over the last 2.5 km for the two “Annex 14” scenarios
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The previous evaluation of the test matrix demarstt that the most interesting performance
indicators were the position of the touchdown pdime roll response of the aircraft and the
encountered wind shear hazard defined by the Bifagtstatistical analysis will be presented
for these parameters.

6.5.6.1 Results for “Annex 14" “worst case” obstacles

A comparison of the scenarios with a “regular” &wdrst case” “Annex 14” obstacle located at
position (240, 1000) with respect to the obstacde-ttondition reveals that much more
disturbance is generated on the B747 approaclttoaje

Regular Annesx 14 obstacle (porasity p=0.1)
0 ‘ I T \ ! !

ANNEX 14, p = 0.1 '

B

N

KTE [m]

L[ T T TE T T T T TR PP REPP
KTE: mean=-0.24m ; std=283m
XTD:mean=1892m ; std=493 m

20

0 \ i |
-400 -200 1) 200 400 BOO 800 1000

* [m]

Mon-regular Annex 14 ohstacle (porosity p=-1)
=30
\ T T T T T

ANNEX 14, p = -1 '

XTE [m]

10

HTE: mean =007 m  std=32m
XTD: mean = 1889 m; std=485m

20

10 | i \ i I I
-0 200 0 2m 4m B0 800 1000

x[m]

Figure 6-58: The touchdown locations (XTD, XteTD) for the Annex 14 scenarios with “regular”
block-shaped building (p = 0.1) and “worst case” obstacle (p = -1)

Figure 6-58 shows the touch down dispersion ofAaméx 14" “regular” shaped obstacle and
an “Annex 14” “worst case” obstacle both locatepadition (240,1000) for the 210/23 wind
condition. The red cross indicates the mean toushdmint. The green rectangle shows the
lateral and longitudinal standard deviation. A san&t larger although not significantly larger
touch down dispersion can be observed for the “ingarse” obstacle.

The largest effect can be seen in the roll respoh#®e aircraft, as shown in Figure 6-59. The
plot applies to an obstacle that for both scenasiéscated at position (240, 1000) in the 210/23
wind condition. The mean and standard deviatioasraspectively, the red and green lines. The
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vertical gray line indicates the runway threshdlde vertical black line reflects the center of the
wake when crossing the approach path. The orarggsdibund the zones wherein bank angles
are considered hazardous. (Note: these lines astrocted assuming that the aircraft perfectly
moves along the 3° ILS descend trajectory) Hazagdaunk angles responses were encountered
more frequently, i.e. in 18.3 % of the approactebksted in Table 6-19. In the table the grey-
scales indicate the level of significant differemsepreviously defined in Table 6-17.

Regular Annex 14 obstacle (porosity p=0.1)

T
ANNEX 14, p = 0.1

Rall angle ¢ [deg]

10~

Roll angle ¢ [deq]

-5
2600 -2000 -1500 -1000

i [m]
Figure 6-59: The histories of the roll angle for the Annex 14 scenarios with regularly block-
shaped building (p = 0.1) and a special-shaped obstacle (p = -1)

-500 o 500

Table 6-19: Statistical comparison between “regular” and “worst case” Annex 14 obstacles

Regular (p = 0.1) | Non-regular (p =-1) | Regular (p =0.1)
VS. VS. VS.

obstacle-free obstacle-free

non-regular (p = -1)

Xterp 0.014

p-values XTD

Bl

Percentage runs with
hazardous bank angle

2.3% 18.3%
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Consequently significantly higher maximum roll aegyivere reported (Figure 6-61 (b)). On the
other hand, the wake of regular obstacles only deled bank inputs comparable to the
situation without the presence of the obstacle ANOVA analysis of the other relevant
performance indicators proved that also the lateglation of the touchdown point “XteTD”
and the maximum wind shear hazard significantlfedifor the less-porous obstacle, as listed in
Table 6-19. Figure 6-61 illustrates these calooatiwith a larger spread and higher mean of
“XteTD” and the maximum F-factor. Also the mearttoé F-factor over all the runs visibly
increases at the moment that the wake crosseppinesech path, as can be seen in the histories
of Figure 6-60 . No relevant effect on the longitad touchdown position was observed. Again,
the generated wakes do not influence the vertiestehd profile much.

The analysis of this particular obstacle locatioggests that the previously defined perimeter
wherein “Annex” 14 height limitations were not aptable for “regular” obstacle should be
enlarged if “worst case” obstacles are built nbarruinway. Such structures could for example
be buildings with a U- or V-shape oriented transeesn the direction of the wind (like the
PDP).

Regular Annex 14 obstacle {porosity p=10.1)

=}
=1
@

F-factor [-]

2500 -2000 -1500 -1000 -500 ] 500

DAG e | .................. LU DR L SST TR | ................................ -

F-factor [-]

i i
01

25001 2000 1500 1000 500 i 00
¥ [m]

Figure 6-60: The wind shear hazard index or F -factor for the Annex 14 scenarios with regularly
block-shaped building (p = 0.1) and a special-shaped obstacle (p = -1)
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Figure 6-61: Lateral deviation at touchdown (XteTD), maximum roll angle and maximum wind
shear hazard index encountered (F-factor), for a non-regular Annex 14 obstacle (p = -1)

A selection of four ‘more-than-impenetrable’ ob&ad Table 6-18), positioned around the area
where “Annex 14" is undesired for a “regular” bleskaped obstacle, was made to come up
with a rough indication of a second ‘worst-caseibdary of acceptance of “Annex 14”
applicable to “worst case” obstacles. The most g results of the statistical analysis for the
additional “Annex 14" obstacles are presented inld&-20.

Table 6-20: Statistical comparison of a series of non-regular Annex 14 obstacles with respect to
the obstacle-free scenario

Obstacle location

(-80,-1300) | (-560,-1000)|  (-760,-700) (-560,-300

p-values xterp 0.039 0.931 0.421 0.028
w.r.t XD 0.748 0.124 0.821 0.883
obstacle-free| F 0.819 0.052 0.010 0.149

Percentage runs with
3.7% 2.7% 9% 9%

hazardous bank angle

A distribution of the cross-track-error, maximunti engles and maximum wind shear index is
presented in Figure 6-62 to Figure 6-64
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Figure 6-62: Lateral deviation at touchdown (xterp) for a range of non-regular Annex 14
obstacles (p = -1) at position (X, y) and the obstacle-free scenario in the 210/23 wind condition
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Figure 6-63: Maximum roll angle for a range of non-regular Annex 14 obstacles (p =-1) at
position (X, y) and the obstacle-free scenario in the 210/23 wind condition
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Figure 6-64: Maximum wind shear hazard index (F-factor) for a range of non-regular Annex 14
obstacles (p = -1) at position (X, y) and obstacle-free scenario in the 210/23 wind condition

It is shown that the obstacles located at (560,1806 (760,700) had no significant influence

on the mean area where the aircraft touches theayrwhile a just significant effect on

“XteTD” was calculated for the test cases positebat(80,1300) and (560,300). This difference
Is incontestably present in Figure 6-62, but candresidered relatively small and hence
negligible. Similar conclusions can be drawn far thind shear hazard: a (just) significant, but
relatively small increase of the F-factor is obserfor “Annex 14” obstacles (560, 1000) and
(760, 700). The most important considerable distncle on the landing operation is found in
the roll response of the B747 when the aircrafspashrough the wake created by the “worst
case” “Annex 14" obstacles with position (760, 7@y (560, 300). The required bank angles
to compensate the deviation from the localizer apgetto be hazardous in 9% of the conducted
approaches, which is not preferred. Neverthelesani be expected that these spots are located
close to the transition where “Annex 14" approvethhts no longer create an undesired wake
that affects the safety of the landing . After t#ile percentage of runs with hazardous bank
angles tends to converge towards a level similtinéaeference wake-free approach scenario
(i.e. hazardous bank angles in 1% of the runs).arheunt of undesired roll angles found for
the other two obstacles is acceptable with redpetie baseline obstacle-free scenario. Note
that although larger maximum bank angles were éxipeed with the (560, 1000) wake, they
are less hazardous than in case of the (560,366a80.
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6.5.6.2 Results for “worst case” obstacles according to th#:35 rule

It was previously suggested that the “1:35” ruléspan acceptable limitation on the height of
obstacles with a “regular” block-shaped form. Oalbstacles close to the runway threshold
provided a small, but probably acceptable disturtbaim the landing. The question is now
whether the “1:35” rule would also be an acceptalifernative for limiting the heights of
“worst case” structures. A check on two obstactatimns from the test grid has been
performed. The one closest to the runway (80, add)one further away at (240, 1000) where
the “Annex 14" regulation appeared to be insuffitie the previous section, have been
selected.

In contrast to the insignificant differences fododa regular “1:35” structure at position
(80,300), a wake strengthened by the worsened sifape obstacle does significantly alter the
lateral component of the touchdown point as indidatith the zero probability value Error!
Reference source not found.The grey-scales indicate the level of significdifference as
previously defined in Table 6-17.

However a comparison of the spread of “XteTDEimor! Reference source not found.(a)
shows that this difference is relatively small atill acceptable, but there is definitely a visible
disturbance. As before, no considerable effecstaldished in the longitudinal direction

“XTD”. The stronger wake also does not significgrniticrease the wind shear hazard, although
a little more peaks are pointed outError! Reference source not found.(c). The only adverse
effect that can not be tolerated is the major iaseeof the roll response of the aircraft. Large
bank angles were applied close to the ground, caabjawith to the roll angles encountered
when disturbed by the unacceptable wake of “refjthamrnex 14” obstacles (Figure 6-50). This
observation is also reflected in the high percemtaguns with hazardous bank angles of
20.7%. It appears that for this particularly “wtarase” obstacle even the 1:35 rule is not
stringent enough. The online simulator experiméoutd validate whether this wake requires
unacceptable roll maneuvers in order to bring trexait safely on the ground.

Table 6-21: Statistical comparison between “regular” and “worst case” “1:35” obstacles

Regular (p = 0.1) | Non-regular (p =-1) | Regular (p =0.1)
VS. VS. VS.
obstacle-free obstacle-free non-regular (p = -1)
Xterp 0.101 0 0.008
p-values XTD 0.702 0.552 0.353
F 0.411 0.378 0.098
Percentage runs with
3% 20.7%
hazardous bank angle
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Figure 6-65: Lateral deviation at touchdown (XteTD), maximum roll angle (¢max) and maximum
F-factor, for a non-regular 1:35 obstacle (p = -1) at obstacle position (80,300)
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Figure 6-66: Lateral deviation at touchdown (XteTD), maximum roll angle (¢max) and maximum
F-factor, for a non-regular 1:35 obstacle (p = -1) at obstacle position (240,1000)

Unlike the above observation, the second “worst’tabstacle analyzed here demonstrates that
the “1:35” rule offers an excellent limitation dmetheight of obstacles with “worst case”
characteristics when they are positioned a littieghier from the threshold. The ANOVA

analysis calculates no significant differencesoinchdown characteristics or in the wind shear
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risk, as listed in Table 6-22. Again the grey-ssahelicate the level of significant difference as
previously defined in Table 6-17.

On the other handrror! Reference source not found.indicates that the maximum roll angle
increases considerably up to the same level abdopbstacle located at position (80,300)
(compare withError! Reference source not found). However, in this case these bank angles
were reported at higher altitudes and appear twbehazardous during most approaches: only
in 2.3% of the runs which is just a little morenhaith a “regular” obstacle (p = 0.1).

Finally, it can be remarked that the test engimdifa (PDP) was located near position (80,300)
and was originally 16m high. This height exceeds185 rule with approximately 7m, while it
has been suggested above that the “1:35” rule waltéddy be unacceptable when considering
the amount of hazardous bank angles experiencette;ig can be concluded that the original
PDP structure was certainly designed too hightat particular location or should have been
located further away from the runway threshold.t@mnother hand, the PDP is currently 8m
high which is just a little bit less than alloweglthe “1:35" rule. Since no complaints about the
remaining wake disturbance during the approactuoway 27 at Schiphol Airport have been
reported by pilots, the above interpretation that'tl:35” rule would still allow too high
obstacles with worst case characteristics (likeRB®) around the location of (80,300), has to
be employed with care. Again, pilot opinions frdme bnline simulator experiment should
validate where the boundary of acceptable wakerbahces should be drawn.

Table 6-22: Statistical comparison between “regular” and “worst case” 1:35 obstacles at
position (240, 1000) with respect to the obstacle-free scenario

Regular (p = 0.1) | Non-regular (p =-1) | Regular (p =0.1)
VS. VS. VS.
obstacle-free obstacle-free non-regular (p = -1)
Xterp 0.126 0.358 0.015
p-values XTD 0.328 0.329 0.906
F 0.612 0.687 0.936
Percentage runs with
0.7% 2.3%
hazardous bank angle

6.5.7 Wind criteria derived from B747 Monte Carlo Simulations
This section looks at the wind conditions that edsduring the measurements. Together with
the conclusions of the Monte Carlo simulations adagriterion can be derived.
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Figure 6-67 shows the maximum cross wind deficitiks height along the approach path
where this maximum occurs. Every building from B#17 test is shown in the plot. The
meaning of the symbols is:

e Square shaped for worst case buildings with Anrfekeight

e Circular for worst-case buildings with height aatiog the 1:35 rule

e Cross for regular buildings with Annex 14 height

e Triangle for the PDP building with the original acakrent height

The color of the symbol shows the conclusion from¥Monte Carlo simulations:

e Greenis an accepted building

e Blue is a border case building

« Redis a disallowed building

The wind scenario used is 23kts from direction 24t@ turbulence intensity of 0.178 at 10m.

260 —

240 -

200 —

140 —

120 =

100 v, ; v

° x ]
a0 ! 1 1 | 1 ]

6
cross wind deficit [kts]

Figure 6-67: Maximum cross wind deficit vs. height
From Figure 6-67 it can be observed that the mamniraliowable cross wind deficit for a B747

is 6 knots. Also from the figure it can be seert ths maximum would not disapprove all
disallowed buildings.
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7 Piloted B747 simulations

7.1 Introduction

In this section the piloted simulator experimendéscribed which is part of the validation of
the offline results.

The Boeing B747 has been selected for the testgyasd representative of a heavy weight
aircraft. A heavy weight aircraft is chosen for flilmted experiment because a former study
showed that this type of aircraft was more critioahe final approach stage than e.g. the
Fokker 100 ([9]. Approaches into a decreasing Vield with gust/turbulence have been
executed.

7.2 NLR simulator facility GRACE

The experiment has been carried out on NLR’s mehiage research flight simulator GRACE
(Generic_Research Acraft Cockpit Environment).

A high level of realism is essential for a fliglmnsilation evaluation with valid results. NLR has
achieved a new level of realism in research flgjhtulation with its newest flight simulator
GRACE . GRACE features a unique system of adaptanigware and software. It employs
large displays and masks, modular, exchangeablele®édnd in-house developed software.
GRACE can be configured to simulate Airbus, Boeang Fokker like aircraft.

A picture of GRACE from the outside is shown in Uiig 7-1. The cockpit provides
accommaodation for two pilots and a number of obsexvA picture from the cockpit is shown
in Figure 7-2. Both captain and first officer haatectronic Primary Flight Displays (PFD) and
Navigation Displays (ND) at their disposal.

The primary flight controls are the control wheathal columns, four throttle levers and rudder
pedals. Furthermore controls are available to apehe flaps, landing gear, speed brakes,
electrical pitch trim switches on the control wiseahd toe brakes.

The simulator is provided with an electric motigstem controlling six degrees of freedom.

The operator controlling the simulation has avddabwritten start-up and closure procedure, a
schedule of the total experimental set-up, tharmplanning and timetable as well as ATC
communication procedures. Furthermore he is alyettorm the role of air traffic controller in
the experiment.

For the wind disturbance experiment a generic biteped building was created by means of
in-house software tools. This generic obstacle thasmimplemented in the visual database.
Depending on the test run the dimensions of théaolescould be adapted. Also the position
could be varied per test run. It has enhancedidledity of the simulation and it provided the
pilots with a visual cue of the dimensions and pasiof the obstacle.
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Figure 7-2: Cockpit view of GRACE
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7.3 Mathematical models

7.3.1 Related to B747 aircraft

For the experiment the simulator has been prograhwiid the aerodynamic characteristics of
the Boeing 747-200 and the characteristics of teee@al Electric CF6-50E/-45A jet engine.
PFD, NAV and engine digital cockpit displays howegerresponded to the latest version of the

B747 viz. the 400 series.

The forces and moments as result of the changind wonditions act on the centre of gravity of
the aircraft. In the mathematical model also thenspise distributed turbulence acts on the
aircraft's CG through angle of attack and speecaddpnt contributions. The update rate of the

aircraft equations of motions and control syste®0d1z.

7.3.2 Related to the experime

The wind climate model employed in the offline slations was implemented also in the

nt

mathematical models of GRACE.
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Figure 7-3: Comparison between turbulence in GRACE and offline simulation
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Figure 7-3 shows histograms obtained from dataesponding to the turbulence model as
imbedded in the F100 offline simulation and as progned in the computer model of GRACE.
Histograms are presented for the longitudinal tlehee (Ugust), lateral turbulence (Vgust) and
vertical turbulence (Wgust). For comparison the figed normal distribution for each data set
is given as well. A good correlation between the tlata sets can be observed.

To compensate for the lack of periphery and tosagise pilot to control the bank angle during
landing and flare a bank angle warning as funatiineight above the runway has been
incorporated. If a critical bank angle which depend the height above the ground is exceeded
an aural alert is presented to the pilot. To take account the amount of roll rate that is evoked
also a phase advance feature proportional toatslis incorporated. Above 100 ft the alert is
inhibited. Because of the wing-mounted enginedtgk angle aural limit for the B747 at touch
down is 7 degrees.

7.4 Test procedure

Before the actual start of the experiment a chetcbthe complete test set-up has been
performed with a pilot that did not participatetlire experiment. The purpose of the checkout is
to investigate whether the simulator models in coaion with the wind climate models is
implemented correctly in the simulator computer smtest the feasibility of the proposed
procedures and evaluation objectives. On March(® 20e checkout of the B747 experiment
set up has been performed successfully.

In the experiment at first the project pilots exedua number of approaches and landings with
increasing difficulty. These test runs allowed pilet to familiarize himself with the simulator
cockpit, experiment set-up and procedures.

Every approach in the experiment to runway 27 etiantith the aircraft positioned at an initial

altitude of 1000ft, on the ILS path, under VMC citimths, with landing flaps selected and gear

down. Autopilot and auto throttle were engagedeAftabilization of the aircraft the autopilot

(A/P) was disconnected. Then until touch down dghatinitiation of a go-around the aircraft

was flown manually with the recommended crosswaahmhique for the aircraft.

The wind correction on the final approach airsp@elS) in the experiment is based on the

Boeing 747 Flight crew training manual:

e Use an approach speed wind correction of ¥ thelgtesadvind component plus the entire
gust increment above the steady wind, based orrt@perted winds. The maximum wind
correction should not exceed 20kts.

The auto throttle (A/T) initially was engaged. Hoxee, if deemed necessary it was

disconnected and manually operated by the pilds Bécause of the under-wing engine

position of the B747 the auto throttle has difftgub control the aircraft speed accurately in
high turbulent conditions.
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The approach and landings in the experiment wedermader ILS flight director guidance. In
addition PAPI was available to assist the pilot.

Runway length was no parameter of concern in tkggement. Simulated runway width is
150ft.

The pilot was asked to continuously judge the gaigtiation by controlling and monitoring
height, speed and glide slope and localizer denatilf a go-around decision was taken only
the initiation of a go-around procedure was reqlifes soon as the aircraft was stabilized the
simulation was stopped.

Ground spoilers were armed at the start of thertesaind deployed automatically upon touch
down of the main gear. Because of the loss ofifidel the modeling of the ground tire
reactions under high crosswind conditions the s automatically was ended at main gear
touch down plus 3 seconds.

7.5 Validation matrix

Five pilots took part in the evaluation and all arperienced B747 captains from KLM.
Obviously also less experienced crews should etalbperate within the severe gusting
conditions without requiring exceptional skills. ever for this experiment it was considered
more worthwhile to use the expertise of highly eiqreced pilots.

Table 7-1: Online test matrix for 1:35 plane

Session 2 Landing rwy 27 With obstacles 1:35 worst case obstacles
mean wind Appr. spd XRW/YRW-
speed (kts) | wnddir. | X-wind | Hd-wind Turb flps 30 Hobst Z0 Width position
nr| exclgust (dg) (kts) (kts) (on/off) (kts) LND/TO (m) (m) (m) (m) Remarks
1 23 210 (L) 20 12 on 156 LND 9 0.01 250 -80/-300 [210/23 gusting 32
2 23 330 (R) 20 12 on 156 LND 20 0.01 250 -400/700 |330/23 gusting 32
3 23 210 (L) 20 12 on 147 LND 20 0.001 250 -400/-700 |210/23
4 23 330 (R) 20 12 on 156 LND 37 0.01 250 -720/1300 [330/23 gusting 32
5 23 330 _(R) 20 12 on 147 LND 43 0.001 250 -720/1500 |330/23
6 23 210 (L) 20 12 on 156 LND 29 0.01 250 -240/-1000 [210/23 gusting 32
7 28 225 (L) 20 20 on 161 LND 9 0.01 250 -80/-300 |225/29 gusting 41
8 28 315 (R) 20 20 on 161 LND 20 0.01 250 -400/700 |315/29 gusting 41
9 28 225 (L) 20 20 on 151 LND 20 0.001 250 -400/-700 |225/29
10 28 315 (R) 20 20 on 161 LND 37 0.01 250 -720/1300 |315/29 gusting 41
11 28 315 (R) 20 20 on 151 LND 43 0.001 250 -720/1500 [315/29
12 28 225 (L) 20 20 on 161 LND 29 0.01 250 -240/-1000 | 225/29 gusting 41
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Table 7-2: Online test matrix Annex 14
Session 3 Landing rwy 27 With obstacles annex 14 worst case obstacles
mean wind Appr. spd XRW/YRW-
speed (kts) | wnddir. | X-wind | Hd-wind Turb flps 30 Hobst Z0 Width position
nr| exclgust (dg) (kts) (kts) (on/off) (kts) LND/TO (m) (m) (m) (m) Remarks
1 23 210 (L) 20 12 on 156 LND 21 0.01 250 -80/-300 |210/23 gusting 32
2 23 330 _(R) 20 12 on 156 LND 45 0.01 250 -400/700 [330/23 gusting 32
3 23 210 (L) 20 12 on 147 LND 45 0.001 250 -400/-700 [210/23
4 23 330 _(R) 20 12 on 156 LND 45 0.01 250 -240/500 [330/23 gusting 32
5 23 330 (R) 20 12 on 156 LND 36 0.01 250 -80/400 [330/23 gusting 32
6 23 210 (L) 20 12 on 147 LND 45 0.001 250 -240/-500 [210/23
7 28 225 (L) 20 20 on 161 LND 21 0.01 250 -80/-300 _|225/29 gusting 41
8 28 315 (R) 20 20 on 161 LND 45 0.01 250 -400/700 [315/29 gusting 41
9 28 225 (L) 20 20 on 151 LND 45 0.001 250 -400/-700 |225/29
10 28 315 (R) 20 20 on 161 LND 45 0.01 250 -240/500 |315/29 gusting 41
11 28 315 (R) 20 20 on 161 LND 36 0.01 250 -80/400 [315/29 gusting 41
12 28 225 (L) 20 20 on 151 LND 45 0.001 250 -240/-500 |225/29

Furthermore it was explicitly nahe purpose of the simulator experiment to obdain
statistically significant data set. Within the seay the project it should lead to a sufficient
indication regarding the fly ability of approactieghe presence of gust/turbulence with and
without the presence of “stand alone” obstacles.

The validation matrix relevant for the experimentéepicted in Table 7-1and Table 7-2 and
was flown by each project pilot.

In each approach a randomly different sample obtrs#/turbulence profile was presented to the
pilot leading to a variety of possible gust/turnde conditions within the wind model
boundaries presented in section 3 and 4.
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Figure 7-4: Test points of online validation matrix
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To prevent habituation, approaches were made atteety with both left and right crosswind.
The position of the stand alone obstacle test pahthe validation matrix are shown in Figure
7-4 projected on the offline B747 test points.

7.6 Experiment

Approximately two weeks before the experiment giloefing guides were sent to the project
pilots ([38]. The briefing guide contained all ttedevant aspects of the experiment.

The experiment on NLR’s GRACE simulator consistéfive days in total. The simulator tests
took place on March 316" 20" 21 and 22" of 2006.

7.7 Results

7.7.1 Data examples

Just as for the F100 offline simulations preseindeigure 6-22 and Figure 6-23, Figure 7-5
and Figure 7-6 yield time histories from two B-7gilbted approaches to runway 27. The same
conditions as for the offline simulation are vdlig a reference wind speed of 23kts in
combination with a surface roughness of .01m. Mfsosame stand alone obstacle dimensions
and positions have been used.
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Figure 7-5: Time histories of parameters recorded during piloted B747 simulation wind speed:
23kts z0:.01m (medium turbulence)
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Figure 7-5 shows the results for an approach amtiig with a “stand alone” obstacle
positioned at 400m in front of the runway threshahd an offset of 700m from the runway
centreline (in short 400/700). Obstacle heightOmZaccording to “1:35” plane) and obstacle
width is 250m. Figure 7-6 shows the results of goreach with an obstacle position of 240m in
front of the threshold and a lateral offset of 50@mshort 240/500). Obstacle height in this
case is 45m according to the obstacle clearance pliad width is identical; 250m. In the
simulator the latter approach resulted in a go-aslou
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Figure 7-6: Time histories of parameters recorded during piloted B747 simulation wind speed:
23kts z0:.01m (medium turbulence)

Between the parameters corresponding to the Fiechuto land approach (Figure 6-22 and
Figure 6-23) and the onlim@loted simulation (Figure 7-5 and Figure 7-6)imteresting
similarity can be observed. Wind, wake and airspeszks show similar trends. Also the

increase in power due to the drop off of airspeettault of the obstacle shading and the ascent

as result of this above the glide path can be noted
However a major difference can be found in thedaail angle deflection applied by the pilot
when the aircraft traverses the obstacle wake reCtons for the developing lateral offset as
result of the suddenly decreasing/increasing crivgband headwind component are
destabilizing the flight path in such a way thafoearound is initiated.
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7.7.2 Objective results

Figure 7-7 presents results of snapshots of therate, roll angle and main gear position at the
moment of touch down of all piloted approachesgmé=d in the validation matrix (Table 7-1
and Table 7-2).

The left part of the figure shows data applicabledbstacles with height according to the
“1:35” plane, whereas the right hand plots shova datresponding to obstacles meeting
“Annex 14" height. It appears from these snap sti@salso for the piloted approaches the
dispersion found in the landing performance aldmgrunway as well in lateral direction is
much larger for the “Annex 14" cases than for the35” cases. Three touchdowns that fall
outside the defined touch down zone for the Annkxrldta can be noted. However roll angles
remain at or within the 6 degree boundaries foh loaises.
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Figure 7-7: Piloted B747 touch down data

Finally Table 7-3 and Table 7—4 give a survey efthmber of landings made during the
experiment days corresponding to the validatiorrisngtven in Table 7-1 and Table 7-2. In
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addition the number of initiated go-around’s anel tlumber of landings which were considered
unsafe by the pilots are presented. It must beiomeed that the data correspondingétlup

to set5are not given in chronological sequence.

The data presented in Table 7—3 apply to a referammud speed of 23kts in combination with a
surface roughness of .01m. According to FiguretBi®means that during the approaches RMS
turbulence intensity values of 3.3-3.8 knots areoentered below 300ft. Expressed in JAR-
AWO definitions the aircraft has experienced “mediwrbulence” during these runs.

The data presented in Table 7—4 apply to a referamud speed of 28kts in combination with a
surface roughness of .01m. According to FiguretBi®means that during these approaches
RMS turbulence intensity values of 4.0-4.7 knotsemcountered below 300ft. Expressed in
JAR-AWO definitions the aircraft has experienceddtry turbulence” during these runs.

Table 7-3: Percentage go-around/unsafe landing during piloted B747 simulations wind speed:
23kts z0:.01m (medium turbulence)

height according to 1:35 plane height according to annex 14 plane
total GA+ total GA+
nr of unsafe unsafe nr of unsafe unsafe
landings | nr of GA | landings ] landings | landings | nr of GA | landings | landings
setl 6 0 0 0 6 3 0 3
set2 6 0 0 0 7 2 1 3
set3 5 1 1 2 4 1 0 1
set4 6 1 0 1 7 2 2 4
setb 7 0 0 0 6 1 0 1
Total 30 2 1 3 30 9 3 12
10.0% 40.0%

Table 7-4: Percentage go-around/unsafe landing during piloted B747 simulations wind speed:
28kts z0:.01m (heavy turbulence)

height according to 1:35 plane height according to annex 14 plane
total GA+ total GA+
nr of unsafe unsafe nr of unsafe unsafe
landings | nr of GA | landings ] landings | landings | nr of GA | landings | landings
setl 6 1 0 1 6 1 0 1
set2 6 0 0 0 6 1 5 6
set3 4 1 0 1 6 1 1 2
set4 8 3 0 3 7 3 0 3
sets 9 1 1 2 6 1 1 2
Total 33 6 1 7 31 7 7 14
21.2% 45.2%

From the two tables the following observations bammade for the approaches flown with
“stand alone” obstacles limited in height by th&5lplane:
* For the approaches flown in “medium turbulence”ditians with RMS turbulence

intensities of 3.3-3.8 knots still 3 out of the &proaches resulted in a go-around or unsafe
landing.
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» For the approaches flown in “heavy turbulence” ¢oos with RMS turbulence intensities
of 4.0-4.8 knots the number of go-arounds/unsafditays increased to 7 out of 33
approaches.

These data show the impact of the overall surfaaghness on the aircraft handling and

landing performance. Apparently a surface roughtiesdeads to turbulence intensities with a

standard deviation of more than 4 knots is capabjpeoducing wind climate samples which

result in a go-around/unsafe landing. From Tabki7ean be observed that the increase of the
turbulence level to “heavy” doubles the number@fagounds/unsafe landings.

As can be observed from the tables the approachde in presence of obstacles meeting

“Annex 14" heights experience a much higher nuntigo-around’s/unsafe landings. This

applies in particular to the approaches performadédium turbulence conditions. The number

is quadrupled for approaches flown in conjunctiathWwAnnex 14” obstacles with respect to
approaches flown with obstacles with heights adogrtb the “1:35 plane”. The approaches
flown in heavy turbulence and annex 14 height Baiibbstacles lead to a redoubling of the
amount of go-arounds/unsafe landings. The explam#ir this is that in this wind climate the
effects of the “stand alone” obstacle become pantgrshadowed by the turbulent nature of the
atmosphere.

7.7.3 Subijective results

In this section subjective data obtained from pilminments and pilot ratings during the B747
experiments on GRACE are presented.

In Table 7-5 a survey is given of the mean valuesarresponding standard deviations of
“Cooper/Harper ratingsand “workload assessmeéniAlso presented in the table is theffort

to control’ a number of significant parameters suclaiaspeed roll angle andpitch angleand
related parameterglide slope tracking / vertical speeadlocaliser tracking / headingAn
overview of the type of questionnaires involvegissented in Appendix C.

Table 7-5: Summary of pilot ratings

approach landing
1.35 annexl14 1:35 annex14
mean stdev mean stdev mean stdev mean stdev
C/H rating 4.4 0.5 4.3 0.4 5.5 0.9 6.8 1.2
Workload 5.8 0.4 5.5 0.3 6.7 0.5 7.4 0.7
Effort to control:
speed 4.2 0.7 4.2 0.5 5.1 0.6 6.3 0.7
bank 3.3 0.4 35 0.3 3.9 0.5 4.9 1.2
pitch 4.1 0.7 4.1 0.4 5.3 0.9 6.3 0.7
als 4.1 0.8 4.0 0.4 5.3 1.0 6.3 0.8
loc 3.3 0.4 3.3 0.3 4.0 0.8 4.8 1.0

159



~

NLR-TP-2010-312 <N'-R

A

As has been postulated in section 5.3 two phasteeiapproach have been distinguished viz.
the approach to approximately 200ft height andadhding from 200ft until main gear touch
down. In the table this distinction is made alsle Teft part of the table represents the approach
phase. The right part yields the data for the laggihase. Furthermore for both phases the
ratings are presented for the case in which araolestvas present with a height according to
the “Annex 14" plane and an obstacle with a heiglaiccordance with the “1:35” plane limit.
Not surprisingly the table shows that in the apphoghase the Cooper/Harper ratings (both
mean value and standard deviation) are in the sads for the “1:35"case and “annex 14"
case. For the landing phase it can be observedathall considered parameters the mean value
of the “Annex 14" ratings is substantially highbah the “1:35" ratings. The standard deviation
however shows similar magnitudes for the two cases.

The numerical values of workload and control efegpearing in Table 7-5 are visualised on
their respective scales in Figure 7-8 and Figuge Shown are the mean values and the one
sigma range encountered. Titlae lines represent the landing phase andeldines apply for
the approach phase. Thalid lines in the figure represent the results applyingbstacles with
height according to “Annex 14” planes. Tthetted lines represent the data corresponding to
obstacles with height according to the “1:35” plabhean be observed from Figure 7-8 that for
the “approach phase” both the “Annex 14" and “1:8&ta are assessed derhanding of pilot
attention, skill or effort” Standard deviation for the two cases is singtad relatively small.
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DEMAND ON THE PILOT

L]

‘

Uncontrollable

Completely demanding of pilot attention,

skill or effort

Very demanding of pilot attention,
skill or effort

Demanding of pilot attention,
skill or effort

Mildly demanding of pilot attention,
skill or effort

Largely undemanding, relaxed

Completely undemanding, very
relaxed and conmfortable

Figure 7-8: Pilot workload

o

Not surprisingly standard deviations in the landiigse are larger. For the “1:35” data a range

between tlemanding of pilot attention, skill or effbend “very demanding of pilot attention,

skill or effort’ can be observed. The landing data for the “Anbé%case has a mean value at a

level corresponding tosery demanding of pilot attention, skill or effoftlowever situations

are possible which may reach a level updortipletely demanding of pilot attention, skill or

effort’.

The data plotted in the pilot control effort scalEgyure 7-9) show the same trend as for the

workload scales. It can be observed that the ladgial control effort of airspeed, pitch angle

and glide slope/vertical speed is assessed mdieuttithan the lateral/directional parameters;
bank angle and localiser/heading.

161



NLR-TP-2010-312 (NLR

Speed e, >

Bank angle DR > _ ‘
PR »‘ g
| | | | | | | | | |
! | | | | | | | | |
1 2 3 4 5 6 7 8 9 10
— increasing effort
Pitch angle Qe >
—
P P >
| | | | | | | | | |
! | | | | | | | | |
1 2 3 4 5 6 7 8 9 10
—> increasing effort
Glide slopel/vertical speed <:> R
—
S »
| | | | | | | | | |
! | | | | | | | | |
! 2 3 4 5 6 7 8 9 10
—>  increasing effort
Localiser/heading s RIS >
«» ¥ >
| | | | | | | | | |
| | | | | | | | | |
1 2 3 4 5 6 7 8 9 10

—_— increasing effort

Figure 7-9: Pilot control effort

Finally Figure 7-10 presents the mean values inietuthe standard deviation range of all pilot

ratings. In the Cooper/Harper plot shown in thearpeft graph the subjective C/H criterion of

5 is shown. This criterion is postulated in sec&o® and corresponds to the following C/H

assessment with respect to flight handling:

< “Aircraft characteristics have moderately objectibleadeficiencies

e “The demands upon the pilot in the required openatie such that considerable pilot
compensation is needed for adequate perfornifance

From the C/H plot it follows that the approach ghasboth cases is acceptable. When looking

at the C/H ratings applicable for the “1:35” in fhading phase it can be substantiated that this

is just acceptable taken into account the turbudentlitions involved. However this does not

hold for the “Annex 14" data, because the mean @tig certainly does not meet the criterion.

Peaks values up to a C/H rating of 8 can be obdetmehe workload plot in the upper right of

Figure 7-10 thedemanding of pilot attention, skill or efforflight brown) and'very

demanding of pilot attention, skill or effobrown) levels are indicated. Approaches in both

cases are labelledl&manding of pilot attention, skill or effort.anding workload for the

“Annex 14" cases is assessed significantly highantfor the “1:35” data. Finally in lower part
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of Figure 7-10 the control effort ratings for th@rameters indicated in Table 7-5 are visualised.
They are in line with the observations and conolusitaken from the C/H and workload

ratings.
C/H rating Workload
9 9
8 X 8 X
7 7
6 . =&—approach 6 =&—approach
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5 At pe— o 5
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Figure 7-10: Pilot ratings of 1:35 plane and annex 14 obstacle heights
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8 Wind disturbance criteria

8.1 Introduction

In this section the results of the offline Fokk&OB simulation and the results of the offline and
online Boeing B747 simulation are summarized. Basethis, a wind disturbance criterion is
defined. This will be done by means of wind disamte planes applicable for “stand alone”
obstacles and the definition of RMS values of tirbulence intensities that will affect the
aircraft handling and landing performance subst#iytiThe wind disturbance planes are
considered as a first safety net when stand alaitdifigs or structures are planned near landing
areas. If the structure height protrudes the wistuthance plane additional requirements are
necessary which are discussed in paragraph 8.3défireed RMS turbulence intensities are
intended as a reference for the overall surfacglmess and can be tailored to specific areas in
the vicinity of the runway.

8.2 Main observations from the performed simulations
The main observations from the offline F100 simiols are:

1. The variation in mean wind speed due to a starmkeabbstacle must remain below 7 knots
along the aircraft trajectory at heights below 200he horizontal gust/turbulence levels
caused by a stand alone obstacle in combinatidntivt meso-scale surface roughness
must remain below a RMS value of 4 knots.

2. The cross track touch down dispersion for “Annekxddd “1:35” obstacles is of the same
magnitude.

3. For nearby obstacles the along track touch dowpedéson of landings corresponding to
“Annex 14" obstacles and “1:35” obstacles is défet. Landings with “Annex 14”
obstacles touched down further on the runway thadihgs with “1:35” obstacles.

4. For far away obstacles the along track main gaahtaown dispersion of “Annex 14"
obstacles and “1:35” obstacles is of the same madmi Consequently obstacles positioned
further than approximately 750m do not significgrifect the touch down landing
performance anymore.

5. All landings are within the defined touch down okthe F100 (see section 5.2).

6. Roll angle dispersion at the threshold is such dlcaasionally the roll angle criterion (see
section 5.2.5) is exceeded for nearby “Annex 14tatles. Touch down dispersion
however remains within the roll angle criterion.

7. Critical F-factor crossings are of the same ordettie reference condition (no obstacle)
and obstacles with a height according to the “1jdahe.

8. A substantial increase of critical F-factor crogsiiis observed for “Annex 14” obstacles
positioned in a disk-shaped segment of 750m x 12@Fdgure 6-40).
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The encountered turbulence level and wind sheanitige lower atmosphere contributed
substantially to the dispersion of the landing perfance.

The mathematical model for the RMS turbulence isitgris a function of surface
roughness, height and reference wind speed. Mdéalelkis parameter are derived by
ESDU in ([25] and in Appendix B. However, in orderavoid the additional step from
surface roughness to turbulence intensity, thedstahdeviation of the turbulence itself was
taken as relevant parameter during the simulatioisthe latter in literature (MILSPEC,
JAR-AWO and ICAO) criteria can be found in relatimnhandling qualities issues.
Therefore in the evaluations with respect to tuebak reference is made to this RMS
turbulence intensity parameter and not to the sarfaughness itself.

The main observations from the non-piloted (offJiB&47 simulationsire:

1.

The variation in mean wind speed due to a stanueabbstacle must remain below 6 knots
along the aircraft trajectory at heights below 200he horizontal gust/turbulence levels
caused by a stand alone obstacle in combinatidnthvit meso-scale surface roughness
must remain below a RMS value of 4 knots.

It appeared that already basic rectangular obstémbated close to the threshold with an
“Annex 14" approved height had a significant disamce on the approach trajectory of the
B747. High roll angles were required at very lotitatles in order to land the aircraft on
the runway in the touchdown zone. These bank angiested the hazardous bank criterion
in approximately 10 to 70% of the approaches distdrby the nearby “Annex 14"
obstacles. Nevertheless, roll angles at touchdoene within the roll angle criterion.

Even with the severe roll maneuvers, most touchdgovacurred a few meters from the
runway center line with a few extremes close toeitige of the touchdown zone, and closer
to the runway threshold. In general, the touch ddewiation for nearby “Annex 14”
obstacles is larger than for “1:35” obstacles.

The wake strength of the close by “regular” “AnrigX obstacles slightly increased the
wind shear hazard. However no wind shear alerte wigygered.

In the vertical trajectory profile, the wakes apmeeibto have only little effect both for
“Annex 14"and “1:35"obstacles.

In summary, for “regular” block-shaped obstaclés, ¢ffline B747 simulations suggest
that the “Annex 14” regulation allows too high adides in the area between the runway
and up to roughly 500m before the threshold andd0@&terally next to the runway.

The evaluations of five Annex 14 “worst case” obkta showed that the above perimeter
wherein “Annex 14" height limitations are not desir should be enlarged for “worst case”
obstacles (e.g. the PDP) to 750m before the ruramdyl200m laterally. Figure 8-1 gives
an impression of the estimated location of the blamy of this restriction. The red hatched
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perimeter applies to the height of “regular” blstiaped obstacles. The orange hatched
zone applies for “worst case” obstacles like thé>PD

8. The results indicate that most obstacles with ghteiccording to the “1:35” rule added no
significant additional disturbance to the appromafectory. Consequently, the “1:35” rule
might be an acceptable alternative to the inadedainex 14” regulations close to the
runway. However, “1:35” obstacles positioned witBBOm from the runway had a small
effect on the landing characteristics which canb®heglected.

Y iml, 7

%-400/-560/-720/
-300 I\k

N

N
k hmax,regular
l< Annex 1
-700 N
hmax.non-mgu\ar
210° < Annex 14
~,
WIND 1000 TN BT

Figure 8-1: Area for B747 where more stringent limitations than approved by Annex 14, should
be applied to obstacle heights

The main observations from the piloted B747 sinmoietare:

* Objective results

1. Cross track touch down deviation for nearby “AnddX obstacles is larger than for
“1:35” obstacles.

2. The same applies for the along track touch dowpedigon. Also here a trend was
observed of a delayed touch down when nearby “Ard#éobstacles were included.
A number of touch downs corresponding to “Annexdb$tacles were outside the
defined touch down box.

3. Roll angles at main gear touch down were withinrtiieangle criterion both for
“Annex 14"and “1:35"obstacles.

4. No wind shear algorithm was available in the pifiotémulations. However according
to the project pilots in some cases they had ergextvind shear caution or alert.
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Approaches made in presence of nearby obstaclesgméannex 14” heights
experienced a much higher number of go-around’sferlandings than approaches
made in presence of obstacles meeting “1:35" hgight

Gust/turbulence and wind shear phenomena as gk general surface
characteristics (thus not created by a “stand dlobstacle) contributed substantially
to the touch down dispersion.

The variation in mean wind speed due to a stankabbstacle must remain below 7
knots along the aircraft trajectory at heights beR80ft. The horizontal
gust/turbulence levels caused by a stand alonadbsh combination with the meso-
scale surface roughness must remain below a RM@ wdl4 knots.

*  Subjective ratings

1.

C/H rating For the approach phase (1000ft-200ft) C-H ratiwgse of the same order
for “Annex 14"obstacles and “1:35” obstacles. Tlaeg mainly affected by the amount
of gust/turbulence encountered during the approachean value of approximately
4.5 was obtained, which is within the C-H criterafb. For the height range below
200ft C-H mean value ratings slightly above 5 wastined for landings with
“1:35"obstacles. Also here the turbulence leveyptha significant role in the pilot
judgement. However landings including “Annex 14’stdxles showed ratings with 1-
sigma values of 8. This can not be attributed ¢ottinbulence level alone but is the
result of the combined effects of the “stand alonieStacle (speed deficit) and the
gust/turbulence disturbing the glide path. Congidgthe C-H criterion it can be
concluded that “Annex 14" obstacles are not actdpta

Workload The pilot workload ratings confirm the above abagéions. In the approach
phase the amount of workload for the “Annex 14" &h@5” obstacles are of the same
order: ‘Demanding of pilot attention, skill or efférfor the landing phase “Annex 14"
workload ratings are in a range up @dmpletely demanding of pilot attention, skill or
effort’ whereas “1:35"obstacle ratings remain in betwé®emanding of pilot
attention, skill or effoftand “Very demanding of pilot attention, skill or effort
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Figure 8-2: Areas with more stringent height limitations than approved by Annex 14

Furthermore it can be concluded that the resuis fihe piloted simulations are in line with the
results found from the offline simulations. Howetlee large roll angle excursions found in the
B747 offline simulations do not match completelg fmdings of the piloted B747 evaluations.

Based on the above mentioned observations theniolipwind disturbance criteria are defined:

The variation in mean wind speed due to wind distusing structures must remain
below 7 knots along the aircraft trajectory at heidts below 200ft. The speed deficit
change of 7 knots must take place over a distancéat least 100m.

The variation in mean wind speed due to wind distusing structures must remain
below 6 knots_across the aircraft trajectoryat heights below 200ft. The speed deficit
change of 6 knots must take place over a distancéat least 100m.

Resulting in the following guidelines for planndtdustures in the vicinity of runways:

1. The glide path segment that covers the approach ate 1000ft AGL
For this part of the glide path wind disturbancaes tb a “stand alone” obstacle and
gust/turbulence created by the overall surfacehnegs are not a direct threat to flight

safety. Consequently no wind disturbance planesegpgired for this segment other than
the ICAO Annex 14 obstacle clearance planes.
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2. The glide path segment that covers the approach fro 1000ft AGL to 200ft AGL.

a.

“Stand alone” obstacle.

No distinct effect of a “stand alone” obstacle aeraft handling and landing
performance could be established in this heighyeamhe effect is submerged in the
overall surface characteristics. The offline andtpd simulations showed that the
obstacle clearance planes defined by ICAO Annegiid sufficient protection to wind
disturbances as result of “stand alone” obstadlesspecific wind disturbance planes
are required for this segment.

Surface roughness.

In this altitude range wind disturbance acting waraft is defined by the turbulence
intensity applicable for the build up area affegtthe runway threshold zone. It is a
function of the surface roughness and referencd speed.

The offline and piloted simulations showed that Ri#&ies of the turbulence intensity
in excess of 5kts (heavy turbulence) sometimestesab large glide path deviations
as result of gust and wind shear phenomena.

3. The glide path segment that covers the landing phagrom 200ft AGL to touch down
and the high speed roll out.

a.

“Stand alone” obstacle.

In this height range a distinct effect of a “staohe” obstacle on the aircraft handling
and performance could be established.

For this segment wind disturbance criteria are s&a® that are more stringent than
the ICAO “Annex 14" planes. It appeared that “stal@he” obstacles in a disk-shaped
area with origin in the center of the runway thmdrand radii of approximately
1200m perpendicular to runway centerline and 9d9fmoint of the runway threshold
and not protruding an imaginary plane with a slop#:35 with the extended runway
centerline as base did not affect the responsgaridrmance of the aircraft
significantly. In order to cover the high speedugrd roll the defined 1:35 plane is also
applicable up to 1500m beyond the runway threshold.

Surface roughness.

In this height range the aircraft handling and geniance is affected both by the
turbulence intensity applicable for the area affecthe runway threshold zone and the
increased turbulence caused by the wake of a “stiome” obstacle.

The offline and piloted simulations showed that Rid&ies of the turbulence intensity
less than 4kts (medium/heavy turbulence) due tetiniace roughness in front of the
landing area in combination with the speed definil induced speed gradients of a
“stand alone” obstacle limited in height by theSl[8ane did not lead to unacceptable
aircraft handling and landing performance.
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The segment where the 1:35 wind disturbance planerbes restrictive is shown in Figure 8-2.
It encompasses both the B747 and F100 defined arebis valid for “worst case” obstacles.

\
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Figure 8-3: Area around runway 27 of Schiphol Airport where more stringent limitations than
approved by Annex 14, should be applied to obstacle heights

An illustration of the area in which the wind didtence plane becomes restrictive is shown in
Figure 8-3 and Figure 8-4 for runway 27 and run®@lR respectively. The semi permeable
area indicates where the “1:35” wind disturban@melmust be applied. Outside this area, the
“Annex 14" limitations are satisfactory.
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Figure 8-4: Area around runway 36R of Schiphol Airport where more stringent limitations than
approved by Annex 14, should be applied to obstacle heights

8.3 Acceptance procedures

In this paragraph acceptance criteria are presdotgaoposed “stand alone” buildings or

structures that protrude the wind disturbance pl@he criteria are based on simulations

executed with the F100 aircraft. The following regments are defined:

*  Minimum obstacle width for which the wind disturbance plane applies
A rough estimation is presented of the minimum viidir an obstacle that still leads to
significant wind disturbance to aircraft on thedglipath below 200ft. The F100 aircraft is
decisive in this respect because it has a loweroagh speed than the B747. In strong head
wind conditions it is possible that this leads tound speeds of approximately 50-55m/s
during the final approach. As is shown in paragraji2.1 and paragraph 5.2.5.2 wakes
lasting approximately 4 seconds or more are reduisfore they have a significant effect
on the aircraft. This means that with a ground gdpéb0m/s the wake distance must be
200m or more. Figure 8-5 shows the wake distanderasion of obstacle width during
final approach. The simulated “worst case” obstagéth a height of 18m is positioned
relative close to the runway threshold (80/330) hraximum strength of the wake affects
the aircraft at 100ft AGL.
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Figure 8-5: Wake distance as function of obstacle width

If the calculated ground distance of 200m is ptbttdéo Figure 8-5 it appears that this
corresponds to an obstacle width of approximatéiyn.3Therefore it is stated that
obstacles with a width less than 30m and produagingaximum speed deficit less than
8kts are allowed to protrude the 1:35 wind distadeaplane. Obviously the height may
never exceed the Annex 14 obstacle clearance sqeirts.
« Requirements with respect to the maximum speed detit that can be allowed

0 Along track As is evaluated in paragraph 5.2.2.1 the maxirapeed defect that is
allowed in longitudinal direction may not exceeds8k

0 Cross trackAs is evaluated in paragraph 5.2.5.2 the maximpeed defect in lateral
direction may not exceed 12kts.

The postulated 7kts criterion is a conservativerprietation of the above observations and
therefore is also recommended as criterion focairas protruding the 1:35 plane.

Horizontal gust/turbulence levels caused by a stédmige obstacle protruding the 1:35 plane in
combination with the meso-scale surface roughnest rmmain below a RMS value of 4 knots.
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9 Conclusions and recommendations

The investigation described in this report deakhwhe performance, controllability and safety
of an aircraft under the influence of wind effestsuildings or obstacles.
In order to focus the study a number of constraiee required. The most relevant are:

The wind direction is perpendicular towards a “dtatone” obstacle. Thus effects due to a
non-perpendicular wind flow are no part of thisastigation.

The simulations address generic “worst-case” blitdped obstacle characteristics in
which variations in the wind field at the two corsef the obstacle are taken into account.
No mechanical failures (e.g. engine) are introduoeatie aircraft during the
approach/landing.

Maximum cross wind in the investigation is limited20 knots.

Only dry runway conditions are considered.

Good visual conditions prevailed during the pilosgaulations. Low visibility has not

been addressed.

The results apply to a neutral atmosphere includir@ng winds in excess of 15 knots.
Convective effects as result of the local heatifhthe earth surface by the sun have not
been taken into account.

The work is tailored to two jet aircraft equippedhanconventional controls. Propeller
driven aircraft and Fly-By-Wire aircraft as well ¥ery Large Aircraft have not been
evaluated.

Tail wind components are not present.

High speed roll out, take-off and go-around weregpad of the investigation.

The main conclusions of the study for the consideegments can be summarized as follows.

A. The segment that covers the approach flight phasedm 1000ft AGL to 200ft AGL.

a. “Stand alone” obstacle.
No distinct effect of “stand alone” obstacles oe #ircraft handling and performance
could be established in this height range. Theceffesubmerged in the overall surface
characteristics of the build up area affectingrthevay. The offline and piloted
simulations showed that the obstacle clearanceepldefined by ICAO Annex 14 give
sufficient protection to wind disturbances as restifstand alone” obstacles. No
specific wind disturbance planes are requiredh $egment.

b. Surface roughness.
In this altitude range the wind disturbance eftacthe aircraft is defined by the
turbulence intensity applicable for build up arffaaing the runway. It is a function

of the surface roughness and a reference wind speed
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The offline and piloted simulations showed that Ri#&ies of the turbulence intensity
of the horizontal components in excess of 5kts\iéarbulence) sometimes lead to
too large glide path deviations as result of gastwind shear phenomena. In this
height range the horizontal scale lengths useldrgtist/turbulence simulation varied
from 200m to 300m.

B. The segment that covers the landing phase from 2Q0AGL to touch down and the
high speed roll out.

a.

“Stand alone” obstacle.

It was established that for this segment wind digtace criteria are necessary that are
more stringent than the “Annex 14” planes. It appddhat stand alone obstacles in
this area not protruding an imaginary plane withogpe of 1:35 with the extended

runway centerline as base did not affect the regpand landing performance of the
aircraft significantly.

The segment where the wind disturbance plane tigat@ge is bounded by a disk-
shaped segment with origin in the center of thevaynthreshold and radii of
approximately 1200m (perpendicular to runway cdimey and 900m in front of the
runway threshold.

Although it was not a part of the study it is prepd to cover the high speed roll out by
extending the 1:35 plane up to 1500m aft of thevaynthreshold.

For “stand alone” block shaped structures the ¥ahg criteriahave been derived:

Along the aircraft track the speed deficit due to a wind disturbing structee
must remain below 7 knots. The speed deficit changg 7 knots must take
place over a distance of at least 100m.

Across the aircraft track the speed deficit due to a wind disturbing structue
must remain below 6 knots. The speed deficit change# 6 knots must take
place over a distance of at least 100m.

The criteria are depicted schematically in the figxire:
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b. Surface roughness.

In this altitude range the wind disturbance eftacthe aircraft is defined by the
turbulence intensity applicable for build up arfaaing the runway and the
additional turbulence intensity created by the d@ione structure. It was found that
the gust/turbulence components in horizontal diveataused by a wind disturbing
structure in combination with the meso-scale s@fatighness must remain below
RMS values of 4 knots. In this height range thézomtal scale lengths used in the
gust/turbulence simulation varied from 50m to 200m.

However the study also revealed a strong relat&wéen surface roughness and the mean wind
profiles. Surface roughness and reference winddgpselected for the simulations lead to gust

and turbulence levels varying from medium to severe

In addition the investigation led to the followingnclusions:

The study showed that pilot's acceptance of a stdmmte obstacle is significantly
influenced by the effects of gusts and turbulence.

From tests on the NLR moving base simulator it alaserved that a surface roughness
length of more than .1m in combination with referemwind speeds higher than 23kts was
not realistic from a pilot's point of view becaubés leads to RMS values of the turbulence
intensity of more than 6kts. For low altitudes thesagnitudes are unrealistic according to
ICAO and JAR-AWO standards and may lead to largecgiral loads on the airframe.
Therefore the encountered turbulence levels irsitinelations are defined in terms of their
RMS turbulence intensity values.

On essential points the results of the offline F&A8 B747 simulations are in line with
each other. However the observed very large raglean(in excess of 10dg) were not
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confirmed by the piloted evaluation on the moviagé simulator. During the latter pilots
had more difficulty with pitch attitude and verticgeed control.

« Based on the above observation it is stated tleatriterion is valid for all aircraft weight
classes (Citation-Airbus A380). In the study twdremes have been chosen with respect to
size and inertia. Extrapolation to A380 aircraftlaamall business Citation like aircraft is
possible because the aircraft motions and resgbasds determined more by the
relationship between weight, span, wing area aadikb.

* It can be made plausible that propeller-drivenraft@re not more critical than jet-
propelled aircraft. In fact it can be put forwahat because of the fluctuating wind fields
and the fact that propeller-driven aircraft havecmbetter engine response times to throttle
lever movements this class of aircraft is ablestct faster to fluctuating conditions. Also
the increased prop wash over the wing in genevalsgsuch an aircraft a faster and better
control in varying wind conditionsAlthough accidents with propeller aircraft are
known in the past in which wind shear played a tbéenumber is far less than the
amount of incidence/accidents with jet engine aitcr

«  Fly-by-wire control systems are fed by inertial gmmdssure sensors. These sensors are able
to sense deviations from a desired state muchrféste a human being. In addition the
response is univocal and reproducible. Manual cboften shows lags because the
deviation has to be recognized at first, wherer @fie correct action has to be taken.
Consequently it can be stated that FBW aircrafliess sensible for wind disturbances as
discussed in this report.

e Aerodynamics during the high speed landing growticpfay a significant part down to an
airspeed of approximately 80kts. For adverse weathe runway conditions the high
speed ground roll can absorb up to 1500m of runesmgth. Therefore the proposed 1:35
wind disturbance plane has been extended aft alitheay threshold up to 1500m. If the
runway is used on both sides for landing this ¢t faeans that the 1:35 plane is applicable
for most of the runway length.

e From previous studies in relation with wind breélappeared that take off in comparison
with the landing phase is less critical. Certainlgtrong head winds aircraft quickly
ascend to heights where wind disturbance due d stiane obstacle is submerged in the
overall surface characteristics. Therefore thengefil:35 plane also is valid for take off
conditions including the high speed take off grouwid

The investigation led to the following observations

e The amount of gust and turbulence present in twerd@arth boundary layer is a large
contributing factor in the response and landindggrerance of an aircraft. It may cover up
or aggravate the wake characteristics of a stasrbadbstacle.
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* In this study “regular” block-shaped obstacles ‘amadrst case” obstacles have been
analyzed. From a safety point of view is has baefepred to base the wind disturbance
planes on the characteristics of a “worst casetauibes.

e Surface roughness lengths applicable for runwayairports in general vary from .001m
(airport at sea ([9]) to .003m (ESDU ([24]). Howeter Schiphol KNMI in ([45] presents
a surface roughness of .03m for the landing areaeder z0 values up to .15m are
applicable for the landing area of runway 27 asltes the build up area at or outside the
airport when winds come from a south western dimact

e The simulations were executed with an x-wind congmbrof 20kts (excluding gust). If the
cross wind limit is increased to 25kts (excludingts) obviously flight handling and
landing performance will deteriorate even furtiiéowever within the framework of this
study the gust/turbulence level is a function @ftttal wind speed and thus independent of
the distribution between x-wind and head wind congwid. However from a wind
disturbance point of view higher crosswinds areausised.

« During the piloted simulations it appeared thag@émeral pilots also visually assessed the
effect of a stand alone obstacle if this obstacs positioned in the direct scan of the pilot.

e The alertness of the pilot to possible wind effefite to stand alone obstacles plays an
important role. This was observed during the pdatenulations. During highly turbulent
and gusting approaches requiring much effort ofpila the effect of the stand alone
structure was considered less critical than dusimgoth weather approaches, where the
upset of the stand alone structure was not expected

In conjunction with the above conclusions the failog recommendation is proposed:

» Because of the strong non-linear relation betwest/yrbulence and surface roughness in
combination with wind speed further research ih®dffects of this parameter may be
worthwhile.
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Appendix A RMS of turbulence in relation to normal load

Definitions:

n,: Normal load

L: Lift

g: Gravitational acceleration
W: Weight = aircraft mass g
Jo i Air density

VA: Airspeed

S: Wing area

C,:  Lift coefficient

a:. Angle of attack

W, :  Gust velocity in z direction

Standard deviation of turbulence in z direction

Q

=

The normal load can be defined as:

L
n,=—
W

For the aerodynamic lift it applies:
L=C, (W, (pVA' (B

From this it follows for the increment/decrementtud angle of attack as result of a normal load

deviation:
_ 2[lmlg N
CLa Lp VA% [S ‘
Also valid is:
W,
Ag = —>
VA

which leads to the following expression for thetguedocity in vertical direction:

_ 2[mlg
w, =——— [A\n,
© C_ [pVALS

Now it is assumed that: w, =3

9lim
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Then it applies for the standard deviation in zdiion:

o = 2[lmlg An.
Yim 3[(%@0@/A[S “im

Or written explicitly inAn, :

3lC, [pIVALS _15[C, [pIVA

An, = o = o
Ziim 2 Wiim W Wiim
L Ve

It can be observed that the normal load increasearly with the airspeed, decreases with
height and is inversely proportional to the wingdng.

For the F100 and B747 the following relation betwstandard deviation and normal load
deviation can be derived:

F100:
233000 g

g, = LAN,
m 305.73[1.2(7003.505b14¢ A~

= 9.3mnqim kts

B747:

g, = 21240000 ¢ [An, =106[An, kis
Yim o 3[5,730.2B2[H611[5144 Am

As is shown in Figure 3-6 the vertical and horizbttirbulence components are related. For the
JAR-AWO model it applies at approximately 200ft:

o, =0, =13lo,

Ujim Whim

Consequently:

F100: 0, =0, =14[An, B747. 0, =0, =16.[0n,

Heavy turbulence in horizontal direction accordiod able 3-3 is 5 kts. This results in normal
load variations as follows:

F100: An, = 369 B747 An, =329
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Appendix B Description wind model 3D building and PDP

The variables related to the wind climate modelexgressed in thevake axes systehas
defined in section 6.4.1.6. In the derivation a thathematical wind model the following

notations are used:

XYz

Cr

yn1zn

Yvortexs Zvortex

z,

ab
X, Y, Z

XPATHN, YPATHN, ZPATHN coordinates (see sectiad.&.6) [m]

Vorticity constant; T [-]
47V, H

(Effective) height of wind screen [m]

(Effective) porosity of wind screen [m]

(time averaged) wind speed [m/s]

Undisturbed wind speed at z=H [m/s]

Velocity components in y, resp. z-direction [m/s]

Magnitude of the tangential velocity componestpendicular toa [m/s]
Undisturbed wind speed at z=10 m [m/s]

(Effective) width of obstacle [m]

Grid coordinates in PDP wake transformation [m]

Position of vortex core (y>0) [m]

Surface roughness [m]

Vortex strength, index 0 at x=0 {fs] (" < 0 for PDP)

Von Karman constant [-]

Dimensionless parameter voor z [-]

RMS turbulence intensity in x-direction, idem, oy, in y and z-direction [m/s]
Dimensionless wake mixing area parameter [-]

Undisturbed atmospheric boundary
Behind 2-D wind screen

Behind 3-D wind screen
Component in x, y en z-direction

The calculation of the wind field behind an obstaeith finite width in principal is based on
the calculation of the wake behind a 2-D infinitalide wind screen. Consequently the
computation consists of three parts, which areudised hereafter. The first part yields a
description of a coordinate transformation requitgdhe modelling of the PDP wind climate.
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For a “regular” obstacle, without vorticity thistrsformation is not required and applies:
(Vo 2.)=(y.2).

1. Coordinate transformation for a wake deformed by vatices (PDP situation):

The initial vortex strength is assumed to be prtipoal with the wind speed and screen height
according to:

N, =4nC.V, H
in whichCr is a constant of proportionality.
With increasing distance behind the wind screernvtmeex strength becomes less. This is
mainly a function of turbulence intensity and sdatggth. Here a relation ship derived from
PDP wind tunnel measurements is used:

F:Fo.exp(— X/Hj (W = 27)
WO

According to potential theory both vortices appioaach other asymptotically to a certain

minimum distance. However this does not occur acfice because the vortices “eat” each
other as result of viscous effects. At some distethe lateral vortex position does not change
very much behind the screen and even starts teaseragain. Therefore the in-between vortex
distance is assumed to be constant and equal teidlie of the rear wall (55m). This leads to;
Yoortex Of 27.5m.

The mutually induced vertical displacement velocoityhe vortices at some height above
ground level (where the influence of mirrored “urgteund” vortices is reduced) amounts to:

_r
4ﬂy vortex

vortex

From this the vertical position of the vortices ¢@nmodeled, assuming, is a characteristic

horizontal displacement velocity of the vortex dinat the vortices don't loose their strength
(which is acceptable within this approximation):

Zﬁex =1- WG X (W, = 0.54)

yvo rtex
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M= -
>V“ Y 4
rn : Zyortex
i a YVortex i
i v Vi i
;s = = = T = =

effective PDP width

»

A

»

real PDP width (including ‘wings”)

v

A

In case of a wind oriented vortex pair the veloctynponents normal to the wind direction
have to be calculated. This is done using the L&wsben vortex description including a viscous

core. The diameter of the viscous core is set to:

—_ Zvortex
r, = ortex

2

For each of the two vortices (j=1, 2) the inducetbgity at position (y,z) results from:

ij = y_(_l)j Yoortex

AZ: Z_ zortex

r=yy,* +AZ

V.. , r/v, r
A:(—l)li( +) 1-exp —| =+
Vi 2m I,

T T 17
Vi =T Vi

)

These lateral velocities induce by the vorticestma deformation of the wake. The direction of
the rotation of the vortices is such that the wadeomes narrower and in addition is
transported upwards. The wake deformation is destin this model by a grid transformation.
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The wake at a point (x,y,z) in the field includigrticity is then found by the transformation of
that point to a position (%, z,) in the field without vorticity. Wake informaticat position

(x,¥,,Z,) behind a 3D-screen without vorticity then is usedompute the wake at position
(x,y,z). Obviously the transformation only appltesvalues of x > 0.

5

N7
451 2

4

3.5

A

J
J

N\

N\
AY
N\
N\
N\
N\
N\
N\

N

v ¢

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
y/Iw

The description of the transformation starts wité dlefinition of a so-called “amplification
factor”, which makes sure that the transformatias ho effect at small and large values of x

and also when the vorticity decreases. The fastat maximum at a (arbitrary chosen) value of
x/H=20:

af = _%M q_ (91:46)
(x/ H)* +400

The horizontal grid deformatiofmormal to the wind direction) results from:

2
Yo _ {1+ w, .af .exp{—(lj H Y (wy = 1.0)
W W W

The vertical grid deformatioresults from:

a,=m-1

2
=0.1,a,=0.08
i:“al.af.eX,J[_az(;j}._z (mo = 0.1,2, = 0.08)
H Zyonex— H H

ortex

From this it follows for the derivatives:
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y
dz, z i z Y
—— =1+g.af{1- 28| ——— | ;. -8 ———
dZ +a1 2 { 62( %ortex_ Hj } ex;{ 62( Z/ortex_ Hj }

Summarized the transformation procedure consists of

1. Determination of the x, y, z of the aircraft in threake axes system”,
2. Transformation of this position using the relati@@®ve to x,y,, and z,

3. Use these new values of x, y and z to calculatéotted wind using the equations in the
next sections.

These relations are developed for the PDP and @ eraction of 210.
Hereafter the general equations are presented yvabthfor the PDP and a “regular” generic
building.

2. Calculation of the wake behind an infinitely long vind screen (2D wind break)

For a given surface roughneas and assuming an undisturbed atmospheric boundpey it
applies for the wind velocity at height ¥ () relative to the wind velocity at a reference heig
of 10m (V,,):

V, _ log(7 z)
Vy, log(10'z)

This gives the undisturbed wind speed at screehedhtVy / Vo by substitution ok=H
For the vertical velocity gradient it follows that:

d(Va/VH): -1
d(zH) 7 Hlog(3/ H

Behind a wind screen the following empirical redas apply:

2
K=-2K . (x=041)

log(z,/H)’

z/ H

JK.x/H
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fo =1°(78- 227)exp- 017?)
AVb(z ) 1-p
/-~ Pry
VH >{_| dv

Y0 _V(d)_8vi(z) Y

VlO VlO VH VlO

The vertical gradient behind a wind screen carobed from:

(( 2)) —W[ﬁmzﬂ % _ 3087% - 1567 + 0447 % ) lexpl- 0.17?)

In the not-transformed grid this can be written as:

AP AP

The turbulence levels in the undisturbed atmosphmEundary layer follow from:
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2, 210027
2=012§ 10+ lod7/2)} .exp- 0.000245% I6g 2)}" |

Opa__ A

V,, log(10'z,)

10°

10°F

z/H

10

10° I I I
0.2 0.3 0.4 0.5

The turbulence levels behind the wind screen camdudelled empirically by:

f, :{(/7 +2)*" - 22'75} .exp{— 0.0§7 + )|_25}
f,=1.04ex{- 3.26'*)- 0.04 (p= X
f,=1  (p<0)

6
2, 2
Ae)1Vy-EK
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3. Correction of the 2D-wake to one including the en@ffects of a finite width wind
screen.

The lateral proportion of the mixing area behirglrale, 2D wake edged boundary can be
described by mixing length theory as follows:

c.=7

f=e, P72
X

This relation is taken as a starting point for nilbag the finite sharp-edged boundaries of an
obstacle limited in height. Eventually the effeat9oth edges of the screen submerge into each
other in the centre behind the obstacle. A betscdption of the wake conditions behind an
obstacle with a limited W/h including edge effecés be obtained when the above formula is
somewhat modified. In this way also a smoothersiteom in the screen centre can be achieved.
The modification results in:

gxlc

—— Schlichting
— H/W =0.02
— H/W =0.05
— HW=0.1
— HW=0.2
— HW =05
HW =1
T

1 15

At the borders of the screen both left and rigititagbplies&=0. In the centre of the screén
becomes les negative, depending on the relation YWHIarge values of ¥ approaches the
above relationship.

The time averaged wind velocity behind a finite dvstreen follows from a description in
which the transition is described by the error-tiorcin {:
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2 5 .
erf (z)=ﬁ j e dt

—_ Va Vb Va \/b
_ +

A erf(()

In line with the “mixing length” theory it is ass@m that the local turbulence can be scaled with
the maximum local average wind gradient in anyrédtdirection.
The horizontal and vertical gradients are:

dVab 1 & Va_Vb yn d%

dy 7 xexp(¢?)fy2+H2 dy

d(;/ab:d\é/ e dy/ dz _dy s W dze oy
Z

The maximum gradient in any lateral direction tha be found from:

dv,, _ [ dVy, (dVJ
dr max dy dz

To avoid problems at low values of gi¥z and in particular dydz the turbulence intensities
are not directly scaled with these gradients. Apiagcorrection is applied through a factpr
The local turbulence intensity then follows from:

U :\/(dvab/dr);ax+(gl.vH/ H
oV (av/ad (g v BT

) \/(dvab/dr)fnax+(gl.VH/ H)?
ubh T

g, (g, =0.25)
(/) +(g v/ H " T
o,,to,, 0,,-0

Oy =2 =2 erf (§)

The turbulence intensities in y en z-directiondallfrom the hereafter presented relations. The
vertical turbulence intensity is scaled as functbheight in a way that it is damped near the
earth surface:
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av,ab _ au,ab
VlO VlO

g, g — g
w,ab — att(Z) D u,ab —4 Y4 5 D u,ab
Vi, Vi, \ 350 Vi,

Finally some typical parameter values for a “regutdock-shaped obstacle and the values to be
applied for the PDP 210 dg wind direction configioa are presented in the following table:

AAS Hm] | W[m] P[] x [m] G [
EH310 40 300 0.1 400 0
PDP, 210 16 145 -1.07 350 -0.22

™ A negative porosity seems strange, but is dukedact that the shape of the PDP generates avagiapand
sweeps the wake together behind a small part ofiihe screen. The resulting wake does not resethileof a
porous screen but looks in fact more than solidestr The negative porosity, gives a deeper wake chibice of the
porosity above is based on a comparison with wimaél results. Note that a surface roughness as@dirly large

for Schiphol, but this value was chosen as the windel test was performed at this value pf z
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Appendix C Pilot rati

ngs

e Cooper-Harper rating scale for flight handling

Adequacy for selected task or
required operation

Aircraft
characteristics

Demands upon the pilot
in selected task or
required operation

Is it

Pilot
rating

satisfactory
without
improvement

?

Performance

Excellent Pilot compensation is not a factor
Highly desirable for desired performance
Good Pilot compensation is not a factor
P{ |Negligble deficiencies | for desired performance
Fair Minimal pilot compensation needed
Some mildly unpleas for desired performance
ant deficiencies 3
Minor but annoying Desired performance needs 4
deficiencies moderate pilot compensation
Deficiencies Moderately. quec} Adequate perfqrmance need§ 5
ionable deficiencies considerable pilot compensation
warrant
improvement Very objectionable Adequate performance needs
but tolerable extensive pilot compensation
deficiencies 6

adequate
with
tolerable

Deficiencies
require
improvement

Major deficiencies

Adequate performance cannot be
achieved with maximum pilot comp-
ensation. Controllability not in question

workload?

Major deficiencies

Considerable pilot compensation
is required for control

Major deficiencies

Intense pilot concentration needed
to retain control

Is it
controllable?

Pilot
decisions

Improvement
mandatory

4
4

Major deficiencies

Control is lost during some part
of required operation
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* Overall work load rating

On the scale below, indicate by a circle (approacttyoss (landing) your level of workload
experienced during the landing segment:

1. Indicate the hazard of the crosswind experienceduring this run:

none light moderate heavy extreme very extreme (crash)

2. Was a landing made? [ ]vYes [ INo(goto 5)
3.If 'yes'was it a safe landing? [ ] Yes(goto5) [ |No

4. 1f NOT a safe landing, why not? (choose MORE tm ONE category if appropriate):

Exceeding bank angle limits
Too high a speed at touchdown
Too high a sink rate

Landed too short

Landed too long

Other (specify):

5. Using the scales below, rate your effort to cord: Approach/TO: O Laa: X
a. speed
| | | | | | | | | |
| | | | | | | | | 1
1 2 3 4 5 6 7 8 9 10

— increasing effort

b. bank angle
l | | | | | | | | |
| | | | | | | | | 1
1 2 3 4 5 6 7 8 9 10
— increasing effort
c. pitch angle
l | | | | | | | | |
| | | | | | | | | 1
1 2 3 4 5 6 7 8 9 10

—® increasing effort

d. glide slope/vertical speed

| | | | | | | | | |
| | | | | | | | | 1
1 2 3 4 5 6 7 8 9 10

—® increasing effort

e. Localiser/heading

| ] ] ] ] ] ] ] ] |
| | | | | | | | | |
1 2 3 4 5 6 7 8 9 10

—® increasing effort
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6. Rate below the overall (mental) workload Approach/TO: O Land: X

I:l Uncontrollable

Completely demanding of pilot attention,
skill or effort

Very demanding of pilot attention,
skill or effort

Demanding of pilot attention,
skill or effort

__Mildly demanding of pilot attention,
- skill or effort

DEMAND ON THE PILOT

Largely undemanding, relaxed

Completely undemanding, very
relaxed and comfortable
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Appendix D Atmospheric model

The effect of turbulent air on aircraft behaviondse modeled as additional aerodynamic forces
(Xg, Yg, Zg) and momentslg, My, Ng) acting on the aircraft. These extra forces anthers are
then functions of the gust velocitiag vy andws.

[ X [ X [ X

Y =Y +1Y
_Z total L Z non- linear aircraft L Z o]
L L L

M =M + | M
L total L non- linear aircraft L N g

For aircraft flight dynamics it is common practioeexpress these forces and moments in non-
dimensional coefficients as follows,

X Y Z,

C, = 9 = g C, =
%o 1pV7S CY@ 1pV?S 5 1pV?®S
L M N

C =———9% =9 =9
b 1pV3ST G, 1pV?St S, 1p\V2ST

Similarly, non-dimensional equivalents are useddescribing the dependency of these flight
dynamics on the turbulence field,(v,, Wg), assuming that these gust velocities are relgtive

.~ u .
small with respect t¥. The non-dimensional parameters HEG:VQ' the gust slip angle

Y/ W,
,[)’g 279 and the gust angle of attack :Vg. For simplicity, the dependency of the gust

forces an moments on these variables using seqssion will be limited to linear terms only,
giving a linear aircraft gust response model.

The aircraft response to atmospheric turbulencebeasplit up in a symmetric motion
component and an asymmetric motion component. fimengtric response of the aircraft,

defined by the longitudinal force§ andZ,, and the longitudinal momemMy, only depends on
the varying longitudinal gust compone|1f1§andozg acting in the centre of gravity.

Consequently, the longitudinal non-dimensional éosiad moment coefficients can be
expressed as follows,

ol

- ° g a,c
Cx, = Cxug U, * Cxug T"' C>s,gag+ C>i~,g vV
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whereC, C,
9 9

m ‘Crmg

/\

—c e g g,

+C

E
—+C a+C
V

ol

T
0’

ol

o

, etc. represents the partlal derivatives of tmednoment with respect to the

listed non-dimensional gust parameter. These @iefiis are called ‘gust derivatives’ and are
aircraft dependent. The values of the gust derigatdepend on the stability derivatives of the
aircraft and can be approximated with the formple@sented in Table C-1. Approximated

values for the B747-200 are derived from literai{i8d] and ([35] or estimated through

evaluation of the B747-200 model.
What remains to be defined are the turbulence figddts and their derivatives](g : l]g ,a, and

c'rg ) acting in the aircraft's centre of gravity.

Table C-1: Calculation of the symmetric gust derivatives

Cy, =Cy, =042
C,,, =0
Cy,, =Cx, =159
C,,, =0

C,, =G, =
C,, =2C,
C,, =C,
C,

-2.98 Crmg =C -0.185
=0 C =-2C b 0.74
My me
=-5.293 Cmag = Cn], =-0.1
- CZq =13.36 Cm[, C - C =214
g

A gust velocity field that is encountered along dliveraft’s flight path, can be described with a
one-dimensional turbulence model characterizedhbykhown Dryden spectral densities. The

general state-space description for the correspgrfdrming filters can be written as,

0 1

2
vy
LQ Lg
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Y,
, 0 1 " Oy, —g
) Y ) . Zﬁ)o_v: o (o

wherew;(t), w,(t) andws(t) are three independent white noise inputs driviregttirbulence
generating filters. The integral scale of lengghs a measure that reflects the scale of the
turbulence. For landing, an averdgeof 150 m can be chosen. The standard deviati@ighe
turbulence components are calculated with the eglplié wind climate model of section 4.
Dividing the generated turbulence velocities\bgives the desired non-dimensional
equivalents.

The asymmetric aircraft motion is more complicatgtte the gust velocitiag andw, vary
along the lateral axis resulting in a span wistritlisted turbulence field that effects the rolling
and yawing moments of the aircraft. Consequentiwpapheric turbulence now has to be
considered as a two-dimensional process. The ooitith of the side gust velocity can still

be evaluated in the center of gravity of the aftcianother gust model is required that include
the average relations between longitudinal andoatryust velocities in two different points on
the aircraft's body. New shaping filters for thettulence input of the asymmetric rolling and
yawing moments are created,

. 0 1 L 1V (0B)
d, (1 : G, (1 a
w, 1T 1 [V L+, V || a4 | T 3 wi (1)
a@| |-——|—| - — | Ug(©) n(r,+7,)) 1 [V
’ n7, | L 7, Ly 1-2L 2 =1, (0B)
I nr, rr,\\ L ) ™ |
0 1 [ l|ag (O,B)

a,0] ) a,0)], s\ Ly t
am| |-V _EFLV g r(r,+r)) 1 (v )

I,Ts | L T,Ts L, 1--814 S — 11, (0B)

i T,T, T s\ L ¢ ]

In the above equations, the variablggs(O,B), o, (0,B) and 7 till 7 are part of the so-called

effective one-dimensional power spectral densitibieh approximates the actual power
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spectral densities of the rolling and yawing moraehte to turbulence. The values of these

parameters (Table C-2) depend on the fa&er% = 29—'64= 0.198¢ for a B747-200.

, 20150

Table C-2: The variables of the approximated effective power spectral density function of the
horizontal and vertical gust velocity for B = 0.1988 ([34]

_ 2
l5, (0,B) =0.251990307, 7,=0.288690 1,=0.747955 15= 0.590821

2
l,, (0,B) =0.17948230; £4=0.218703 75=0.488882 14=0.390730

The filter that generates the gust side slip afigls identical to the Dryden turbulence filter
which is valid in the centre of gravity,

] - _

_ 0 1 Op, L_

{ﬂg(o} VY v [ﬁg(t)}+ g )

M| |-|—| -2—]B® e
(Lg] L, (1-2/3), {LXJ

Again, a linear aircraft response model can betedethat reflects the contribution of these
asymmetric gust inputs on the flight dynamics [3],
_ Aib
G, =GB+ Cy 5
C,=G . 4+C B+C —ﬁgb+¢a

lg ug Lb By g e V ag g

C,=G.4+G B+ G —'ng+CBa

(¥ My g '}g V @
The asymmetric gust derivatives can be calculagaddicated in Table C-3. Approximated
values for the B747-200 are derived from literaf{iBd] and ([35] or estimated through
evaluation of the B747-200 model. Note: index ‘ndicates that only the contribution of the
wing is taken.
The contribution of,[z’g has been omitted for the Boeing 747-200 since &heeg of the
corresponding gust derivatives could not be retrieadequately. Usually the effect ,Bg may

be neglected when considering an aircraft withraigiit wing and relatively small tail planes.
This is however not applicable for a Boeing 747-2806wever, it is expected that this
simplification is not essential for the goal ofshésearch project.
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Table C-3: Calculation of the asymmetric gust derivatives
CYug =0 C,ug = —Qrw = —O.7C}r =0.137 Cnug = —qu = —O.2Cn =0.072
C,, =Cy,=-1.08 C, =G,=-0281 C,, =C,=0184
C, =C,+4C, =0 |G, =G +iG =0 C,, =G, +3C, =0
c, =0 C, =G, =08G =0402 C,, =GC,, =0.9C, =-0.1998
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