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1. EXECUTIVE SUMMARY



B-Fluid Limited has been commissioned by ’CBRE Limited on behalf of MIX Manchester’ to carry
out a Wind Shear and Turbulence Assessment for the detailed element of the MIX Manchester
proposals at Manchester Airport. The aim of this study is to assess whether there is a risk of increased
wind shear and turbulence in the vicinity of Manchester Airport runways 23R/05L and 23L/05R
arising from the proposed development.
Wind shear is the variation in wind speed and/or direction over a relatively short distance. When
wind flow encounters a structure, the normal horizontal flow is disturbed and transformed into
complicated pattern of eddies and other irregular air movements. Wind shear manifest as mechanical
turbulence downwind of a building. This disturbance can modify significantly (both in magnitude
and directions), the speeds along and across airport runways and glide/landing paths, as shown in the
example of Figure 1.1.

Figure 1.1: Illustration of Buildings Induced Wind Shear and Turbulence on a Runway.
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The assessment of the wind shear/turbulence impacts has been conducted using Computational
Fluid Dynamics (CFD). CFD is a numerical modeling technique which uses high fidelity algorithms
together with High Performance Computer power (HPC) to resolve fluid flows fields and it is a well
established method to simulate wind flows and to assess related aerodynamics effects.
The flow analysis objective has been to identify:

• If, and where, there is any increased turbulence and wind shear as a results of the proposed
development;

• Whether the increased values could exceed the acceptable levels on the Runway 23R/05L,
where the sensitivity of aircraft stability during landings is assessed using runways wind shear
and turbulence exceedance criteria (referenced as Runway - Wind Shear and Turbulence
Exceedance Assessment);

• What wind speeds and directions would cause any criteria/safety risk to be exceeded and how
often, in a typical year, this can be expected to happen.

For the wind analysis, two models have been implemented, a "Pre-Development Scenario" model
representing the actual built environment and, a "Post-Development Scenario" including the proposed
development as shown in the Figures 1.2-1.3. Considering the proposed development location, it can
pose a risk of building-induced wind shear/turbulence for the runway for all the wind directions in
the range from 0◦ to 30◦ and 285◦ to 345◦ because of speed disturbances downwind of the proposed
buildings blocks. Figure 1.4 shows all the wind directions mentioned above and which have been
used for this assessment.

Figure 1.2: Pre-Development Scenario.
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Figure 1.3: Post-Development Scenario.

Figure 1.4: Wind Directions Used in the Analysis.
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Runway - Wind Shear and Turbulence Exceedance Assessment

Acceptance criteria are well established by international aviation standards to assess the tolerable
level of increased wind shear and turbulence that an aircraft can suffer near the ground.
For this assessment, three sets of guidance documents were used:

• The guidance document, Licensing of Aerodomes (CAP 168) by Civil Aviation Authority
(CAA), which emphasizes the importance of a comprehensive risk assessment of any building
or structure that could potentially cause wind shear problems;

• The National Airports Safeguarding Framework (NASF) guideline, which provides world-class
guidance on airport design and is recognized by International Civil Aviation Organization
(ICAO) and CAA;

• The National Aerospace Laboratory of The Netherlands (NLR) report, which is a report that
provides further explanations on the NASF guideline and is also considered by experts on the
subject as world’s best practice.

In accordance with the NASF Guideline and the NLR report:
Any proposed development located at a distance of at least 35 times its own height form the
centreline of a runway will not pose a risk of wind shear and turbulence on the runway;

Any proposed building which is located at a distance below 35 times its own height, needs to be
assessed for potential wind shear and turbulence effects on that runway - i.e. "the building
height exceeds the 1:35 rule".

When the building height exceeds the "1:35 rule", the following acceptance criteria must be applied as
stated in the NLR report (NLR-CR-2006-261) to evaluate if the buildings induced flow disturbances
on a runway are acceptable or not:

• The 7-knot (3.6 m/s) along wind criterion: the variation in mean wind speed due to wind
disturbing structures must remain below 7 Kts along the aircraft trajectory at heights below
200 ft and, it must take place over a distance of at least 328 ft.

• The 6-knot (3.09 m/s) cross-wind criterion: the variation in mean wind speed due to wind
disturbing structures must remain below 6 Kts across the aircraft trajectory at heights below
200 ft and, it must take place over a distance of at least 328 ft.

• The 4-knot (2.06 m/s) turbulence criterion: the fluctuations of wind speed around its mean
value (standard deviation of wind speed) must remain below 4 Kts at heights below 200 ft.

Additionally, it is also stated in NLR report that obstacles with a width less than 30m and producing a
maximum speed deficit less than 8Kts are allowed to protrude the 1:35 wind disturbance plane.
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Figure 1.5: Wind Shear and Turbulence Criteria Evaluation on a Runway Landing Paths.

In this study, for each wind directions, wind velocity and turbulence are collected at the aircraft
trajectory, considering 3◦ landing/takeoff degrees. Six possible landing paths are considered. Each
path starts at approximately 1400 feet far from the runway touch down zone and continues to ground
level. Data are collected along each path and every 328 feet across them and variations of velocities
have been calculated (see Figure 1.6).
The reason for all the wind speed/turbulence variations, to be assessed over a distance of 328 ft,
is to account for the response time of a landing aircraft to a sudden changing of wind conditions.
Although an aircraft, can fly through winds speeds and turbulence higher than those mentioned in
the criteria, a rapid change of the wind conditions causes detrimental instability when approaching
the ground where the possibility of movements are reduced.

Figure 1.6: Landing Scenarios and Sampling Lines at 3◦ Approaching Angle.

B - Fluid | Wind Modelling 5



As shown in the report, the wind shear and turbulence impact of the proposed development on the
runways is as follows:
Impact on Runway 23R/05L:

• The proposed development Building A1 is not located within the trigger area of Runway
23R/05L according to the NASF guideline, while it is located within the trigger area suggested
by the NLR report. The Building A1 does not penetrate the 1:35 height rule on Runway
23R/05L, but its width exceeds 30m. Consequently, the effects of the development are further
analyzed in relation to Runway 23R/05L using quantitative Computational Fluid Dynamics
(CFD) analysis.

• The proposed development Building A2 is not located within the trigger area of Runway
23R/05L according to the NASF guideline, while it is located within the trigger area suggested
by the NLR report. The Building A2 does not penetrate the 1:35 height rule on Runway
23R/05L, but its width exceeds 30m. Consequently, the effects of the development are further
analyzed in relation to Runway 23R/05L using quantitative Computational Fluid Dynamics
(CFD) analysis.

• The proposed development Building A5 is not located within the trigger area of Runway
23R/05L according to the NASF guideline, while it is located within the trigger area suggested
by the NLR report. The Building A5 does not penetrate the 1:35 height rule on Runway
23R/05L, but its width exceeds 30m. Consequently, the effects of the development are further
analyzed in relation to Runway 23R/05L using quantitative Computational Fluid Dynamics
(CFD) analysis.

• The proposed development Building E1 is located within the trigger area of Runway 23R/05L
according to both the NLR report or the NASF guideline. The Building E1 does not penetrate
the 1:35 height rule on Runway 23R/05L, but its width exceeds 30m. Consequently, the effects
of the development are further analyzed in relation to Runway 23R/05L using quantitative
Computational Fluid Dynamics (CFD) analysis.

Impact on Runway 23L/05R:

• None of the proposed buildings are located within the trigger area of Runway 23L/05R accord-
ing to the NASF guideline, nor they are located within the trigger area suggested by the NLR
report. None of the proposed buildings penetrates the "1:35 height rule" on Runway 23L/05R.
Hence, no further analysis is required in relation to Runway 23L/05R as the proposed develop-
ment, in accordance with the above guidelines, does not pose a wind shear and turbulence risk
for this runway.

Tables from 1.1 - 1.4 summarize if the MIX (Detailed Element) buildings are located within any
trigger area for each of the runways and specifies the distances of each unit from the runways in
relation to the "1:35 rule".
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Table 1.1: Trigger Areas and the 1:35 Rule for the Runways - Building A1

Table 1.2: Trigger Areas and the 1:35 Rule for the Runways - Building A2

Table 1.3: Trigger Areas and the 1:35 Rule for the Runways - Building A5

Table 1.4: Trigger Areas and the 1:35 Rule for the Runways - Building E1
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Results Summary - Runway 23R/05L

The results of the analysis on Runway 23R/05L can be summarized as follows:

7 Knot Along-Wind Criterion:

• For approaching wind speeds of 19.4 Kts (10 m/s) to 38.9 Kts (20 m/s), the NLR "7 Knot
criterion" was not exceeded for a wind direction of 0◦, 15◦, 30◦, 285◦, 300◦, 315◦, 330◦, and
345◦ in the Post-Development Scenario.

• For approaching wind speeds of 19.4 Kts (10 m/s) to 38.9 Kts (20 m/s), the NLR "7 Knot
criterion" was not exceeded for a wind direction of 315◦, 330◦, and 345◦ in the Pre-Development
Scenario.

6 Knot Across-Wind Criterion:

• For approaching wind speed 19.4 Kts (10 m/s) - 38.9 Kts (20 m/s), the NLR "6 Knot criterion"
was never exceeded for the Post-Development Scenarios for approaching wind from 0◦, 15◦,
30◦, 285◦, and 300◦.

• For a wind direction of 315◦ at 38.9 Kts (20 m/s) and above, exceedance of the criterion was
observed in the Pre- and Post-Development Scenario, while all lower wind speeds satisfied the
criterion.

• For a wind direction of 330◦ at 34 Kts (17.5 m/s) and above, exceedance of the criterion was
observed in the Pre- and Post-Development Scenario, while all lower wind speeds satisfied the
criterion.

• Further, for a wind direction of 345◦ at 29.2 Kts (15 m/s) and above, exceedance of the criterion
was observed in the Pre- and Post-Development Scenario, while all lower wind speeds satisfied
the criterion.

4 Knot Turbulence Criterion:

• For approaching wind speed 19.4 Kts (10 m/s) to 38.9 Kts (20 m/s), the NLR "4 Knot criterion"
was not exceeded for a wind direction of 0◦, 15◦, 30◦, 285◦, 300◦, 315◦, 330◦, and 345◦ in the
Post-Development Scenario.

• For approaching wind speed 19.4 Kts (10 m/s) to 38.9 Kts (20 m/s), the NLR "4 Knot criterion"
was not exceeded for a wind direction of 315◦, 330◦, and 345◦ in the Pre-Development Scenario.
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Therefore, it can be concluded that:
• The impact of windshear and turbulence on runway 23R/05L is expected to exceed the

critical level recommended by the NLR "6 Knot across-wind windshear criterion" with
an occurrence of approximately 3.147% per year for both Pre- and Post-Development.

• The analysis has shown that the wind shear and turbulence on runway 23R/05L will be
comparable to those currently existing even after the construction of the proposed MIX
(Detailed Element) development.

• Wind shear and turbulence exceedances are already occurring on the runway 23R/05L
in the Pre-Development Scenario, and they will remain within the same ranges after the
construction of the development. Furthermore, wind shear and turbulence exceedances
occur under wind directions that have a reduced frequency during a typical year.

• Therefore, it can be concluded that the proposed development will not pose any increased
risk of wind shear and turbulence compared to the existing situation.

A summary of the analysis conducted is shown in Table 1.5.
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Table 1.5: Summary of Analysis Conducted - Acceptance Criteria Evaluation
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2. PROJECT DESCRIPTION
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2.1 INTRODUCTION

B-Fluid Limited has been commissioned by ’CBRE Limited on behalf of MIX Manchester’ to carry
out a Wind Shear and Turbulence Assessment for the proposed MIX Manchester (Detailed Element)
at Olympic House, Manchester Airport, M90 1QX. The aim of this study is to assess if there is a risk
of increased wind shear and turbulence on the vicinity of the Manchester airport runways due to the
proposed development.
Wind shear is the variation in wind speed and/or direction over a relatively short distance. When
wind flow encounters a structure, the normal horizontal flow is disturbed and transformed into
complicated pattern of eddies and other irregular air movements. Wind shear manifest as mechanical
turbulence downwind of a building. This disturbance can modify significantly (both in magnitude
and directions), the speeds along and across airport runways and glide/landing paths, as shown in the
example of Figure 2.1.

Figure 2.1: Illustration of Buildings Induced Wind Shear and Turbulence on a Runway.
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The assessment of the wind shear/turbulence impacts has been conducted using Computational
Fluid Dynamics (CFD). CFD is a numerical modeling technique which uses high fidelity algorithms
together with High Performance Computer power (HPC) to resolve fluid flows fields and it is a well
established method to simulate wind flows and to assess related aerodynamics effects.
For this assessment, three sets of guidance documents were used:

• The guidance document, Licensing of Aerodomes (CAP 168) by Civil Aviation Authority
(CAA), which emphasizes the importance of a comprehensive risk assessment of any building
or structure that could potentially cause wind shear problems;

• The National Airports Safeguarding Framework (NASF) guideline, which provides world-class
guidance on airport design and is recognized by International Civil Aviation Organization
(ICAO) and CAA;

• The National Aerospace Laboratory of The Netherlands (NLR) report, which is a report that
provides further explanations on the NASF guideline and is also considered by experts on the
subject as world’s best practice.

In accordance with NASF Guideline and the NLR report, a proposed structure can potentially create
a wind shear and turbulence impact risk if located within the trigger area of a nearby runway.
In NASF guideline, the trigger area is defined as:

• 1200m or closer perpendicular from the runway centreline (or extended runway centreline);
• 900m or closer in front of runway threshold (towards the landside of the airport); and
• 500m or closer from the runway threshold along the runway.

In NLR report, the trigger area is defined as:
• 2000m or closer perpendicular from the runway centreline (or extended runway centreline);
• 2000m or closer in front of runway threshold (towards the landside of the airport); and
• 1500m or closer from the runway threshold along the runway.

Figure 2.2 shows the trigger areas defined in NASF guideline and NLR report.
In accordance with the definitions described above, Figures 2.3 - 2.4 show the location of the
development in relation to the trigger areas of Runways 23R/05L and 23L/05R defined by NASF
guideline and the NLR report. More details on the trigger areas can be found in Section 4.2.
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Figure 2.2: Trigger Areas Defined in NASF Guideline and NLR Report.

Figure 2.3: NASF Trigger Area (Colored in Red) and NLR Trigger Area (Colored in Violet) of
Runway 23R/05L.
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Figure 2.4: NASF Trigger Area (Colored in Red) and NLR Trigger Area (Colored in Violet) of
Runway 23L/05R.

According to Figures 2.3-2.4 the development is located:
• within the trigger area of Runway 23R/05L according to both the NASF guideline and the

NLR report;
• not located within the trigger area of Runway 23L/05R according to both the NASF guideline

and the NLR report.
In accordance with the NASF guideline and the NLR report, if a proposed structure is located within
the trigger area, then its acceptability is dictated by the 1:35 rule as follows:

• if the building is located at a distance from the centreline of a nearby runway which is more
than 35 times the proposed structure height, then the building can be considered acceptable.

• if the building is located at a distance from the centreline of a nearby runway which is less than
35 times the proposed structure height, then an in-depth wind shear and turbulence analysis is
required through wind tunnel or Computational Fluid Dynamics (CFD) analysis to accurately
calculate the wind shear and turbulence effect to assess the building-induced wind shear and
turbulence effects against the NLR-CR-2006-261 acceptance criteria (known as the "7-knot
along wind criterion", the "6-knot cross-wind criterion and the "4-knot turbulence criterion").
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Additionally, it is also stated in NLR report that obstacles with a width less than 30m and producing
a maximum speed deficit less than 8Kts are allowed to protrude the 1:35 wind disturbance plane.
The width of MIX (Detailed Element) development is shown in Figure 2.5.

Figure 2.5: Width of MIX (Detailed Element) Development.

Table 2.1-2.4 summarize if the proposed development are located within any trigger area for each
of the runways and specifies the distances of each unit from the runways in relation to the "1:35
rule".

Table 2.1: Trigger Areas and the 1:35 Rule for the Runways - Building A1
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Table 2.2: Trigger Areas and the 1:35 Rule for the Runways - Building A2

Table 2.3: Trigger Areas and the 1:35 Rule for the Runways - Building A5

Table 2.4: Trigger Areas and the 1:35 Rule for the Runways - Building E1

Accordingly, this report assesses the impact of the proposed MIX Manchester (Detailed Element) on
Runways 23R/05L where the development is located within the relevant trigger areas defined by the
NLR report and/or the NASF guideline. Developments A1, A2, and A5 are outside the trigger area
under NASF guidelines but within the trigger area per the NLR report, whereas E1 lies within the
trigger area under both NASF and NLR. None of the developments penetrate the 1:35 height rule;
however, all exceed 30m in width. Consequently, a Computational Fluid Dynamics (CFD) analysis is
undertaken for Runway 23R/05L to assess potential wind shear and turbulence effects in accordance
with NLR-CR 2006-261.
Further, none of the proposed buildings are located within the trigger area of Runway 23L/05R
according to the NASF guideline, nor they are located within the trigger area suggested by the
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NLR report. None of the proposed buildings penetrates the "1:35 height rule" on Runway 23L/05R.
Hence, no further analysis is required in relation to Runway 23L/05R as the proposed development,
in accordance with the above guidelines, does not pose a wind shear and turbulence risk for this
runway.
Figure 2.6 shows a view of the proposed development (colored in red) in the existing urban con-
text.

Figure 2.6: Proposed MIX Manchester (Detailed Element) Development (colored in red).

This report is completed by Dr. Cristina Paduano, Dr. Arman Safdari and Dr. Sadia Siddiqa.
Dr. Cristina Paduano is a Chartered Engineer (CEng) and member of Engineers Ireland. She has
specialised in computational fluid dynamics applications for urban environment and the construction
industry, with over 18 years of experience. She holds a PhD in Mechanical Engineering from Trinity
College Dublin, with M.Eng and B.Eng in Aerospace Engineering from the Polytechnic University
of Milan, Italy.
Lucrezia Vigo is a CFD modelling specialist and member of Engineers Ireland (MIEI). She holds a
Masters degree in Aeronautical Engineering from Politecnico di Milano, with a specialization in
Fluid Dynamics. She has applied CFD to various fluid dynamics problems, from aeronautics to
bioreactors and wind engineering.
Dr. Sadia Siddiqa is a member of Engineers Ireland and CFD Modelling Engineer specialising in
computational fluid dynamics applications. With expertise in modeling fluid flows, airflow patterns,
and heat/mass transfer, she is skilled at applying her knowledge to solve real-world challenges in
fluid dynamics. She holds a PhD in Computational Mathematics from COMSATS University, where
her research focused on CFD applications.
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2.2 OBJECTIVE OF THE ANALYSIS

The objective of this study is to investigate the wind shear and turbulence effects that will be induced,
on the runway by the new proposed development.
The flow analysis objective is to identify:

• If, and where, there is any increased turbulence and wind shear as a results of the proposed
development;

• Whether the increased values could exceed the acceptable levels on the Runway 23R/05L,
where the sensitivity of aircraft stability during landings is assessed using runways wind shear
and turbulence exceedance criteria (referenced as Runway - Wind Shear and Turbulence
Exceedance Assessment);

• What wind speeds and directions would cause any criteria/safety risk to be exceeded and how
often, in a typical year, this can be expected to happen.

2.3 WINDSHEAR and TURBULENCE IMPACT on AIRCRAFTS

Windshear refers to the situation where the wind changes direction or speed suddenly, over a short
distance. It can be vertical or horizontal, affecting an aircraft either as it takes off or descends, or its
horizontal flight path.
It is well known in aviation that windshear is often experienced near weather front in the form of
microburst/downburst, this is often felt as turbulence and often occurring at high altitude (see Figure
2.7).

Figure 2.7: Wind Shear and Turbulence Due to Obstacles on the Ground.

Windshear, however, can be also experienced at low altitude and near the ground. Near airports,
where the air flows over obstructions, such as bluffs, hills, trees, or buildings, the normal horizontal
wind flow is indeed disturbed and transformed into a complicated pattern of eddies and other irregular
air movements (see Figure 2.8).
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Figure 2.8: Wind Shear and Turbulence Due to Obstacles on the Ground.

The risk of wind shear, in both cases above, consists in the sudden change in the wind and its resulting
effect on the aircrafts lift. If the wind speeds change, the lift of the airplane changes as well, and
the pilots need to re-adjust the aircraft to the desirable lift by increasing/reducing engine power
appropriately and in relation to the altitude. While this operation is quite standard at high levels, it
can be more difficult close to the ground, during takeoff and landing, as the airplane have little time
or room to maneuver. A a consequence, aircrafts can be particularly vulnerable to windshear when
landing/taking off.

Figure 2.9: Wind Directions Used in the Analysis.

Considering the proposed development location, it can pose a risk of buildings induced wind shear/tur-
bulence for the runway 23R/05L for all the wind directions in the range from 0◦ to 30◦ and 285◦ to
345◦ because of speed disturbances downwind of the proposed buildings blocks. Figure 2.9 shows all
the wind directions mentioned above and which have been used for this assessment. The following
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sections detail the impact of wind shear and turbulence on aircraft.

2.4 ACCEPTANCE CRITERIA

Attempts to establish hazardous levels of windshear can be found in several studies of weather
phenomena containing windshear and their impact on aviation (especially during takeoffs and
landings) (such as Fujita et al., 1997 and McCarthy, 1997).
The Amsterdam Schiphol Airport

The influence of buildings on airport windshear conditions became the focus of a number of studies
conducted by scientists and researchers in The Netherlands (NLR) due to a number of pilots reports
when one of the runways at Schiphol airport was used under strong southwest wind conditions.
Subsequent studies determined that the primary cause was the wake behind this facility and the
corresponding variation in crosswind experienced by aircraft using this runway during their last stage
of approach.
A series studies were implemented by NLR considering the following conditions:

• The wind direction is perpendicular towards a stand alone obstacle. Thus effects due to a
non-perpendicular wind flow are no part of this investigation.

• The work is tailored to two jet aircraft equipped with conventional controls. Propeller driven
aircraft and Fly-By-Wire aircraft as well as Very Large Aircraft have not been evaluated.

• Only dry runway conditions are considered.
• High speed roll out, take-off and go-around were no part of the investigation.
• Maximum cross wind in the investigation is limited to 20 knots.

Studies between 2003-2006

A simple criterion so-called 7 knots criterion was introduced by National Aerospace Laboratory of
The Netherlands based on wind tunnel tests and flight simulator tests for advising of the potential for
adverse building-induced windshear (Krus et al, 2003) in the early study.
7knots criterion was given further status via a follow-up study by Nieuwpoort at al (2006) based on
flight simulations. The building-induced windshear rule developed through these studies was related
to the maximum allowable lateral wind speed deficit occurring behind an obstacle:
The difference in wind velocity perpendicular to the aircraft over a short distance may not exceed 7
knots
Study in 2008

An enhance study was done by Nieupoort et al. in 2008. This research is the most in-depth study of
the influence of airport buildings and other bluff structures on aviation-related windshear. The report
focused on developing wind disturbance criteria relevant to wake effects induced by obstacles (such
as buildings and structures) close to runways, particularly during the final stages of approaches when
aircraft are most vulnerable to such effects.
The report distinguished associated risk levels with three altitude bands:

• 0 ft to 200 ft;
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• 200 ft to 1,000 ft;
• and >1,000 ft.

Only the lowest (first altitude) band was deemed to pose a potential critical risk to aircraft safety.
Offline mathematical flight performance simulations was employed to develop the wind shear criteria
with two aircraft types a B747 and a Fokker 100 were chosen.
The findings of the study were (NLR study in 2008):

• Altitude Range: 1,000 ft AGL to 200 ft AGL:
– "Stand alone" obstacle:

No distinct effect of stand alone obstacles on the aircraft handling and performance could
be established in this height range. The effect is submerged in the overall surface charac-
teristics of the build up area affecting the runway. The offline and piloted simulations
showed that the obstacle clearance planes defined by ICAO Annex 14 give sufficient
protection to wind disturbances as result of stand alone obstacles. No specific wind
disturbance planes are required for this segment.

– Surface roughness:

In this altitude range the wind disturbance effect on the aircraft is defined by the turbulence
intensity applicable for build up area affecting the runway. It is a function of the surface
roughness and a reference wind speed. The offline and piloted simulations showed that
RMS values of the turbulence intensity of the horizontal components in excess of 5kts
(heavy turbulence) sometimes lead to large glide path deviations as result of gust and
wind shear phenomena. In this height range the horizontal scale lengths used in the
gust/turbulence simulation varied from 200m to 300m.

• Altitude Range: Below 200 ft AGL: wind disturbance planes are required for this segment.
– "Stand alone" obstacle:

It was established that for this segment wind disturbance criteria are necessary that are
more stringent than the Annex 14 planes. It appeared that stand alone obstacles in this
area not protruding an imaginary plane with a slope of 1:35 with the extended runway
centerline as base did not affect the response and landing performance of the aircraft
significantly. 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.

∗ Along the aircraft trajectory:

The structure should not induce a change in mean wind speed greater than 7 knots,
with the speed change taking place over a distance of at least 100m.

∗ Across the aircraft trajectory:

The structure should not induce a change in mean wind speed greater than 6 knots,
with the speed change taking place over a distance of at least 100m.

– Surface roughness:

In this altitude range the wind disturbance effect on the aircraft is defined by the turbulence
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intensity applicable for build up area affecting the runway. It is a function of the surface
roughness and a reference wind speed. The offline and piloted simulations showed that
RMS values of the turbulence intensity of the horizontal components in excess of 5kts
(heavy turbulence) sometimes lead to too large glide path deviations as result of gust
and wind shear phenomena. In this height range the horizontal scale lengths used in the
gust/turbulence simulation varied from 200m to 300m.

• In addition to the mean wind speed deficit criteria described above, the study developed an
additional turbulence (gust) criteria: The horizontal gust/turbulence levels caused by a stand-
alone obstacle in combination with the meso-scale surface roughness must remain below an
RMS (standard deviation) value of 4 knots.

As mentioned in the previous section, wind shear and turbulence caused by buildings in the vicinity
of airports can cause aircraft instability during landing or take-off.
The instability which building-induced wake effects can cause to an aircraft is significantly reduced
once the aircraft has touched down (upon landing) or is at reasonable height (200 ft off the ground
prior to landing). After touch-down, the aircraft has increased stability/support from contact with
the runway pavement and above 200 feet, both the consequences of a drop in altitude or a change in
wind bank are considerably less and the pilot has increased latitude and so time to correct an induced
effect on the aircraft prior to touch-down.
In accordance with NASF Guideline and the NLR report, a proposed structure can potentially create
a wind shear and turbulence impact risk if located within the trigger area of a nearby runway.
If a proposed structure falls inside the trigger area, then its acceptability is dictated by the "1:35
height rule", which can be explained as follows:

• Any proposed development located at a distance of at least 35 times its own height form
the centreline of a runway will not pose a risk of wind shear and turbulence on the runway

• Whilst, any proposed building which is located at a distance below 35 times its own height,
need to be further assessed for potential wind shear and turbulence effects on that runway
- i.e. "the building height exceeds the 1:35 rule"

When the building height exceeds the "1:35 rule", the following acceptance criteria must be applied
as stated in the NLR report (NLR-CR-2006-261) to decide if the building in question can be accepted
or not:

• The 7-knot (3.6 m/s) along wind criterion: the variation in mean wind speed due to wind
disturbing structures must remain below 7 Kts (3.6 m/s) along the aircraft trajectory at heights
below 200 ft. The speed deficit change of 7 Kts must take place over a distance of at least
100m.

• The 6-knot (3.09 m/s) cross-wind criterion: the variation in mean wind speed due to wind
disturbing structures must remain below 6 Kts across the aircraft trajectory at heights below
200 ft. The speed deficit change of 6 knots must take place over a distance of at least 100m.

• The 4-knot (2.06 m/s) turbulence criterion: the standard deviation of wind speed must remain
below 4 Kts at heights below 200 ft.

Additionally, it is also stated in NLR report that obstacles with a width less than 30m and producing a
maximum speed deficit less than 8Kts are allowed to protrude the 1:35 wind disturbance plane.
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Figure 2.10: Wind Shear and Turbulence Criteria.

Figure 2.11: Wind Shear and Turbulence Criteria Evaluation on a Runway Landing Paths.

The reason for all the wind speed/turbulence variations, to be assessed over a distance of 328 ft,
is to account for the response time of a landing aircraft to a sudden changing of wind conditions.
Although an aircraft, can fly through winds speeds and turbulence higher than those mentioned in
the criteria, a rapid change of the wind conditions causes detrimental instability when approaching
the ground where the possibility of movements are reduced.
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3. STUDY METHODOLOGY
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3.1 ASSESSMENT METHODOLOGY

The assessment has been carried out through the following steps:

• Step 1 - Local Wind Data Analysis;
• Step 2 - 3D CFD Model of the Complex Environment;
• Step 3 - Wind Shear and Turbulence Predictions.

3.1.1 STEP 1 - LOCAL WIND DATA ANALYSIS

A statistical analysis of historical wind data has been carried out to calculate wind shear and natural
turbulence exceedance probabilities data at Manchester Airport. Statistical assessment of the weather
data is an important part of wind shear and turbulence analysis. Indeed, if any of the acceptance level
of wind shear and turbulence are exceeded, for a particular wind direction and wind speed, then it is
possible to predict, knowing the frequency of that wind conditions during a typical year, how often
the runway would be impacted by the proposed development.

3.1.2 STEP 2 - 3D CFD MODEL of the COMPLEX ENVIRONMENT

A model has been produced for both the pre and post-construction scenarios including topography,
nearby existing buildings and relevant features at the areas of interest (see Figures 3.1 - 3.2).

Figure 3.1: 3D Model of the Pre-Development Scenario.
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Figure 3.2: 3D Model of the Post-Development Scenario.

Considering the runway 23R/05L, a wind shear/turbulence effect can be generated by the proposed
development under the following conditions:

• For all the wind directions in the range from 0◦ to 30◦ and 285◦ to 345◦, where the speed
disturbances are induced downwind by the proposed buildings. Figure 3.3 shows the wind
directions used in this analysis.
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Figure 3.3: Wind Directions Used in the Analysis.

During this step, simulations at different wind directions have been implemented, each using a
different wind speeds (i.e., 10m/s and 20 m/s). For all the areas of interest, velocity and turbulence
kinetic energy have been collected across the runway area, including both along and across the
runway.
Flow results have been collected on the horizontal plane, to understand the flow patterns and tur-
bulence levels generated downwind the proposed building and to compare the flow patterns on the
runway at pre and post-development scenarios.
Flow results have been collected also on the vertical plane across the area of interest to understand up
to a height of 200m above ground, where the conditions of the flow resume to those of an undisturbed
flow on the runway in pre- and post-development scenarios.
The horizontal and vertical slices at which the results are collected in both pre- and post-development
scenarios, can be seen in Figure 3.4.
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Figure 3.4: Wind Directions Used in the Analysis.

3.1.3 STEP 3 - WIND SHEAR and TURBULENCE PREDICTIONS

In this case simulations at different wind speeds and magnitudes have been implemented to assess if
the wind shear and turbulence caused by the new development in the vicinity of the south, and/or
north runways can cause aircraft instability during landing/ take off.

Velocity and turbulence results obtained from the flow simulations (at Step 2) are then used to
calculate:

• Mean Velocity Deficit for the 6 and 7 Knot Criteria Assessment;
• Turbulence Deviation for the 4 Knot Criteria Assessment.

According to the NLR report, it is recommended that the maximum area of assessment should be
above the 3◦ glide path to the run way threshold to a height of 60m shown in Figure 3.5. It is
appreciated that aircraft could fly elsewhere in the assessable glide paths, particularly during take-off
and go-arounds, however, during these events the aircraft would be under different power levels and
may be more able to cope with wind shear and turbulence.
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Figure 3.5: Assessable Aircraft Trajectory Defined by the NLR Report.

For this step, different wind directions have been analyzed, which correspond to the critical wind
directions impacting both the development and relevant airport runways.

In this study, for each wind directions, wind speed and turbulence are collected at the aircraft
trajectory, considering 3◦ landing/takeoff degrees and assuming that the aircraft glides down with
constant speed and its track angel is 3◦. Six possible paths per each landing degrees are considered.
Each path starts at 900m far from touch down zone and continues to ground level. Airflow velocity
and turbulence values are collected along each path. In addition, every 100m across each possible
aircraft trajectory, data sampling (for wind velocity and turbulence) were performed per each landing
path.

Figure 3.6: Landing Scenarios and Sampling Lines at 3◦ Approaching Angle.
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The analysis described is carried out considering the scenario with the proposed MIX Manchester
(Detailed Element) (’Post-development case’ with results detailed in Appendix A) and the scenario
without the proposed MIX Manchester (Detailed Element) (’Pre-development case’ with results
detailed in Appendix B).

The velocity and turbulence results are then used to obtain the ’Mean Velocity Deficit’ and the
’Turbulence Deviation’ for each of the wind directions and wind speeds, for the assessment of the
same against the acceptance criteria.

If any of the acceptance criteria is exceeded, for a particular wind direction and wind speed, then the
occurrence of that wind conditions is extracted from the Statistical Weather Data Analysis previously
carried out (at Step 1) to predict at which frequency, during a typical year, the wind shear and
turbulence level are expected to exceed the critical levels.
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4. POTENTIAL IMPACT OF THE PROPOSED DEVELOPMENT
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4.1 DEVELOPMENT DESCRIPTION

This proposed development comprises a hybrid planning application for Mix Manchester, as shown
in Figure 4.1. The application involves the redevelopment of 24 hectares of brownfield land located
immediately north of Manchester Airport. The development will deliver an advanced manufacturing
campus, including mid-tech units (Class E (i, ii, iii)), ancillary commercial units (Class E), and a
multi-storey car park (Sui Generis). Figure 4.2 illustrates the location of the site in relation to the
surrounding built environment.

Figure 4.1: MIX (Detailed Element) Development (colored in red) - 3D View.
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Figure 4.2: Site Location Relative to the Surrounding Built Environment.

Key features of the locality are:

• North: To the north of the site lies Enterprise Way. Beyond this, the surrounding area is
associated with commercial and business park developments.

• East: To the east of the site are further commercial and airport-related developments, including
logistics and light industrial units, with the wider Manchester Airport operational area located
beyond.

• South: To the south of the site lies Manchester Airport, including Runway 23R/05L and
associated taxiways and airside infrastructure.

• West: To the west of the site are areas of open land and commercial developments.
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4.2 IMPACT ON RUNWAYS

The NASF guideline and the NLR report set the size of the zone of potential influence of a building
on a runaway based on its distance from the runaway centreline as shown in Figure 4.3 below.

Figure 4.3: Potential Trigger Area Sizes According to the NASF Guideline and NLR Report.

The proposed development has a potential impact on aircraft landing on runways.
Figures 4.4 to 4.7 show the potential trigger areas of Runway 23R/05L, and Runway 23L/05R. In
these figures, the red zones and purple zones are potential trigger areas according to the NASF
guideline and the NLR report, respectively.
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Findings based on these figures are listed as follow:

• The proposed development Building A1 is not located within the trigger area of Runway
23R/05L according to the NASF guideline, while it is located within the trigger area suggested
by the NLR report. The Building A1 does not penetrate the 1:35 height rule on Runway
23R/05L, but its width exceeds 30m. Consequently, the effects of the development are further
analyzed in relation to Runway 23R/05L using quantitative Computational Fluid Dynamics
(CFD) analysis.

• The proposed development Building A2 is not located within the trigger area of Runway
23R/05L according to the NASF guideline, while it is located within the trigger area suggested
by the NLR report. The Building A2 does not penetrate the 1:35 height rule on Runway
23R/05L, but its width exceeds 30m. Consequently, the effects of the development are further
analyzed in relation to Runway 23R/05L using quantitative Computational Fluid Dynamics
(CFD) analysis.

• The proposed development Building A5 is not located within the trigger area of Runway
23R/05L according to the NASF guideline, while it is located within the trigger area suggested
by the NLR report. The Building A5 does not penetrate the 1:35 height rule on Runway
23R/05L, but its width exceeds 30m. Consequently, the effects of the development are further
analyzed in relation to Runway 23R/05L using quantitative Computational Fluid Dynamics
(CFD) analysis.

• The proposed development Building E1 is located within the trigger area of Runway 23R/05L
according to both the NLR report or the NASF guideline. The Building E1 does not penetrate
the 1:35 height rule on Runway 23R/05L, but its width exceeds 30m. Consequently, the effects
of the development are further analyzed in relation to Runway 23R/05L using quantitative
Computational Fluid Dynamics (CFD) analysis.

• None of the proposed buildings are located within the trigger area of Runway 23L/05R accord-
ing to the NASF guideline, nor they are located within the trigger area suggested by the NLR
report. None of the proposed buildings penetrates the "1:35 height rule" on Runway 23L/05R.
Hence, no further analysis is required in relation to Runway 23L/05R as the proposed develop-
ment, in accordance with the above guidelines, does not pose a wind shear and turbulence risk
for this runway.
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Figure 4.4: Potential Trigger Areas of Runway 23R/05L According to the NASF Guidelines.

Figure 4.5: Potential Trigger Areas of Runway 23R/05L According to the NLR Report.
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Figure 4.6: Potential Trigger Areas of Runway 23L/05R According to the NASF Guidelines.

Figure 4.7: Potential Trigger Areas of Runway 23L/05R According to the NLR Report.
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4.3 ASSESSMENT WIND DIRECTIONS

According to the NASF guideline, the wind shear and turbulence assessment should be undertaken
along the runway centreline within the chainage range of -900 m to +500 m. Based on this requirement,
the assessment areas for the Runway 23R/05L configuration are defined, as illustrated in Figure 4.8,
and the corresponding wind direction sectors are identified.
For Runway 23R/05L, the assessment considers a wider wind sector, encompassing directions from
285◦ to 345◦ and from 0◦ to 30◦. This range captures both west-northwesterly to northerly winds and
northerly to north-easterly winds that may affect aircraft during approach and landing phases.
Based on these defined sectors, eight wind directions are selected for Runway 23R/05L. These
directions are incorporated into the wind shear and turbulence analysis to ensure that the most
operationally critical wind conditions are adequately assessed.

Figure 4.8: The Assessment Area and Corresponding Wind Directions for Runway 23R/05L.
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5. LOCAL WEATHER DATA
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5.1 STATISTICAL ANALYSIS OF WIND CONDITIONS

A statistical analysis of the historical wind data in the area has been provided to characterize the
wind conditions at Manchester Airport.
Statistical assessment of the wind data is an important part of wind shear and turbulence analysis.
Indeed, if the proposed development will cause any increased risk to landing to the operation of the
center, for a particular wind direction and wind speed, then the occurrence of that wind conditions
during a typical year or season, allows to predict at which frequency (how often), this can be expected
to happen.
The wind profile is built using the annual average of meteorology data collected at Manchester
Airport Weather Station and provided by Meteoblue. Data from Meteoblue are obtained based on
ERA5T (ECMWF Reanalysis version 5T), a global atmospheric reanalysis dataset created by the
European Centre for Medium-Range Weather Forecasts (ECMWF);

5.1.1 WIND DATA

Figure 5.1 presents the wind gust speeds recorded over a 5-year period between 2000 and 2025. The
data is acquired from Meteoblue, which provides data located 10m above ground level.

Figure 5.1: Local Wind Conditions - Wind Gust Speed.
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Figures 5.2 and 5.3 present the wind gust speed diagram for Manchester, which indicates the number
of days per month, during which the wind reaches a certain speed.

Figure 5.2: Manchester Airport Wind Gust Speed Diagram (from 2000 to 2025) - General View.
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(a) 0 - 5 m/s (b) 5 - 10 m/s

(c) 10 - 15 m/s (d) 15 - 20 m/s

(e) 20 - 25 m/s (f) 25 - 30 m/s

Figure 5.3: Manchester Airport Wind Speed (Gust) Diagram (from 2000 to 2025).

Figures 5.4 and 5.5 show the frequencies of wind gust speeds at different wind directions based on
the weather data collected at the weather station over a period of 26 years between 2000 and 2025.
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Figure 5.4: Frequency of Wind Gust Speeds at Different Wind Directions (from 2000 to 2025).
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(a) 0 - 5 m/s (b) 5 - 10 m/s

(c) 10 - 15 m/s (d) 15 - 20 m/s

(e) 20 - 25 m/s (f) 25 - 30 m/s

Figure 5.5: Frequency of Wind Gust Speeds at Different Wind Directions (from 2000 to 2025).
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In Figure 5.6, the annual wind rose for Manchester Airport shows the annual frequency at which the
wind blows from the indicated direction and with the indicated speed.

Figure 5.6: Manchester Airport Wind Rose (Gust).
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6. CFD MODELING METHOD
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6.1 CFD MODELING METHOD

In general, wind tunnel testing or Computational Fluid Dynamics (CFD) is required to assess the
wind shear and turbulence when a proposed development does not pass the 1:35 rules.
Computational Fluid Dynamics (CFD) is a numerical technique to simulate fluid flow, heat and mass
transfer, chemical reaction and combustion, multiphase flow, and other phenomena related to fluid
flows. The Navier-Stokes equations, used within CFD analysis, are based entirely on the application
of fundamental laws of physics and therefore produce accurate results providing that the scenario
modelled is a good representation of reality.
Turbulent (gust) wind flow environment in an urban environment can be modelled with wind tunnel.
However, small building features are better modelled in CFD versus wind tunnel testing, where model
buildings are typically built to a scale of around 1:400 or similar. This is important when modelling
small structures in the vicinity of airports or assessing the benefit of small canopies, porous screens
and blades provided to mitigate adverse wind conditions. Moreover, wind tunnel measurements are
performed at a few selected points within the tested model while CFD can provide comprehensive
output of the entire flow field.
A high number of CFD studies have been published in the International Conferences and Journal
of Wind Engineering and Industrial Aerodynamics in the past decades. CFD predictions of wind
flow around bluff bodies have been compared and validated against wind tunnel and full scale
measurements in the open literature. In general, good correlation is obtained when best practice
guidelines are used for the modelling.

6.2 OpenFOAM SOFTWARE DETAILS

This report employs OpenFOAM Code, based on the concept of Reynolds Avarage navier Stokes
(RANS) and the post-processing visualisation tool Paraview version 5.5. OpenFOAM is a CFD
software released and developed primarily by OpenCFD Ltd, since 2004. It has a large user base
across most areas of engineering and science, from both commercial and academic organisations.
OpenFOAM has an extensive range of features to solve anything from complex fluid flows involving
chemical reactions, turbulence and heat transfer, to acoustics, solid mechanics and electromagnetics.
Quality assurance is based on rigorous testing. The process of code evaluation, verification and
validation includes several hundred daily unit tests, a medium-sized test battery run on a weekly
basis, and large industry-based test battery run prior to new version releases. Tests are designed to
assess regression behaviour, memory usage, code performance and scalability.
In this study unsteady RANS (URANS) simulations with the k-! SST turbulence model are used to
assess the risks of buildings near the threshold of runways and predict wind shear and turbulence
for critical flight paths. The k-! SST turbulence model is proposed due to ability to combine the
benefits of the standard k-� model and the k-! model while minimising their disadvantages.
In OpenFOAM, the simpleFoam solver is used to perform steady-state RANS simulations. The
URANS simulations in this report are performed using the pimpleFoam solver, initialised by the
converged results of steady-state simulations.
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6.3 MODELLED GEOMETRIES

The project site is located near the runways of Manchester Airport. The airport operates 24 hours a
day, with restrictions on night-time operations, including circuit training, and is equipped with two
parallel runways.
A 3D model of one of the proposed design schemes and surrounding built environment is shown in
Figure 6.1. The proposed development includes a hybrid planning application for Mix Manchester.
The runway 23R/05L does not penetrate the 1:35 height rule but located within the trigger area
suggested by the NLR and/or NASF report. In addition, the width of the buildings also exceeds
30m, therefore, the effects of this development is further analyzed in relation to all runways using a
quantitative Computational Fluid Dynamics (CFD) analysis.

Figure 6.1: Development Site and Geometry for CFD Modelling (red color).

The modelled layout and dimensions of the surrounding environment are outlined in the table below
(Table 6.1).
The size of the computational domain should be selected according to the best practice guideline.
A building with height H may have a minimal influence if its distance from the area of interest is
greater than 6-10H.
In order to represent reality and consider the actual wind impacting on the site, the modelled area for
the wind modelling study comprises an area of 1000m radius around the aircraft hangar, as shown in
Figure 6.2.
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MODELLED CFD ENVIRONMENT DIMENSIONS

Width Length Height

CFD Mesh Domain 2500m approx 2400m approx 200m approx

Table 6.1: Modelled Environment Dimensions.

Figure 6.2: Development Site and Geometry for CFD Modelling.

6.4 COMPUTATIONAL MESH

The size of the computational domain should be selected according to the best practice guideline.
A building with height H may have a minimal influence if its distance from the region of interest
is greater than 6-10H. All buildings within 1000m diameter were included in the developed CFD
model.
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The level of accuracy of the CFD results are determined by the level of refinement of the computational
mesh. Details of parameters used to calculate the computational mesh are presented in Table 6.2.
Figure 6.3 show the mesh generated for this project.
The grid follows the principles of the Finite Volume Method, which implies that the solution of
the model equations is calculated at discrete points (nodes) on a three-dimensional grid, which
includes all the flow volume of interest. The mathematical solution for the flow is calculated at the
center of each of these cells and then an interpolation function is used by the software to provide the
results in the entire domain. Approximately 40 million cells were used to cover the computational
domain.

Figure 6.3: Development and Domain Mesh Example.

6.5 BOUNDARY CONDITIONS

The wind directions were altered without changing the computational mesh. For each direction, an
initial wind velocity was set according to the weather data collected, in order to consider the worst
case scenario. Surfaces within the model were specified as having no slip condition. This boundary
condition, ensures that flow moving parallel to a surface is brought to rest at the point where it meets
the surface. All the other domain boundaries are set as "Open Boundaries".
As unsteady RANS simulations require significant computational resources to obtain a valid numerical
solution which includes the use of very small time steps (0.01 to 0.05s) to meet the recommendations in
best practice guidelines. The simulations were run in the following way to optimize the computational
time:

• Start with a steady-state RANS solution and then switch to URANS model;
• Initially use variable time steps if possible to speed up the simulation;
• Reduce time step as per the best practice guidelines; and then
• Reduce number of iterations per time step if possible.
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PARAMETERS TO CALCULATE COMPUTATIONAL MESH

Air Density � 1.2kg∕m3

Ambient Temperature (T) 288K(approx.15C◦)

Gravity Acceleration (g) 9.8m∕s2

dx
0.5 m at the building

1m in the surroundings
2m to 5m elsewhere

Background Mesh cells ratio 1:1

Total mesh size Approx. cells number = 40 million

Table 6.2: Parameters to Calculate Computational Mesh.

6.6 LOGARITHMIC WIND PROFILE

The wind velocity data provided by the historical data collection and by the local data measuring are
used in the formula below for the logarithmic wind profile to specify the wind velocity profile (wind
velocity at different heights) to be applied within the CFD model:

u(z) =
u⋆

K
⋅ ln

(

z+z0
z0

)

(6.1)

where:
• u(z) = wind speed measured at the reference height z;
• z = reference height to measure u(z);
• z0 = 0.05 [m] roughness length selected;
• u⋆ = friction velocity;
• K = Karman constant.

The wind profile used in the model has been calculated using the formula above and is represented in
Figure 6.4.
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Figure 6.4: Wind Profiles Used in the Model.
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7. CONCLUSION of ANALYSIS
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This chapter reports the summary of the analysis carried out, showing the wind shear and the
turbulence impact of the Pre- and Post-Development on the runway 23R/05L. Details of the CFD
simulations and calculations that were used to elaborate the summaries can be found in Appendix A
’Post-Development Results’ and Appendix B ’Pre-Development Results’. Verification and Validation
of the CFD Methodology is presented in Appendix C.

7.1 IMPACT ON RUNWAY 23L/05R

As shown in Section 4.2, the proposed MIX Manchester (Detailed Element) is not located within the
assessment area of runway 23L/05R suggested by the NLR report or the NASF guideline. Therefore,
it is excluded from the the wind shear and turbulence assessment in this report.

7.2 IMPACT ON RUNWAY 23R/05L

As shown in Section 4.2, the proposed MIX Manchester (Detailed Element) is located within the
assessment trigger area of Runway 23R/05L according to both the NLR report and the NASF
guidelines. The distances from the Runway 23R/05L extended centerline to the closest point of
MIX (Detailed Element) development is 1165m, which is greater than 35 times the height of MIX
(Detailed Element) development (Figure 7.1). Although it does not penetrate the 1:35 height rule
on Runway 23R/05L, but its width exceeds 30m as shown in Figure 7.2. Therefore, the basis of
regulatory control study, which are the adoption of along-wind and across-wind windshear criteria,
and the adoption of a turbulence criterion, were implemented on Runway 23R/05L by using CFD
technique.
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Figure 7.1: Development Relative to Runway 28R/10L.

Figure 7.2: Widths of MIX (Detailed Element) Development.
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7.3 Wind Shear Assessment - Runway 23R/05L

The CFD analysis assesses wind shear and turbulence impacts for the Post-Development Scenario
in accordance with the acceptance criteria of NLR-CR 2006-261. Based on the results of the NLR
7-knot, 6-knot, and 4-knot criteria, a Pre-Development Scenario is considered only for those wind
directions that exceed any of these thresholds. If the mean velocity deficit exceeds any one of the
NLR criteria for a given wind direction, the results for the other two criteria are also checked to
facilitate a consistent comparative evaluation. This is done to determine whether the observed effects
are attributable to the proposed development or are part of existing conditions.

7.3.1 6 Knot Across-Wind Windshear Criterion

Figure 7.3 relate the mean velocity deficit obtained for each different aircraft trajectory paths for the
Post-Development Scenario (the variables collected for the calculation of the mean velocity deficit
are detailed in Appendix A - Post-Development Results) with the approaching wind speed.
Figure 7.3 show that for approaching wind speed 19.4 Kts (10 m/s) - 38.9 Kts (20 m/s), the NLR
"6 Knot criterion" was never exceeded for the Post-Development Scenario for approaching wind
from 0◦, 15◦, 30◦, 285◦, and 300◦. For a wind direction of 315◦ at 38.9 Kts (20 m/s) and above,
exceedance of the criterion was observed in the Post-Development Scenario, while all lower wind
speeds satisfied the criterion. For a wind direction of 330◦ at 34 Kts (17.5 m/s) and above, exceedance
of the criterion was observed in the Post-Development Scenario, while all lower wind speeds satisfied
the criterion. Further, for a wind direction of 345◦ at 29.2 Kts (15 m/s) and above, exceedance of the
criterion was observed in the Post-Development Scenario, while all lower wind speeds satisfied the
criterion.
A Pre-Development Scenario is considered only for cases where potential impacts are identified,
in order to determine whether these effects are attributable to the proposed development. Figure
7.4 shows the mean velocity deficit obtained for each different aircraft trajectory paths for the Pre-
Development Scenario (the variables collected for the calculation of the mean velocity deficit are
detailed respectively in Appendix B - Pre-Development Results).
Figure 7.4 shows that for a wind direction of 315◦ at 38.9 Kts (20 m/s) and above, exceedance of the
criterion was observed in the Pre-Development Scenario, while all lower wind speeds satisfied the
criterion. For a wind direction of 330◦ at 34 Kts (17.5 m/s) and above, exceedance of the criterion
was observed in the Pre-Development Scenario, while all lower wind speeds satisfied the criterion.
Further, for a wind direction of 345◦ at 29.2 Kts (15 m/s) and above, exceedance of the criterion was
observed in the Pre-Development Scenario, while all lower wind speeds satisfied the criterion.
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Figure 7.3: Mean Velocity Deficit Exceedance Occurrence for Post-Development (square mark) - 6
Knot Across-Wind Criterion.

Figure 7.4: Mean Velocity Deficit Exceedance Occurrence for Pre-Development (round mark) - 6
Knot Across-Wind Criterion.
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These findings suggest that the exceedances are predominantly governed by the baseline (Pre-
Development) conditions, and that the proposed development does not introduce any significant
additional wind shear impact.
In accordance to the local weather data analysis carried out in Section 5.1, it is demonstrated
that:

• a wind speed of above 38.9 Kts (20 m/s) is occurring at a frequency of less than 1.553% in a
typical year for a wind direction of 315◦ for both Pre- and Post-Development;

• a wind speed of above 34 Kts (17.5 m/s) is occurring at a frequency of less than 0.895% in a
typical year for a wind direction of 330◦ for both Pre- and Post-Development;

• a wind speed of above 29.2 Kts (15 m/s) is occurring at a frequency of less than 0.699% in a
typical year for a wind direction of 345◦ for both Pre- and Post-Development.

Therefore, the impact of windshear and turbulence on runway 23R/05L is expected to exceed the
critical level recommended by the NLR "6 Knot across-wind windshear criterion" with an occurrence
of approximately 3.147% per year for both Pre- and Post-Development. This indicates that the
windshear impacts were already present in the existing environment, and the proposed development
does not increase their frequency.
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7.3.2 7 Knot Along-Wind Windshear Criterion

Figure 7.5 relate the mean velocity deficit obtained for each different aircraft trajectory paths for the
Post-Development Scenario (the variables collected for the calculation of the mean velocity deficit
are detailed respectively in Appendix A - Post Development Results) with the approaching wind
speed.
As shown in Figure 7.5, for approaching wind speeds of 19.4 Kts (10 m/s) to 38.9 Kts (20 m/s), the
NLR "7 Knot criterion" was not exceeded for the Post-Development Scenario.
Figure 7.6 shows the mean velocity deficit obtained for each different aircraft trajectory paths for the
Pre-Development Scenario (the variables collected for the calculation of the mean velocity deficit
are detailed respectively in Appendix B - Pre-Development Results).
As shown in Figure 7.6, for approaching wind speeds of 19.4 Kts (10 m/s) to 38.9 Kts (20 m/s), the
NLR "7 Knot criterion" was not exceeded for the Pre-Development Scenario.
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Figure 7.5: Mean Velocity Deficit Exceedance Occurrence for Post-Development (square mark) - 7
Knot Along-Wind Criterion.

Figure 7.6: Mean Velocity Deficit Exceedance Occurrence for Pre-Development (round mark) - 7
Knot Along-Wind Criterion.

These findings demonstrate that the Post-Development conditions remain consistent with the baseline
(Pre-Development) Scenario, indicating no significant impact from the proposed development.
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7.3.3 4 Knot Turbulence Criterion

Figure 7.7 relate the turbulence deviation obtained for each different aircraft trajectory paths (the
variables collected for the calculation of the mean velocity deficit are detailed in Appendix A -
Post-Development Results) with the approaching wind speed.
It can be seen from Figure 7.8, for approaching wind speed 19.4 Kts (10 m/s) to 38.9 Kts (20 m/s),
the NLR "4 Knot criterion" was never exceeded for the Post-Development Scenario.
Figure 7.8 shows the turbulence deviation obtained for each different aircraft trajectory paths for the
Pre-Development scenario (the variables collected for the calculation of the mean velocity deficit are
detailed respectively in Appendix B - Pre-Development Results).
It can be observed from Figure 7.8, for approaching wind speed 19.4 Kts (10 m/s) to 38.9 Kts (20
m/s), the NLR "4 Knot criterion" was never exceeded for the Pre-Development Scenario.
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Figure 7.7: Max Turbulence Deviation (RMS) in Knot Exceedance Occurrence for Post-Development
(square mark) - 4 Knot Turbulence Criterion.

Figure 7.8: Max Turbulence Deviation (RMS) in Knot Exceedance Occurrence for Pre-Development
(round mark) - 4 Knot Turbulence Criterion.

These findings demonstrate that the Post-Development conditions remain consistent with the baseline
(Pre-Development) Scenario, indicating no significant impact from the proposed development.
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7.3.4 Risk of Wind Shear and Turbulence Impact on Runway 23R/05L

The CFD analysis has assessed the wind shear and turbulence impact considering both the Pre-
Development scenario (such as the existing buildings and structures) and the Post-Development
scenario (where the proposed terminal expansion is included in the existing urban context) in relation
to the acceptance criteria of NLR-CR 2006-261. For the Pre-Development scenario, only those
wind directions for which exceedances are observed in the Post-Development scenario have been
considered, in order to determine whether these effects are attributable to the existing environment
or introduced by the proposed development.
The analysis has shown that the wind shear and turbulence on runway 23R/05L will be comparable
to those currently existing even after the construction of the proposed MIX (Detailed Element)
development.
Wind shear and turbulence exceedances are already occurring on the runway 23R/05L in the Pre-
Development scenario, and they will remain within the same ranges after the construction of the
development. Furthermore, wind shear and turbulence exceedances occur under wind directions that
have a reduced frequency during a typical year.
Therefore, it can be concluded that the proposed development will not pose any increased risk
of wind shear and turbulence compared to the existing situation.

A summary of the analysis conducted is shown in Table 7.1.
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Table 7.1: Summary of Analysis Conducted - Acceptance Criteria Evaluation.
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9. APPENDIX A Post-Development Results
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This Appendix shows the CFD results of the wind assessment considering the Post-Development
scenario. Sample results of CFD models along runway 23R/05L and 10m above ground level are
presented based on the following wind conditions:

• approach wind speed is 20m∕s (38.9 Kts).

• approach wind directions for the runway 23R/05L is 0◦, 15◦, 30◦, 285◦, 300◦, 315◦, 330◦, and
345◦.

Figure 1 summaries the CFD model for the Pre-Development scenario. Further, Figure 2 shows the
sampling locations of the simulation results where results are sampled at:

• A horizontal slice at 10m above the ground;

• A cross-section of 200m height across the proposed development.
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Figure 1: Summary of the CFD Model for the Post-Development Scenario.

Figure 2: 3D View of the Sampling Locations.
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FLOW VELOCITY and TURBULENCE RESULTS FOR RUNWAY 23R/05L (POST-DEVELOPMENT):

Results of velocity and turbulence kinetic energy of the highest wind speed scenario (38.9 Kts) along
runway 23R/05L and 10m above the ground are presented in Figures 3 to 18.

Figure 3: Flow Velocity Results at Z = 10m Above the Ground and Along Runway 23R/05L -
Reference Wind Speed 38.9 Kts (20 m∕s) - Wind Direction: 000.00◦.

Figure 4: Turbulence Kinetic Energy Results at Z = 10m Above the Ground - Reference Wind Speed
38.9 Kts (20 m∕s) - Wind Direction: 000.00◦.
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Figure 5: Flow Velocity Results at Z = 10m Above the Ground and Along Runway 23R/05L -
Reference Wind Speed 38.9 Kts (20 m∕s) - Wind Direction: 015.00◦.

Figure 6: Turbulence Kinetic Energy Results at Z = 10m Above the Ground - Reference Wind Speed
38.9 Kts (20 m∕s) - Wind Direction: 015.00◦.
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Figure 7: Flow Velocity Results at Z = 10m Above the Ground and Along Runway 23R/05L -
Reference Wind Speed 38.9 Kts (20 m∕s) - Wind Direction: 030.00◦.

Figure 8: Turbulence Kinetic Energy Results at Z = 10m Above the Ground - Reference Wind Speed
38.9 Kts (20 m∕s) - Wind Direction: 030.00◦.
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Figure 9: Flow Velocity Results at Z = 10m Above the Ground and Along Runway 23R/05L -
Reference Wind Speed 38.9 Kts (20 m∕s) - Wind Direction: 285.00◦.

Figure 10: Turbulence Kinetic Energy Results at Z = 10m Above the Ground - Reference Wind
Speed 38.9 Kts (20 m∕s) - Wind Direction: 285.00◦.
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Figure 11: Flow Velocity Results at Z = 10m Above the Ground and Along Runway 23R/05L -
Reference Wind Speed 38.9 Kts (20 m∕s) - Wind Direction: 300.00◦.

Figure 12: Turbulence Kinetic Energy Results at Z = 10m Above the Ground - Reference Wind
Speed 38.9 Kts (20 m∕s) - Wind Direction: 300.00◦.
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Figure 13: Flow Velocity Results at Z = 10m Above the Ground and Along Runway 23R/05L -
Reference Wind Speed 38.9 Kts (20 m∕s) - Wind Direction: 315.00◦.

Figure 14: Turbulence Kinetic Energy Results at Z = 10m Above the Ground - Reference Wind
Speed 38.9 Kts (20 m∕s) - Wind Direction: 315.00◦.
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Figure 15: Flow Velocity Results at Z = 10m Above the Ground and Along Runway 23R/05L -
Reference Wind Speed 38.9 Kts (20 m∕s) - Wind Direction: 330.00◦.

Figure 16: Turbulence Kinetic Energy Results at Z = 10m Above the Ground - Reference Wind
Speed 38.9 Kts (20 m∕s) - Wind Direction: 330.00◦.
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Figure 17: Flow Velocity Results at Z = 10m Above the Ground and Along Runway 23R/05L -
Reference Wind Speed 38.9 Kts (20 m∕s) - Wind Direction: 345.00◦.

Figure 18: Turbulence Kinetic Energy Results at Z = 10m Above the Ground - Reference Wind
Speed 38.9 Kts (20 m∕s) - Wind Direction: 345.00◦.
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Figures 19 - 26 shows airflow velocity in a vertical slice along the runway, highlighting the effects of
the new buildings on the local wind.

Figure 19: Flow Velocity on a 200m High Slice Across the Proposed Development - Reference Wind
Speed 38.9 Kts (20 m∕s) - Wind Direction: 000.00◦.

Figure 20: Flow Velocity on a 200m High Slice Across the Proposed Development - Reference Wind
Speed 38.9 Kts (20 m∕s) - Wind Direction: 015.00◦.
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Figure 21: Flow Velocity on a 200m High Slice Across the Proposed Development - Reference Wind
Speed 38.9 Kts (20 m∕s) - Wind Direction: 030.00◦.

Figure 22: Flow Velocity on a 200m High Slice Across the Proposed Development - Reference Wind
Speed 38.9 Kts (20 m∕s) - Wind Direction: 285.00◦.
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Figure 23: Flow Velocity on a 200m High Slice Across the Proposed Development - Reference Wind
Speed 38.9 Kts (20 m∕s) - Wind Direction: 300.00◦.

Figure 24: Flow Velocity on a 200m High Slice Across the Proposed Development - Reference Wind
Speed 38.9 Kts (20 m∕s) - Wind Direction: 315.00◦.
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Figure 25: Flow Velocity on a 200m High Slice Across the Proposed Development - Reference Wind
Speed 38.9 Kts (20 m∕s) - Wind Direction: 330.00◦.

Figure 26: Flow Velocity on a 200m High Slice Across the Proposed Development - Reference Wind
Speed 38.9 Kts (20 m∕s) - Wind Direction: 345.00◦.
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POSSIBLE LANDING SCENARIOS FOR RUNWAY 23R/05L:

In the wind shear and turbulence modelling study, wind speed and turbulence must be reported at
the aircraft trajectory. The approaching angle for landing is usually between 2.7◦ and 4◦, with 3◦
considered as the average.
In this study, 3◦ and 4◦ landing/takeoff degrees are analysed. It is assumed that the aircraft glides
down with constant speed and its track angel is either 3◦ or 4◦.
Six possible paths per each landing degrees are considered. Each path starts at 900m far from
touch down zone and continues to ground level. Fluid velocity and turbulence values are collected
along each path. In addition, every 100m across each possible aircraft trajectory, data sampling
were performed per each landing path. The sample values are interpolated from values between the
cellpoints. Landing paths and horizontal sampling lines are shown in Figures from 27 to 29.

Figure 27: Landing Scenarios and Sampling Lines at 3◦ and 4◦ Approaching Angle.



Figure 28: Sampling Lines Perpendicular to Possible Critical Aircraft Trajectories at 3◦ or 4◦
Approaching Angle.

Figure 29: Sampling Lines Perpendicular to a Possible Critical Aircraft Trajectories at 3◦ or 4◦
Approaching Angle.



Reference Wind Speed at 10m Above Ground = 20m/s
Wind Direction = 0◦

Figure 30: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 0◦

Figure 31: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 0◦



Figure 32: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 0◦

Figure 33: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 0◦

Figure 34: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 0◦



Figure 35: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 0◦

Figure 36: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 0◦

Figure 37: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 0◦



Figure 38: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 0◦

Figure 39: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 0◦

Figure 40: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 0◦



Figure 41: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 0◦

Figure 42: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 0◦

Figure 43: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 0◦



Velocity magnitude and turbulence deviation values of CFD models along the runway centerline
between chainages −500m to 900m, consistent with assessment area according to National Airport
Safeguarding Framework (NASF), and up to a height of 60m above ground level for wind direction
0◦ with 20 m∕s approaching speed are shown in Tables 1 and 2.
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Wind Direction = 15◦

Figure 44: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 15◦

Figure 45: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 15◦



Figure 46: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 15◦

Figure 47: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 15◦

Figure 48: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 15◦



Figure 49: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 15◦

Figure 50: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 15◦

Figure 51: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 15◦



Figure 52: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 15◦

Figure 53: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 15◦

Figure 54: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 15◦



Figure 55: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 15◦

Figure 56: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 15◦

Figure 57: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 15◦



Velocity magnitude and turbulence deviation values of CFD models along the runway centerline
between chainages −500m to 900m, consistent with assessment area according to National Airport
Safeguarding Framework (NASF), and up to a height of 60m above ground level for wind direction
15◦ with 20 m∕s approaching speed are shown in Tables 3 and 4.
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Wind Direction = 30◦

Figure 58: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 30◦

Figure 59: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 30◦



Figure 60: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 30◦

Figure 61: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 30◦

Figure 62: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 30◦



Figure 63: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 30◦

Figure 64: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 30◦

Figure 65: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 30◦



Figure 66: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 30◦

Figure 67: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 30◦

Figure 68: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 30◦



Figure 69: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 30◦

Figure 70: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 30◦

Figure 71: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 30◦



Velocity magnitude and turbulence deviation values of CFD models along the runway centerline
between chainages −500m to 900m, consistent with assessment area according to National Airport
Safeguarding Framework (NASF), and up to a height of 60m above ground level for wind direction
30◦ with 20 m∕s approaching speed are shown in Tables 5 and 6.
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Wind Direction = 285◦

Figure 72: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 285◦

Figure 73: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 285◦



Figure 74: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 285◦

Figure 75: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 285◦

Figure 76: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 285◦



Figure 77: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 285◦

Figure 78: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 285◦

Figure 79: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 285◦



Figure 80: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 285◦

Figure 81: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 285◦

Figure 82: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 285◦



Figure 83: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 285◦

Figure 84: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 285◦

Figure 85: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 285◦



Velocity magnitude and turbulence deviation values of CFD models along the runway centerline
between chainages −500m to 900m, consistent with assessment area according to National Airport
Safeguarding Framework (NASF), and up to a height of 60m above ground level for wind direction
285◦ with 20 m∕s approaching speed are shown in Tables 7 and 8.
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Wind Direction = 300◦

Figure 86: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 300◦

Figure 87: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 300◦



Figure 88: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 300◦

Figure 89: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 300◦

Figure 90: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 300◦



Figure 91: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 300◦

Figure 92: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 300◦

Figure 93: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 300◦



Figure 94: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 300◦

Figure 95: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 300◦

Figure 96: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 300◦



Figure 97: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 300◦

Figure 98: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 300◦

Figure 99: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 300◦



Velocity magnitude and turbulence deviation values of CFD models along the runway centerline
between chainages −500m to 900m, consistent with assessment area according to National Airport
Safeguarding Framework (NASF), and up to a height of 60m above ground level for wind direction
300◦ with 20 m∕s approaching speed are shown in Tables 9 and 10.
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Wind Direction = 315◦

Figure 100: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 315◦

Figure 101: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 315◦



Figure 102: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 315◦

Figure 103: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 315◦

Figure 104: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 315◦



Figure 105: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 315◦

Figure 106: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 315◦

Figure 107: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 315◦



Figure 108: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 315◦

Figure 109: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 315◦

Figure 110: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 315◦



Figure 111: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 315◦

Figure 112: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 315◦

Figure 113: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 315◦



Velocity magnitude and turbulence deviation values of CFD models along the runway centerline
between chainages −500m to 900m, consistent with assessment area according to National Airport
Safeguarding Framework (NASF), and up to a height of 60m above ground level for wind direction
315◦ with 20 m∕s approaching speed are shown in Tables 17 and 18.
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Wind Direction = 330◦

Figure 114: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 330◦

Figure 115: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 330◦



Figure 116: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 330◦

Figure 117: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 330◦

Figure 118: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 330◦



Figure 119: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 330◦

Figure 120: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 330◦

Figure 121: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 330◦



Figure 122: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 330◦

Figure 123: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 330◦

Figure 124: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 330◦



Figure 125: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 330◦

Figure 126: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 330◦

Figure 127: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 330◦



Velocity magnitude and turbulence deviation values of CFD models along the runway centerline
between chainages −500m to 900m, consistent with assessment area according to National Airport
Safeguarding Framework (NASF), and up to a height of 60m above ground level for wind direction
330◦ with 20 m∕s approaching speed are shown in Tables 19 and 20.
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Wind Direction = 345◦

Figure 128: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 345◦

Figure 129: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 345◦



Figure 130: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 345◦

Figure 131: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 345◦

Figure 132: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 345◦



Figure 133: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 345◦

Figure 134: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 345◦

Figure 135: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 345◦



Figure 136: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 345◦

Figure 137: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 345◦

Figure 138: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 345◦



Figure 139: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 345◦

Figure 140: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 345◦

Figure 141: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 345◦



Velocity magnitude and turbulence deviation values of CFD models along the runway centerline
between chainages −500m to 900m, consistent with assessment area according to National Airport
Safeguarding Framework (NASF), and up to a height of 60m above ground level for wind direction
345◦ with 20 m∕s approaching speed are shown in Tables 21 and 22.
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10. APPENDIX B Pre-Development Results
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This Appendix shows the CFD results of the wind assessment considering the Pre-Development
scenario. Sample results of CFD models along runway 23R/05L and 10m above ground level are
presented based on the following wind conditions:

• approach wind speed is 20m∕s (38.9 Kts).

• approach wind directions for the runway 23R/05L is 315◦, 330◦, and 345◦.

Figure 142 summaries the CFD model for the Pre-Development scenario. Further, Figure 143 shows
the sampling locations of the simulation results where results are sampled at:

• A horizontal slice at 10m above the ground;

• A vertical slice across the proposed development.

B - Fluid | Wind Modelling 142



Figure 142: Summary of the CFD Model for the Pre-Development Scenario.

Figure 143: 3D View of the Sampling Locations.



FLOW VELOCITY and TURBULENCE RESULTS FOR RUNWAY 23R/05L (PRE-DEVELOPMENT):

Results of velocity and turbulence kinetic energy of the highest wind speed scenario (38.9 Kts) along
runway 23R/05L and 10m above the ground are presented in Figures 144 to 149.

Figure 144: Flow Velocity Results at Z = 10m Above the Ground and Along Runway 23R/05L -
Reference Wind Speed 38.9 Kts (20 m∕s) - Wind Direction: 315.00◦.

Figure 145: Turbulence Kinetic Energy Results at Z = 10m Above the Ground - Reference Wind
Speed 38.9 Kts (20 m∕s) - Wind Direction: 315.00◦.



Figure 146: Flow Velocity Results at Z = 10m Above the Ground and Along Runway 23R/05L -
Reference Wind Speed 38.9 Kts (20 m∕s) - Wind Direction: 330.00◦.

Figure 147: Turbulence Kinetic Energy Results at Z = 10m Above the Ground - Reference Wind
Speed 38.9 Kts (20 m∕s) - Wind Direction: 330.00◦.



Figure 148: Flow Velocity Results at Z = 10m Above the Ground and Along Runway 23R/05L -
Reference Wind Speed 38.9 Kts (20 m∕s) - Wind Direction: 345.00◦.

Figure 149: Turbulence Kinetic Energy Results at Z = 10m Above the Ground - Reference Wind
Speed 38.9 Kts (20 m∕s) - Wind Direction: 345.00◦.



Figures 150 - 152 shows airflow velocity in a vertical slice along the runway, highlighting the effects
of the new buildings on the local wind.

Figure 150: Flow Velocity on a 200m High Slice Across the Existing Conditions - Reference Wind
Speed 38.9 Kts (20 m∕s) - Wind Direction: 315.00◦.

Figure 151: Flow Velocity on a 200m High Slice Across the Existing Conditions - Reference Wind
Speed 38.9 Kts (20 m∕s) - Wind Direction: 330.00◦.



Figure 152: Flow Velocity on a 200m High Slice Across the Existing Conditions - Reference Wind
Speed 38.9 Kts (20 m∕s) - Wind Direction: 345.00◦.



POSSIBLE LANDING SCENARIOS FOR RUNWAY 23R/05L:

In the wind shear and turbulence modelling study, wind speed and turbulence must be reported at
the aircraft trajectory. The approaching angle for landing is usually between 2.7◦ and 4◦, with 3◦
considered as the average.
In this study, 3◦ and 4◦ landing/takeoff degrees are analysed. It is assumed that the aircraft glides
down with constant speed and its track angel is either 3◦ or 4◦.
Six possible paths per each landing degrees are considered. Each path starts at 900m far from
touch down zone and continues to ground level. Fluid velocity and turbulence values are collected
along each path. In addition, every 100m across each possible aircraft trajectory, data sampling
were performed per each landing path. The sample values are interpolated from values between the
cellpoints. Landing paths and horizontal sampling lines are shown in Figures from 153 to 155.

Figure 153: Landing Scenarios and Sampling Lines at 3◦ and 4◦ Approaching Angle.



Figure 154: Sampling Lines Perpendicular to Possible Critical Aircraft Trajectories at 3◦ or 4◦
Approaching Angle.

Figure 155: Sampling Lines Perpendicular to a Possible Critical Aircraft Trajectories at 3◦ or 4◦
Approaching Angle.



Reference Wind Speed at 10m Above Ground = 20m/s
Wind Direction = 315◦

Figure 156: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 315◦

Figure 157: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 315◦



Figure 158: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 315◦

Figure 159: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 315◦

Figure 160: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 315◦



Figure 161: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 315◦

Figure 162: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 315◦

Figure 163: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 315◦



Figure 164: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 315◦

Figure 165: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 315◦

Figure 166: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 315◦



Figure 167: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 315◦

Figure 168: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 315◦

Figure 169: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 315◦



Velocity magnitude and turbulence deviation values of CFD models along the runway centerline
between chainages −500m to 900m, consistent with assessment area according to National Airport
Safeguarding Framework (NASF), and up to a height of 60m above ground level for wind direction
315◦ with 20 m∕s approaching speed are shown in Tables 17 and 18.
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Wind Direction = 330◦

Figure 170: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 330◦

Figure 171: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 330◦



Figure 172: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 330◦

Figure 173: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 330◦

Figure 174: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 330◦



Figure 175: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 330◦

Figure 176: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 330◦

Figure 177: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 330◦



Figure 178: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 330◦

Figure 179: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 330◦

Figure 180: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 330◦



Figure 181: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 330◦

Figure 182: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 330◦

Figure 183: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 330◦



Velocity magnitude and turbulence deviation values of CFD models along the runway centerline
between chainages −500m to 900m, consistent with assessment area according to National Airport
Safeguarding Framework (NASF), and up to a height of 60m above ground level for wind direction
330◦ with 20 m∕s approaching speed are shown in Tables 19 and 20.
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Wind Direction = 345◦

Figure 184: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 345◦

Figure 185: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 345◦



Figure 186: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 345◦

Figure 187: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 345◦

Figure 188: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 345◦



Figure 189: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 345◦

Figure 190: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 345◦

Figure 191: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 345◦



Figure 192: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 345◦

Figure 193: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 345◦

Figure 194: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 345◦



Figure 195: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 345◦

Figure 196: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 345◦

Figure 197: Velocity magnitude (Kts) and RMS (Kts) along a possible Critical Aircraft Trajectory.
Reference wind speed 38.9Kts (20 m∕s) - Landing/Takeoff degree 3◦ - Wind Direction 345◦



Velocity magnitude and turbulence deviation values of CFD models along the runway centerline
between chainages −500m to 900m, consistent with assessment area according to National Airport
Safeguarding Framework (NASF), and up to a height of 60m above ground level for wind direction
345◦ with 20 m∕s approaching speed are shown in Tables 21 and 22.
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11. APPENDIX C Verification & Validation
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It is important to verify and validate the CFD model for numerical studies by comparing the CFD
results with experimental data. In this chapter, the CFD model used in the windshear and turbulence
analysis is applied on a simplified geometry (a rectangular cylinder with an aspect ratio of 5:1).
The flow field determined by the CFD model is then compared with experimental data from BARC
(Benchmark on the Aerodynamics of a Rectangular 5:1 Cylinder). BARC addresses the high Reynolds
number, external, unsteady flow around a stationary, sharp-edged rectangular cylinder, and the
associated aerodynamic actions. BARC provides experimental data of flow field around blocks,
which can be used to validate numerical results through comparisons of velocity.
Model Description

Physical Model

In the presented CFD model, the flow within the testing domain is assumed to be incompressible and
Newtonian, with temperature and gravity effects neglected. The flow is governed by the Reynolds-
averaged Navier-Stokes (RANS) formulation for mass and momentum where the turbulence is
modeled using the k-! SST turbulence model. The turbulence intensity in this group of study is 30%.
The Reynolds number is 112,600.
Model Geometry

The geometry used in this chapter is a rectangular cylinder with an aspect ratio of 5:1, which is shown
in Figure 198. Figure 199 shows the sampling location relative to the geometry.

Figure 198: 3D View of the Geometry



Figure 199: Sampling Location Relative to the Geometry

Computational Mesh

The computational mesh used in the simulations is created using OpenFOAM utilities snappy-
HexMesh and blockMesh. It is a hybrid mesh containing a structured background grid and an
unstructured hexahedron-dominated mesh in the near-wall region. As shown in Figure 200, the
largest cell has a depth of 2m, where the smallest has a depth of 0.0625m. The total cell count is
approx. 1.7 million.

Figure 200: A Cross-Sectional View of the Computational Mesh



Boundary Conditions

Dimensions of the computational domain and the boundary conditions applied on each surfaces are
shown in Figure 201.

Figure 201: Computational Domain and Boundary Conditions

Numerical Configurations

In this chapter, all simulations employ the PIMPLE algorithm to perform the pressurevelocity
coupling (pimpleFoam solver in OpenFOAM-V9). All terms in the RANS equations are discretized
using the nominally second-order cell-centred finite volume method, where gradient and Laplacian
terms are discretized using Gaussian integration with linear interpolation. Convection/advection
terms are discretized using a second-order accurate linear-upwind scheme. The Euler scheme, which
is a first-order implicit scheme, is implemented for the time discretization.

Results Validation

Figure 202 shows the velocity field around the cylinder. Figure 203 shows a comparison between the
simulation results and the experimental data determined at the sampling location. The velocity results
calculated by the presented CFD model agree well with the experimental benchmark data, which
indicates that the presented CFD model can provide sufficiently accurate results for the windshear
and turbulence analysis.



Figure 202: Velocity (m/s) in the x-direction

Figure 203: Comparison of velocity in the x-direction at x/D=4.5
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