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Abstract: Wind shear and turbulence caused by buildings in the vicinity of airports have been recognised as a
cause of aircraft instability during landing or take-off for some time. The study of the pre and post-development
winds has been undertaken using a quantitative Computational Fluid Dynamics (CFD) analysis. Turbulent
(gust) wind flow in an urban environment is better modelled with wind tunnel when compared with CFD
models employing low end turbulence models (e.g. the standard k-epsilon model). On the other hand 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 1:300. This is important when modelling small structures in the vicinity of
airports or assessing the benefit of rounding the corners, adding small canopies, trees, porous screens and
blades provided to mitigate adverse wind conditions. Wind tunnel measurements are also performed at a few
selected points within the tested model while CFD can provide comprehensive output of the entire flow field.
With advances in computational method Scale Resolving Simulation (SRS) models are used for high Reynolds
number flows with strong separation. SRS models such as Large Eddy Simulation (LES) or hybrid
LES/Reynolds Averaged Navier Stokes (RANS) approaches are used to overcome the limitation of statistical
RANS models and resolve significant parts of the turbulence spectrum in CFD simulations. LES is still
prohibitively computationally expensive when used for solving external high Re numbers flows in complex
built environment even with today’s computational power. In this study hybrid Detached Eddy Simulation
(DES) is used to assess the risks of buildings near the threshold of runways and predict wind shear and
turbulence for critical flight paths. DES is proposed due to ability to combine the benefits of RANS and LES
while minimising their disadvantages. The RANS (Realizable k-epsilon in this study) can achieve good
prediction for attached boundary layers while LES can capture unsteady motions of large eddies in separated
regions. The paper provides a procedure to reliably assess the risk of building generated wind shear and
discusses some of the parameters that may have influence on the results accuracy.
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1 Introduction Wind shear and turbulence guidance criteria due

Wind shear and turbulence caused by buildings in to obstacles at and around airports were developed

the vicinity of airports have been recognised as a by the National Aerospace Laboratory of The

cause of aircraft instability during landing or take- Netherlands (NRL) [3]. The NLR report contains

off for some time. Examples are shown in [1] and the following criteria and conclusions:

[2]. o The“L:35height rule” _
The instability which building-induced wake o Any building lies within the 1:35 height

effects can cause to an aircraft is significantly regime Is deemed_accep_tab_le.

reduced once the airplane has touched down (upon The “7-knot along wind criterion”

landing) or is at reasonable height (200ft off the O The variation in mean wind speed due to

ground prior to landing). After touch-down, the wind disturbing structures must remain

aircraft has increased stability/support from contact below 7kt (3.6 m/s) along the aircraft

with the runway pavement and above 200 feet, both trajectory at heights below 200 ft. The

the consequences of a drop in altitude or a change in speed deficit change of 7kt must take place

wind bank are considerably less and the pilot has over a distance of at least 100 m.

increased latitude and so time to correct an induced o  The “6-knot cross-wind criterion”

effect on the aircraft prior to touch-down.
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0 The variation in mean wind speed due to
wind disturbing structures must remain
below 6 knots across the aircraft trajectory
at heights below 200ft. The speed deficit
change of 6 knots must take place over a
distance of at least 100m.

e  The “4-knot turbulence criterion”

0 The standard deviation of wind speed must
remain below 4 knots at heights below
200ft.

The wind shear
schematically in Figure 1.

criteria are  depicted

Fig.1 Wind Shear Criteria [3, 4]
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The above criteria were also adopted by the
National Airports Safeguarding Framework (NASF)
in Australia [4]. The NASF guideline sets out a
summary of steps to follow when assessing the risks
from proposed buildings near the threshold of
runways. In general, wind tunnel testing or
Computational Fluid Dynamics (CFD) is required to
assess the proposed structure when a proposed
development penetrates the 1:35 rules.

Turbulent (gust) wind flow environment in an
urban environment is better modelled with wind
tunnel when compared with CFD models employing
low end turbulence models (e.g.the standard k-
epsilon model). On the other hand 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. 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.

Turbulence is predicted using one or a
combination of the following methods:

cross-track speed deficit
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o  Direct Numerical Simulation (DNS)

e Reynolds-Averaged Navier-Stokes (RANS)
Equations

e Large Eddy Simulation (LES)
DNS refers to solving the Navier-Stokes

equations numerically without any turbulence model
by resolving all scales down to the scale of viscous
dissipation. At this stage DNS is possible for low
Reynolds number flows and usually performed on
simple geometries.

For most real world building problems
turbulence is, in principle, described by the
Reynolds  Averaged Navier-Stokes (RANS)

equations [6]. The quality of CFD simulation

depends on the selected turbulence model. In

practical problems the turbulence model should be
as simple as the relevant physics will permit.

A considerable number of CFD publications
have been published in the International
Conferences and Journal of Wind Engineering &
Industrial Aerodynamics in the past two 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 [i.e. 5, 6, 7, 8 and 9]. In general good
agreement is obtained when best practice guidelines
are used for the modelling.

Certain classes of high Reynolds number flows
with massive separation are better covered by
models in which all or part of the spectrum is
resolved in all or part of the computational domain
using Scale- Resolving Simulation (SRS) models
(e.g. Large Eddy Simulation (LES) and hybrid
LES/RANS approaches). Those models will
overcome the limitation of statistical RANS models
that are calibrated on the basis of mean parameters
of thin shear flows. A comprehensive review of SRS
models are summarised in [10 to 13]. The following
comments are made with regards to using SRS
models for built environment studies:

e LES has been the most widely used model over
the last decades. The model is still prohibitively
computationally expensive when used for
solving external high Re numbers flows in
complex built environment even with today’s
computational power.

e Hybrid models such as Detached Eddy
Simulation (DES) [11, 12 and 13] or Scale-
Adaptive Simulation (SAS) [14], etc. are used
to reduce computational cost for making SRS
models affordable in industrial applications.

e In hybrid models the wall boundary layers are
covered by a RANS model with the LES region
or large eddies are solved only away from
walls.
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It is important to understand that hybrid models
are still substantially more computationally
expensive than RANS simulations but less than
LES computational cost.

e SRS models are still requiring extensive
experience and attention to various details
including model selection, grid generation,
numerical setting and solution interpretation
[15].

The main objectives of this study are to:

e Analyse the local weather data and calculate
wind shear and natural turbulence exceedance
probabilities data.

e Develop 3D CFD models for complex built
environment including topography, trees and
detailed design features at areas of interest.

o Utilise hybrid LES/RANS approaches, namely
DES for wind shear and turbulence studies for
pre and post development scenarios.

e Develop procedures to predict wind shear and
turbulence along possible aircraft trajectories.

e Discuss some of the challenges facing CFD to
reliably predict turbulence or modelling built
environment.

e Provide recommendations to mitigate adverse
wind conditions where required and possible.

2 Problem Formulation

The averaged Navier Stocks RANS/LES
equations with eddy viscosity can be written as
follows:
ou, _ oy, 1dp a%w, 0ty
et o= oo T Ve oy

J i J J

Where p is the density, u is the velocity, p is the
static pressure, v is the kinematic viscosity, ; is the
stress tensor including both normal and shear
components of the stress. The over bar represents
time averaging in RANS models and spatial filtering
in LES.

Hybrid models are possible due to similarity in
filtered momentum equation to the RANS equation.

DES is proposed in this study due to ability to
combine the benefits of RANS and LES while
minimising their disadvantages while the RANS
(Realizable k-epsilon in this study) can achieve
good prediction for attached boundary layers, LES
can capture unsteady motions of large eddies in
separated regions. The model was first proposed by
Spalart et al [11, 12].

The DES model switches between RANS and
LES by a comparison of the turbulent length scale
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L;with the computational grid Amax spacing
(maximum (Ax, Ay, Az)). The model selects the
minimum of both and thereby switches between
RANS and LES mode by replacing ¢in the k-
equation by:

3/2 3/2
EZI}'_r o min[ercﬂﬂcﬁmax}

A validation study [10] for a single high rise
building and for a flow field in an actual urban
environment against measurement data and wind
tunnel testing concluded that the DES results show
significantly better prediction of wind flows in
comparison to other approaches.

In this study DES was used to predict wind shear
and turbulence in complex urban environment in the
vicinity of airport.

3 Case Study

3.1 Project Description

The project site is located adjacent to a local airport
with three parallel operating runways. The airport
operates 24 hours a day, with limitations placed on
night circuit training.

A 3D model of one of the proposed design
schemes and surrounding built environment is
shown in Figure 2. The proposed precinct comprises
a number of low rise warehouses.

The average roof height for the proposed
warehouses is approximately 10 m and some of the
warehouses penetrate the 1:35 surface rule then
wind shear and turbulence effect must be
considered.

An initial assessment of the most intensive
proposed building layout identified a number of
areas of potential adverse wind conditions leading to
the following wind amelioration recommendations
which were subsequently incorporated into the
current CFD model:

e  Staggered building configurations are proposed
to avoid wind tunneling between buildings.

e Roof Pitch = 2 degrees.

e Ridge to run along the longest axis of the
warehouse.

e Landscaping and wind screen buffers as noted
on Figure 2:
0 A maximum tree height to top of buildings
0 A tree porosity of 30% is assumed.

The wind directions deemed to have the greatest
impact on the runways are the winds originating
from:

e  South East (SE)
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South Southeast (SSE)
South (S)

South Southwest (SSW)
South West (SW)

Fig.2 Development Site and Geometry for CFD
Modelling
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complexsite to pography - j

Proposed Canopies

NS

-
\~

Trees are modelled using
PorousMedia Modelling
Technigue

3.2 Local Weather data
Wind shear and natural turbulence may already be
exceeded at many airports. Statistical assessment of
the weather data will therefore be an import part of
the wind turbulence study.

The data recorded during 5 years period at the
airport weather station comprise the mean wind
speed (hourly average), the peak gust speed
(occurring at any time within the relevant hour) and
the mean wind direction. Occurrence statistics of the
mean wind speeds is shown in Table 1. The
following major conclusions can be reached from
Table 1:

« A 25knots or higher mean wind speed is
exceeded 0.062% (27 hours total) in a five year
period taking in to account all wind directions.

e From the southwest (i.e. between 202.5° and
WSW 247.5%) there were no hours where the
mean wind speed exceeded 25 knots.
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e From the southeast to southwest (i.e. between
SE 168.75° and SW 247.5°) there were 21
hours per five years where the mean wind
speed exceeded 25 knots.

Table 1 Mean Wind Annual Exceedance Probability
in 5 Year at the Airport Weather Station

10m ht Wind Direction
MEAN
Wind
Spead

{ knots |

NE E SE 5 SwW w NW

0 45° 90 135 180° 225 270 315 Al

5 4.36% 765" 6.41% 10.11 724 782 6.38' 6.90% 56.6'

The turbulence and corresponding turbulence
intensity are not directly recorded but need to be
inferred from the mean wind and peak gusts. The
relationship between mean wind speed and gust
wind is shown in below equation:

Vgust = 17 + g -0y

Where Vgt = peak gust speed (occurring at any

time within the one hour measurement period); V =

mean wind speed (averaged over the one hour
measurement period), oy = root mean square

(RMS) wind speed or “turbulence”, and g = peak

factor. The natural and existing built environment

turbulence exceedance is shown in Figure 3. The
following major conclusions can be reached from

Figure 3:

e There were 66 times in 1 year where the 4-
knots exceeded taking into account ALL wind
directions.

e The wind directions which relate to the location
to the proposed development are the winds
originating from the SE to SW. There were
approximately 28 occasions in 1 year where the
4-knots exceeded between SSE 168.75° and
SSW 258.75°).

Fig. 3 4 knot Turbulence Exceedance Probability at
the Weather station
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The turbulence criterion is therefore exceeded
without the addition of the proposed development.
Turbulence impact assessment is therefore of
particular interest for decision maker when
approving off-airport buildings.

3.3 Wind Shear and Turbulence CFD
Modelling

3.3.1 Modelling Configuration

A 3D model of the project site and surrounding
buildings and structure blocks was created from the
supplied architectural drawings and a CAD Model
supplied by the client (Refer Figure 2).

The geometry for CFD Modelling is shown in
Figure 4. A calculation domain of 2,448 m length,
2,448 m wide and 200 m high was used for the CFD
analysis. The developed model accounts for all
small features of the proposed development (e.g.
canopies, gaps, etc.).

3.3.2 Discretization

The software package utilised in the current CFD

analysis is the commercially available code

ANSYS-Fluent [16]. The CFD model solves

continuity and momentum in the computational

domain to predict the unsteady state airflow at and
around the project site.

e The quality of the mesh is a critical aspect of
the overall numerical simulation and it has a
significant impact on the accuracy of the results
and solver run time.

e For the current analysis, polyhedral elements
with a total number of 18,852,516 cells were
used to cover the computational domain.
Polyhedral cells are especially beneficial for
complex geometries including site topography
and can handle recirculating flows and may
provide more accurate results than even
hexahedra mesh. For a hexahedral cell, there
are three optimal flow directions which lead to
the maximum accuracy while for a polyhedron
with 12 faces there are six optimal directions
which, together with the larger number of
neighbours lead to a more accurate solution
with a lower cell count. It is also worth
mentioning that the development of hexahedral
element for real and complex built environment
is challenging.

e The following techniques were used for
discretization:

o0 A second order numerical scheme for
discretization of pressure and momentum to
obtain more accurate results.
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0 A Detached Eddy Simulation (DES)
turbulence model was used due to ability to
handle separation, recirculation, high
gradients and  computational  time
advantages. Realizable k-epsilon was used
for the RANS region.

0 Proposed trees are modelled using porous
media modelling technique.

0 The solution is also combined with a wall
function to avoid using very fine elements
near the wall.

0 An iterative procedure was used to estimate
the air velocity in terms of three directions,
pressure profile and turbulence parameters.

3.3.3  Sensitivity Analysis

3.3.3.1 Site Topography

It is strongly recommended to review detailed
survey data (if available) when conducting wind
turbulence studies. Topographic features less than 2
m in the areas of interest may have a minor impact
on the results accuracy. Features less than 1 m are
also ignored when developing scale models for wind
tunnel testing.

The available survey data for the proposed
development site has shown elevated ground at the
areas of interest. All topographic features were
therefore included in the pre- and post-development
scenarios (Refer Figure 4).

e

Fig. 4 Site Topography

Pre Development

3.3.3.2 Extent of Built Environment
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 [17].

All buildings within more than 600 m diameter
were included in the developed CFD model (Refer
Figure 2).
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3.3.3.3 Top of the Computational Domain
The top of the computational domain should be at
least 5H away from the tallest building with height
H [17].

In order to avoid artificial flow over the building,
20H is used in this study where H is the building
height.

3.3.3.4 Mesh Sensitivity Analysis

As mentioned above the wall boundary layers are
entirely covered by the RANS model and the LES
model is applied to the separated flow. Carful grid
generation is required to avoid having low grid
resolution or grey areas in areas of interest.

Ideally, a wall resolution y+ =1 is recommended
at the region of interest [18]. Grid development in
DES is more complicated than RANS and benefits
may reduce if y+ >> 1. Grid resolution in complex
urban environment could be challenging especially
if area of interest includes mid or high rise building.
A mesh sensitivity analysis is  strongly
recommended to optimize the mesh based on the

given flow conditions and modelled urban
complexity.
Based on a mesh sensitivity assessment,

18,852,516 polyhedral cells were used to cover the
computational domain. A minor accuracy benefit is
gained when number of cells is increased to +20
million. On the other hand a reasonable
computational time is saved for the 18,852,516 cells
scenario.

In general, the grid resolution should be as high
as the computing powers permits.

3.3.3.5 Time Steps
DES requires significant computational resources
to obtain a valid numerical solution. Challenges
include very small time steps (0.01 to 0.05 s) to
meet the recommendations in best practice
guidelines. The best way to reduce computational
time is to
e Start with a steady state RANS solution and
then switch to DES model;
e Initially use variable time steps if possible to
speed up the simulation;
e Reduce time step as per the best practice
guidelines; and then
e Reduce number of iterations per time step if
possible.

3.3.4 CFD Results and Discussion
3.3.4.1 Wind Shear
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Sample results for the following wind conditions are

shown in Figure 5 to Figure 11:

e Wind Speed = 25 knots (12.78 m/s) at 10 m
above ground.

e Wind Angle = 180°

Figure 5 shows the wind speeds at 1 m above the

ground. Dark blue represents still conditions at 0

m/s and red representing the strongest wind speed.

The following conclusions can be reached from the

figure:

e The CFD model captures the fluid flow
characteristics in significant detail.

e Wind is approaching the site from the south at
180° as per the given boundary condition.
Wind is then accelerated near the edges and
stagnated and recirculated behind the buildings.

e Wind is tunneling through the gap between the
proposed warehouses as anticipated

e Means wind speeds are reduced at a number of
locations due to proposed trees.

e  There is a minor variation in wind speeds along
the width of the runways.

e A comparison for the wind shear close to the
ground shows that the proposed buildings
slightly expand the existing shears upstream the
nearest runway at most locations.

Fig. 5 Velocity Vector Coloured by Velocity
Magnitude (m/s) (On 0 -15 m/s Scale)

A: Pre-Development

B: Post Development
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Velocity vectors at the area of interest (Three
runways) are shown in Figure 6. Wind speeds below
8 m/s are clipped in Figure 6 so that the wake effect
of the post development scenarios can be easily
compared with the pre-development scenario. One
can see that the airflow pattern at the runways is
similar for the pre and post development scenarios.
The proposed buildings appear to extend the
existing shear at the nearby runway.

Fig. 6 Velocity Vector Coloured by Velocity
Magnitude (m/s) - On 8 -16 m/s Scale

A: Pre-Development

B: Post Development

In the wind shear and turbulence modelling
study, wind speed and turbulence must be reported
at all possible critical aircraft trajectories. The
approaching angle for landing will be between 2.7
degrees and 4 degrees, with 3 degrees considered as
the average. Six possible landing scenarios per
runway with an approaching angle of 3 degrees are
analysed in this study. Landing paths are shown in
Figure 7.

The variation in wind speeds for a selected flight

path is shown in Figure 8. The following comments

are made with regards to the above graph:

e The graph presents the results at variable height
of the aircraft trajectory (3°approaching angle).
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e The approaching mean wind speed at 10 m
above ground is 25 knots.

e Wind speed increases with height. Higher wind
speed is therefore predicted at 30 m above
ground (e.g. at position ~1,100 m).

e Highest wind deficit is obtained at the wake of
nearby building.

e The wind shear and wind deficit results are
proportional.

e The mean wind speed at the ground = 0 (not
shown in the graph).

The following major conclusions can be achieved

from Figure 8:

e  The variation in the mean wind speed is less
than 6 knots along the analysed flight path at a
height below 60 m.

e  The NASF wind shear criterion is therefore not
exceeded for the analysed flight path.

In order to assess wind shear criteria exceedance,
all critical flight paths and wind directions must be
assessed.

Fig.7 Possible Landing Scenarios at 3 Degrees
Approaching Angle

Fig.8 Velocity Magnitude (m/s) along a possible
Critical Aircraft Trajectory
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3.3.4.2 Turbulence

The turbulence intensity is initially predicted at the
site weather station (Refer Figure 9). Figure 9
included an extended computational domain and
detailed site topography in the vicinity of the
weather station, runways and areas of interest. The
predicted turbulence intensity (~22%) using the
advanced DES correlates well with the measured
intensity (19%). The airport terrain and built
environment at the Airport are such that the
anemometer siting does not experience localised
“interference” caused by the presence of nearby
buildings which would significantly distort the wind
characteristics recorded by the anemometer. The
exposure of the anemometer to southeast winds in
particular is very open, with a large stretch of
runway area upstream in the southeast direction.
This is borne out by the turbulence intensity
recorded at the anemometer site, which is fairly
constant, at around 0.19, from the south clockwise
around to the northeast, and then drops to around
0.14 from the southeast.

Fig. 9 Predicted Turbulence Intensity at the Airport
Weather Station at the Anemometer Height

ontour-1 22%
urbulent Intensity
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The predicted turbulence intensity at a number of
critical flight paths is shown in Figure 10. The
following major conclusion can be reached from
Figure 10:
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e Highest turbulence intensity occurs near the
ground and in the wake of upstream buildings
as expected. The mean wind speeds at these
locations are generally low.

Fig. 10 Turbulence Intensity along the Aircraft
Trajectory at All Runways (Approaching Wind = 25
Knots at 10 m above Ground, Wind Angle = 180°)
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The turbulence or root-mean-square (RMS) value
along the aircraft trajectory for the flight paths in
Figure 11 is calculated based on the wind shear and
turbulence intensity results. The following
conclusions can be achieved from Figure 11:

e The RMS (standard deviation) is above the 4 kt
for an approaching wind of 25 kt at 10 m above
ground for the pre-development and post
development scenarios.

e In general, the turbulence due to the proposed
developed is increased by ~1.2 kt at a number
of flight paths.

e  Turbulence levels for some flight paths are
reduced due to reduced mean wind speed while
the increase in turbulent intensity is moderate.

The RMS reduces with reducing the crosswind
speeds. Approaching mean wind speed which can
generate a 4 kt turbulence can therefore be easily
calculated for the pre and post-development
scenarios.

3.3.5 Mitigation Options

Section 3.3.4 provided guidance as to the areas
where the wind shear and turbulence acceptability
criterion had the potential to be exceeded on nearby
runways. Two  mitigation  strategies  are
recommended:

e  Building Shape Augmentation: For the area of
adverse wind conditions the following
amelioration recommendations are considered:
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0 Reduce
possible.

O Revise aspect ratio (e.g. increase depth
and/or reduce width) where possible.

0 Round edges if necessary.

0 Provide or amend landscape and wind
screen buffers to reduce wind intensity and
variation in mean wind speeds. Trees act as
a momentum sink for the mean flow.

o Provide additional structural on the roof
(e.g. PV solar) if required.

building height (RLs) where

e  Operational Plan Management: Risk can also
be mitigated through operational procedures.
However, this involves the approval of various
stakeholders including airport operators.

Fig. 11 RMS (Standard Deviation) Value in Knot
along the Aircraft Trajectory at All Runways — DES
Turbulence Model (Approaching Wind = 25 Knots
at 10 m above Ground, Wind Angle = 180°)
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4 Conclusion

Hybrid Detached Eddy Simulation (DES) is used to
predict wind shear and turbulence caused by
buildings in the vicinity of airports. DES is
proposed due to ability to combine the benefits of
RANS and LES while minimising their
disadvantages. The RANS (Realizable k-epsilon in
this study) can achieve good prediction for attached
boundary layers while LES can capture unsteady
motions of large eddies in separated regions.
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Complex  built environment including site
topography, tress and small building features at
areas of interest are presented. The paper also
discusses some of the parameters that may have
influence on the results accuracy.
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