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Abstract:  Turbulence in the wake generated by wind flow over buildings or obstacles may produce complex flow patterns in
downstream areas. Examples include the recirculating flow and wind deficit areas behind an airport terminal building and their
potential impacts on the aircraft landing on nearby runways. A computational fluid dynamics (CFD) simulation of the wind flow
over an airport terminal building was performed in this study of the effect of the building wake on landing aircraft. Under normal
meteorological conditions, the studied airport terminal building causes limited effects on landing aircraft because most of the
aircraft have already landed before entering the turbulent wake region. By simulating the approach of a tropical cyclone, additional
CFD sensitivity tests were performed to study the impacts of building wake under extreme meteorological conditions. It was found
that, in a narrow range of prevalent wind directions with wind speeds larger than a certain threshold value, a substantial drop in
wind speed (>3.6 m/s) along the glide path of aircraft was observed in the building wake. Our CFD results also showed that under
the most critical situation, a drop in wind speed as large as 6.4 m/s occurred right at the touchdown point of landing aircraft on the
runway, an effect which may have a significant impact on aircraft operations. This study indicated that a comprehensive analysis of
the potential impacts of building wake on aircraft operations should be carried out for airport terminals and associated buildings in
airfields to ensure safe aviation operation under all meteorological conditions and to facilitate implementation of precautionary
measures.
Key words: Aviation safety, Building aerodynamics, Computational fluid dynamics (CFD), k-¢ turbulence model, Tropical
cyclone
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1 Introduction However, they are costly and time-consuming to
conduct with high accuracy and precision. With the

Recirculation and wake due to wind flow over increasing computational power-to-cost ratio of

buildings may induce a variety of uncertainties in the
downstream micro-scale wind environment. Labora-
tory-scale wind tunnel and water channel experiments
have commonly been employed to investigate the
aerodynamic effects of the wake behind buildings
(Okada and Ha, 1992; Szepesi and Lajos, 1998) and
have been used to complement field measurements.
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modern computer systems, computational fluid dy-
namics (CFD) techniques are affordable alternatives
for examining the aerodynamic effects of buildings on
our living environment.

Owing to the cost-effectiveness of CFD, numer-
ous investigations have been performed to study wind
behavior in the wake behind buildings. Senthooran et
al. (2004) used CFD to elucidate the flow-induced
pressure fluctuation around a low-rise building at
Texas Tech University. Huang et al. (2007), using
different CFD turbulence models, compared the mean
and dynamic wind load on tall buildings. Apart from
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wind load calculations, Kris et al. (2003) used CFD
to determine the effects of isolated roughness ele-
ments and an industrial complex on the wind envi-
ronment of an adjacent airfield. Yoshie et al. (2005)
employed CFD to investigate the pedestrian-level
wind behavior behind a high-rise building. Recently,
Neofytou et al. (2006) focused on the turbulence
generated by an obstacle on a wind field and the
in-flight conditions over the nearby runway. The ob-
jective of the studies by Kris et al. (2003) and
Neofytou et al. (2006) was to assess the reliability of
CFD for the investigation of wind behavior at airports
by comparing modeling results and field measure-
ments. Generally, they arrived at a common conclu-
sion that the wake behind a building posed a signifi-
cant threat to aircraft over a nearby runway. Thus,
certain safety criteria and precautionary measures
have been recommended for safe aviation operation.
These studies considered only rather limited ranges in
the background wind speed and direction.

In this study, a comprehensive CFD simulation of
the wind flow around an airport terminal building was
performed by considering various background wind
speeds and directions with respect to the building,
including the windy weather associated with a tropical
cyclone. We investigated the effects of building wake
and recirculation on the surrounding micro-scale wind
environment, together with the potential impacts on
the landing aircraft over a nearby runway.

2 Methodology

2.1 Computational domain and boundary condi-
tions

CFD modeling was used to elucidate the wind
behavior around a hypothetical Y-shaped airport ter-
minal building. The broad layout and general ap-
pearance of the building were entered into a CFD
pre-processor for mesh generation. A rectangular
computational domain was then developed to ac-
commodate the airport terminal building model to
perform the CFD simulation (Fig. 1). The size of the
computational domain was 3000 m (length)x4 000 m
(width)x150 m (height). Because of the finite-sized
domain, entrance or boundary effects (i.e., flow dis-
turbances induced by the domain boundaries) may
affect the replication of the atmospheric wind condi-

tions in the CFD model. Franke and Hirsch (2004)
suggested that to minimize these types of errors af-
fecting the test section located in the central core, the
height of the highest building Hmax (=35 m in this
study) should be used as the reference unit for defin-
ing the minimum distance between the test section
and the domain boundaries. The minimum distance in
the downstream extent is 15H.« and in the upstream
and lateral extents is 5Hyay. For the vertical extent of
the computational domain, Kris et al. (2003) and
Neofytou et al. (2006) used 350 m and 200 m, re-
spectively, in their airfield CFD studies. However,
Huang et al. (2007) prescribed the domain height as
twice the height of the building in their wind loading
study. To compromise the demanding spatial resolu-
tion close to the airport terminal building (especially
the wake) and the limited computational resource, the
vertical extent of the computational domain was set at
150 m (4.3Hnax) in this study. Hence, the size of the
computational domain was large enough to eliminate
the entrance and boundary effects. In addition to the
wind flow around and over the airport terminal
building, the areas in the vicinity of the runway and
the locations installed with anemometers were the
major concerns of this study. A larger computational
domain covering all the relevant areas was thus de-
veloped.

Fig. 1 3D CFD model of the typical airport terminal
building and the size of the computational domain

Next, meshes were built for the computational
domain. Since rapid changes of wind flow near an
airport terminal building are expected, highly refined
spatial resolution was applied near the building using
unstructured meshes. The total number of elements of
the computational domain was about 1.1 million.
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2.2 Mathematical model and numerical method

In this CFD model, the fluid is assumed to be
incompressible and turbulent, as commonly adopted
in environmental fluid mechanics studies under iso-
thermal conditions. Hence, the mathematical model is
in the form of Reynolds-averaged Navier-Stokes
(RANS) equations that consist of the continuity
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and the pseudo steady-state momentum conservation
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Egs. (1) and (2) are expressed in the tensor notation
and the usual summation convention on repeated
indices (i, j=1, 2, 3) applies. The over bars and double
prime in the governing equations represent the en-
semble averaged and fluctuating components, re-
spectively, that are commonly adopted in RANS
turbulence models. The space tensors x; are the Car-
tesian coordinates in the streamwise (x), spanwise (y),

and vertical (z) directions. The velocity tensors U; are
the wind velocity components in the streamwise (U),
spanwise (V) and vertical (W) directions, and P is
the static pressure. Because of the large Reynolds
number  (Re=pUteeHmax/1i~(1.2x10x10)/(1.8x10 ")~
1x10°, where p=1.2 kg/m® is the air density and u=
1.8x10™° kg/(m-s) is the dynamic viscosity of air at
20 °C and 1 atmospheric pressure), all molecular scale
transport processes are neglected. The Reynolds stress
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is used to handle the unresolved turbulent transport
processes by assuming the Boussinesq hypothesis.
Here

k2
/’ll = pCIu — (4)

&
is the turbulent dynamic viscosity (C,=0.09 is an
empirical modeling constant), k is the turbulent ki-

netic energy (TKE) (=u"u" /2), ¢ is the dissipation

rate of TKE, and ¢; is the Kronecker symbol. The
two-equation k-¢ turbulence model (Launder and
Spalding, 1972) is employed to close the mathe-
matical model. To close the steady-state RANS
equations, the transport equations for the TKE
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and the TKE dissipation rate
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in steady-state are solved. Here Py (= —u;"u;"o0; / 0x;)

is the TKE production, and o, (=1.0) and o, (=1.3)

are the effective Prandtl numbers for k and &, re-
spectively. In this study, the empirical modeling con-
stants in the transport equation for the TKE dissipa-
tion rate are C4=1.44 and C»=1.92.

This mathematical modeling procedure was im-
plemented using the commercial CFD code Fluent 6.1
(FLUENT, 2008). The finite volume method with the
first-order accurate upwind scheme was used to dis-
cretize the transport equations for momentum, TKE,
and TKE dissipation rate, while the semi-implicit
method for pressure linked equations (SIMPLE) al-
gorithm was used to solve the implicit pressure-
velocity coupling in incompressible flow. The re-
sulting systems of algebraic equations are solved by
the successive over-relaxation method until the error
of the residual is less than 1x10°°.

3 Model validation

A model validation exercise was performed to
assess the reliability of the CFD model when used in a
study of building aerodynamics before performing the
sensitivity tests of the airport terminal building. The
wind flow calculated by CFD over and around an
isolated high-rise building was compared with a set of
wind tunnel results available from the literature as
described below.
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3.1 Wind tunnel measurements

Yoshie et al. (2005) investigated the pedestrian-
level wind environment behind an isolated high-rise
building. Selected velocity profiles on the horizontal
(z=0.125B) and vertical center (y=0) planes in the
wake of the building were measured in a wind tunnel
(Fig. 2). The width of the square-prism building
model B (=0.08 m) also served as the characteristic
length scale. The vertical wind profile at the inlet of
the wind tunnel is approximated by the power law:

0.27
u= Ufree x (Li] ! (7)

Z

where U is the free-stream wind speed, and L is the
vertical extent of the wind tunnel. The exponent 0.27
in Eq. (7) represents the wind flow conditions over
urban roughness under neutral atmospheric condi-
tions. The free-stream wind speed, which also served
as the characteristic velocity scale, was prescribed as
Ufee=6.94 m/s in accordance with the wind tunnel
configuration.
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Fig. 2 Dimensions of the high-rise building model used in
the wind tunnel experiment and the size of the computa-
tional domain

3.2 Computational fluid dynamics model

The sizes of the building model and the compu-
tational domain for this model validation exercise
were exactly the same as those used in the wind tun-
nel experiment (Yoshie et al., 2005). Both structured
hexahedral and unstructured tetrahedral meshes were
used in this model validation exercise for full control
of spatial resolution. In the areas of most concern
close to the building facades, because of the

square-prism geometry, fine hexahedral meshes were
applied for more stable and faster convergent results.
Unstructured tetrahedral meshes were applied in the
areas of less concern (Kim and Boysan, 1999). This
configuration of discretization yields almost 660000
elements.

3.3 Result comparison

Comparison with wind tunnel measurement was
made on the vertical (x-z) center plane (y=0) (stream-
wise U (Fig. 3a) and vertical W (Fig. 3b) and on the
elevated horizontal (x-y) plane at z=0.125B (stream-
wise U (Fig. 4a) and spanwise V (Fig. 4b). The CFD
results agree reasonably well with the wind tunnel
measurements and thus support the reliability of the
CFD model being employed in this study.

O Wind tunnel measurements — CFD calculated value
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Fig. 3 Comparison of the wind velocity components be-
tween the wind tunnel measurements and the CFD calcu-
lated values on the vertical (x-z) center plane (y=0). (a)
Streamwise u and (b) vertical w wind velocity compo-
nents
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Fig. 4 Comparison of the wind velocity components be-
tween the wind tunnel measurements and the CFD calcu-
lated values on the elevated horizontal (x-y) plane at
z=0.125B. (a) Streamwise U and (b) horizontal v wind
velocity components

4 Results and discussion: terminal building
simulations

4.1 Preliminary study

In this section, the major concern is the effects of
the wake behind the airport terminal building on
landing aircraft over the nearby runway. Four preva-
lent wind directions, namely @=0°, 22.5°, 45° and 60°
with respect to the airport terminal building, were
simulated (Fig. 5). As a preliminary study, a power-

law wind profile in the form of U o z°%" was pre-
scribed at the inlet of the computational domain. Note
that the simulated airport is located in a suburban area
with rough terrain. Thus, the exponent 0.27 may be
overestimated causing a higher wind speed at higher
altitude in the simulation. Analogous to Eqg. (7), the

following wind profile

0 =22.97x 2°7 9)

was adopted so that the maximum wind gust at an
altitude of 10 m above ground (standard height of
wind measurement for meteorological purposes) was
42.8 m/s and at 35 m (the highest point of the airport
terminal building) was 60 m/s to simulate an ex-
tremely windy condition, e.g., a tropical cyclone with
hurricane wind force. The spatial contours of the
streamwise velocity components U on the horizontal
(x-y) plane at an altitude of z=10 m for the four wind
directions are shown in Fig. 6. The blue contours
represent negative streamwise velocity that outlines
the recirculation regions located downstream from the
airport terminal building. A number of areas with
strong reverse wind flow (up to 15 m/s) can be seen
behind the airport terminal building but they do not
reach the runway. However, several sharp peaks of
velocity contours, induced by the wake behind the
airport terminal building, appear over the runway.
These findings signify that substantial variations in
wind speed in certain areas over the runway could be
experienced by aircraft landing under such windy
conditions. However, in real life situations, aircraft
would not land in these conditions because the oper-
ating limits of crosswind/tailwind for a typical aircraft
would be exceeded.

Detailed g1 0% Preliminary
study -36 0° o.5° study
-51 5°

, Touchdown point

! Aircraft
1eB landing
I 1 < ::Idirection
Runway A®
' Glide path
3° Airborne
......... LOMN oo oeeeeeemee e

Fig. 5 Four wind directions at @=0°, 22.5°, 45°, and 60°
in the preliminary study and the six wind directions at
©=0°, —11°, —23°, —36°, —51°, and —66° in the detailed
study. Also shown are the touchdown point on the
runway and the glide path of the landing aircraft, and
the locations of the anemometers A, B, and C assigned
for this study. In this schematic diagram, the airport
terminal building and the runway are viewed from the
top, and the glide path of the aircraft is viewed from
sideway
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Fig. 6 Spatial contours of the CFD calculated stream-
wise wind velocity components T for different prevail-
ing wind directions (a) @=0°; (b) ©=22.5°; (c) @=45°
and (d) @=60° with respect to the building’s orientation.
The runway nearby being studied is outlined by the
dashed line

4.2 Detailed study

We focused on six scenarios (wind directions) in
which the landing aircraft remains airborne close to
the runway (Fig. 5). Instead of the idealized
power-law used in the last section, the wind profile in
a typical tropical cyclone condition was adopted. The
wind profile data used, including wind speed and
direction, expressed as a function of altitude up to
150 m (Table 1), were based on actual wind meas-
urements in a real tropical cyclone. One of the char-
acteristics of this wind profile is the continuously
changing wind direction between the elevations of
14 mand 116 m.

Table 1 Wind profile data in a real tropical cyclone case
Height (m) (AMSL)" Wind speed (m/s) Wind direction™

14 19.5 —23°
116 214 -57°
150 21.7 —53°

“AMSL: above mean sea level; ™ With respect to the orientation of
the airport terminal building in Fig. 5

In subsection 4.1, for simplicity, all the ground
features surrounding the airport terminal building
were ignored. For more realistic simulations in this
subsection, different types of ground surfaces, in-
cluding sea, grassland, asphalt, and concrete, around
the airport terminal building were included in the
CFD model (Fig. 7). Because of different roughness
(Table 2), wind blowing across these surfaces behaves
differently. Owing to our limited computational re-
sources, other buildings that may typically be found
in close proximity to an airport terminal building were
not included.

-1000

y(m)
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B Seasurface

B Short grass

o Traffic road

B Asphalt

O Concrete

B Building surface

1000

0 1000 2000 3000
X (m)

Fig. 7 Modified CFD model of the typical airport ter-
minal building employed in the detailed study in which
different types of ground surfaces are included

Table 2 Roughness length for different types of ground
surfaces

Surface type Roughness length (m)
Sea surface 0.0002
Asphalt 0.0024
Traffic road 0.0040
Short grass 0.0100
Building surface 0.0200
Concrete 0.0240

Apart from the wake region behind the airport
terminal building, the areas around the runway and
the locations of anemometers were the major concern
of this study. Higher spatial resolution was thus pur-
posely built over these regions in the modified com-
putational domain. As a result, the number of ele-
ments increased to more than 2.1 million. A series of
CFD sensitivity tests were performed to examine any
differences in the anemometer readings or wind be-
havior around and over the airport terminal building.
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4.2.1 Anemometer readings

A number of anemometers are installed along a
runway to monitor the winds for operational purposes.
Wind measurements at three anemometers, namely, A,
B and C (Fig. 5), were studied to determine the impact
of the wake behind the airport terminal building on
the wind condition at the airport. From actual wind
measurements in tropical cyclone cases, there are
several major findings: (1) The three anemometers,
though located closely to each other in the airport,
recorded significant differences in wind speed; (2)
The difference in the wind speed changed signifi-
cantly with the prevalent wind direction; (3) The
maximum difference in wind speed among the 3
anemometers was identified in the wind direction
—36°<@<—11° with respect to the orientation of the
airport terminal building.

Since these anemometers are installed along the
runways, differences in the wind speed readings could
imply potential impacts on the landing aircraft.
Therefore, comparison of the CFD calculated wind
speed with the anemometer measurements is worth-
while.

1. Comparison of wind speeds between ane-
mometers Aand B

A CFD control experiment (free-stream wind
speed 21.7 m/s and wind direction @=-23°) was
conducted in which the airport terminal building was
removed from the computational domain. In the ab-
sence of the building, the wind speeds at the ane-
mometers A and B were expected to be similar. In-
terpolating the wind profiles at the height of the
anemometers (10 m above ground) revealed that the
CFD calculated wind speeds at the anemometers A
and B were 18.4 m/s and 18.7 m/s, respectively. This
small difference (0.3 m/s, less than 2% of the wind
speeds themselves) can be attributed to the drag loss
due to surface roughness for wind blowing over a
longer distance (about 150 m) from B to A (Fig. 5).

Additional CFD sensitivity tests were carried out
in the presence of the airport terminal building under
different prevalent wind directions (Fig. 8). The wind
speed difference was small when the wind direction
was —66°<@<-51°. Shifting the wind direction to
—36°<@<-11° significantly increased the difference
in wind speed by from 13% to 25%. Such a magnitude
of percentage difference in the wind speeds between
A and B has been observed in a real tropical cyclone.
Further shifting the wind direction to 0° eventually
reduces the difference in wind speed. Therefore, as
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Fig. 8 CFD calculated wind speed profiles at the locations of the anemometers A and B in the presence of the airport
terminal building under different prevailing wind directions. (a) —66°; (b) —51°; (c) —36°; (d) —11° and (f) 0°
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shown by the CFD results and field measurements,
the presence of the airport terminal building appar-
ently affects the readings of the anemometers Aand B
even though they are only about 150 m apart.

2. Comparison of wind speeds between ane-
mometers Aand C

We also compared the readings of the ane-
mometers A and C installed across the airport termi-
nal building (Fig. 5). Similar to the last comparison, a
CFD control experiment (free-stream wind speed
21.7 m/s and wind direction ®=—23°) was conducted
in the absence of the airport terminal building and the
wind speeds at the two locations were almost the
same (16.8 m/sand 17.2 m/s at Aand C, respectively).
Again, this small wind speed difference is caused
mainly by surface roughness. The much larger dif-
ferences in reality between the readings of the two
anemometers are likely caused by the presence of the
airport terminal building.

In the case of a real tropical cyclone, the average
wind speeds at the anemometers A and C were about
12.86 m/s and 19.24 m/s, respectively, viz. a differ-
ence of 6.38 m/s. The CFD simulation for the same
wind direction (©=—23° with respect to the building)
was performed and the wind speeds at 10 m altitude at
the anemometers were interpolated (Table 3). The
wind speed difference between the anemometers A
and C was 7 m/s, which is comparable to the field
measurement. The CFD simulation thus shows that
the airport terminal building induces a wake with
wind speed deficit extending to the runway.

Table 3 Field measured and CFD calculated wind
speeds at anemometers Aand C

Wind speed at an altitude of 10 m (m/s)

Anemometer Field CFD calculated
measurements results
A 12.86 12.00
C 19.24 19.00
Difference —6.38 —=7.00

4.2.2 Wind flow over the airport terminal building

The sensitivity of the characteristics of the
building wake to the prevalent wind direction and the
effects on the operation of the landing aircraft are
discussed.

1. Glide path

To investigate the effects of the wake of the air-
port terminal building on the wind conditions en-
countered by the landing aircraft, the glide path was
introduced, viz. the flight path followed by the land-
ing aircraft over the runway being studied. When an
aircraft is going to land on the runway, it approaches
the touchdown point at an inclination of 3° to the
ground surface (Fig. 5). After the aircraft has landed
successfully, it decelerates along the runway. A height
of 10 m above the runway surface was assumed as the
path of the aircraft.

2. 7-knot criterion

As shown above, a wake is developed behind the
airport terminal building where the perturbed wind
speed could be lower than the unperturbed back-
ground speed. While a landing aircraft is traveling
into this wake region, it would experience variations
in the wind speed. A decrease in headwind resulting
from wind variation, if sustained for more than a few
seconds, could lead to a drop in the lifting force of the
aircraft. In these circumstances, the pilot may need to
take corrective action to restore the aircraft back to
the intended glide path. However, a change in cross-
wind may cause a combination of roll and yaw in the
aircraft. The roll may result in ground strikes of the
aircraft wings especially at low altitudes. This may
cause a serious accident. If the wind changes were not
persistent, no significant changes to the lift of the
aircraft and the intended glide path would occur. A
study of the airport structures in the Netherlands
(Kriis and Eisenga, 1999) established a 7-knot crite-
rion: a perturbed wind speed deviating from the un-
perturbed wind speed by 7 knots (or 3.6 m/s) or more
could be significant for the normal operation of the
aircraft. Moreover, if this wind speed difference of 7
knots is greater than 3 standard deviations of the wind
speed, it is considered to arise from some artificial
structures, such as a building rather than from the
natural variability of the wind.

To investigate the wind situations that would be
experienced by the landing aircraft over the runway,
the wind speed profile along the glide path was traced
from the CFD results. In addition to the perturbed
wind profiles, the unperturbed wind profiles (the wind
speeds along the glide path in the absence of the air-
port terminal building) were compared to see whether
the 7-knot criterion was exceeded. CFD simulations
were performed for six angles of prevalent wind
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directions, including —66°, —51°, —36°, —23°, —11°,
and 0° with respect to the orientation of the airport
terminal building in both the absence and the presence
of the building.

3. Wind direction ©=—66°

The spatial contours of the CFD calculated
streamwise wind velocity component at an altitude of
10 m and @=—-66° are shown in Fig. 9. The prevalent
wind blows over the airport terminal building from
the domain inflow on the left-hand side. The solid
blue lines outline the runway and the dotted blue lines
indicate the touchdown point of the landing aircraft
on the runway (Fig. 9). Under this wind direction, the
wind speed profiles along the glide path for the per-
turbed and unperturbed situations overlap almost
completely in both the airborne and the landed con-
ditions (Fig. 9). Fig. 9 also shows the magnitude of
the wind speed difference between the perturbed and
the unperturbed winds. The maximum wind speed
difference along the glide path is less than 1 m/s
(about 3 standard deviations of the wind speed).
Hence, the building wake does not have a consid-
erable impact on the landing aircraft over the run-
way.

4. Wind direction @=-51°

The spatial contours of the CFD calculated
streamwise wind velocity component at an altitude of
10 m at ®=—51° are shown in Fig. 10. Under this wind
direction, the wake extends to cover part of the run-
way. This enlarged building wake subsequently leads
to a sharp variation in wind speed over the runway.
Hence, while descending along the glide path, the
landing aircraft could experience a sudden drop in
wind speed and a loss of lifting force. Fig. 10 also
compares the wind speed of the perturbed and the
unperturbed winds along the glide path. For the per-
turbed wind, owing to the wake effects induced by the
airport terminal building, a sharp drop in wind speed
occurs along the glide path. The maximum drop in
wind speed is 3.1 m/s at an altitude of 41.7 m. This
amounts to more than 3 standard deviations of the
wind speed and is not caused solely by natural wind
fluctuation. However, this level of drop in wind speed
does not violate the 7-knot criterion (i.e., itis less than
3.6 m/s). As such, the loss of lifting force for the air-
craft is unlikely to be large enough to affect its normal
operation.

5. Wind direction ©®=—36°

Under the prevalent wind direction ©@=—36°, the
spatial contours of the CFD calculated streamwise
wind velocity component at an altitude of 10 m are
shown in Fig. 11. Similar to the case of ®=-51°, an
enlarged building wake is developed over the runway
that is located quite close to the touchdown point of
the aircraft. The drop in wind speed at ©®=—36°
(5.8 m/s at a height of 24 m) is much larger than that
at @=-51°. Another drop in wind speed (2.5 m/s) is
found higher up at an altitude of 66 m (Fig. 11). These
two drops in wind speed are both larger than 3 stan-
dard deviations of the wind speed, i.e., greater than
natural wind speed fluctuations. The second drop in
wind speed (2.5 m/s), which is less than 7 knots,
would not impact significantly on the landing aircraft
whereas the first drop in wind speed (up to 5.8 m/s)
occurs close to the touchdown point and is greater
than 7 knots. Thus, it may affect the normal operation
of the aircraft.

6. Wind direction ©@=—23°

Fig. 12 shows the spatial contours of the CFD
calculated streamwise wind velocity component at
an altitude of 10 m and ®=-23°. Two sharp peaks in
the building wake are found along the glide path. In
particular, the largest drop in wind speed (6.4 m/s)
occurs right at the touchdown point and is much
greater than the 7-knot criterion. Another drop in
wind speed (3.8 m/s), which is also greater than 7
knots, takes place when the aircraft is at a height of
40 m. In these circumstances, an aircraft would ex-
perience two successive and substantial variations in
wind speed as it is descending and preparing to land
on the runway, the second occurring near the touch-
down point of the runway. Hence, the building wake
may affect the normal operation of the landing
aircraft.

7. Wind direction ®=-11°

Under the prevalent wind direction @=—11°, the
spatial contours of streamwise wind velocity com-
ponent at an altitude of 10 m are shown in Fig. 13.
Two sharp drops in wind speed occur along the glide
path. The first drop in wind speed amounts to 4.8 m/s
when the aircraft is airborne at an altitude of 43 m.
This drop in wind speed is greater than 3 standard
deviations of the wind speed and exceeds the 7-knot
criterion.

Another drop in wind speed occurs after the
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aircraft has landed and beyond the touchdown point  have already landed.

on the runway. Though it is up to 5.8 m/s, which is 8. Wind direction ©=0°

greater than the natural wind speed fluctuation and 7 The last CFD simulated wind direction was
knots, it would not affect the aircraft as most should  ©=0°. Fig. 14 shows the spatial contours of
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streamwise wind velocity component at an altitude of
10 m. Three sharp drops in wind speed can be seen
along the glide path. Two of them occur when the
aircraft is still airborne while the third occurs after
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landing. The airborne aircraft experiences a drop in
wind speed of up to 3.4 m/s (Fig. 14). This drop is
greater than 3 standard deviations of the wind speed
but does not violate the 7-knot criterion. The last drop
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in wind speed amounts to 5.6 m/s and is located be-
yond the touchdown point on the runway. Hence, it
poses virtually no threat to the landing aircraft. As a
result, at @=0°, these wind speed deficits would not
have a significant impact on the landing aircraft.

5 Conclusions

CFD simulations were performed to investigate
the aerodynamics and the associated wake effects
behind an airport terminal building, together with
their potential impacts on aircraft landing on a
nearby runway. It was found that, under strong
winds (such as those associated with typhoons), a
substantial drop in wind speed (more than 3.6 m/s)
could be experienced by landing aircraft over the
runway for a wind direction in the range of
—36°<@<-11° with respect to the building’s orienta-
tion. The CFD results showed that the situation is the
most significant when the prevalent wind direction is
at ®=—23° with respect to the building’s orientation
in which the largest drop in wind speed is located
very close to the touchdown point of the aircraft on
the runway.

There are several limitations of the results re-
ported in this paper. First of all, the building studied in
the simulation has a single curving rooftop, instead of
a wavy rooftop as may be adopted in a real airport
terminal building. Because of limited computing
resources, the model domain has a limited size and the

model boundary may modify the simulated wind field.

Secondly, the CFD tests were carried out assuming
steady-state situations, i.e., without natural fluctua-
tions in the background wind direction. In this regard,
more sophisticated simulation methods, such as
large-eddy simulation, may shed additional light on
the building wake effect, especially on rapid wind
fluctuations. Thirdly, under tropical cyclone condi-
tions, the strong wind may contain substantial
amounts of raindrops, which may induce additional
momentum in the wind and affect the aircraft opera-
tion. Finally, the simulated results depend on the
quality of the numerical model including the accuracy
of the numerical methods or mesh quality. For ex-
ample, in the simulation of the airport terminal
building, because of its complicated features, the

terminal building was discretized by tetrahedrals.
This can ensure that the simulation has reasonable
accuracy despite that there are potential drawbacks of
the first-order scheme on tetrahedrals. Nonetheless,
the results of this paper should provide useful insights
for airport authorities around the world for planning
new airport buildings. In particular, the potential
aerodynamic effects of the airport terminal and other
buildings/structures at the airfield on the wind flow
along the glide path of the aircraft should be thor-
oughly studied for the assurance of safe aircraft op-
erations.
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