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Investigation of mean wind pressures on ‘E’ plan shaped tall building
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Abstract. Due to shortage of land and architectural aesthetics, sometimes the buildings are constructed as unconventional in plan. The
wind force acts differently according to the plan shape of the building. So, it is of utter importance to study wind force or, more specifically
wind pressure on an unconventional plan shaped tall building. To address this issue, this paper demonstrates a comprehensive study on
mean pressure coefficient of ‘E” plan shaped tall building, This study has been carried out experimentally and numerically by wind tunnel
test and computational fluid dynamics (CFD) simulation respectively. Mean wind pressures on all the faces of the building are predicted
using wind tunnel test and CFD simulation varying wind incidence angles from 0° to 180° at an interval of 30°. The accuracy of the
numerically predicted results are measured by comparing results predicted by CFD with experimental results and it seems to have a good
agreement with wind tunnel results. Besides wind pressures, wind flow patterns are also obtained by CFD for all the wind incidence angles.
These flow patterns predict the behavior of pressure variation on the different faces of the building. For better comparison of the results,
pressure contours on all the faces are also predicted by both the methods. Finally, polynomial expressions as the sine and cosine function of
wind angle are proposed for obtaining mean wind pressure coefficient on all the faces using Fourier series expansion. The accuracy of the

fitted expansions are measured by sum square error, R® value and root mean square error.
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1. Introduction

Advancement of light-weight materials and construction
technology have made ease to build up high-rise buildings.
These buildings are mostly susceptible to earthquake and
wind loading. Generally, these loads are devastating in
nature. Out of these two types of loading, investigation of
wind effects on high-rise building is the focal point of the
present study. Moreover, it is of utter importance to study
wind effects on tall buildings. The pressure variation of
some common plan shaped buildings (e.g., square,
rectangular, circular) are available in the reference codes
(AS/NZS 1170-2 2011; ASCE 7-10 2010; BS 6399-2 1997,
IS 875 (Part 3) 2015). But, pressure variation on different
faces of peculiar plan shaped tall buildings are also peculiar.

One of the design parameter to consider wind load in the
structural design is mean pressure coefficient. In general,
buildings are designed considering mean pressure
coefficient for a particular face and mean pressure
coefficient may vary highly in case of unconventional plan
shaped tall buildings. Thus, it is important to investigate
mean wind pressures on different faces of an
unconventional plan shaped tall building. Also, pressure
contour on different faces of a building may provide an idea
of pressure variation. It has been reported in several
researches (Bandi et al. 2013, Dalui 2008, Tanaka et al.
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2012) that with the change of plan shape of a building, the
impact of pressure variation is very higher. To address this
issue, wind effects on full scale building (Bashor et al.
2012, Li et al. 1998, 2007) is considered to be most reliable
method in computing wind pressure. However, this is not
feasible in the real scenario many times. In this aspect, wind
tunnel test (Endo et al. 2006, Gomes et al. 2005, Kim and
Kanda 2013, Li et al. 2013, 2006, Tanaka et al. 2012, Wang
et al. 2013, Yi and Li 2015) is widely accepted method to
quantify wind pressure on different faces of a building.
Several studies have been carried out by the researchers
using wind tunnel test to assess wind effects on building in
past two decades. Kim and You (2002) investigated
dynamic response of tapered tall building under wind
excitation. The experiment was carried out with four
building models of different tapered ratio in urban flow
condition using wind tunnel. It was found that along wind
response was insignificant as compared to the across wind
response for the tapered buildings. Gu and Quan (2004)
tested 15 different models of typical tall building in wind
tunnel to investigate across-wind dynamic force obtained
from first mode. Gomes et al. (2005) carried out
experimental study by wind tunnel test on ‘L’ and ‘U’ plan
shaped building. Kim et al. (2008) investigated tapering
effect on the rms across-wind displacement response of tall
building by wind tunnel test. This study was conducted
using aerolastic model and tapering effect was noticed with
high reduced velocity and moderate structural damping
ratio of 2-4%. Whereas, Amin and Ahuja (2012) predicted
wind effects on two rectangular shaped interfering buildings
placed in the close proximity such that it acted as an ‘L’ and
‘T plan shaped building. In both the cases, experimental
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Fig. 1 Different faces and isometric view of the building model

study was carried out by wind tunnel test. Bandi et al.
(2013) investigated aerodynamic characteristics of different
triangular plan shaped tall buildings with aerodynamic
modifications using wind tunnel test. Yi and Li (2015) made
a full-scale as well as wind tunnel study on a super tall
building situated in Hong Kong. To measure force and
pressure coefficient, high frequency force balance and
synchronize multi-pressure sensors are used respectively in
wind tunnel. The responses taken from wind tunnel was
seen to be quite comparable with the full-scale results. In
order to compute wind effects on ‘L’ plan shaped tall
building under dynamic across wind, wind tunnel test was
also conducted by Li and Li (2016). They proposed
empirical formula to quantify across-wind dynamic load on
‘L’ plan shaped tall building considering side ratio and
terrain category as the variable. Such empirical formula can
helps a practicing engineer to quantify wind load directly
without rigorous formulation. The accuracy in predicting
wind effects on buildings by wind tunnel test has already
established well through all the above-mentioned studies.
However, efficiency of experimental study is still
questionable.

With the enhancement of computational facility,
numerical methods for the prediction of wind effects on
building has emerged a lot. In this regards, Computational
Fluid Dynamics (CFD) (Chakraborty et al. 2014, Cheung
and Liu 2011, Gomes et al. 2003, Hargreaves and Wright
2007, Huang et al. 2011, 2007, Swaddiwudhipong and
Khan 2002, Zhang et al. 2005) is the tool to quantify wind
effects efficiently as well as more accurately. Several
studies have already established the applicability of CFD
under wind excitation. Some of these researches are briefly
discussed here. Swaddiwudhipong and Khan
(Swaddiwudhipong and Khan 2002) investigated wind
induced dynamic response of tall building using CFD.

Mainly k-¢ and LES turbulence model were used for
numerical simulation and further the results were compared
with wind tunnel results. Numerically predicted vortex
shedding phenomenon was comparable with experiment for
uniform flow using k-¢ model but, it failed to predict the
shedding frequency for fluctuating incoming flow.
Furthermore, a comparative study between two mostly used
turbulence models i.e., LES and k-¢ Reynolds-average
Navier-Stokes (RANS) model have been conducted by
Cheng et al. (2003). Numerical study was conducted over a
matrix of cubes using these two turbulence models. Both
the models predicted well the mean flow condition within
the array of cubes but, LES outperforms k-¢ model in
predicting the span wise mean velocity and Reynolds stress.
These two models were also adopted in computation of
wind effects on the Commonwealth Advisory Aeronautical
Council (CAARC) building (Huang et al. 2007). LES
predicted better result for mean and dynamic wind loading
on the building, while k-¢ model yields promising results
more efficiently. Chakraborty et al. (2014) carried out a
comparative study between experimental and numerical
method to predict wind effect on ‘+’ plan shaped tall
building. Similar study has also been conducted in
(Mukherjee et al. 2014) to investigate wind pressure on Y’
plan shaped tall building. In both the cases, results predicted
by numerical technique were within the acceptable limit
with respect to the wind tunnel results. All the above-
mentioned studies are suggesting the applicability of
experimental and numerical technique in terms of accuracy
and efficiency for the prediction of wind effects on different
buildings. However, very limited research work is presented
on unconventional plan shaped tall buildings.

In the present study, wind effects on ‘E’ plan shaped tall
building is studied experimentally as well as numerically.
More specifically, mean wind pressures on different faces of
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Fig. 2 Model placed in wind tunnel (plan view)

the ‘E’ plan shaped tall building are studied for different
wind incidence angle varies from 0° to 180° at an equal
interval of 30° (Fig. 1). Experimental study is carried out
using wind tunnel test and numerical study is performed
using RANS k- model by CFD. Mean pressure coefficient
(Cp) on the different faces of the building is proposed
experimentally as well as numerically as the main goal of
this study. The results found from numerical study are
compared with wind tunnel test data in order to check
applicability of CFD technique for this building. Along with
this, wind flow pattern around the building for all the wind
incidence angles are studied using CFD. Also, pressure
contours on different faces of the ‘E’ plan shaped building
are studied using both the methods. Finally, polynomial
expressions for the prediction of mean pressure coefficients
on each of the faces are proposed using Fourier series
expansion as the sine and cosine function of wind incidence
angle. The accuracy of the proposed models are checked by
several procedures.

2. Experimental study
2.1 Experimental setup

The experiment has been carried out in an open circuit
boundary layer wind tunnel (Fig. 2) at Wind Engineering
Centre, Department of Civil Engineering, Indian Institute of
Technology Roorkee, India. The cross section of the wind
tunnel was 2 m (width)x2 m (height) with a length of 38 m.
A square section of 6 mx6 m holed honeycomb with the
thickness of 1 m is located at the entrance of the wind
tunnel to generate uniform wind flow throughout the wind
tunnel. An elliptical effuse profile of length 6 m with
contraction ratio of 9:5:1 is situated just after the
honeycomb at the inlet region for smoothening the wind
flow inside the tunnel. Boundary layer wind flow was
created by placing vortex generator (width 110 mm) at the
inlet region. Square cubes of three different dimensions (7.1
cm, 5.0 cm, 3.7 cm) were installed in three different layers
at the inlet region to carry out the experiment under terrain

category Il as per IS 875 (Part 3): 2015 (IS 875 (Part 3)
2015). A turn table is located at 12 m from the elliptical
effuse. Pressure measurement model was fitted at the center
of turn table. Pressure on the different faces of building
model was measured by rotating the turn table for different
wind angles. The wind tunnel has uniform section (i.e., 2
mx 2 m) upto 15 m from the elliptical effuse and rest of the
portion is diffuser. Wind speed can be varied between 2 m/s
and 10 m/s by controlling dynodrive attached with the fan
located at the end of diffuser portion. A pitot tube is located
at 7.8 m from the elliptical effuse to measure wind speed
inside wind tunnel and also reference pressure point is
located at the same region. To measure pressure, one end of
the pressure tapping was connected to pressure transducer
and another end was connected with reference pressure
point. These pressure values were recorded in ‘Barron’
instrument and saved in computer through ‘Datataker’. The
data was saved in a computer which was connected with the
transducer.

2.2 Details of model

The model was made of Perspex sheet having thickness
of 4 mm at a scale of 1:300 (Fig. 3). Different faces and
isometric view of the model with detail dimensions are
shown in Fig. 1. A total 210 numbers of pressure tapping
points (Fig. 4) were installed at five different height of 10
mm, 100 mm, 250 mm, 400 mm and 490 mm from bottom
on all the faces of the model. The pressure tapings were
made of steel tubes with 1 mm internal diameter and 15-20
mm long. These pressure tapings were installed in the
model by drilling holes at each and every grid point and
very close to the edges of the faces to study the changes of
pressure variations due to separations, upwash and
downwash mechanisms of flow.

2.3 Boundary condition
Wind tunnel test has been conducted at wind speed of

10 m/s. Boundary layer flow was generated by vortex
generator and cubic blocks placed in the upstream side of
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Fig. 3 Model placed inside wind tunnel
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Fig. 4 Pressure tapings installed in the model

the wind tunnel. The power law index («) for the velocity
profile inside the wind tunnel is 0.133. The model was
placed at the center of the turn table located at 12 m from
elliptical effuse. Free stream velocity was measured using
pitot tube during the experiment. The measured boundary
layer wind flow profile and turbulence intensity profile are
plotted in Fig. 7.

3. Numerical study

Numerical study has been carried out by Computational
Fluid Dynamics (CFD). Standard RANS k-¢ turbulence
model is used for the modelling because it maintains a
trade-off between computational efficiency and accuracy.
The standard k- model uses the gradient diffusion
hypothesis to relate the Reynold stresses to the mean
velocity gradients and turbulent viscosity. k is turbulence
kinetic energy and is defined as the variance of fluctuations
in velocity and ¢ is the turbulence eddy dissipation (the
rate at which the velocity fluctuation dissipate).

So, modified continuity and momentum equation after
incorporating two new variablesi.e., kand & are

0 0
tha—xj(puj):o @

oY, 0 ()@, 0], (v Y,
ot +axj(pUin)_ axi+6Xj |:ﬂeff[axj+axi +SM (2)

where S, isthe sum of body forces, s is the effective
viscosity accounting for turbulence and p’ is the

modified pressure. The k-e model, like the zero equation
model, is based on the eddy viscosity concept, so that

/uef'f :/u+:ut (3)

where g is the turbulence viscosity. The k-¢ model assumes
that the turbulence viscosity is linked to the turbulence
kinetic energy and dissipation via the relation
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where C , isaconstant.

The value of K and & can be obtained directly from
the differential transport equations for the turbulence kinetic
energy and turbulence dissipation rate
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P, is turbulence production due to viscous forces,
which is modeled using

o, (Y, YU 20U, (, U, -
AU ox; 3 X, Mook, 7

J

Cﬂ is the k-¢ turbulence model constant of value 0.09.
Csl '

of values 1.44, 1.92 respectively. o, is the turbulence

C,, are also k-¢ turbulence model constant in CFD

model constant for K equation of value 1.0 and o, is

the turbulence model constant for & equation of value 1.3.
£ is the density of air in the model and taken as 1.224

kg/m®. u and x4 are dynamic and turbulent viscosity
respectively. The other notations are having their usual
meanings. The building was considered as bluff body in
CFD and the flow pattern around the building is studied
using this model. Turbulence intensity is considered as
10%.

3.1 Domain and meshing

The domain size (Fig. 5) is taken as referred in Franke et
al. (2004). The upstream side is considered as 5H from the
face of the building, downstream side is taken as 15H from
the face of the building, two side clearance of the domain is
taken as 5H from the face of the building and top clearance
is also taken as 5H from the top surface of the building.
Such large size of domain helps in vortex generation at the
leeward side of the building and backflow of wind can also
be prevented. Finite volume discretization approach is used
to discretize the whole domain so that, separation of wind
flow, upwash and downwash mechanisms can be happned
similar to the experiemental study. Finite element mesh is
generated using tetrahedral elements throughout the domain
(Fig. 6). Tetrahedron meshing is inflated near the model
with hexagonal elements for uniform wind flow near the
surface of the ‘E’ plan shaped tall building. Around 1
million elements are generated in total within the whole
domain.
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Fig. 5 Domain for the numerical study

3.2 Boundary condition

The boundary conditions are taken as the same as used
in the wind tunnel test such that the results found from the
numerical analysis can be compared with the
experimentally predicted results. Similar types of boundary
condition were also used in Chakraborty et al. (2014).
Boundary layer wind flow from the inlet side is generated
using the Power law as given in Eg. (8) and the coefficient
() is taken as 0.133 which was found from the experiment.

U Z ‘
~ |2 8
Y (] ®

where Uy is the basic wind speed and is taken as 10 m/s and
Z, is the boundary layer height which is considered as 1 m

similar to the wind tunnel test. The velocity profile and
turbulence intensity profile in the inlet for experimental and
numerical study are shown in Fig. 7 and it is seen that
numerically predicted wind flow is comparable with the
experimental study. Turbulence intensity is also comparable,
but some discrepensy is noticeable. However, this
discrepency can be minimized with improving the mesh
pattern or, by increasing the number of elements in the
domain. This figure is suggesting that the numerical model
is acceptable for computing wind effects on the building.
Relative pressure at outlet is considered as 0 Pa. The
velocity in all other directions is set to zero. Residual target
for convergence is set as 1x10°. Side surfaces and top
surface of the domain are taken as free slip condition so that
no shear stress generates over these surfaces and all
surfaces of the building and ground of the domain are
considered as no slip condition to measure the pressure
contour accurately.
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Fig. 6 Mesh pattern around the building (plan view)
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Fig. 7 Comparison of experimentally and numerically predicted wind speed and turbulence intensity

4. Results and discussion
4.1 Wind flow pattern

Pressure variation on the building is directly influenced
by wind flow pattern. Vortex generation and different types
of mechanism such as separation of flow, upwash and
downwash are happened due to dynamic behavior of wind
flow. To investigate such mechanisms more accurately,
wind flow patterns around the ‘E’ plan shaped tall building
are being studied for different wind incidence angles
varying from 0° to 180° at an interval of 30° using CFD
technique. Flow pattern for different wind incidence angles
are shown in Fig. 8.

It is clearly seen that flow pattern around the model is
symmetrical about vertical axis for 0° and 180° wind
incidence angle, so it is expected to get similar pressure
distribution on symmetrical faces for these two wind angles.
Face K and E may be experienced symmetrical pressure
distribution about vertical axis for 0° and 180° wind angle
because of perpendicular wind direction about these two
faces. Also, wind flow pattern is almost symmetrical for 90°
wind angle, however flow lines are not symmetrical after
separation, because sectional view of two sides are

unsymmetrical and vortices generated on these two sides
are not symmetrical. Vortex generation and variation of
pressure are fully dependent on the plan shape of the
building. Dynamic nature of wind flow is observed for other
wind incidence angles due to assymatry in the cross
sectional area in plan. Negative pressure may observe in the
rear side faces with respect to wind flow directions in each
case due to suction force of vortices at the wake region.
Also negative pressure will occur at the flow separation
zone. Some small vortices generated in between the limbs
of ‘E’ plan shaped tall building due to interference effects of
the limbs and negative pressure may occur on these surfaces
also.

4.2 Variation of pressure coefficients

It is of utter importance to study pressure coefficients in
a detail way for every unconventional plan shaped tall
building which can be used by designer to design the
building under wind excitation. Critical pressure
coefficients may not be found in perpendicular wind
incidence angles only (Chakraborty et al. 2014, Mukherjee
et al. 2014). For that reason, a detail investigation of wind
pressure variation is required to carry out with skew wind
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angles also. In this aspect, a detail investigation of pressure
coefficient and pressure variation on different faces of ‘E’
plan shaped tall building has been carried out
experimentally as well as numerically by wind tunnel test
and CFD technique respectively. Wind pressure variation is
measured for 0° to 180° wind incidence angle at an equal
interval of 30°.

4.2.1 Experimental results

Pressure contour on different faces are plotted for every
wind incidence angle. Some critical pressure contours are
shown in Fig. 9 for all the faces. Also, mean pressure
coefficients of all the faces are shown in Fig. 11(a).
Generally buildings are designed considering mean pressure
coefficients, but it is desired to design any building face
considering local pressure coefficients of any point on that
face.
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Wind is directly affecting face K and E for wind
incidence angle 0° and 180° respectively, so the pressure
distribution is symmetrical about vertical axis and vortices
generated at the wake region is also symmetrical for both
the cases (Fig. 8). Pressure distribution on the rear side
faces are also symmetrical for these two wind incidence
angles due to the simiar reason. Face J always undergoes
negative pressure as no direct wind forces is acting on that
surface. Higher variation of mean pressure coefficient is
noticed on face A (-0.68 to 0.62) with the variation of wind
incidence angle from 0° to 180°. Whereas, least significant

variation of pressure coefficient is noticed on face F, G, H, I.

For different wind incidence angles, these four faces are
least affected. However from the symmetrical point of view,
these faces are also similar important as face D, C, B, A.
Maximum critical mean pressure coefficients (C,) on
face A, B, C, D are noticed at 90° wind incidence angle. On
the other hand, critical mean C, on face E, F, G, H, J, L are
found at 180° wind incidence angle. Maximum mean C, on

face | and face K are found for wind incidence angle 60°
and 0° respectively. It is also noticeable that some of the
faces are experienced almost zero mean C, (Fig. 11(a)) at
some wind incidence angles. Inspite of almost zero mean
pressure coefficients on face B, E, G, H, K, L (Fig. 11(a))
for wind incidence angle 120°, 60° and 30°, these faces are
more critical under design consideration as the variation of
pressure is perceptible. Almost same pressure variation of
intensities from negative to positive is noticed on these
faces which creates thrust as well as suction type of force
on a face. This nature of wind force is very critical from
design point of view.

It is noticeable that more critical faces are B, E, G, H, K,
L under design consideration due to larger deviation of
pressure contour on these faces. Maximum positive mean
C, on face E and K are occurred at 180° and 0° wind
incidence angle respectively. However, maximum positive
mean C, on face (A, 1), (B, H), (C, G), (D, F) and (J, L) are
occurred at 150°, 180°, 180°, 180° and 120° wind angles
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respectively. Although, maximum mean C, on face (J, L)
occurred at 120° wind angle, it is noticed that mean C, at
90° wind angle is almost same with 120° wind angle. On
the other hand, maximum negative mean C, on face (A, I),
(B, H), (C, G), (D, F), (J, L), K and E are occurred at 90°,
90°, 90°, 90°, 180°, 90° and 90° wind angle respectively. It
is perceptible that, maximum negative mean C, on all the
faces are occurred at perpendicular wind incidence angles.
However, for the case of maximum positive mean C,, skew
wind angles are also made impact for some of the faces.
Critical face considering maximum positive mean pressure
coefficient (0.8) is face K under wind inclination angle 180°
and critical face considering maximum negative mean
pressure coefficient (-0.68) is face A under wind inclination
angle 90°.

4.2.2 Numerical results

Detail pressure variation and mean pressure coefficients
of all the faces are also studied numerically by CFD for
different wind incidence angles. Pressure variation and
mean pressure coefficients for all the faces have already
been studied experimentally in section 4.2.1. Here, wind
effects on the building model is studied from 0° to 180°
wind angles at an interval of 30° similar to the wind tunnel
test. In order to compare numerically predicted results,
pressure contour for the same faces are plotted also here in
Fig. 10 as it was plotted in Fig. 9 using wind tunnel results.
It can be seen clearly that numerically predicted pressure
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contours are converged well with the experimentally
predicted results. However, very tiny variation in mean
pressure coefficients are observed with respect to the
experimental results (Fig. 11(b)).

Maximum positive mean C, on face (A, 1), (B, H), (C,
G), (D, F), (J, L), Kand E are occurred at 150°, 180°, 180°,
150°, 90°, 0° and 180° respectively. Wind incidence angle is
different from experimental one only for face (D, F)
considering maximum positive mean C,. However, almost
same value is noticed for 180° also with very tiny variation
from 150° on that face. Similar to experimental results,
maximum negative mean C, of all the faces are occurred at
same wind incidence angles as in wind tunnel test. Overall
study of pressure coefficients depicts a very good
agreement of results between experimental and numerical
study.

Here also some of the faces undergoes almost zero mean
pressure coefficients (C, < 0.1) as in experimentally
predicted results. Though these faces have almost zero
mean pressure, the magnitude of pressure is largely varied
between negative to positive (Fig. 10), so these faces should
be designed considering the local pressure coefficients.

4.3 Comparative study
A detail comparison of two different methods

considered for the present study has been carried out. More
specifically, numerically predicted results are compared
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Fig. 11 Mean pressure coefficients for all the faces of the building

with the experimentally predicted results as numerical
method offers a good efficiency with respect to wind tunnel
test. To investigate more accurately, mean pressure
coefficients of different faces are considered.

In order to compare more specifically, mean pressure
coefficients of each of the faces and pressure contour are
considered. Mean pressure coefficients of all faces for
different wind incidence angles are shown in Fig. 11 and
pressure contour of some critical faces are plotted in Fig. 9
and 10 by experimental and numerical study respectively.
The values found by two methods (experimental and
numerical study) are comparable and the magnitudes found
by numerical method are within the acceptable limit with
respect to wind tunnel results. It is also noticeable that
almost zero mean pressure coefficients are absolutely
merging the results predicted by two methods. On the other
hand, pressure contours (Figs. 9 and 10) predicted from
experimental and numerical study are well converged with
each other. Very tiny discrepancy is noticed on face F and K
between experimentally and numerically predicted pressure
contours. These discrepancy has occurred due to mesh
pattern throughout the domain. Meshing plays an important

role in case of numerical study as the solution is computed
by the finite element operation. The mesh or discretization
could be improved through high computational efficient
laboratory.

4.4 A detail study for all wind angles

A detail study has been carried out in this section
considering all wind incidence angles for all the faces of the
building. More specifically, pressure variation on different
faces of the building along vertical centerline i.e., along the
height of the building is studied for each wind incidence
angle. Also, the variation in mean pressure coefficients for
each of the face by varying wind incidence angle is studied
as a part of detail study. Finally, analytical expressions for
each of the face are provided for predicting mean pressure
coefficients. This detail study will help the practicing
engineers to predict wind pressure coefficients analytically
for the building.
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Fig. 12 Pressure variation along vertical centerline for all the faces

First and foremost, variation of pressure coefficients
along vertical centerline for different faces of ‘E’ plan
shaped building are plotted in Fig. 12 considering all the
wind incidence angles. Vertical pressure variation on face K
is varying from parabolic (positive) to almost straight line
(negative) with wind angles varies from 0° to 180°. Almost
similar pressure variation is noticed on some symmetrical

faces (i.e., face (A, I); (C, G)) about vertical axis for all
wind incidence angles. Some abnormal behavior of pressure
variation is noticed on face H at 150° wind incidence angle.
Positive pressure is noticed at the top portion of this face
because of thrust action of wind flow after upwash
mechanism. Some positive pressure is observed at the lower
portion of face D at 120° wind angle, however most of the
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Table 1 Parameters of Fourier polynomials for different faces of the building

Constant parameters

Face (0]

Y by a, b,
A 0.02924 -0.09917 0.04675 -0.4656 -0.3292 0.1097
B 0.02687 -0.0985 -0.07233 -0.4287 -0.172 0.2022
c 0.02635 -0.03564 -0.1426 -0.4323 -0.1326 0.2341
D 0.02649 -0.05515 -0.1341 -0.4357 -0.1395 0.252
E 0.02097 0.001822 -0.4231 -0.2564 0.138 0.2612
F 0.02193 -0.06366 -0.2723 -0.2535 0.005675 0.2217
G 0.02373 -0.02881 -0.241 -0.3436 -0.0436 0.1643
H 0.02084 -0.1137 -0.3883 -0.1419 0.1637 0.1285
I 0.000249 -1.27x107 1.693x10’ 3.742x10° -4.231x10° -1.871x10°
J 9.545x10°° -1.859x108 2.478x10° 2.453x10° -6.195x107 -1.076x10°
K 0.02326 -0.06786 0.426 0.08697 0.1802 0.1697
L 0.02498 -0.1224 -0.47 0.5419 0.06938 0.1276

upper portion is experienced by negative pressure due to
interference effects of the limbs close to the face. Pattern of
pressure variation along vertical centerline of face K and E
is almost equal and opposite in nature from 0°to 180° wind
angle as expected due to opposite surfaces with respect to
wind angles. Vertical centerline pressure distribution on
face J is always negative because no direct wind force is
affected on this face. However, almost mirror image
pressure variation is noticed on face L along vertical
centerline for 0°to 90° and 90° to 180° wind angles.

In the context of detail study on wind pressure
coefficients of each of the faces, the variation of mean
pressure coefficients with wind incidence angles are
required to plot. Also, it is important to quantify mean
pressure coefficient for a particular face of the ‘E’ plan
shaped tall building without rigorous calculation. For that
reason, it is of utter importance to propose analytical
expression for each of the face. To propose analytical
expression, the Fourier expansion has been utilized as the
sum of sine and cosine function. The Fourier expansion can
be given by

n
f(x)=a,+>_{a cos(iwx)+hsin(iwx)} 9)
i=1
where, a, is the constant which is also intercept of the
model, @ is the frequency of the signal or, the predictive
function. In this equation, i must be truncated at some
finite number n to get a proper harmonic polynomial. &,
and b; are the constants corresponding to the hoarmonic
terms. To propose polynomial for the different faces of the
building with the Fourier series as provided in (9), n=2
has been chosen for the present problem. So, the Fourier
expansion for each of the faces can be given by

f (x)=a, +a cos(wx)+b, sin(wx) + a, cos(2wx) +b, sin(2wx) (10)

where, x is the wind incidence angle in degree and f (x)

denotes the mean pressure coefficients for different wind
incidence angle for a particular face. All the parameters of
the equation for the different faces are provided in Table 1.

Also, the curve fitting for different faces of the building
using Fourier series expansion are provided in Fig. 13. It

can be seen from the figures that all the predicted curves are
fitted well with the test data. To check the accuracy of the
fitted models as shown in Table 1 and Fig. 13, three
different error measurements have been performed which
are sum squared error (SSE) which is also known as

residual sum of square (RSS), R? value which is widely
used statistical measure to check feasibility of the model
and root mean square error (RMSE). The expressions for all
the three error measurement procedure are given below.

SSE:i{yi — (%))’ (12)

(12)

RMSE =\/;i{yi — (% )}2 (13)

i=1
where, N is the total number of observation for a model, Yy
is the mean of observed data, Y; is the observed value at

X, and f(x) Iis the predicted value at X; using Fourier

series expansion. All the above mentioned errors are plotted
in Fig. 14.

It can be seen from Fig. 14(a) that SSE predicted for all
the faces are below 0.1 which is acceptable for the proposed
model. Most importantly, most of the values are below 0.03
except face B, C, D which justify the applicability of the

proposed expressions. Similarly, all the predicted R?
values lie between 0.9 and 1 which is very good for fitting
any data. Also, the RMSE values are within the permissible
limit for all the faces. Thus, the predicted Fourier series
expansion for each of the faces can be utilized for
predicting mean pressure coefficient on any face for a
particular wind incidence angle which may varies from 0°
to 180°.
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Fig. 14 Different errors of the Fourier series for different faces of the building

5. Conclusions

A comprehensive study has been carried out in this
paper to understand wind effects on ‘E’ plan shaped tall
building. The study has been conducted with a 1:300 scaled
model experimentally as well as numerically using wind
tunnel test and CFD technique respectively. Wind tunnel
test is already an acceptable method for calculating wind
pressure on any type of structure. On the other hand, CFD
has emerged a lot in last two decades for predicting wind
effects on different types of structure. A clear view of wind
flow pattern has been studied using CFD technique which
can address the wind flow behavior for different wind
incidence angles. Symmetrical wind flow pattern is found

for 0° and 180° wind incidence angle and it was noticed that
similar pressure variation has occurred on similar faces for
these two wind incidence angles. Highly dynamic behavior
of wind flow is noticed at 30° and 120° wind incidence
angle. This type of flow pattern is directly affected the
building through the pressure variation on the faces located
at the wake region.

Mean pressure coefficients are proposed for the different
faces of the ‘E’ plan shaped tall building at different wind
incidence angles as the main objective of this study.
Maximum positive mean C, is noticed on face E at 180°
wind incidence angle and maximum negative mean C, is
occurred on face A at 90° wind angle. However, these two
values are not complete for designing the ‘E’ plan shaped
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tall building under wind excitation. For the purpose of
design, critical mean C, has been proposed for each of the
face. Also, the results found by CFD technique are well-
compared with the experimental results which suggests the
feasibility of using this technique in predicting wind
pressures on building efficiently and accurately. Besides the
wind flow pattern and mean pressure coefficients, pressure
contours on different faces of the building have also been
studied using both the method for all wind incidence angles.
A very large variation of pressure (from negative to positive
maginitude) is noticed on some faces at skew-wind angle
(120°) which results in obtaining almost zero mean C, on
those faces. Further, some analytical expression has been
proposed for each of the face of the building using Fourier
series expansion. The expressions are predicted for each of
the face of the building using sine and cosine function of
wind incidence angle. So, anyone can easily predict mean
wind pressure coefficient of a parcular face of the building
for any wind incidence angle varies from 0° to 180°. The
accuracy of the proposed models are measured by three
accuracy measurement procedure such as sum square error

(SSE), R? value and root mean square error (RMSE). It
was noticed that all the errors are within the permiseable
limit. The accuracy may be increased further by computing
the wind pressures at an interval lesser than 30°.
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