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Abstract. The tapered and set-back type of unconventional designs have been used earlier in many buildings. These shapes are
aerodynamically efficient and offer a significant amount of damping against wind-induced forces and excitations. VVarious studies have been
conducted on these shapes earlier. The present study adopts a hybrid approach of turbulence modelling i.e., Detached-eddy Simulation
(DES) to investigate the effect of height modified tapered and set-back buildings on aerodynamic forces and their sensitivity towards
pressure. The modifications in the flow field around the building models are also investigated and discussed. Three tapering ratios (T.R.=
(Bottom width- Top width)/Height) i.e., 5%, 10%, 15% are considered for tapered and set-back buildings. The results show that, mean and
RMS along-wind and across-wind forces are reduced significantly for the aerodynamically modified buildings. The extent of reduction in
the forces increases as the taper ratio is increased, however, the set-back modifications are more worthwhile than tapered showing greater
reduction in the forces. The pressure distribution on the surfaces of the buildings are analyzed and in the last section, the influence of the

flow field on the forces is discussed.
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1. Introduction

A building submerged in turbulent boundary layer
experiences loads and excitations in three directions and as
the height of the building is increased the wind loads are
enhanced (Kim et al. 2015, Zhao et al. 2011). The outer
geometrical shape of the structure contributes majorly in
providing resistance against wind-induced loads and
excitations in either direction. The traditionally designed
square, rectangular bluff shaped buildings are more likely to
be confronted by wind-induced dynamic loads. The
aerodynamic modifications are efficient ways to alleviate
these loads. A comprehensive review on the potency of
aerodynamic modifications of tall buildings has been
presented by Sharma et al. (2018), Asghari et al. (2016).
Other reviews by Kareem et al. (1999), Kareem (1983) also
focus on the effectiveness of these treatments and moreover,
Tamura research group has been exploring the behaviour of
unconventional tall structures since the past decade and
contributed appreciably in this field.

The aerodynamic maodifications change the fashion in
which the approaching wind interacts with the building and
form vortices, in this way the mechanism of vortex
shedding can be customized.
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The frequency of vortex shedding highly depends on the
width of the building and Strouhal number (St), the major
modifications in the outer architecture of the buildings such
as taper and set-back spread the vortex shedding frequency
to a broader range throughout the height of the building
(Xie 2014, Kareem 1983), which consequently breaks the
coherency between the vortices and suppresses the dynamic
forces and response (Kareem 1983, Irwin 2009, Kim and
You 2002, Kim and Kanda 2010a, 2013). John Hancock
Centre, Yokohama Tower etc have been adopted with the
taper on two sides and The Petronas Tower (Kaula
Lumpur), Jin Mao Tower (Shanghai) and Sear Tower
(Chicago) have utilized set-back modification.

Previously many studies have analyzed the tapering and
set-back modifications and its impact on wind-induced
loads and responses. A summary and main findings of some
studies are presented in the Table. 1. Among the literature
presented in Table 1, (Kim and Kanda 2010a, 2013, Deng et
al. 2015, 2018) discuss the pressure distribution on the
surfaces of the building experimentally.

In past, (Meng et al. 2018, Zhao et al. 2017, Mou et al.
2017, Huang et al. 2007) have analyzed the pressure
sensitivity on the surfaces of a tall building with the help of
CFD. The Reynolds-average Navier-Stokes (RANS) and
Large-eddy Simulation (LES) approaches have been
employed in these studies. The RANS models are widely
used at the industry level due to its capability to predict
mean flow conditions with reasonable accuracy and lower
computational cost (Tominaga 2009, Mochida 2008) but
cannot provide the good results in cases of massively
separated flows (Rodi 1997, Schmidt and Thiele 2002,
Spalart 2009). On the other hand, the LES approach is
capable of handling the complex turbulent flows
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Table 1 Summary and main findings of previous studies on major modifications

Reference Method Modification Conclusions
Kim and You 2002 HFFB 5%, 10%, 15%, Tapering is more effective for across-wind direction than
along-wind direction, responses are not always reduced.

Kim et.al. 2008 Aeroelastic 5%, 10%, 15% Tapering is beneficial for high-reduced frequencies with
moderate damping ratios, increase in response for very low
damping and high-velocity range.

Kim and Kanda HFFB, 5%, 10% tapered and Mean drag and fluctuating lift forces are reduced, the set-

2010a SMPSS set-back back model is more effective in reduction than tapered.

Kim and Kanda HFFB 5%, 10% tapered and  Mean along-wind and fluctuating across-wind OTM decrease

2010b set-back significantly

Kimet.al. 2011 HFFB 5%, 10% tapered and  Modified models with the mass centre and rigidity centre

set-back eccentricity have lesser along wind and torsional acceleration
but across-wind acceleration is high, increase in eccentricity
decreases across-wind acceleration and increases torsional
acceleration.

Kim and Kanda SMPSS 5%, 10% tapered and  The height of vortex formation moves upward, vortices shed

2013 set-back more frequently in the upper region than lower region.
Deng et.al. 2015 SMPSS 2.2%, 4.4%, 6.6% Reduction in across-wind response effectively, mitigation
taper effect increases with an increase in taper ratio, vortex
shedding frequency increases.

Kim et.al. 2015 Aeroelastic 10% Responses of the tapered model are suppressed for low
turbulence and urban flow environment but grid generated
flow gives adverse results.

Deng et al. 2018 SMPSS 2.2%, 4.4%, 6.6% The peak negative pressure is observed to be reduced with

taper

an increase in the tapering ratio.

satisfactorily (Murakami 1998, Rodi 1997, Huang et al.
2007) but good reversed flow prediction (Murakami 1993,
Murakami and Mochida 1995). But LES is not an
economical approach in terms of computational cost and
time. The hybrid DES approach (Spalart 1997) offers lesser
computational cost with the accuracy comparable to the
LES model (Liu and Niu 2016, 2017).

Paik et al. (2009), Haupt et al. (2011) adopted the DES
technique for flow field prediction and pressure distribution
analysis around the cubes. Schmidt and Thiele (2002)
examined and compared the efficacy of the RANS, LES and
DES to capture the flow field around a cube and concluded
that DES can reproduce flow features correctly. Yan and Li
(2017) examined the accuracy of LES and DES for wind
load estimation for a high rise structure and reported that
DES predicts the mean pressure coefficient quite well as
compared to experimental tests, but found some
discrepancies in the prediction of negative pressure and a
slight over-estimation of fluctuating components of pressure
observed. Liu and Niu (2016), Liu et al. (2017) tested the
SRANS, URANS, LES and DES models for flow
prediction around a building model, and reported that all
models could predict better mean flow approximation on
windward side, however LES and DES models reproduced
better transient and mean flow pattern on leeward and sides
of the building. Although among all the models DES and
LES can predict similar results in the wake region and the
DES model requires a lesser number of grids. Sharma et al.
2019 investigated the effect of interference between two
buildings on flow field with DES approach based on k-o
SST model. For the guidelines regarding the
implementation of DES approach, Bunge et al. (2007) may
be followed.

2. Objective

The earlier studies explored the wind-induced loads and
dynamics of tapered and set-back buildings and practised
the aerodynamic treatments on reference square building
models by keeping height and base dimensions same, but
these modifications may cost the usable floor area (as the
volume of the building after modification is reduced),
which can only be recompense by increasing the number of
floors or by increasing the base area. Tse et al. (2009)
identified this issue and investigated the influence of an
increase in height of building to keep the volume same on
the aerodynamic forces and overall cost associated with it.
Majority of the past studies analyze the forces, moments
acting on the modified buildings and dynamics of the
structures, but very few discuss the pressure sensitivity of
such buildings. Moreover, none of the previous studies
discusses the modifications in the flow field due to
modifications in the geometry.

Considering the above-mentioned gaps in earlier studies,
the present work analyzes characteristics of wind forces and
pressure distribution of taper and set-back buildings (at 0°
of wind incidence) by keeping the height of all the buildings
same as that of reference square building and customizing
the other dimensions to keep the volume of tall building
same. To perform the numerical simulation of
aerodynamically modified tapered and set back buildings,
the modified version of DES i.e. DDES (Delayed detached-
eddy simulation) approach based on SST k — w model is
adopted for the cases to predict the pressure distribution and
flow field around the buildings. The results obtained from
the CFD analysis were compared with wind tunnel test data
for the validation of the turbulence model.
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3. Methodology and CFD setup

The selected building models (Fig. 1) were first tested in
a wind tunnel at Department of Civil Engineering, Indian
Institute of Technology, Roorkee, India. The turbulent
boundary layer having power law exponent (a) of 0.20 was
simulated in the wind tunnel. The Reynolds Number (R.)
for present wind tunnel test based on the velocity at the top
of the model Uy (9.6 m/sec) and model width B is 5.73 x
10*. The wind forces were measured by 5-component load
cell by NISSO (LMC-5511-10) (capacity: F, =F, =
10 kg, M, =M, =4kg—m,M,=1kg—m) and load
cell was located at the bottom of the models (below the
tunnel floor). A sampling frequency of 250 Hz is used with
a sampling time 60 seconds and a low pass filter of 45 Hz
was applied.

dpk
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The angle of incidence varies from 0° to 45° with an
interval of 5°. The obtained results later used to validate the
turbulence model. The velocity and turbulence profiles
simulated in the wind tunnel are shown in the later in
section 3.3 (Fig. 4).

The Standard DES model can behave imprecisely in the
regions of the thick boundary layer and shallow separation
regions if LES mode of DES gets activated in the attached
boundary layer region. This phenomenon ultimately causes
factitious separation of the flow in laminar like fashion
termed as ‘Modeled Stress Depletion’ (Spalart 2006).
Menter and Kuntz 2004, Strelets 2001 have proposed
amendments in DES approach i.e., DDES (Delayed
Detached-eddy Simulation) to rectify the problem and to
protect the attached boundary layer from grid induced
separation even if the grid spacing is much less than the
boundary layer thickness (Paik 2009).

The governing equations for k-w SST based DDES
model as reported by Gritskevich et al. (2012) (Ansys
theory guide 2010)

WVk] + Py — pVi3 [lppis

0 - Vk.V 1
P2 9. (p0) = V. [ + Gt Veo] + 21 = F)popp a4 a L py = ppa? @
at W Ue
_ a. k
Be =P max(a,w, F,.S) (2)
Where F; and F, are the blending functions.
F, = tanh(arg;
1 ( gl) (3)
. VE 5007\ 4pagzk T
F, = arg, = min <max <Cuwdw'd£):> , Cg;zé) tanh(arg?)
Vk Vo
CDy,, = max (Zpawz ,10'10)
F, = tanh(arg?) i 4)
B 2vk  500v
W2 =M\ wd, 2w
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*All  dimensions are in
meters.
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Here S is the magnitude of the strain rate tensor and Q

is the magnitude of the vorticity tensor and the model
constants are

€,=0.09, k=041, 0;=0.31, Cpps;=0.78, Cpgs,;=0.61, C4,=20, C4p=3

3.1 Geometric details of buildings

In the present investigation, the modifications are
implemented on square building model keeping total
volume and height as constant and customizing base and
top dimensions. One reference square model and six height
modified taper and set-back models (Fig. 1) are considered
for the investigation of forces and pressure in along-wind
and across-wind directions. The reference square and other
models have an aspect ratio of 7 and side ratio as 1:1. Taper
building models with 5%, 10%, 15% tapering ratios
( T.R.= (Bottom width — Top width) /Height) and set-
back models having top and bottom dimensions same as
that of tapered models have been adopted for the numerical
simulation.

For convenience, the abbreviated forms for each model
are used such as SQ for square, TP5, TP10, TP15 for
tapered models having 5%, 10%, 15% taper ratio and
similar shorthand notations are used for set-back models i.e.
SB5, SB10, SB15.
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o
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Fig. 1 Prototype building geometries (a)SQ, (b)TP5, (¢)TP10, (d)TP15, (e)SB5, (f)SB10 and (g)SB15
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A geometric scale of 1/400 is taken for all the building
models and the details of prototype geometry and
dimensions are shown in Fig. 1 and Table 2 below:

3.2 Computational domain and Grid arrangement

Obtaining appropriate accuracy of the solution through
numerical simulation is hugely dependent on factors such as
computational domain, grid type and resolution, boundary
conditions, solver settings etc. The accuracy of the results is
compromised if these parameters are not controlled
carefully. This section describes the computational domain,
mesh scheme, boundary conditions and solution methods
adopted in the present numerical simulation study.

Table 2 Details of building geometry

Model Top Middle Bottom Height
Type width(m) width(m) width(m) (m)
SQ 34 - 34 240
TP5 28 - 40 240
TP10 216 - 45.6 240
TP15 14.6 - 50.6 240
SB5 28 355 40 240
SB10 216 31 45.6 240
SB15 14.6 27 50.6 240
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Fig. 2 Computational Domain

Concerning the size of the domain in CFD simulations,
the distance between the building surfaces and
corresponding domain plains should be large enough to
allow the flow to develop fully and should avoid the
generation of artificial acceleration in the flow. Various
guidelines and recommendations have been proposed earlier
(COST 2007, AlJ 2008) and can be referred for the
generation of the domain. These guidelines suggest the
upstream, downstream, vertical and lateral distances as 5H,
10-15H, 4-5H and 4.6-5H respectively from the building.
However, Meng et al. 2018, Zhao and He 2017, Mou et al.
2017 and Huang et al. 2007 recommended these distances
as 1-1.5H, 2.-2.5H, 2-2.5H and 6B in upstream,
downstream, vertical and lateral directions respectively. The
present study adopts the arrangement of computational
domain recommended by Huang et al. (2007), which also
manages the blockage ratio to be less than 5% and wall
effects are eliminated. The size of the computational
domain is shown in Fig. 2. The total length of
computational domain in a stream-wise direction (X-
direction) is 40B (5.7H) (B is the width of the building at
the base), in span-wise or Z-direction 17B (2.4H) and
height of the domain is 2H (H is the height of the building).

The size of the domain and positioning of the building in
the domain ensures that there is no hindrance effect of the
domain boundaries on the building model.

The quality of the grid determines the computational
accuracy of the solution and convergence. So depending on
the type of problem, selection of the correct grid is an
important step. Generally, two types of grids i.e., structured
grid and unstructured grids are widely accepted by the
researchers in the field of computational wind engineering.
Since the structured grids are well aligned with the domain
boundary, it attenuates the problem of stress-concentration
at the vicinity of boundary areas unlike unstructured grids,
and moreover structured grids provide better computational
efficiency over unstructured grids (Zhao and He 2017). The
DES approach requires coarser mesh in RANS region
(attached boundary layer) and fine mesh LES region
(separation region) (Yan and Li 2017). So the computational
domain around all the building models is discretized
accordingly using structured grids as shown in Fig. 3. The
mesh is generated around the building using Ansys/ICEM.
The mesh size near the building fagade and ground surface
is kept fine to capture all the minute details of flow
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Fig. 3 Grid arrangement in vertical and plan view

characteristics (Murakami 1998), having first call height as
B/1000 and growth factor of 1.05 near the building surface,
a large grid stretching ratio often results in numerical
oscillations, so the grid stretching ratio near the building
model is kept as 1.05 (Spalart 2001) to avoid the numerical
oscillations as described by Murakami (1998) and away
from the building a growth factor of 1.2 is adopted.

3.3 Turbulence model and boundary conditions

The mean incident velocity of approaching boundary
layer influences the mean wind loads and turbulence
intensity affects the fluctuating components of loads so it is
very important to model the velocity and turbulence profile
correctly at the inlet of the computational domain to
simulate the aerodynamic characteristics accurately (Huang
et al. 2007). This part presents the adopted boundary
conditions for the simulation.

The atmospheric boundary layer profile simulated in the
wind-tunnel experimentation is in the following form of a
power law

e

Where V, is the reference velocity at the reference height
(Z,) of the building i.e., 9.6 m/sec in the present case and «
is the power law exponent which is 0.20. The power law
wind profile used in the experimentation is introduced in
the CFD simulation through UDF (user defined function)
and shown in Fig. 4(a). The turbulence intensity plays an
important role in flow separation and wake characteristics.

3.4 Numerical algorithm

The turbulence intensity profile (AlJ 2008) (Eq. (6))
used is shown in the Fig. 4(b) and calculated as follows

-0.05-«a
I (i) (11)
Iy \Z,
The DDES approach based on the SST k — w turbulence
model is adopted and the profiles of turbulent kinetic
energy (k) and specific rate of dissipation (w) (Eq. (7) and
Eqg. (8)) were introduced through UDF at inlet and the

profiles of these parameters are shown in Figs. 4(c) and
4(d).

=3/, (1(2).U(2))? (12)
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Table 3 Boundary conditions of computational domain

Velocity, turbulence
intensity, k and w

Inflow boundary

Downstream boundary Outflow

Top face and side faces of the

domain Free slip/ symmetry

Profiles at the inlet

d
—(w,v,w,k,w) =0
dx

a—u—a—u—v—w—o
By_aw_ - -

Bottom boundary Wall/No slip u=v=w=0
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Fig. 4 Profiles of different parameters (a) Velocity, (b) Turbulence intensity, (c) Specific rate of dissipation and (d)

Turbulent kinetic energy

_1 € 13
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The outlet of the domain is set as zero static pressure.

The side and top faces of the domain were provided
with symmetry boundary condition, which indicates the
zero gradient of all the parameters (Table 3), although

Mochida et al. (2002) and Liu and Niu (2016) have
confirmed that the wall and symmetric boundary conditions
provided on the side and top faces of the domain have the
same effect on the solution. Building surfaces and domain
bottom were assigned with no-slip boundary condition.
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Table 4 Numerical schemes used in DDES

Parameter Type
Time discretization Bounded second order
implicit

Momentum Discretization Bounded central difference

Pressure discretization Second order
Pressure-velocity coupling PISO

Under-relaxation factors 0.3 for pressure and 0.7 for
momentum

Turbulent kinetic energy Second order
Turbulent dissipation rate

Pressure gradient approximation

Second order
Green-gauss cell based

In the present study, ANSYS/Fluent 17.0 CFD tool is

used for numerical simulation of the problem which uses
finite volume method for discretization of governing
equation. Pressure based Pressure Implicit with Splitting of
operators (PISO) segregated algorithm is introduced for
pressure-velocity calculations, that involves one predictor
and two corrector steps (Yan and Li 2017). The other
schemes used for the numerical simulation are listed in
Table 4.
Time step size (At ) of 0.002 is selected. All the results are
averaged and sampled after 3.0 sec. flow time from
initialization of computation. First, the converged flow field
is obtained from SRANS model which is later used for the
initial flow conditions for DES simulation for better
convergence of the simulation, the turbulence fluctuation at
the inlet boundary were generated by vortex method. The
convergence criteria for continuity is 10°and 10 for other
parameters.

4. Definition of forces, moments and pressure
coefficients

The mean and fluctuating coefficients forces and
moments are defined by as follows

_ E, E'
Cp,=—""7"5 Crxrms = PUTE—
¥ 0.5pAUy> 0.5pAUy

= —Fy,
Byrms = 0.5pAU,,>

Where, F,, F, are the mean forces in along-wind and
across-wind directions, F,', F," are the fluctuating forces,
M,, M, are the mean overturning moments in two
directions, M,', M,’ are the fluctuating components of
overturning moments.

The mean wind pressure coefficients on the surfaces of
the building are being calculated with the following
expression

— P-P
Cp — 1 stat

7PUx"*

Where, P is the mean wind pressure, P, is the static
pressure at a reference height, p is the density of air, U,
is velocity at the reference height which is 9.6 m/sec at
building height.

5. Results and analysis
5.1 Grid independence test

To confirm the solution to be independent of grid
density, grid independence test is required. Total 8 cases of
different grid arrangements and time step sizes (At) were
tested for the square model at the normal incidence angle,
and the boundary conditions for all the arrangements were
kept same, the details of grids is provided in Table 5.

As the DDES approach requires the finer mesh in the
separated region especially in the leeward direction of the
building and uses LES mode to resolve the flow, So non-
dimensional wall distance Y* (=u’y/9, where u” is friction
velocity at nearest wall, 9 is local kinematic viscosity and
y is the first cell distance from wall) <5 is preferable. Three
grids with first cell height B/1000, B/750 and B/500 are
taken for the test. Liu and Niu (2016) analyzed the effect of
time step size on flow features and found that 0.005 is the
optimal value of time step and below this, there is no major
influence on the results. Nevertheless, as among all grids,
the arrangement with first cell height as B/1000 shows Y*
<5 (Table 5), this grid is tested for the influence of time step
size (At) with four time steps i.e.. 0.001, 0.002, 0.005 and
0.01 and among these the grids with B/1000 as minimum
grid size and At as 0.002 is adopted for all the simulations
to achieve the accuracy of the results.

Obasaju (1992) in his experimentation found irregular
changes in the drag values and suggested that a longer time
is needed to achieve more accuracy in the results. So,
considering this factor, in the present case each simulation
is averaged over 7s flow time.

5.2 Aerodynamic force analysis

Prior to obtaining computational results, the
experimental tests were performed to assess the accuracy of
the simulation. Fig. 6 shows the comparison chart of mean
and RMS along wind forces for all the models at 0° angle of
incidence. All the mean and RMS coefficients are
calculated with the help of expressions provided above. The
experimental and CFD results are compared in the same
chart. As compared to the experimental values the results
obtained from the numerical simulation are underpredicted
little bit. From the comparison charts, it is observed that the
increase in taper ratio or modification for tapered and set-
back models the mean and RMS values of along-wind
forces suppress gradually and this suppression is more
pronounced for set-back models rather than tapered models.
The tapered and set-back models with 15% taper ratio show
maximum suppression in mean and RMS force coefficients.
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Table 5 Mesh description for DDES cases

119

Mesh numbers ~ Minimum grid Tim_e . —
Case (millions) size Turbulence model ste(z :;ze Y Cp Cprms Crrms
1 35 B/1000 DDES 0.001 <5 1.28 031 043
2 35 B/1000 DDES 0.002 <5 1.28 0.27 0.43
3 18 B/1000 DDES 0.002 <5 1.23 0.33 0.39
4 21 B/1000 DDES 0.002 <5 1.24 0.25 0.40
5 35 B/1000 DDES 0.005 <5 1.33 0.23 0.41
6 35 B/1000 DDES 0.01 <5 1.27 0.19 0.45
7 35 B/750 DDES 0.002 >5 1.29 0.26 0.38
8 35 B/500 DDES 0.002 >5 1.25 0.26 0.42
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Fig. 6 \Variation of along-wind forces with respect to the square building (a) Cp and (b) Cpyms

On the basis of comparison between experimental and
computed results, it is reasonable to draw the conclusion
that absolute error in mean and RMS forces with respect to
experimental results is less than 14% and 12% respectively,
which is under the acceptable limit.

The mean across-wind load on a symmetrical body is
theoretically zero for normal wind incidence, so, only RMS
across-wind loads are discussed here for all the building
models. Fig. 7 below depicts the comparison of RMS
across-wind forces on square and height modified tapered
and set-back models for zero degrees angle of incidence.
The across-wind fluctuating forces on the buildings are
generated by the separation of the shear layer from the
leading edges of the building and formation of alternate
vortex shedding. The vortex shedding frequency is a
function of the width of the building and Strouhal Number
(St = £.B/U, where f is the frequency of shedding, B is the
width of the building in across-wind direction and U is the
reference velocity). Unlike a square building, the cross-
sectional area (and so the width) of the taper and setback
building reduces along the height which consequently
outspread the vortices over a broad range of frequencies and
constraints the vortices to shed with different frequencies
along the elevation of the building. This phenomenon
breaks the coherency between the vortices and so a
reduction of resultant fluctuating across-wind forces is

0.5
ot |
5 i % i
202 1N N IR
A [N
0L | R N A

SB5 SB10 SB15

BCFD ®&Experimental

Fig. 7 Variation of RMS across-wind forces (Cpym,s) With
respect to square building

obtained. This hypothesis can be affirmed by observing the
variation of RMS across-wind force in Fig. 7. The RMS
across-wind forces also reduce due to tapering and set-back
treatment.

The logical aspect of set-back model being more
effective than tapered one in reduction of the mean along-
wind force can be understood with the fact that, the area in
the upper portion of set-back models is lesser than tapered
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model, the high-speed wind in the upper region of the
boundary layer interacts with the lesser area of the set-back
building and consequently the mean along wind force is
reduced. A better comprehension of the mechanism of
reduction in mean forces can be acquired by analyzing the
flow field around the buildings (discussed in the later
section of the paper).

5.3 Pressure distribution

Existing studies have demonstrated that the distribution
of the pressure on the surfaces of the building highly
depends on the geometric shape of the building (Kim and
Kanda 2013, Bandi et al. 2013, Tanaka et al. 2012) and
limited studies have discussed the distribution and pressure
sensitivity of tapered and set-back buildings. This section
discusses the variation of the mean coefficient of pressures
(Cpmean) ON the surfaces of square and aerodynamically
modified buildings.

The distribution pattern of Cppean CONtours on the

surfaces of all the seven models is presented in Figs. 8 and
9 depicts the variation of the mean pressure coefficient
along the periphery of the building at three height levels
i.e., H/6, H/2 and 5H/6.
It is observed from both the figures that the maximum value
of the mean pressure coefficient on the windward faces of
all the buildings are almost the same and there is no
significant change in the maximum value.

The cross-sectional dimension of the height modified
models reduces along the height so it can be seen that the
contour area of maximum pressure coefficient is reduced
and this reduction increases as the taper ratio is increased.
However, the distinction of pressure pattern is observed on
the side and leeward faces between seven building models.
On the side and leeward surfaces, as the modification length

is increased the negative value of the pressure reduces (less
negative) or moves towards positive pressure. The variation
of the pressure on leeward surfaces vary largely from
bottom to top of the height modified models than reference
square model. The mean values of pressure coefficients at
the bottom of tapered and set-back models are lesser at
bottom side than the square model and larger values are
observed at the top sections as compared to the square
model. Kim and Kanda (2013) also observed such kind of
pattern and presented their argument on it. According to the
authors such distribution of the pressure is produced due to
the fact that, the height modified taper and set-back models
are having increasing dimensions along the bottom, which
hampers the downwash from upper portion of the geometry
and reduces the speed of downwash, on the other hand, the
upward flow diverged from the stagnation point on the
windward face of the building gets accelerated due to the
lesser cross-section along the upward direction.

The square and tapered models seem to have one

stagnation point on the windward face of the building while
the set-back models interestingly observed to have three
stagnation points at each step, which reveals that all the
three steps of the set-back buildings are influenced by
different vortex and having different properties.
As discussed in the previous section, the mean along-wind
forces are reduced as the taper ratio is increased, and set-
back models are more efficient in the reduction of mean
forces as compared to tapered one. The reason behind such
pattern of reduction in forces due to aerodynamic treatments
can be perceived by examining the variation in pressure on
windward and leeward surfaces of the buildings along the
periphery of the building models at three levels (Fig. 9).
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For taper and set-back models, the influence of the shape on
positive mean pressure exerted on windward wall is
insignificant as compared to square model, but the leeward
side experiences the increase in pressure (or less negative
pressure) and the pressure further becomes less negative

with increase in modification length, which consequently
provides less drag on the modified models, the better insight
of this phenomenon can be acquired by observing the flow
pattern around the buildings which is discussed in the last
section of this paper.
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The reattachment of flow on the side faces of the building
can be recognized by analyzing the variation of mean
pressure on these surfaces from leading to trailing edge, the
recovery of pressure confirms the reattachment of the flow
on the side faces of the building (Robertson et al. 1978,
Kim and Kanda 2013). The above-mentioned condition is
examined for three height levels at H/6, H/2 and 5H/6 (Fig.
9). At H/6 height level, the mean pressure recovery on the
side faces is observed for all the building models but all the
set-back models show more recovery at this height than
tapered models, it implies that the reattachment of flow may
occur at this height level for all the models. For H/2 level,
the tapered and square models do not show any recovery in
pressure, unlike set-back model. As the taper ratio of set-
back models is increased the recovery of pressure is more
pronounced and SB15 is having maximum gain in the
pressure at trailing edge of the building and it implies that
degree of reattachment is high for the SB15 model. A
similar pattern of pressure gain is observed at 5H/6 height
levels.

Fig. 10 displays the variation of mean C, on the central
axis of the windward, top and leeward surfaces. As evident,
the mean C, on windward surface of the square and all
tapered models are overlapped, showing that the wind
pressure on windward facade does not get disturbed
significantly by providing a taper to the building. The
maximum mean value of pressure coefficient achieved for
SQ is 0.9 at 0.5 m height (scaled height) while TP5, TP10,
TP15 experience 0.88 as maximum pressure coefficient at

0.48 m. Meanwhile, all the set-back models exhibit an
abrupt drop of mean C, at each step. Each step behaves
individually that is why we can see separate stagnation
point for each step of the building. The maximum value on
the windward face for SB5, SB10 and SB15 are 0.9 at the
height 0.5 m. The Cppean On the leeward surface of the
buildings is compared in same Figs. 10(a) and 10(b).

If we observe closely the leeward pressure coefficients
of all the models, the top portions of the buildings do not
show a large difference in the mean pressure coefficients,
however, the pressure seems to be more recovered as we
move towards the foot of the buildings. Higher
modifications i.e., TP15 and SB15 show the highest
recovery and the difference between the top and bottom of
the building (as discussed previously) pressure increases as
the tapering ratio is increased.

6. Flow visualization

The vortices formation from the sides of the building
and the fashion in which the separated vortices are
introducing themselves into the wake region, determine
majorly the nature of mean and dynamic components of
forces in either direction.

Due to the intricacies and possible large variations in the
flow configurations in the flow field, the physical
mechanism behind the variation in load distribution due to
change in shape of the building cannot be achieved through
present level of understanding, CFD analysis provides
comprehensive characteristics of the physical processes a
turbulent flow is going through during the interaction with
the building.

This section discusses the flow field behaviour around the
square, tapered and set-back buildings. Fig. 11 shows the
mean streamlines and velocity contours in X-Y vertical
midplane and X-Z horizontal planes at three height levels
i.e., H/6, H/2, 5H/6. To comprehend the differences in the
flow features between square and tapered buildings tapered
and set-back models with 10% modification lengths (i.e.,
TP10 and SB10) are adopted.

As discussed above, all the flow regimes formed due to the
interaction of wind and structure can be observed in Fig. 11,
the formation of the frontal vortex can be recognized in
Figs. 11(a)-11(c) in vertical midplanes at the upstream foot
and at each step of the set-back building (marked by a red
circle). The velocity contours and mean streamlines in
vertical midplanes show that the reattachment length for the
tapered and set-back model is increased with respect to
square model and recirculation regime is more stretched
towards the downstream direction for modified buildings,
with set-back having a larger extension than other two.
There is no reattachment of the flow on the top of the
buildings for all the cases and separation bubble at the top is
more elongated in case of tapered and set-back models. The
flow separates from the sides of the building and there is the
formation of two counter-rotating vortices in the
downstream of the building and is shown in the X-Z
horizontal planes at three levels of height along Z-direction.
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In the field of wind engineering generally, two types of
turbulence are considered in the study of the aerodynamics
of a bluff body. One, which is present in the incident wind
and other is signature turbulence or body induced
turbulence (Kim and Kanda 2010a). The signature
turbulence from the body is responsible for the generation
of vortices and its properties and vortex shedding from the
sides of the building leads the diffusion of momentum into
the wake behind the building. The higher the signature
turbulence lesser will be the width and length of the wake
region. Going by this logic and observing the present flow
structures, indicates that as the modification is provided to
the square building, the production of body induced
turbulence motivated by the geometry of the building
decreases and there is less diffusion of momentum behind
the building which leads to the elongation of separated
region and reattachment length on the ground (Elkhoury
2016, Shirzadi et al. 2017).

Now if we look at the transverse width of the wake, it
decreases along the elevation of the building for height
modified models, vortices become flatter and stretched
towards the downstream direction as compared to reference
square model. The elongation of vortices leads the recovery
(less negative) of pressure on the leeward surface of the
building which reduces the overall drag force on the
aerodynamically treated buildings (Huang et al. 2007).

7. Conclusions

The present study on aerodynamic treatment of tall
buildings with taper and set-back modifications analyzes
the characteristics of wind-induced forces and flow field
around the modified buildings.

To avoid the loss of usable area due to aerodynamic
modifications, the volume of all the buildings is kept
constant by keeping the height of the building same and
customizing other dimensions. Three tapering ratios are
used for tapered buildings i.e., 5%, 10%, 15% and three set-
back models with top and bottom dimensions same as that
of tapered models are adopted. Computational fluid
dynamics analysis is carried out by using Delayed
Detached-eddy Simulation as this approach is proved to
provide satisfactory results for the flows encountering
massive separation. After examining all the results
following conclusions are drawn:

o The mean/ RMS along-wind and across-wind
forces are mitigated with the application of the
tapering and set-back aerodynamic treatments, but
the set-back modifications are more worthwhile
than tapered showing a significant reduction in the
forces.

o The potential of the modification increases as the
modification length is increased.
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o The maximum mean pressure coefficients on the
windward faces of the square, tapered and set-back
models are observed not to be having a significant
difference, however set-back models show an
abrupt change in the pressure at the foot of each
step and each step is having individual stagnation
point. The contour area of maximum pressure
coefficient reduces as the tapering ratio is
increased.

o The mean pressure coefficient on the leeward face
of the buildings recovers more as the taper ratio is
increased and consequently the net along-wind
force is reduced.

o The side surfaces of all the building models show
different pressure distribution.

o The mean flow field around the square, TP10 and
SB10 building models are analyzed and the
physical significances of different flow regimes are
discussed.
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