
Chapter 3
Spectral Density at Roof of Setback Tall
Building Due to Time Variant Wind Load

Amlan Kumar Bairagi and Sujit Kumar Dalui

Abstract Turbulence due to wind around conventional square shape bluff body
creates the pressure difference of different planes of the body. Nevertheless, the
unconventional bluff body creates a large amount of turbulence around its face and
on the roof region. This paper highlights the pressure variation of top roof and setback
roof of square and setback tall building with respect to different time domains. The
frequency of the roof due to wind also affects the pressure fluctuation on neighbor
faces. Most of the pressure fluctuation develops at 0.06 s which forms the initial time
and maximum pressure difference occurred at the setback roof for along wind con-
dition. The present study concentrated on the fluctuation of time-dependent pressure
between top and setback roof to take special care during the design.
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3.1 Introduction

Velocity of wind changes continuously with the building height. Similarly, the pres-
sure around the building always fluctuates with respect to time, and therefore, the
frequency and the spectral density change abruptly. The turbulence around the con-
ventional tall building changes its vortex for the unconventional setback tall building.
The turbulence, pressure, frequency and spectral density on the top roof of the build-
ing have some amount of difference in setback roof of the building. A number of past
studies were highlighted the wind effect on different unconventional tall buildings.
Kim et al. [1] studied the tapered tall building aeroelastic models with different taper
ratios. Kim and Kanda [2] highlighted the static and dynamic wind pressure distri-
bution on tapered and setback tall building. Tanaka et al. [3] presented the wind flow
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characteristics on thirty-four number of tall buildings with analytical and experimen-
tal tools. Bairagi and Dalui [4, 5] estimated the optimum distance where interference
effects nullify and principal building behave like isolate building. Mukherjee and
Bairagi [6] focused the wind behavior around ‘N’ plan shape tall building by CFD
analysis. Mendis et al. [7] developed the solution of different mistakes of CFD analy-
sis. Xu and Xie [8] evaluated the optimization of aerodynamic effect on tall building
and perfect fitted wind angle. Roy and Bairagi [9] presented the wind-induced pres-
sure and force variation on setback tall building with different geometrical shapes.
Tamura et al. [10] estimated the dynamic response on tall building for different
configurations. Elshaer and Bitsuamlak [11] optimized the opening of tall build-
ing to reduce the wind-induced load. Bairagi and Dalui [12] compared the different
aerodynamic parameters between various setback tall buildings. Namchu et al. [13]
highlighted the pressure coefficients on tall chimney for different wind terrain condi-
tions. Bairagi and Dalui [14] highlighted the aerodynamic effects and power spectral
density on setback roof compared to the top roof of setback model. Mukherjee and
Bairagi [15] studied the interference effect on square plan shape tall building due to
setback model for different orientations. Rajasekarababu and Vinayagamurthy [16]
studied the experimental analysis of sharp edge setback model of aspect ratio 1:5.
The study described the hybrid turbulence models, which used delayed detached
eddy simulation (DDES) and improved delayed detached eddy simulation (IDDES)
and introduced the treatment of wall for roughness parameter combination.

The present study is based on computational fluid dynamics (CFD) simulation and
highlights the variation of pressure on top roof and the setback roof on different time
intervals and the spectral density of that particular region for along and across wind
conditions. The considered models are square plan shape bluff body and a setback
tall model of the setback roof on both sides and at half of the height from base of the
model.

3.2 Model Detail

Two numbers of analytical models have been placed inside the domain and analyze
the spectral density and pressure variations on the top surfaces of the models. The
square (SQ) model has length (L): breath (B) which was 1 and height (H): length (L)
which was 2. A setback (SB) model also considered with the same aspect ratio of SQ
model. The setback distance used 20% of the length of the model and placed on both
sides and half-height of model from base. As the setbacks are equally distributed, the
total area of setback roof and top roof of the SBmodel compared it to SQmodel. The
wind incidence angels are considered from 0° to 90° at 15° intervals (see Fig. 3.1).
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Fig. 3.1 Model details for a SQ and b SB

3.3 Analytical Domain and Mesh

The computational fluid dynamics (CFD) is a widely accepted method of for the
analytical application of wind engineering. The present study based on this CFD
simulation. The models are placed inside the analytical domain at 5H from the
extreme edge of the model to the inlet and sidewalls of the domain and 15H and 6H
for outlet and top of model, respectively, as stated by Frank et al. [17] (see Fig. 3.2a).
The height of analytical model is presented by H. The boundary conditions are free
slip for the sidewall of domain, i.e., Uwall = 0, τw = 0 and no slip for model wall,
i.e., Uwall = 0. Here, Uwall is velocity normal to the wall, and τw is the wall shear
stress. The power law is introduced in this study to estimate the velocity around the
experimental model as explained in SP:64 (S&T) [18] as shown in Eq. 3.1.

U/UH = (Z/ZH )α (3.1)

where U represents the horizontal wind speed at an elevation Z; UH represents the
10 m/s speed at the reference elevation ZH ; α represents the power law index 0.133
for terrain category 2; and ZH is 1.0 m. The kinetic energy of turbulence and its

Fig. 3.2 a Computational domain for CFD simulation; b mesh detail of SQ model; and c mesh
detail of SB model
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Fig. 3.3 a Validation of velocity and turbulence intensity of wind between present studies with
Kim Kanda [2]; b pressure tapping points on the roof of SQ; and c for SB

dissipation rate at the inlet section are calculated according to Eq. 3.2.

k = 1.5
(
Uavg × I

)2
and ε = C0.75

μ × [
k1.5/ l

]
(3.2)

where Uavg represents the mean velocity at the inlet; I represents the turbulence
intensity; and l denotes the turbulence integral length scale. The k − ε turbulence
model has air temperature 25 °C with tetrahedron meshing (see Fig. 3.2a, b).

3.4 Comparison with Analytical Study

This analytical study also validated with the experimental study of setback model
discussed by Kim and Kanda [2]. The experimental model was 40 m × 24 m ×
160 m with 8 m setback in 1:400 scale was a study in 1.8 m× 1.8 m× 12.5 m wind
tunnel at the University of Tokyo. The simulated model has the same aspect ratio
with the same boundary conditions. The velocity profile and turbulence intensity of
present study validated with Kim and Kanda [2] as shown in Fig. 3.3a.

3.5 Results and Discussion

Pressure variation of unconventional rooftop is quite different compared to the con-
ventional rooftop of tall building. In this study, the setback model has three numbers
of roof. One is top and another two are setback at half of the building height. The
attacking wind creates a huge amount of turbulence near the setback roof and sur-
rounding surface of the model. Bairagi and Dalui [19] conferred the variation of
spectral density on the setback roof of tall model. The authors were considered an
unconventional setbackmodel which had setback on one side. This study is discussed
the pressure variation, and the power spectral density calculation is carried out in
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this study for along the wind and across the wind conditions. The pressure tapping
points are considered at the edge of the roof of SQ and SB model (see Fig. 3.3b, c).
The points #A and #B are located at 0.04 L from the edge of top roof of SQ model.
Similarly, for the SB model has #1, #2, #3 and #4 are the pressure tapping points.
The points #1 and #4 are situated at 0.15L from the edge and #2 and #3 are 0.24 L
and 0.96 L, respectively, from the edge.

3.5.1 Pressure-Transient Analysis

The change of pressure over time is the pressure-transient analysis. This study high-
lighted the pressure fluctuation at the rooftop of SQ and SB model followed by
Eq. 3.3.

Cp(t) = [P(t) − P0]/
(
0.5ρV 2

z

)
(3.3)

whereP(t) is the pressure at time t,P0 is the reference static pressure of that particular
point, ρ is the density of air and Vz is the mean velocity at the height of the roof.
Here, negative sign denotes suction, and positive sign presents the pressure.

Pressure coefficient at top roof and setback roof with respect to time for along and
across wind conditions has been plotted (see Fig. 3.4). From the figures, it is clear that
the high amount of pressure fluctuation is developed at first 0.06 s. The maximum
pressure coefficient (3.52) observed at the beginning of the flow of the SB model at
the tapping point #3 and maximum suction (−1.8) noticed at 1.43 s at tapping point

Fig. 3.4 Comparison of pressure transient for SQ and SB model at a, b top roof along wind and
across wind; c, d setback roof of SB model along wind and across wind
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#A of SQ model for along wind condition as shown in Fig. 3.4a. The point #B and
#3 has maximum pressure 1.38 for 2.85 s and 1.66 for 2.82 s and suction is −1.6
for 1.46 s and−1.25 for 1.2 s. For across wind condition, maximum pressure (1.38)
is developed at #B for SQ model at 2.87 s and maximum suction −2.08 at #3 for
1.42 s (see Fig. 3.4b). After that, it may be said that the pressure coefficient of SB is
greater than the SQ model. Again, the pressure in the setback zone at #1 and #4 has
1.55 and 1.87 for 2.82 s and 0.02 s for along wind condition (see Fig. 3.4c), where
maximum suction is 1.44 in 1.28 s at #4 point. For across wind condition, pressure
has 1.07 and 1.30 in 2.56 s and 2.79 s. The suction is −2.02 is same for #1 and #4
points for 1.34 s (see Fig. 3.4d). According to the above condition, it may be said
that the pressure variation is maximum at setback region due to a large amount of
turbulence due to setback for along wind condition.

3.5.2 Spectral Density on Top and Setback Roof

Power spectral density (PSD) is the process, which defines the strength of energy as
a function of frequency variation of a particular point. In this connection, anyone can
calculate the frequency and amplitude of a variable signal in a time series. Another
non-dimensional part Strouhal number takes place in this oscillatingflowmechanism.
The equations of PSD and Strouhal number are described under Eqs. (3.4)–(3.5),
respectively.

[Sp( f )]/σ 2 (3.4)

f B/U (3.5)

where Sp is the power spectral density in energy/frequency, f is the frequency in Hz,
σ is the standard deviation of pressure variation with respect to time, U is the flow
velocity in m/s and B is height of pressure tapping point marked as #.

Figure 3.5 represents the PSD of top roof and the setback roof of SQ and SB
models for across and along wind conditions at the points as stated in the previous
section. For along wind condition, the spectral density of farthest point #B has high
value compared to the #A at the Strouhal number 0.1 (see Fig. 3.5a). Similarly, the
farthest point #2 has high spectral density with respect to #1 and has Strouhal number
0.05. Again for acrosswind condition, the SBmodel has less spectral value compared
to SQ model at the Strouhal number 0.07 in Fig. 3.5b. In the case of setback roof,
the spectral value of #1 is 0.12 for the fB/U value 0.025, whereas at point #4 has
spectral value 0.05 for fB/U value 0.038 (see Fig. 3.5c). From this graph, it may be
said that the high amount of pressure fluctuation observed in the setback zone of
SB model for along wind condition. Figure 3.5d presents the spectral density curve
for across wind condition. Here, the spectral density fluctuation is minimum except
the Strouhal number 0.076. In this zone, high amount of spectral density variation is
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Fig. 3.5 Comparison of spectral density of SQ and SBmodel at a, b top roof along wind and across
wind; c, d setback roof of SB model along wind and across wind

compared to #1 and #4. According to those graphs, it is clear that the SB model has
higher spectral density variation in its setback region and affects the neighbor faces
to change its frequency due to the high amount of turbulence. Therefore, special care
should be adopted to design the setback roof and the neighbor face compared to the
conventional roof of a tall building.

3.6 Conclusion

The CFD simulation has been studied in this paper for square and setback tall model
to calculate the pressure transient and power spectral density at the top roof and
setback roof. The number of simulations has been conducted in CFD analysis for
along and across wind conditions. The results convey the message to the designer to
consider special care to design the setback roof and adjacent wall of the setback tall
building. The number of important features is observed in this study and stated as
follows.

• High amount of pressure fluctuation is observed at first 0.06 s for both square and
setback model.

• Maximum pressure (3.52) has been developed on the top roof of the setbackmodel
at the initial time for along wind condition. However, the square model has less
pressure at the same time series.



28 A. K. Bairagi and S. K. Dalui

• The maximum pressure variation has been observed for across wind condition on
the setback model for 0.15 s.

• The farthest setback roof for along wind condition has maximum pressure coef-
ficient 1.87 for 0.02 s and 1.30 for 2.77 s and has the same suction (−2.02) for
1.34 s.
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