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Foreword 

I am delighted to know that the Springer publishers are bringing out this compilation 
of papers selected from amongst those which were presented at the 9th National 
Conference on Wind Engineering, which was conducted during March 3 and 4 at 
BITS-Pilani Hyderabad Campus. 

The National Conference of Wind Engineering is a premiere conference conducted 
at regular intervals under the aegis of Indian Society of Wind Engineering (ISWE). 
The society was established in 1993 and presently has over 500 members. The last 
conference (8th National Conference on Wind Engineering—8NCWE) was held 
in 2016–2017 at IIT-BHU. Earlier, premier institutes such as IIT Roorkee, CSIR-
Structural Engineering Research Centre (SERC), CSIR-Central Road Research 
Institute (CRRI), Thapar University—Patiala, Visvesvarayya National Institute of 
Technology (VNIT), Jadavpur University, Sardar Vallabhai National Institute of 
Technology (SVNIT), etc., have hosted this conference. 

This is the first time the organisers are bringing selected papers presented in 
the conference in the form of this volume, and it will benefit the wind engineering 
community across the globe. 

With design of tall and complicated building structures, the field of wind engi-
neering has been growing over the decades worldwide. Wind loading codes in 
different countries provide a general estimate of wind loads on structures. But 
when structures become complicated in shape, and terrains become uneven, a more 
realistic estimation of wind loads through wind tunnel testing or CFD analysis, or 
machine learning techniques are required. The proceedings brought out as part of 
9th National Conference on Wind Engineering compiles papers in these different 
domains, which will help the practising engineers, students, faculty and researchers to 
have a comprehensive idea of the latest developments in the field of wind engineering. 

Further, the book also presents papers in the wind energy domain, which discusses 
the various aspects such as design of wind turbine blade aerofoils, wind speed 
estimation, to name a few.

v



vi Foreword

I believe the readers will surely benefit from the variety of papers compiled here 
and will also have an improved understanding of the field of wind engineering. 

Prof. Prem Krishna 
Former Professor, IIT Roorkee 

Former President 
International Association of Wind 

Engineering (IAWE) 
Former President, Indian Society of 

Wind Engineering (ISWE) 
Gurugram, India



Preface 

Wind Engineering is the branch of science that deals with interaction of wind with 
man-made structures, and it draws upon the fields of meteorology, fluid dynamics, 
aerodynamics, structural dynamics, mechanics, instrumentation and geographic 
information systems. 

With the increase in population, the land area for buildings and apartments is 
depleting at a fast rate, and the only alternative is to have high-rise structures. The 
design and construction of high-rise structures come with its own challenges. With the 
increase in height, the wind speed increases and consequently the wind loads acting 
on these structures also increase. As such the design of these structures demands 
careful analysis of design wind loads. Requiring similar attention is a whole range 
of other wind-sensitive structures, such as bridges, power structures, transmission 
structures and so on. 

In a broader sense, wind engineering also includes the harnessing of wind energy 
to supplement the energy requirements. In this era of global warming, when attempts 
are being made world over to switch to renewable forms of energy, the developments 
in the wind energy sector are of prime importance. 

This volume is a compilation of papers which addresses the recent advances in 
the field of wind engineering and wind energy, selected from those presented at the 
9th National Conference on Wind Engineering during March 3 and 4 at BITS-Pilani 
Hyderabad Campus. 

Papers contained herein comprise the recent advances in wind tunnel testing and 
futuristic wind tunnels. Also discussed is the computational approach to deal with 
wind engineering problems. Further, recent advancements in field of big data and 
use of data-driven techniques in wind engineering are also included. In the wind 
energy domain, aerodynamic analysis of wind turbines with focus on blade design, 
characteristics of aerofoils and their impact on energy harnessed are discussed. The 
volume also comprises papers on wind climate. In general terms, the proceedings 
contained herein will provide an overview of latest developments in the field of wind 
engineering and wind energy. Practising engineers will find it handy for improved 
understanding for analysing the wind loads while designing buildings, particularly 
with complicated shapes. For students of wind and structural engineering, the volume
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provides a detailed understanding of wind tunnel testing and computational and 
data-driven analysis in the field of wind engineering. 

Hyderabad, India 
Guna, India 
Chennai, India 

Sabareesh Geetha Rajasekharan 
Srinivasan Arunachalam 
Pabbisetty Harikrishna
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Implementation of a Simple CFD 
Tornado Simulator in Open-Source 
Software OpenFOAM 

Sumit Verma, R. Panneer Selvam, and Miguel Cid Montoya 

Abstract Tornadoes have been reported in the USA, Canada, China, and Europe 
over the past several decades. While not very common, yet there have been sporadic 
occurrences of tornadoes in India (e.g., West Bengal tornado outbreak, 2021). 
Although the occurrence of tornadoes and the economic and human losses seem 
to be a cosmopolitan problem, the research efforts to develop a better understanding 
of wind loading of structures during tornadoes are limited to select research groups 
of prestigious universities in the world. In that regard, the authors have previously 
pursued CFD modeling work on tornadoes using in-house codes. However, there 
are inherent challenges in customizing in-house codes if it has to be adapted to 
user-specific cases. Thus, for the wider accessibility of tornado simulation tools to 
students and early-career researchers, the details of the implementation of a simple 
CFD tornado simulator model using open-source software OpenFOAM is discussed 
in this contribution. 

Keywords Tornado simulation · Computational fluid dynamics · OpenFOAM 

1 Introduction 

Tornadoes are a common occurrence in the US [1] and have also been reported in 
Canada [2], China [3], and Europe [4]. While not very common, yet there have 
been sporadic occurrences of tornadoes in India [5]. Thus, the occurrence of torna-
does and the economic and human losses caused by these severe thunderstorms is a
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cosmopolitan problem and is certainly not confined to a single continent. While the 
formation of severe convective thunderstorms and tornadoes is beyond our control, 
the engineering community certainly can contribute to developing a better under-
standing of the wind loads on structures during tornadic events. But the research 
efforts to study and better understand the flow characteristics, as well as the imposed 
wind loads on structures by tornado vortices, are limited to a few prestigious univer-
sities in the world (such as Texas Tech University for VorTECH simulator facility, 
Iowa State University for ISU tornado simulator, Western University for WindEEE 
dome, Tokyo Polytechnic University to name a few). From a computational perspec-
tive, the research on tornado modeling can be traced back to the 1990s by Selvam 
and his research group [6] at the University of Arkansas. In the recent past few years, 
more studies based on Computational Fluid Dynamics (CFD) modeling of tornadoes 
have been carried out [7, 8]. Despite numerous research studies on tornado simulation 
from both the experimental and computational sides, as mentioned above, the broader 
faction of the wind engineering research community still does not have access to the 
tools and resources necessary to advance the research efforts on tornado simulation 
and/or wind load quantification on structures due to tornadoes. This is because the 
access to large-scale experimental tornado simulator facilities is limited only to a 
few esteemed institutions. On the other hand, the high cost of purchasing a license to 
operate commercial CFD solvers poses a significant barrier to the research commu-
nity to advance research effort on tornado modeling and simulation. The authors have 
pursued tornado modeling along with quantification of wind loads previously using 
in-house ForTRAN codes [9]. But the inherent challenge with in-house codes is that 
the users should be able to understand the code base and its control flow to customize 
and fit it to their own purpose, which is the next step challenge. These challenges 
can be overcome by leveraging the capabilities of open-source software. This forms 
the core motivation for this work. Thus, in this contribution, the modeling and simu-
lation of a tornado vortex and its implementation using the open-source software 
OpenFOAM are discussed. The primary numerical details and some key visualiza-
tions, including some experimental comparisons, are covered in this work. In that 
regard, the geometric idealization of the Texas Tech University tornado simulator is 
discussed first in Sect. 2. Further details about the application of OpenFOAM for 
Wind Engineering problems can be obtained from [10]. 

2 Simplified Geometrical Idealization for CFD Simulator 

In Fig. 1a, a schematic 3D view of the experimental tornado simulator at Texas 
Tech University (called VorTECH) is shown, whereas Fig. 1b shows the equivalent 
CFD model considered for this work. Further details about the geometry of VorTECH 
simulator can be obtained from [11]. The experimental tornado simulator is octagonal 
in shape with 8 fans of 1.2192 m (4 ft.) diameter each. The inlet height of experimental 
tornado simulator is ho = 1 m, and the updraft radius is rup = 2 m. The aspect ratio 
of the experimental tornado simulator is thus maintained at aspect ratio (a) = ho/



Implementation of a Simple CFD Tornado Simulator in Open-Source … 3

Fig. 1 Schematic diagram of a experimental tornado simulator VorTECH at Texas Tech University 
and b simplified CFD tornado simulator 

rup = 0.5 (for datasets considered in this work). The total height of the experimental 
tornado simulator is H = 5.96 m. 

To lower high computational demands, some simplifications are applied to the 
CFD model implemented in this work rather than a full domain geometric modeling of 
VorTECH facility. Firstly, the octagonal shape of the experimental tornado simulator 
(with an inscribed circle diameter of 4 m) is approximated with a circular section of 
a cylinder with the same diameter of 4 m. The inlet height (ho) is kept at 1 m (same as 
the experimental tornado simulator), and the total height (H) is approximated as 6 m. 
Similarly, the updraft radius (rup = 2 m) for the CFD tornado simulator is kept the 
same as the experimental tornado simulator. However, the outlet region provided by 
8 fans of 1.2192 m diameter each in the experimental tornado simulator is replaced in 
the CFD tornado simulator by an effective outlet height of 0.743 m (refer Fig. 2). The 
effective outlet height for the CFD tornado simulator is simply obtained by equating 
the combined area of the 8 fans of the experimental tornado simulator with the curved 
surface area of the cylindrical domain at the outlet region as shown in Fig. 1b. 

3 Mathematical Formulation 

3.1 Governing Equations 

Flow modeling of the tornado vortex is done using an incompressible Navier–Stokes 
(NS) equation with LES turbulence model. For sub-grid stress (SGS) modeling, 
Smagorinsky model is used. The convection term of NS equation is discretized using 
the central differencing scheme, and the pressure gradient term is approximated by a 
linear scheme. The solution advances in time using a pure Crank-Nicolson scheme.
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The diffusion term (involving the Laplacian operator) is discretized using a central 
difference scheme. The governing equations for the spatially filtered incompressible 
Newtonian fluid chosen for this work are given in vectorial form as follows:

▼. ̃u = 0 (1)  

∂ ̃u 
∂t 

+ ▼.( ̃u ũ) = − ▼ p̃ + (
ν + νsgs

)
▼2 ũ (2) 

νsgs = Ck ▲ k0.5 (3) 

In Eq. (2), the term ‘νsgs’ is called the turbulent kinematic viscosity and is defined 
by Eq. (3). Further numerical details can be obtained from [12]. In this work, the 
non-dimensional form of NS equation is used. The reference values considered for 
non-dimensionalization of the NS equation are (a) radius (rup) for length scale and 
(b) radial velocity at inlet height (V ro) for velocity. 

3.2 Boundary Conditions 

A logarithmic velocity profile is used to model the inlet velocities in X and Y direc-
tions for the tornado simulator, while the vertical velocity component is considered 
zero throughout the inlet height. The maximum non-dimensional radial velocity is 
taken as Vr(z = ho) = V ro = 1, and the corresponding tangential component is desig-
nated as V to. The distribution of radial velocity from the base of tornado simulator 
up to the inlet height is expressed as a function of elevation and is given as 

Vr (z) = C1 ln

(
z + zo 
zo

)
= C1 ln

(
1 + 

z 

zo

)
(4) 

The swirl ratio (S) for flow is calculated by Eq. (5). 

S = Vto 

2
(

ho 
rup

)
Vro 

(5) 

Using the definition of ‘S’, the tangential component of velocity is computed as 

Vt (z) = 2Vr (z)S

(
ho 
rup

)
(6) 

Now, the velocity components in the radial and tangential direction defined above 
are resolved in the X- and Y-direction to be provided as the boundary condition for 
the inlet velocity since the computational domain (cylinder) is based on Cartesian
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grid system. In this work, a tornado vortex rotating in anticlockwise direction is 
assumed. The radial and tangential velocity components are decomposed into their 
constituent x-component and y-component locally with respect to the direction (α), 
as shown in Fig. 3. Here, the angle is always measured in the anticlockwise direction 
from the local X-direction up to the direction of radial velocity component at the 
point of interest (P) (refer Fig. 3). For instance, in Fig. 3, the value of angle ‘α’ 
is (π + tan−1 y 

x ) radians for any generic point in the first quadrant in which ‘x’ 
and ‘y’ are  the  x-coordinate and y-coordinate of point P, respectively. For the 1st 
quadrant, the limits for the quadrant angle ‘θ ’ is given  by  (0  ≤ θ ≤ π /2) radians. 
Now, if the radial and tangential velocity components are decomposed in the local 
X-direction and Y-direction, then the effective velocity component in the X-direction 
and Y-direction are obtained as follows: 

X - dir. : Vr cos(α) + Vt cos(α − π/2); 
Y - dir. : Vr sin(α) + Vt sin(α − π/2). 

The boundary conditions imposed on the cylindrical domain to develop tornado 
flow are summarized in Table 1. Further details about the velocity boundary condition 
applied at the inlet can be obtained from [12]. The roughness parameters considered in 
the model are zo = 0.00004ho and C1 = 0.0924V ro. The Reynolds number considered 
for flow computation is 5.51 × 105, which is calculated at the inlet height (ho) 
of the tornado simulator. The elevation and plan of the mesh for the cylindrical 
computational domain are shown in Fig. 4a, b, respectively, and it consists of 540,000 
hexahedral cells.

Fig. 2 a 3D view of cylindrical domain showing different boundary faces and b sectional view 
through plane ABCD showing different boundaries of the computational domain
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Fig. 3 Top view for transverse section at X − X ' showing velocity boundary condition at inlet 
height

Table 1 Description of boundary faces, types, and boundary conditions for different faces in 
computational domain 

S. No. Boundary name BC type Color coding BC in mathematical form 

1 Inlet Patch Red ∂p/∂n = 0; For velocity refer [12] 
2 Bottom wall Wall Green u = v = w = 0; ∂p/∂n = 0 
3 Side wall Wall Blue u = v = w = 0; ∂p/∂n = 0 
4 Outlet Patch Yellow p = 0; ∂u/∂n = ∂v/∂n = ∂w/∂n = 0 
5 Top wall Wall Cyan u = v = w = 0; ∂p/∂n = 0 

Fig. 4 Mesh for the computational domain a vertical section through the diametric axis showing 
elevation and b horizontal section showing plan of the domain
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4 Results and Experimental Comparison 

Since the Reynolds number of the flow is very high at Re = 5.51 × 105, thus, the 
flow is in a turbulent state, and so the flow properties change from one time instant to 
another. Since turbulent flows are commonly described in terms of flow statistics, an 
attempt is made to track the pressure and velocity close to the ground surface at four 
different points, viz. probe ‘0,’ ‘1,’ ‘2,’ and ‘3.’ The coordinates of each of the probes 
is shown in Fig. 5. In Fig.  5a, it can be observed that the pressure at probes 1, 2, and 
3 have attained a relatively steady state as the perturbation in the magnitude is very 
low. The pressure at location of probe 0, however, shows a relatively larger amplitude 
of perturbation compared to the other probes. Similarly, the temporal variation of 
velocity components at the location of probe 0 is shown in Fig. 5b, which on account 
of low perturbations, and periodicity indicates that the flow has attained a statistically 
steady state. The instantaneous and the mean tangential velocity profile for S = 0.36 
and S = 0.83 is included in Fig. 6a, whereas the corresponding pressure profiles are 
shown in Fig. 6b. In addition, the experimental pressure profile for S = 0.83 is also 
included in Fig. 6b. Using normalized root mean square as the error estimate, the 
deviation between the experimental TTU profile and the mean pressure profile at S 
= 0.83 is found to be about 11%. A more refined mesh would be helpful to minimize 
the error furthermore. 

The experimental pressure profile for S = 0.83 in Fig. 6b is based on the datasets 
from Texas Tech University (Tang, Z., Zuo, D., private communication, August 14, 
2021). In Fig. 7, the mean flow field for S = 0.36 and S = 0.83 is compared to 
demonstrate the evolution of vortex in the simulator. At S = 0.36, the vortex break-
down aloft of the simulator can be observed (shown in Fig. 7a by downward pointing 
vectors) indicating the phase of vortex approaching touchdown, whereas the flow at S 
= 0.83 indicates a vortex beyond touchdown with the downdraft component touching 
the base of simulator. These observations are in close agreement with experimental 
VorTECH simulator datasets.

Fig. 5 Time series plot of a non-dimensional pressure and b non-dimensional velocity close to the 
bottom center of CFD simulator with respect to non-dimensional time (t*) for  S = 0.36
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Fig. 6 Mean profiles at the bottom of tornado simulator a tangential velocity profile at z/rup = 
0.05 and b pressure profile at z/rup = 0.0 for S = 0.36 and S = 0.83

Fig. 7 Contour plot of mean velocity magnitude with velocity vectors in the background through 
the diametric XZ-plane of CFD tornado simulator a S = 0.36, b S = 0.83 

5 Conclusion 

The key numerical implementation details of a simple tornado simulator using open-
source software OpenFOAM is discussed in this work. The computed flow field 
is compared with experimental measurements both qualitatively and quantitatively. 
Results show that the flow field for S = 0.36 indicates the state of vortex breakdown 
aloft approaching the stage of touchdown, whereas that for S = 0.83, a vortex in the 
post-touchdown phase is observed. On a qualitative basis, these observations from 
the CFD simulator model agree very well with the observations of the experimental 
TTU tornado simulator, in which a double-celled tornado vortex is obtained for S = 
0.83. On a quantitative basis, the deviation between the mean pressure profile and the 
experimental TTU pressure profile is found to be around 11%, which can be further 
minimized using a refined grid. Thus, it is concluded that the model can provide a 
reasonable prediction of the evolution of the vortex as well as the pressure field, as 
indicated by the qualitative and quantitative analysis of the datasets obtained from 
CFD simulation.
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Construction and Calibration 
of a Low-Speed Variable Velocity Profile 
Wind Tunnel 

Kalyani Panigrahi , Rohan Bhattacharya , Garima Singh , 
K. Supradeepan , Sabareesh Geetha Rajasekharan , 
and P. S. Gurugubelli 

Abstract Wind tunnel experimentations have played a vital role in determining the 
aerodynamic loads for the design of aircrafts, tall buildings, bridges, etc. With the 
advent of unmanned and autonomous flying devices, the role of wind tunnel testing 
becomes even more critical. The role will now not only include determining the 
aerodynamic loads but also testing the autonomous capabilities and the ability of the 
autonomous flying device to react to the changes in wind speeds and directions. The 
objective of the current work will be is to construct and calibrate one such low-speed 
wind tunnel that will have capability to generate different wind velocity profiles along 
with gust. The test section of the wind tunnel will of a cross-sectional size 1.2 m × 
1.2 m and 2.4 m long. The wind flow through the test section will be powered by a 
grid of 10 × 10 DC fans, each having a capacity of 250 CFM. 

Keywords Low-speed wind tunnel · Turbulence intensity · Variable velocity 
profile 

1 Introduction 

To investigate the interaction between air and aerial bodies, experimental facilities 
known as wind tunnels are put into use to determine the aerodynamic forces and 
corresponding aeroelastic responses. In a wind tunnel, air is passed over the body of 
interest mounted on multi-axis load-cells to simulate the aerodynamic effects during 
a flight. In addition to aerodynamic forces, wind tunnels are also primarily used for 
visualizing the fluid flow over an aerial body. There are several ways to visualize 
the airflow, one of the most common methods is to introduce smoke or dye in the 
flow field and observe how it moves around the object. The air flow over the body
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is characterized by quantifying the variation of the air pressure along the body with 
the aid of a series of pressure taps connected to a multi-channel pressure scanner. 
Just like any other experimental facility, wind tunnels also come in various sizes and 
types depending on the nature of the wind speed profile, wind speeds, scale of the 
body that needs to be investigated, desired turbulence intensity, and the operational 
efficiency based on the power consumption. 

Unsteady flows are part of most aerodynamic applications and are known to play 
a significant role in understanding the aeroelastic stability of wing structures, for 
example wind-aileron stability and helicopter blade flutter. It is also essential in esti-
mating the time-dependent loads acting on the slender wing structures of an aircraft 
performing complex maneuvers, since the peak unsteady aerodynamic loads during 
the maneuvering will be distinctly different from the loads acting on the wing during 
cruise flight. As a result low-speed unsteady aerodynamics has recently attracted 
increased attention. Additionally, unsteady aerodynamics also play a critical role in 
wind turbine for example the blades of a horizontal-axis wind turbine are subjected 
to unsteady flows due to gusts and yaw that would result in dynamic stall which are 
challenging to model. Similarly, vertical-axis wind turbine blades are particularly 
prone to dynamic stall due to their innately unstable fluctuations in velocity direc-
tion and magnitude. MAVs, on the other hand, are incredibly susceptible to abrupt 
load changes from gusts because of their slow flying speeds, which can significantly 
affect their aerodynamic behavior. Thus, unsteady low-speed wind tunnels are once 
again getting prominence due to these issues. 

In a recent paper, the theory of unsteady low-speed wind tunnels with blowdown 
configuration was presented, wherein it was found that by linearizing the governing 
equations, the wind tunnel frequency bandwidth is proportional to the mean tunnel 
velocity and inversely related to the test-section length [1]. In another work, an 
Unsteady Aerodynamics Experiment (UAE) was designed to get precise quantitative 
measurements of the aerodynamics and structural properties of a wind turbine that 
was both geometrically and dynamically typical of full-scale devices [2]. Similar to 
this, a unique low-speed wind tunnel creating erratic “gust” flows was constructed. To 
compare results with predictions from thin aero foil theory, this tunnel was suitable 
for testing individual aero foils and aero foils in cascade in non-convective gusts [3]. 

More recently two novel test methodologies—a forced vibration test technique 
and a hybrid aero elastic-force balance wind tunnel test methodology—are presented 
in [4] to determine the unsteady aerodynamic loads acting on a bluff body. 

Recent researches also show designing and construction of Fan Array Wind 
Tunnels (FAWT). An array of 10 × 10 fans was considered by [5], to study the 
flapping dynamics of an inverted flag and found that due to unsteady fluid force, 
there is an improvement in the conversion of fluid kinetic energy into elastic strain 
energy. Another team of researchers [6] focused on developing unconventional flow 
conditions such as turbulence and gust inside a multi-fan wind tunnel, by simulating 
these flow conditions using iterative-based methods. In another work, the (Cross 
Axis Wind Turbine) CAWT’s static and dynamic performances in steady/unsteady 
wind conditions at different Reynolds numbers are tested [7]. An investigation was
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conducted on the impact of mismatching turbulence spectra on the unsteady wind 
loads in wind tunnel modeling of small-scale structures [8]. 

To predict and understand the unsteady flow dynamics in a new light certain 
mathematical models were also designed such as a one-dimensional, incompressible 
control volume analysis was used to create a simple predictive mathematical model 
that successfully captured the unstable operation of the open-return wind tunnel 
facility and can be utilized to deterministically create louver motions that result in 
innovative, erratic test section speed profiles by taking into account the dynamic reac-
tion of the wind tunnel [9]. Another study related to the louver motions involved an 
experimentally proven method-of-characteristics modeling technique used to inves-
tigate the dynamic behavior of a low-speed closed-circuit wind tunnel in response to 
dynamic louver excitation [10]. 

The objective of this work includes the construction of a low-speed wind 
tunnel that have the capability to actively control the velocity profile of the air inside 
the test section using a framework of 100 DC fans and calibrating the tunnel by 
studying various parameters such as mean velocity and turbulence intensity (TI) of 
flow at various locations inside the 2.4-m-long tunnel, thereby evaluating the flow 
characteristics inside the tunnel. 

2 Experimental Setup and Methodology 

The variable velocity profile wind tunnel facility based on FAWT concept is 
constructed using 100 Nos. of DC powered fans that are arranged in the form 
of a grided array consisting of 10 rows and 10 columns (Fig. 1). The fans used 
here are Hicool DC Compact Fans operating at 0.9 A at 48 V, having a maximum 
input power of 43.2 W. Each fan covers an area of 14400 mm2. The electrical connec-
tions are made such that each row of fans is regulated by two switched mode power 
supply (SMPS) in an alternate arrangement. 

The test section is square shaped having an area of 1.2 × 1.2 m2 and 2.4 m in length. 
The row of fans starting from the bottom is labeled as Row 1 with the topmost row of 
fans being labeled as Row 10. The electrical configuration and layout are particularly 
nexus, as each fan of each row are made to be individually controlled, also at the 
same time, it should be flexible enough to detect which of the fan is not in proper 
working condition while operating a set of fans at the same time for creating different 
patterns of velocity profiles inside the tunnel. 

3 Calibration Process-Performance Characterization 

To investigate the flow characteristics inside the tunnel, certain parameters evaluating 
the performance of the wind tunnel is considered. Five different locations located 
at different distances from the fan framework, along the centerline of the tunnel
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are considered. The TI and mean velocities along the length of the tunnel are esti-
mated using a fiber-probe Hot-Wire Anemometer (HWA). The HWA is a Constant 
Temperature Type Anemometer (CTA) (Made-Dantec Dynamics) which consists 
of a heated fiber-probe, maintaining a constant temperature while the air passes 
through it, thereby generating a certain voltage. These voltages can be co-related to 
wind velocities inside the tunnel, further calculating the mean velocities and turbu-
lent fluctuations at different locations of the tunnel. The fiber-probe is connected 
to a 4-m-long BNC cable and a Dantec Dynamics adaptor which fulfills the power 
requirements of the probe. The adaptor is connected to a NI-9215 C-series 4 channel 
analog input module, having a sampling rate of 100 ks/s/channel. This NI module is 
used for data acquisition. 

The locations chosen are at a distance of 75 cm, 100 cm, 125 cm, 150 cm, 175 cm 
from the fans, respectively, the HWA is placed at each of these positions, and the 
mean velocity and TI % at each of these points is evaluated. At each point, the 
duty cycle is varied from 10 to 100% keeping the frequency of the fan constant, the 
mean velocity and TI is calculated based on the velocity values obtained at various 
distances. Each run is repeated 5 times at each location to ensure repeatability. 

Fig. 1 Front view of the 10x10 DC fan array grid
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Fig. 2 Graph depicting the duty cycle versus speed of fans 

4 Results and Discussions 

4.1 Initial Testing of Modules and Fans 

The speed of the fan can be controlled by either varying the duty cycle or by varying 
the frequency in the PWM circuit. Therefore, to establish the relationship between 
the duty cycle and the speed of the fan, the duty cycle of a single fan was varied from 
0 to 100%, and the corresponding speed is measured by utilizing a stroboscope. 
Figure 2 depicts the varying fan speed, while the duty cycle of the fans is regulated 
and controlled by an Arduino board. As can be seen from the figure, there exists an 
almost linear relationship between the two parameters. As the duty cycle is increased, 
the speed of the fan (measured in RPM) also increases. 

4.2 Turbulence Intensity and Mean Velocity Calculations 

The measure of turbulence characteristics pertaining to the flow conditions inside 
the tunnel can be quantitatively estimated by calculating the turbulence intensity (TI) 
at various locations inside the tunnel. The TI presents a numerical estimation of the 
fluctuating components of the velocity at various flow conditions with the sensor 
capturing the fluctuations positioned at different coordinates inside the tunnel. A 
Hot-Wire Anemometer (HWA) is used to capture the turbulent fluctuations inside the 
tunnel. An NI-DAQ device is connected to the HWA that is used for data acquisition. 
The data acquired is used to calculate the mean velocities at each of these locations 
inside the tunnel. The HWA is placed various distances from the fan framework. A 
total of 5 distances is considered along the central axis of the tunnel ranging from
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75 to 175 cm. Figure 3 represents the variation of the mean velocity taken at a single 
point with the sensor placed at a specific distance from the framework of the 100 
DC fans with the duty cycle varying from 10 to 100% keeping the frequency of fan 
constant at 25 kHz. The above figure shows similar trends for the mean velocities 
measured at all 5 distances. Initially, it increases as the duty cycle is increased from 
10 to 20%, with a slight decrease as the duty cycle is increased to 30%, as the duty 
cycle is further increased the values shows an upward trend with a gradual increase in 
the mean velocity. Beyond the 70% duty cycle, the values tend to converge onto one 
another, and an overlapping of the graphs can be observed which indicates that the 
mean velocities lies at a very close range to each other pertaining to various distances 
from the fan framework, signifying that the distance from the fans does not affect 
the mean velocities to a greater extent beyond the 70% duty cycle. 

Figure 4 depicts the change in the turbulent fluctuation denoted by the TI % as 
the duty cycle increases while placing the sensor along the central axis of the tunnel, 
at 5 different distances from the framework of the fans. From the figure, it can be 
clearly observed that the TI follows a similar trend at each of the locations. Initially, 
at lower duty cycles, the graphs overlap over each other displaying a close range of 
TI varying from 30 to 35%. As the duty cycle is further increased from 20 to 50%, 
a gradual decrease in the TI can be observed; as the cycle progresses beyond 50%, 
the TI is decreasing more showing the lowest TI of 5.567%, also it is observed that 
as the distances from the fans increases, the lowest TI along higher duty cycles also 
keeps on decreasing, signifying the fact that the farther the position of the sensor 
from the fans, the lower is the TI.

The trends observed here are in accordance with a recent work performed by 
Dougherty [11], which involved the construction of a Fan Array Wind Tunnel, and 
similar tests were performed to analyze the effect of geometry on the developing

Fig. 3 Variation of mean velocity w.r.t. duty cycle at various distances from the fan framework 
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Fig. 4 TI variation along the duty cycles at different distances from the fan framework

flow conditions inside the tunnel. Each array is comprised of 11 × 22 fans; 4 arrays 
of the aforementioned dimension were combined in various configurations and the 
flow conditions inside the tunnel were studied. They studied the measured values of 
turbulence intensity (%) and the non-dimensional free stream velocity, at different 
measurement locations inside the tunnel. 
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Aerodynamic Characteristics 
of an Inclined Square Cylinder 
with Corner Fins 

D. Amith, C. Sarath Mohan, C. M. Hariprasad, and R. Ajith Kumar 

Abstract Flow around a square cylinder with corner fins was studied to investigate 
the aerodynamic characteristics of the same at different angles of attack. This study 
simulates flow around typical building structures employed in practical situations. 
Flow was studied in a flow visualization water channel at a Reynolds number of 
2100 with blockage ratio less than 10%. In this study, vortex formation length and 
vortex shedding frequency are primarily measured for various cases. From these 
two parameters, other aerodynamic parameters such as coefficient of base pressure, 
coefficient of drag, circulation content of a shed vortex, and total circulation shed 
at the separation point are deduced. It is found that corner fin considerably modifies 
the flow field of a square cylinder. Furthermore, body angle of inclination brings 
additional changes in the flow structures around it and in the associated aerodynamic 
characteristics. 

Keywords Square cylinder · Corner fins · Angle of inclination · Aerodynamic 
characteristics 

1 Introduction 

Wind-induced vibration is a major factor influencing the stability of high-rise build-
ings, and it is therefore considered in structural designs. Bluff bodies with different 
aerodynamic modifications have been studied over the past many years because of 
its practical importance in increasing structural stability. Several studies have been 
done so far focusing on aerodynamic modifications to reduce wind-induced vibra-
tions to ensure structural safety. Studies conducted by [1, 9, 19, 22, 23, 26] reveal
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insightful results on flow past a square cylinder. Different studies have been done on 
sharp-edged structures (square and rectangular cross sections) with different corner 
modifications. The slotted corners, chamfered corners, and combinations thereof 
cause significant modifications in both the along-wind and crosswind responses [15]. 
Kawai [13] has shown that aeroelastic instability can be prevented by using a small 
recession and corner cut on square sections. Not only the corner modifications, but 
also the aerodynamic characteristics of a square section cylinder significantly vary at 
different angles of attack [25]. Along with Strouhal number and drag variations, the 
near wake structures too undergo notable changes due to different corner modifica-
tions. This was typically observed in the studies conducted by [3, 8, 19]. Du et al. [10] 
compared modified square cylinders with sharp/round corners and straight/concave/ 
convex sides. Their study shows that aerodynamic characteristics and flow regimes 
vary with these modifications. The influence of dissimilar leading edges in stationary 
and oscillating square cylinders on their flow structures have been studied by [2, 4]. 
Kwok and Bailey [16] identified that vented fins or small fins attached to a square 
structure shows an increase in the along-wind response. Wang et al. [24] found that 
corner fins (fin angle 45° at flow angle of inclination 0°) have a significant impact on 
aerodynamic characteristics. The introduction of fins in long bridges and tall build-
ings has shown to reduce the wind-induced vibrations of the structure, yet there are 
also studies where the vibration is enhanced using minor modification for energy 
harvesting [11]. 

It is evident from the existing literatures that there is scope for more investigations 
on square section cylinders with corners fitted with fins. Realizing this potential 
research gap, in this investigation, square cylinder is modified with leading-edge fins 
of l/b = 0.5 at an angle of 30° (Fig. 2). The influence of this corner modification 
on the aerodynamic characteristics at various angles of inclination, viz. 0°, 30°, 60°, 
and 90°, is examined in this paper. 

2 Experimental Setup 

All the experiments were conducted in recirculating flow visualization water channel. 
This is essentially the same as that used by [4, 8]. Therefore, for details, authors are 
referred to [4, 8]. 

The model used here is a square section cylinder with leading-edge fins at an 
angle of 30° (Fig. 1). The square section has a dimension of 20 × 20 mm with a fin 
length of 10 mm at an angle α = 30°. Reynolds number (based on D) for this study 
is 2100. The velocity of flow has been adjusted to attain Re = 2100 for all angles of 
inclination. The flow direction in the snapshots provided here is from left to right. 
Flow visualization videos were taken using a high-definition camera (Sony alpha 6) 
at 50 frames per second.
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Fig. 1 Experimental model 

Fig. 2 Variation of Strouhal 
number with angle (β) 

3 Results and Discussion 

In this section, the results obtained from the experiments conducted on the square 
cylinders with leading-edge fin at an angle of 30° for four different angles of inci-
dence, viz. 0°, 30°, 60°, and 90° are presented. It also discusses their aerodynamic 
characteristics such as Strouhal number, coefficient of base pressure, coefficient of 
drag and circulations. The flow field of the models was analyzed from videos captured 
from the water channel. The results have been compared with aerodynamic charac-
teristics of a square cylinder without corner modification at 0° angle of inclination 
for the same Reynolds number.
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Fig. 3 Measurement of 
vortex formation length 

3.1 Strouhal Number 

The vortex shedding frequency ( f 0) of the models was calculated at Re = 2100. 
Initially, the time taken for shedding 10 vortices from the upper shear layer as well 
as lower shear layer was observed, from which the Strouhal number was calculated 
as 

St = f0 · D 
U0 

(1) 

where U0 is the free stream velocity. The calculated values of the Strouhal number 
are presented here. 

Figure 2 shows the variation of Strouhal number against different angles of incli-
nation (β) of the models, i.e., 0, 30, 60, and 90°. As seen in Fig. 2, the Strouhal 
number versus β does not follow a linear trend. A sudden increase in the value of the 
Strouhal number has been observed for β = 30°, followed by a decrease at β = 60°, 
and then a subsequent slight increase at β = 90°. 

3.2 Vortex Formation Length and Coefficient of Drag 

The vortex formation length (Lf ) has been measured from the center of the model 
to the centerline of the completely formed vortex following [14]. It is then non-
dimensionalized with respect to the characteristic dimension (D) of the respective 
geometry. Non-dimensionalized vortex formation length (lf ) has been estimated for 
all the different configurations. A typical measure of vortex formation length is shown 
in Fig. 3.
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Fig. 4 Variation of 
coefficient of drag with angle 
(β) 

The base pressure coefficient (Cpb) is calculated from vortex formation length 
and empirical constant C (Eq. 2), where C varies from 1.6 to 1.8 in the Reynolds 
number range 1000–9000. In this experiment for Re = 2100, it is found that C = 
1.627 through interpolation. 

l f = C 

−Cpb 
(2) 

The coefficient of drag (CD) has been found using the mathematical relation 
proposed by [5], 

CD · St = (0.4777 · K ) − 0.45167 (3) 

K = √
1 − Cpb (4) 

The CD values with respect to different angle of inclination (β) is plotted in Fig. 4. 
As Fig. 4 shows, CD trend undergoes a ‘dip’ at β = 30° further to which it increases. 

3.3 Vortex Size 

The vortex size is measured from the photographs taken of the fully formed vortices. 
Most of the vortices appeared nearly elliptical in shape. The vortex size is measured as 
the average of the major and minor axes of the vortices. It is then non-dimensionalized 
with respect to the characteristic dimension (D). Measurement of vortex size is shown 
in Fig. 5.
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Fig. 5 Measurement of 
vortex size 

Fig. 6 Variation of vortex 
size with angle (β) 

The vortex size gives us an idea of the circulation contained in vortices. Figure 6 
shows how the vortex size varies with respect to β. It is observed that at β = 0° vortex 
size attains the maximum value which corresponds to the minimum vortex length. 

3.4 Total Circulation Shed and Circulation Contained 
in Vortex 

The total circulation at the separation point can be measured using the relation 
proposed by [21] as follows:

  ⎡s 

U0 · D = 0.5 · U
2 
S 

St · U 2 
0 

(5)
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where ⎡s is the total circulation shed and Us is the flow velocity just outside the 
boundary layer at the separation point. 

US/U0 is given by Eq. (6). 

U 2 
S 

U 2 
0 

= 1 − Cpb = K 2 (6) 

Utilizing Eqs. (5) and (6), total circulation shed is calculated for different cases. 
The plot of total circulation shed with respect to β is shown in Fig. 7. It shows  a  
reduction in ⎡s at β = 30° and a slight increase for β = 60°. It is interesting to note 
that ⎡s nearly follows the trend of vortex size (Fig. 7). 

The ratio of the coefficient of drag (CD) to total circulation shed (⎡s) is found for 
all cases and the values are found to collapse at about 0.235 (Table 1). This complies 
with the observation of [12]. 

The circulation contained in vortex (⎡v) is calculated using the relation [6, 18]:

  ⎡v 

U0 · D = 2 · Uc · a · coth( π ·b 
a ) 

U0 · D (7)

Fig. 7 Variation of total 
circulation at separation 
point with angle (β) 

Table 1 Strouhal number, drag, and circulation values of the model 

Model St CD ⎡s/U0·D ⎡v/U0·D CD/⎡s ⎡v/⎡s 

β = 0° 0.11 2.7 11.28 4.68 0.239 0.415 

β = 30° 0.17 1.63 6.90 2.92 0.235 0.422 

β = 60° 0.12 1.99 8.68 4.74 0.228 0.545 

β = 90° 0.13 1.97 8.51 4.35 0.230 0.511 

Square 0.13 2.19 9.17 3.77 0.238 0.411 
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where Uc is the velocity of the vortices relative to the free stream, ‘b’ is the  
lateral spacing between the rows of vortices, ‘a’ is the longitudinal spacing between 
consecutive vortices in a row, and ‘b/a’ is the vortex spacing ratio. 

‘b’ can be estimated from the relation proposed by [5] given  in  Eq. (8). 

0.181 = St · b 
K · D . (8) 

Here, St, K, and D being known parameters, ‘b’ can be estimated. 
Uc/U0 is given by Eq. (9) [18]. 

Uc 

U0 
= 1 − St · a 

D 
(9) 

Here, ‘a’ is unknown. 
In order to find the value of ‘a,’ we can consider the equation for CD in case of 

idealized two parallel rows of staggered vortices [18, 20]. 

CD · St = 4 
π 

( 
1 − Uc 

U0 

)( 
U 2 

c 

U 2 
0 

)[ 
coth2 

( 
πb 

a 

) 
+ 

( 
U0 

Uc 
− 2 

)( 
πb 

a 

) 
coth 

( 
πb 

a 

)] 

(10) 

where Uc/U0 is replaced by the term (1 − St·a D ). 
The modified equation is as follows: 

CD · St = 4 
π 

( 
St · a 
D 

)( 
1 − St · a 

D 

)2 
[ 
coth2 

( 
πb 

a 

) 
+ 

( 
1 

1 − St·a D 

− 2 
)( 

πb 

a 

) 
coth 

( 
πb 

a 

)] 

(11) 

Here, all the parameters are known except ‘a’, which is estimated by iteration using 
the Secant method. 

After finding all these parameters, circulation contained in a vortex (⎡v) is found 
from Eq. (7). 

As seen in Fig. 8, vortex spacing reduces linearly with increase in β till β = 60° 
further to which it remains nearly constant. It could be seen that vortex circulation 
(⎡v) versus β follows nearly the same trend as that of ⎡s and vortex size (Fig. 9). 
The ratio of (⎡v)/(⎡s) has been evaluated for all cases and found to be in the range of 
0.4150–0.5459 as Table 1 shows. This indicates that about 45–58% of the vorticity 
generated at the separation point get lost during vortex formation. Table 1 presents 
a comprehensive list of aerodynamic parameter values for different cases.

Results presented above reveals that for a square cylinder fitted leading-edge 
fins, inclination of the body brings changes in the aerodynamic characteristics such 
as Strouhal number, base pressure coefficient, coefficient of drag, vortex formation 
length, vortex size, and the circulations. It is to be specifically noted that CD regis-
ters its minimum value at β = 30° which also corresponds to minima of vortex size
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Fig. 8 Variation of vortex 
spacing ratio with angle (β) 

Fig. 9 Variation of 
circulation contained in 
vortex with angle (β)

and shed circulation and vortex circulation. As expected, Strouhal number attains its 
maximum value at this body inclination. Current results comply with the observa-
tion of [17] that vortex size is proportional to the vortex circulation content. Current 
results indicates that about 45–58% of the generated vorticity get lost during the 
process of vortex formation. This could be due to the vorticity cancelation in the 
wake and turbulent mixing of flow at the cylinder base region where forming vortices 
from upper and lower shear layers interact [7]. Body inclination can be equivalently 
viewed as flow angle of incidence when wind blows over building structures. There-
fore, the present study reveals that the aerodynamic characteristics of such structures 
including the forces acting on them change when the flow incidence angle changes. 
Practical precautions should be taken to reduce the flow-induced forces acting on
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structures. The current study is being extended to deduce the effect of fin length and 
fin angle. Results of this study are taken at a single subcritical Reynolds number 
value of 2100 and at a single value of fin angle, viz. 30°. Also, the aerodynamic 
parameters estimated are based on empirical relations proposed by earlier investi-
gators. Hence, they are approximate values. Though approximate, authors believe 
that this investigation could bring out the influence of body inclination to the flow 
on a comparative scale. These could be considered as the limitations of the current 
study. More detailed investigations are planned in the future to overcome the said 
limitations. 

4 Conclusion 

In this study, a square section cylinder with leading-edge fins fixed at 30° angle facing 
free stream is examined at various angles of inclination and their influence on global 
aerodynamic parameters have been discussed. 

Results show that at β = 0°, the body experience the maximum coefficient of drag. 
Furthermore, CD registers its minimum value at β = 30° which also corresponds to 
minima of vortex size, shed circulation, and vortex circulation. The CD shows an 
enhancement of 22.9% in comparison with square cylinder. The maximum value of 
Strouhal number is observed at this body inclination (β = 30°), and the minimum 
value is at β = 0°. In this case, there is an enhancement of 37% in the Strouhal number 
value. Strouhal number also shows an enhancement of 28.09% compared to a square 
cylinder. The minimum vortex size occurs at β = 30° and the maximum at β = 60° 
resulting in an enhancement of 11.67%. Vortex size also shows 43.9% enhancement 
compared to a square cylinder. The ratio of drag force to shed circulation is nearly 
invariant and found to collapse to value of about 0.23 and ratio between (⎡v) and 
(⎡s) is found to be in a range of 0.415–0.545. Vortex spacing reduces with body 
inclination which indicates that the upper and lower vortex rows become closer for 
a given longitudinal spacing. 

The present study shows that aerodynamic characteristics have undergone notable 
changes which indicate the influence of body inclination on the flow struc-
tures. Results of this study are thought to have practical relevance in engineering 
applications such as construction of bridges, towers, tall buildings, and energy 
harvesters. 
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Effect of Unusual Terrain on Local Wind 
Characteristics 

N. Shafeek, K. Anjana, G. Tom, K. Vivek, A. Cini, P. S. Rahul, 
and K. Suresh Kumar 

Abstract In the lowest layer of the atmosphere, the wind is slowed down by the 
drag effect of the numerous features on the earth’s surface such as vegetation, ground 
roughness, and human construction. Within this layer, wind speed generally increases 
with height until the top of the layer is reached, where surface drag is no longer a 
factor. However, mountains and valleys in the vicinity of a study site can have a 
significant impact on wind patterns, deviating from the typical wind characteristics 
seen in flat, open, suburban, or urban areas. This paper details the methodology of 
accounting for the wind characteristics at a site surrounded by unusual terrain in the 
wind tunnel. 

Keywords Terrain effects · Topographical study ·Wind engineering ·Wind tunnel 

1 Introduction 

In wind tunnel tests, to measure wind-induced pressures and responses on a building 
model, it is important to replicate the full-scale equivalent mean wind speed profile, 
turbulence intensity profile, and the length scale of turbulence within the simulated 
atmospheric boundary layer inside the wind tunnel. A scaled test model is mounted 
near the center of the turntable in the test section. All major features and structures 
within a minimum full-scale radius of about 500 m covered by the turntable are also 
modeled in detail; this is to assure that their effect on the wind flows around the 
study site is captured accurately. Upstream of the turntable, the terrain roughness
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is modeled by generalized roughness distributed over the floor of the wind tunnel’s 
working section. In addition, specially designed turbulence generators (spires) are 
installed at the start of the working section of the wind tunnel. By varying the floor 
roughness and turbulence generators, the effects of various types of typical terrain 
roughness upwind of the turntable can be reproduced at the model scale. A detailed 
explanation of these techniques is provided by Irwin [7]. The ESDU methodology [2, 
3] of ascertaining profiles for each direction is used for characterizing the oncoming 
turbulence and speed for each angle. However, this approach does not apply to 
buildings or structures that are built amid a wide variety of topographic features 
such as mountains, rivers, ridges, escarpments, etc. These topographic features are 
capable of modifying the wind profile, and this needs to be accounted for in the wind 
tunnel test. These local topographical features can accelerate or decelerate wind 
speed and turbulence depending on the situation. In reality, topographical features 
are complex and consist of various features similar to a rolling hill scenario. These 
are important for structures like bridges, tall buildings, long-span roofs, and other 
wind-sensitive structures where aerodynamic stability and wind-induced responses 
are dependent on the turbulence characteristics and wind speed at the site. 

Many studies have been carried out to determine topographic multipliers for use in 
such scenarios. Studies on the same had started way back in the 1980s [8]. Glanville 
and Kwok [5] studied the measurement of topographic multipliers and flow separa-
tion in model scale and Holmes et al. [6] studied the measurement of topographic 
multipliers and flow separation in full scale for steep escarpments. Suresh Kumar 
et al. [10] studied the wind characteristics at a rough mountainous terrain to assist a 
bridge design. Burlando et al. [1] used numerical simulations to arrive at a parameter 
called altitude coefficient that provides the ratio between the mean wind velocity in 
complex topography and the corresponding value at sea level. Tha and Khin [11] 
performed numerical simulations for generating wind profiles for complex terrains. 
Tse et al. [12] describe how the topography-induced pitch and yaw angles affect the 
wind loading on structures using a series of wind tunnel tests and CFD simulations. 
Studies have also demonstrated the use of neural networks for the development of a 
global BLWT data atlas to inform the development of methods to predict topographic 
wind speedup for a diverse range of topography and surface roughness conditions 
[4, 9]. 

To determine the site-specific wind characteristics, especially in the absence of 
full-scale measurements, the effects of such topography can only be effectively deter-
mined through topographical model studies or numerical simulations in the case of 
complex topography. 

The purpose of this paper is to examine the usefulness of wind tunnel studies 
in determining site-specific wind conditions for a project. This paper presents the 
methodology of a topographical study and provides case studies conducted at RWDI. 
The main goals of the topographical study are to gather data on changes in average 
wind speed, flow direction, and turbulence intensity at the project location and apply 
the same during the testing of the structure.
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2 Topographical Modeling 

Typical wind tunnel studies of structures are carried out at 1:200–1:500 scale models. 
This would hardly cover less than a 0.5 km radius of the topography around the site in 
the traditional sizes of the boundary layer wind tunnels, and this will not capture the 
effects of rolling hills/mountains for many kilometers. To account for this, a small-
scale model of 1:2500–1:5000 of the project site as well as all major topographical 
features within a radius of 3.6–10 km radius shall be selected and tested in a boundary 
layer wind tunnel. The radius chosen for the topography disk is based on the size 
of the wind tunnel turntable as well as the extent of the topography required to be 
modeled in the turntable. For a 1.2 m radius turntable, the extent of topography that 
can be modeled in a 1:3000 scale can be 3.6 km. However, when the radius and scale 
increases, larger extents can be covered on the disk. 

The contour model of the study site is constructed using a Computer Numerical 
Control (CNC) machine based on GIS information. Special care is taken to elevate 
and contour the approach to maintain a smooth transition to the model. The objective 
of the topographical study and subsequent wind simulation for the actual wind tunnel 
test for a structure on a larger scale of 1:200–1:500 is to ensure that the effects of 
the far-field topography, which could not be physically modeled in the larger-scale 
wind tunnel test, are captured. Since the buildings within a 0.5 km radius are present 
for the subsequent 1:200–1:500 scale wind tunnel tests, their impact on the local 
flows would be accounted for directly. Wind direction is defined as the direction 
from which the wind blows, measured clockwise from true north. 

Initially, a topographic study at a scale ranging between 2500 and 5000 is carried 
out to determine the mean wind and turbulence profiles along the height at the study 
site. For this wind tunnel test, beyond the modeled disk, the approaching profile is 
determined using the ESDU method for every 20° angle of attack. This profile is 
used for measuring the turbulence intensity and mean wind velocity including the 
mountains and other topographic features in the disk. Thereafter, equivalent profiles 
are generated at a larger scale for the actual testing of the building, to achieve similar 
turbulence intensity and mean velocity as if the wind was passing through those 
mountains and other features. 

In the topography test, measurements of the wind speed and turbulence intensity 
are taken at several heights ranging from 50 to 2500 m above grade. The height of 
interest also includes the roof height of the model, the deck height of the bridge, 
the top of the pylon, etc. Further, in the case of bridges, measurements are also 
carried out at mid-span and quarter spans of the deck as well as below the deck. 
The measurements are made for the full compass range nominally at 20° increments. 
Additional measurements are conducted at 10° increments where significant upwind 
topography changes occur, to capture these effects in detail. Measurements of the 
three components of mean wind speed and turbulence intensity are obtained using 
a cobra probe. This device is specifically designed for measuring wind speed and 
turbulence intensity.
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The mean wind speeds at height z (Uz) are normalized by the free stream velocity 
(Ug), which is measured at a nominal height beyond 1000 m above grade where the 
effect of topography ceases to influence. The ratio of the mean speed at height z (Uz) 
to the mean speed at 600 m over open terrain could then be calculated using Eq. (1). 

Uz 

U600mopen 

= Uz 

Ug 
· Ug 

U600mopen 

(1) 

Ug/U600m_open can be obtained from the wind tunnel test as well if there is any 
flat plateau in the disk itself, otherwise, standards shall be used. Wind speed and 
turbulence intensities are checked at heights of interest above grade (in general— 
the roof height of the study building) to ensure that the wind characteristics in the 
large-scale wind tunnel test would be representative of the wind characteristics over 
the site as recorded on the topographical model. As discussed earlier, the immediate 
modeled surroundings as a part of large-scale test are not included in the topograph-
ical wind profile measurements. Surroundings beyond the limits of the model are 
simulated by spires and generalized roughness elements on the wind tunnel floor. 
The application of the velocity scaling factors described below accounts for, on 
a direction-by-direction basis, any remaining mismatch between the “target” flow 
parameters obtained from the topography study and the modeled flow properties at 
the large scale required for the wind tunnel test of the structure. 

During the large-scale wind tunnel tests (for example 1:300), the reference wind 
speed is measured at an equivalent height which is the practical maximum height for 
the wind tunnel. The results of the tests are required, however, to be in terms of the 
600 m above sea level velocity over open terrain, U600m_open. Therefore, a velocity 
scaling factor, F , is needed to convert the reference velocity, Uref, measured over the 
proposed development to the appropriate value over open terrain. This factor, F , is  
based on the concept of matching peak gust velocities between the two scale models 
at the matching heights, which leads to the following Eq. (2), where the small-scale 
test is assumed to be 1:3000 scale model: 

Uref = F · U600m_open (2) 

F =
{
Uz

[
1 + g · Iz(z)

]
U600m_open

}
1:3000 

·
{

Uref 

Uz
[
1 + g · Iz(z)

]
}
1:300 

where 

z the height of interest above the grade. 
Uz the mean wind speed measured at the height of interest. 
Iz(z) the turbulence intensity at the height of interest. 
U600m_open the mean wind speed specified at 600 m above sea level over open terrain. 
Ure  f the mean wind speed measured at the reference height in the wind tunnel.
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g the peak factor, defined as the ratio of the peak velocity fluctuation to 
the r.m.s. velocity. 

Velocity scaling factors (F) are then calculated for all wind directions for the 
matching heights. In addition, the final velocity scaling factors are adjusted to smooth 
the variations in wind direction to establish more realistic values. These values are 
evaluated from the mean velocity and turbulence measurements on the large-scale 
wind tunnel test and small-scale topography test. The actual wind tunnel test is then 
carried out using these factors and modified profiles and results are obtained for the 
study model. 

3 Case Study 1 

The location of the project is depicted in Fig. 1. As can be seen from the figure, 
the study site is surrounded by a complex topography including mountains, valleys, 
water bodies, and tall buildings. 

A 1:3000 scale model including all major topographical features within a radius 
of at least 3.6 km from the site was tested in RWDI’s 2.4 m × 1.8 m boundary 
layer wind tunnel. The topographical model represented in detail the influence of 
the major topographical features within 3.6 km of the project location. For the wind 
tunnel test, the influence of the terrain beyond the detailed model was represented 
using roughness on the wind tunnel floor and spires. Figure 2 shows the photograph

Fig. 1 Location of the study building 
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Fig. 2 Topographic model at 1:3000 scale 

Fig. 3 Wind tunnel test at 1:300 scale

of the 1:3000 scale topography model in the boundary layer wind tunnel covering 
3.6 km. The 1:300 scale test with the study building (in red) and immediate surrounds 
for a radius of 365 m is depicted in Fig. 3. Figure 3 also shows a series of tall pink 
color cubes at the entrance of the tunnel mouth, which have been used to generate the 
wind flow characteristics required at the 1:300 scale equivalent to the measurements 
made at 1:3000. 
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For winds from the southwest and west as shown in Fig. 2, the model was relatively 
flat, making the wind tunnel measurements for those directions more affected by 
the upwind profile than measurements taken for other directions where the local 
topography would have had a greater impact. 

The wind speed and turbulence intensities are measured and checked to ensure 
that the wind characteristics at the 1:300 scale model would be representative of 
the wind characteristics over the site as recorded on the 1:3000 scale topographical 
model. Surroundings beyond the limits of the model are simulated by non-traditional 
combination of spires and generalized roughness elements on the wind tunnel floor 
to achieve the desired wind characteristics seen in the topographical study. During 
the 1:300 scale studies, the reference wind speed is measured at an equivalent height 
of 366 m above grade in site terrain. Therefore, a velocity scaling factor, F , was  
needed to convert the 366 m reference velocity, Uref, measured over the study site to 
the appropriate value over open terrain at 600 m, using Eq. (2). 

Figures 4 and 5 show a reasonably good comparison of the normalized mean wind 
speed and turbulence intensities respectively at 74 m height between the 1:3000 and 
1:300 scale wind tunnel test. The mean wind speed is normalized by reference height 
wind speeds. Remaining mismatch between the two tests has been accounted using 
factors during the analysis. As can be clearly seen from Figs. 4 and 5 the mean wind 
speed is reduced when wind is coming over the mountains (clockwise from west 
through east), but induced turbulence is quite high. In open directions (clockwise 
from east through west), mean speed is high, and turbulence is low. 

During the analysis stage of the wind tunnel results, in the mathematical model of 
the wind climate, the wind speeds recorded at the nearby meteorological station are 
scaled up to those at the gradient height according to the local topography in the area. 
These wind speeds at the gradient height are not expected to change from location to 
location and are considered applicable to the current study. The mathematical model 
is then combined with the wind tunnel data to predict the frequency of occurrence 
of full-scale wind speeds.

Fig. 4 Normalized mean wind speed
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Fig. 5 Turbulence intensity

4 Case Study 2 

The location of the project is depicted in Fig. 6. It stands on a valley beneath a 
mountain and is surrounded by tall buildings. 

A 1:3000 scale model including all major topographical features within a radius 
of at least 7.3 km from the site was tested in RWDI’s 5.0 m × 3.0 m boundary layer 
wind tunnel. The mountains and valleys, particularly to the south and southwest, 
can produce various effects on the wind velocity and turbulence intensity at the 
site. Figure 7 shows the photograph of the topography model in the boundary layer 
wind tunnel. The 1:300 scale test with the study building (in red) and immediate

Fig. 6 Site location of the study building 
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Fig. 7 1:3000 scale topography model 

Fig. 8 Wind tunnel test at a large scale of 1:300 

surroundings for a radius of 365 m are depicted in Fig. 8. The figure also shows a 
few horizontal wooden plates that are used to modify the wind profile to match the 
characteristics obtained from the topography test. 

Before testing, measurements were made of the wind profile, without buildings 
and large-scale topography upwind, to confirm that the approach open terrain wind
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Fig. 9 Comparison of simulated wind speed at 1:3000 and 1:300 scale models 

profile would be appropriate. This profile was then compared to the approach profile 
specified in the Code of Practice. 

Measurements of the wind speed and turbulence intensity were taken at several 
heights ranging from 50 to 1500 m above grade. For the development and scaling of 
the 1:300 flow profiles measurements, nominal heights of 122 m and 170 m above 
site grade were of the most interest as the “matching heights” based on the roof 
height of the study building. 

During the 1:300 scale studies, the reference wind speed was measured at an 
equivalent height of 457 m above site grade in site terrain. This height was the prac-
tical maximum for the wind tunnel. The results of the tests were required, however, 
to be in terms of the 600 m above sea level velocity over open terrain, U600m_open. 
Therefore, a velocity scaling factor, F, was needed to convert the 457 m reference 
velocity, Uref, measured over the proposed development to the appropriate value over 
open terrain. Figure 9 shows a comparison of the peak gust speeds at both matching 
heights, based on the scaling factors. 

Figure 9 shows that mean and peak gust measured at 1:300 and 1:3000 is in good 
agreement with each other. From Fig. 9 (clockwise from southeast to southwest), it 
is seen there is a significant reduction in wind speed due to the sheltering from the 
immediate mountainous terrain as is expected. 

5 Conclusions 

Codes recommend topographic factors which are evaluated under idealized terrains 
and fail to accurately predict the impact of complex topographic features such as 
a combination of hills, valleys, cliffs, escarpments, or ridges which can signifi-
cantly affect wind flow characteristics. Numerical simulations or wind tunnel tests 
are quintessential in calculating the actual aerodynamics at the location. The paper 
reiterates the importance of conducting a topography study to accurately capture 
the impact of local terrain on the wind flows at the site. This study is suggested for 
structures in unusual terrain conditions to ensure that the site-specific wind charac-
teristics are aptly captured in the wind tunnel test. The methodology of conducting
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a topography study in the wind tunnel and its application in the wind tunnel test is 
presented through two case studies. These case studies have also demonstrated that 
the results of a small-scale topography study can be translated to a large-scale wind 
tunnel study in good agreement. 

References 

1. Burlandoa M, Pizzoa M, Repettoa M, Solari G (2013) Design wind speed in complex topog-
raphy. In: 12th Americas conference on wind engineering 2013: wind effects on structures, 
communities, and energy generation, ACWE 2013, Seattle, WA, United States, 16 June 
2013–20 June 2013 

2. ESDU (1982) Strong winds in the atmospheric boundary layer. Part 1: mean hourly speeds, item 
82026, Issued September 1982 with Amendments A and B April 1993. Engineering Sciences 
Data Unit, ESDU International, 27 Corsham Street, London N16UA 

3. ESDU (1983) Strong winds in the atmospheric boundary layer. Part 2: discrete gust speeds, 
item 83045, Issued November 1983 with Amendments to 1993. Engineering Sciences Data 
Unit, ESDU International, 27 Corsham Street, London N16UA 

4. Girma B, Stathopoulos T, Bedard C (2003) Numerical evaluation and neural net predictions 
of wind flow over complex terrain. In: Proceedings of the eleventh international conference on 
wind engineering, Lubbock, Texas, June 2003 

5. Glanville MJ, Kwok KCS (1997) Measurements of topographic multipliers and flow separation 
from a steep escarpment. Part I. Model-scale measurement. J Wind Eng Industr Aerodyn 
61–71:893–902 

6. Holmes JD, Banks RW, Paevere P (1997) Measurements of topographic multipliers and flow 
separation from a steep escarpment. Part I. Full scale measurement. J Wind Eng Industr Aerodyn 
61–71:885–892 

7. Irwin PA (1979) Design and use of spires for natural wind simulation. National Research 
Council of Canada, N.A.E. Report LTR-LA-233 

8. Meroney RN (1980) Wind tunnel simulation of the flow over hills and complex terrain. J Industr 
Aerodyn 5:297–321 

9. Santiago-Hernández JX, Román Santiago A, Catarelli RA, Phillips BM, Aponte-Bermúdez LD, 
Masters FJ (2022) Predicting topographic effect multipliers in complex terrain with shallow 
neural networks. Front Built Environ. https://doi.org/10.3389/fbuil.2022.762054 

10. Suresh Kumar K, Garber J, Yakymyk W, Hunter M, Irwin PA (2006) A wind tunnel investigation 
of topographical effects on wind flows at the Anji Khad arch bridge site in India. In: Third 
national conference on wind engineering, Kolkata, India, 5–7 Jan 2006 

11. Tha ZSK, Khin AM (2018) Numerical simulation of wind flow over complex terrain of Yangon 
City. Int J Adv Sci Res Eng (IJASRE) 4(4):62–69 

12. Tse KT, Weerasuriya AU, Gang H (2020) Integrating topography-modified wind flows into 
structural and environmental wind engineering applications. J Wind Eng Industr Aerodyn 204

https://doi.org/10.3389/fbuil.2022.762054


Vibrational Characteristics of the LEP 
Vertical-Axis Wind Turbine Shaft 
for Various Solidity Ratios 

E. Karthik Vel, G. Vinayagamurthy, Gao Liang, and S. Nadaraja Pillai 

Abstract Vertical-axis wind turbines are more advantageous than their horizontal-
axis counterparts when placed in an array. They have the maximum capability to 
harvest the abundantly available source of wind energy. The presence of VAWT in 
the region of the onset of the atmospheric boundary layer, i.e. the earth’s surface, 
and in offshore places where continuous unsteady airflow is encountered, has severe 
structural impacts in the form of vibrations that lead to system failure. To put a 
restraint on the problems caused, in this study, the leading-edge protuberance blades 
(LEP) are introduced on the VAWT instead of the previously available straight blades 
and are tested in the axial wind blower present in the Turbulence and Flow Control 
Laboratory at SASTRA Deemed University. It is to understand the diversification of 
the vibrational characteristics measured on the main shaft of the VAWT with the help 
of the triaxial accelerometer connected to a versatile data acquisition system. The 
results revealed that the LEP suppresses the evolution of the dynamic stall vortices 
considerably at low tip speed ratios, which in turn reduces the vibration on the 
turbine shaft, leading to the prevention of catastrophic failure of the system with the 
corresponding increase in turbine efficiency. 
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Nomenclature 

LEP Leading edge protuberance 
VAWT Vertical axis wind turbine 
VIV Vortex-induced vibration 
λ Tip speed ratio 
σ Solidity ratio 
L Length of the blade m 
D Rotor diameter m 

1 Introduction 

The wind energy sector seems to be one of the glaring renewable energy harvesting 
sectors, with almost 12% annual growth and a positive upward trend. The fight for 
reducing carbon emissions due to global warming has put forward an increase in the 
rate of installation of wind turbines at around 1.4 times more than the current installa-
tion rate [1]. The horizontal-axis wind turbines, though they seem to have high indi-
vidual efficiency, when placed on a wind farm require serious design consideration 
for the placement of the turbines to have maximum efficiency. Instead, vertical-axis 
wind turbines (VAWT) have been found to perform better in groups by harnessing 
the maximum possible wind energy close to the earth’s surface and utilising the 
maximum turbulence wind energy due to the earth’s surface boundary layer [2, 3]. 
There has been a recent shift from considering the power production per unit turbine 
to the power produced per unit area, which has led to the witnessing of almost 10 
times more power per unit area for the VAWT than the array of widely spaced HAWT. 

The vertical-axis wind turbine (VAWT) is known for its operation under extremely 
indeterministic airflow conditions due to its position very close to the Earth’s surface 
[4]. There is a nonlinear generation of a fluctuating flow field that is more predomi-
nantly encountered by the vertical-axis wind turbine, which is generally considered 
to be a small-scale wind turbine [5, 6]. Although the fluctuating wind is the potential 
source for the harvesting power for a VAWT compared with its horizontal counter-
part, there is wind-induced vibration that is caused by the above phenomena such as 
vortex-induced vibration (VIV), galloping, buffeting, etc. [7]. Galloping can affect 
the performance of a VAWT in several ways, including the dynamic stall effects on the 
lift-type vertical-axis wind turbine [8–10]. In a vertical-axis wind turbine (VAWT), 
buffeting can occur when the turbine is subjected to strong gusts of wind or other 
turbulence. The airfoil at larger angles of attack induces vortex-induced vibration, 
which introduces a lock-in phenomenon where the vortex-shedding frequency will 
jump to the natural frequency of the structure, which causes limited cycle oscilla-
tions [11]. The modification of the geometric profile of the wind turbine blade is 
found to be an efficient way to tackle such situations, particularly at points where 
there is a requirement for improvement with regard to aerodynamics. There was
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much research performed on the modification of the airfoil surface for variation in 
aerodynamic characteristics [12–14]. 

The dynamic stall due to the instantaneous aerodynamic load was delayed, 
resulting in suppressing the fluctuations occurring in the base airfoil [15]. The LEP 
results in the formation of a secondary vortex, which weakens the leading-edge 
vortex, thereby increasing the coefficient of lift in both static and dynamic condi-
tions [16, 17]. The dynamic stall vortex is stronger in the case of modified blades, 
which have varying flow dynamics across the span, whereas the base model has faster 
convection of the dynamic stall vortices [18]. 

In this study, the investigation of the effects of wind-induced vibrations on the 
VAWT with straight and LEP blades for various pitch angles, solidity ratio, and wind 
conditions is analysed for the reduction in fluctuations caused by aerodynamic loads. 

2 Experimental Methodology 

For the investigation, the NREL S1046 airfoil is used, which is considered a 
high-performance airfoil developed by the National Renewable Energy Laboratory 
(NREL) for use in wind turbine blades with a high lift-to-drag ratio, low stall speed, 
and improved power output [19]. The conceptual diagram of the VAWT support is 
shown in Fig. 1, with the position of the triaxial accelerometer placed on the rigid 
mast supporting the shaft connected with different blades. Table 1 describes the 
properties of the three models used for our investigation. 

The tip speed ratio (λ) Eq. (1) is defined as the ratio of the tip speed of the blade 
and the wind speed of the blade. 

λ = 
ωR 

V∞ 
(1)

D/2 

L 

Effuser 
Test SectionBlowing Fan LEP VAWT 

Model 

Fig. 1 Conceptual diagram of the experimental setup used for the investigation with the axial 
blower
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Table 1 Model description used for the experimental investigation 

Blade description Model No. of blades (N) Solidity ratio (σ ) 
Straight blade (Chord C = 14 cm) Model 1 4 0.68 

LEP blade (A = 14% C, W = 36% C) Model 2 3 0.68 

LEP blade (A = 14% C, W = 36% C) Model 3 4 0.47

Solidity ratio (σ ) Eq. (2) is defined as the ratio of the total blade area to the swept 
area of the rotor, which is tabulated in Table 1 for all the models tested. 

σ = 
NC  

D 
(2) 

3 Results and Discussion 

Figure 2a shows the raw acceleration data of the straight blade vertical-axis wind 
turbine for the crosswind of 13 m/s at the pitch angle of 0°, and Fig. 2b shows  
the corresponding acceleration data for the VAWT with leading-edge protuberance 
blades. The addition of a leading-edge protuberance to the vertical-axis wind turbine 
has reduced the acceleration values on the shaft of the wind turbine blade at similar 
wind conditions. Thus, the vibration induced on the vertical-axis wind turbine shaft 
due to variable wind conditions has a detrimental dependence on the geometry of 
the blades used in the VAWT system.

Figure 3a describes the variation of the tip speed for various incoming flow veloc-
ities at five different pitch angles. The tip speed was higher for the setup with a 
0° pitch angle, but with the increase in the pitch angles from 0° to 5°, there is a 
drastic decrease in the tip speed, which further decreases with the increase in the 
pitch angle. The decrease in tip speeds is visible clearly at higher incoming flow 
velocities, thereby conforming with the phenomenon of dynamic stall.

For the investigation carried out for LEP blades, the tip speed seems to be much less 
at pre-stall angles when compared with the case of straight blades, but conversely, at 
the post-stall regions of 15° and 20°, the tip speed remains the same. The configuration 
with LEP blades has suppressed the sudden decrease in the tip speeds with the increase 
in the pitch angles, thereby providing evidence for the suppression of the dynamic 
stall phenomenon. 

This helps us understand the enhanced aerodynamic stall behaviour of the LEP 
wind turbine blades, which maintained a constant tip speed for various wind condi-
tions and suppressed the vibrational effects on the wind turbine shaft that were earlier 
caused by the straight blades.
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Fig. 2 Acceleration data obtained on the shaft of the vertical-axis wind turbine a model 1, b model 
2, and c model 3
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(a) 

(b) 

Fig. 3 Variation of tip speed for different wind conditions corresponding to different pitch angles 
a model 1 and b model 2

4 Conclusions 

The series of experimental investigations performed on the VAWT configuration with 
and without LEP blades has led to the following conclusion: 

1. The straight-blade wind turbine has shown a maximum decrease in tip speed 
with an increase in pitch angle. 

2. The addition of the leading-edge protuberance has a comparatively lesser tip 
speed in the pre-stall region when compared with the VAWT with straight blades 
for various wind conditions. 

3. The effects of the dynamic stall phenomenon on the structural vibration are 
observed from the reduction in tip speed for the VAWT with straight blades, and 
the corresponding evidence of suppression of the structural vibration was seen 
in the case of the VAWT with LEP blades. 

Further, investigation has to be carried out by varying the amplitude and wave-
length of LEP, which will result in the design of an efficient VAWT blade. The 
corresponding energy output arriving from the efficient blade design will potentially 
help us produce an efficient vertical-axis wind turbine at this immediate time of need.
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Performance Analysis of N-Beats 
and Regression Learners for Wind Speed 
Forecasting and Predictions 

Jatin Prakash, P. K. Kankar, and Ankur Miglani 

Abstract Wind energy has enormous potential to fulfil industrial and other power 
requirement demands specifically in remote areas. The amount of power generated 
from the wind turbine depends on several factors, namely wind speed, wind direction, 
rotor area, the height of the tower, etc. As the wind speed is highly dynamic, it highly 
affects the power generation capacity of the windmills. Thus, it is highly desired 
that wind shall be monitored as well as forecasted earlier to prevent any sudden 
ups or downs in the power generation. This manuscript presents a regression-based 
methodology to predict the wind speed using XGBoost and AdaBoost regression 
learners. Their learning capabilities have been compared using mean absolute error. 
XGBoost is found to have lesser value of MAE at 0.392. Parallelly, N-Beats, the time 
series forecasting model is trained to forecast the wind speed. This way, the present 
study showcases the utility of time series forecasting method to accurately predict 
and forecast the wind speed. 

Keywords Wind power · Time series forecasting · N-Beats · Regression learners 

1 Introduction 

With the increasing demand for power globally and the limited amount of fossil 
fuels, it is the need of the hour to look for alternative sources especially renewable 
sources of energy. The wind has a great potential to produce energy using some 
suitable means and wind power is one of the most established and efficient sources
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of renewable energy. Not only wind is used to generate the wind, but it is also used 
for milling grain, pumping water, windsurfing, powering ships and thus reducing 
carbon footprints. As per an investigation [1], the wind power capacity is growing 
at a rate of 30% around the world. It is quite evident that windmills are installed in 
windy places or in mountains where the speed of wind is considered sufficient to 
produce power. With the changing climate and unpredictable weather, sometimes it 
is quite difficult to predict or forecast wind speed in future. This uncertainty leads to 
fluctuations in the power supplied through the power stations. Thus, it is the need of 
the hour to forecast the wind speed in advance for swift management of the power 
supply. Previously, few of the authors have implemented wind speed forecasting 
using different techniques and approaches, including statistical methods, numerical 
weather prediction models, and machine learning techniques. Statistical methods for 
wind speed forecasting include time series analysis, autoregressive moving average 
(ARMA) models [2], autoregressive integrated moving average (ARIMA) models 
[3], and Kalman filters, which are commonly used to model the temporal dependen-
cies in wind speed data. Numerical weather prediction models, such as the Weather 
Research and Forecasting (WRF) model and the European Centre for Medium-Range 
Weather Forecasts (ECMWF) model, are also commonly used for wind speed fore-
casting. These models use complex equations to simulate the physical processes that 
drive weather patterns and can provide detailed forecasts of wind speed at different 
heights and locations. Machine learning techniques, such as artificial neural networks 
(ANNs) and support vector machines (SVMs), time series-based methods like LSTM 
and Bi-LSTM, have also been applied to for various forecasting and classification 
tasks [4–10]. These techniques can be used to model nonlinear relationships in wind 
speed data and have been shown to perform well in comparison to traditional statis-
tical methods. In recent years, the combination of physical models with machine 
learning techniques (physics-based or hybrid models) has shown promising results 
in wind speed forecasting. This approach uses physical understanding to improve 
the performance of the model and reduce the complexity of the ML models. It is 
worth noting that wind speed forecasting is a challenging task due to the complexity 
of the atmospheric processes that govern wind patterns and the sparsity and vari-
ability of wind speed data. Therefore, this manuscript presents a regression-based 
method to predict wind speed by using variables like active power, wind direction, etc. 
Two different methodologies, namely XGBoost regressor and AdaBoost regressor 
have been used to determine the wind speed and their performance metrics have 
been compared. Furthermore, a time series forecasting method is used subsequently 
to forecast the speed of the wind for future events to minimize the fluctuations in 
the power supply of the windmill. This manuscript is organized as follows: Sect. 1 
presents the introduction and a brief literature review of wind speed forecasting using 
different means. Section 2 presents the regression analysis for predicting the wind 
speed by using XGBoost and AdaBoost regressors, respectively. Section 3 presents 
the forecasting for the wind speed using the deep learning model, N-Beats. Towards 
the end, Sect. 4 lists the conclusions and key takeaways from this manuscript. Figure 1 
shows the methodology adopted in this manuscript for wind speed prediction and 
forecasting.
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Fig. 1 Methodology adapted for the wind speed prediction and forecasting 

2 Data Set and Regression-Based Approaches 

The data set used in this study is obtained from Ref. [11]. This data set is acquired 
at an interval of 10 min and saves various data like wind speed, direction, and power 
generated and logs the theoretical power curve along with it. The data set contains 
50,530 recordings. The contour of the wind speed is shown in Fig. 2. In this study, 
this data set is utilized for wind speed prediction as well as forecasting. For predicting 
the wind speed, regression models (XGBoost and AdaBoost) are trained using wind 
speed, direction, power generated, and theoretical power, whereas the wind speed is 
used as the target variable. On the other side, N-Beats is trained to forecast the speed 
of the wind using recent historical data.

2.1 XGBoost Regression 

XGBoost is an ensemble machine learning model which stands for “Extreme 
Gradient Boosting”. It combines the predictions of multiple weak models to form a 
strong ensemble model. It is well capable of classification as well as regression. In 
regression, XGBoost predicts a continuous output value by combining the predictions
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Fig. 2 Variation of historical data of acquired wind speed

of multiple decision trees, which is a base learner in the XGBoost. The decision trees 
in XGBoost are built one at a time, and each tree corrects the errors carried forward 
by the previous tree. This process continues until the model achieves the desired 
accuracy or the required number of trees has been created. XGBoost provides L-1 
and L-2 regularization which prevents overfitting of the model by adding a penalty 
to the loss function. The mathematical expression of the XGBoost is mentioned in 
detail in Refs. [12, 13]. 

To train the model, the data set is split into training and test data in the ratio of 
80:20. Out of 50,530 recordings, 2720 recordings are used for testing the model and 
the remaining is used to train the model. Figure 3 shows the last 100 contours of the 
test data and the predicted data using XGBoost. It can be observed that the model 
achieves high accuracy during the training, and the mean absolute error is found to 
be 0.392.

Another statistical measure is the coefficient of determination (R2), which deter-
mines the proportion of variance in the dependent variable that can be explained by 
the independent variable. The value of R2 for trained XGBoost regression model is 
0.945. 

2.2 AdaBoost Regression 

AdaBoost, short for “Adaptive Boosting”, is a machine learning algorithm used for 
both classification and regression. It is a meta-algorithm that can be applied to a
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Fig. 3 Prediction of wind speed using trained XGBoost regression learner

wide range of base classifiers. The basic idea behind AdaBoost is to train a sequence 
of weak classifiers, where each one tries to correct the mistakes of the previous 
classifier. The final output is a weighted combination of the outputs of all the weak 
classifiers, where the weights are determined by their accuracy. In AdaBoost, each 
set of features is first assigned an equal weight (w = 1/n), and a stump is generated 
for each feature [14]. Subsequently, the first decision tree-based learner model is 
selected based on either entropy or the Gini coefficient, and the stump having the 
minimum value is selected for classification. Once the classification is complete, 
the total error is calculated by summing the individual weights of the incorrectly 
classified instances. In this study, the same data used to train XGBoost is used to 
train AdaBoost, and the mean absolute error is found to be 0.733. Figure 4 shows 
the wind speed predicted using the trained AdaBoost regression model.

3 N-Beats for Wind Speed Forecasting 

N-Beats stands for neural basis expansion analysis for interpretable time series fore-
casting and is a deep neural architecture specifically suited for univariate as well as 
multivariate time series forecasting. Its architecture is based on forward and back-
ward residual links and consists of very deep stacks of fully connected layers. These 
stacks of neural networks are called “beats” which are highly capable of capturing 
both short as well as long-term dependencies in a time series data. Each beat in the 
architecture consists of a pair of feed forward network (one for trend and seasonality
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Fig. 4 Prediction of wind speed using trained AdaBoost regression learner

each). The output of these beats is combined subsequently to obtain the forecast 
of the time series data. N-Beats is a flexible model that can handle a variety of 
different time series characteristics, such as multiple seasonalities, non-stationarity, 
and missing data [15]. Figure 5 shows the architecture of the N-Beats in two different 
blocks. The left block is the basic building block with fork architecture. It receives 
the time series data (say: xt ) as input and outputs two vectors (x

∧

t and y
∧

t ). y
∧

t is the 
block forward forecast for a given length of time series data, whereas x

∧

t is the best 
estimate of x, which is also known as backcast. Next, the residual principle is used 
to stack a number of layers together which results in an expressive model with good 
generalization capabilities for time series forecasting.

Considering this, in the present manuscript, N-Beats is used to forecast the wind 
speed using the previous 100 values of the wind speed data. While training the 
N-Beats model, the input and output chunk lengths are kept as 25 and 15, respectively. 

The model is trained for 500 epochs, and the random state is set to 15. For fore-
casting the model, 100 recent data points of wind speed are used. Out of which, 50 
data points are used for training, whereas the remaining 50 are used as the validation 
set. The trained model is used to forecast the wind speed as shown in Fig. 6. It is  
observed that actual and forecasted values follow the almost same trend with a mean 
absolute error of 0.29. The training loss is found to be 7.15 × 10–7, whereas the 
validation loss is found to be 6.35 × 10–6. N-Beats is also noted to be quite fast 
in training with an iteration rate of 4.63. It can be observed that forecasted values 
do follow the actual values closely with some exceptions. Initially, the deviation is 
observed to be higher and settles down to minimal values as the forecast continues.
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Fig. 5 Architecture of N-beats

Fig. 6 Wind speed forecasting and their deviation from test data using N-Beats
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4 Conclusions 

The present manuscript describes methodologies for wind speed prediction as well as 
forecasting using time series forecasting method. The key conclusions of this study 
are listed below: 

i. Wind speed predictions can be efficiently performed using boosting algorithm-
based regression learners, XGBoost and AdaBoost. 

ii. It is found that mean absolute error of the XGBoost is 0.945, whereas it is 
0.733 for AdaBoost. Thus, AdaBoost is found to be more accurate in prediction 
whereas XGBoost is relatively faster than former. 

iii. N-Beats with an input chunk length of 25 and output chunk length of 15 is 
successfully used to forecast the wind speed with a mean absolute error of 0.29. 
The training and validation losses are in the range of 10–6 and 10–7, respectively. 
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Effect of Turbulence Parameters 
on Alongwind Response of Tall 
Rectangular Buildings 

Naveen Kwatra and Abhay Gupta 

Abstract Alongwind and acrosswind response of tall rectangular buildings have 
attracted the attention of researchers in the last 50 years or so resulting in many 
useful findings. In order to get a deeper insight into the phenomenon related to tall 
building aerodynamics, experimental investigations on the model of a 240 m high 
rectangular multi-storey building with plan dimensions [width (b) × depth (D)] 24 m 
× 48 m (b/D = 2.0) and H/

√
(bD) = 7.07 have been carried out to study its response 

in two types of terrains, viz. city outskirt (α = 0.18) and city-centre (α = 0.30). The 
response of the model has also been studied in three grid generated flow conditions, 
to investigate the effect of ‘turbulence’ parameters. The results reported particularly 
bring out the effect of flow parameters like Turbulence Intensity ‘Iu’ and Integral 
Length Scale ‘Lux’, on the building response. 

Keywords Tall building · Turbulence Intensity · Alongwind response ·
Acrosswind response 

1 Introduction 

The computation of alongwind response of a variety of tall structures is often carried 
out by using the method proposed by Davenport [2] for slender line-like structures, 
though the method by its very concept does not intend to cover the lack of correlation 
across the width of a structure. Furthermore, as a measure of simplification, the 
method considers the wind velocity spectrum to be invariant over the building height. 
The interpretation of theoretical results thus requires taking cognizance of these 
factors.
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On the other hand, the results from wind tunnel tests need to be modified to account 
for dissimilarities in the similitude requirements, which, in particular, arise from the 
difficulty in achieving the desired turbulence and eddy size (scale) characteristics in 
a wind tunnel. These two parameters—the turbulence intensity ‘Iu’ and the integral 
length scale ‘Lux’ (of turbulence) have a major effect on the dynamic response of the 
structure [5]. Similar effects have been studied on stream wise pressures and effects 
of Intensity and Scale of Turbulence have been reported by Li and Melbourne [4], Hu 
and Li [3] and Aly [1]. In the present study, these have been varied to a wider extent 
using five different flow conditions and their effect has been examined. In studying 
their effect, the approach of Saathoff and Melbourne [5] and that of Sathapathy [6] 
has been used, in which a joint parameter, Iu * (b/Lux)2, is defined, and the non-
dimensionalized displacement response, with respect to Lux, is plotted as a function 
of this joint parameter. ’b’ in the expression is the width of structure normal to the 
wind. A large number of cases have been studied in the boundary layer wind tunnel, 
and typical results are reported in this paper. 

2 The Building Studied 

2.1 The Prototype 

The prototype building selected is described by the following parameters: 

• Height, h and Plan Dimensions = 240 m × 24 m × 48 m 
• Aspect ratio in plan (D/b) = 2.0 
• Vertical Aspect Ratio (h/

√
bD) = 7.07 

• Bulk density = 190 kg/m3 

• Natural Periods of Vibration = 5.20s (long after body) (in Fundamental modes) 
6.25s (short after body) 

• Damping as % of critical value = 1.5% (in either direction) 
• Slenderness ratios (h/b and h/D) = 10 and 5. 

2.2 The Model 

A stick type 2-degrees of freedom aero elastic model of the building made to 1:400 
scale has been used in the study. The model was placed in two orientations for deter-
mination of characteristics, one in LAB orientation and the other in SAB orientation, 
and characteristics in longitudinal, i.e. stream wise and in transverse, i.e. perpendic-
ular to wind direction were determined. Helical springs were used to simulate the 
dynamic characteristics. The bulk density as well as damping ratio of the prototype 
to the model is unity. The model was designed for a frequency ratio of 0.01 and a 
velocity ratio of 4.0, while the mass and stiffness ratios achieved were 64 × 106 and
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Table 1 Summary of various scaling parameters 

Parameter Notation Scaling requirement Ratio Remarks 

Length ratio Lr Lp/Lm 400 Adopted 

Bulk density ratio ρbr ρbp/ρbm 1.0 Adopted 

Damping ratio ξ r ξ p/ξ m 1.0 Adopted 

Frequency ratio nr np/nm 0.01 Assumed 

Mass ratio Mr Lr 3 * ρbr 64 × 106 Derived 

Velocity ratio V r Lr * nr 4.0 Derived 

Stiffness ratio K r Lr * V r 
2 * ρbr 64 × 102 Derived 

Acceleration ratio ar Lr * nr 2 0.04 Derived 

64 × 102, respectively. The acceleration ratio was 0.04. With a length scale ratio of 
400, the building model measured 60 mm × 120 mm × 600 mm. The displacement 
responses are simply related by the geometrical length scale (Table 1). 

3 Flow Characteristics 

As stated earlier, the response of isolated model has been studied in five different flow 
conditions. These comprise two types of turbulent shear flows (boundary layer) and 
three types of uniform turbulent flows (grid generated). A low turbulence sub-urban 
flow condition has been targeted with power-law coefficient α = 0.18 and another 
more rough urban flow condition where α = 0.30 has been the target value. In 
order to study the effect of scale of the turbulence, bi-planar grids have been used in 
the upstream zone. The flow conditions and flow characteristics are summarized in 
Table 2. Displacements at the top have been recorded through strain-gauge mounted 
leaf spring transducers and the accelerations have been monitored by piezo-resistive 
accelerometers, mounted at top, in both alongwind and acrosswind directions. Two 
hot-wire probes have also been used, one for the incident flow and the other for the 
wake flow measurements.

4 Experimental Programme 

The aero elastic model has been placed in the wind tunnel, first with its narrow side 
facing the wind, i.e. in long afterbody orientation (LAB) and then with its broader 
face normal to flow, i.e. in short afterbody orientation (SAB). Dynamic characteristics 
of the model have been established from free vibration records (Fig. 1).

Mean wind speed at the test section has been controlled through a variable eddy 
current control ‘Dynodrive’ mechanism. Fan speed has been varied between 300 and
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Table 2 Summary of devices used for various flow conditions and flow characteristics obtained 

Flow 
conditions 

BLT1 BLT2 BPG1 BPG2 BPG3 

Type of flow Boundary 
layer flow 

Boundary 
layer flow 

Grid 
generated 
flow 

Grid 
generated 
flow 

Grid 
generated 
flow 

α 0.18 0.30 – – – 

Lux 12 cm 24 cm 6 cm 9 cm 18 cm 

Iu (%) 4–17 6–21 8.0 9.0 11–18 

Lux/b 2.0 4.0 1.0 1.5 3.0

Fig. 1 Schematic of aero elastic model
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950 rpm, which correspond to mean wind speeds of 5–18 m/s in the test section. 
On full scale, considering a velocity scale of 4.0, this is equivalent to 20–72 m/s (or 
72–260 km/h), which covers almost the entire practical range of wind speeds for 
significant wind effects. Corresponding reduced velocity is worked out as below 

ReducedVelocity, RV = Vh 

no ∗ b 

where V h = mean wind speed near top of the model. 

no = fundamental frequency in respective direction, viz. alongwind or acrosswind. 

b = dimension perpendicular to the mean wind. 
Thus a wind speed of 10 m/s would correspond to a reduced velocity of {10/(19.2 

× 0.06)},i.e. 8.68 for alongwind response, and {10/(16.0 × 0.06)}, i.e. 10.41 for a 
crosswind response, in the LAB orientation. In the short afterbody orientation, 10 m/ 
s will yield reduced velocity of 5.37 for alongwind response and 4.34 for acrosswind 
response. 

For reduced velocities between 4 and 16, the model responses have been recorded 
at 250 Hz for a period of 12 s, while the flow fluctuations are recorded at 1.0 kHz 
over a period of 8 s. The time histories of these response signals (voltage signals 
converted to corresponding physical quantity) served as the basic data for further 
processing. Each data has been repeated once to ensure reproducibility. From each of 
the response time history records, the mean, maximum positive, maximum negative, 
RMS, variance, positive and negative peaks, and peak factors have been computed. 

5 Effect of Turbulence Parameters 

The two important turbulence parameters which affect the response are turbulence 
intensity (Iu) and turbulence length scale (Lux). In the present study, five different 
flow conditions have been investigated which yield different values of Iu and Lux at 
the test section. Corresponding to each of the five flow conditions, the model response 
has been studied at different reduced velocities. 

Saathoff and Melbourne[5] have drawn the conclusion that "Mean pressure distri-
butions are strongly dependent on Iu but are not significantly affected by Lux/b. 
Fluctuating pressures, on the other hand, depend on both Iu and Lux/b. Pressure fluc-
tuations near separation correlate reasonably well with the parameter, Iu(Lux/b)0.15, 
except when Lux/b >> 1.0''. Similar inferences were drawn in Li and Melbourne [4] 
using Iu(Lux/b)0.40. Sathapathy [6] has used a parameter Iu(b/Lux)2 [≡ Iu(Lux/b)0.50] 
to study the effect of turbulence parameters. 

Here, the variations of Mean alongwind displacement (ALDSP), RMS along-
wind displacement (ALDSP) and RMS acrosswind displacement (ACDSP) are 
studied with changes in the turbulence parameters of the approach flow. For this
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study, plots of ‘normalized response’ versus Iu(b/Lux)2 have been prepared. For non-
dimensionalizing the response, in a particular flow field, the respective length scale is 
used, e.g. mean and rms ALDSP and rms ACDSP in BLT1 are non-dimensionalized 
with respect to the turbulence length scale in BLT1. These are presented in Fig. 2. 
Following are the salient results: 

(i) The displacements for different wind speeds show a well-defined relationship 
with parameter Iu(b/Lux)2. Generally, the alongwind response increases with 
increasing values of Iu(b/Lux)2.

Fig. 2 Variation of response/Lux with Iu(b/Lux)2—LAB
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(ii) However, in acrosswind direction, there exists a value of Iu(b/Lux)2, beyond 
which the response reduces. This is common for all speeds. 

6 Effect of Integral Length Scale of Turbulence (Lux) 

The difference between the values predicted on the basis of experimental wind tunnel 
studies and those computed using Davenport’s theory arises partly due to the choice 
of the value of parameter L, the characteristic eddy length scale. Computed values of 
RMS response are not significantly affected by varying L from 1200 m (as chosen by 
Davenport) to as low as 300 m, as shown by Fig. 3. However, since the scales measured 
in the wind tunnel were between 10 and 25 cm which correspond to prototype values 
between 40 and 100 m, the response gets lowered by about 40%, refer Fig. 3.

7 Effect of Turbulence Intensity (Iu) 

The RMS response is a direct effect of the turbulent velocity fluctuations in the 
longitudinal direction, i.e. the longitudinal turbulence intensities, which are rather 
low in our study compared to the values assumed by Davenport and are 50% of the 
field values in upper 2/3rd to half height of building. This is expected to lower down 
the observed RMS along wind response, though not quantified. 

8 A New Generalisation Approach 

The wind induced response of a typical tall building is mainly derived from wind as 
well as structural parameters. Intensity and scale of turbulence in the incident wind 
stream are important parameters as far as mean and RMS response are concerned. 
With little variation in these parameters, response values change. In the above section, 
the response has been presented as a function of a joint turbulence parameters Iu(b/ 
Lux)2. Further, an attempt has also been made to normalize the non-dimensionalized 
response by the value ‘Response/Lux’ corresponding to Iu(b/Lux)2 = 5.0. This is 
observed to yield a very interesting plot. In this representation the curves for various 
wind speeds for reduced velocities of 9.0, 10.5 and 12.0 merged into a single curve 
(Fig. 4) for the Mean alongwind displacement, RMS alongwind displacement and 
RMS acrosswind displacement responses. Such a converged plot, irrespective of the 
wind speed, may be very much useful for further interpretations where indepen-
dently turbulence intensity and scales might be different than this study, but the joint 
parameter lies in the range studied and presented here.
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Fig. 3 Effect of characteristic length parameter ‘L’ on RMS alongwind response

9 Conclusions

1. Wind tunnel tests on an aero elastic model of a tall building yield lower values 
of the alongwind response as the Integral) Length Scale of turbulence generated 
in the tests may be much smaller than required.
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Fig. 4 Normalized response verus Iu * (b/Lux)2 relationship (combined for different wind speeds)

2. The along wind response is seen to increase monotonically with increase in the 
value of {Iu * (b/Lux)2}. Thus correction for eddy size represented by length 
scale Lux should be applied in addition to that for loss of correlation with wind 
pressures over the width of structure. 

3. From the normalized response curves developed, it is possible to interpret the 
response of a tall rectangular building situated in a wind environment of turbu-
lence characteristics (Iu and Lux) other than the ones in which measurements are 
made.
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Wind Pattern and Dispersion 
in a T-Intersection Street Canyon 

S. K. Udupi, R. Rao, S. Mahesh, C. Tiwari, L. Singh, and S. J. Pal 

Abstract Each year there has been a steady rise in vehicles plying on roads leading 
to an increase in roadside pollution. The condition is grimmer in urban sectors and 
metro cities. The dispersion of vehicular pollution is essential for the health of pedes-
trians and nearby societies. Factors like street canyon geometry and meteorological 
conditions play a significant role in dispersing pollution. One of a typical urban 
road settings includes a T-intersection canyon having buildings alongside it. The 
current work attempts to numerically study the wind pattern in the proximity of 
a T-intersection street configuration. The study investigates the effect of incoming 
wind velocities and building aspect ratio on the turbulence levels and flow zones 
adjoining the street canyon. It is observed that the flow regime for the configuration 
when the ratio of building height and street is one is skimming, while the bulk flow 
does not enter the canyon. The changes in the configuration lead to variations in the 
formation of distinct vortexes that are stable and isolated. The analysis of velocity 
profiles shows sharp gradients at the tip of the building but tends to decrease slowly 
away from the ground. 

Keywords T-intersection · Wind patterns · Pollution dispersion 

1 Introduction 

The concern around the decreasing air quality especially in an urban environment 
is growing with each passing year [1]. The vehicular pollution is directly impacting 
the health of roadside pedestrians and adjoining societies. There are harmful gases 
and particulate emissions distributed vertically as well as horizontally having uneven
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gradients and then there are cavities that act as pollution traps [2]. A timely disper-
sion of vehicular pollution becomes an essential guideline while designing a new 
urban space. However, the prediction of pollution dispersion becomes a complex 
task due to the spatial and temporal changes from spot to spot due to factors such as 
meteorological conditions, presence of obstacles, to name a few. 

A typical urban environment consists of tall buildings on both sides of a street. 
However, the manner in which the streets and building align in an urban space varies 
from one junction to another. Some of the street junctions could be T-interactions, 
Y-interaction, acute angle, staggered, multiple, etc. Likewise, the building types can 
vary a lot. Few of the scenarios are uniform buildings on both sides of the roads, 
non-uniform building on both sides of the roads, buildings on single side of the roads, 
etc. Due to large combinations of street canyon, building configurations, and wind 
conditions, the study of dispersion is complex and general guidelines fails to account 
for accurate pollution dispersion. 

A study by Costabile and Allegrini [3] measures concentration level of pollutants 
such as NOx, NO2, NO, benzene, toluene, and xylene (BTX) at the ground and the 
roof top of a building in the urban area of Suzhou (China). The building is 22 m 
high, while the road is 40 m wide. The measurements at the roof top account for 
pollutant being carried by the wind from the upstream pollutant sources. However, 
the study found that the concentration of pollutants at the ground was higher than 
rooftop. Thus, it indicates that the ground wind dynamics and pollutants levels are 
dominant factors for pollution dispersion. Ming et al. [4] studied dispersion in a non-
uniform urban street canyon under the influence of traffic tidal flow for wind direction 
perpendicular to the street. The author found that there is a higher concentration of 
pollutants at the pedestrian breathing height when the intensity of source is greater 
in the leeward side than windward side. 

The present study is an attempt to understand the wind pattern distribution in 
street canyon. A T-intersection is considered for the study. The dispersion of pollu-
tants is largely influenced by the fluid dynamics in the proximity of buildings whereby 
the movement of particles is dominated by convection. The study aims to find the 
dynamics of fluid flow and the identification of pollution traps. The traps are repre-
sented by the recirculation regions. Further, the pressure distribution in the proximity 
of street canyon adds information pertaining to the formation of pollution traps. 

2 Computational Methodology 

The dispersion of pollution is significantly influenced by the meteorological condi-
tions. The study of wind patterns around a building can be understood by solving and 
analyzing Navier–Stokes equation. The advancements in the modeling techniques 
and with enough proof of the reliability of the results, obtaining solutions using 
numerical techniques, has become a standard practice. The current study solves
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Reynolds-averaged Navier–Stokes equations to obtain flow flied. The terms associ-
ated with Reynolds stresses are modeled using a two-equation approach. In the current 
study, RNG k-ε turbulence model is selected and preferred over other turbulence 
models [5, 6]. 

2.1 Computational Domain and Grid Settings 

The 3D computational domain consist of a T-intersection street canyon and the 
surrounding area of interest as shown in Fig. 1. The three-dimensional model has a 
building height (H) of 100 mm, street canyon width of 100 mm. The three buildings 
are placed in a way to form a T-intersection. Domain dimensions are 43.5H × 12.5H 
× 25H (L ×H × W ). The dimensions are scaled in the ratio of 1:100. The volumetric 
mesh has polyhedral cells which are smaller and denser closer to the walls of the 
buildings and coarser away from the walls. The minimum orthogonal quality is 0.2 
and the maximum aspect ratio is 16. 

In order to ensure that the results of the study are not dependent on the grid size, a 
grid independence is performed by repeating a portion of the study with different grid 
characteristics and ensuring invariance. The grid independence study was performed 
by varying the size and therefore number of cells, varying the parameter of cell 
count by a factor of two, and a factor of half. The velocity profiles at location x = 
0H (center of the T-intersection) were obtained for three grids (G_1, G_2, and G_ 
3) having cell count as 0.6 × 106, 0.3  × 106, and 0.15 × 106, respectively. The 
velocity profiles of G_1 and G_2 are nearly identical with maximum variation of 
5% as shown in Fig. 2. Thus, G_2 having cell count of 0.3 × 106 was selected for 
obtaining numerical results.

Fig. 1 Computational 
domain of the T-intersection 
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Fig. 2 Comparison of velocity profiles along y-axis on z–y plane at center of T-intersection 

2.2 Governing Equations 

The pollutant dispersion is dominated by the flow pattern. The governing equations 
of fluid flow are based on conservation of mass and momentum and given by Eqs. 
(1, 2, 3), 

div ρv = 0 (1)  

∇ ·  ρvv = −∇  p + ∇  ·  (τ ) (2) 

ρCpv · ∇T = keff∇2 T (3) 

where keff is the effective conductivity and represents the sum of material thermal 
conductivity and turbulent thermal conductivity, and also, v, ρ, and T represent 
Reynolds-averaged velocity, density, and temperature, respectively. 

2.3 Boundary Conditions 

At the inlet of the domain, a fixed value of velocity (4 m/s) and ambient tempera-
ture (300 K) is assigned. At walls of the buildings, no-slip shear condition with the 
stationary wall is applied. Along with that, the standard roughness model and zero 
value of heat flux and heat generation rate are also employed. At the plenum, ‘Pres-
sure Inlet’ B.C. is applied at a fixed value (here, zero) of gauge pressure and total
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temperature as 300 K across its surface, and at the outlet of the domain, ‘Pressure 
Outlet’ is assigned with zero-gauge pressure and backflow temperature as 300 K. 

The discretization of domain is primarily obtained by structured polyhedral mesh. 
The y+ in all the grids is in the range of 30–100, so the first cell is placed adjacent 
to viscous sublayer. Thus, wall functions are used to obtain the effect of near wall 
region. The governing equations are integrated over the computational domain using 
the finite volume method (FVM). A second-order upwind scheme has been utilized to 
obtain the gradients as it also improves the accuracy of the solution compared to first-
order schemes. The pressure velocity coupling is done through SIMPLE algorithm. 
Further, the convergence criteria for all the variables are set to 10–6. 

3 Results and Discussion 

The understanding of the flow field in the street canyon of a T-intersection is necessary 
for knowing the potential pollution traps. The incoming wind conditions plays a 
dominant role in the development of the flow field. The results which obtain through 
simulations discuss the flow distribution in a T-intersection street canyon. 

3.1 Velocity and Pressure Distribution 

The numerical results are obtained for a condition when the wind approaches at 
normal to the T-intersection. The speed of incoming wind is 4 m/s, while a plug wind 
approach is assumed. The incoming turbulence is assumed to be 5% of the mean 
wind speed. To understand the wind patterns, specific planes of interest are selected. 
Figure 3 shows the flow field distribution on plane z–y at x = 0H (middle of the 
T-intersection), whereas Fig. 4 shows the vector plot.

It can be seen that a strong shear flow is formed at the rooftop level and a clockwise 
rotating vortex is formed in the downstream street canyons. The contours of blue 
region show the flow recirculation and represents vortex formation. The flow regime is 
skimming; this means that the bulk flow does not enter the canyon and is characterized 
by a stable and isolated vortex at the street canyon. The bulk flow after separating 
at the windward side of the building does not reattach to the street. The tendency to 
form a big vortex at the street canyon raises concerns of formation of pollution traps. 

The velocity on the street is of the order of 2 m/s that is nearly half of the ambient 
conditions of wind speed. At the same time on inspecting the vectors, it can be seen 
that the direction of wind speed on the street is opposite to the ambient wind. The 
exposure of wind to pedestrian is completely different to the one who is upstream of 
the T-intersection street canyon. However, to aid pollution dispersion, the presence 
of wind is important, while the direction of wind is rather not that important.
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Fig. 3 Velocity contour on z–y plane at x = 0H and a zoomed-in view 

Fig. 4 Velocity vector plot on z–y plane at x = 0H

Figure 5 shows the pressure distribution at the middle plane (x = 0H). The first 
separation point can be seen to be present at the windward face of the windward side 
building near to the ground. The flow velocity at this point is almost to zero and hence 
can be considered as a stagnation point. The second separation point can be seen to 
be present at the windward corner of the windward side building. A small eddy is 
formed at the rooftop due to the separation. The third separation point is generated 
when the flow moves further into the street canyon along the leeward side of the first 
building. Another small eddy is formed at the leeward corner of the windward side 
building. The formation of these small eddies are characterized by high spinning and 
low pressure at the core as seen in the pressure contour. While the large clockwise 
rotating eddy is expanding in the street canyon, another stream of flow entrains from 
the rooftop of the second building and enters the street canyon along the windward 
side of the second building. The core region of recirculation where low pressure is 
formed is a concern for the dispersion of pollution.

The flow field at planes x = 3H, 6H, − 3H, and − 6H is shown in Fig. 6. It can be 
seen that the flow distribution on the opposite planes such as at 3H and − 3H is quite 
similar but with minor changes. Likewise, the contours’ distribution at 6H and − 6H
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Fig. 5 Pressure distribution on z–y plane at x = 0H

is nearly similar. It can be said that there is a degree of asymmetry that is present in 
the flow although the domain is symmetric. The separation bubble position decreases 
in both length and height as suctions near the leading edge increase in all five planes 
along the length of the building. Higher speed flow also emerges along the separated 
shear layer above the leading edge. 

The flow distribution on the street shows that the velocity is wind is nearly nonex-
istence with values of wind speed nearing to zero at the pedestrian nose level. It is 
more predominant at 6H and − 6H planes.

Fig. 6 Velocity contour plots at four parallel planes on both sides of the street canyon 
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Fig. 7 Contours of turbulence kinetic energy on z–y plane at x = 0H 

3.2 Turbulence 

The characteristics flow Reynolds number based on building height of 100 mm and 
inlet velocity of 4 m/s makes it a turbulent flow. However, the obstacles in the form of 
building in the path of wind generate additional turbulence. The presence of turbulent 
flow in a flow field indicates the transfer of energy from the mean flow to eddy 
formation and then dissipation in the form of viscous heating. The presence of any 
amount of turbulence kinetic energy in the computational domain indicates strong 
mean velocity gradients in the flow. The gradients represent fast changing velocities 
in all the directions. Figure 7 shows the contour of the generation of turbulence 
kinetic energy (TKE). The separation and reattachment sites linked with the corner 
of the upwind and downwind building downstream of the street canyon are where the 
TKE is lowest. In accordance with the findings of Bernardino et al. [7] and Cheng 
and Liu [8], large variance zones are produced above the building top and a shear 
layer coming from the upwind building’s corner along the length of the structure, the 
phenomena is seen on all five planes. 

4 Conclusion 

A T-intersection street canyon’s wind flow is modeled, and the distribution of velocity, 
pressure, and turbulent kinetic energy in understanding dispersion of pollutants is 
presented. Using the RNG k-turbulence model, a scenario when the wind approach 
the building at 90-degree angle having an inlet wind speed of 4 m/s is solved numer-
ically. The incoming velocity profile is assumed to be plug flow. The simulations 
shows that the layout (where the ratio of building height to building width is 1) has a 
skimming flow regime, which is characterized by a stable and isolated vortex at the 
center of the street canyon and prevents bulk flow from entering the canyon. Near the 
building’s roof, the velocity profile sharply rises and then gradually falls away from
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the ground. There is a drastic increase in the velocity and turbulent kinetic energy at 
twice the building height. 
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of Unsteady Viscous Flow Over 
a Circular Cylinder at Re = 48 
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Abstract The flow past a circular cylinder is an important problem of investi-
gation in applications such as structural engineering (bridge structures, tall build-
ings, chimneys, etc.) and aeronautical engineering (bluff body aerodynamics). CFD 
based on the Finite Volume Method implemented in the solver Fluent shows that 
aerodynamic coefficients while predicted with remarkable accuracy for the two-
dimensional, steady, viscous flow past a circular cylinder case revealed errors or 
discrepancies in the prediction of von Kármán vortex street (and associated period-
icity of lift and drag) at the Reynolds number range of 46–48. The reason for the 
discrepancy is investigated with a focus on predicting von Kármán vortex street at Re 
of 48, by making different grid design considerations, viz., varying the blockage ratio, 
upstream distance of cylinder to inlet, downstream distance from cylinder to outlet 
boundary and mesh element size parameter. Although the known flow characteris-
tics such as fluidic unsteadiness, force oscillations and vortex shedding predictions 
existent at this Re were never predicted, the mean drag coefficient was predicted in 
all cases with high degree of accuracy. The recommendations and conclusions drawn 
from the study could now be applied to different fluid flow problems. The earlier 
obtained results provided guidance on how to find solutions to different applications 
as well as perform more complex fluid flow simulations effectively, with minimal 
error and effort. 
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1 Introduction 

Computational Fluid Dynamics (CFD) is expected to continuously play an instru-
mental role in the design and analysis of systems and components in various fields of 
engineering [1]. It is a known fact that results generated through CFD are not exact 
solutions or true results of the problem in question. Rather, the results are numerical 
approximations to governing equations in the presence of errors and uncertainties. 
According to AIAA, an error is defined as “A recognizable deficiency in any phase or 
activity of modeling and simulation that is not due to lack of knowledge”. Similarly, 
uncertainty can be defined as “A potential deficiency in any phase or activity of the 
modeling process that is due to the lack of knowledge” [2]. 

Prior research works on the topic of error and uncertainty estimation in CFD are 
[3–6]. In this paper, it is assumed that the various factors affecting the grid gener-
ation process such as wall blockage ratio, distance from cylinder to inlet, distance 
from cylinder to outlet boundary and mesh element size have profound impacts on 
computational accuracy and introduce discretization errors. This also leads to vari-
ation in prediction of the critical Reynolds number from which vortex shedding due 
to wake instability arises. So far, to the author’s knowledge, a study on errors and 
uncertainties in the simulation of unsteady flow over a circular cylinder due to the 
aforementioned factors at low Reynolds number of 48 is not yet available in literature. 
Therefore, in this paper, a comprehensive investigation is performed on the effect 
of blockage ratio, distance from cylinder to inlet, distance from cylinder to outlet 
boundary, mesh element size parameter on flow pattern, aerodynamic characteristics 
such as lift coefficient (Cl), drag coefficient (Cd) and Strouhal number (St) of the  
cylinder at Reynolds number of 48. The errors generated from the computations are 
listed and discussed which would allow the user to select a particular grid with the 
smallest error. The lessons learnt can then be applied to other flow problems. 

2 Problem Statement 

The Finite Volume Method (FVM) is employed for simulating flow for the problem 
of flow past a single, stationary, rigid cylinder. The Finite Volume code built within 
the solver Fluent is used to simulate the steady flow. It is found that numerical 
computations are in perfect agreement with real-world experiments for steady case. 
It is not yet clear whether the same model can be applied to simulate unsteady flows. 
Henceforth, computations are performed for unsteady flow for different Re in the 
critical Re range with the same method, mesh and solver settings used for steady 
case. 

Unsteady simulations are first performed on the mesh used for the steady case with 
a time step size (Δt) of 0.1. The vorticity results for five Re cases considered, namely, 
46, 47, 48, 58 and 59 are analyzed. It is observed from the vorticity contours that there 
is no periodic vortex shedding predicted at about Re = 47 as stated in [7], no onset of
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unsteadiness, as expected, for critical Re ≈ 46, as described in [8] or for  Re = 46.8 
as reported in [9]. It is further observed that the onset of fluidic unsteadiness and lift 
periodicity is predicted only at Re= 59. For Re ≈ 48, after initial perturbations, the lift 
coefficient gradually reaches to steady state. Therefore, it is concluded that the model 
which correctly predicts steady flow characteristics is unable to correctly predict the 
same for unsteady flow, at Re corresponding to real-world experimental predictions. 
The cause of this problem requires careful examination of different parameters. 

Research on the effects of blockage ratio, upstream distance of cylinder to inlet, 
downstream distance from cylinder to outlet boundary and mesh element size param-
eter on the unsteady flow characteristics from circular cylinder simulation have not 
yet been investigated, according to the author’s knowledge. Therefore, a detailed 
study of the aforementioned effects on the vorticity, aerodynamic forces and Strouhal 
number is performed here. 

3 Numerical Setup 

Figure 1 provides the schematic of the flow problem considered in this paper. To 
study the effect of different blockage ratios (H/D), simulations are conducted for 
flow past a single cylinder with Re at 48, cylinder location from inlet ratio (l/D) as 
25 and channel length (L/D) as 100, fixed. The primary aim of this research is the 
prediction of von Kármán vortex street at Re = 48. The channel length ratio (L/ 
D) of 100 is set in accordance with the recommendations of Heil et al. [8] which 
states the limits of boundary where unsteadiness starts to occur. The dimensions of 
cylinder are fixed as 1 diameters (D). In all cases, the second-order implicit temporal 
discretization with time step size (Δt) of 0.1 is considered. The iteration process is 
repeated until the residuals fall below10−4. The grids of resolution in all cases are 
maintained close to that of the baseline grid consisting of 127,280 nodes and 126,400 
elements (Fig. 2). 

To study the effect of different upstream distances of cylinder to inlet (l/D), simu-
lations are conducted for flow past a single cylinder assuming Re = 48, H/D of 23 and 
L/D of 100. Six different upstream distances from inlet to cylinder (l/D) cases—25, 
18, 15, 12, 9 and 6, are considered. The time step size in all cases is assumed to be 0.1.

Fig. 1 Numerical and 
experimental comparison for 
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Fig. 2 Schematic of the flow past single circular cylinder confined in a channel

The residual convergence criterion is fixed as 10–4. Six different grids are assigned. 
The grids of resolution in all cases are maintained close to that of the baseline grid 
consisting of 127,280 nodes and 126,400 elements. 

In order to study the effect of downstream distance from cylinder to outlet 
boundary, simulations are conducted for flow past a single cylinder assuming Re 
= 48, H/D of 23 and l/D of 11.5. Six different downstream distances from cylinder 
to outlet boundary (L/D) cases—100, 80, 70, 60, 50 and 40, are considered. The time 
step size in all cases is assumed to be 0.1 and the residual convergence criterion is 
set to be 10–4. Six different grids are assigned. The resolution of grids in all cases is 
maintained close to that of the baseline grid consisting of 127,280 nodes and 126,400 
elements. 

In order to study the effect of mesh element size parameter, simulation is conducted 
assuming Re of 48, H/D at 23, l/D at 11.5 and L/D at 100. Five different mesh 
sizes, with minimum and maximum element sizes or face areas (Δs) of 0.017, 0.013, 
0.0098, 0.0057, 0.0043 and 1.572, 1.04, 0.78, 0.53, 0.39, respectively, are considered. 
In all cases, the time step size is assumed to be 0.1.The residual convergence criterion 
is assumed as 10–4. 

4 Results and Discussion 

In this section, the results for the problem are presented in terms of streamlines, 
vorticity contours and aerodynamic coefficients. The effects of H/D, l/D, L/D and
Δs on the flow characteristics and aerodynamic forces are investigated. In all the 
cases, the Re is fixed at 48 and time step size as 0.1.
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4.1 Effect of Blockage Ratios 

Six different blockage ratio (H/D) cases—13, 18, 23, 28, 33 and 38, are investigated 
in this study. The vorticity contours for confined flow over a circular cylinder at 
different blockage ratios are presented in Fig. 3. The lift coefficient, drag coefficient 
of cylinder and Strouhal number results showed that for all blockage ratios, the 
vorticity contours are symmetric about the top and bottom halves of the cylinder. The 
fluid unsteadiness in the wake and periodic vortex shedding could not be observed 
in all cases. The results are therefore inconsistent with earlier obtained results by 
Norberg [7], Heil et al. [8] and Baranyi and Lewis [9]. Nevertheless, as also in the 
case of an earlier experimental study by Strykowski and Sreenivasan [10], the natural 
vortex shedding process could only be observed from Re ≈ 60 and not 46. Due to 
the absence of vortex shedding and the von-Kármán vortex street phenomenon, in all 
cases, the drag coefficient is seen to be steady. The time history of drag coefficient 
for Case 3 (H/D = 23, l/D = 25, L/D = 100, Re = 48) is shown in Fig. 4. In addition, 
the lift coefficient is found to be transient for a period of time and converges to the 
initial steady-state solution. The Strouhal number is found to be zero. The trend in 
the lift coefficient, drag coefficient and Strouhal number observed is a consequence 
of the absence of vortex shedding. 

Fig. 3 Vorticity contours for different blockage ratios (l/d = 25, L/D = 100, Re = 48). a H/D = 
13, b H/D = 18, c H/D = 23, d H/D = 28, e H/D = 33, f H/D = 38
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Fig. 4 Time history of a drag coefficient, b lift coefficient for H/D = 23 (l/D = 25, L/D = 100, Re 
= 48) 

4.2 Effect of Upstream Distance of Cylinder to Inlet 

Six different upstream distances from inlet to cylinder (l/D) cases—25, 18, 14, 11.5, 
8 and 5, are investigated in this study. The vorticity contours for the different cases 
are provided in Fig. 5. The lift coefficient, drag coefficient of cylinder and Strouhal 
number results showed that the vorticity contours are symmetric about the top and 
bottom halves of the cylinder. It is, therefore, concluded that there is no vortex 
shedding present in all cases. The drag coefficient is steady and non-periodic. An 
illustration of time history of drag coefficient for case of l/D = 11.5, H/D = 23, L/D 
= 100 is shown in Fig. 6. The lift coefficient is found to be transient and converges to 
the initial steady-state solution due to the absence of vortex shedding. The Strouhal 
number is found to be zero. The trend in the lift coefficient, drag coefficient and 
Strouhal number is a result of absence of vortex shedding. 

Fig. 5 Vorticity contours for different upstream distances of cylinder to inlet (H/D = 23, L/D = 
100, Re = 48)
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Fig. 6 Time history of a drag coefficient, b lift coefficient for l/D = 11.5 (H/D = 23, L/D = 100, 
Re = 48) 

Fig. 7 Vorticity contours for different downstream distances of cylinder to outlet boundary (H/D 
= 23, l/D = 25, Re = 48). a L/D = 100, b L/D = 80, c L/D = 60) 

4.3 Effect of Downstream Distance of Cylinder to Outlet 
Boundary 

Six different downstream distances of cylinder to outlet cases, i.e., the ratio L/D 
assumed as 100, 80 and 60, are investigated in this study. The vorticity contours for 
the different cases are given in Fig. 7. The lift coefficient, drag coefficient of cylinder 
and Strouhal number results showed that the vorticity contours are symmetric and 
there is no vortex shedding. The drag coefficient is seen to be steady and non-periodic. 
An illustration of time history of drag coefficient for case of L/D = 80, H/D = 23, l/ 
D = 25 is  shown in Fig.  8. The lift coefficient after some transience converges to a 
steady-state solution. The magnitude of lift coefficient and Strouhal number is zero 
for all cases due to the absence of vortex shedding.

4.4 Effect of Element Size Parameter 

Six different downstream distances of cylinder to outlet cases, i.e., the ratio L/D 
assumed as 100, 80 and 60, are investigated in this study. The vorticity contours for 
the different cases are given in Fig. 9. The lift coefficient, drag coefficient of cylinder
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Fig. 8 Time history of a drag coefficient, b lift coefficient for L/D = 80 (H/D = 23, l/D = 25, Re 
= 48)

and Strouhal number results showed that the variation in element size parameter did 
not have any impact on the vortex shedding as well as the lift and drag characteristics. 
The vorticity contours are symmetric and the drag coefficient is steady. An illustration 
of time history of drag coefficient for case ofΔsmin andΔsmax of 0.0098 m2 and 0.78 
m2, respectively, H/D = 23, l/D = 25, L/D = 100, is shown in Fig. 10, as an example. 
The lift coefficient after some duration of transience converges to steady state. The 
Strouhal number is zero for all cases due to the absence of vortex shedding. 

The absence of unsteadiness and vortex shedding in all different cases from this 
study shows that the model using FVM (second-order) may not perform well and 
be accurate enough to simulate practical real-world physics of flows, especially for 
Re = 48. Nevertheless, it is observed that FVM may perform well at a different 
Re condition. In the experimental study by Strykowski and Sreenivasan [10], vortex 
shedding is captured only from Re of 60. The numerical error due to discretization 
can now be quantified. The error (E) in each of the cases is calculated using the below 
formula (Eq. 1) and is summarized in Table 1.

Fig. 9 Vorticity contours for different element sizes (H/D = 23, l/D = 25, L/D = 100, Re = 48). 
a 34,000 elements, 34,440 nodes, b 72,900 elements,73,560 nodes, c 126,400 elements, 127,280 
nodes, d 277,200 elements, 278,520 nodes, e 486,400 elements, 488,160 nodes
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Fig. 10 Time history of a drag coefficient, b lift coefficient for mesh element minimum and 
maximum face areas of 0.0098 and 0.78 m2, respectively (H/D = 23, l/D = 25, L/D = 100, 
Re = 48)

E =
(
Cd,mean − Cd,exp 

Cd,exp

)
× 100 (1) 

The results in Table 1 show that among all H/D cases, the grid studied for Case 
3 has the lowest error and has the best agreement of Cd,mean with the total Cd of 
Hoerner [11]. Furthermore, Table 1 shows that among all l/D cases, the grid studied 
for Case 12 has the lowest error and has the best drag coefficient agreement. Table 1 
shows that among all L/D cases, Case 13 has the lowest error and has the best drag

Table 1 Summary of 
numerical errors for cases 
1–20 

Parameter Case # Error (%) 

H/D Case 1 6.05 

Case 2 2.06 

Case 3 0.12 

Case 4 − 0.96 
Case 5 − 1.62 
Case 6 − 2.04 

l/D Case 7 0.12 

Case 8 0.27 

Case 9 0.63 

Case 10 1.19 

Case 11 3.24 

Case 12 8.94 

L/D Case 13 0.12 

Case 14 0.13 

Case 15 0.13

Δs Case 16 0.17 

Case 17 0.12 

Case 18 0.12 

Case 19 0.18 

Case 20 0.43
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agreement. Among all Δs cases, Case 17 and Case 18 have the lowest errors and 
have the best drag agreement. In such cases, the lowest mesh resolution is selected 
on account of cost considerations.

5 Prediction of Critical Reynolds Number 

In this section, the obtained optimum values are used to predict the critical Re (Rec) 
for the single circular cylinder. Table 2 compares the lift coefficient, drag coefficient 
and Strouhal number for different Re. It is seen that the periodicity in drag and lift is 
obtained from Re = 54. Table 3 compares the critical flow parameters, Rec and Stc 
with results obtained from literature. The results portray a fairly accurate prediction 
of Rec with approximately, − 10.0% to + 14.8% difference as compared to other 
researchers. 

Table 2 Comparisons of lift coefficient, drag coefficient and Strouhal number for predicting critical 
Reynolds number (H/D = 23, l/D = 25, L/D = 100, 73,560 nodes, 72,900 elements) 

Re Cd,max Cd,min Cd,mean Cl St 

Present study 54 1.4552 1.4535 1.4547 ± 0.092 0.025 

Present study 55 1.4516 1.3876 1.4138 ± 0.10 0.032 

Baranyi and Lewis [9] 55 – – 1.4225 – 0.1312 

Table 3 Comparisons of critical Reynolds number and Strouhal number with other studies 

Study Method Rec Stc Domain size (L/D × 
H/D) 

Berger and Wille 
[12] 

Experiment 50.0 0.12 – 

Williamson [13] Experiment 47.9 0.122 H/D = 150 
Norberg [7, 14] Experiment 47.4 (± 

0.5) 
0.1177 H/D = 6250 

Gresho [15] FEM 50.0 0.14 – 

Strykowski and 
Sreenivasan [10] 

Experiment 60.0 – – 

Kumar and Mittal 
[16] 

FEM, direct time 
integration 

46.877 0.1168 100 × 100 

Kumar and Mittal 
[16] 

FEM, sub-space iteration 47.318 0.1169 100 × 100 

Baranyi and Lewis 
[9] 

Finite difference method, 
vortex cloud 

46.8 – – 

Heil et al. [8] Finite difference method 46 – – 

Present study 2D FVM in Fluent 54 0.025 100 × 23
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6 Conclusion 

Research on errors and uncertainties in simulation of unsteady flow over circular 
cylinder has been completed. The Finite Volume-based solver Fluent is assessed for 
computational accuracy in simulating the problem. The effects of blockage ratio, 
upstream distance of cylinder to inlet, downstream distance from cylinder to outlet 
boundary and mesh element size parameter on the flow pattern and aerodynamic 
forces are investigated. The results of the study are summarized below. 

1. The von Kármán vortex street was not present at Re = 48 in all the cases, 1–20. 
2. The blockage ratio (H/D) of 23 provided the best result on drag coefficient with 

the lowest error of 0.12% under steady condition. 
3. The upstream distance of cylinder to inlet (l/D) of 25 provided the best result on 

drag coefficient with the lowest error of 0.12% under steady condition. 
4. The downstream distance of cylinder to outlet boundary (L/D) of 100 provided 

the best result on drag coefficient with the lowest error of 0.12% under steady 
condition. 

5. The mesh with 73,560 nodes and 72,900 elements provided the best result on 
drag coefficient with the lowest error of 0.12% under steady condition. 

6. The FVM employed on the optimized mesh with domain of H/D = 23, l/D = 
25, L/D = 100 and consisting of 72,900 elements and 73,560 nodes predicted 
the onset of vortex shedding at critical Re of 54 (difference of within − 10.0% 
to + 14.8% compared to earlier studies). 

A comprehensive investigation on domain size and mesh size and their influence 
on the unsteady results for flow past a circular cylinder was performed. From the 
results, it is inferred that the Finite Volume Method employed in the solver Fluent 
was unable to predict the von Kármán vortex street at the low Re of 48. The absence 
of fluidic unsteadiness and lift/drag periodicity confirms the result. The reason for 
the discrepancy is attributed to the solver’s capability to solve such problems at low 
Re. Nevertheless, the results obtained could be used to identify the best grid that 
provided the least error. The identified optimum domain size and mesh parameters 
were applied to other fluid flow problems with minimal effort, and the solver’s accu-
racy for simulating such problems was successfully demonstrated. It can be added 
that the use of additional sources of error contributed by additional solutions of the 
governing equation (higher-order accuracy solution, lower-order accuracy solution), 
auxiliary PDE solutions, auxiliary algebraic evaluations and surrogate estimators as 
stated by Roache [3] should also be investigated in the future.
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Aerodynamics Analysis of Industrial 
Wind Turbines 

Chinni Maadesh, Dhanish Ahamed, Harish Adishwar, 
Ayshwarya Mahadevan, and Aravind Seeni 

Abstract Aerodynamic forces are used by all wind turbines to capture wind energy. 
Lift vector acts normal to the relative wind, whereas drag force acts parallel to the 
relative wind. The factors taken into account include the swept area of the turbine, 
the density of air, the wind speed, the aerodynamic efficiency, and the coefficient of 
power which is directly proportional to blade tip speed. The research demonstrates 
that the operational aerodynamic characteristics have a direct impact on the power 
produced, which will encourage researchers to concentrate on the most important 
aerodynamic factors for developing and manufacturing the next generation of wind 
turbines. At last, the results are examined whether the flow parameters meet the 
aerodynamic requirements for the design of industrial wind turbines. 

Keywords Wind energy · Wind turbine · Airfoil · CFD · Blade geometry 

1 Introduction 

Since wind turbine blades have a high slenderness ratio with a low spanwise velocity 
component compared to their high streamwise velocity component. A coordinate 
system can be used to describe the plane that makes up two-dimensional flow. Compu-
tational fluid dynamics (CFD) provides solution for problems with fluid flow by using 
numerical analysis as in [1]. In order to produce electricity, wind power devices, often 
known as wind turbines, are now used [2]. In practically every area of fluid dynamics, 
from aircraft propulsion to weather forecasting, computational fluid dynamics has 
developed from a mathematical curiosity to an indispensable tool. Continuity, the 
set of Navier–Stokes equations, extra conservation equations, such as those relating 
to energy or species concentrations, and the numerical solution of these governing 
equations, which characterize fluid flow, are all included in the term CFD. Since the
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invention of the digital computer, computational fluid dynamics has attracted a lot 
of attention as a burgeoning field from all over the world [3]. 

1.1 Problem Statement 

The research involves the analysis of a set of airfoils and performing Computational 
Analysis on them and obtaining the parameters such as lift, drag, pressure distri-
bution, temperature distribution, velocity contour, pressure contour, CD versus CL, 
power. National Renewable Energy Laboratory (NREL) airfoils are chosen for anal-
ysis because they have high capacity to reduce the energy losses that are caused 
by roughness effect. In Horizontal Axis Wind Turbine (HAWT), the airfoils S809, 
S812, S813, S814 are chosen for the analysis. Previously, the analysis for such wind 
turbine has been done wherein the analysis has been done for VAWT with different 
airfoils. But in this paper, the HAWT is the chosen blade type and four airfoils S809, 
S812, S813 and S814 are chosen, and they are analyzed based on aerodynamics and 
performance characteristics. The airfoils S809, S814 have been analyzed in [4]. This 
paper provides in-depth analysis of HAWT with airfoils S809, S812, S813 and S814. 
A total of four airfoils have been chosen for comparative study [5]. The analysis is 
done in QBlade software. 

2 Methodology 

To perform the analysis, three different airfoils from NREL are chosen and studied. 
A blade is designed on the criteria of good efficiency and the expected power output. 
The airfoil chosen is S809, S812, S813 and S814. The efficiency of a wind turbine 
decreases due to a lot of reasons such as high angle of attack, working hours. The 
prime objective is to increase the Coefficient of Performance (COP) of the wind 
turbine. The four airfoils are analyzed for their performance, and the results are 
shown for the best airfoil and blade design. 

2.1 Code QBlade 

The software QBlade is used for wind turbine analysis. QBlade is a free program 
for calculating wind turbines. Designing and simulating the aerodynamics of wind 
turbine blades are the goal of this software. The user can quickly create unique airfoils 
and calculate their performance curves using the integration in XFOIL. A graphical 
user interface in the software helps the user throughout the entire wind turbine design 
process.
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2.2 Theory 

The wind turbine works primarily on the principle of BEM theory. It is used to 
determine the precise forces acting locally on a wind turbine or propeller blade. 
To reduce some of the challenges in computing the induced velocities at the rotor, 
momentum theory and blade element theory are merged [6]. The idea behind the 
BEM theory is that forces acting on the rotor can be inferred from the aerodynamic 
lift and drag on a blade section given using two-dimensional airfoil [7]. Velocity of 
rotor is found from the below equation: 

u = (1 − x)u∞, (1) 

where u∞ is the speed of wind and x is the induction factor. 
The maximum theoretical power coefficient is Cpmax = 0.593 which is often 

referred to a Betz limit in designing the shape of the wind turbine blades. 
The equations of rotor performance coefficients are given by 

cT = 4x(1 − x), (2) 

cp = 4x(1 − x)2 . (3) 

Aerodynamic relations involved in designing wind turbine blades. 
Equation of lift that is generated during the working of the turbine: 

L = 
1 

2 
ρv2 ScL. (4) 

Equation of lift coefficient: 

cL = 
2L 

ρv2S 
. (5) 

Drag experienced by the blades: 

D = 
1 

2 
ρv2 SCD. (6) 

Equation of drag coefficient (Fig. 1): 

CD = 
2D 

ρv2s 
. (7)

Mathematical equations to determine the performance of wind turbine.
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Fig. 1 Diagram of 
aerodynamic forces acting 
on an airfoil

Thrust coefficient: 

CT = T 

ρn2 D4 
. (8) 

Torque coefficient: 

CQ = 
Q 

ρn2 D5 
. (9) 

Power coefficient: 

CP = P 

ρn3 D5 
. (10) 

3 Results and Discussions 

The four airfoils chosen are compared as given in Table 1. 

3.1 Blade Design 

The airfoils were chosen and below given is the diagram of all the airfoils (Fig. 2 
and Table 2).

Table 1 Comparison chart of the four airfoils 

S. No Airfoil CLmax Design CL CM (L = 0) CD Thickness 

1 S809 1.0 0.5 − 0.05 0.04 0.210 c 

2 S812 1.2 0.5 − 0.07 0.008 0.210 c 

3 S813 1.1 0.5 − 0.07 0.007 0.160 c 

4 S814 1.3 0.50 − 0.15 0.012 0.240 c 
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Fig. 2 Airfoil design 

Table 2 Airfoil design module 

S. No Airfoil Thickness (%) At (%) Camber (%) At (%) Points LE Flap (deg) 

1 Circular 
airfoil 

99.99 49.40 0.00 0.40 251 0.00 

2 S809 20.99 38.30 0.99 82.30 66 0.00 

3 S812 21.00 39.10 1.57 77.10 62 0.00 

4 S813 15.99 40.50 2.27 54.40 62 0.00 

5 S814 24.15 26.20 3.09 74.50 66 0.00 

3.2 Airfoil Analysis 

The blade is analyzed for different wind speeds and the wind speeds lie between 4 
and 10 m/s. Curves of CL versus α, CD versus α, and CL versus CD (α is in degrees) 
(Figs. 3, 4 and 5).

3.3 Turbine Performance Analysis 

For the process of analyzing the wind turbine, the plots of performance are obtained 
for four different wind speeds that are 4, 6, 8, and 10 m/s. 

Below given are the plots of power versus TSR (λ), thrust versus TSR (λ), and 
torque versus TSR (λ). 

The performance graphs of all the four airfoils are given in Figs. 6, 7, 8, 9, 10, 11, 
12, 13, 14, 15, 16 and 17.
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Fig. 3 CL versus α 

Fig. 4 CD versus α
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Fig. 5 CL versus CD

Fig. 6 Power versus λ 

Fig. 7 Thrust versus λ
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Fig. 8 Torque versus λ 

Fig. 9 Power versus λ
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Fig. 10 Thrust versus λ 

Fig. 11 Torque versus λ
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Fig. 12 Power versus λ 

Fig. 13 Thrust versus λ 

Fig. 14 Torque versus λ
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Fig. 15 Power versus λ 

Fig. 16 Thrust versus λ
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Fig. 17 Torque versus λ 

4 Conclusion 

The analysis of the four airfoils (S809, S812, S813, and S814) has been done, and 
the performance graphs have been obtained. The wind turbine analyzed was HAWT 
(three-bladed), and various aerodynamic parameters were obtained. The purpose of 
such analysis is to determine the best wind turbine for use that is profitable in all 
aspects. The best wind turbine will be the one that produces the highest amount of 
energy and is equally economical. The above analysis is to find the best airfoils for 
HAWT, and the results show that from the chosen airfoils S809, S812, S813, S814, 
the airfoil that give the maximum power, thrust, and torque output will be the most 
preferred airfoil. So, it is found that S814 airfoil produces the maximum power output 
compared to the airfoils S809, S812, S813. 
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Computational Technique Adopted 
to Study Vortex Formation in Industrial 
Wind Turbines 

Dhanish Ahamed, Chinni Maadesh, Harish Adishwar, 
Ayshwarya Mahadevan, and Aravind Seeni 

Abstract Problems in wind engineering are addressed using computational tech-
niques, or computational wind engineering (CWE). Although Computational Fluid 
Dynamics (CFD) is just one component of CWE, it has up to now been used as a 
main tool. The vortex formation in wind turbines has to be studied certainly in order 
to avoid the formation of induced drag and methods that are required to minimize 
the effects of vorticity. The boundary layer formation analysis and vortex formation 
analysis in the blades of industrial wind turbines are solved using numerical tech-
niques. To achieve the necessary flow characteristics, such as vortex generation and 
boundary layer creation in the wind turbine blades during flow separation, the lift-
to-drag ratio, pressure coefficient, variation of lift with respect to the angle of attack, 
variation of drag with respect to the angle of attack, and intensity of induced drag 
brought on by vortex formation are studied using CFD. It also encloses the control 
and minimizing techniques of vorticity generation and boundary layer formation. 

Keywords CFD · Vorticity · Boundary layer · HAWT · Three-blade turbine 

Abbreviation 

v Tangential velocity (m/s) 
ґ Strength of vortex filament (m2/s) 
ω Angular velocity of fluid particle (rad/s) 
r Radial distance between elemental vortex filament and point in space 
l Total length of the vortex filament
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1 Introduction 

Humanity has known for ages how useful wind power can be in daily life, from 
sailboats to windmills. Developing and designing vertical axis wind turbines have 
been the subject of several research projects. Among the few investigations, two were 
emphasized here and categorized as computational studies and experimental studies. 
Due to population increase and the expansion of economies, the world’s energy 
demand is anticipated to more than quadruple by 2060. Lift-based Darrieus VAWT 
design is more frequently utilized since it has larger power coefficients [1]. Darrieus 
VAWTs typically fall into one of two categories based on blade configuration: both 
straight and curved blades. Straight line blades, in particularly the H-rotor types, 
have gained popularity because of how easily they can be produced. On employing 
VAWT, maximum power coefficient can be achieved, but on the other hand, construc-
tion, operation, and cost of manufacturing are crucial considerations when choosing 
VAWTs as in [2] for power production. Power generation expenses will be decreased 
by raising the power coefficient of VAWTs and HAWTs. 

2 Problem Statement 

The present analysis incorporates the formation of vorticity in the wind turbines and 
the intensity of vortices in the tip and the root of the blades. Unlike the aircrafts, 
the vortex in the wind turbine blade is of different structures and it is an important 
aspect of study the vortex structure in the blades. The airfoils chosen are S833, S834, 
and S835 of the NREL series. Also, vorticity formation due to the upstream flow or 
the wind speed is analyzed and an insight on ways to reduce the vortices is given. 
The turbulence analysis is included in the paper and the corresponding results are 
provided. 

3 Methodology 

The paper is expected to exhibit the study of vortex formation in the wind turbines. 
Initially, the blade is designed with S833, S834, and S835 airfoils separately and the 
simulation is done with four different wind speeds, and the vortices’ formations are 
obtained. The turbulence models are taken and analyzed [3]. These airfoils are made 
with the intention of having a constrained maximum lift and a minimal sensitivity 
to leading-edge roughness [4]. In the past, an analysis for this type of wind turbine 
was performed where the analysis was performed for HAWT with a NACA airfoil. 
However, in this study, the HAWT blade type is chosen and S833, S834, and S835 
airfoils are picked, and they are then given an aerodynamic analysis [5]. The vortex
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formations in the wind turbine is a function of wind speed which is why the analysis 
involves choosing different wind speeds in order to provide the best airfoil for wind 
turbines. 

4 Code QBlade 

The turbulence analysis and vorticity formation were simulated in QBlade. It is a 
wind turbine design and simulation software. QBlade is a software that helps to 
design wind turbine and maximizes all the key relations between blade twist, chord, 
section airfoil performance, turbine control, power, and load curves in a clear and 
understandable manner. 

5 Theory  

For quantitatively predicting liquid and gas flows in many industrial applications, 
Computational Fluid Dynamics (CFD) is a potent tool. Air flows around wind 
turbines to produce renewable energy by turning the turbine blades, which is an 
obvious application of CFD in wind energy. 

5.1 Vorticity 

The vortex flow is that type of flow in which the fluid particles take a rotational 
motion during its flow separation from the fluid–solid interaction. Free vortex flow 
and forced vortex flow are the two types of vortex flows, whereas in forced vortex 
flow, the fluid particles rotate in its own axis by means of the external torque applied 
to the fluid flow. Tangential velocity acting on the fluid, 

v = ωr. (1) 

The analysis is based on the formation of vortices in the wind turbine which 
replicates the number of vortex filaments that has formed during the flow separation 
in the wind turbine blades. The vortices are developed is formed in the downstream 
of the blades which induces a velocity at some points by Biot–Savart law. 

d�v = �

4π 

−→
dl X�r 
r3 

(2)
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Fig. 1 LLFVW model 

By integrating the above expression, the velocity relation is obtained 

v = �

4π 
∞ ∫

−∞ 

sin ϑ 
r2 

dl (3) 

The Lifting Line Free Vortex Wake technique may be used in QBlade to mimic 
the aerodynamic forces operating on a rotor (LLFVW). The FVW approach used in 
this study solves for the turbine wake. The FVW model is derived from Lagrangian 
method (Fig. 1). 

6 Results and Discussions 

In this analysis, geometric models of the airfoils have been created and vortex forma-
tions in the wind turbines are simulated for three different turbine blade geometries. 
According to the author’s knowledge, it is found theoretically that the number of 
vortex filaments formed across the wake of the blade is inversely proportional to the 
wind speed. 

6.1 Geometric Model 

The below given figure shows the blade design of the airfoils S833, S834, and S835: 

1. S833 (Fig. 2). 

Fig. 2 S833 blade
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Fig. 3 S834 blade 

Fig. 4 S835 blade 

2. S834 (Fig. 3). 

3. S835 (Fig. 4). 

6.2 Vortex Simulations 

The vortex simulations for four different wind speeds are shown: 

(1) Airfoil: S833 speed of wind in m/s 

1. Speed of wind: 10 (Fig. 5). 
2. Speed of wind: 12 (Fig. 6).
3. Speed of wind: 14 (Fig. 7).
4. Speed of wind: 16 (Fig. 8).

Fig. 5 Vortex formation of 
S833 (10) 
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Fig. 6 Vortex formation of 
S833 (12)

Fig. 7 Vortex formation of 
S833 (14)

Fig. 8 Vortex formation of 
S833 (16)
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6.3 Turbulence Graphs 

The graphs of blade length versus circulation, time versus induced velocity, and time 
versus vortex filaments for S833 are given below (Figs. 9, 10 and 11): 

(2) Airfoil: S834 

1. Speed of wind: 10 (Fig. 12).
2. Speed of wind: 12 (Fig. 13).
3. Speed of wind: 14 (Fig. 14).
4. Speed of wind: 16 (Fig. 15).

Fig. 9 Plot of blade length 
versus circulation 

Fig. 10 Plot of time versus 
induced velocity
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Fig. 11 Plot of time versus 
vortex filaments

Fig. 12 Vortex formation of 
S834 (10)

Fig. 13 Vortex formation of 
S834 (12)
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Fig. 14 Vortex formation of 
S834 (14)

Fig. 15 Vortex formation of 
S834 (16) 

6.4 Turbulence Graphs 

The graphs of blade length versus circulation, time versus induced velocity and time 
versus vortex filaments for S834 are given below (Figs. 16, 17 and 18):

(3) Airfoil: S835 

1. Speed of wind: 10 (Fig. 19).
2. Speed of wind: 12 (Fig. 20).
3. Speed of wind: 14 (Fig. 21).
4. Speed of wind: 16 (Fig. 22).
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Fig. 16 Plot of blade length versus circulation 

Fig. 17 Plot of time versus induced velocity 

Fig. 18 Plot of time versus vortex filaments
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Fig. 19 Vortex formation of 
S835 (10)

Fig. 20 Vortex formation of 
S835 (12)

6.5 Turbulence Graphs 

The graphs of blade length versus circulation, time versus induced velocity, and time 
versus vortex filaments for S835 are given below (Figs. 23, 24 and 25):
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Fig. 21 Vortex formation of 
S835 (14)

Fig. 22 Vortex formation of 
S835 (16)
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Fig. 23 Plot of blade length versus circulation 

Fig. 24 Plot of time versus induced velocity
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Fig. 25 Plot of time versus vortex filaments 

7 Conclusion 

The vorticity formation for the three airfoils has been obtained along with the graphs 
to study turbulence. The vortices formed during the working of a wind turbine affect 
the performance of it. Hence, it is essential to analyze and study ways to reduce 
them. From this analysis, it is found that distance between the wind turbine and the 
formation of vortex filaments is lesser at low wind speeds and formation of vortex 
filaments which is at high wind speeds is farther from the wind turbine. During 
the blade rotation, there is formation of vortices’ downstream of wind turbine. By 
comparing the airfoils S833, S834, S835 based on the formation of vortex filaments, 
it is found that for S834 airfoil, the distance between the formation vortex filaments 
and wind turbine is more at low wind speeds, whereas for S833 and S835 airfoils, 
the distance is less at low wind speeds. 
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Shear Lag Effect in Framed-Tube 
Buildings Due to Torsional Wind Load 

Ashish Singh, Piyush Gaikwad, and Sasankasekhar Mandal 

Abstract Wind load causes shear lag in high-rise tubular buildings. A building’s 
stability may be adversely affected by this phenomenon when tension inevitably 
develops in upper story columns. The amount of shear lag depends on several factors, 
such as the building layout, the spacing between the outer peripheral columns, and 
the load applied to the building. The shear lag effect must therefore be accurately 
analyzed by considering these factors. This paper attempts to study the effect of 
torsional wind loads on the shear lag effect. Four wind load cases are adopted from 
American code (ASCE 7-22) to analyze the wind load effects on a 40-storied RCC 
tubular building. The results indicate that axial force distribution changes signifi-
cantly with changes in the loading patterns of the building. Torsion and non-torsional 
load cases exhibit different unsymmetrical axial force distributions. Load cases 
with both direction loadings show notable differences in the axial force distribu-
tion compared to single-direction loadings. Axial force distributions due to the case 
of both face loading are unsymmetrical on both sides of the central column. 

Keywords Codal provisions · Framed tube · Shear lag phenomenon ·Wind 
loading · Torsional wind load 

1 Introduction 

Structural systems, such as rigid frames, braced frames, shear-walled frames, outrig-
gers, framed tubes, braced tubes, and bundled tubes, can be used to resist wind load 
depending on the functional requirements of the building. In terms of lateral load 
resistance, framed-tube systems are one of the most reliable structural systems. It 
consists of closely spaced columns at the periphery of the building, and it is connected 
by deep spandrel beams. The shape of the tube is similar to that of a hollow concrete 
tube. Shear lag occurs when a box structure is loaded laterally [1–4]. As a result,
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tubular structures are likely to exhibit a greater degree of shear lag. It alters the 
assumptions about the plane section in box structures and causes non-uniform stress 
along the sides, which violates the elementary beam theory (Fig. 1). Flexural normal 
stress is greater at the edge of the flange than at the center (positive shear lag). 
Foutch and Chang [5] discovered the opposite shear lag anomaly, known as nega-
tive shear lag. An investigation of the negative shear lag for composite beams was 
also conducted by Singh et al. [6]. Positive shear lag is found to be the source of 
negative shear lag [7]. Shear lag reduces the efficiency of tube-type structures [8, 9]. 
Considering shear lag, Mahjoub et al. [10] evaluated the performance of the framed 
tube by assessing the axial stress distribution on the exterior panels. Leonard [11] 
examined the shear lag effect in diagrid systems with a given factor. Moghadasi et al. 
[12] examined the relationship between shear lag and lateral loads (wind and earth-
quake) on concrete tubular structures. The effect of terrain category, aspect ratio, and 
number of stories on the shear lag phenomenon in RCC-framed tube structures was 
examined by Kumari et al. [13]. 

An analysis of the shear lag effect in a 40-story RCC-framed tube building is 
presented in this paper based on torsional wind loading cases, recommended by

Fig. 1 Framed tube building with and without shear lag effects 
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ASCE 7-22 [14]. This study is useful to understand how the axial forces in peripheral 
columns vary under torsional wind loading due to the shear lag effect. 

2 Codal Provisions 

Figure 2 shows the wind load cases that must be considered when designing main 
wind force-resisting system (MWFRS) for buildings of all heights. Torsional moment 
per unit height (MT) in Case 2 is calculated as MT = 0.75 (PWX + PLX) BX eX, and in 
Case 4, MT = [0.563 (PWX + PLX) BX eX + 0.563 (PWZ + PLZ) BZ eZ], where ex = 
± 0.15BX and ez = ±  0.15BZ, and the building plan dimensions considered are BX 

= 30 m and BZ = 35 m. PWX, PWZ, and PLX, PLZ are windward and leeward pressure 
acting in x and y principal axes, which are calculated using the Indian standard [15]. 

Fig. 2 Four different wind load cases taken from ASCE 7-22 [14]
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Fig. 3 Plan, elevation, and isometric view of STAAD-pro building model 

3 Modeling and Analysis 

3.1 Building Dimensions 

A model of 40-story RCC-framed tube building is analyzed using STAAD-pro soft-
ware. Specification of the building is taken from Singh et al. [16], the height of the 
building is 120 m, and each floor has a height of 3 m; the plan dimensions of the 
framed tube are 35 m along X-axis and 30 m along Z-axis (Fig. 3); the beam and 
column sizes are 0.8 × 0.8 m; the center-to-center spacing of the columns is 2.5 m in 
each direction, and the modulus of elasticity (E) is 20 GPa and Poisson’s ratio (µ) is  
0.15. Also, a uniform dead load of 3.43 kN/m2 has been considered for all the cases. 

3.2 Calculation of Wind Pressure 

Based on clause 6.3 (Design Wind Speed) and clause 7.2 (Design Wind Pressure) of 
code IS 875 (Part 3): 2015 [15], wind pressure calculations have been made. Table 
1 lists the parameters and their values used to calculate wind load.

4 Results and Discussion 

In this section, results of the analysis based on four different load cases are presented. 
The shear lag of a 40-story RCC tubular building is studied under four different 
loading cases. Axial force in columns of short edge (QR and PS-face) and long edge 
(SR and PQ-face) is plotted for 1st, 10th, 20th, 30th, and 40th stories in Figs. 4, 5,
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Table 1 Specification of the 
wind load Parameters and descriptions Values 

Basic wind speed (Vb) 55 (m/s) 

Terrain category 1 

Probability factor (k1) 1.08 

Topography factor (k3) 1 

Importance factor for cyclonic region (k4) 1 

Area averaging factor (Ka) 0.8 

Wind directionality factor (Kd) 0.9 

Combination factor (Kc) 0.9

6 and 7. In order to conveniently understand the effect of four-direction loading, the 
axial force is plotted for all the faces. For Case 1 and Case 2, axial force pattern is 
similar in face QR and SR. This is due to loading in one direction. Case 3 and Case 4 
also have the similar axial load pattern due to loading pattern similarity. Case 1 and 
Case 3 have totally different axial force patterns due to their distinct loading pattern. 

Fig. 4 Axial force in a QR, b SR, c PS, and d PQ edge panels columns for ASCE Case 1
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Fig. 5 Axial force in a QR, b SR, c PS, and d PQ edge panels columns for ASCE Case 2 

Fig. 6 Axial force in a QR, b SR, c PS, and d PQ edge panels’ columns for ASCE Case 3
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Fig. 7 Axial force in a QR, b SR, c PS, and d PQ edge panels columns for ASCE Case 4 

4.1 Shear Lag Due to ASCE Case 1 Loading 

The distribution of axial force obtained in Fig. 4 is called as positive shear lag, i.e., 
corner columns have more axial force than middle columns. 

4.2 Shear Lag Due to ASCE Case 2 Loading (Including 
Torsion) 

From Fig. 5, it can be seen that the distribution of axial force along both the panel 
is similar to that ASCE Case 1 which has no torsion. However, in this case, the 
magnitude of axial force gets reduced due to the application of partial (75% of 
ASCE Case 1) loading. 

4.3 Shear Lag Due to ASCE Case 3 Loading 

It can be clearly seen from Fig. 6 that axial force distribution is not symmetrical in 
any particular face unlike Figs. 4 and 5. The resultant load direction, in this case, 
is diagonal which is the PR direction; therefore, positive axial force at corner R
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is observed which indicates compression, and negative axial force at corner P is 
observed which indicates tension. This case yields the maximum axial force as 5510 
kN compared to all four cases. According to elementary beam theory, the variation 
of force must be linear; in this case, the variation of force is not linear, so shear lag 
is occurring. 

4.4 Shear Lag Due to ASCE Case 4 Loading 

Figure 7 shows the axial force distribution of this case, which produces similar results 
as Case 3 with 25% lesser magnitude. It is due to the 25% lesser wind load. 

5 Conclusions 

In the present work, the shear lag effect is studied in framed-tube buildings due to 
torsional wind load. Based on the American Standard for torsional wind loads, four 
wind load cases are applied on 40-story RCC-framed tube building. Results obtained 
from the present study indicate that the shear lag phenomenon is occurring in all the 
loading cases. Both Cases 1 and 2 exhibit similar axial force patterns with distinct 
magnitudes. The results indicate the occurrence of positive shear lag in Cases 1 and 
2. Both Cases 3 and 4 produced almost similar axial loading patterns with different 
magnitudes. The results indicate unsymmetrical axial loading in parallel faces and 
nonlinear loading patterns in each face in both Cases 3 and 4. Further study related 
to varying plan ratio, height aspect ratio, and spacing of outer column can be done 
in the future to get a better understanding of the shear lag phenomenon in the case 
of non-uniform wind loading. 
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Wind-Induced Interference Effects 
on a 125 m Tall RC Chimney in Typical 
Power Plant 

G. Ramesh Babu, Ramya Niranjan, and A. Abraham 

Abstract This paper presents the details of the wind tunnel investigations carried 
out on the aeroelastic behaviour of a tall RC chimney in the presence of surrounding 
structures for two typical power plant layouts in India. The RC chimney under inves-
tigation considered as a principal chimney has uniform diameter of 10.41 m and 
height of 124.5 m. The surrounding structures include 275 m tall chimney consid-
ered as interfering chimney and other power plant structures with the c/c distance-
to-diameter ratio of 16 (layout-1) and 25 (layout-2) between principal chimney and 
interfering chimney. Experiments were conducted on the models with a geometric 
scale of 1:250 under simulated boundary layer conditions in the wind tunnel facility 
at CSIR-SERC, Chennai. Both the layouts are tested for various wind incidence 
angles and reduced velocity (U/n0 D) ranges from 1.8 to 6.56. From the previous 
research works carried out, the magnification factor was observed to be maximum 
when the principal chimney is in downstream and interfering chimney is at 0° ± 
15°. In this work, the maximum magnification factor was noticed to occur when the 
interfering chimney is at 15°, 180°, 210° for layout-1 and 35°, 65°, 320° for layout-2. 
In addition to the magnification factor, the variation of maximum interference factor 
for the resultant bending moment at critical wind speed with respect to the angle 
wind incidence was also discussed. 

Keywords Wind tunnel test · Interference effects · RC chimneys · Aeroelastic 
response ·Magnification factor 

1 Introduction 

It is important to understand the dynamic response of wind-sensitive structures such 
as tall chimneys as complex fluid–structure interactions are expected to occur when 
subjected to wind loads. In a typical thermal power plant, a chimney is seldom in
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stand-alone condition and is usually surrounded by other structures, viz., similar or 
dissimilar chimneys, cooling towers, boiler and bunker buildings, etc. The complexity 
in flow mechanism and associated fluid–structure interaction increases manyfold due 
to change in flow field caused by these surrounding structures. This phenomenon is 
termed as wind-induced interference effects which should be accounted during the 
design of chimneys. 

The wind-induced behaviour of circular cylinders has importance in many engi-
neering applications and has been studied extensively by many researchers. The 
presence of neighbouring structures/cylinders introduces interference effects either 
through shielding or enhancement on loads. Several researchers, starting with the 
pioneering work of Zdravkovich [1], have studied the effects of wind-induced inter-
ference effects between group of cylinders. Sets of two-, three-pipe clusters, square 
and irregular multi-pipe clusters with pipes of same diameter subjected to flow condi-
tions are studied to obtain the variation of lift and drag coefficients. Based on a series 
of experiments, Zdravkovich classified three regions for the purpose of studying flow 
interference between two cylinders as (a) proximity, (b) wake and (c) no interfer-
ence regions. Wind tunnel experiments were carried out by Gowda et al. [2] on two  
circular cylinders with varying diameter ratios for different arrangements (tandem, 
staggered and side-by-side). It was inferred that the tandem arrangement was critical 
as peak response in interference condition increased by 2–3 times compared to the 
isolated case. Wind tunnel investigations of interference effects between two and 
three cylinders of equal diameter of finite height were carried out by Kareem et al. 
[3] in simulated boundary layer conditions in both tandem and side-by-side config-
urations. The variation of force coefficients with respect to different arrangements, 
spacing of cylinders and wind incident angles was discussed. Pressure distributions 
on two circular cylinders in staggered arrangement with aspect ratio of 6.4 were 
reported by Gu and Sun [4]. From their study, they have classified the pressure pattern 
distribution into three groups corresponding to various angles of attack. Interference 
effect of two-, three- and four-cylinders of varying diameters (6, 8.9 and 12.2 cm) 
arranged in-line was investigated by Liu et al. [5] through wind tunnel tests. The 
change in mean force coefficients for different spacings, smooth and turbulent flow 
conditions, surface roughness and Reynolds numbers were discussed in detail. 

Following the studies on group effects of uniform circular cylinder at subcritical 
flow conditions, research activities on understanding the interference effects between 
tall chimneys subjected to boundary layer flow were extensively carried out. Wind 
tunnel experiments were performed by Niemann and Kasperski [6] on two 200 m 
reinforced concrete (RC) chimneys of 20 m diameter subjected to 0°–30° angle of 
attack. They opined that the interference leads to mixed excitation besides resonance 
due to the turbulence of the oncoming flow, and considerable resonance excitation 
may occur due to wake buffeting for chimneys with high natural frequencies. Aeroe-
lastic model of 100 m tall chimney with surrounding chimneys and buildings was 
tested in wind tunnel by John et al. [7]. The across-wind response was found to 
be predominant and was two times higher in interference condition compared to 
isolated condition. The reduction in response due to the influence of stakes has also 
been discussed. Interference effects were studied for two 200 m tall chimneys using
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rigid model in wind tunnel by Sun et al. [8]. Pressure distribution was obtained for 
various angles of attack ranging from 0° to 180° and spacing-to-diameter ratios of 
2–6. Critical angles of attack and spacing ratios were identified, and it was also 
observed that across-wind response was predominant. This work was followed by 
performing experimental tests on aeroelastic model of tall chimneys by Su et al. [9] 
for the critical angles of attack and spacings. For spacing-to-diameter ratios of 3–6, 
response is influenced by vortex shedding due to upstream chimney, and for ratio less 
than 2, gap flow was found to dominate the response. In addition, the experimental 
values with ACI 307-08 standard [10] was also compared. Three different groups of 
two tall chimneys with combination of straight, 1:40 and 1:50 taper cylinders were 
tested by Rajora et al. [11] to compare the along- and across-wind responses. The 
results were compared with various codes for spacing-to-diameter ratios greater than 
15. The magnification factors were found to be greater than 1 even for higher spacing 
to diameter ratios (>35). 

From the previous research works conducted, it is evident that the wind-induced 
interference effects have been mostly studied for identical cylinders/chimneys with 
same height and diameter and the interfering cylinder placed in tandem, staggered 
or side-by-side positions. In a thermal power plant layout, these typical cases may 
not be directly applicable to obtain responses of tall chimneys. In this work, we have 
considered dimensions of tall chimneys from a typical power plant layout to under-
stand the wind-induced interference effects. The effect of 275 m tall RC chimney 
with base diameter of 30 m and having tapering for the bottom 40% of the height 
(interfering chimney) and surrounding building structures on a 124.5 m tall uniform 
diameter (10.41 m) RC chimney (principal chimney) for two different layouts are 
investigated using wind tunnel experiments. The c/c distance-to-diameter (S/D) ratio 
is 16 for layout-1 and 25 for layout-2. The location and orientation of surrounding 
structures are different in two layouts as in a typical power plant. 

2 Wind Tunnel Test Setup 

Experiments are performed in open circuit and blower-type boundary layer wind 
tunnel having test section of dimensions 2.5 m (W )× 2.0 m (H)× 18.0 m (L) at CSIR-
SERC, India. It is possible to satisfactorily generate a boundary layer depth of about 
1.20 m in the test section corresponding to open terrain conditions. Since the model 
of the chimney is to be fully immersed within the boundary layer as per similarity 
requirements, a scale of 1:250 was selected in the present study. The aeroelastic model 
of the principal chimney is fabricated using aluminium, and the resulting model 
dimensions to a geometric scale of 1:250 is 498 mm height, 41.64 mm diameter and 
1.6 mm thickness. The interfering chimney is also scaled down as rigid model is made 
of wood material with a height of 1100 mm. The models of surrounding building 
structures are fabricated with acrylic sheets. The principal chimney is mounted at 
the centre of the turntable whose diameter is about 2.4 m.



136 G. Ramesh Babu et al.

Wind tunnel tests are conducted under simulated wind characteristics pertaining to 
open terrain category as per Indian Standard (IS) 875 (Part 3):2015 [12]. The required 
wind characteristics are achieved using a trip board and wooden panels containing 
roughness cubes in the test section. The typical power law coefficient for open terrain 
condition as per IS 875 (Part 3):2015 of 0.16 is also experimentally accomplished. 
Furthermore, the turbulence intensity is also achieved as per the IS code. The power 
spectrum of longitudinal fluctuating component of wind speed simulated is found to 
be in good agreement with the von Karman spectrum. 

Tests are conducted for a range of mean wind speeds between 8.78 and 32.2 m/s 
measured at top of principal chimney model (498 mm). The mean wind speeds during 
the tests are measured using pitot-static tube whose static and total are connected to 
a 2480 Pa pressure scanner. Strain gauge instrumentations are adopted on the aeroe-
lastic model of the principal chimney with strain gauge channels in two orthogonal 
directions at four locations, at base (0.0241 H), 0.25 H, 0.5 H and 0.75 H, where 
H is the height of the chimney, to measure the bending moments (BMs) at these 
levels. For each channel, full bridge circuitry is used with four strain gauges having 
a resistance of 120 Ω and gauge factor of 2.13 ± 1%. The strain gauge channels are 
calibrated using standard dead weights. Additionally, the model is instrumented with 
two accelerometers at the top in orthogonal directions to measure tip accelerations. 
The data are acquired with a sampling frequency of 1200 samples/s and a sampling 
duration of 15 s. For each wind speed, data are acquired for three trails. 

Experimental investigations are carried out in three stages. Firstly, the principal 
chimney is tested in stand-alone condition subjected to 13 different wind speeds 
having mean wind velocities between 8.78 and 32.2 m/s. These wind velocities 
correspond to a reduced velocity U /n0 D of 1.79–6.55. Following which, tests are 
performed for two different interference configurations (case-1 and case-2) with c/c 
distance–to-diameter ratios between principal and interfering chimneys of 16 and 25, 
respectively, for various angles of wind incidences between 0° and 360°. Figures 1 
and 2 show the wind tunnel test setup for interference case-1 and case-2, respectively.

3 Evaluation of Modal Parameters for the Principal 
Chimney 

Free vibration tests are performed to obtain the first natural frequency in sway mode 
and damping ratio of the principal chimney. Tests are conducted in two orthog-
onal directions by giving an initial disturbance to the aeroelastic model by hitting 
the model at the top using hammer. From the free vibration trace and its corre-
sponding spectrum, natural frequency of 118 Hz is observed, and the damping ratio 
is computed using logarithmic decrement method which is around 1.6%. Mode shape 
corresponding to the first mode is obtained using measurements from two accelerom-
eters. One accelerometer is fixed at the top of the model, and the position of the other



Wind-Induced Interference Effects on a 125 m Tall RC Chimney … 137

Fig. 1 Wind tunnel setup for interference case-1 showing the principal chimney with the interfering 
chimney and surrounding building structures for 120° angle of wind incidence 

Fig. 2 Wind tunnel setup for interference case-2 showing the principal chimney with the interfering 
chimney and surrounding building structures for 345° angle of wind incidence
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accelerometer is varied along the height. The relative magnitudes of spectral ordi-
nates in the spectra of the free vibration traces of the two accelerometers at natural 
frequency of the model resulted in the mode shape co-ordinate at respective loca-
tion along the height. Furthermore, the influence line profile for the tip deflection is 
evaluated by fixing a dial gauge at top of the model and varying the standard weight 
at different locations along the height. This influence line profile is used to compute 
the mean tip deflection. 

4 Results and Discussion 

4.1 Isolated Condition 

The principal chimney is tested in stand-alone condition to understand the variation 
of along-wind and across-wind BMs corresponding to different wind speeds. The 
time histories of along-wind BMs are first resolved by separating the mean and the 
fluctuating components. Figure 3 shows the variation of mean and total fluctuating 
components of along-wind base BM with wind speeds. The values of mean BM 
with respect to wind speeds are found to vary linearly with square of mean wind 
velocity (U). The total along-wind fluctuating component of BM is calculated using 
the spectra of BM and is found to linearly vary with U2.4. The fitted equations using 
the above variations as given in Fig. 3 can be further used to compute the BMs for 
other wind speeds at which are not experiments are not conducted. 

The across-wind BM has a zero-mean, and the time histories of across-wind BMs 
are converted to frequency domain to have a better understanding of the complex

Fig. 3 Variation of along-wind a mean, and b total fluctuation component of base BM with wind 
speeds 
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Fig. 4 Power spectral density of across-wind BM of principal chimney in isolated condition for 
reduced velocities of a 2.38, and b 5.54 

phenomena. Figure 4 gives the across-wind BM power spectral density (PSD) for 
reduced velocities of 2.38 and 5.54. At reduced velocity of 2.38, two peaks in the 
spectrum, one corresponding to vortex shedding frequency and other of structural 
frequency, are clearly observed and the Strouhal number is calculated as 0.171. It is 
also evident that with increase in wind speeds, there is increase in vortex shedding 
frequency. At reduced velocity of 5.54, there is no clear distinction between vortex 
shedding frequency and natural frequency in the spectrum. This clearly indicates that, 
at a reduced velocity of 5.54, the principal chimney is in lock-in region, where natural 
frequency controls the vortex shedding. The average Strouhal number considering 
values from all the wind speeds is computed as 0.181. Further, the critical wind speed 
for across-wind is evaluated as 27.15 m/s. The design wind speed for the chimney 
location under study is 39 m/s at top of the principal chimney, and the Vzref as per IS 
4998:2015 [13] is 38 m/s. Since critical wind speed value is between 0.5 Vzref and 
1.3 Vzref as mentioned in IS 4998:2015, across-wind load due to vortex shedding is 
critical. 

4.2 Interference Case-1 

The model of principal chimney is placed at a S/D ratio of 16 to the model of 
interfering chimney along with the models of surrounding structures in the corre-
sponding locations for layout-1. Tests are conducted at different wind speeds for 
various wind angles of attack from 0° to 360°. Wind direction corresponding to the 
tandem arrangement of principal and interfering chimney is reckoned as 0°. All the 
models on the turntable are rotated in clockwise direction to conduct the tests for 
other angle of wind incidences. As mentioned above, as the across-wind response 
is critical for isolated condition, we discuss the response due to the across-wind
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Fig. 5 Variation of magnification factor with respect to wind speeds and wind incidence angles for 
interference case-1

in detail in this section for the interference cases also. Interference effects due to 
across-wind response are usually represented in terms of magnification factor (MF) 
which is defined as the ratio of the across-wind response of chimney in interference 
condition to the across-wind response of chimney in isolated condition. Figure 5 
shows the variation of MF with respect to different wind speeds for critical angles 
of attack. The maximum values of MF (MMF) are observed in lock-in region for 
reduced velocity range of 4.75–6.55 for all the angles of attack considered. For all 
the test cases performed with varying wind speeds and angles of attack, MMF value 
of 1.6 is observed for 15°, 180° and 210°. This is also evident from Fig. 6 which 
shows the envelope of MMF with respect to different angles of attack. 

4.3 Interference Case-2 

For the interference case-2, the model of principal chimney is placed at a S/D ratio of 
25 to the interfering chimney along with the models of other surrounding structures 
in the corresponding locations of the layout-2. For this case also, tests are conducted 
at different wind speeds and for various angles of wind incidences in the range of 
0°–360° covering the critical angles related to tandem, side-by-side and staggered



Wind-Induced Interference Effects on a 125 m Tall RC Chimney … 141

Fig. 6 Variation of maximum magnification factor with respect to wind incidence angles for 
interference case-1 and case-2

arrangements. Figure 7 shows the variation of MF with respect to different wind 
speeds for the critical angles of wind incidences. From the envelope of MMF (Fig. 6) 
for the interference case-2, the maximum of MMF is observed as 1.5.

Based on the analysis of test data, the peak along-wind BM at the design wind 
speed of 39 m/s, for both isolated and all interference cases, is evaluated. Also, the 
resultant BM at critical wind speed, which is defined as the square root of the sum of 
squares of peak across-wind BM and mean along-wind BM at critical wind speed, 
is evaluated for isolated and interference cases. Resultant BM at critical wind speed 
is about 0.8 times its along-wind BM at design wind speed for the isolated case. 
For the interference cases, the ratio between resultant BM at critical wind speed 
and its corresponding peak along-wind BM at design wind speed for each angle of 
incidence is calculated. Maximum ratios of 1.25 and 1.05 are observed for case-1 
and case-2, respectively. However, maximum resultant BM is 1.04 and 1.03 times 
the maximum peak along-wind BM from all angles of wind incidences for case-1 
and case-2, respectively. From these values, it is clearly evident that the interference 
effects are predominant in both along-wind and across-wind directions depending 
upon the angle of wind incidence.
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Fig. 7 Variation of magnification factor with respect to wind speeds and wind incidence angles for 
interference case-2

5 Conclusion 

Wind-induced interference effects on a 125 m tall chimney due to the presence of 
surrounding structures including a 275 m tall chimney for two different interference 
cases are assessed using wind tunnel studies. Experimental setup and results are 
briefly discussed in this paper. The results pertaining to BM at base are only discussed. 
The maximum values of the MF from the envelope of the MMF are observed as 1.6 
and 1.5 for case-1 and case-2, respectively. Interference effects are predominant 
in both along-wind and across-wind directions depending upon the angle of wind 
incidence for the tested interference configurations. The paper presents only case 
study related to specific configurations. In addition to this specific study, systematic 
investigations are needed to establish the individual roles of the location of 275 m 
tall chimney and other surroundings structures as a whole in creating group effects.
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Abstract Physical simulation of atmospheric boundary layer characteristics is very 
important for wind tunnel testing of models on buildings and structures. A 1:300 
scale flow simulation under open terrain conditions was conducted satisfactorily, in 
the recently established state-of-the-art boundary layer wind tunnel at JUET Guna, 
Madhya Pradesh, India. The size of the test section is 3.5 m (W ) × 3.0 m (H) × 
22 m (L). Using a combination of a trip board and floor roughness cubes, profiles of 
mean velocity, turbulence intensity and spectrum of wind speed were measured and 
compared with values recommended in the literature, including IS code and ESDU 
guidelines. The power law coefficient of the mean velocity was 0.16 and the value 
of turbulence intensity at 600 mm model height was 0.11. The measured spectra 
of wind speeds at different heights in model showed a good comparison with von 
Karman power spectrum to a scale of 1:300. 
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1 Introduction 

Boundary layer wind tunnel (BLWT) testing is an internationally accepted practice 
for experimentally investigating the wind induced loads and responses on scaled 
models of different buildings and structures. Recently, a state-of-the-art BLWT has 
been established at the Wind Engineering Applications Centre, Jaypee University of 
Engineering and Technology at Guna in Madhya Pradesh, to meet the growing needs 
of the construction industry for civil engineering structures. A fundamental require-
ment for the wind tunnel testing is proper physical simulation of the characteristics 
of atmospheric boundary layer as per scaling laws. In this paper, details of physical 
simulation of ABL characteristics corresponding to an open terrain category, with 
a flow scale of 1:300, are presented. Using a trip board and floor roughness cubes 
as vortex generators, profiles of mean velocity, turbulence intensity and spectrum of 
wind speeds were simulated satisfactorily. The simulated results are showing good 
comparison with IS code and ESDU guidelines. 

2 Experimental Studies 

A view of the artificial arrangement of a set of roughness blocks and a trip board for 
the experiment is shown in Fig. 1. A trip board of 200 mm height and roughness cubes 
of size 40 mm spread on the floor of the test section length (with a longitudinal and 
lateral spacing of 160 mm c/c) were adopted to simulate the open terrain conditions. 
Mean velocity measurements were taken at location at the center of the turntable. 

Fig. 1 Experimental setup for terrain simulation studies
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3 Mean Velocity Measurements (with Vortex Generators 
and BTR Arrangement) 

The mean velocity was measured using a standard pitot tube and a differential pres-
sure indicating meter which was corresponding to 11 m/s at the pitot height of 
600 mm. The variation of mean velocity profile along the height is shown in Fig. 2. 
The mean velocity profile characteristics are analyzed using standard logarithmic 
law and power law equations. It is apparent that the values of shear friction velocity, 
u*, and aerodynamic roughness length, z0, are sensitive to a range of lower heights 
being considered for their evaluation. 

Fig. 2 Variation of mean velocity profile with height
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4 Turbulence Intensity Measurements (with Vortex 
Generators and BTR Arrangement) 

Fluctuating velocity measurements were measured using a hot wire anemometer 
system. Using the 3D traverse system, measurements were taken at different levels 
along the height varying between 40 and 1200 mm above the tunnel floor. It is to 
be noted that due to HWA probe support mounting on the transverse, at lower levels 
between 4 and 30 cm, flow disturbance was observed. Consequently, for this height 
region, a correction factor of 15% was applied and the corrected turbulence intensity 
values are plotted in the Fig. 3. 

The measured Iz profile from wind tunnel data is plotted in Fig. 4, with a target 
scale ratio of 1:300. A good agreement can be seen for Iz profiles with respect to IS 
code and ESDU code and wind tunnel experimental profiles. 

Fig. 3 Variation of 
turbulence intensity profile 
with height 
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5 Power Spectrum Analysis and Evaluation of Lux(z) 
Values at Different Heights in the Wind Tunnel 

As per the concept of terrain simulation in a wind tunnel, it is required that the pattern 
of distribution of wind energy over different eddy frequencies shall be the same both 
in the nature and in wind tunnel. Technically, this implies that the power spectrum 
of wind speed (U-component) generated from the time traces of fluctuating wind 
velocity in the wind tunnel shall reasonably match with that of the theoretical wind 
spectrum, such as von Karman spectrum, Davenport spectrum, Simiu spectrum. In 
the literature, von Karman spectrum is widely used to represent the theoretical wind 
spectrum to describe the spectrum occurring in full-scale conditions. Hence, for the 
present study, the wind tunnel spectrum is compared with von Karman spectrum and 
thereby the model scale is determined. More details can be seen in Ref. [1]. 

The von Karman spectrum is given by the following equation: 

nSu(n) 
u2∗ 

= 4Xk
(
1 + 70.78X2 

k

)5/6 , (1) 

where Xk = nLux(z)/u(z), (2) 

and it is termed as reduced frequency. It is defined in terms of the frequency, n, mean 
wind speed, u(z), and the turbulent length scale factor, Lux (z), for the U-component 
wind along x-direction. The term Lux(z) represents the size of maximum eddy in the 
atmosphere. 

For an open terrain, Cook proposed [2] the following equation for evaluating the 
length scale parameter, Lux (z), as: 

Lux(z) = 25z0.35 z−0.063 
0 , (3) 

where z0 is the roughness height and z is the respective height. Equation (3) is  
recommended in ESDU guidelines. It is reported that uncertainties in values of Lux(z) 
using Eq. (3) can be as much as ±30% [2]. A typical value of z0 = 0.03 m is used in 
Eq. (3) for an open terrain category. 

The degree of stationarity of the recorded measurement and the length of the 
measurement are quoted to significantly influence the estimates of Lux(z). According 
to Simiu and Scanlan, for example, for an open terrain, at an elevation of 150 m, 
Lux(z)) varies between 120 and 630 m with an average value of 450 m. This clearly 
indicates that in full-scale conditions, recommended values of Lux(z) are having 
greater levels of uncertainty. 

For the present analysis, Eq. (3) is used to evaluate  Lux(z) values in full-scale 
conditions, they are matched with corresponding values of Lux(z) values in wind 
tunnel, and accordingly, the length scale value is determined. 

Counihan [1, 2] also has proposed the following expression to evaluate Lux(z) 
values which are valid in the range of 10 m < z < 200 m.
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Lux (z) = Czm , (4) 

where C and m are parameters which depend on the roughness length, z0. Generally, 
it is observed that values of Lux(z) predicted using Eq. (4) are significantly higher 
than those obtained by using Eq. (3) [1]. 

Based on the time histories of fluctuating velocities measured in the wind tunnel 
at different heights, using MATLAB software, and with pwelch spectrum command 
function considering twenty times averaging of data samples and fifty percent over-
lapping of data samples, power spectrum plots were generated. It is well known from 
the theory that at high-frequency region, the slope of the curve when drawn between 

the reduced spectrum,
(
nSu (n) 

σ 2 u

)
, versus the non-dimensional frequency,

(
n∗z 
u(z)

)
will 

follow the trend of n−5/3, where n is the frequency. This trend is experimentally 
exhibited in plot in Fig. 5. 

And the semi-theoretical von Karman curve is also super-imposed on each of the 
above curves. This validates a good simulation of ABL conditions in the wind tunnel 
from the spectrum distribution point of view. In Fig. 5, all the power spectra curves 
at different heights ranging from z = 100 mm to z = 1000 mm are plotted which 

show a good trend with Karman spectrum when plotted between
(
nSu (n) 

σ 2 u

)
and

(
n∗z 
u(z)

)
. 

Also, the decreasing trend of
(
nSu (n) 

σ 2 u

)
with

(
n∗z 
u(z)

)
was clearly following n−5/3, as  

discussed above. 
It is apparent from the above figures that the trend shown by power spectra when 

plotted in a reduced scale at different heights is following Karman spectrum.

Fig. 5 Variation of reduced power spectra at different heights 
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Fig. 6 Variation of Lux(z), 
wt as a function of height 
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The variation of Lux(z), wt in wind tunnel as a function of different heights is 
plotted in Fig. 6, which follows a power law equation given by: 

Lux(z), wt = 0.47z0.29 . (5) 

It may be noted that the above equation is similar in form to Counihan equation. 
The value of length scale Lux(z) as calculated through standard spectrum equation 

is matching with ESDU in nature to a scale of 1:300. At reference height of 12 m, 
considering scale of 1:300, the estimated Luz value and ESDU value are matching 
well. As given in literature, Lux(z) parameter at any given height has a scatter and 
hence is valid for a range of flow scale. Since it is already shown that mean velocity 
profile and turbulence intensity profile are providing a flow scale (1:300), the same 
flow scale is tried with Lux(z) also; the values of Lux(z) along the heights in full 
scale (1:300) are compared with corresponding full-scale value as per ESDU and it 
is found that there is a reasonable matching among them as shown in Fig. 7.

6 Summary and Conclusions 

The simulation was carried out for an open terrain category using hotwire anemom-
etry system. The vortex generator system used included a 200 mm high trip board 
and a set of roughness cubes of 40 mm size spaced at 160 mm c/c in both ways. 
No spire was used in this experiment. Based on wind tunnel simulation, the values 
of aerodynamic roughness length, z0, shear friction velocity, u*, and the power law 
coefficient, α, are evaluated as 0.000033 m, 0.45 m/s, and 0.156, respectively. The 
above experimental results of mean velocity profile, turbulence intensity and length 
scale show a good comparison with corresponding recommended full-scale values, 
with a flow scale of 1:300. The simulated profiles of mean velocity and turbulence 
intensity are compared well with corresponding profiles recommended by IS Code
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Fig. 7 Variation of Lux(z) with height

875 (Part3) [3] and ESDU guidelines. The power spectra of wind speed at different 
heights based on wind tunnel test data showed a good comparison with von Karman 
spectrum, widely being used in the literatures. 

Therefore, the present simulation demonstrates that the above vortex generator 
system can be utilized for further experiments and simulation studies in a flow scale 
of 1:300 using BLWT at JUET, Guna. 
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Convolutional Neural Networks (CNNs) 
and Long Short-Term Memory 
(LSTM)-Based Video Processing 
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Anirudh Marathe, Prerit Daga, Sudha Radhika , and Yukio Tamura 

Abstract Many natural processes in the universe occur in a rotational motion, such 
as the formation of drastic events including tornadoes and cyclones. For the past few 
decades, research has progressed to estimate the occurrence of such unpredictable 
small-scale meteorological events and their damage paths and to estimate the amount 
damage caused. In the case of short-lived yet disastrous tornadoes, it is possible to 
track the damage path. However, to estimate the damage through the Fujita Scale 
(F-Scale) or the Enhanced Fujita scale (EF-Scale), it is still necessary to rely on 
Radar Data Acquisition (RDA) systems working on Doppler effect to estimate the 
wind speed. For this, the equipment needs to be placed in the vicinity of where the 
tornadoes form, so they are often at risk of being damaged. Thus, in the current 
research, the tornado speed is estimated using video processing and AI techniques: 
Convolutional Neural Networks (CNNs) and Long Short-Term Memory (LSTM) 
conjointly. A video model of a rotating tornado (without translational motion) is 
artificially generated with a tracking object inside it. The wind speed is estimated by 
tracking the speed of this object caught in the tornado’s whirl. CNN in combination 
with LSTM effectively predicts the shift of the object in each frame of the video in 
comparison with a reference frame. 
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1 Introduction 

A tornado is a violently rotating column of air that extends from a thunderstorm 
and comes into contact with the ground taking a massive shape and creating a lot 
of damage along the traversed course. These strong winds occur across the world, 
including the USA which experiences it more often than other regions. Every year, 
the USA reports about 1300 tornadoes of varying intensities [1]. The intensity of a 
tornado is measured on Enhanced Fujita (EF) Scale [2], which takes in to account 28 
different damage indicators. The speed of tornado can describe tornadoes more accu-
rately. However, it is difficult to estimate the speed due to the massive damage it can 
cause to the equipment like anemometer that is used to measure wind speed. Radar-
based techniques [3], used by WSR-88D and Mobile Doppler Radar, provide some 
means for prediction and measurement of speed using Doppler effect. The WSR-
88D Doppler radar network obtains weather information (precipitation and wind) 
based upon returned energy generated and received at the Radar Data Acquisition 
(RDA) unit. This helps in forecasting tornadoes, but due to physical limitations such 
as beam spreading and radar horizons, the rotation as well as speed of tornado cannot 
be measured. Mobile Doppler Radars can be positioned close enough to the storm 
to resolve the rotation within the tornado itself. This method is still not widely used 
to measure speed. This project aims at using image and video processing techniques 
to estimate the speed of rotation of still tornadoes. The image processing systems in 
development and use today have become more robust, accurate, and less expensive 
with the advancement in digital camera technology. The low cost of development, use 
and maintenance of digital cameras, and related processing equipment make them 
widely used for image processing-based applications. Various such techniques are 
already in use for tracking and measuring the speed of objects in linear motion like 
vehicles in traffic. Such techniques require capturing of video at known frame rate 
and observing the motion. They can also be used for the linear path traversed by a 
tornado. Using similar techniques with modifications, the speed of rotation can be 
estimated. 

2 Methodology 

The speed of rotation of an object is calculated as number of rotations completed 
in unit time. For identifying a complete rotation, we mark a reference point on the 
rotating object that appears at the same location after certain amount of time. Since a 
tornado is composed of winds, it is difficult to mark a single or group of identifiable 
points to make the required observations. Therefore, we choose an object stuck in the 
tornado and observe its location to identify the speed at which it rotates or appears 
to rotate, which is assumed to be the speed of the tornado [4]. 

The proposed methodology follows the approach of tracking an object stuck in the 
tornado to calculate the speed. Video processing is used to identify the object and its
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position in each frame. First, the speed is calculated in terms of no. of frames traversed 
for unit rotation and then that is converted into the number of rotations per unit time 
based on the rate of frame capture. Furthermore, as the video obtained through a 
digital video camera is not continuous, we expect that the speed obtained through 
this process needs to be scaled to obtain the original speed. This scaling factor is 
obtained by first calculating the speed of a reference rotating object of known speed 
and comparing it with the actual speed. This scaling factor will be specific to camera 
frame rate and can be used to scale the speed obtained for the test object. 

In this work, we have used a rotating cone as a simplified model of a tornado and 
a certain pattern on the cone as the object under observation. This approach helps in 
simplifying the creation of desired relations that can later be extended to complex 
tornado simulations. 

The various steps that are involved are explained as follows: 

2.1 Video Capturing 

The video of a tornado is captured from a high-resolution digital camera at a known 
frame rate. A higher frame rate will ensure that less rotations are skipped while 
capturing the motion and better accuracy is expected. 

2.2 Preprocessing 

The video is to be processed frame by frame. Each frame is converted from RGB to 
grayscale image for performing fast operations. 

2.3 Reference Object Selection 

A distinguishable object that was stuck in the tornado is selected from a frame of the 
video in initial run. The location of the object in the frame is noted. 

2.4 Reference Object Tracking 

As the tornado rotates, the object location in the subsequent frames also changes. 
On completion of a rotation, the location on the corresponding frame is expected 
to be same as that in the initial frame. The location will repeat again in further 
rotations. This seems straightforward for human observer; however, to perform this
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Fig. 1 LSTM internal structure 

task through video processing, an object tracking algorithm is used. The results of 
this step are then used in speed estimation, as explained in next subsection. 

The object tracking methodology used in this work makes use of CNN and LSTM 
that is explained as follows. 

A reference object stuck in tornado is selected and cropped from the first frame of the 
video. To track its position in the subsequent frame, the same set of pixels needs to be 
searched. Now, since an object may change its orientation and shape while rotating, 
we cannot directly search the cropped image with good accuracy. Hence, we use 
Convolutional Neural Network (CNN) to predict the location of cropped image in 
the subsequent frames [6–8]. The learning method used is Long Short-Term Memory 
(LSTM) [9, 10]. 

LSTM. In LSTM, a training set of first few frames is given to the network. It stores 
in its memory buffer, the information gained from each training frame. Based on the 
information stored, it can predict the next frame of a video, using backpropagation 
method. The block diagram of an LSTM network is shown in Fig. 1. Each rectangular 
box is a neuron/cell. The internal working of an LSTM network is described as follows 
from left to right direction. 

σ represents the sigmoid function which takes input as X t and H t-1. This sigmoid 
function is called as the forget gate. The task of the forget gate is to decide how much 
of the previous output data will be forgotten and how much of the previous data 
will be used in next steps. Both these inputs are multiplied with their corresponding 
weights and added and fed to the sigmoid function σ where the output could be in 
range of 0–1. 

The middle σ and tanh function together comprises the input gate and new memory 
cell. They decide what relevant information can be added from the current step. 
The inputs to the new memory cell are X t and H t-1. These inputs are taken and 
multiplied together with their corresponding weights and fed to sigmoid function. The 
multiplication output of input gate and new memory cell could be any value between 
0 and 1. The previous cell state input and the output from forget gate are multiplied 
and added with the total output of input gate and new memory cell calculated in the 
previous step to give the current cell state which would be given to the next cell [10]. 

The rightmost σ and tanh function together comprises the output gate. This gate 
tells the amount of relevant information to be taken from the cell state. The inputs X t
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and H t-1 are taken and multiplied together with their corresponding weights and fed 
to sigmoid function. The output of sigmoid function and the final value of cell state 
obtained from by passing the cell state through the tanh function are both taken and 
multiplied to produce the hidden state output which would be given to the next cell. 

2.5 Speed Estimation 

Let robs denote the number of rotations observed in f obs frames. This gives speed in 
terms of number of rotations per frame. Multiply this with frame rate fps (frames per 
second) to obtain the observed speed, sobs, in rotations per second, Eqs. (1 and 2). 

sobs = 
robs 
fobs 

× fps, (1) 

sobs = robs/sec. (2) 

Eq. (2) is called as the “observed speed”, as a camera setup with frame rate less 
than the actual speed of tornado can skip a few rotations. Thus, a scaling factor is 
calculated from a reference training video, which is used here to scale the observed 
speed into actual speed, Eq. (3). 

scale = 
ractual′/sec 
robs′/sec . (3) 

The scaling factor of Eq. (3) is obtained by first running the model on a video of 
an object of known speed. Then, we calculate the speed of rotation of desired object, 
scal, using  Eq. (4). 

scal = scale × sobs, (4) 

3 Experimental Setup and Results 

The proposed method was implemented in Python, on a video sequence of a tornado 
model represented by a rotating cone Fig. 2, simulated through VPython [4], a python-
based programming language to write programs that generate navigable real-time 3D 
animations.

The number of rotations to be simulated were manually given, and based on the 
time taken for the completion of simulation, the speed was calculated in rotations 
per second (rps) [5]. This gives ‘actual speed’ or ‘known speed’ [9]. Since the idea is 
to identify complete rotations of the cone, a texture was applied to the cone image.
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Fig. 2 Frame of simulated cone

The texture consisted of an inverted map of the Earth, on which any known and 
distinguishable place could be identified in each frame. Screen recorder was used to 
obtain the video of the rotating cone. The ‘frame rate’ of the screen recorder was 
taken to be 30 fps.  

The reference object image chosen is an inverted map of Australia, Fig. 3. 
The location of image and frame number is noted and compared. The difference 

between the first two frames that contain the reference image at almost the same 
location as the first frame is calculated, and subsequent frame numbers are estimated.

Fig. 3 Reference object 
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Fig. 4 Dataset for training 

3.1 Results for LSTM Network Next Frame Prediction 
Computation 

A dataset is created by taking 6000 image frames from a sample video. Out of these, 
20 images are taken as training dataset, Fig. 4. 

After the model has been trained, all the weights of trained model are then provided 
as the input to the prediction module. The LSTM model is tested for the next frame 
prediction. And, the next frame prediction is done with a frame rate of 5 fps as shown 
in Fig. 5.

3.2 Scale Calculation from Video of Known Speed 

The model was first run on a rotating cone with speed = 4 rps. Figure 6 shows a 
frame where the reference object is marked.

Table 1 shows the estimated and actual values of frame numbers along with the 
location of the reference image.

Each row in the table corresponds to a calculated rotation of the object image 
which is identified with position. From Table 1, we observe that though the first 
rotation takes about 14 frames per observed rotation the subsequent rows show an 
average of about 15 frames per observed rotation. Using this value and frame rate of 
30 fps in Eq. (2), we get
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Fig. 5 Predicting the next video frames using dataset for the trained model

Fig. 6 Reference object 
identified and marked
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Table 1 Predicted and actual values of frame numbers along with the location of the reference 
image (for reference video) 

S No. Frame No. x-location Frame difference Remarks 

Predicted Actual 

1 – 8 251 – 

2 – 22 253 14 

3 36 37 198 15 

4 50 52 241 15 x-location to far to be 
considered as complete 
rotation 

5 64 60 214 8 

6 78 76 255 16 

7 92 91 249 15 

8 106 106 243 15 

9 120 121 237 15

s ′
obs = 2 rps. (5) 

We use this value and the actual speed of 4 rps in Eq. (4) to obtain scaling factor, 
Eq. (6): 

scale = 
4 rps  

2 rps  
= 2. (6) 

Thus, one calculated rotation at a frame rate of 30 fps is equivalent to two actual 
rotations. We used this factor to estimate the speed of another rotating object. 

3.3 Speed Estimation for Video 2 

A rotating cone was again simulated with a speed of rotation = 2.11 rps. This was 
captured as a video at 30 fps. Table 2 shows the various values of frame location for 
each match of reference object image.

Following the procedure mentioned earlier, we obtained estimated speed ≈ 2.14 
rps. This shows that our model estimates the speed with about 98.6% accuracy.
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Table 2 Predicted and actual values of frame numbers along with the location of the reference 
image (for test video) 

S No. Frame No. x-location Frame difference 

Predicted Actual 

1 – 7 212 – 

2 – 33 205 14 

3 59 63 198 15 

4 85 78 220 15 

5 111 108 214 8 

6 137 138 207 16

4 Conclusion 

The proposed method can be used to measure the rotational speed of a tornado from 
a video sequence. The method works quite well for simulated models of tornado and 
can be extended to tornados in real world, with constraint of objects stuck in the 
tornado being identifiable by the code. Since models are usually of lesser speed as 
compared to the actual tornados, videos captured at higher frame rate can be helpful. 
This work does not consider the orientation and position changes of the reference 
object and the hiding and unhiding of the object that happens in real tornado. A more 
robust object tracking can be used to enhance the results on real tornados. 
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