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A B S T R A C T   

Several studies have been carried out to investigate the magnitude of forces induced by tornado-like winds on 
buildings from experimental as well as computational side. The number of experimental studies evaluating the 
wind loads due to tornado-like vortices are comparatively greater in number than studies based on computa
tional fluid dynamics (CFD). Furthermore, the limited number of CFD studies were often not validated by 
comparing with experimental measurements. In this work, an attempt is made to validate a CFD model by 
comparing the pressures induced by tornado-like vortices on a building model with experimental measurements 
from the tornado simulator at Texas Tech University (TTU). Results of the comparison indicate that the pressure 
coefficients obtained from the CFD model agree well with TTU experimental datasets. Besides, the effect of 
building size as well as the effect of flow structure of vortex on pressure coefficients on the building induced by 
tornado-like vortex is also investigated. It is observed that the pressures on the building can differ by up to 100% 
when different sizes of building is considered and the vortex with a single celled structure creates the most 
unfavorable loading conditions on the building model.   

1. Introduction 

Tornadoes can cause great economic distress (Changnon, 2009) as 
well as substantial loss of human lives (Molloy and Mihaltcheva, 2013). 
For this reason, exploration of tornado wind field and the pressures 
induced by tornadoes on buildings has gained more attention in the 
research community in recent years. Many field studies have been car
ried out in the past to explore the wind velocity field and pressure dis
tribution of a live tornado (e.g., Bluestein and Pazmany, 2000; 
Alexander and Wurman, 2005; Kosiba and Wurman, 2010; Kosiba and 
Wurman, 2013). Field data from real-world tornadoes are the most ac
curate source of data on tornadoes and those datasets are helpful in 
analyzing the cause of failure of buildings during tornadic events. 
However, further engineering application of field datasets is limited by 
the fact that these data are mostly velocity measurements at elevations 
well above most buildings and pressure measurements at the ground 
surface. In addition, the velocity and pressure measurements often lack 
the resolution required for engineering applications (see Fig. 5). 

Due to the limitations of field measurements, an alternative method 
was devised to study tornadoes by simulating tornado-like vortices in a 
controlled environment inside experimental tornado simulators. For this 

purpose, various tornado simulators were built. However, from an en
gineering standpoint, the major tornado simulators include the Vor
TECH at Texas Tech University (TTU), the ISU tornado simulator at Iowa 
State University (ISU) and the WindEEE dome at Western University 
(WU). Details about the geometric configuration and flow generation 
mechanism of these tornado simulators can be obtained from Tang et al. 
(2018a, 2018b), Haan et al. (2010) and Hangan (2014) respectively. 
Detailed investigation on the wind field of tornado-like vortices gener
ated by these simulators have been carried out by Tang et al. (2018a, 
2018b), Haan et al. (2008) and Refan and Hangan (2018). Similarly, 
investigation on the pressures and forces induced by tornado-like 
vortices on the building models have been carried out by Sengupta 
et al. (2008), Haan et al. (2010). However, experimental simulation of 
tornado-like vortices and induced loading on low-rise building models 
has its own challenges. Because tornado-like flows are highly turbulent 
and three-dimensional, it is challenging to measure the wind velocities 
at core regions of vortices with high resolution/fidelity (Tang et al., 
2018a; Refan and Hangan, 2016). In addition, due to the large size of 
full-scale tornadoes and the limited sizes of vortices that tornado sim
ulators can generate, it is difficult and, in some cases, even impractical to 
test building models at appropriate scales in tornado simulators. This is 
true even with the availability of the large-scale simulators constructed 
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in recent decades (Haan et al., 2008; Refan and Hangan, 2016 and Tang 
et al., 2018a). In addition, some existing tornado simulators can simu
late the effects of translating tornadoes. However, the ratio of translation 
speed to maximum mean tangential velocity of the vortices generated in 
the simulators often cannot match the corresponding ratios of many 
full-scale tornadoes (Haan et al., 2010, Refan and Hangan, 2016). 

Many of the challenges in full-scale and laboratory studies can be 
overcome through numerical simulation based on Computational Fluid 
Dynamics (CFD). Early CFD work on tornado simulation were primarily 
based on numerical modeling of tornado-like winds by axisymmetric 
vortices (e.g., Harlow and Stein, 1974); Rotunno (1979). Those studies 
mostly entailed a qualitative comparison of the features of numerically 
simulated vortices with those of full-scale tornadoes or experimentally 
generated tornado-like vortices (e.g., Rotunno, 1979; Lewellen et al., 
1997; Lewellen and Lewellen, 2007; Nolan and Farrell, 1999). In recent 
years, many numerical simulations have been conducted to replicate 
physical tornado simulators and study the tornado-like vortices simu
lated by the CFD models (Yuan et al., 2019; Gairola and Bitsuamlak, 
2019). The numerical results are usually compared with corresponding 
experimental datasets before the numerical models are used to study 
other aspects of tornado-like flows (Ishihara et al., 2011; Liu and Ishi
hara, 2015; Kuai et al., 2008; Yuan et al., 2016; Gairola and Bitsuamlak, 
2019; Verma and Selvam, 2021c). 

There exists a substantial number of studies based on the comparison 
of wind field simulated using CFD with experimentally generated 
tornado-like vortices. However, only a limited number of numerical 
studies have been carried out to investigate the interaction between 

tornado-like flows and building models. CFD modeling to quantify the 
forces induced by tornado-like vortex on building was relatively unex
plored until the early 2000s. Selvam and Millett (2003 & 2005) 
numerically simulated tornado-like vortices based on the Rankine 
Combined Vortex Model (RCVM) using Large Eddy Simulation (LES) and 
compared the force coefficients on a cubical building in tornado-like and 
straight-line (SL) winds. They concluded that the forces due to 
tornado-like winds could rise by up to 50% for walls while even higher 
for roof, by up to 100% in comparison to SL winds. Nasir et al. (2014) 
and Nasir and Bitsuamlak (2016) computed wind load on a tall building 
due to a single-celled tornado-like vortex using Reynolds Averaged 
Navier Stokes (RANS) model. They concluded that the largest suction 
forces are encountered by building when it is at the center of 
tornado-like vortex, primarily due to the large pressure drop at this 
location in the vortex. Yousef et al. (2018) compared the forces caused 
by tornado-like winds on a dome-shaped and a prism-shaped building. 
They concluded that the loads exerted by tornado-like winds on the 
dome shaped building is lesser than that on the prism-shaped building 
due to the differences in shape of the building models. Gairola and 
Bitsuamlak (2018) compared the flow field around a high-rise building 
obtained from Large Eddy Simulation (LES) with the results from Yang 
et al. (2011) and WindEEE dome. They found a good qualitative 
agreement between the CFD and experimental flow field. The numerical 
model, however, underestimated the force coefficients when compared 
with the experimental results. In addition, inconsistencies were also 
observed in moment coefficient curves obtained from numerical model 
when compared with the experimental results. Nonetheless, the study 
concluded that the largest force was encountered by the building when it 
is placed at the core radius of tornado-like vortex. The study also pointed 
out that vortex wandering can greatly influence the interpretation and 
comparison of wind loading on buildings due to tornado-like vortices in 
experimental as well as CFD tornado simulators. 

Although a number of studies have been carried out both on the 
experimental side and using CFD, comprehensive studies (like what 
have been done in case of straight-line winds) that enable adequately 
accurate assessment of tornadic loading on buildings is lacking. A 
detailed literature review is also done to learn about the features of 
tornado-like vortex such as the core radius, the maximum tangential 
velocity and the swirl ratio of vortex considered in different work of 
literature. In addition, the scale (or size) of the building models, refer
ence quantities (such as reference pressure and velocity) and the peak 
pressure coefficients on the building reported in different studies in the 
existing literature is also presented. The information obtained from 
literature review is summarized in Table 1. The nomenclature for the 
abbreviations used in Table 1 is listed before the ‘Introduction’ section. 
In addition, the forces and pressures induced by tornado-like winds on 
building are documented in Table 2. It can be readily noticed in Table 2 
that there is significant variation in the reported peak forces and pres
sures on building due to tornado-like winds. 

From review, it is observed that a diverse range of flow structure of 

Nomenclature 

S Swirl ratio 
Vtmax Max. tangential velocity 
Ref. Vel. Reference Velocity 
rc Core radius 
OA Orientation Angle 
Cp: Pressure Coefficient 
V@ RH Velocity at roof height 
Ref. P: Reference pressures 
Pmax,g: Max. pressure at ground 
Cfx Force coefficient in the X-direction 
Cfy Force coefficient in the Y-direction 
Vt + Vtrans Sum of tangential & translational velocity 
Cfz Force coefficient in the Z-direction 
Max. VH Max. Horizontal Velocity 
Max. Vt @ MEH Max. tangential velocity at mean eave height 
Ps,g: Static pressure at ground surface 
Pa,o: Ambient pressure outside the tornado simulator 
Ps,f Static pressure far from tornado vortex  

Table 1 
Different features of tornado vortex and scale of building model used for estimating tornado forces on building.  

SN Reference Model 
Scale 

S rc Vtmax OA Ref. Vel. 

1 Selvam and Millett (2005) – – 60 m = 3 units 90 m/s = 4.5 units/s 0◦, 45◦ Vt + Vtrans 

2 Mishra et al. (2008) 1:3500 0.19 13 mm – – Max. VH 
3 Sengupta et al. (2008) 1:100 0.24, 1.14 0.3m, 0.53m 9.7 m/s 0◦, 45◦ Max. Vt 

4 Haan et al. (2010) 1:100 0.08–1.14 0.23–0.53m 8.3–11.9 m/s 0◦–90◦ @ 15◦ Max. VH 
5 Hu et al. (2011) 1:200 0.1 0.16m 10 m/s 0◦–90◦ @ 15◦ Max. Vt 

6 Sabareesh et al. (2012) – 1.3 37.3 mm – – V @ RH 
7 Sabareesh et al. (2013) – 0.43, 

0.87 
Fully engulfed – – V @ RH 

8 Liu and Ishihara (2015) 1:1900 2.44 0.112m 18.6 m/s – Max. Vt @ MEH 

*** Note: Fully Engulfed implies that the building model considered was fully engulfed inside the core of tornado vortex. Also, 0◦–90◦ @ 15◦ implies that the 
orientation angles in the study was varied from 0◦ to 90◦ in increments of 15◦. 
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tornado-like vortex have been considered in the existing literature for 
evaluating forces on the building models (Refer Table 1). Different flow 
structures of tornado-like vortex have different wind velocity profiles 
and pressure distribution. So, they can result in different loading con
ditions on the building. Similarly, it can also be noticed that different 
model scales for building or alternatively different sizes of building have 
been considered while computing the pressures induced by tornado-like 
vortex on the building models. But the effect of variation of size of the 
building on the pressures induced by tornado-like vortex is still not 
understood very well. In addition, the pressure and force coefficients 
differ from one study to another on the experimental side whereas on the 
computational side, the pressures induced by tornado-like vortex lack 
comparison and/or validation by experiments. In the existing literature 
(Ishihara et al., 2011; Liu and Ishihara, 2015; Gairola and Bitsuamlak, 
2019; Yuan et al., 2019), the CFD models are often validated with 
experimental measurements by comparing the wind field of simulated 
vortices. However, a one-to-one comparison of pressures induced by 
tornado-like vortex on the building simulated using CFD is lacking with 
experimental measurements. Current work tries to address the gap in 
existing literature by making a one-to-one comparison/validation be
tween the pressure coefficients obtained from CFD model with the 
experimental datasets from VorTECH simulator at Texas Tech University 
(TTU). Similarly, the effect of variation of size of the building on the 
induced pressures is also investigated. In an earlier study carried out by 
Kikitsu and Okuda (2016), it was proposed that the ratio of size of the 
building to the size of the core radius of tornado-like vortex should be 
maintained less than 0.45. The proposition, however, was based on the 
analysis/comparison of load characteristics from experimental tornado 

simulator with Rankine vortex. Rankine Vortex Model is based on the 
idea of representing a tornado-like vortex primarily by the distribution 
of tangential velocity in the radial direction, but the radial and the axial 
velocity components are missed out in Rankine Vortex Model. So, in this 
work, the sensitivity of load characteristics on the building model is 
studied by solving the 3D Navier-Stokes (NS) equation in which all the 
three velocity components (radial, tangential and axial) are considered, 
and the details are reported. This type of investigation/analysis is not 
present in other work of the existing literature; thus, the current work 
adds to the knowledge from previous studies in the existing literature. 
Besides, the influence of different flow structures of tornado-like vortex 
on induced pressures on the building models is investigated. In previous 
studies such as Li et al. (2020), the interaction of a single-celled and a 
double-celled vortex with a dome was studied. The wind field (tangen
tial velocity profile) obtained from the CFD model was compared with 
field measurements, but experimental validation of the pressures 
induced on dome by tornado-like vortex was lacking. In addition, the 
study focused on variation of induced wind loads on dome due to 
single-celled and double-celled vortex. However, the majority of resi
dential housing comprises of prismatic buildings which are bluff as 
compared to more aerodynamic shape of domes (which also comprises 
only a very small subset of residential structures). Thus, in the current 
work, a prismatic bluff shape of building is considered. Both the mean 
and the minimum pressure coefficients as well as their ranges on a 
building model are reported, which adds further knowledge to previ
ously reported study by Razavi and Sarkar (2018) in which only the 
maximum force coefficients on building due to a single-celled and 
double-celled vortex were reported. Besides, the induced pressures on 

Table 2 
Tornado forces and pressures on a building from different work in the literature.  

SN Reference Simulation Type Cfx Cfy Cfz Cp Ref. P 

1 Selvam and Millett (2005) CFD 1.33 1.36 1.81 −2.82 0 
2 Sengupta et al. (2008) EXP – – 1.44C 

1.78TB 
– – 

3 Mishra et al. (2008) EXP 2.4 2.45 2 −1 Ps,g 

4 Haan et al. (2010) EXP 2.7 2 4 −4.5 Pa,o 

5 Hu et al. (2011) EXP 0.8 0.6 2.75 −4.2 Pa,o 

6 Sabareesh et al. (2012, 2013) EXP – – −5.5 ST 

−9.0 RT 
−19 Ps,f 

7 Liu and Ishihara (2015) CFD −1.2 0.9 2.2 −1.1 0 
8 Nasir and Bitsuamlak (2016) CFD – – – −2.5 Pmax,g 

9 Yousef at al. (2018) CFD 1.4 −1.39 2.6 −3.5 0 
10 Li et al. (2019) CFD 0.1D 

1.5S 
−0.2D 

-1S 
−2.4D 

−8.4S 
−0.6D 

−2.5S 
Patm (101 KPa) 

*** Note: C: Cube building; TB: Tall building; S: single-celled vortex; D: double-celled vortex; r: roof; ST: smooth terrain; RT: rough terrain, EXP: Experiment. 

Fig. 1. (a) Experimental tornado simulator VorTECH at Texas Tech University (b) Simplified CFD tornado simulator.  
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the building due to a touched-down vortex is also reported in this work 
in contrast to previous studies, which have only focused on vortex before 
and after touchdown. In addition, the details of the interaction of 
coherent turbulent structures (suction vortices reported in detail in 
section 4.3) with the building model is reported in current work which is 
not reported previously in earlier work of literature. The interaction of 
coherent turbulent structures with the building is believed to be critical 
in developing an improved understanding of the tornado loading on 
buildings. Hence, in this work, an attempt is made to learn about the 
details as to how different flow structures of tornado-like vortices such 
as prior to, during and beyond touchdown differs in its interaction with a 
building. The differences and/or similarities in the flow features during 
the interaction of different flow structures of vortex with building model 
is also reported. Based on the discussion above, the objectives of present 
study are summarized below. 

1.1. Objectives of current work  

1. To compare and validate the pressures induced by tornado-like 
vortex on a building model obtained from CFD simulation with 
TTU experimental results.  

2. To study the effect of size of the building (or differences in model 
scale of the building) on tornado-induced pressures.  

3. To study the influence of different swirl ratio of tornado vortices 
(prior to, during and post-touchdown) on the induced pressures on 
buildings. 

2. Numerical setup 

2.1. Description of numerical simulator model for VorTECH facility 

Fig. 1 (a) shows a 3D perspective view of a prismatic building model 
placed at the center of the TTU tornado simulator, and Fig. 1 (b) shows 
an equivalent CFD model of the experimental set up considered for this 
work. The inlet height of the simulator is kept at ho = 1m and the updraft 
radius is rup = 2m. Thus, the aspect ratio of the simulator is maintained 
at a = ho/rup = 0.5. 

The outlet region provided by 8 fans of 2 ft diameter each in the TTU 
simulator is modeled by an effective outlet height of 0.743 m in the CFD 
tornado simulator. Further detail about the calculation of outlet height is 
provided in Verma (2022). Using the inlet height (ho) of tornado 
simulator as the reference length, the effective outlet height in 
non-dimensional form is taken as 0.743ho ≈ 0.8ho. The total height of 
the chamber is kept as H = 6ho. The dimensions of the building 
considered in TTU simulator is 10 cm × 5 cm x 5 cm. Accordingly, the 
dimension of the building model considered in the CFD model is 0.10ho 
along the X-direction and 0.05ho along the Y-direction and the Z-di
rection for the current study. The 3D sketch of the building considered in 
this work is shown in Fig. 2. 

2.2. Governing equations for CFD model 

The 3D Navier Stokes (NS) equation is used for flow computations. 
The technique of Large Eddy Simulation (LES) with Smagorinsky model 
is used for turbulence modeling. The continuity and momentum equa
tions in tensorial notation is as follows: 

Continuity Equation: 

∂Ui
∂xi

= 0 (1) 

Momentum Equation: 

∂Ui
∂t

+
∂UiUj

∂xj
= −

∂P
∂xi

+ 2
∂

∂xj

(
ν + νsgs

)
Sij (2) 

The variable ‘ν’ in Eq. (2) is the kinematic viscosity of fluid, whereas 
‘νsgs’ is the turbulent kinematic viscosity given as 

νsgs =
(
Csgs ​ Δ

)2
̅̅̅̅̅̅̅̅̅̅̅̅

2SijSij

√

(3) 

‘Csgs’ is the Smagorinsky constant taken as Csgs = 0.1 for the current 
work and ‘Δ’ is the cube root of the volume of a cell used in the Sma
gorinsky model which is given as 

Δ =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(Δx ​ Δy ​ Δz)3

√
(4) 

Similarly, Sij in Eq. (2) is the shear rate tensor, which is computed as 

Sij =
1
2

(
∂Ui
∂xj

+
∂Uj
∂xi

)

(5) 

The smallest wavelength (λ) considered in LES modeling is around λ 
= 4hmin, where hmin is the smallest grid spacing. In the current case, the 
smallest grid spacing is taken as 0.01ho, where ho, is the inlet height 
(1m) of the tornado simulator. Law of the wall boundary condition is 
implemented at the walls to capture steep velocity gradients near to the 
wall. The details of numerical procedure adopted for computation can 
be obtained from Selvam (1997) and Verma and Selvam (2021c). For 
this work, a semi-staggered grid used in Kashefizadeh et al. (2019) was 
extended for 3D modeling initially, but it led to checkerboard pressure 
oscillations. Thus, a staggered grid system using Control Volume Method 
(CVM) is used to discretize the computational domain for flow 
modeling. The diffusion terms of the NS equation are approximated 
using the Central Difference Scheme (CDS), while the convection terms 
are approximated using the QUICK scheme. Line iteration method is 
used to solve the momentum equations. The continuity equation is 
satisfied using the SOLA procedure from Hirt and Cook (1972). The 
continuity and momentum equations are solved implicitly. The Euler 
scheme (backward in time) is used while solving the equations and the 
Courant-Friedrichs-Lewy (CFL) condition is maintained by keeping the 
Courant number less than unity for stability of numerical scheme. The 
reference values considered for non-dimensionalization of the NS 
equation are (a) the inlet height for length scale and (b) the radial ve
locity at inlet height (Vro) for velocity. The details about the conversion 
of dimensional form of NS equations to non-dimensional form can be 
obtained from Cengel and Cimbala (2014). All the simulations were run 
for a total non-dimensional time of 30 units with a non-dimensional time 
step size of t* = 0.001. A grid size of 157 × 157 x 134 with 3,302,966 
nodes based on an orthogonal grid system is used for discretization of 
the flow region. 

2.3. Boundary conditions 

A logarithmic velocity profile is used to model the inlet velocities in 
the X- and Y- directions in the CFD simulator. The axial profile of the 
mean tangential and radial velocity from Tang et al. (2018a) shows 
logarithmic variation for radial and tangential velocity components, 
thus, a log profile variation for inlet velocity was chosen for the current 

Fig. 2. 3D sketch of the building model.  
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work. The vertical velocity component is considered zero throughout the 
inlet height. The maximum normalized radial velocity is taken as Vr (z =
ho) = Vro = 1, and the corresponding tangential component is designated 
as Vto. The distribution of radial velocity from the base of tornado 
simulator (ground surface) up to the inlet height is expressed as a 
function of elevation (measured from the base of simulator) and is given 
as 

Vr ​ (z) = C1ln
(

z + zo

zo

)

= C1ln
(

1 +
z
zo

)

(6) 

The swirl ratio (S) for flow is calculated similar to Verma and Selvam 
(2021a) and is given by 

S = (Vto / Vro)
/(

2
(
ho

/
rup

))
(7) 

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

Vt ​ (z) = 2 ​ Vr(z) ​ S ​
(

ho

rup

)

(8) 

For the outlet velocity boundary condition, a uniform normal ve
locity is provided at outlet and is equal to total inlet velocity. Other 
velocity components are calculated in the flow domain considering their 
normal derivatives to be zero. No-slip boundary condition is imple
mented at the side, bottom, and top walls. The roughness parameters 
used in the model are zo = 0.00004ho and C1 = 0.0924Vro. The Reynolds 
number considered for flow computation is 2.755 × 105, which is 
calculated based on the flow at the location of updraft radius and at the 
elevation of inlet height. The building is modeled inside the computa
tional domain by identifying the start and end index for a building in the 
X, Y and Z-directions. No-slip boundary condition for velocity and zero 
gradient for pressure are implemented on the faces of the building 
model. 

2.4. Grid independence study 

Three different mesh (Mesh-A, Mesh-B and Mesh-C) were considered 
to study the effect of grid resolution on the wind field of tornado-like 
vortex in the CFD tornado simulator. The following were considered 
for 3 grids, i.e., (a) a uniform mesh (b) non-uniform mesh with 
stretching cells from the center of CFD simulator and (c) a hybrid mesh 
consisting of uniform mesh up to a distance of 0.78rc from the center of 
simulator followed by stretching cells. The smallest and the largest grid 
spacing considered for the three different grids include the total number 
of grid points is documented below in Table 3. Similarly, the plots 
comparing pressure profile and tangential velocity profile from the three 
different grids are shown in Fig. 3. Further details about the study can be 
obtained from Verma (2022). 

A grid independence study was carried out by comparing the ground 
pressure profile as well as the tangential velocity profile in the hori
zontal XY-plane at an elevation of z = 0.01ho between the grids. The 
pressure profile obtained from Mesh-A and Mesh-B are compared with 
the profile from Mesh-C and it is found that the normalized root mean 
squared error (NRMSE) for Mesh-A is about 13.51% and 15.48% for 
Mesh-B. Similarly, after comparing the tangential velocity profile from 
Mesh-A and Mesh-B with that of Mesh-C, the NRMSE is found to be 
7.23% for Mesh-A and 41.46% for Mesh-B. From Table 3, it can be 
observed that Mesh-B is very coarse as compared to Mesh-A and Mesh-C. 
So, the NRMSE in both the tangential and pressure profiles are high for 
Mesh-B. For Mesh-A and Mesh-C on the other hand, the NRMSE value for 
pressure is slightly higher than 10% whereas for tangential velocity 
profile, it is less than 10%. From these observations, it is concluded that 
the obtained solution from Mesh-A & Mesh-C is grid independent and 
thus, Mesh-C (the finest of all the 3 grids) is used for further computa
tions, analyses and experimental validation unless otherwise stated. 

3. Methodology 

In this work, the CFD tornado simulator model from Verma and 
Selvam (2021c) was extended to study the interaction of tornado-like 
vortex with a building. For this work, the experimental tests were car
ried out on several specimens of building model in the TTU simulator. 
For the ease of naming, the specimens of different building model are 
referred to as VorTECH Chamber Building Model-1 (VCBM1), VCBM2, 
etc. From the different building models considered in TTU simulator, the 
building model of size 10 cm × 5 cm x 5 cm is used for validation of CFD 
model and is designated as VCBM1 for this work. In section 4.1 below, 

Table 3 
Different Grids considered for Mesh Convergence Study with their mesh sizes.  

Grids Mesh-A Mesh-B Mesh-C 

Grid points in X-direction 101 91 177 
Grid points in Y-direction 101 91 177 
Grid points in Z-direction 151 81 165 
Total no. of grid points 1540351 670761 5169285 
Smallest size of grid 0.04ho 0.010ho 0.008ho 

Largest size of grid 0.04ho 0.050ho 0.040ho  

Fig. 3. Comparison of (a) ground pressure profile (b) tangential velocity profile between 3 grids at the horizontal.  
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the details about the validation of mean Cp contour on VCBM1 are 
covered. For experimental validation, the same building VCBM1 is 
considered in the CFD model as in the TTU simulator and the building is 
subjected to a double-celled vortex of S = 0.83. The computed pressure 
coefficients are then validated by experimental datasets, specifically by 
comparing the mean Cp contour on VCBM1 and the mean Cp profile 
along the centerline of VCBM1.The experimentally validated case of 
VCBM1 is then treated as the base case for two other studies that follow 
in section 4.2 and 4.3. In section 4.2, the effect of variation of size of the 
building on induced pressures is studied. For this work, the building 
VCBM1 (used in experimental validation) is considered as one of the 
buildings and for the other building, a slightly larger building of size 
0.10ho x 0.10ho x 0.10ho (designated as building2) is considered. In 
section 4.3, the effect of different flow structures of vortex on the 
induced pressures is studied. For this work, three different swirl ratios of 
vortex (i.e., S = 0.15, 0.36 & 0.83) are considered, which are repre
sentative cases of a single-celled vortex before touchdown, a 
touched-down vortex, and a double-celled vortex beyond touchdown 
respectively. For all these work, two cases are considered, i.e., (a) when 
the building is placed at the center of vortex (r/ho = 0) and (b) when the 
building is placed at the core radius of vortex (r/ho = 0.46). 

4. Results 

4.1. Comparison of Tornado-induced pressures on building from CFD 
model with TTU experimental data 

Even though full-scale tornadoes are translating in nature, the 
interaction of wind field of a stationary tornado-like vortex with 
building placed at different locations can still provide valuable insights 
on the flow physics and forces induced by tornado-like vortex on a 
building. This is because the interaction of a stationary tornado-like 
vortex with building can still be viewed as the interaction with a 
translating tornado-like vortex at some particular time instant. 

Therefore, in this section, the induced pressures on the building from 
CFD model are computed and compared/validated by TTU experimental 
measurements. The pressure contour plot around the building when it is 
placed at the center and at the core radius of tornado-like vortex is 
shown in Fig. 4. To estimate the wind loads due to a stationary tornado 
wind field interacting with the building model, which is placed at 
different radial locations of the tornado simulator, the values of pressure 
coefficient (Cp), is computed as per Eq. (9). 

(CP) =

(
P − Pref

)

0.5 ​ V2
t,max

=

(
P∗ − P∗

ref

)
​ V2

ro

0.5 ​ V∗2
t,maxV2

ro
=

(
P∗ − P∗

ref

)

0.5V∗2
t,max

(9) 

Fig. 4. Pressure contour plot around the building in XY-plane at z/ho = 0.01 when building is placed at (a) center of tornado chamber (r/ho = 0) (b) core radius 
location (r/ho = 0.46). 

Fig. 5. (a) Schematic diagram of interaction of tornado wind field with the building when it is placed at different radial locations (r) along the X-axis (b) Exploded 
view of the faces of building. 

S. Verma et al.                                                                                                                                                                                                                                  



Journal of Wind Engineering & Industrial Aerodynamics 228 (2022) 105076

7

Fig. 6. Comparison of mean Cp contour for swirl ratio (S) = 0.83 and aspect ratio (a) = 0.5 when building is placed at the center of tornado chamber (a) CFD (b) TTU 
Experiment (11 × 6 x 6 grid for building). 

Fig. 7. Comparison of Mean Cp contour for swirl ratio (S) = 0.83 and aspect ratio (a) = 0.5 when building is placed at the location of core radius (rc/ho = 0.46) of 
tornado vortex for S = 0.83 (a) CFD (b) TTU Experiment (11 × 6 x 6 grid for building). 

Fig. 8. (a) Demonstration of centerline AB along which mean Cp profile is extracted (b) Comparison of Mean Cp profile along the centerline of building ‘VCBM1’ 
between the CFD model and TTU experiment for S = 0.83 when the building is placed at the center of CFD tornado simulator. 
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4.1.1. Pressure contour on building for different radial location of building 
from center of Tornado simulator 

The schematic diagram of a tornado-like vortex interacting with 
building placed at different radial locations from the center of vortex 
and the exploded view of the building is shown in Fig. 5. The values of 
mean pressure coefficient on the faces of the building show reasonable 
agreement between the CFD model and the TTU experimental datasets 
in Fig. 6. When the building is placed at the center of CFD tornado 
simulator, the mean Cp values range from −1.58 to −1.73, whereas that 
for TTU experiment, the corresponding Cp values range from −1.49 to 
−1.65. The pressure coefficients predicted by the CFD model shows 
deviation from the experimental datasets by about 5.4% on average. 
Overall, the values obtained from CFD agree reasonably with the TTU 
experimental datasets except for some discrepancy, which may be due to 
slight variation in the magnitude of maximum mean tangential velocity, 
which is used for computing the pressure coefficient (Cp). As Cp depends 
on the square of maximum mean tangential velocity (Vtmax), so even a 
slight variation in Vtmax can strongly affect the values of Cp. Applying the 
same reasoning, it is suspected that the slight variation between the CFD 
results and TTU datasets may have occurred (see Fig. 6). 

For the case when the building is placed at the location of core radius 
(Fig. 7), a good qualitative agreement in the Cp contour values can be 
noticed readily again. The minimum of mean Cp occurs on the south-east 
corner of the roof (pointed by arrow pointers) with a magnitude of about 
−2.8 for CFD model whereas for TTU experiment, the minimum of mean 
Cp is about −2.98 at tentatively the same location as the CFD model. 
However, the range of pressure variation is different between the CFD 
model and TTU experiment; the range of mean Cp varies between −1.3 
and −2.8 for the CFD model whereas for TTU experiment, the range 
varies between −0.19 and −2.98. Considering the maximum negative 
Cp, the deviation in magnitude of Cp predicted by the CFD model in 
comparison to TTU experiment is about 6%. However, there are in
consistencies in the minimum negative Cp predicted by the CFD model as 
compared to TTU experiment. At the location of core radius, the grid 
resolution decreases as the cells start stretching. It is suspected that 
lower grid resolution at the location of core radius might have caused 
the discrepancy in range of pressure coefficients between the CFD model 
and TTU experiment. 

As shown in Fig. 8 (a), an attempt is made to extract the mean Cp 
profile along the centerline of the building (i.e., along line AB). After 
extracting mean Cp along the centerline of the building, the profile ob
tained from CFD model is compared with TTU experiment in Fig. 8(b). 
The normalized root mean squared error (NRMSE) between the two 
profiles is computed and it is obtained as 9.11%. After analyzing the 
mean pressure contours both qualitatively and quantitatively, it is 
concluded that the CFD model can give a reasonable prediction of TTU 

experimental flow field and induced pressures on the building model. 
During tornadic events, usually the roofs are blown off due to static 

pressure drop caused by tornadoes, so, it would be of engineering sig
nificance to determine the minimum values of Cp when the building is 
placed at different radial locations with respect to the center of tornado- 
like vortex. In Fig. 9, the Cp contour plots of the minimum pressure 
obtained from CFD model are plotted when building is placed at two 
different radial locations, i.e., at r/rc = 0 in Fig. 9(a) and r/rc = 1 in Fig. 9 
(b). From the contour plots, it is deduced that the roof region and wall to 
roof connection are indeed the most critical parts of a building which 
encounters enormous magnitude of suction forces on them (−2.9 in 
Fig. 9 (a) and −5.0 in Fig. 9 (b)) resulting in uplifting of roof and breach 
of the building envelope. 

The pressure coefficients on the faces of building show reasonable 
agreement between the CFD model and the TTU experiment with an 
average percentage error of about 5.5% in the range of mean Cp for 
building placed at the center of simulator. Also, the NRMSE is about 
9.11% between the mean Cp profile from CFD model and the TTU 
experiment, thus, the CFD model is reasonably validated with TTU 
experiment. The validated CFD model is used as the base case for other 
work in section 4.2 and section 4.3 unless otherwise stated. Further
more, the study also shows that the roof region and parts of the building 
comprising of roof to wall connections are the most vulnerable parts of 
the building and susceptible to damage. 

4.2. Effect of size of the building on pressure coefficients using CFD model 

In section 1 (Table- 1), it can be observed that different scales (or 
sizes) of building models are used to evaluate pressures on the building 
due to tornado-like vortex in different work of literature. Different sizes 
or scale of buildings used to quantify wind loads on the building can 
affect the magnitude of induced pressures and forces on building. 
Alrasheedi and Selvam (2011) studied the influence of plan area of a 
building on induced wind forces by tornado-like vortex and observed 
that the vertical uplift forces on the roof of building decreases with in
crease in plan area of the building. Similar conclusion was drawn by 
Selvam and Gorecki (2012) after studying the forces produced on a 2D 
cylinder using different sizes of tornado-like vortex. It was evident from 
these studies that the size of building relative to a tornado-like vortex 
can influence the interpretation of induced pressures and forces on the 
building. But any guideline for selecting the size or scale for a building 
model was not provided. In that regard, Kikitsu and Okuda (2016) used 
different sizes/scale of building model in experimental tornado simu
lator at Building Research Institute (BRI), Japan, and concluded that 
different sizes/scale of building results in different pressures and force 
coefficients. They also proposed the idea of equivalent radius (req =

Fig. 9. Comparison of the minimum Cp on the faces of building for S = 0.83 when the building is placed at (a) the center of CFD tornado simulator (b) the core radius 
of tornado-like vortex. 
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), which is the radius for a circle whose area is equivalent to the 

plan area (BD) of the structure. The ratio (Rr), which is defined as the 
ratio of size of the building relative to the core radius of tornado-like 
vortex was computed using (10). 

Rr =
1
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π

√

(10) 

Based on Eq. (10), Razavi and Sarkar (2018) and Alipour et al. 
(2020) have selected the scale of building model in their work. Kikitsu 
and Okuda (2016) proposed to use the ratio Rr less than 0.45 based on 
the comparison of load characteristics from experimental tornado 
simulator with Rankine vortex. However, it is pointed out that Rankine 
vortex models a tornado-like flow primarily by the distribution of 
tangential velocity profile. But it is also well-understood now that the 
wind field of tornado-like vortex comprises of all the 3 components, i.e., 
radial, tangential, and axial velocity components. The contribution of 
radial and axial velocity component is missed out in the Rankine vortex 
model. So, it might affect the proposition to use an effective ratio (Rr) of 
0.45 or less while evaluating the loads induced by tornado-like vortex on 
the buildings, thus, limiting the scope of the proposition. Therefore, in 
this work, the effect of all the three velocity components on the wind 
field and on the induced pressures on building is accounted for by 
solving the 3D Navier-Stokes (NS) equation. Two different sizes of 
building (i.e., VCBM1 of size 0.10ho x 0.05ho x 0.05ho used in section 4.1 
& building 2 of size 0.10ho x 0.10ho x 0.10ho) are considered to learn 
about the differences in magnitude of induced pressures on the building 
when the same tornado-like vortex (S = 0.83) interacts with building of 
different sizes. In addition, the range of Cp (max. Cp – min. Cp) for both 
the mean and the minimum pressure coefficient is reported for two 
cases, viz. (a) when the building is located at the center of tornado 
simulator (r/ho = 0) and (b) when the building is located at the core 
radius of tornado simulator (r/ho = 0.46). The pressure coefficients for 
all the different cases are included below in Table 4. 

For VCBM1, the scale ratio computed using Eq. (10) is 0.087 and for 
building2, the scale ratio is 0.123, which are both less than the critical 

value suggested by Kikitsu and Okuda (2016). When the building is 
placed at the center of CFD simulator, the range of mean Cp varies from 
−1.25 to −0.96 for VCBM1 whereas for building2, the range of mean Cp 
varies from −2.30 to −2.05. From Table 4, it can be observed that the 
range of mean pressure coefficient is almost the same for both the sizes 
of building when the building is located at the center of CFD tornado 
simulator. However, the absolute value of mean Cp is roughly about 2 
times for building2 as compared to VCBM1. Similar trend is observed for 
the minimum pressure coefficient when the building is placed at the 
center of CFD tornado simulator. The range of minimum Cp varies from 
−3.00 to −2.03 for VCBM1 whereas for building2, the range of mean Cp 
varies from −7.33 to −3.57, which is roughly twice the values for 
VCBM1. This observation indicates that the induced pressures on the 
building can differ by about 100% when the building of different sizes or 
scales are used in a tornado simulator with all the relevant flow condi
tions remaining constant even when the ratio (Rr) is significantly lower 
than the critical value of 0.45. Thus, it seems that maintaining a ratio 
(Rr) of less than 0.45 (or significantly lower than 0.45) may not be a 
sufficient criterion to eliminate the effect of the size or scale of a building 
model on pressure induced by a tornado-like vortex. 

For the case when the building is placed at core radius, the range of 
mean and the minimum Cp shows some variation; however, the absolute 
value of mean and the minimum Cp generally do not differ by a large 
margin. The absolute value of mean and the minimum Cp varies roughly 
about 3%–30% in Table 4. So, it seems like the influence of size of the 
building on induced pressures is more pronounced when the building is 
fully engulfed inside the core of tornado-like vortex rather than when it 
is located at the outer core (core radius) of tornado-like vortex. The 
distribution of mean Cp on the faces of building of both the sizes when it 
is located at the center and the core radius of vortex are included in 
Figs. 10 and 11 whereas that of the minimum pressure distribution on 
the building faces are included in Figs. 12 and 13. 

Finally, the values of mean pressure coefficient (Cp) along the 
centerline of the building is plotted along the Y-axis whereas the cor
responding distances (d) is plotted along the X-axis for both the build
ings in Fig. 14. It can be noticed clearly that the size of building can 

Table 4 
Comparison of range of the mean and the minimum pressure coefficient on the building of different sizes.  

Building Size r/ho = 0 r/ho = 0.46 

Mean Cp Min. Cp Mean Cp Min. Cp 

Min. Max. Min. Max. Min. Max. Min. Max. 

0.10ho x 0.05ho x 0.05ho −1.25 −0.96 −3.00 −2.03 −2.89 −1.20 −5.22 −2.65 
0.10ho x 0.10ho x 0.10ho −2.30 −2.05 −7.33 −3.57 −2.58 −1.45 −6.79 −2.56  

Fig. 10. Comparison of mean Cp on the faces of building for S = 0.83 and aspect ratio (a) = 0.5 when the building is placed at the center of CFD tornado simulator (a) 
VCBM1 (b) building2. 
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Fig. 11. Comparison of Mean Cp on the faces of building when the building is placed at core radius (rc/ho = 0.46) for S = 0.83 and aspect ratio (a) = 0.5 in CFD 
tornado simulator (a) VCBM1 (b) building2. 

Fig. 12. Comparison of minimum Cp on the faces of building for S = 0.83 and aspect ratio (a) = 0.5 when the building is placed at the center of CFD tornado 
simulator (a) VCBM1 (b) building2. 

Fig. 13. Comparison of Minimum Cp on the faces of building when the building is placed at core radius (rc/ho = 0.46) for S = 0.83 and aspect ratio (a) = 0.5 in CFD 
tornado simulator (a) VCBM1 (b) building2. 
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influence the pressures induced by tornado-like vortex on the building. 
For VCBM1, the pressure coefficient on the westward face is about −1.7 
whereas the corresponding Cp value for building2 is roughly around 
−2.2. Considering these two values of Cp, the induced wind load on the 
westward face of the building increases roughly about 25% for building2 
and similar trend can be observed for roof as well as the eastward face. 
Hence, it seems critically important to consider an appropriate bench
mark for size and scale of the building while determining tornado- 
induced wind pressures on building. 

4.3. Effect of different swirl ratios of Tornado-like vortex on induced 
pressures using CFD 

Different flow structures of tornado-like vortex (such as a vortex 
before, during and after touchdown) have different velocity profiles and 
pressure distribution. So, the interaction of tornado-like vortex having 
different flow structures is likely to produce different loading conditions 
on a building. Different work in the literature have considered different 
swirl ratios (or different flow structures of tornado-like vortices) while 
evaluating the pressures and forces on a building. Furthermore, the 
definition of swirl ratio also varies from one work of literature to another 
as pointed out by Gillmeier (2019). So, the value of swirl ratio calculated 

using different definitions/expressions could lead to further disparity in 
flow structure of tornado-like vortices from different work. Verma and 
Selvam (2021b) tried to connect different definitions/expressions of 
swirl ratio and then compare the flow structure of tornado vortices in 
different tornado simulators using a consistent definition/expression of 
swirl ratio. They observed that different flow structures of tornado-like 
vortex might exist in different tornado simulators at similar value of 
swirl ratio if a consistent definition is not followed. This may further lead 
to disparity in induced pressures during the interaction of tornado-like 
vortex with buildings. The experimental study carried out by Razavi 
and Sarkar (2018) examined the forces induced by tornado-like vortex 
on a building due to a single-celled tornado-like vortex (S = 0.16) as well 
as a two-celled tornado-like vortex (S = 0.86) and concluded that the 
former produced larger peak loads on a building compared to two-celled 
tornado-like vortex. They also observed that the horizontal drag and 
vertical lift forces occurred on the building concurrently. They 
concluded that the simultaneous occurrence of horizontal drag and 
vertical lift could be a significant contributing factor for loads induced 
by tornado-like vortex on the building model. Similarly, Li et al. (2020) 
used CFD simulation to investigate the loads induced by a single-celled 
and a double-celled tornado-like vortex on a dome-shaped building. 
They concluded that a single-celled tornado vortex could produce peak 
load on a dome-shaped building than a double-celled vortex. However, 
they also speculated that a double-celled vortex could cause dynamic 
loading effect on the dome due to rapidly fluctuating forces over a short 
interval of time. Different flow structures of tornado-like vortex can lead 
to different magnitude of vortex induced pressures and forces on 
building. However, there are no guidelines in the existing literature 
and/or building codes that provides recommendation for selecting a 
particular flow structure (or swirl ratio) of vortex for load estimation 
and building design purposes in tornado-prone areas. Besides, the 
studies mentioned above are mostly based on comparison of 
vortex-induced forces on building between a single-celled and a 
double-celled tornado-like vortex. However, the kind of vortex (or the 
flow structure) that would be suitable for developing wind load pro
visions for load calculation and design of buildings in tornado-prone 
areas is not generally identified or suggested. Thus, in this work, a 
systematic investigation is carried out to quantify the pressures induced 
on a building model by different flow structures of a tornado-like vortex. 
The swirl ratio of tornado-like vortex is gradually varied from a low 
value to a higher value (i.e., S = 0.15, 0.36 and 0.83, which are repre
sentative of vortex before, during and after touchdown respectively) and 
its effect on induced pressure on the building model is discussed. Simi
larly, the differences in flow features in the vicinity of building model 
resulting due to the interaction of different flow structures of vortex is 

Fig. 14. Comparison of Mean Cp profile along the centerline frame of building 
of two different sizes. 

Fig. 15. Pressure contour plot on the faces of the building due to a tornado-like vortex with swirl ratio (S) = 0.15 (before touchdown) when building is located at the 
center of CFD tornado simulator (a) Mean Cp plot (b) Minimum Cp plot. 
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also demonstrated. 
In Fig. 15, the mean and the minimum pressure coefficient (Cp) 

contour plot due to the interaction of a single-celled tornado-like vortex 
(S = 0.15) with building is included. From the collected datasets, it is 
observed that a stationary tornado-like vortex with low swirl ratio can 
produce drastic loading conditions on a building with a minimum 
pressure coefficient value as low as −7.5. 

Similarly, the mean and the minimum pressure coefficient (Cp) 
contour plot due to the interaction of a touched-down tornado-like 
vortex (S = 0.36) with building is included in Fig. 16. From Figs. 15 and 
16, it can be observed that the minimum pressure coefficient on the faces 
of building goes on decreasing with increasing swirl ratios, i.e. minimum 
Cp = −7.5 for S = 0.15 whereas minimum Cp = −5.0 for S = 0.36. 
Similar trend is observed in case of mean pressure coefficient as well in 
that the minimum mean pressure coefficient drops from Cp = −3.5 for S 
= 0.15 to Cp = −2.2 for S = 0.36. Also, the range of both the mean and 
the minimum pressure coefficient is observed to be decreasing when the 
swirl ratio of tornado-like vortex is increased from S = 0.15 to S = 0.36. 

The mean and the minimum pressure coefficient (Cp) contour plot 
due to the interaction of a post touched-down vortex (S = 0.83) with 
building is included in Fig. 17. From Figs. 16 and 17, it can be again 
observed that the minimum pressure coefficient on the building de
creases further to Cp = −2.90 when the swirl ratio of vortex increases 

from S = 0.36 to S = 0.83 and similar trend follows for the mean pres
sure coefficient as well. Also, the range of both the mean and the min
imum pressure coefficient decreases further for S = 0.83 as compared to 
S = 0.36. 

This observation indicates that when the swirl ratio of a stationary 
tornado-like vortex increases or when the tornado-like vortex gradually 
transitions from a single-celled vortex to a touched-down or a post- 
touched down vortex, the effect of drop in static pressure influencing 
the loading conditions on a building is also gradually reduced. As the 
swirl ratio of tornado-like vortex increases, the tangential velocity 
component becomes stronger. Thus, it seems probable that the interac
tion of tornado-like vortices at high swirl ratio is more dominated by 
aerodynamic forces that involves separation of detached suction 
vortices, which then exhibit circular motion around the building rather 
than the static pressure deficit (Refer Figs. 19–20). Furthermore, the 
range of pressure coefficient (Cp) is also found to be decreasing when the 
swirl ratio of tornado-like vortex goes on increasing and this holds true 
for both the mean and the minimum pressure coefficients. It has been 
commonly observed that a tornado-like vortex before touchdown bears a 
slender filament like structure (Rotunno, 2013) with large pressure 
drops at the center of vortex. Whereas the core of tornado-like vortex 
becomes larger with increasing value of swirl ratio and the static pres
sure deficit in the core of tornado-like vortex also becomes lower 

Fig. 16. Pressure contour plot on the faces of the building due to a tornado-like vortex with swirl ratio (S) = 0.36 (during touchdown) when building is located at the 
center of CFD tornado simulator (a) Mean Cp plot (b) Minimum Cp plot. 

Fig. 17. Pressure contour plot on the faces of the building due to a tornado-like vortex with swirl ratio (S) = 0.83 (post-touched vortex) when building is located at 
the center of CFD tornado simulator (a) Mean Cp plot (b) Minimum Cp plot. 
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compared to a single-celled vortex (Tang et al. (2018a, b), Verma and 
Selvam, 2020). Based on this observation, it can be inferred that a 
tornado-like vortex interacting with building at higher swirl ratios en
gulfs a building completely within a larger core radius. However, due to 
lower drop in static pressure deficit compared to a single-celled vortex as 
well as lower pressure gradient at the core of vortex, the range of 
pressure coefficient (Cp) goes on decreasing for larger swirl ratio cases. 

In addition, it is observed that the low pressure suction vortex re
mains attached to the eastward face of the building consistently over 
different time steps for the lower swirl ratio case (S = 0.15) as shown in 
Fig. 18. The low pressure suction vortex which remains attached to the 
building might be the probable cause for a very low value of minimum 
pressure coefficient (Cp = −7.5) in Fig. 15 for S = 0.15. However, in case 
of a touched-down tornado vortex (with S = 0.36), it has been observed 
that the low pressure suction vortex gets detached from the face of 
building and then exhibits a circular motion around the building. As the 
suction vortices detach from the face of building and exhibit a circular 
motion, the vortex dynamics changes and thus the aerodynamic forces 
dominate over the forces resulting from static pressure drop. Conse
quently, the pressure coefficient as well as the range of pressure 

coefficient on the faces of building decreases. 
The flow field of tornado-like vortex around the building for S = 0.15 

starting from non-dimensional time of t* = 19.61 units to t* = 29.00 
units is shown in Fig. 18, which demonstrates that the low pressure 
suction vortex remains attached to the eastward face of building in each 
of the time steps. Whereas for a tornado-like vortex during touchdown 
(S = 0.36) and after touchdown (S = 0.83), the low pressure suction 
vortex detaches from the face of building and exhibits a circular motion 
around the building as shown in Figs. 19 and 20. The unsteady detached 
suction vortices in the periphery of building seems somewhat compa
rable to Von Karman vortex street observed in straight line wind flows. 
In a straight line wind flow around a solid object, the vortices detach 
from the solid object and are carried away in streamwise direction of 
flow beyond a certain critical Reynolds number. However, in tornado- 
like flow, the detached vortices begin to exhibit circular motion 
around the solid object (building) under the influence of tangential and 
radial velocity components. The detached suction vortices in the pe
riphery of building is unsteady in nature and could be another 
contributing factor for wind load on buildings during tornadic events as 
these vortices possess momentum due to its circular motion. When these 

Fig. 18. Suction vortex attached on the eastward face of building for swirl ratio (S) = 0.15 and building located at the center of CFD tornado simulator at 4 different 
time steps (a) t* = 19.61 (b) t* = 23.47 (c) t* = 25.15 and (d) t* = 29.00. 
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vortices transfer their momentum to stationary buildings during the 
impact then, it can produce impact loading on the buildings. However, 
in this relatively simplistic model, such dynamic effects have not been 
considered, so, the mean as well as the minimum pressure coefficients 
may be much higher for the single-celled tornado-like vortex (S = 0.15) 
than the touched-down (S = 0.36) or double-celled vortex (S = 0.83). 
Hence, considering the induced wind loads on building due to static 
pressure drop, tornado-like vortex before touchdown seems to be more 
devastating than a vortex during and beyond touchdown. Nevertheless, 
the impact loading due to exchange of momentum between the detached 
suction vortices around the building and the stationary building could 
be another important factor contributing to the induced loads as well as 
the disintegration of building envelope. 

In general, the induced negative pressures on the building is reduced 
for the case when the building is placed at the location of core radius as 
compared to the center of tornado-like vortex. This is due to the direct 
impact of tangential velocity component on the building resulting in 
positive pressures. Thus, the magnitude of negative pressures is most 
likely to decrease for the case when building is placed at core radius 
rather than at the center of tornado-like vortex. However, it is observed 
from the collected datasets in this study that suction vortices formed in 

the periphery of building remains attached to the building for a low swirl 
ratio case (S = 0.15) as shown in Fig. 24. The suction vortices that 
remain attached on the building is most likely the reason for low mean 
and minimum pressure coefficient (Cp = −5.0 for mean and Cp = −7.0 
for minimum respectively) on the building in Fig. 21 below. However, in 
case of a touched-down (S = 0.36) and post-touched-down vortex (S =
0.83), the low pressure suction vortices is observed to detach from the 
face of building and then exhibit circular motion around the building. 
The detached suction vortices revolve around the building with different 
radii; the radius for higher swirl ratio (S = 0.83) is greater than that for S 
= 0.36. Despite the anticipated direct impact of tangential velocity 
component reducing the negative pressures on the building, it is 
observed that the suction vortices that detach from the building during 
the circular motion around the building could impact the building as 
well as get attached to the building momentarily. The pressure drop in 
these suction vortices is a lot higher than that of the surrounding core 
region of vortex. Thus, it seems to be the reason for higher magnitude of 
negative pressures on the building even when the building is placed at 
core radius location. The mean and the minimum pressure coefficient 
contour plots when the bulding is placed at core radius of tornado-like 
vortex for different swirl ratios (S = 0.15, 0.36 and 0.83) are included 

Fig. 19. Detached suction vortices in the periphery of building for swirl ratio (S) = 0.36 and building located at the center of CFD tornado simulator at 4 different 
time steps (a) t* = 17.96 (b) t* = 22.95 (c) t* = 25.82 and (d) t* = 28.12. 
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Fig. 20. Detached suction vortices in the periphery of building for swirl ratio (S) = 0.83 and building located at the center of CFD tornado simulator at 4 different 
time steps (a) t* = 17.96 (b) t* = 22.95 (c) t* = 25.82 and (d) t* = 28.12. 

Fig. 21. Pressure contour plot on the faces of the building due to a tornado-like vortex with swirl ratio (S) = 0.15 (before touchdown) when building is located at 
core radius of tornado-like vortex (a) Mean Cp plot (b) Minimum Cp plot. 
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in Figs. 21–23. Similarly, the suction vortices that remain attached to the 
building for S = 0.15 and the detached suction vortices revolving around 
the bulding for S = 0.36 and S = 0.83 are included in Figs. 24–26. 

Hence, based on the datasets obtained from the CFD model, it is 
concluded that the interaction of wind field of a stationary tornado-like 
vortex at low swirl ratio (or a single-celled tornado vortex) produces the 
severest suction pressure (minimum Cp as low as −7.71) and thus creates 
the most adverse loading conditions on a building. In case of a touched- 
down tornado-like vortex or a vortex beyond touchdown, a number of 
small suction vortices are observed around the building and the pressure 
drop in such suction vortices is much higher compared to the core of 
tornado-like vortex. Due to the sharp drop in pressure within the suction 
vortices, it seems that the suction pressure on the faces of building re
mains high even when the building is placed at core radius. Previous 
work by Razavi and Sarkar (2018) and Li et al. (2020) had reported 
similar conclusion that a single-celled vortex creates the most unfavor
able loading conditions on a building. However, the magnitude of Cp 
reported in earlier studies is lower than the values reported in this work. 
This could be due to different geometrical configuration and flow gen
eration mechanism in different simulators, different grid resolution 
and/or differences in pressure boundary condition. The mean and the 
minimum Cp obtained on the faces of building due to the interaction of 

different swirl ratio vortex is reported in Table 5. 
For mean pressures on building, the core radius of vortex seems more 

critical as compared to the center of vortex since the minimum of mean 
Cp occurs at the location of core radius for all the three flow structures of 
vortex (S = 0.15, 0.36, 0.83) in Table- 5. For the vortex before touch
down (S = 0.15), mean Cp varies in the range of −3.885 to −0.363 when 
the building is placed at the center of vortex whereas for the same flow 
structure, the mean Cp varies in the range of −5.422 to −0.204 when the 
building is placed at the location of core radius. So, it might be appro
priate to design the main wind force resisting system of the building 
considering the mean Cp obtained at the location of core radius. In the 
future, more exhaustive case studies can be done to verify this conclu
sion. On the other hand, the minimum pressure coefficient on the 
building placed at the center of vortex (−7.709) is slightly higher than 
the minimum Cp at the location of core radius (−7.214). However, an 
observation can be made that the core radius of a single-celled vortex is 
as critical as the center considering the forces on building due to static 
pressure deficit. Both the minimum pressure coefficient and the range of 
minimum Cp on the building goes on decreasing with increasing value of 
swirl ratios. Thus, for component & cladding, the minimum pressure 
coefficients due to a single-celled vortex might be appropriate for design 
purposes. 

Fig. 22. Pressure contour plot on the faces of the building due to a tornado-like vortex with swirl ratio (S) = 0.36 (during touchdown) when building is located at 
core radius of tornado-like vortex (a) Mean Cp plot (b) Minimum Cp plot. 

Fig. 23. Pressure contour plot on the faces of the building due to a tornado-like vortex with swirl ratio (S) = 0.83 (post-touchdown vortex) when building is located 
at core radius of tornado-like vortex (a) Mean Cp plot (b) Minimum Cp plot. 
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5. Conclusion 

In previous CFD studies, the pressure coefficients obtained on the 
building model lacked a one-to-one comparison with experimental 
datasets. So, in this work, the pressure coefficients are computed on a 
building model having the same dimensions as the one used in VorTECH 
simulator and using the same swirl ratio (S = 0.83) vortex as the Vor
TECH simulator. The pressure coefficients on the building obtained from 
CFD model compare reasonably well with experimental measurements 
from the VorTECH simulator at TTU. The major conclusions from this 
work as summarized below:  

• The mean Cp ranges from −1.58 to −1.73 on the building VCBM1 for 
the CFD model whereas for the TTU experiment, the corresponding 
values range from −1.49 to −1.65. So, the pressure coefficients 
predicted by the CFD model shows deviation from the experimental 
datasets by about 5.4% on average. From the comparison of mean Cp 
profile along the centerline of the building between the CFD model 
and TTU experiment, the NRMSE is obtained at about 9.11% for the 
case when building is located at center of vortex. Based on a 

reasonable agreement (with percentage error <10%) in the values of 
Cp predicted by the CFD model, the model is said to be validated with 
TTU experiment.  

• For the building VCBM1 (dimensions 0.10ho x 0.05ho x 0.05ho), the 
mean Cp ranges from −1.25 to −0.96 whereas for building2 (di
mensions 0.10ho x 0.10ho x 0.10ho), the mean Cp ranges from −2.30 
to −2.05 when the building is at the center of vortex. Similarly, the 
minimum Cp varies in the range from −3.00 to −2.03 for VCBM1 and 
from −7.33 to −3.57 for building2 when the building is at the center 
of vortex. The values of Cp for building2 are almost twice that of 
VCBM1. So, the induced pressures on the building can differ by about 
100% when the building of different sizes/scale are used in a tornado 
simulator with all the relevant flow conditions remaining constant. 
Hence, it seems critically important to establish a reference or a 
benchmark model for size (or scale) of building for future studies on 
interaction of wind field of tornado-like vortex with buildings.  

• The mean pressure coefficients on the building placed at the center of 
vortex varies in the range of −0.363 to −3.885, −1.246 to −2.247 
and −1.571 to −1.736 for S = 0.15, S = 0.36 and S = 0.83 respec
tively. Similarly, the mean pressure coefficients on the building 

Fig. 24. Suction vortex attached on the periphery of building when the building is placed at core radius for swirl ratio (S) = 0.15 at 4 different time steps (a) t* =
20.17 (b) t* = 24.13 (c) t* = 26.90 and (d) t* = 29.92. 
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placed at core radius of vortex varies in the range of −0.204 to 
−5.422, −0.266 to −2.426 and −1.201 to −2.889 for S = 0.15, S =
0.36 and S = 0.83 respectively. For mean Cp, the core radius of vortex 
seems more critical as compared to the center since the minimum of 
mean Cp occurs at the location of core radius for all the flow struc
tures of vortex (S = 0.15, 0.36, 0.83) considered in this study. So, it 
might be more appropriate to design the main wind force resisting 
system of the building using the mean Cp obtained at the location of 
core radius.  

• The minimum pressure coefficient on the building placed at the 
center of vortex varies in the range of −0.623 to −7.709, −2.509 to 
−5.162 and −2.301 to −3.000 for S = 0.15, S = 0.36 and S = 0.83 
respectively. Similarly, the minimum pressure coefficient on the 
building placed at core radius of vortex varies in the range of −0.876 
to −7.214, −0.980 to −4.247 and −2.652 to −5.223 for S = 0.15, S 
= 0.36 and S = 0.83 respectively. The minimum pressure coefficient 
on the building placed at the center of vortex (−7.709) is slightly 
higher than the minimum Cp at the location of core radius (−7.214). 
However, it can be said that the core radius of a single-celled vortex 
is as critical as the center considering the forces on building due to 
static pressure deficit. For component & cladding, the minimum 
pressure coefficient due to a single-celled vortex when the building is 
at the center might be appropriate for design purposes. In the future, 

more exhaustive research should be carried out to verify these ob
servations for developing wind load provisions.  

• An interesting phenomenon of the interaction of turbulent structures 
(suction vortices) with the building due to varying flow structure of 
tornado-like vortex is also reported in this work, which is not 
available in previous studies. It is observed that a suction vortex is 
formed in the vicinity of building in case of a single-celled vortex, 
which remains attached to the surface of building consistently over 
several time-steps. Whereas in case of a touched-down and post- 
touched-down vortex, several small suction vortices are observed 
to have formed around a building which detach from the face of the 
building and then exhibit a circular motion in the periphery of 
building model. A better understanding of the interaction of these 
suction vortices with the building could help to develop a better 
understanding of the aerodynamic interaction of tornado-like 
vortices with building model. Further work will be carried out in 
that direction in the future to understand the cause and effect of the 
turbulent structures (suction vortices) on the induced wind loads on 
buildings. 
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Table 5 
Range of mean and the minimum Cp on the faces of building due to different swirl ratios of tornado-like vortices when building placed is placed at the center of 
simulator and location of core radius.  

S.N. Swirl ratio r/rc = 0 r/rc = 1 

Mean Cp Minimum Cp Mean Cp Minimum Cp 

Min. Max. Min. Max. Min. Max. Min. Max. 

1 0.15 −3.885 −0.363 −7.709 −0.623 −5.422 −0.204 −7.214 −0.876 
2 0.36 −2.247 −1.246 −5.162 −2.509 −2.426 −0.266 −4.247 −0.98 
3 0.83 −1.736 −1.571 −3.000 −2.301 −2.889 −1.201 −5.223 −2.652  
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