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Revealing Bluff-Body Aerodynamics on Low-Rise
Buildings under Tornadic Winds Using Numerical

Laboratory Tornado Simulator
Ryan Honerkamp, Ph.D., M.ASCE1; Guirong “Grace” Yan, F.ASCE2; and John van de Lindt, F.ASCE3

Abstract: Tornadoes result in death and property loss in communities around the world. To quantify the actions of tornadoes on civil
structures, researchers have built physical laboratory tornado simulators to simulate tornadoes in the lab environment and tested building
models in the simulated tornadic wind field, which is similar to wind tunnel testing when quantifying the wind effects induced by straight-line
winds. Unfortunately, physical tornado simulators are much less common than straight-line wind tunnels, leading to the lack of research on
bluff-body aerodynamics on civil structures under tornadic winds. Considering that it is expensive to conduct experimental testing in physical
tornado simulators, numerical models of physical tornado simulator has been developed using computational fluid dynamics (CFD) sim-
ulations. However, they have not been validated at the level of pressure distribution on the structural surface of the testing model. In this study,
the numerical model developed for the large-scale tornado simulator of the Missouri University of Science and Technology (Missouri S&T),
which is based on the numerical simulation of the entire process of the physical testing in tornado simulator, will be validated by the measured
data on the building model tested in the physical tornado simulator. Then, through the validated numerical simulation model, the bluff-body
aerodynamics of buildings under tornadic winds will be revealed. To be specific, CFD simulation is first applied to model the entire process of
experimental testing of a low-rise building model in the physical tornado simulator. Then, the obtained results are compared with laboratory-
measured data to evaluate the effects of the building model on the wind field and the surface pressure on the building model. Then, the
bluff-body aerodynamics on low-rise buildings under tornadic winds will be revealed based on the data obtained from numerical simulations
using the relationship between streamline pattern change and velocity magnitude change (mass continuity theorem) and using the relationship
between the velocity magnitude change and the pressure change (Bernoulli’s theorem), as well as the flow separation and vortex shedding.
DOI: 10.1061/(ASCE)ST.1943-541X.0003283. © 2021 American Society of Civil Engineers.

Author keywords: Tornado-like vortex; Computational fluid dynamics (CFD); Structure; Bluff-body aerodynamics.

Introduction

Tornado-induced injuries, deaths, and property loss occur around
the world every year, especially in the United States, where 1,200
tornadoes occur annually (NOAA 2019). On average, 90 deaths
and 1,500 injuries occur in the United States annually as a result
of tornadoes, and the related average annual property loss is
estimated as $1 billion (Simmons et al. 2013; Changnon 2009). To
minimize the tornado-induced fatalities and property loss, it is im-
portant to build more wind-resistant civil structures, which requires
an in-depth understanding of the wind effects of tornadoes on civil
structures.

Research into tornadic wind effects on civil structures relies
heavily on wind characteristics near the ground, but unfortunately,

near-ground wind fields during tornadoes are rarely reported due
to the violent and short-lived nature of tornadoes and the limitations
of radar measurement (Snyder and Bluestein 2014). Therefore, lab-
oratory simulation of tornadoes in a controlled environment is one of
the safest ways to study how the flow field is altered by the presence
of civil structures and the corresponding wind effects on civil struc-
tures. Thus far, several laboratory tornado simulators have been
built (Mishra et al. 2008; Haan et al. 2008; Rajasekharan et al.
2013; Refan and Hangan 2016), and wind effects of tornado-like
vortices on several archetypes of civil structures have been studied
in the lab (Mishra et al. 2008; Rajasekharan et al. 2013; Haan et al.
2010). However, physical laboratory simulators can be cumbersome
to operate, financially costly to implement, and physically space-
consuming in order to achieve higher accuracy measurements. Spe-
cifically, tornado simulators are often plagued by skepticism based
on the issue of measurement resolution. This means that smaller sim-
ulators are viewed as less accurate, but larger simulators are expen-
sive, leading to a conundrum. In either situation, how the flow field is
altered by the presence of civil structures requires particle image ve-
locimetry (PIV) measurement, which is extremely expensive. To try
to address these problems, the laboratory tornado simulators have
been numerically simulated (Kuai et al. 2008; Liu and Ishihara 2015;
Yuan et al. 2019). However, the numerical simulation is often sim-
plified to reduce computational demand, which may consequently
produce deficiencies in the final results. Therefore, the present au-
thors have improved the numerical simulation of the laboratory
tornado simulator by modeling all mechanical components in the
physical tornado simulator.

1Dept. of Civil, Architectural, and Environmental Engineering,
Missouri Univ. of Science and Technology, Butler-Carlton Hall, 1401 N
Pine St., Rolla, MO 65409. Email: rh7v7@mst.edu

2Associate Professor, Dept. of Civil, Architectural, and Environmental
Engineering, Missouri Univ. of Science and Technology, Butler-Carlton
Hall, 1401 N Pine St., Rolla, MO 65409 (corresponding author). Email:
yang@mst.edu

3Professor, Dept. of Civil and Environmental Engineering, Colorado
State Univ., Engineering Bldg., 1372 Campus Delivery, Fort Collins,
CO 80523. Email: jwv@engr.colostate.edu

Note. This manuscript was submitted on July 3, 2021; approved on
October 27, 2021; published online on December 24, 2021. Discussion
period open until May 24, 2022; separate discussions must be submitted
for individual papers. This paper is part of the Journal of Structural En-
gineering, © ASCE, ISSN 0733-9445.

© ASCE 04021294-1 J. Struct. Eng.

 J. Struct. Eng., 2022, 148(3): 04021294 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

M
is

so
ur

i U
ni

ve
rs

ity
 o

f 
Sc

ie
nc

e 
an

d 
T

ec
hn

ol
og

y 
on

 0
2/

21
/2

3.
 C

op
yr

ig
ht

 A
SC

E
. F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d.

https://doi.org/10.1061/(ASCE)ST.1943-541X.0003283
mailto:rh7v7@mst.edu
mailto:yang@mst.edu
mailto:jwv@engr.colostate.edu
http://crossmark.crossref.org/dialog/?doi=10.1061%2F%28ASCE%29ST.1943-541X.0003283&domain=pdf&date_stamp=2021-12-24


In the previous studies on the simulation of laboratory tornado
simulators, the focus was to study the wind characteristics of the
tornadic wind field. If the numerical simulation could model the
experimental testing in the tornado simulator, that is, find the wind
pressure distribution on the testing model using numerical simula-
tion, systematic experimental testing for many cases can be con-
ducted numerically. By doing this, because computational fluid
dynamics (CFD) simulation can provide data at any desired resolu-
tion technically, the resolution limitation in experimental testing will
be addressed and the flow pattern change due to the presence of civil
structures can be easily obtained. After a comprehensive literature
review, no studies have been reported on studying tornadic wind
effects on civil structures in a “numerical” laboratory tornado sim-
ulator; no studies have been reported to validate the numerical
simulation of laboratory tornado simulator using the pressure dis-
tribution on the surface of a structural model measured in the
physical tornado simulator (previous studies used the velocity and
pressure data in the wind field for validation). In addition, bluff-
body aerodynamics of a building model under tornadic winds has
not been performed.

To bridge these research gaps, this study investigates the wind
effects of tornado-like vortices on low-rise buildings through nu-
merically modeling the experimental testing of the structural model
in the laboratory tornado simulator, which will be validated using
the measurements obtained from the laboratory tornado simulator.
To be specific, a small-scale model of a gable-roofed building will
be placed in the “numerical” laboratory tornado simulator and CFD
simulations will be performed to investigate how the tornadic wind
flow is diverted around the building and to provide wind pressure
distribution on the building surface and total forces/moments acting
on the entire building. The obtained wind effects will be validated
through the testing data measured from lab testing in the physical
laboratory tornado simulator, which has been published in Haan

et al. (2010). Then, the bluff-body aerodynamics on low-rise
buildings under tornadic winds will be revealed based on the data
obtained from numerical simulations. The remainder of this paper
is structured as follows. First, the CFD simulation setup is pre-
sented with a convergence study. Second, the results of the numeri-
cal simulation are presented and discussed in comparison with the
physical results. Third, final conclusions are drawn, and future re-
search is suggested.

CFD Simulation Setup

The physical laboratory tornado simulator at Missouri S&T is con-
sidered here, as shown in Fig. 1. Its numerical model developed in
Yuan et al. (2019) is adopted here. All walls/floors/solid sections in
the physical laboratory simulator, are set as no-slip walls in the
numerical simulation. The fan is simulated as a fan interface, mod-
eled as a pressure jump, and the honeycomb section under the
fan interface is modeled using a porous media zone, as shown
in Fig. 1(a). More details on the related setup can be referred to
(Yuan et al. 2019).

In this study, the small-scaled (with the scale of 1∶100) model
of a gable-roofed building [see Fig. 1(d)] is placed in the com-
putational domain. Large-eddy simulation (LES) that is governed
by the filtered Navier–Stokes (N–S) equation is applied to solve
large eddies, while small eddies are numerically modeled by a
Smagorinsky-Lilly subgrid model. Pointwise is used to generate
the mesh, with coarser mesh in the upper domain and finer mesh
near the ground and around the building model. Then, the mesh is
imported into ANSYS FLUENT for solving with a finite volume-
based SIMPLEC solution scheme [(Fluent Manual 2017a) “Large
Eddy Simulation”]. Following the convergence study, the following
cell density was achieved near the ground away from the building
model the mesh size is much coarser as these locations are not of

Fig. 1. Laboratory tornado simulator at Missouri S&T: (a) major dimensions of the vortex-generating chamber; (b) dimensions of physical facility test
section; (c) meshing of the computational domain; and (d) the building model tested in the numerical simulator.
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particular interest for surface pressure investigation, roughly
0.025 m × 0.025 m (1 in. X 1 in.), with a logarithmic inflation
technique where the first layer is 0.013 m (0.5 in.). In the vicinity
of the building and on the structural surface the meshing is much
finer, as shown in Fig. 1(d). Specifically, on the building surface,
the mesh is 0.002 m × 0.002 m with the first layer being 0.001 m
and increasing logarithmically.

In order to accurately determine the pressure in the computa-
tional domain, it is necessary to set the reference pressure location
far away from the center of the tornado-like vortex. For this sim-
ulation, the reference pressure location was set at the bottom edge
of the test section, as shown in Fig. 2. At this location, the pressure
is set to be atmospheric pressure, meaning that the pressure outside
the vortex-generating chamber would be atmospheric, as swirling
wind flow is generated through self-circulation (recirculation) of
the air inside the chamber and thus the vortex is formed inside the
chamber with minimal, if any, interference from the air outside.

The simulation is first run in a stationary case (where the
vortex-generating chamber does not move) for 5 s to form the

vortex; then, the simulation is switched to a translating case (the
vortex-generating chamber moves) until the generated vortex passes
over the building model. The simulation time step is 0.01 s=step.
The following parameters are taken from the physical experiment
reported in Haan et al. (2010). The length scale is set as 1:100
and the time scale is 1:13.8. The vane angle of the simulator model
is set up as 15° and the uniform height from the ground plane to
the bottom of the simulator is set as 0.53 m (corresponding to
53 m in full-scale). The test section where the building models are
placed, as shown in Fig. 1(b), is 16.76 m long (corresponding to a
1,676 m translation path in full-scale). The fan power level is set to
be 33%, which corresponds to a pressure jump of 131 Pa (0.019 psi)
at the fan interface. The following two translating speeds (T) are
applied, 0.15 m=s (0.34 mph) and 0.61 m=s (1.36 mph), which
correspond to the two experimental setups from the physical test-
ing conducted in the laboratory tornado simulator in (Cases 1 and
4 from Haan et al. 2010). The case with T ¼ 0.61 m=s (1.36 mph)
is used for the convergence study and the case with T ¼ 0.15 m=s
(0.34 mph) is used for the validation of results and for the explo-
ration of bluff-body aerodynamics on civil structures under tor-
nadic winds.

In order to determine mesh quality and refinement requirements,
a convergence study is performed using three levels of mesh den-
sity, which are coarse, medium, and fine, as shown in Table 1. A
comparison was made between the three cases with different mesh
densities in the stationary situation when the generated tornadic
wind flow is far away from the building model. As shown in
Table 1, the identified core radius and Swirl Ratio in all three cases
are almost identical. The Swirl Ratio (S) is determined using Eq. (1)
(Haan et al. 2008)

S ¼ πr21Vθmax

Q
ð1Þ

where r1 denotes the core radius where maximum tangential veloc-
ity is found, Vθmax denotes the maximum tangential velocity, andQ
denotes the volume flow rate through the simulator. Figs. 3 and 4
present time-averaged pressure contours on a vertical plane through
the center of the simulator and on a horizontal plane near the
ground of the test section, respectively. The maximum negative
pressures are within 4 Pa (5.8 × 10−4 psi) of one another in each
of the simulated cases. Fig. 5 presents contours of tangential veloc-
ity on a vertical plane through the center of the simulator, and Fig. 6
presents normalized tangential velocity profiles at different eleva-
tions above the ground in the testing section, where the tangential
velocity is normalized by the maximum tangential velocity, the

Fig. 2. Dot in lower left of box is the reference pressure location.
Lower domain boundaries set as zero shear walls.

Table 1. Convergence study on mesh densities

Variable Case 1: coarse Case 2: medium Case 3: fine

Cell count 8.3 million 8.5 million 9.3 million
r1 (m) 0.27 0.27 0.28
Vθmax (m=s) 8.20 8.62 7.68
Q (m3=s) 20.38 20.42 20.04
S 0.09 0.09 0.09

Fig. 3. Contours of pressure on a vertical plane through the center of the tornado simulator, directly under the honeycomb section [in Fig. 1(a), it is the
square plane that is 2.1 m wide and 1.53 m tall under the honeycomb section], where the tornado-like vortex is generated after a 5-s spin-up. All
figures are based on the results that are time-averaged over two seconds from t ¼ 5 s to t ¼ 7 s, with a sampling rate of 100 Hz: (a) coarse mesh;
(b) medium mesh; and (c) fine mesh.
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radial distance is normalized by the core radius where the maxi-
mum tangential velocity is found (designated as Rcore in this study),
and the elevation is normalized by the height at which the core ra-
dius Rcore is found. The tangential velocities and the tangential
velocity profiles are nearly identical with all three mesh densities.
As the fine mesh requires extensively longer computational time,
for conceivably similar results, the coarse and medium meshes are
selected for the following simulations.

Following the comparison for the stationary stage, the translat-
ing stage was simulated for the “coarse” and “medium” cases for
comparison, where the tornado vortex translates at 0.61 m=s
(1.36 mph) to the right. The sliding mesh technique is implemented
here [(Fluent Manual 2017b) “Sliding Mesh Technique”] to simu-
late the translating of the generated tornado vortex, with the cham-
ber moving while the test section and building model remain
stationary. Considering that the building experiences the highest
tangential velocity when the building is located at the core radius
(Fig. 7), the results when the core radius of the tornado vortex
passes the building are extracted and compared between the two
cases with different meshing densities.

Based upon the tangential velocity distribution obtained, as
shown in Fig. 7, the “coarse” mesh resulted in a slightly larger core
radius, making the vortex reach the building model sooner in the
“coarse” case. Comparing the “medium” and “coarse” mesh cases
in terms of tangential velocity on a vertical plane, as shown in

Fig. 7, it is seen that the “medium” mesh resulted in a slightly more
detailed contour than the “coarse” mesh, which is evidenced by the
small fluctuations captured inside the core radius {the irregular
points on and above the roof ridge in Fig. 7(a)]}. This is due to
the higher resolution in the “medium” mesh case. Fig. 8 presents
the instantaneous wind pressure on the building model (referred to
as “surface pressure”) when the core radius of the tornado vortex
passes the building model. Comparing the surface pressure distri-
butions, negative pressure dominates in both cases and the peak
negative pressure values are −168 Pa (0.024 psi) and −162 Pa
(0.023 psi) for the cases with “medium” and the “coarse” mesh,
respectively, with a 4% difference. Considering that the higher res-
olution in the “medium” mesh case resulted in finer resolution in
the pressure distribution, the results presented in the following are
based on the “medium” mesh density.

Results and Discussion

To reveal bluff-body aerodynamics on low-rise buildings under
tornado-like vortices, the case where the tornado simulator trans-
lates at 0.15 m=s (0.34 mph) from the left to the right is simulated.
This translating speed [0.15 m=s (0.34 mph)] corresponds to Case
1 in experimental testing conducted in the physical tornado simu-
lator at Iowa State University (ISU) [the testing results were

Fig. 4. Contours of pressure on a horizontal plane through the tornado simulator, directly under the fan at an elevation of 5 cm above the ground plane
(i.e., very near the ground), where the tornado-like vortex is generated after a 5-s spin-up. All Figs. are time-averaged over two seconds from t ¼ 5 s to
t ¼ 7 s, with a sampling rate of 100 Hz: (a) coarse mesh; (b) medium mesh; and (c) fine mesh.

Fig. 5. Contours of tangential velocity on a vertical plane through the center of the tornado simulator, directly under the honeycomb section
[in Fig. 1(a), it is the square plane that is 2.1 m wide and 1.53 m tall], where the tornado-like vortex is generated after a 5-s spin-up. All Figs.
are the results that are time-averaged over two seconds from t ¼ 5 s to t ¼ 7 s, with a sampling rate of 100 Hz: (a) coarse mesh; (b) medium mesh;
and (c) fine mesh.
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published in Haan et al. (2010)], and thus comparison can be made
to validate the numerical simulation before conducting systematic
analyses of the results, as the tornado simulator of Missouri S&T is
still under construction. The tornado simulator at Missouri S&T
follows the same mechanism to generate swirling wind flow,
although the size of the chamber at Missouri S&T is 17% bigger
and some modifications were made for improving the efficiency of
the facility (e.g., the extension of the turning vanes from the edge
of the fan all the way to the edge of the outer shell, the curved top of

the outer shell, and the increased capacity of the fan). This justifies
that the numerical results presented here for the Missouri S&T sim-
ulator can be validated pre-emptively by using the dimensionless
results obtained from the tests in the tornado simulator of ISU pub-
lished in Haan et al. (2010).

To facilitate the comparison, force, moment, and pressure coef-
ficients are used. The equations for converting the extracted forces
(Fx, Fy, Fz) into force coefficients in the x-, y-, and z-directions
(axes specified in Fig. 1), fx, fy, and fz, respectively, are given
by Eqs. (2), (4), and (6), respectively; the equations for converting

Fig. 6. Normalized tangential velocity profiles at four different elevations above the ground in the testing section. All Figs. are based on the results
that are time-averaged over two seconds from t ¼ 5 s to t ¼ 7 s, with a sampling rate of 100 Hz: (a) coarse mesh; (b) mediummesh; and (c) fine mesh.

Fig. 7. Contours of tangential velocity on a vertical plane through the
center of tornado simulator, directly under the honeycomb section [in
Fig. 1(a), it is the square plane that is 2.1 m wide and 1.53 m tall under
the honeycomb section], when the core radius passes the building
model. Both are instantaneous at the time instants shown: (a) medium
mesh; and (b) coarse mesh.

Fig. 8. Contours of surface pressure on the windward side of the
building model, when the civil structure is located at the core radius.
Both are instantaneous at the time instants shown: (a) medium mesh;
and (b) coarse mesh.

© ASCE 04021294-5 J. Struct. Eng.
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moments (Mx, My, Mz) into moment coefficients about the x, y,
and z axes, mx, my, and mz, are given by Eqs. (3), (5), and (7),
respectively; and the equation for converting surface pressure
(P) into pressure coefficient (p) is given by Eq. (8). In the equations
for fx, fy, mx, and my, the same value of A is used, which is the
product of the longest horizontal dimension of the model and the
height of the roof ridge. Az is the projected area of the building
model on the horizontal plane, perpendicular to the z-direction;
ρ is the air density; H is the mean roof height; V is the maximum
horizontal resultant velocity; L is the longest horizontal dimension
of the building model; P is the pressure in the computational do-
main adjacent to the building surface and is treated as the pressure
on a structural surface; and P∞ is the atmospheric pressure. Herein,
the forces in the x-, y-, and z-directions acting on the geometric
centroid of the building model are found by integrating the pressure
on the building surface in that respective cardinal direction. Mo-
ments acting on the building model are calculated about the geo-
metric centroid of the building bottom. For example, for the
moment about the x-axis, the resultant force acting on the building
in the y- and z-direction are multiplied by their respective eccen-
tricities (vertical distance) from the building centroid to the ground
and summed to determine the overall moment

fx ¼
Fx

1
2
ρV2A

ð2Þ

mx ¼
Mx

1
2
ρV2AH

ð3Þ

fy ¼
Fy

1
2
ρV2A

ð4Þ

my ¼
My

1
2
ρV2AH

ð5Þ

fz ¼
Fz

1
2
ρV2Az

ð6Þ

mz ¼
Mz

1
2
ρV2AzL

ð7Þ

p ¼ P − P∞
1
2
ρV2

ð8Þ

Validation Using Published Lab Testing Results

Figs. 9 and 10 present the variation of (instantaneous) force coef-
ficients and moment coefficients as the tornado vortex passes the
building model, respectively, zoomed in to better view the coeffi-
cient peaks. Due to the nonstationary nature of the tornado-like vor-
tex when translating, the instantaneous values are presented. The
horizontal axis represents the normalized distance from the center
of the building model to the center of the vortex, designated here as
“x=D”, where D denotes the diameter of the core vortex in the sta-
tionary case at the elevation where the maximum tangential veloc-
ity occurs (0.5 m), i.e., 2 times the core radius. This normalization
is consistent with that used in Haan et al. (2010).

From Fig. 9, fx and fy present peak values when the core radius
of the vortex passes the building model; the sign convention (þ=−)
changes (the force direction changes) at the center of the vortex
because the direction of radial velocity and tangential velocity
change into the opposite direction when the vortex center passes
the building model. fx ranges between −1.0 and 1.4. fy ranges
between −1.5 and 1.25. fz presents greater values when the core
of the vortex passes the building model. In addition, the magnitude
of the peak value of fz, 2.5, is much greater than that of the peak
values of fx and fy. This is evidenced further by the total force
coefficient trend following the behavior of fz more closely in
the core region, shown as the “total” graph in Fig. 9.

From Fig. 10, the peak mz is 0.16 and the peak mx and my are
0.2 and 0.1, respectively. In Haan et al. (2010), the moment coef-
ficients were only presented as a range of values. In all the setups
that they ran, using different parameters, the peak values for mz
ranged from 0.04 to 0.3 and the peak values for mx and my ranged
up to 1.1 and 0.7, respectively. This means that the values for mo-
ment coefficients obtained from this numerical simulation are rea-
sonable compared to the overall values from multiple setups in
Haan et al. (2010). Fig. 11 presents the averaged force coefficients
over one-second periods. As the numerical simulation proceeds
through the solution, the program outputs values for the specified
variables, pressures, velocity, temperature, etc., for each time
instant/step that is specified, in this instance every 0.01 s. The mov-
ing average with 50% of data overlap is applied here. Because the
time step is 0.01 s, the average over 1 s is based on 100 data points.
Each data point in Fig. 11 is associated with the time instant when
the building model moves to a certain location, and it is the aver-
aged value based on the data 0.5 s (or 50 steps of data) back and

Fig. 9. Instantaneous force coefficients on the small-scaled model of the gable-roofed building versus distance from the center of the vortex to the
center of the gable-roofed building model normalized by the core diameter (D). Zoomed in on the range of x=D from −4 to 4.
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0.5 s forward. As expected, the averaging process results in a loss of
the peak positive and negative values.

To compare the force coefficients from this numerical simula-
tion with the published results [Case 1 in Haan et al. (2010)], the
entire data set of Fig. 9 is presented, as shown in Fig. 12. Compar-
ing Fig. 12 to the published experimental results in Haan et al.
(2010), the trend of the variation of force coefficients is nearly iden-
tical. However, there are some slight differences in peak value that
can be seen. The peak instantaneous values are slightly different in
the CFD simulation, peak fz is 0.5 lower, peak fx is 0.2 higher, and
peak fy is 0.2 higher, which corresponds to 17%, 17%, and 15%
difference in fz, fx, and fy, respectively, between the ISU physical
simulation and the CFD simulation of the Missouri S&T facility.
This serves to validate the CFD simulation results and justifies
further exploration of the simulation results.

Revealing Bluff-Body Aerodynamics on Low-Rise
Buildings under Tornado-Like Vortices

To understand how the presence of a low-rise building alters the
flow pattern and the velocity field near the ground and near the
building, and to determine the pressure distribution on the building
surface when the tornado vortex passes by the building model, three
representative instances are studied and the related results are pre-
sented in the following sections. For each instance, tangential
velocity, resultant velocity, flow pattern around the building model
in terms of streamlines, and pressure coefficients on the surface of
the building model and pressure coefficients around the building in
the wind field are investigated. As the ground plane boundary con-
ditions remained the same as the tornado translated, the core radius
remained around 0.27 m with some slight variation. Comparing this
dynamic behavior of the core radius to time-averaged, the time-
averaged core radius would be relatively stable. As such, core ra-
dius comparison was not deeply investigated.

Velocity Field, Flow Pattern and Pressure Distribution
on Structural Surface when the Building is Subjected
to the Maximum Force in the Z-Direction

When the center of the vortex has passed the building model’s
center, but the building model is still inside of the core radius,
as shown in Fig. 13, the building is subjected to the maximum force

Fig. 11. Time-averaged force coefficients on the small-scaled model of
the gable-roofed building versus distance from the center of the vortex
to the center of the gable-roofed building model normalized by the core
diameter (D).

Fig. 10. Instantaneous moment coefficients on the small-scaled model of the gable-roofed building versus distance from the center of the vortex to the
center of the gable-roofed building model normalized by the core diameter (D). Zoomed in on the range of x=D from −4 to 4.

Fig. 12. Force coefficients on the small-scaled model of the gable-
roofed building versus distance from the center of the vortex to the
center of the gable-roofed building model, x normalized by the core
diameter (D). The entire data set is shown. All values are instantaneous.
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in the z-direction (axes specified in Fig. 1). Fig. 14 presents stream-
lines, resultant velocity, and pressure around the building on the
horizontal plane at the elevation of 0.038 m, just below the eave
height (0.041 m). From the streamlines around the building, as
shown in Fig. 14(a), the wind impacts the building model Wall AB
perpendicularly, making it like a windward wall. However, the
wind velocity varies along the width of the windward wall, which
is different from straight-line wind (Tominaga et al. 2015; Gierson
et al. 2017; Duthinh et al. 2018). Once the air flow reaches the
windward wall, it mainly passes the building along one side (Wall
AD), which again is different from straight-linewind. Due to the pres-
ence of the building model, the streamlines converge and thus the
velocity increases based on the mass continuity theorem, evidenced
by higher velocity region to the left of the building in Fig. 14(b).
Consequently, the increase invelocity results in a decrease in pressure
based on Bernoulli’s theorem, leading to negative pressure on Wall
AD. In addition, when the air flow passes the sharp corner (Corner
A), boundary layer separation occurs, generating vortex shedding and
accordingly increasing the negative pressure at Corner A locally,
which explains the higher value of negative pressure at Corner A

locally, as shown in Fig. 14(c). On Wall AD, close to Corner D,
due to the convergence of tornadic wind flow, air flow attacks this
part of the wall, plus the flow reattachment of flow separation at Cor-
ner A, leading this part of Wall AD to also behave like a windward
wall. When the air flow passes Corner D, streamlines converge, and
thus velocity increases based on mass continuity theorem, which is
evidenced by the darker region around Corner D in Fig. 14(b). Due to
thewind angle of attack on this part ofWall AD, flow separation does
not occur at Corner D and thus the no local higher negative pressure
area is spotted at Corner D. It is noted that Bernoulli’s theorem may
not be rigorously applicable in a rotation flow, it is consistent with the
obtained results. Further theoretical research may be needed to de-
velop a rigorous theorem to explain bluff-body aerodynamic in rotat-
ing wind flow. The negative pressure on Walls BC and CD is caused
by the atmospheric pressure drop in the vortex core region. From
Fig. 14(c), the pressure on Walls AD and BC is not symmetric.
Although the pressure on both walls is negative, the magnitude of
the pressure on Wall BC is much higher than that on Wall AD, lead-
ing the total force in the x-direction (axes specified in Fig. 1) to point
to the right, toward the center of the vortex.

Fig. 15 presents streamlines, resultant velocity, and pressure
around the building on a horizontal plane at an elevation of
0.0575 m (i.e., mean roof height). By comparing Figs. 14(a)
and 15(a), the tornadic flow varies along the height, the core be-
comes bigger at the elevation of 0.0575 m than that at the elevation
of 0.038 m. The velocities at the mean roof height on the far roof
are nearly zero, as shown in Fig. 15(b), which is due to the low
velocity at the core region. In Fig. 15(b), higher velocity regions
(velocity acceleration) on the two sides of Point E can be explained
due to the streamline convergence when the air flow passes over the
roof and the left wall (Side EH), based on the mass continuity theo-
rem. In Fig. 15(c), the negative pressure around the building is due
to the significant atmospheric pressure drop.

From Fig. 16, all pressure on the building surface is negative,
even on the windward wall (Wall AB). This is because the building
model is inside the vortex core and significant atmospheric pressure
drop dominates the pressure environment around the building.
However, on the windward wall, the negative pressure is reduced
due to the perpendicular attacking of the air flow. On Wall BC
(side wall), the pressure distribution is uniform, while the pressure
distribution onWall AD is not uniform due to the flow separation at
Corner A, flow reattachment, and direct flow attacking. This results
in the asymmetrical pressure on the two side walls, leading to a

Fig. 13. Relative location between the center of the tornado vortex and
the center of the building model when the building is subjected to the
maximum force in the z-direction. The dashed cross indicates the center
of the vortex.

Fig. 14. Streamlines, velocity field, and pressure field on the horizontal plane at the elevation of 0.038 m, just below eave height, when the building
is subjected to the maximum force in the z-direction: (a) streamlines around the building model with contours of pressure coefficient [from (c)];
(b) resultant velocity field around the building model; and (c) pressure contours around the building model.
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significant total force in the x-direction (axes specified in Fig. 1)
pointing to the tornado center. In fact, under tornadic winds,
although the total force in the x-direction varies with location/time,
it always points to the tornado center, indicating that the tornado
tries to suck the building model to its center. On the contrary, under
straight-line winds, the pressure on the two side walls is almost the
same, leading the total force in the across-wind direction to be so
small as to be negligible. On the windward roof (close Corner A),
the negative pressure is increased due to the flow separation at the
sharpened corners. The peak negative pressure occurs on the wind-
ward roof, with a coefficient of −3.77. The majority of the roof,
Wall CD, and Wall BC have pressure coefficients ranging from
−1.94 to −3.04.

Velocity Field, Flow Pattern and Pressure Distribution
on Structural Surface when the Building is Subjected
to the Peak Forces in the X- and Y-Directions

At the location of the maximum force in the x-and y-directions, after
the center of the vortex has passed the building

When the center of the vortex has passed the building model’s
center, and the building model is at the core radius, as shown in

Fig. 17, the building is subjected to the maximum force in the
x- and y-directions (axes specified in Fig. 1). Fig. 18 presents
streamlines, resultant velocity, and pressure around the building
on the horizontal plane at the elevation of 0.038 m, just below eave
height (0.041 m). The angle of wind attack on the building model is
about 45°. This angle facilitates the flow in passing Wall AB and
Wall AD, without flow separation. After Corners B and D, the
streamlines converge due to the blockage of the building, and ac-
cordingly, the velocity around the building increases based on the
mass continuity theorem, as indicated by the higher velocity loca-
tions, as shown in Fig. 18(b). Based on Bernoulli’s theorem,
whereby increases in velocity result in decreases in pressure, the
increase in velocity around Corners B and D of the building results
in a decrease in pressure, that is, the relative pressure at around
Corners B and D is negative, indicated in Fig. 18(c). In addition,
after the air passes Corners B and D, velocity becomes zero indi-
cating that boundary layer separation occurred at Corners B and D,
which are sharp. Near Corner C, the maximum negative pressure

Fig. 15. Streamlines, velocity field, and pressure field on the horizontal plane at the elevation of 0.0575 m, mean roof height, when the building
is subjected to the maximum force in the z-direction: (a) streamlines around the building model with contours of pressure coefficient [from (c)];
(b) resultant velocity field around the building model; and (c) pressure contours around the building model.

Fig. 16. Pressure distribution on the surface of the building model
when the building is subjected to the maximum force in the z-direction.

Fig. 17. Relative location between the center of the tornado vortex and
the center of the building model when the building is subjected to the
maximum force in the x- and y-directions (when the vortex center has
passed the building model). The dashed cross indicates the center of the
vortex.
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coefficient is found in the vicinity of the building model, −2.67,
shown in Fig. 18(c). This is due to the significant atmospheric pres-
sure drop inside the tornado core.

Fig. 19 presents streamlines, resultant velocity, and pressure
around the building on a horizontal plane at an elevation of
0.0575 m, the mean roof height. Comparing Figs. 19(a) and 18(a),
the density of streamlines is different, indicating the variation of
wind flow along the height. From Fig. 19(a), at a higher elevation,
the streamlines are denser, suggesting that the velocity magnitude
changes more frequently. Again, the velocity acceleration around
Corners F and H can be explained by streamline convergence (mass
continuity theorem). Accordingly, in Fig. 19(c), negative pressure
around Side FG and Side GH can be explained by Bernoulli’s
theorem and boundary layer separation.

Fig. 20 shows the pressure on the surface of the building model.
Since the majority of the building is still inside the tornado core,
negative pressure dominates due to the significant pressure drop.
On top of this effect, based on the mass continuity theorem and
Bernoulli’s theorem as well as boundary layer separation (vortex
shedding), on the windward wall, Wall AB and AD, the negative
pressure is reduced; on the leeward walls, the negative pressure is

Fig. 18. Streamlines, velocity field, and pressure field on the horizontal plane at the elevation of 0.038 m, just below eave height, when the building is
subjected to the maximum force in the x- and y-directions (when the vortex center has passed the building model): (a) streamlines around the building
model with contours of pressure coefficient [from (c)]; (b) resultant velocity field around the building model; and (c) pressure contours around the
building model.

Fig. 19. Streamlines, velocity field, and pressure field on the horizontal plane at the elevation of 0.0575 m, mean roof height, when the building is
subjected to the maximum force in the x- and y-directions (when the vortex center has passed the building model): (a) streamlines around the building
model with contours of pressure coefficient [from (c)]; (b) resultant velocity field around the building model; and (c) pressure contours around the
building model.

Fig. 20. Pressure distribution on the surface of the building model
when the building is subjected to the maximum force in the x- and
y-directions (when the vortex center has passed the building model).

© ASCE 04021294-10 J. Struct. Eng.
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increased. In terms of this, the tornadic wind field has some simi-
larities to a straight-line wind field. The pressure coefficients on
Walls BC and CD are lower than the rest of the building due to
vortex shedding. Along the wind blowing direction to the building,
the wind pressure direction is not symmetrical along this direction,
which is different from the effect of straight-line wind. Again, in
the x-direction, the total force points to the right, indicating that
the tornado sucks the building toward the vortex center. The highest
pressure coefficient is −2.98, which occurs at the roof corner and
wall corner due to boundary layer separation and vortex shedding.
The majority of the roof has pressure coefficient values that range
from −1.17 to −2.68.

At the location of the other peak in the x- and y-directions,
before the center of the vortex has passed the building

When the center of the vortex has not yet passed the building
model’s center, and the building model is at the core radius (the

vortex core radius passes the building model the first time), as
shown in Fig. 21, the building is subjected to the first peak in force
in the x- and y-directions (axes specified in Fig. 1). Fig. 22 presents
streamlines, resultant velocity, and pressure around the building
on a horizontal plane at an elevation of 0.038 m, just below eave
height (0.041 m). In this instance, Wall DC can be considered as the
windward wall. Wind velocity varies along the length on the wind-
ward wall and the wind’s angle of attack is about 15 degrees. The
velocity acceleration around Corners B, D, and C in Fig. 22(b) can
be explained by streamline convergence, as shown in Fig. 22(a).
Boundary layer separation and vortex shedding are observed at
Corners D and B. The negative pressure around Walls AB and
AD is mainly caused by the atmospheric pressure drop at the tor-
nado core.

Fig. 23 presents streamlines, resultant velocity, and pressure
around the building on a horizontal plane at an elevation of
0.0575 m, mean roof height. From Fig. 23(a), wind first impacts
Corner G at this elevation, indicating that wind blowing direction
changes along elevation. Then, the wind mainly passes along Side
GH, causing the streamlines to converge and thus causing the pres-
sure to reduce [negative pressure in Fig. 23(c) below Side GH is as-
sociated with the high velocity contour in Fig. 23(b)]. In Fig. 23(c),
the negative pressure around Sides EF and EH is mainly caused by
the significant atmospheric pressure drop.

Fig. 24 shows the pressure on the surface of the building model.
At this location, the pressures on the building are all negative due to
the proximity to the center of the vortex. Again, on the windward
wall, the negative pressure magnitude is reduced. The highest neg-
ative pressure, −3.49, is observed at the corner of the roof, where
the boundary layer separation and vortex shedding occur. Again,
the pressures on the left and right walls are not symmetrical. This
leads to a total force pointing to the left, toward the tornado-like
vortex center. The force in the x-direction (axes specified in Fig. 1)
always points toward the vortex center.

The primary difference between the results for the two instances
where the peaks in the x and y forces are found include higher
velocities occurring on opposite corners of the building at the peak
location after the vortex center passes, Fig. 18(b), lower pressure co-
efficient values occurring behind the building (relative to the direc-
tion of the streamlines), Fig. 18(c), and streamlines impacting the
building at a roughly 45-degree angle of attack, Fig. 18(a). Before
the vortex center passes, Figs. 22(a–c), the velocity on opposing

Fig. 21. Relative location between the center of the tornado vortex and
the center of the building model when the building is subjected to the
peak force in the x- and y-directions before the center of the vortex
passes the building model. The dashed cross indicates the center of
the vortex.

Fig. 22. Streamlines, velocity field, and pressure field on the horizontal plane at the elevation of 0.038 m, just below eave height, when the building is
subjected to the peak force in the x- and y-directions before the center of the vortex passes the building model: (a) streamlines around the building
model with contours of pressure coefficient [from (c)]; (b) resultant velocity field around the building model; and (c) pressure contours around the
building model.
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corners is lower, the pressure behind the building is not as negative,
and the streamlines appear to impact the building at a perpendicular
angle. Comparing Figs. 19 and 20 to Figs. 23 and 24, the previous
findings are reinforced at higher elevations around the building and
on the building surface. Table 2 summarizes some of these compar-
isons. However, in both situations, the mass continuity theorem and
Bernoulli’s theorem are still applicable. In addition to this, after the
vortex center passes the building model, the flow around the building
appears to be more symmetrical, having vortex shedding at opposite

corners of the structure, whereas at the location before the vortex
center passes the building model, the vortex shedding is asymmet-
rical due to the fact that the building model is located between core
radius and vortex center, where the flow is more turbulent.

Conclusions

In this study, CFD simulation is applied to model the entire process
of experimental testing of a low-rise building model in the large-
scale physical tornado simulator, where the swirling wind flow pro-
duced in the tornado simulator translates over the building model.
The developed CFD model is validated using the published testing
results from (Haan et al. 2010). Through CFD simulation, the
behavior of the wind field around the building model can be easily
obtained in higher resolution than physical testing. To explore
the bluff-body aerodynamic of low-rise buildings under tornadic
winds, the streamlines, velocity field, and pressure field as well
as the surface pressure on the building model are extracted when
the swirling wind flows moves to some representative locations,
i.e., locations at which the maximum forces in the x-, y-, and
z-direction (axes specified in Fig. 1) are observed. The following
conclusions are drawn:
• Flow velocity, and thereby pressure, varies along the wall width

(along the radial distance in this study), which is different from
straight-line winds (Tominaga et al. 2015; Gierson et al. 2017;
Duthinh et al. 2018). Under straight-line winds, velocities along
the wall width are uniform at the same elevation.

• Tornadic wind flow is indeed 3D flow, which is evidenced by
the variation in the behavior and density of streamlines along the

Fig. 23. Streamlines, velocity field, and pressure field on the horizontal plane at the elevation of 0.0575 m, mean roof height, when the building is
subjected to the peak force in the x- and y-directions before the center of the vortex passes the building model: (a) streamlines around the building
model with contours of pressure coefficient [from (c)]; (b) resultant velocity field around the building model; and (c) pressure contours around the
building model.

Fig. 24. Pressure distribution on the surface of the building model
when the building is subjected to the peak force in the x- and
y-directions before the center of the vortex passes the building model.

Table 2. Summary comparison of results from locations of peak forces in the x- and y-directions

Expression Before vortex center passes After vortex center passes

Maximum pressure Coefficient around building −0.65 −0.36
Minimum pressure Coefficient around building −1.94 −2.67
Peak velocity at Corner “A” 2 m=s (4.47 mph) 8 m=s (17.9 mph)
Peak velocity at Corner “B” 12 m=s (26.8 mph) 13 m=s (29.1 mph)
Peak velocity at Corner “C” 10 m=s (22.4 mph) 7 m=s (15.7 mph)
Peak velocity at Corner “D” 11 m=s (24.6 mph) 13 m=s (29.1 mph)
Wind angle of attack ∼0° ∼45°
Maximum pressure coefficient on building surface −0.13 −0.03
Minimum pressure coefficient on building surface −3.49 −2.98
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height of the building and at different locations on the same
horizontal plane.

• The mass continuity theorem and Bernoulli’s theorem can be
applied to explain the data by relating streamline convergence,
to increase in velocity, and further to decrease in pressure, at
least qualitatively. Since Bernoulli’s theorem theoretically does
not apply to rotational flow, future work is suggested on the
theoretical derivation and/or numerical quantification of the re-
lationship among streamline pattern change, velocity change,
and pressure change.

• Boundary layer separation and vortex shedding occur on and
near the building under tornadic winds, which is similar to the
situation under straight-line winds.

• Forces on the two side walls of the building are not symmetric
under tornadic winds, which causes Fx to always point toward
the center of the vortex.
Validated numerical simulation of the entire process of physical

testing in tornadoes simulators will alleviate the demands associated
with high volume physical lab testing. To determine design tornadic
wind loading, future systematic numerical simulations of physical
testing can be conducted on a variety of scenarios. This will allow
for modification of the coefficients of Kz, Kzt, Kd, Ke, G, and Cp in
the pressure equation specified in ASCE 7-16, with CFD simulation
of the actions of the equivalent straight-line winds for comparison.
For example, if structures with different archetypes are “tested” nu-
merically using the developed CFD models, guidance on the modi-
fication of Cp can be obtained. As design against low-intensity
tornadoes has been justified (Kuligowski et al. 2014) in order to re-
duce the damage and economic loss to the entire community as a
whole for a certain period, the developed “numerical” tornado sim-
ulator will be promising to generate sufficient data to help ASCE7
determine design tornadic wind loading at a low cost.
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