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Abstract 

 This study is aimed at developing a novel computational framework that can essentially 

simulate a tornadic wind field and investigate the wind loadings on ground constructions. It is well 

known that tornado is a highly turbulent airflow that simultaneously translates, rotates and updrafts 

with a high speed. Tornadoes induce a significantly elevated level of wind forces if compared to a 

straight-line wind. A suitably designed building for a straight-line wind would fail to survive when 

exposed to a tornadic-like wind of the same wind speed. It is necessary to design buildings that are 

more resistant to tornadoes. Since the study of tornado dynamics relying on field observations and 

laboratory experiments is usually expensive, restrictive, and time-consuming, computer simulation 
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mainly via the large eddy simulation (LES) method has become a more attractive research direction 

in shedding light on the intricate characteristics of a tornadic wind field.  

 For numerical simulation of a tornado-building interaction scenario, it looks quite challenging 

to seek a set of physically-rational and meanwhile computationally-practical boundary conditions to 

accompany traditional CFD approaches; however, little literature can be found, as of today, in 

three-dimensional (3D) computational tornado dynamics study. Inspired by the development of the 

immersed boundary (IB) method, this study employed a re-tailored Rankine-combined vortex model 

(RCVM) that applies the “relative motion” principle to the translational component of tornado, such 

that the building is viewed as “virtually” translating towards a “pinned” rotational flow that remains 

time-invariant at the far field region. This revision renders a steady-state kinematic condition 

applicable to the outer boundary of a large tornado simulation domain, successfully circumventing 

the boundary condition updating process that the original RCVM would have to suffer, and 

tremendously accelerating the computation. 

 Wind loading and its influence factors are comprehensively investigated and analyzed both on a 

single building and on a multiple-building configuration. The relation between the wind loadings 

and the height and shape of the building is also examined in detail. Knowledge of these loadings 

may lead to design strategies that can enable ground construction to be more resistant to tornadoes, 

reducing the losses caused by this type of disastrous weather. 
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Chapter 1 Introduction 

1.1 Background and motivation 

 Tornadoes are more frequently reported in Canada than any other country except the United 

States. On average, there are nearly 100 confirmed and unconfirmed tornadoes annually that touch 

down in Canada, with most occurring in Southern Ontario, the southern Canadian Prairies and 

southern Quebec [1]. The most common types are EF0 to EF2 (less than 135 mph) in damage 

intensity level, and fewer than 5% of tornadoes in Canada are rated EF3 or higher in intensity, where 

the wind speed excesses 135 mph. Rotating and moving rapidly within a brief time period, a tornado 

may generate a highly turbulent wind field over ground, which may inflict colossal structural 

damage, such as uprooted trees, toppled power lines, demolished houses, and even take numerous 

human lives.  

 Tornadoes are well-known as one of the most difficult subjects in the field of wind engineering, 

due to their violent and obscure nature. Therefore, a keen understanding of the underlying 

mechanism of tornado, as well as its interaction with building constructions, can significantly 

mitigate the property damages induced by the tornadic wind. Furthermore, a better knowledge of 

tornado-induced loadings on building constructions can lead to more accurate prediction of 

maximum forces, which is considered as imperative for building design.   
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 A variety of approaches aimed at collecting data from tornadoes, such as satellite and radar 

imaging [2]-[4] as well as laboratory simulation [5]-[13], have been employed by the tornado 

research community. Since the study of tornado dynamics through field observations and laboratory 

experiments tends to be time-consuming, restrictive, and expensive, more research efforts in 

mathematical modeling and numerical simulation have been made to gain further understanding of 

the intricate characteristics of tornadic wind field. 

1.2 Up-to-date progress 

 From the first remarkable experiment conducted by Ward [5] tracing back to 1972, there had 

been a lot of laboratory simulators developed by the wind engineering community [5]-[13]. For 

instance, the ISU (Iowa State University) tornado-like vortex simulator [9]-[10] is designed and 

constructed to be able to generate a tornado-shape vortex that can translate along the ground plane to 

interact with structure models on the ground. The simulator also has the ability to accommodate 

models of reasonable size for measuring loads on structures and buildings scaling from 1:100 for 

low-rise buildings and 1:500 for high-rise buildings and large structures. Another successful tornado 

simulator is named as the Wind Engineering, Energy and Environment (WindEEE) Dome [11]-[13], 

developed by the Western University, which employed the fans on each of the walls to push air in 

through a set of directional louvers creating various of tornado-like vortices. Other type of wind 

system, such as downburst, sheared winds can also be simulated in the WindEEE Dome [11].  
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 Numerically, over the past few decades, Wilson [14] first applied a two-dimensional tornado 

model to examine the effects of tornadoes on rectangular-shaped buildings. Nolan and Farrell [15] 

used the axisymmetric Navier–Stokes (N–S) equations with a constant viscosity to explore the 

structure and dynamics of tornado-like vortices. Lewellen et al. [16]-[17] employed a 

three-dimensional large eddy simulation (LES) turbulence model to investigate the dynamics of a 

tornado-like vortex near the surface with particular attention paid to the turbulent flow 

characteristics in the corner region. Ishihara et al. [18] developed a tornado model by incorporating 

LES in the time-dependent N–S equations to simulate the flow fields of one-celled and two-celled 

vortices. On the other hand, the numerical simulations conducted by Selvam et al. placed their focus 

on the tornado-building interaction based on the Rankine Combined Vortex Model (RCVM), which 

is of more practical significance. They reported the tornado-induced loads on 2D sections of a 

cylinder and multi-cubic buildings using the finite difference discretization of the N-S equations 

[19]-[20], and also extended their simulations to 3D cases [21] together with the case of tornadoes at 

elevated Reynolds numbers with the aid of a LES model [22]. Their preliminary simulation results 

suggested that the important tornado-building interaction parameters mainly include the tornado 

translation velocity, core size, maximum tangential speed, and the building shape. Kuai et al.[23] 

embedded k-ε model to commercial software FLUENT to study the parameter sensitivity for the 

flow fields of a laboratory-simulated tornado based on ISU tornado-like vortex simulator. Cao et al. 

[24] used time-dependent unsteady finite volume method to simulate the wind pressure and loadings 
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on low-rise building induced by tornado, which was also carried out with respect to ISU-type 

simulator.  

 However, the majority of previous numerical simulations have their drawbacks. The effect of 

translation motion was often neglected when numerical tornado models were built based on 

Ward-type or ISU-type simulator [14], [15], [18], [24] due to the limitation of the model. On the 

contrary, when taking translating effect into consideration, the boundary condition of the domain 

governed by tornado is highly time-dependent [19]-[21], so that the boundary condition should be 

updated every time step during the simulation, which is very tedious.  

1.3 Thesis objectives 

 Due to the aforementioned restrictions in the computational tornado dynamics study, the 

literature on numerical investigation of tornado-induced loadings on ground buildings was still very 

limited. The present work is aiming to numerically open a novel outlet for simulation of 

tornado-building interaction, which will not only take all major tornado characteristics into 

consideration, but also select more ingenious CFD tools to overcome the computational obstacles. 

The main objectives of this thesis are as follows:  

 1) Develop novel computational frameworks, both in two-dimension (2D) and three-dimension 

(3D), to simulate tornado-construction interaction using hybrid numerical approaches;  

 2) Examine the tornado-induced loadings (force and moment in the 3D environment) on 
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various building groups, including single cylinder, bi-cylinders, and cylinder-quintuplet structures, 

and explore the tornado loading change mechanism in response to the variation of tornado 

translation direction.  

 3) Investigate the potential influence factors that affect the loadings, such as Reynolds number, 

rotational intensity, building height, building shape, etc.;  

 4) Provide practical guidelines for enhancement in the design of building constructions towards 

better wind-resistant capabilities. 

1.4 Thesis structure and contributions 

 This is a manuscript-style thesis, which is based upon the following published papers or 

completed manuscripts that have been submitted or will be submitted very shortly: 

(1) Xixiong Guo, Jun Cao. An IB-LBM investigation into the aerodynamic coefficients in relation 

to the rotation intensity of a tornado-like wind. Computers & Mathematics with Applications, 

78(4), 1206-1226, 2019. (Chapter 2) 

(2) Xixiong Guo, Rangaraj Palanisamy, Jun Cao. A two-dimensional IB-LBM framework combined 

with re-tailored RCVM for assessing the rotation intensity of a tornadic wind over a building 

configuration. Engineering Structures, 131, 57-68, 2017. (Chapters 3) 

(3) Xixiong Guo, Jun Cao. An Immersed-Boundary (IB)-Based Tornado Model for Computational 

Analysis of Disastrous Wind Load on Buildings - Investigation of Tornadic Wind Load over 
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Cylinder-Quintuplet (Submitted to Journal of Wind Engineering & Industrial Aerodynamics). 

(Chapter 4) 

(4) Xixiong Guo, Jun Cao. A Novel Three-Dimensional Immersed-Boundary (IB) Approach Based 

Tornado Model Powered by Prediction-Correction Technique Part I – Numerical Methods and 

Benchmark Testing (ready to submit to Journal of Computational Physics). (Chapter 5) 

(5) Xixiong Guo, Jun Cao. A Novel Three-Dimensional Immersed-Boundary (IB) Approach Based 

Tornado Model Powered by Prediction-Correction Technique Part II – Tornado wind 

simulations (ready to submit to Journal of Computational Physics). (Chapter 6) 

Chapters 2 - 4 focus on establishing a preliminary two-dimensional model to simulate 

tornado-building interaction. Inspired by the success of immersed-boundary (IB) method in dealing 

with moving/complex boundary problems, as well as its conjunction with lattice Boltzmann method 

(LBM) for a great number of fluid flow problems, a novel IB-LBM framework is firstly proposed 

for investigation of tornadic wind effects in two dimensional (2D) scenario. With the aid of IB 

method, the highly time-dependent boundary condition, which is considered as the biggest challenge 

in tornado simulation, is turned to a manageable time-invariant condition. Furthermore, the wind 

loadings in relation to the rotation intensity of tornado on various building constructions are also 

assessed. Both translational and rotational components of tornadoes are found to have significant 

impact on the wind loadings. 

Then, a three-dimensional tornado model is developed in Chapters 5 - 6, after taking the vertical 
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velocity component into consideration. A highly parallel computational framework based on an 

open-source toolkit named Incompact3d is developed with a seamless embedment of the feedback 

forcing based IB model and prediction-correction algorithm into the code. The new framework is 

applied to investigate a 3D tornado field that includes buildings with different shapes as objects 

sustaining wind loadings. Comprehensive interpretations, especially the uprooting effect in vertical 

direction, are provided.  

 Except the collaboration with Rangaraj Palanisamy, who was a master student supervised by 

Prof. Jun Cao in 2015-2017, which was reflected in the data collection and visualization of tests as 

shown in Section 3.3, I declare that all the rest work was completed by myself under the supervision 

of Prof. Jun Cao. 
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Chapter 2 An IB-LBM investigation into the aerodynamic 

coefficients in relation to the rotation intensity of a tornado-like wind 

This chapter is based on the following published paper: 

Xixiong Guo, Jun Cao. An IB-LBM investigation into the aerodynamic coefficients in relation to the 

rotation intensity of a tornado-like wind. Computers & Mathematics with Applications, 78(4), 

1206-1226, 2019. 

2.1 Summary 

 A tornadic wind is essentially considered as an airflow that simultaneously translates and rotates. 

Numerical simulations of this kind of hybrid flow remain inadequate due to many numerical 

difficulties, one of the major challenges consisting in the establishment of a set of boundary 

conditions that are, for the tornado-obstacle interaction scenario, both rational in physics and simple 

in numerical implementation. Inspired by the success of immersed-boundary (IB) lattice Boltzmann 

method (LBM) for simulations of fluid-structure interaction problems, this study proposes a new 

outlet of the IB-LBM framework for investigation of tornadic wind effects, featuring a reformed 

interpretation of the Rankine-Combined Vortex Model (RCVM) that considerably facilitates the 

boundary condition setup. Moreover, the main purpose of this chapter is to examine the tornadic 

wind loading in relation to the rotation intensity of a tornado, and presents a practical Newton’s 
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bi-section-like method for determining the critical rotation intensity beyond which the aerodynamic 

coefficients no longer increase when Reynolds number rises. This critical rotation intensity serves to 

characterize tornadic winds, such that the tornado with a rotation density below its critical value can 

be considered as mainly dominated by the translation part and, otherwise, the dominance no longer 

belongs only to the translational component of the tornado. Since it has been rather conventional 

that, when studying tornadoes, Reynolds number is determined using only the translation velocity as 

characteristic velocity, the present tornado study intends to suggest, through a number of numerical 

test series, that more attention be paid to the insufficiently explored rotational component, which 

physically tends to play a more dominant role when an intensive rotation is present in a tornado 

scenario. 

2.2 Introduction 

 As meteorological disaster, a tornado may induce a significantly elevated level of wind forces if 

compared to a straight-line wind, and cause severe property damages. The tornado dynamics has 

been experimentally studied by many tornado research communities [5]-[11]. Due to the obvious 

drawbacks in using laboratorial simulator, including long set-up time, considerable expense, and 

other restrictive conditions, more efforts are nowadays made by the tornado research community in 

mathematical modeling and numerical simulation of the tornado phenomena. Obviously, a properly 

designed model for a straight-line wind would fail to describe a tornado-like wind even if the two 
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winds have the same translational speed [25]. This is because a tornado can be essentially 

decomposed into simultaneous translational and rotational flow components, and both have to be 

considered in the model for a tornado. A well-established tornado model has always been sought, 

since it would help the researchers better understand, through economical computer-aided 

simulations, the tornado dynamics as well as the mechanism of tornado-building interaction and, 

ultimately, improve the design of buildings towards their enhanced wind-resistant capabilities. 

 Over the past few decades, tornado-induced wind loads exerted on constructions have been also 

a practical numerical simulation topic. However, very little literature can be found that numerically 

investigated the tornadic wind loadings on buildings. Two representative pieces of work in this 

regard are inspirational to the present study. The numerical simulations performed by Selvam et al. 

[19]-[21] employed the Rankine-combined Vortex Model (RCVM) with focus placed on the 

tornado-building interaction. They reported the tornado-induced loads on 2D sections of a cylinder 

and multi-cubic buildings using the finite difference discretization of the N-S equations [19]-[20], 

with further extensions to 3D cases [21] at elevated Reynolds numbers. Also, Bienkiewicz and 

Dudhia [26] conducted comparative studies to examine the wind loads and surface pressure on 

small building models in the cases of swirling, tornado-like, and straight-line winds, finding that the 

loadings induced by the swirling and tornado-like winds are significantly higher (3–5 times) than in 

the case of a straight-line wind, and the surface pressure distributions are also quite different 

between each other.  
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 An important remark made by [26] for the tornado research community is that the effect of a 

tornadic wind is of strongly hybrid nature since both translational and rotational airflow components 

take part in a tornado scenario, thus, reliance on the translation part of a tornado for establishment of 

tornado research framework, such as employing the translation velocity component for determining 

the Reynolds number of a tornado and then using such a translational speed based Reynolds number 

to characterize tornadoes, tends to make little sense once the rotation part of a tornado is intensive 

enough to overcome the dominance of the translational component. However, further investigation 

into the influence of the rotational part to the overall tornado wind loading effects is so far found 

very rare in existing literature. Without sufficient examination about the impact of the rotational 

component in a tornado, the understanding of the tornado dynamics and the tornado-building 

interaction mechanism may remain incomplete or even inaccurate, and skewed perspective might 

result from the tornado framework built excessively upon the translational part but defectively upon 

the rotational part. In order to acquire a better comprehension about the tornadic wind induced loads 

on a civil construction, this study aims to place a particular probe, through numerical simulations 

with the aid of RCVM-based tornado model, into the relation between the aerodynamic coefficients 

and the rotational component of a tornadic wind.  

 The existing tornado simulations [16]-[21] mainly relied on conventional numerical methods to 

build their N-S based solvers. When solving the N-S equations, the obviously time-variant boundary 

conditions of the tornado-like flow field have to be updated for every time step. Different from the 
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reported tornado solvers, the present study propose a novel lattice Boltzmann method (LBM) based 

computational framework with the immersed boundary (IB) approach properly embedded, such that 

the tedious updating process for prescribing the boundary conditions of tornado simulation domain 

can be successfully circumvented. 

 In fact, as an alternative to the Navier-Stokes equations based solver, LBM [27] has been often 

used for simulating viscous flow in recent years due to its noticeable advantages in terms of 

simplicity for implementation, parallelizability for algorithmic development, and robustness for 

applications [27]-[29]. On the other hand, the IB method proposed by Peskin [30]-[31] is an 

attractive approach when a moving boundary problem is dealt with. As a non-boundary conforming 

approach, IB introduces an additional "restoring" force in the vicinity of an moving object that is 

immersed in a fluid, so that all the effects of the fluid to the boundary of the solid object can be 

taken into account and, then, this additional force is distributed back to the affected grid nodes to 

form a special body force. In 2004, the IB scheme was successfully incorporated in LBM by Feng 

and Michaelides [32]. They demonstrated the remarkable advantage of IB-LBM when simulating 

2D and 3D particulate flows [33]. Lately, considerable IB-LBM progress has been achieved in 

solving challenging fluid-solid interaction (FSI) problems, such as biomimetic simulation focusing 

on flapping/flexible foil [34]-[35] and the flapping of multiple elastic structures [36], 

particulate-fluid interaction flow [37], solid-liquid phase change problems [38].  

 Inspired by the reported IB-LBM application success [32]-[38] this study aims to numerically 
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open a novel IB-LBM outlet for simulation of tornado-building interaction. As the tornado-like wind 

can be decomposed into two components, namely, rotation and translation, the scenario of a tornado 

towards a building is re-interpreted, in this study, as a "virtual" translation of the building towards a 

rotating airflow about its "virtually locked" center, which implies the application of the "relative 

motion" principle to the translation component of the tornadic wind; then, the IB approach is 

employed to mathematically model the "virtually moving" building. This novel interpretation for the 

tornado-building interaction greatly facilitates the boundary condition set up. That is, the outer 

boundary of the tornadic wind domain can be prescribed by simply using the rotation part of the 

tornado according to RCVM, while the satisfaction of the no-slip boundary condition for the 

building can be guaranteed by the IB model. Guided by this novel interpretation, under numerical 

investigation are a number of test series for tornado-like flows with different rotation intensities that 

pass over an obstacle, and a detailed study will be conducted that focuses on the impact of the 

rotation intensity to the overall tornado-induced forces. 

 The rest of this chapter will unfold as follows. The tornadic wind model, referred to as 

Rankine-combined Vortex Model (RCVM), along with its re-tailored version is presented in Section 

2.3. Section 2.4 describes the IB-LBM framework that is employed in this tornado simulation study, 

followed by Section 2.5 in which the present IB-LBM based tornado model is validated using 

separated translational and rotational flow cases. In Section 2.6, a number of test series 

corresponding to tornadic flows over a cylinder are examined with focus particularly placed on the 
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effects of the rotation intensity to the overall wind loadings exerted on the obstacle. Finally, 

concluding remarks are made in Section 2.7, emphasizing the necessity of further exploring the 

rotational component of tornado in order to gain a more complete comprehension about the tornado 

dynamics as well as, for more practical reason, the tornado-building interaction mechanism. 

2.3 Tornado-like flow model 

2.3.1 Rankine-combined vortex model (RCVM) 

 The Rankine-combined vortex model (RCVM) is the simplest model to describe a tornado flow 

domain. The RCVM featuring inherently satisfying the Navier-Stokes equation [20] while 

exhibiting a simple analytic form is pertinent for describing a tornado-like wind over a 

two-dimensional obstacle-free domain. The RCVM velocity profile can be decomposed into a 

constant-translation component, tV , and a component of rotation with respect to the wind center, 

V , which denotes the tangential velocity within the circular-motion context. According to RCVM, 

V  varies with the distance from the vortex center, r. Let cr  represent the critical radius where the 

peak tangential velocity,   
max

V , takes place. When cr r , =V r   indicates the tangential 

velocity increases linearly with r at a constant angular velocity  ; when cr r , V = 

2 /cr r shows the tangential velocity decreases right after the presence of  
max

V . The expressions 

can be summarized as: 
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 When an obstacle is present in a tornadic wind field, the idealized RCVM is no longer 

applicable to the entire flow domain due to the wind-obstacle interaction. In practice, RCVM still 

can serve to initialize the flow domain, physically representing a tornadic wind that has not been 

affected by the obstacle provided the wind center and the obstacle are distant from each other at the 

beginning. Remark that real tornado scenario unfolds with an identical translational velocity, 

t tx tyV V i V j  , applicable to the whole flow domain while the building remains immobile, in 

addition to the rotation about the moving wind center. In the light of RCVM, at a given time instant, 

t, the resultant velocity at a point (x, y) located in the counterclockwisely-rotating tornado field 

reads:  

             ( sin ) ( cos )t tx tyV V V V V i V V j                          (2.2) 

with          

                      
1 ( )

= tan
( )

c

c

y y t

x x t
   

 
 

                           (2.3) 

where 0( ) = c c txx t x v t  and 
0( )c c tyy t y v t  , and   stands for the angle between the radial line 

passing through (x, y) and the horizontal direction pointing to the right. Clearly, in RCVM, 

( )x, y,t   and, in turn, ( )V V x,y,t . 
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2.3.2 Re-tailored RCVM 

 Due to the translation of the tornado center, the resultant velocity in RCVM eventually turns out 

to be  , ,V V x y t . In this sense, if attempting to employ RCVM for prescription of the boundary 

condition, updating the boundary condition becomes mandatory due to its time-dependent nature, 

which poses computational complexity if purely relying on conventional Computational Fluid 

Dynamics (CFD) methods without any modification.   

 This tornado modeling study intends to re-tailor the original RCVM such that the boundary 

condition of a tornadic wind domain with presence of an obstacle can be established still on the 

basis of RCVM but in a time-independent form. That is, by using the concept of “relative motion”, 

the translation part of RCVM is detached from the tornado center, and now attached to the 

obstructed building, such that the tornado center is "frozen", i.e., 0( )c cx t x , 0( )c cy t y , while the 

building is viewed as "in motion" with a velocity that is equal to the original translation magnitude 

but opposite to the real tornado translation direction. Consequently, the interaction scenario between 

the tornado and the building is described as the building "virtually entering", at a translational 

velocity  t tx tyV V i V j   , a purely rotational airflow  sin cosV V i j       in which 

1 0

0

= tan c

c

y y

x x
   

 
 

 becomes no longer related to the time, t. This new interpretation (Fig. 2.1) 

facilitates setting the boundary condition for the outer boundary of the tornado domain under 

numerical simulation, which turns out to be only the aforementioned V  that requests no updating 
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with the elapsing time. T, after the translation part of the tornado is associated with the building. The 

“translation” of the building resulting from the present RCVM can be modeled by the immersed 

boundary approach, which will be elucidated in Section 2.4.2. The boundary conditions afforded by 

this re-tailored RCVM appear both physically compatible with the flow nature and numerically 

much more maneuverable. 

                   

(a) Physical tornado kinematics 

  

(b) Re-tailored tornado model 

Fig. 2.1 Physical and re-tailored RCVM 

2.3.3 Rotation intensity in tornadic flow 

 The focus of this study is placed on the investigation of the impact of intensity of the rotation 
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component in a tornado-like flow, which is denoted by β in RCVM as follows:                         

 max( ) c tV r V                                 (2.4)                                                       

 Clearly, β represents the ratio of the maximum tangential velociy of the rotational component, 

max( )V , to the translational velocity, tV , and the larger β, the more remarkable dominancy of the 

rotation component in the overall tornadic flow. Detailed numerical experiments will be presented in 

Section 2.6, addressing the influence of rotation intensity to the aerodynamic loadings induced by a 

number of the tornado-like wind cases. 

2.4 Numerical method 

2.4.1 Lattice Boltzmann model with multiple-relaxation time collision 

 Unlike the traditional CFD methods, which solve the Navier-Stokes (N-S) equations 

numerically, lattice Boltzmann method (LBM) models the fluid consisting of fictive particles, and 

such particles perform consecutive streaming and collision processes based on the given discrete 

velocity over lattice mesh in each time step. In present study, the discrete velocities ic  is 

determined by two-dimension nine-velocity (D2Q9) model [28] (as shown in Fig. 2.2): 
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c        (2.5) 

where c x t  . x  and t  are lattice grid spacing and time step, respectively. The standard 
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LBM takes 1x t    (refer to Appendix for the unit conversion) with the flow domain 

discretized into uniform square cells. In the D2Q9 model, a particle residing at a node can travel to 

any one of the nearest 8 neighbor nodes at each time step along a connecting link. The particles are 

categorized into three types based on their speeds and moving directions. Particles of type 1 have 

zero speed and stay at the same node. Particles of type 2 move along the axes at a speed of c, 

whereas particles of type 3 move in the diagonal directions with a speed of 2c . 

  

0 
1 

2 6 

3 

8 7 4 

5 

 

 Fig. 2.2 D2Q9 model on a square lattice 

 The flow of a viscous incompressible fluid can be numerically simulated using the 

multiple-relaxation-time (MRT) LBM [39]. Originating from the lattice Boltzmann equation (LBE), 

the governing equation for MRT-LBM takes the following form [39]: 

                    1( , ) ( , ) , ,eq

i t tt t t t          M Sf x c f x R x R x           (2.6) 

where f  is the vector composed of distribution functions, M is the transformation matrix, S  is 

the diagonal relaxation matrix, R is the moment vector, 
eq

R is the corresponding equilibrium 
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moment vector. The detailed forms of these vectors and matrices are organized as follows: 

 
, T

0 1 2 3 4 5 6 7 8(f , f , f , f , f , f , f f , f )f =                    (2.7)
                                       

 
                   0 1 8( , , , ) (0, , ,0, ,0, , , )e q qdiag s s s diag s s s s s s   S        (2.8)                              

                        ( , , , , , , , , )T

x x y y xx xye j q j q p p R                    (2.9)                                     

                 
2 2 2 2(1, 2 3 ,1 3 , , , , , , )eq T

x x y y x y x yu u u u u u u u u u      R        (2.10)                       

                

1 1 1 1 1 1 1 1 1

4 1 1 1 1 2 2 2 2

4 2 2 2 2 1 1 1 1

0 1 0 1 0 1 1 1 1

0 2 0 2 0 1 1 1 1

0 0 1 0 1 1 1 1 1

0 0 2 0 2 1 1 1 1

0 1 1 1 1 0 0 0 0

0 0 0 0 0 1 1 1 1

 
 
    
 
    
 

   
    
 

   
   
 

  
   

M            (2.11)                    

Note that, in the moment vector R ,   is the density, e is the energy, ε is the square of the energy, 

xj , 
yj  and xq , 

yq  are the x- and y- components of the momentum and the energy flux, 

respectively, while xxp  and 
xyp  respectively correspond to the diagonal and off-diagonal 

components of the viscous stress tensor [39]. In the relaxation matrix, the option of 

0 3 5 0s s s   is permissible, and recommended for reducing the computational cost; the relaxation 

rates s and es  are related to the kinematic viscosity  and bulk viscosity  : 
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2 1 1
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   ,                           (2.12) 
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   ,                        (2.13) 

The relaxation rates , ,e qs s s  can be adjusted within the interval of  0, 2 . The matrix M is 

applied to transform the distribution function f  onto the moment space R such that MR = f  

and eq eq
MR = f . The components of the corresponding equilibrium distribution function, eq

f , are 

given by: 

                   
 

2 2

2 4 2
1 , 0,1, ,8
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ieq i
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c uc u
             (2.14)                      

where 0 1 4 5 84 9, 1 9, 1 36w w w    , and 3 1 3sc c   representing the lattice sound 

speed.  

 The density, velocity of the fluid, and the pressure of the flow are determined as follows: 
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u c                     (2.15)                                 

2.4.2 Incorporation of immersed boundary (IB) approach in LBM 

 In a fluid flow problem, the interaction between the fluid and an immersed solid object can be 

considered as an additional forcing term, such that the computational domain becomes also 

inclusive of the region occupied by the solid object. This computational strategy is often referred to 
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as immersed boundary (IB) method. When embedding the IB approach in LBM, the flow field   

is represented by the Eulerian square lattices, which are the fixed Cartesian mesh points in the LBM 

framework; meanwhile, the boundary of the immersed object, which is denoted by , is described 

by another set of points, 
l

BX , where the superscript l  and subscript B represent the Lagrangian 

point and at the boundary of the immersed object, respectively. Remark that this series of points are 

referred to as Lagrangian points because the body itself, including its boundary, is not necessarily 

always at rest. An external force term reflecting the fluid-solid interaction, RSTf , which is allocated 

at the Eulerian points, should be numerically determined and then seamlessly added to the LBM 

framework. The IB and MRT-LBM incorporation is carried out through the following procedure: 

 Step 1: obtain the velocity 
l

BU  at Lagrangian points 
l

BX    

 For measuring the closeness of an Eulerian point,  ,
t

ij i jx yx , and a Lagrangian point, 

 ,
t

l l l

B B BX YX , the following continuous kernel distribution is required: 

      l l l

ij ij B i B j BD x X y Y    x X                    (2.16)                             

with 

             

1
1 cos , 2

4 2

0, 2

r
r

r

r





   
         




                     (2.17)                                  

which is proposed by Peskin [31]. Then, based on the known velocity distribution over all Eulerian 

points,  , tu x , the velocity of the fluid adhered to a Lagrangian point
l

BX  can be determined by:  
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,

, , ,l l l l

B B B ij ij B

i j

t t t D x y   U X u X u x x X           (2.18)                            

with 1x y    in the present LBM framework. Note this equation implies the satisfaction of 

no-slip condition at the boundary.   

 Step 2: Obtain the restoring force 
l

RSTF  at Lagrangian points 
l

BX                                          

 With the velocity 
l

BU  available at Lagrangian points, the restoring force per unit volume 

exerted at a Lagrangian point can be easily computed using the following feedback-forcing model 

[41]: 

    1 2
0
( )

t
l l l

RST B IMS B IMSdt    F U U U U                 (2.19)                             

 In Eq. (2.19), 1  and 2  are two negative free constants with dimensions of 3 2ML T   and 

3 1ML T  , respectively. According to [41], 1  and 2  are stable for moderate values within the 

interval [-100, -1], and neither is sensitive to its exact value. IMSU  in Eq. (2.19) stands for the 

moving velocity of the immersed body itself. In the case of an immobile immersed body, 

( )l l

B B sX X , in which s denoting the Lagrangian parametric coordinate, thus, IMS  0U ; if the 

immersed body moves in the fluid, then,  

  ( , )l l

B B s tX X                            (2.20) 

and 
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( , )IMS

s t
s t

t






X
U                         (2.21) 
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which can be numerically determined using: 

  
( , ) ( , )

( , )IMS

s t s t t
s t

t





 


X X
U                   (2.22) 

 Step 3: Obtain the restoring force RSTf  at Eulerian points 
ijx   

 The restoring force has to be expressed in the Eulerian framework, i.e., at the Cartesian grid 

points, so that this additional force can be seamlessly incorporated in MRT-LBM. Compared to the 

transformation described in Eq. (2.18), now the transformation from ( , )l l

RST B tF X  to 

( , )RST ij tf x reversely unfolds as follows:  

                          ( , ) ( , )l l l

RST ij RST B ij ij B l

l

t t D s  f x F X x X                 (2.23)                         

where ls  is the arc length of a boundary element.  

 Step 4: Embed the restoring force RSTf  in LBM 

 In order to invoke RSTf in the LBM framework, the following transformation is employed: 

 
2 4

1
1

2

i i
i i i RST

s s

F w
c c

   
     
   

c u c u
c f                   (2.24)                            

with iw  representing the weighting coefficients in the equilibrium distribution function as 

aforementioned for Eq. (2.14), such that the additional forcing term, iF , can be included into the 

right hand side, leading to the following revised LBE [40]: 

                    
1

, , , ,eq

i i i i i if t t t f t f t f t F t  


      x c x x x          (2.25)  
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 Remark that, accordingly, the velocity in the LBM framework should also take RSTf into 

account: 

                 
8

0

1

2
i i RST

i

= f t 


u c f                         (2.26) 

2.4.3 Smagorinsky subgrid-scale (SGS) model 

 In order to enhance the numerical stability at elevated Reynolds number in present study, LES 

on the basis of Smagorinsky subgrid-scale (SGS) model [22] is embedded in the MRT-IB-LBM 

framework. The spirit of large-eddy-based LBM is to split the total viscosity   into two parts: the 

molecular viscosity 
0  and the eddy viscosity t . Analogously, the total relaxation time is defined 

as: 

                       
0 0 2

t
t

s tc


   


                                (2.27) 

 The molecular viscosity can be obtained via the definition of Re, and eddy viscosity t  is 

defined as: 

                        2( ) 2t L ij ijC S S                               (2.28) 

where the adjustable constant C  is called the Smagorinsky constant and is fixed as 0.1 in present 

study. L  is the filter width. ijS represents the strain rate tensor, which can be expressed as:  

                           
1

( )
2

ji
ij

j i

uu
S

x x


 

 
                             (2.29) 
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 Then, the strain rate tensor is evaluated from non-equilibrium properties of the filtered particle 

distribution function, which can be computed as: 

                             
0

3

2
ij ijS Q

 
                                (2.30) 

where the momentum flux tensor = [ ]eq

ij i jQ e e f f   


 . 

 Mathematically combining Eqs. (2.27), (2.28) and (2.30), the total relaxation time is obtained 

as:  

                    2 2

0 0 4

1 2
= ( )

2
L

s

C Q
tc

  


 
    

 
                       (2.31) 

where 2 ij ijQ Q Q .                                       

2.5 Validation 

 As aforementioned, very little literature on numerical simulation of tornado-induced wind load 

on buildings can be found; in particular, those using RCVM as model basis are even fewer. 

Although the RCVM-based model developed in this study features co-existence of rotational and 

translational components, for the purpose of making a feasible and yet indicative comparison, a 

practical option is to switch one component on while turning off the other component, such that the 

rotational and translational flow results from the present IB-LBM approach can be at least separately 

compared against a variety of available relevant results that can be easily found in [43]-[45].  

 The employed IB-LBM framework has been successfully validated as an approach owned 



  

 27 

  

second-order accuracy in [49], furthermore, grid independent study was conducted in [49] as well, 

which indicated that the results were grid-independent when grid resolution reaches the level of 

1/40. All IB-LBM simulations performed in this study use a uniform grid based on Cartesian 

coordinates, and the corresponding time step size is 1. The nominal fluid density is set at 1.0  , 

the translation velocity, tV , and the cylinder diameter, D, are taken as the characteristic velocity and 

length when defining Reynolds number (Re) as Re tV D


 . In order to investigate flows with 

elevated Reynolds number, the Smagorinsky sub-grid stress (SGS) model [22] is incorporated in the 

present framework.  

2.5.1 Rotational Couette flow 

 The first comparison subject is a purely rotational flow, which is also referred to as rotational 

Couette flow. The flow domain is in a “ring” shape, which is “sandwiched” by an inner cylinder and 

an outer cylindrical wall that are coaxial and rotating at two different speeds. An analytical solution 

of the laminar circular Couette flow is expressed as [42]: 

                              
2

1( )
C

V r C r
r

                                      (2.32)                                            

with factors 

                   

2 2 2 2

2 2 1 1 1 2 1 2
1 22 2 2 2

2 1 2 1

( )
,

R R R R
C C

R R R R

   
 

 
                    (2.33)                      

 The commercial ANSYS FLUENT software package switched to the option of the 
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Navier-Stokes flow model and the present IB-LBM code are both employed, and the two sets of 

rotational flow simulation results will be compared to the analytical solution for validation purpose. 

For both simulations, a stationary cylinder of one-unit diameter is placed at the center of the 2D 

computational domain, with no-slip boundary condition strictly satisfied on the surface of the 

cylinder. Based on RCVM, set 1.5  rad s , cr = 3 units, where the peak tangent velocity, 

 
max

V , physically arises. Accordingly, by substituting 1 0.5R  unit, 2 3cR r  units, 1 0  , 

and 2 1.5 /rad s    into Eqs. (2.32) and (2.33), the analytical solution of this flow within the 

“ring” area becomes: 

      

2 2 2 2

2 2 1

2 2

2 1

27 4 1
( )

70

R r R r
V r

R R r r


  
   


                      (2.34)              

 In the numerical simulations, the imposition of max( ) cV r  , which is according to RCVM,  

is constantly maintained at the circular line with cr r  when using FLUENT;  in the present 

IB-LBM run, max( )V  needs to be imposed at that circular line with cr r  only at the beginning 

of computation. In order to ensure the accordance with RCVM at the outer boundary of the 

rectangular computational domain, the velocity boundary condition in this test is based on:  

 

2

2 2

27 1

2

crV
r x y




  


                        (2.35) 

which is the local tangential velocity component with 1.5  rad s and 3cr   units taken into 

consideration, while nil local radial velocity component still needs to be retained at the outer 
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boundary. Hence, the rectangular flow domain in this case can be divided into two zones: of key 

interest is the velocity solution within the “ring” area, which is the core zone and features the 

laminar circular Couette flow; the off-core zone, which is the outside of the “ring” area, is governed 

by the boundary condition of RCVM type and no longer within the circular Couette flow context.   

 The velocity magnitude contours from the two simulations are shown in Fig. 2.3, confirming 

the purely tangential flow nature of the rotational Couette flow. Detailed tangent velocity profiles 

along a radial line obtained by the two simulations are both depicted in Fig. 2.4 and compared 

against the available analytical solution [42]. The first range with increasing tangent velocity 

contains slight difference between the three solutions, the IB-LBM solution looks overall closer to 

the analytic solution than the N-S solution resulting from FLUENT. No visible difference between 

the three solutions can be detected in the second range with decreasing tangent velocity, indicating 

the RCVM analytic method, the present IB-LBM approach, and the Navier-Stokes flow model can 

converge in this off-core flow zone when the latter two employ RCVM for boundary condition use.  

 Remark also that neither Eq. (2.34) nor (2.35) shows the tangent velocity component has an 

explicit connection to the viscosity of the particular rotating fluid and, in turn, the Reynolds number 

(Re) of the flow. Misleadingly, this might have suggested one to think that, in a tornadic wind, the 

flow characteristics depends mainly on its translational flow part, tV . At present, the tornado 

researchers have conventionally taken the incoming translational velocity component as 

characteristic velocity in determining the Reynolds number of a tornadic wind. However, both Eq. 
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(2.34) and (2.35) indicate that, from an analytical point of view, the angular velocity in the core zone 

of a tornado, 2  in the Circular Couette flow formula, i.e.,  in RCVM, plays a crucial role in the 

magnitude of local tangent velocity component, V , and in turn, the overall flow field, given that 

tV V V   holds in the entire tornadic wind field as indicated in Eq. (2.2). In fact, this angular 

velocity reflects the rotation intensity in a tornadic wind,  , as demonstrated in Eq. (2.4). In Section 

2.6, the impact of this rotation intensity will be investigated in detail.  

  

 Fig. 2.3 Velocity magnitude contours (left: using ANSYS FLUENT; right: using LBM) 

  

 Fig. 2.4 Tangent velocity profile comparison [42] 
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2.5.2 Translational flow at elevated Reynolds number 

 Now, a series of purely translational flows over a stationary cylinder at Re from 1000 to 3900 

are examined here to validate the applicability of the present IB-LBM code to simulation of flows at 

relatively high Reynolds numbers. The computational domain is [−40, 40]×[−12.5,12.5] rectangular 

domain. The cylinder is fixed at (0, 0), and mesh resolution is 1/50. This sort of tests has been 

extensively studied using other numerical methods, and some existing results reported elsewhere 

will serve here as references for comparison use. 

  

 Fig. 2.5 Streamlines around cylinder at Re = 1000 
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 Fig. 2.6 Vorticity around cylinder at Re = 1000 

 Fig. 2.5 and Fig. 2.6 illustrate the instantaneous streamlines and vorticity contours at Re = 1000 

in the vicinity of a cylinder, respectively, and the Karman vortex street is seen in both figures. In 

particular, Fig. 2.6 clearly reveals that the vortex is shedding at a constant frequency. Here, the 

Strouhal number is employed to obtain the dimensionless frequency when the vortices are shed from 

the body: 

                      
q

t

f D
St

V
                                      (2.36)                                                     

with 
qf representing the vortex shedding frequency. This frequency can be acquired by examining 

the time evolution of, for instance, the drag and lift coefficients. The drag coefficient is defined as: 
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F
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V D
                                   (2.37) 

where DF  is the drag force, and can be calculated [31] by: 
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 D xF f dv


                                   (2.38) 

where xf  stands for the x-component of force density 
RSTF  calculated in Eq. (2.19) at the 

boundary point. Similarly, the lift coefficient can be defined as: 

  
20.5

L
l

t

F
C

V D
                                 (2.39) 

where LF
 
is the lift force obtained by [31]:  

 L yF f dv


                                 (2.40) 

in which 
yf
 
represents the y-component of the force density

RSTF . 

 The drag and lift coefficients demonstrated in Fig. 2.7 looks both periodically oscillating, which 

essentially respond to the periodic shedding of vortices from the cylinder. A detailed comparison of 

the present drag coefficient and Strouhal number against other available data, as shown in Table 2.1, 

shows the results obtained from this study are within the range of values reported in other 

references. Moreover, as demonstrated in Fig. 2.8, using the present LBM based approach, the drag 

coefficient ranging from Re=1000 to 3900 increases monotonically and, again, agrees pretty well 

with the data resulting from other methods. This indicates that present IB-LBM framework with the 

aid of LES can achieve reliable simulation results at elevated Reynolds numbers. On the other hand, 

this series of preliminary tests reveal that the mean drag coefficient goes up monotonically when the 

Reynolds number rises in this testing range while the flow is purely translational, i.e., the rotation 
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intensity is nil ( 0  ) . 

  

 Fig. 2.7 Evolution of drag and lift coefficients at Re = 1000 

  

 Fig. 2.8 Evolution of mean drag coefficient and comparison with references 
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 Table 2.1 Comparisons of mean drag coefficient and Strouhal number at Re = 1000 

 References  Drag coefficient  Strouhal number 

 Present method  1.25  0.238 

 COMSOL Multiphysics  1.20  0.225 

 Wanderley et al. [43]  0.96  0.193 

 Cao et al. [44]  1.24  0.206 

 Lecointe et al. [45]  1.50  0.24 

2.6 Numerical experiments 

 Following the validation of the present IB-LBM framework for simulation of purely rotational 

and translational flows in Section 2.5, this approach is now employed to investigate the impact of 

the rotation intensity in a tornado-like airflow over a construction. As described in Section 2.3.2, the 

scenario of a tornado passing over a building is interpreted as a superposition of a “locked” 

rotational airflow and a “virtual translation” of the building, which is re-tailored from the original 

RCVM in order to render the outer boundary condition time-independent.  

 In all subsequent simulations, assign D = 20 m and tV  = 20 m/sec (towards the positive 

x-direction) for the tornado-construction interaction scenario under numerical investigation. If taking 
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D as 1 unit of length (50 lattices with 1/50 mesh resolution), then the computational domain 

occupies a [-40, 40] × [-12.5, 12.5] rectangular domain. Using the re-tailored RCVM, the center of 

the rotational flow component is fixed at (0, 0), and the initial position of the building center is 

located at (35, 0) with a translational speed at tV  = 0.034 (refer to Appendix for the unit conversion) 

towards the negative x-direction, which corresponds to a physical scenario in which the tornado is 

both translating in the positive x-direction and rotating while the building keeps locked and initially 

is 35 units away from the center of the incoming tornado.  

 Three characteristic coefficients, Cx, Cy, and Cm, which reflect the aerodynamic force 

components in the x- and y-directions, xF , 
yF , and the resulting moment, M, respectively, are 

defined as: 
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   (2.43)                                       

and will be used for examining the wind loading on the cylindrical building with diameter D. Note 

that force coefficients Cx, Cy are the same as the drag and lift coefficients defined in Eq. (2.37) and 

Eq. (2.39), respectively. To analyze the flow characteristics in a more straightforward nomenclature, 
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Cx, Cy will be used in the following tornado interpretation. The moment M is defined as 

 RST dv


 r F . 

2.6.1 An example  

Before focusing on the effects of the rotation intensity in a tornadic wind scenario, a case at Re 

= 1000, cr = 3 units, and with rotation intensity specified at 0.5  , i.e., max( ) 0.5c tV r V   ,  

according to Eq. (2.4), is employed as an example to illustrate the key aspects of numerical 

investigation. For the sake of description convenience, three representative time points during the 

tornado-building interaction are chosen for detailed observation, namely, (1) the tornado core zone 

reaches the building, i.e., _ _building center tornado center cx x r  , which is referred to as “core-in” time; (2) 

the tornado and building centers are coinciding, i.e., 
_ _building center tornado centerx x , which is referred to 

as “coinciding-center” time; and (3) the tornado core zone leaves the building, i.e., 

_ _tornado center building center cx x r  , which is referred to as “core-out” time. Remark that the names of 

these three time points do not suggest the onset of physical phenomena in their exact sense since the 

interaction between the tornadic wind and building physically takes place when 

_ _building center tornado center cx x r  , and rotation and translation are concurrent all the way in a tornadic 

wind event. Between the “core-in” and “core-out” time points is the primary stage of the 

tornado-building interaction, whereas before and after the primary stage are respectively referred to 

as pre-interaction and post-interaction stages. Fig. 2.9- Fig. 2.11 depicted the streamline pattern and 
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velocity magnitude at the three representative time points, respectively.  

As demonstrated in Fig. 2.9, until the core-in time point, the rotational flow pattern appears 

overall retained except in the vicinity of the building. This indicates that, in the pre-interaction stage, 

the tornado-building interaction has not been significant yet, and the affected zone remains very 

restricted, mainly behind the cylinder where an eddy arises, demonstrating the dominance of the 

translational flow component towards the obstacle. During the primary interaction stage, Fig. 2.10 

shows the tornado core area is strongly disturbed since a few eddies take place in the core zone 

while beyond the core zone the streamlines overall remain encircling the building. In Fig. 2.11, the 

severely disturbed flow featuring co-occurrence of a number of eddies is found in the wake region. 

 By comparing velocity magnitude in Fig. 2.9- Fig. 2.11, the highest flow rate is found right in 

front of the cylinder in the pre-interaction stage; then, in the primary and post-interaction stages, the 

zone of highest flow rate is located in the wake region, and this fastest flow zone goes more distant 

from the building when time further elapses. Also, Fig. 2.11 reveal that vortices are shedding in the 

wake area, suggesting the re-occurance of the dominant translational flow component upon recalling 

the renowned Karman vortex street phenomenon that arises in the case of a cylinder facing a purely 

translational incoming flow with an elevated Reynolds number. On the other hand, all these six 

figures exhibit a slight upward trend for the wake region, which is attributed to the counterclockwise 

rotational flow component in this tornadic wind. All observed characteristics echo the translation 

and rotation superposition nature of this flow. 
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 Fig. 2.9 Streamlines and velocity magnitude at “core-in” time 

  

 Fig. 2.10 Streamlines and velocity magnitude at “coinciding-center” time 

       

 Fig. 2.11 Streamlines and velocity magnitude at “core-out” time 

 Besides the qualitative analysis based on the streamline and velocity magnitude contours, 
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quantitative analysis through evolution of Cx, Cy, and Cm, as defined in Eqns. (2.41) - (2.43), can be 

also made. Next, a series of tornadic flow simulations aimed at investigation of the effect of the 

rotation intensity will be conducted, and detailed analysis of the coming new cases will be 

demonstrated with the aid of the three aerodynamic coefficients. 

2.6.2 Tornado-like wind induced loads on a cylinder 

 After interpreting the overall flow features through streamlines and velocity magnitude 

plottings physically, more details about how rotation intensity can affect the aerodynamic 

coefficients will be examined and discussed as follows. 

 Unlike in Section 2.5.2 where the cases examined the purely translational flows (by locking the 

rotation intensity at 0  ) around a single cylinder with Reynolds number ranging from 1000 to 

3900 (through adjusting the fluid viscosity while fixing the characteristic velocity tV ), the tornadic 

wind composed of both translational and rotational flow components is the examination subject, and 

the investigation focus is now placed on the effect of rotation intensity. Recall that Section 2.5.2 

demonstrated that in the Re range of 1000 to 3900, the “drag” coefficient, Cd , monotonically 

increases when Re goes up. In this section, the three aerodynamic coefficients, Cx, Cy, and Cm, are 

all examined for different rotation intensities, 0.5  , 1, and 2; for each rotation intensity test series, 

Reynolds number starts from 1000 and then continuously increases, aiming to examine whether the 

wind loadings monotonically increase when Re rises.  
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2.6.2.1 Test series 1: 0.5c tr V   ( 0.5)   

 In this test series, 0.5  indicates the maximum local tangent velocity component due to the 

rotation component is only half of the incoming translational velocity component, hence, this flow is 

overall mainly dominated by the translational part. Fig. 2.12 - Fig. 2.14 respectively group the 

evolutions of Cx, Cy, and Cm over the Re testing range from 1000 to 3900. In these three figures, the 

x-coordinate (X) denotes the relative distance between tornado center and the cylinder, and thus 

position x = 0 on the horizontal axis represents the time instant at which the centers of the tornado 

and cylinder are nominally coinciding if solely taking into account the translation of the tornado 

center; in the intervals x < 0 and x > 0, the tornado is approaching and leaving the cylinder, 

respectively. An overall observation of the three figures may find out two major turning points on 

the horizontal axis approximately located at x = -3 (“core-in” time) and x = 3 (“core-out” time).  

 In the pre-interaction stage (x < -3), Cx and Cm decrease while Cy increases, indicating the 

cylinder is pulled towards the tornado center in the x-direction, uplifting in the y-direction, and 

twisted in the clockwise direction. Recall that, in this case, 0.5  , 0.034tV  unit/sec, and 

3cr  units. In Fig. 2.12 - Fig. 2.14, when x < -3, the distance between the tornado center and the 

cylinder center, r, is greater than cr . According to RCVM as expressed in Eq. (2.1), 

2 / c
c t

r
V r r V

r
     when cr r . Thus, the local upward tangent velocity component (due to 

counterclockwise rotation in the tornadic wind) for the left half of the cylinder is larger than that for 
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the right half, leading to a larger uplifting force exerted in the left half of the cylinder than that for 

the right half. This yields the overall clockwise twisting effect for this pre-interaction stage. Also, a 

distinct point is approximately located at x = -10, as the overall variation slopes for the intervals x < 

-10 and -10 < x < -3 are significantly different for each of Fig. 2.12 - Fig. 2.14, the former being 

smaller while the latter being larger. The steep change of the three coefficients within -10 < x < -3 

can be interpreted again by RCVM, as the aerodynamic forces and moment are related to V while, 

in c
t

r
V V

r
  ,  , tV , and cr are all constants, the slope of V is proportional with 

2

1

r
, which 

becomes more considerable with decreasing r while diminishing once r > 10. 

  

 Fig. 2.12 Cx evolutions for different Reynolds numbers at β = 0.5 
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 Fig. 2.13 Cy evolutions for different Reynolds numbers at β = 0.5 

  

 Fig. 2.14 Cm evolutions for different Reynolds numbers at β = 0.5 

 The primary interaction stage nominally refers to the range of -3 < x < 3 in this case. In 

common, approximately at x = -3 (“core-in” time), a turning point appears for Cx, Cy, and Cm , after 

which Cx and Cm change to increase while Cy changes to decrease. Approximately, at -3 < x < 0, the 
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right half of the tornado core moves through the cylinder, followed by the crossing of the rest left 

half when 0 < x < 3. A more detailed look into Fig. 2.12 - Fig. 2.14 can discover that, at x = 0 

(“coinciding-center” time at which the tornado and building centers are nominally considered 

coinciding), Cx and Cm are both a bit negative while Cy is still positive. This signifies that the two 

centers are physically not exactly coinciding due to the concurrent rotation and translation 

ingredients in a tornado scenario. In Fig. 2.12, a second turning point is a bit before x = -3 

(“core-out” time), after which Cx drops again; then, a third turning point is a bit after x = -3, after 

which Cx re-rises monotonically. The variation trend of Cm shown in Fig. 2.14 looks similar to Cx in 

Fig. 2.12. In Fig. 2.13, the second turning point for Cy to monotonically re-rise is approximately 

located at x = -3, without a third turning point detected. By recalling Fig. 2.11, at the “core-out” time, 

disturbance is obviously seen in the wake region after the tornado core crosses the building through 

the primary interaction stage, leaving unevenly shed vortices in the wake with the subsequent 

post-interaction stage. 

 Although this flow is considered mainly dominated by the translational component because of 

the relatively low rotation intensity ( 0.5  ), the characteristics reflected by Cx, for instance, at Re 

= 1000, as included in Fig. 2.12, no longer contain any periodicity as shown in Fig. 2.7, in which a 

purely translational flow at Re = 1000 was examined. In this sense, the involvement of rotational 

component can radically change the flow nature regardless of the degree of rotation intensity.   

 In Fig. 2.12, if taking the extremum Cx at the “core-in” time as an observation point for the 
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“drag” coefficient, it can be noticed that, at this low rotation intensity ( 0.5  ), the magnitude of 

this representative Cx keeps increasing when Re rises from 1000 to 3900 and, quantitatively, Cx goes 

up by about 16.5% if comparing this coefficient at Re = 3900 to Re = 1000. This increasing trend is 

also seen for Cd in Fig. 2.8 where a purely translational flow was investigated, which confirms that 

the translation part can overall dominate a tornadic wind at a low rotation intensity. Also, in all Fig. 

2.12 - Fig. 2.14, a curve corresponding to a higher Reynolds number appears “thicker” than that for 

a lower Reynolds number. This thickness is an indication of the perturbation in the tornadic wind 

phenomena; the higher Reynolds number, the “thicker” curve, and the more perturbation.  

2.6.2.2 Test series 2: c tr V   ( 1)   

 By doubling the angular velocity,  , while locking all other parameters, the rotation intensity, 

 , gets also doubled. The curves of Cx, Cy, and Cm corresponding to 1   for Reynolds number 

ranging from 1000 to 3900 are grouped respectively in Fig. 2.15 - Fig. 2.17, respectively.  

 The overall trends for the evolution of the three aerodynamic coefficient remain practically 

unchanged if compared to the case of 0.5  (Fig. 2.12 - Fig. 2.14), except that more oscillations 

are found in the post-interaction stage, indicating the perturbation becomes more intensive when the 

rotation intensity is increased. In addition, perceptible difference between the two test series arises in 

terms of the degree of the magnitude of wind loadings at the “core-in” time (x = -3). Using the case 

with Re = 1000 as example, Cx increases from 2.5 to 9.8 when the rotation intensity changes from 
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0.5 to 1.0, Cy and Cm increase nearly doubled. Clearly, the increase of rotation intensity leads to 

elevated tornado-like wind loadings. This is because 1   signifies the magnitudes of the velocity 

components due to rotation and translation are equivalent, and the shearing stress contributed by the 

rotation part has become considerable.   

 In Fig. 2.15 - Fig. 2.17, a detailed look into the tornadic wind loadings at the “core-in” time 

reveals that the aerodynamic force and moment still monotonically increase when Reynolds number 

goes up. For Cx, the growth a bit exceeds 11% when Re rises from 1000 to 3900 (see Fig. 2.15). 

  

 Fig. 2.15 Cx evolutions for different Reynolds numbers at β = 1 
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 Fig. 2.16 Cy evolutions for different Reynolds numbers at β = 1 

  

 Fig. 2.17 Cm evolutions for different Reynolds numbers at β = 1 

2.6.2.3 Test series 3: 2c tr V   ( 2)   

 When the rotation intensity further increases to 2.0 and up, again, as a representative index of 
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tornadic wind loadings, Cx at the “core-in” time no longer monotonically goes up with the increase 

of Reynolds number, as detected in Fig. 2.18 that depicts the case of β = 2 as an example. An 

enlarged view focusing on this extremum point is shown in Fig. 2.18(b), demonstrating the 

magnitude of Cx reaches its maximum when Re is 3000 although the upper limit of Re is 3900 in this 

test series.  

  

(a)                                      (b) 

 Fig. 2.18 Cx evolutions for different Reynolds numbers at β = 2 

 If comparing Fig. 2.18 to Fig. 2.15 and Fig. 2.12, the overall wind loadings on the obstacle are 

found much larger than those for β = 1 or less. When looking into the cases with Re = 3900 but 

different rotation intensities (β = 0.5, 1, 1.5, 2, 2.5, and 3), the magnitude of Cx at the “core-in” time 

is found monotonically increasing with β, as shown in Fig. 2.19. This suggests that, in the study of 

tornadic wind, the rotation intensity serve as a crucial parameter in addition to the Reynolds number 

that is determined conventionally using only the incoming translation velocity component as the 
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characteristic velocity. 

  

 Fig. 2.19 Maximum Cx comparison for different β at Re = 3900 

2.6.3 Critical rotation intensity 

 Through the test cases conducted in Section 2.6.2 that unfold with different rotation intensities 

over the same range of Reynolds number (from 1000 to 3900), the distinction appears in terms of 

the monotonicity of the increase of aerodynamic forces with the increase of Re. When the rotation 

intensity is relatively small, such as   = 1, wind loadings can be regarded as related to Reynolds 

number only (see, for instance, Fig. 2.15). When the rotation intensity rises to, for example,   = 2, 

the variation trend for the loadings exerted on the obstacle becomes unpredictable if still relying on 

Re as the sole influencing factor (see Fig. 2.18). Of practical interest is to locate the critical rotation 
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intensity, beyond which the wind loadings no longer monotonically grow up with the increase of 

Reynolds number. An efficient way to complete this search is to use a strategy that resembles the 

Newton's bi-section method. That is, given the numerical results obtained in the test series with   

= 1 and   = 2, the critical rotation intensity is believed to arise in the interval [1.0, 2.0]. Then, the 

new testing rotation intensity is set using: 

  new  =  
1

2
mono non mono                      (2.44) 

for checking the monotonicity in question. After the monotonicity is confirmed at   = 1.5, mono  

is substituted by 1.5 to set a further testing rotation intensity. Employing this bi-section-like strategy, 

the critical rotation intensity is found to be located within the interval [1.875, 1.9375] if the interval 

length, 
1

16
  , is considered acceptably small. In other words, when the rotation intensity falls 

lower than the critical interval, the loadings on the cylinder can be viewed as relevant mainly to 

Reynolds number, and the loading extrema rise with the increase of Re; otherwise, no predictable 

relation is present between the loadings and Re. This investigation reveals that, when the rotation 

intensity is above its critical value, the rotational component of a tornadic wind strongly affects the 

overall flow characteristics, and the translational velocity component based Reynolds number 

becomes no longer a sole dominant factor. 

2.7 Conclusions 

 In this paper, the classical Rankine-Combined Vortex Model (RCVM) is re-tailored so that an 
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immersed boundary (IB) lattice Boltzmann method (LBM) can be handily applied to the 

investigation of the tornado-construction interaction mechanism, and this hybrid framework has also 

been enriched by the sub-grid stress (SGS) model, so that the simulation of a tornado-building 

interaction scenario at an elevated Re becomes manageable with ease. The effectiveness of the 

present IB-LBM computational framework with the re-tailored RCVM embedded is demonstrated 

through the validating cases in which the IB-LBM results respectively for translational and 

rotational flows are found in good agreement with the simulation data obtained elsewhere using 

other numerical approaches.   

 The focus of this study is mainly placed on the new exploration of the factors that influence the 

characteristics of a tornadic wind. In fluid dynamics, Reynolds number is usually employed for 

categorizing viscous fluid flow. Particularly, when studying the tornado-like flows, the practitioners 

have been conventionally using the translational velocity component in RCVM as the characteristic 

velocity for determining the Reynolds number, and considering such a translation component based 

Reynolds number as a primary influencing parameter. The present study has found that the 

translation part based Reynolds number is of one-sided nature for identifying a tornado-like flow, 

since the rotation is the other part of a tornado and the change of the rotation intensity, as defined in 

Eq. (2.4), may strongly alter the tornado characteristics.  

 In order to evaluate the impact of the rotation intensity, the test scenario employed in this study 

is that a tornado-like wind passes over a cylinder. In a number of test series included in this paper, 
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the investigation has been performed by checking, for a given rotation intensity, whether the 

aerodynamic coefficients monotonically rise with the increase of Reynolds number. It is found that 

this monotonicity holds at lower rotation intensities while disappearing at elevated rotation 

intensities. Then, for the purpose of capturing the critical rotation intensity that demarcates the two 

intervals, one being practically considered as solely dominated by Reynolds number and the other 

no longer manifesting that manner, a Newton’s bi-section-like strategy is presented in this study, and 

this critical value has been detected to be within the range from 1.875 to 1.9375 in the test scenario 

reported in this paper.  

 In practice, when the rotation intensity is less than its critical value, the translational flow 

component can be considered dominant in the tornado dynamics, and this falls in the conventional 

understanding of the tornado investigation community. Many previously achieved findings in the 

tornado study fell into this interval, but would not necessarily apply to the other interval in which the 

critical rotation intensity has been exceeded. This study tends to draw more attention of tornado 

researchers to the tornado cases with rotation intensities greater than the critical value in spite of 

more challenges and complexity in this veiled tornado research branch, where the rotation part is of 

the same or even higher degree of significance, if compared to the translation part, and the disasters 

incurred are often more dreadful. 
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Chapter 3 A two-dimensional IB-LBM framework combined with 

re-tailored RCVM for assessing the rotation intensity of a tornadic 

wind over a building configuration 

This chapter is based on the following published paper: 

Xixiong Guo, Rangaraj Palanisamy, Jun Cao. A two-dimensional IB-LBM framework combined 

with re-tailored RCVM for assessing the rotation intensity of a tornadic wind over a building 

configuration. Engineering Structures, 131, 57-68, 2017. 

3.1 Summary 

Following the study in Section 2.6, the present IB-LBM simulations are aimed to investigate 

the tornado-like wind effects on a building configuration in different orientations and, particularly, 

seek the relation between the rotation intensity of a tornado and the wind loadings on the 

constructions. Through comparison at a series of rotation intensities, the loading extreme value is 

observed to be unrelated to Reynolds number once the rotation intensity exceeds a critical value, 

which is similar to the conclusions drawn in Chapter 2. These simulation results reveal that it looks 

inappropriate to rely solely on the translational velocity component to characterize tornadoes, and 

call on additional attention towards the rotation intensity for a more comprehensive tornado 

dynamics study.  
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It is noticed that the reported computational analysis of tornado dynamics has placed more 

emphasis on the translational component since the translational velocity is conventionally chosen to 

serve as the characteristic velocity for the Reynolds number determination. Physically, both the 

translational and rotational components play simultaneous roles in a tornado wind field. The 

evaluation of the overall tornado wind loading without due consideration of the influence of the 

rotational component would turn out to be inaccurate and unreliable, possibly leading a structure 

design to miscalculated wind-resistant capabilities; however, the relation between the tornado wind 

load and its rotational component has been seldom reported in existing literature. In order to gain a 

better understanding in this regard, this study aims at the simulation of tornado-like winds at 

different rotation intensities over a building configuration with orientation deployed, while the focus 

is placed on a parametric study for each of the tested orientations towards capturing a critical 

rotation intensity that discontinues the monotonic relation between the increases of tornadic wind 

loading and Reynolds number. Meanwhile, this study aims to scrutinize the correlation between the 

aerodynamic loads and the rotational component of a tornadic wind by means of numerical 

simulation.  

3.2 Tornado-like flow model and numerical method 

 The Rankine-combined vortex model (RCVM) introduceed in Section 2.3.1 is employed to 

describe the tornado in this work. Furthermore, with the aid of “relative motion” principle, the 
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customized RCVM (see Section 2.3.2) is also adopted, which reinterprets the scenario of a tornado 

towards building configuration as a “virtual” translation of building towards a rotating airflow about 

its “locked” center. As illustrated in Fig. 3.1, this new representation greatly facilitates the 

establishment of boundary condition owing to its time-independent feature when simulating a 

bi-cylinder building configuration. IB-LBM framework is employed in this tornado simulation, and 

details have been illustrated in Section 2.4. 

 

Fig. 3.1 Physical and re-tailored RCVM (a) physical tornado model; and (b) re-tailored tornado 

model. 

3.3 Validation 

As aforementioned, very limited literature about numerical simulation of tornado-induced wind 

load on buildings can be found; in particular, those using RCVM as model basis are even fewer. 
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Thus, other comparable cases need to be sought to validate the present approach. In the previous 

chapter, this proposed IB-LBM framework has been validated through translational flow at elevated 

Reynolds number, and rotational Couette flow cases. Moreover, another case of a flow induced by a 

counter-clockwisely rotationally oscillating cylinder, as numerically simulated in [51]-[52], is of 

some relevant interest to tornado simulation, since that case also involves the fluid dynamics due to 

fairly complex rotation. The rotationally oscillating cylinder induced flow simulation is hence 

chosen to test the present IB-LBM framework and, particularly, its capability of simulating the 

rotational flow evolution. 

The motion of rotationally oscillating cylinder is prescribed by the following time-dependent 

angular velocity: 

 0

2
( ) sin(2 ) sin(2 )t tV V
t ft A St t

D D
                         (3.1) 

where f and 0 are the frequency and rotation amplitude, respectively. These two parameters can be 

normalized by introducing two non-dimensional parameters: Strouhal number 
t

fD
St

V
 and 

normalized rotation amplitude 0

2 t

D
A

V


 . This validation case employs 2.0A , Re=100, and 

0.163St   in accordance with the available references [51]-[52]. As illustrated in Fig. 3.2, the 

instantaneous vorticity field obtained using IB-LBM matches well with the results of Wu et al. [51] 

and Choi et al [52]. The vortex shedding phenomenon can be clearly observed using the present 

method, and the pattern of the vortices released from the obstacle looks overall the same between 
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each other. 

 The validation can be also performed using the time-averaged drag coefficient, dC , and the 

maximum amplitude of the lift coefficient fluctuation, '

lC , leading to a quantitative comparison 

against existing references [51]-[52] as depicted in Table 3.1. Here, 0.4St  is taken as [51]-[52] 

examined this Strouhal number for evaluation of these two parameters; other parameters remain the 

same as aforementioned. Both dC  and '

lC  obtained in this study are found comparable with the 

results reported in [51]-[52], as demonstrated in Table 3.1. The small differences may be attributed 

to the computational domain and meshing arrangement that were employed differently in the three 

simulation sets of this benchmark case. Through comparisons of the vorticity contour and 

aerodynamic parameters, the present IB-LBM framework demonstrates its reliability for complex 

rotational flow simulation. Besides, the grid independence study corresponding to the IB-LBM 

framework was conducted previously [49], revealing that this integrated numerical approach has 

approximately a second order of accuracy, and the results can be considered as grid-independent 

when the grid resolution is finer than 1/40, i.e., the length of cylinder diameter should be uniformly 

divided into 40 or more equal portions when discretizing the computational domain. The present 

tornado study employs this numerical framework with a grid resolution of 1/50, and it is reasonable 

to believe the resulting simulation is reliable. 
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Fig. 3.2 Vorticity contour results from (a) the present method; (b) Wu et al. [51]; (c) Choi et al. [52]  

 Table 3.1  Comparison about drag and lift coefficients at Re = 100 

 References  Drag coefficient dC   Lift coefficient 
'

lC  

 Wu et al. [51]   1.302  0.321 

 Choi et al. [52]  1.231  0.299 

 Present  1.286  0.320 

3.4 Numerical experiments 

 The stylized building configuration for test use in this study includes two identical cylinders of 



  

 59 

  

diameter D that are gapped by 3D and oriented in three manners facing the incoming translation of a 

tornadic wind: vertical, horizontal, and 45o-inclinedall. The tornado and domain settings for this 

work keep the same as Section 2.6. Using the re-tailored RCVM, the center of the counterclockwise 

rotational flow component is fixed at (0, 0), and initially the building configuration center is placed 

at (35, 0) with a constant translational speed towards the negative x-direction, as physically the 

tornado is translating to the positive x-direction.  

 For each orientation, the testing Reynolds number ranges from 1000 to 3500 through adjusting 

the fluid viscosity while locking the characteristic velocity, tV , and length, D. Three loading 

coefficients, Cx, Cy, and Cm, which reflect the aerodynamic force components in the x- and 

y-directions, and the resulting moment, M, respectively (Eqs. (2.41)-(2.43)) serve to examine the 

wind loading on the cylinders. This study will evaluate the relation between Re and the aerodynamic 

force, i.e., wind loading, exerted on bi-cylinder configurations in tornadoes with different rotation 

intensities, , aiming to capture the critical rotation intensity from which the tornado characteristics 

deviation arises. 

3.4.1 Vertically arranged bi-cylinder 

 First, two vertically arranged cylinders are tested. Under rotation intensity β = 1.5, the 

simulation results of the streamline pattern with Re = 1000 at the “coinciding-center” time, along 

with the Cx, Cy, and Cm evolutions at different testing Reynolds numbers are respectively plotted in 
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Fig. 3.3 - Fig. 3.6. Note the horizontal coordinate, X, in Fig. 3.4 - Fig. 3.6 is arranged such that, 

physically, while X < 0, X = 0, and X > 0, the tornado center approaches the construction, coincides 

with the construction center in the nominal sense, and leaves the construction, respectively.  

  

 Fig. 3.3 Streamlines at "coinciding-center" time for vertically arranged bi-cylinder streamline 

 at Re = 1000 and β = 1.5. 

 When the translating tornado center approaches the bi-cylinder construction, Fig. 3.3 

demonstrates that the tornado core area is strongly disturbed with two series of eddies found in the 

wake region, suggesting the local dominance of the translational flow component upon recalling the 

renowned Karman vortex street phenomenon that arises in the case of a single cylinder facing a 

purely translational incoming flow with an elevated Reynolds number. On the other hand, due to the 

elapsing tornado-construction interaction, at the theoretical "coinciding-center" time, Fig. 3.3 does 
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not illustrate the tornado and construction centers are exactly coinciding; instead, a slight upward 

trend is clearly seen for the flow in the wake region, which is attributed to the counter-clockwise 

rotational flow component in this tornadic wind. All observed characteristics collectively reflect the 

translation and rotation superposition nature of this tornadic wind. Consequently, the loadings Cx, Cy, 

and Cm on the upper cylinder can be observed apparently higher than those on lower cylinder, as 

shown in Fig. 3.4 - Fig. 3.6; also, the loading coefficients in both directions can be regarded as 

related with Reynolds number at β = 1.5, since the extreme points of Cx, Cy, and Cm monotonically 

increase with the Reynolds number. 

  
 (a)                                       (b) 

 Fig. 3.4 Cx evolutions for vertically arranged bi-cylinder at β = 1.5, under different Re 

(a) lower cylinder; (b) upper cylinder. 
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 (a)                             (b) 

 Fig. 3.5 Cy evolutions for vertically arranged bi-cylinder at β = 1.5, under different Re 

 (a) lower cylinder; (b) upper cylinder. 

 

 (a)                            (b) 

 Fig. 3.6 Cm evolutions for vertically arranged bi-cylinder at β = 1.5, under different Re 

 (a) lower cylinder; (b) upper cylinder. 

 However, the monotonicity between loading coefficients and Reynolds number is not persistent 
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at all rotation intensities in the tornado case. When a more intense rotational component is present, 

such as β = 2, the extreme point of Cx at the “core-in” time no longer monotonically goes up with 

the increase of Reynolds number, as detected in Fig. 3.7 and further confirmed by an enlarged view 

in Fig. 3.8. Remark that the magnitude of Cx reaches its maximum when Re is 3000 although the 

upper limit of Re is 3500 in this test series. This suggests that, in the tornado dynamics study, the 

rotation intensity serves as a crucial parameter in addition to the Reynolds number that remains 

conventionally determined using only the incoming translation velocity component as the 

characteristic velocity. 

 By further testing different rotation intensities over the same range of Reynolds number (from 

1000 to 3500), the "critical rotation intensity" is sought that discontinues the monotonicity of the 

aerodynamic forces with the increase of Re. A simple and yet efficient way to perform this search is 

to use a Newton's bi-section strategy. That is, given the numerical results corresponding to β = 1.5 

and β = 2, the critical rotation intensity is believed to arise in the interval [1.5, 2.0]. Then, the new 

testing rotation intensity is set using: 

    
1

( )
2

new mono non mono                       (3.2) 

for checking the monotonicity in question. After the monotonicity is confirmed at 1.75  , mono  

is substituted by 1.75 to set a further testing rotation intensity. Employing this bi-section method, the 

critical rotation intensity is found to be located within the interval [1.78125, 1.8125], where 

1 32   can be referred to as "critical interval" if this interval length is considered acceptably 
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small. In other words, when the rotation intensity falls the left side of the critical interval, the wind 

loadings can be viewed as relevant mainly to Reynolds number, and the loading extreme point rises 

with the increase of Re; otherwise, there is no predictable relation between the loadings and Re. 

Hence, when the rotation intensity is above its critical value, the rotational component of a tornadic 

wind strongly affects the overall flow characteristics, and the translational velocity component based 

Reynolds number is no longer the sole dominant factor.  

  

 (a)                          (b) 

 Fig. 3.7 Cx evolutions for vertically arranged bi-cylinder at β = 2, under different Re 

 (a) lower cylinder; (b) upper cylinder. 
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 Fig. 3.8 Cx extreme points (for the upper cylinder) for vertically arranged bi-cylinder at β = 2, 

under different Re. 

3.4.2 Horizontally arranged bi-cylinder 

 Now the two cylinders are arranged horizontally, the tornadic wind streamlines at Re = 1000 

and 1  are plotted, in Fig. 3.9, around the construction at the "coinciding-center" time. Unlike in 

the precedent vertically arranged bi-cylinder case, mainly only one Karman vortex street is 

manifested in the wake; again, this vortex street still appears slightly upward due to the 

counter-clockwsie rotational component in the tornado.  

 The evolutions of force coefficients for both cylinders in Fig. 3.10 and Fig. 3.11indicate that the 

trend of the front cylinder overall basically matches with that in the upper one of the previous 

vertically arranged bi-cylinder; however, the force evolution for the rear cylinder here is observed to 

be in chaos. Facing the incoming hybrid flow, the front cylinder serves as a shelter to the rear 
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cylinder, yielding a strong disturbance to the flow within the gap of the two cylinders and, hence, 

making it more difficult to predict the loading features for the rear cylinder. Despite the disordered 

loading evolution for the rear cylinder, the extreme value of loading force measured on the front one 

at different Reynolds numbers still keep a monotonous trend as long as the rotation intensity is 

lower than its critical value. The critical intensity is determined within the interval [1.09375, 1.125] 

(with 1 32   as critical interval again) by using the Newton's bi-section method again. Similar to 

the precedent case, when the rotation intensity β is higher than the critical value, Reynolds number 

is no longer the only dominant factor when the maximum value of force coefficient on the front 

cylinder is under investigation, as a matter of fact, both rotation intensity and Re shall co-play in 

such scenarios. 

  

 Fig. 3.9 Streamlines at "coinciding-center" time for horizontally arranged bi-cylinder streamline 

at Re = 1000 and β = 1.  
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 (a)                                  (b) 

 Fig. 3.10 Cx evolutions for horizontally arranged bi-cylinder at β = 1, under different Re 

(a) front cylinder; (b) rear cylinder. 

 

  
 (a)                                  (b) 

 Fig. 3.11 Cy evolutions for horizontally arranged bi-cylinder at β = 1, under different Re 

(a) front cylinder; (b) rear cylinder. 
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3.4.3 Inclined bi-cylinder 

 When two cylinders are placed to incline at 45o with respect to the horizontal to sustain a 

tornadic flow at Re = 1000 and β = 1.375, the indication of two series of shedding vortices, as 

shown in Fig. 3.12, is stronger than in the horizontally placed bi-cylinder case (see Fig. 3.9), but 

much weaker than in vertically placed bi-cylinder case (see Fig. 3.3). Similar to the case of 

bi-cylinder horizontal layout, the Cx on the front cylinder is observed to be higher than on the rear 

one, as seen in Fig. 3.13 and Fig. 3.14. Obviously, since physically the tornado core area reaches the 

front cylinder earlier than the rear one, the overall impulse provided by the aerodynamic forces 

would be bigger for the front cylinder. Again, of interest in this test case is to detect the critical 

rotation intensity by using the Newton’s bi-section strategy. Here, the tests range for β from 0.5 up 

to 2, ending up with the critical value determined to fall within [1.46875, 1.50] (with 1 32  ).  

  

Fig. 3.12 Streamlines at "coinciding-center" time for inclined bi-cylinder streamline at Re = 1000 

and β= 1.375 
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 (a)                                       (b) 

 Fig. 3.13 Cx evolutions for inclined bi-cylinder at β = 1.375, under different Re 

 (a) lower cylinder; (b) upper cylinder. 

  
 (a)                                                (b) 

 Fig. 3.14 Cy evolutions for inclined bi-cylinder at β = 1.375, under different Re 

 (a) lower cylinder; (b) upper cylinder. 

3.5 Conclusions 

 In this study, the conventional Rankine-combined Vortex Model (RCVM) is revised to 
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investigate the vortex-structure interaction through immersed boundary (IB) lattice Boltzmann 

method (LBM). The efficacy of the present IB-LBM framework with the customized RCVM is 

demonstrated through a validating case in which the vortex shedding pattern behind a rotationally 

oscillating cylinder is clearly seen and is corroborated with the references.  

 Numerous factors may affect the characteristics of a tornado-like wind. This study mainly 

concentrates on the relation between the rotation component and the acuteness of the tornado. The 

testing geometry is a configuration formed by two gapped cylinders of identical size. Three different 

orientations are investigated to simulate a tornado translating towards the bi-cylinder construction at 

attacking angles of 90o (Section 3.4.1), 0o (Section 3.4.2), and 45o (Section 3.4.3). Two 

terminologies are employed for evaluating the impact of the rotation intensity. The "critical rotation 

intensity" is defined such that the wind loadings monotonically rise with the increase of Reynolds 

number when the rotation intensity is lower than its critical value, and this monotonicity would 

disappear once the critical rotation intensity is reached or exceeded. To numerically detect this 

critical rotation intensity, the Newton's bi-section approach is proposed and, in practice, an 

acceptably small "critical interval" for accommodating the critical rotation intensity should be 

prescribed. Using 1 32   as critical interval for the three cases as aforementioned, the 

characteristic data are grouped in Table 3.2. 

 The second column of Table 3.2 reveals that, when the tornado translates at nil attack angle 

towards the bi-cylinder configuration, the critical rotation intensity is the smallest in the three 
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orientations. At this orientation, a tornado even with stronger rotational component might not 

severely damage the construction, which is also justified by the third column (showing the largest Cx 

magnitude) of the table. However, the fourth column (showing the ratio of the bigger Cx extreme to 

the smaller) of the table warns that the front cylinder in the configuration would experience 

significantly larger wind loadings than the rear one, and the ratio appears to be the largest in the case 

of nil attacking angle.  

 Table 3.2  Summarized results for three tested orientations 

 Attack 

angle 

 Critical rotation 

intensity within 

 Largest 

Cx magnitude 

 Ratio of the bigger Cx extreme to the 

smaller 

 0o  [1.09375,1.125]  13.6  6.6 (Fig. 3.10, for Re = 1000, β = 1) 

 45o  [1.46875,1.5]  14.2  3.3 (Fig. 3.13, for Re = 1000, β = 1.375) 

 90o  [1.78125,1.8125]  26.4  2.5 (Fig. 3.4, for Re = 1000, β = 1.5) 

  

 Another remark resulting from this study refers to the role of the rotation intensity in the 

tornado dynamics study. In tornado-like flows, the customary way of defining the Reynolds number 

with the translational velocity component as the characteristic velocity looks inequitable and 

equivocal, since the rotational velocity component plays an equally important role in determining 

the characteristics of tornadoes as well as imparting the annihilating potential to the tornado. At 
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present, the critical rotation intensity is recommended as a complementary parameter for a more 

comprehensive study on the tornado dynamics. 
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Chapter 4 An Immersed-Boundary (IB)-Based Tornado Model for 

Computational Analysis of Disastrous Wind Load on Buildings - 

Investigation of Tornadic Wind Load over Cylinder-Quintuplet 

This chapter is based on the following paper (Submitted to Journal of Wind Engineering & 

Industrial Aerodynamics): Xixiong Guo, Jun Cao. An Immersed-Boundary (IB)-Based Tornado 

Model for Computational Analysis of Disastrous Wind Load on Buildings - Investigation of 

Tornadic Wind Load over Cylinder-Quintuplet 

4.1 Summary 

 Following the Chapters 2 and 3, the re-interpreted Rankine-Combined Vortex Model (RCVM) 

is now applied to the investigation of tornado over a more complex cylinder-quintuplet 

configuration as an extension, and the impacts of a series of tornado from different incoming 

directions on a building group, as well as the flow features and wind loads varies on each cylinder in 

presence of tornadoes are studied extensively. According to the tests, a vertical deviation of the 

tornado center can be captured, which results the obstacles located in accordance with the deviation 

trend suffer much heavier loadings. Moreover, even the distance between each cylinder in the 

building group is close, but the loadings exerted on each cylinder vary remarkably due to the 

intensive rotating effect by the disastrous tornado. An accurate measurement of the wind loads can 
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be regarded as a prediction for the prevention of tornadic wind, as well as an economic but efficient 

approach to elucidate the underlying tornado nature. The novel conclusions derived from this study 

can provide further understandings of tornadic wind, and have the potential to reduce property 

damage before design analogous building groups. 

 A detailed description about the re-interpreted RCVM tornado model applied in this chapter, as 

well as the detailed IB-LBM implementation, has been explained in Chapter 2. Thus, only the 

remarks corresponding to cylinder-quintuplet model is specified in this chapter. Rest of this paper 

will include three more subsections. A detailed setup of tornado model from five different incoming 

directions over a cylinder-quintuplet is introduced in Section 4.2. Section 4.3 presents and discusses 

the effect of the loadings for different rotation directions of the tornado. Finally, Section 4.4 draws 

an extensive conclusion on the applicability of current framework. 

4.2 Setup of a cylinder-quintuplet under tornadoes from different directions 

4.2.1 Geometry and incoming tornado directions 

 As shown in Fig. 4.1(a), five cylinders numbered from 1 to 5 constitute a semi-circle-shaped 

configuration, and the distance between the center of the semi-circle and each cylinder is fixed as 3 

times of the diameter of the cylinder D. Then tornadic wind, governed by classical RCVM is exerted 

on the computational domain, and expected to march toward the cylinder-quintuplet group from five 

representative incoming directions, which named as Cases A to E for convenience in following 
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sections. For instance, the initial position of tornado center for case A is located on an extended line 

connected by the center of cylinder #3 and the semi-circle. After clockwise spun 45 degrees of the 

incoming tornado direction, the initial center of tornado falls to the extended line connected by the 

centers of cylinder #4 and semi-circle, which turns to case B. Similarly, the incoming directions for 

cases C to E are determined using the same strategy. In order to seamlessly incorporate into present 

“relative motion” idea, such schematic in reality (see Fig. 4.1(a)) is able to convert into an easily 

implement scenario depicted in Fig. 4.1(b) during the numerical simulation. The tornado is assumed 

to purely rotating around its center point, meanwhile, cylinder-quintuplet configuration is allowed to 

translate towards the tornado center “virtually” in test cases. Numerically, the tornadic wind keeps 

rotational with center fixed at the center of the domain, while five cylinders translate from right to 

the left side in a constant velocity tv .  

4.2.2 Dimensions of computational domain and mesh resolution  

 Unless otherwise specified, mesh resolution and the computational domain applied in this part 

of study are fixed at 1/50, and [-40, 40]×[-15, 15], respectively. Center of the semi-circle-shaped 

configuration is located at (35, 0), initially. The Reynolds number remains at 1000 for all cases. 
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                     (a)                                (b) 

 Fig. 4.1 (a) Schematic for the cylinder-quintuplet study; (b) re-tailored cylinder-quintuplet 

scenario in IB-LBM simulation 

4.2.3 Boundary conditions 

 As illustrated in Chapter 2, immersed boundary method is applied to treat the moving boundary 

condition in present study, and the retailored RCVM is considered to re-interpret the boundary 

condition of tornadic wind. The tangential velocity of the purely rotational airflow is defined as: 

                  ( cos sin )R RV V j i                            (4.1) 
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where 
1tan ( )

y

x
   with respect to its "virtually locked" center. A detailed computational 

approach about the re-tailored RCVM and its incorporation into IB-LBM framework have been 

described in Chapter 2. 

4.3 Numerical investigation results and discussions 

 Remark that the definitions of three representative time points (“core-in”, “coinciding-center”, 

and “core-out” times) and three interaction stages (pre-interaction, primary and post-interaction 

stages) have been interpreted in detail in Section 2.6.1. For the sake of description convenience, 

these nomenclatures will continue to be adopted here. 

4.3.1 Case A 

 Firstly, Case A aims at simulating the tornado marching from the south of the designated 

building configuration as shown in Fig. 4.1(a), which transforms into the scenario depicted in Fig. 

4.1(b) during the numerical experiment, supported by the re-tailored RCVM. 

 Fig. 4.2 and Fig. 4.3 demonstrate the streamlines and velocity magnitudes at four representative 

time points, including “core-in”, “coinciding-center”, “core-out” time and one time instant in 

post-interaction stage, respectively. Note that the obstacles in present simulation are regarded as 

“virtual translation”, and the RCVM-governed tornado is assumed to be purely rotated without any 

translating movement. However, the realistic perspective has been employed to all figures plotted in 
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this study in which the center of obstacles (cylinders) group is fixed at (0, 0), and the center of 

tornado moves with respect to the time evolution. As demonstrated in Fig. 4.2(a), before the 

“core-in” time point, the rotational flow streamlines ahead of the obstacles appear overall retained 

their original shapes governed by Eq. (4.1). However, this state is distorted in the vicinity of the 

building configuration due to the tornado-building interaction. Similar to single cylinder case 

discussed in Chapter 2, the tornado-building interaction is insignificant in the pre-interaction stage, 

and the affected zone is mainly observed behind the obstacles. Then the flow field, especially in the 

neighborhood of the cylinders, suffers drastic changes when the inner core of the tornado reaches 

the obstacles (primary stage) due to the intensive interaction between cylinders and tornadic wind. 

As visualized in Fig. 4.2(b) and (c), the streamlines around the building configuration are detected to 

become much asymmetric and complicated. A few wake vortexes are formed behind the cylinders, 

and these vortex structures change frequently, which again indicates the complex flow features 

occur in the primary interaction stage affected by the translational and rotational component 

simultaneously. After the “core-out” time point, vortex shedding phenomenon can be detected in the 

downward direction behind cylinder #2 and #4, especially for cylinder #4 (see Fig. 4.2(d)). This 

observation can be regarded as another evidence that translational flow dominates the wakes of the 

obstacle when the cylinder-quintuplet configuration goes farther from the tornado since the rotation 

intensity decreases in far field of the computational domain. By comparing the velocity magnitudes 

plotted in Fig. 4.3 (a) – (d), the highest velocity is right in front of cylinder #1 in the pre-interaction 
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stage, and then, in the primary and post-interaction stages, the zone with highest velocity is shifted 

into the wake region. Moreover, this highest velocity zone is observed to exhibit an upward trend 

during the interaction process.  

 
                    (a)                                     (b)                                                      

 
                    (c)                                      (d) 

  

 Fig. 4.2 Streamline contour for Case A at four representative time instants: (a).at right rc; (b). 

tornado center; (c). at left rc; (d). departed tornado) 
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                  (a)                                      (b)                                                      

   
                 (c)                                      (d) 

 Fig. 4.3 Velocity magnitude for Case A at four representative time instants: (a).at right rc; (b). 

tornado center; (c). at left rc; (d). departed tornado) 
 Besides, the loadings on each cylinder can also be analyzed through evolution of Cx, Cy, and Cm. 

As depicted in Fig. 4.4 - Fig. 4.6, in the pre-interaction stage (x < -3), all three coefficients of 

cylinder #1 and #5 start to decrease and vary in a relative stable trend at the beginning (x < -15). Cx, 

Cy, and Cm exerted on cylinder #1 and #5 are observed to be almost the same. Then when the 

tornadic wind gets close to the cylinders (about 13x   ), the force coefficient curves for cylinder 

#1 and #5 start to separate from each other, and the slope of each curve for cylinder #1 is 
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significantly larger than that for cylinder #5, while coefficients for other three cylinders vary within 

a relative small range. These can be explained by the following two reasons: firstly, front obstacles, 

which located closest to the incoming tornadic wind are supposed to endure higher loadings than 

those located aside the front buildings, and this phenomenon is named as “front effect” for 

convenience; secondly, the tornado center exhibits a slight upward in the pre-interaction and 

primary stage, which is attributed to the counterclockwise rotational flow component in this 

tornadic wind. Consequently, the extremum value and variation trend of Cx, Cy, and Cm for cylinder 

#1 are much larger than those for cylinder #5. This observation is named as “deviation effect”. 

Along with “front effect”, these two effects can be adopted not only in this specific case, but also fit 

all five test cases in current cylinder-quintuplet simulations, which will be examined and discussed 

in following sub-sections.  

 As time elapses, Cx, Cy, and Cm reach their first extremum point in the vicinity of “core-in” 

point (x = -3). Taking the extremum Cx as an observation point, it can be noticed that Cx for cylinder 

#1 is almost 3 times higher than that for cylinder #5, and forces exerted on other three cylinders are 

quite small. This feature indicates cylinder #1 endures the largest loadings in Case A configuration. 

After the loadings reach the extremum point at “core-in” time, Cx, Cy, and Cm for each cylinder start 

to increase, and the slope for each curve remains at a relative high value due to the intensive 

interaction during the primary stage. Then, a second turning point is observed near 9x   in Cx, Cy, 

and Cm curves, which indicates that heavy loadings still exist even the tornado moves away from the 
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building.  

 Even hidden behind cylinder #1 and #5, cylinder #2 and #4 still call for attention. In the 

post-interaction stage (x > 10) when the tornado goes more distant, Cx, Cy, and Cm for these two 

cylinders show periodically oscillating (see Fig. 4.4 - Fig. 4.6), which look like curves when purely 

translational flow passes single cylinder, and the amplitude of cylinder #4 is larger than that of 

cylinder #2. This observation can be further verified by shedding vortex in the wake region in Fig. 

4.2(d), indicating these two cylinders are dominated by the translational velocity and less affected 

by the rotating tornadic wind, in particular in the lower half of the configuration.  

 In general, cylinder #1 endures the largest loading during the tornadic wind simulation, 

followed by cylinder #5. The building first reached by the tornado is considered to be more affected 

by the rotational component than the hidden buildings, especially when the tornado moves upward 

toward the building due to “deviation effect”. On the other hand, cylinders located opposite to the 

incoming tornado, such as #2 - #4 in this case, are mainly dominated by translating component, and 

these cylinders are identified to be less affected by the strong rotating tornado. These conclusions 

will be further examined in the following cases with different incoming directions. 

 Next, in order to assess how the mesh resolution and domain size affect the cylinder-quintuplet 

case, numerical tests corresponding to Case A are performed using meshes with different resolutions 

and X-dimension lengths. Besides the computational domain [-40, 40] × [-15, 15] with 1/50 mesh 

resolution discussed above, another two sets of experiments, including computational domain [-30,  
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 Fig. 4.4 X-direction force coefficient for Case A 

  

 Fig. 4.5 Y-direction force coefficient for Case A 

  

 Fig. 4.6 Moment coefficient for Case A 
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30] × [-15, 15] with 1/50 mesh resolution, and [-30, 30] × [-15, 15] with 1/60 mesh resolution, are 

studied as well, and other parameters are fixed. By comparing the evolution of three dimensionless 

coefficients Cx, Cy, and Cm shown in Fig. 4.7, the overall trend for these three sets of test cases are 

the same, and only the extreme value for each case varies in small ranges due to the X-dimension 

and mesh resolution impacts. According to the tests, regardless of mesh resolution and 

computational dimension, all the features regarding the interaction between tornado and the 

obstacles are proved to be reliable. 
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 Fig. 4.7 Three sets of testing cases for Case A with different mesh resolution and 

X-dimensional size 

 (Notes: first row represents the Cx, Cy, Cm for domain [-40, 40]  [-15, 15] with mesh resolution 1/50; 

second row represents the Cx, Cy, Cm for domain [-30, 30] [-15, 15] with mesh resolution 1/50; third row 

represents the Cx, Cy, Cm for domain [-30, 30]  [-15, 15] with mesh resolution 1/60;) 

4.3.2 Case B 

 Next, the cylinder-quintuplet turns 45 degrees in counter-clockwise direction on the basis of 

Case A, which is equivalent to clockwise spinning 45 degrees for the incoming direction of tornado 

in reality. The streamlines and velocity magnitudes for four representative time instants are depicted 

at Fig. 4.8 and Fig. 4.9. Similar to Case A, until “core-in” time point, the streamlines in the vicinity 

of the obstacles are discovered to be distorted due to the tornado-obstacles interaction, while 

streamlines far away from the obstacles still maintain the undisturbed profile. An upward trend of 

the tornadic wind is again observed in pre-interaction stage (see Fig. 4.8 (a)), which results in the 

force loadings exerted on cylinder #1 and #2 significantly higher than those on other cylinders (see 

Fig. 4.10– Fig. 4.12). Despite the “deviation effect” attributed to the high loadings on cylinder #1 

and #2, the location of these two cylinders should be considered seriously as well. Recall that 
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cylinder #1 and #5 are the two obstacles enduring the highest loadings in Case A due to the “front 

effect”. Analogically, cylinder #1 and #2 are the two obstacles closest to tornado among the five 

cylinders for this case. Therefore, based on these two effects, they are believed to endure highest 

loadings during the tornado-buildings interaction undoubtedly, in particular cylinder #1.  

  
                  (a)                                (b) 

 

                  (c)                                (d) 

  
 Fig. 4.8 Streamline contour for Case B at four representative time instants: (a).at right rc; (b). 

tornado center; (c). at left rc; (d). departed tornado) 
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                (a)                                     (b) 

  

(c)                                     (d) 

 Fig. 4.9 Velocity magnitude for Case B at four representative time instants: (a).at right rc; (b). 

tornado center; (c). at left rc; (d). departed tornado) 

 As shown in Fig. 4.10– Fig. 4.12, Cx, Cy, and Cm  for each cylinder reach the extremum value 

near “core-in” point, and then vary drastically until the second turning point at around x = 0. Again, 

another extremum point is re-emerged on cylinder #1 near 8x   (see Fig. 4.10– Fig. 4.12) in the 

post-interaction stage, confirming that the tremendous loadings last until the obstacle completely 
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detached the inner core of the tornadic wind. After the tornado goes distant, rotational component no 

longer dominates the domain, thus, the force coefficients restore to relative stable states after x >10. 

 After analyzing the upper half of the configuration (cylinder #1 and #2), other three cylinders 

(cylinder #3, #4, and #5) located at the lower half will be discussed. Neither “front effect” nor 

“deviation effect” can be applied to analyze the loadings on these three cylinders. Consequently, the 

influence caused by the rotation can be reduced greatly, and the trends of Cx, Cy, and Cm on cylinder 

#3, #4, and #5 remain much more stable than those on cylinder #1 and #2 during the whole 

procedure. These discoveries imply that the impacts of tornado on different obstacles in one 

configuration can vary significantly and appropriate arrangement of buildings is of vital importance 

to prevent tornadic wind. Moreover, when the tornado goes distant, frequent oscillation can be 

observed at the end stage of the evolution figures for cylinders #3, #4, #5 (see Fig. 4.8(d), Fig. 

4.9(d)), which further indicates that the translational velocity dominates the flow at post-interaction 

stage. 

  
 Fig. 4.10 X-direction force coefficient for Case B 
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 Fig. 4.11 Y-direction force coefficient for Case B 

  

 Fig. 4.12 Moment coefficient for Case B 

4.3.3 Case C 

 With spinned 45 more degrees in anti-clockwise direction on the basis of Case B, the center of 

tornadic wind, cylinder #1 and #5 are in the same horizontal level, and cylinder #1, #2, and #3 are in 

front half of the configuration, while other two cylinders located behind them. Thus, according to 

the “front effect” concluded in Section 4.3.1, cylinder #1, #2, and #3 are expected to reach the inner 
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core of tornadic wind prior to cylinder #4 and #5, which leading to higher loadings on the front three 

obstacles, and the velocity magnitude of cylinder #1, #2, and #3 is obviously larger than that of 

cylinder #4 and #5 in pre-interaction and primary stage (as shown in Fig. 4.14(a) and Fig. 4.14(b)). 

Then taking “deviation effect” into consideration, with the cylinder-quintuplet marching towards the 

tornado, upward trend of the tornadic wind is still discovered, which results several irregular vortex 

found behind and upon the obstacles (see Fig. 4.13(b) and (c)). These features indicate drastic 

interaction between the tornado and cylinder #2 and #3. Fig. 4.15 demonstrates the force coefficient 

evolution in x-direction, and note that three curves representing cylinder #1, #2, and #3 tend to 

alleviate rapidly in pre-interaction stage along with tornado close to the obstacles (x = -3), and then 

they reach the extremum point in sequence from #1 to #3. Even the three cylinders reach the 

“core-in” point at different time depending on their relative locations, the extremum values of Cx for 

these three cylinders are quite similar. However, the force coefficient in y-direction and moment 

coefficient on cylinder #2 are observed to be larger than cylinder #1 and #3, which is attributed to 

upward trend of tornadic wind. Thus, cylinder #2 endures higher loadings than cylinder #1 located 

at the horizontal level and #3 in top of the configuration. It can be concluded that Cx is largely 

determined by the combined effects of “deviation effect” and “front effect”; however, the value of Cy 

and Cm are mainly determined by “deviation effect”.  
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(a)                                     (b) 

 

(c)                                     (d) 

  

 Fig. 4.13 Streamline contour for Case C at four representative time instants: (a).at right rc; (b). 

tornado center; (c). at left rc; (d). departed tornado) 



  

 92 

  

  

                  (a)                                      (b) 

 

                  (c)                                     (d) 

Fig. 4.14 Velocity magnitude for Case C at four representative time instants: (a).at right rc; (b). 

tornado center; (c). at left rc; (d). departed tornado) 

Compared to the heavy loadings on front three cylinders, loadings on cylinder #4 and #5 are 

approximately only one third of cylinder #1 - #3 in x-direction. Translational flow dominates the 

wake of cylinder #4 and #5 as they located beside the front three cylinders. Compared with cylinder 

#4, cylinder #5 shows clearly frequent oscillation in the wake of the flow. Closed to rotational 

dominance cylinder #3, the wake pattern for cylinder #4 is distorted by cylinder #3 and the 
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moved-up tornado center (see Fig. 4.14(d)). However, cylinder #5 undergoes weak influence since it 

is away from the cylinder #1-#3 group. Thus the oscillation phenomenon can be detected clearly 

behind the cylinder #5. 

  
 Fig. 4.15 X-direction force coefficient for Case C 

  

 Fig. 4.16 Y-direction force coefficient for Case C 
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 Fig. 4.17 Moment coefficient for Case C 

4.3.4 Case D 

 As the cylinder-quintuplet continue to spin 45 degrees on anti-clockwise direction, cylinder #2 

becomes the front obstacle in this situation, and cylinder #3 and #4 move to the upper half as well. 

Again, according to the aforementioned “front effect”, cylinder #2 is affected by the rotational 

tornado prior to other cylinders ahead of other cylinders due to its front location. Then taking 

“deviation effect” into consideration, the tornado center is observed to exhibit an upper trend, and 

gets close to cylinder #3 and #4 located at upper side (see Fig. 4.18(a)) in sequence. These 

observations manifest that cylinder #2, #3, and #4 obviously endure higher loadings than cylinder 

#1 and #5, which is proved again in Fig. 4.20 – Fig. 4.22. Similar to Case C, the evolution of 

x-direction force coefficient for cylinder #2, #3, and #4 tends to be very close to each other, and they 
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reach the first turning point near “core-in” time instant in sequence from #2 to #4 with respect to the 

position for each cylinder. Likewise, the force coefficient in y-direction and moment coefficient on 

cylinder #3 are detected to be larger than cylinder #2 and #4, which are obviously attributed to the 

superposition of “deviation effect” and “front effect”, as discussed in Case C. Another two cylinders 

#1 and #5 are located at the bottom and right side of the configuration, respectively. The extremum 

values of Cx, Cy, and Cm on these two cylinders are not as high as the front three. Force loadings on 

cylinder #1 and #5 in x-direction are discovered to be approximately only 1/3 than those exerting on 

cylinder #2, #3 and #4. Also, the shedding of vortices can be monitored in the downward direction 

in the post-interaction stage (see Fig. 4.18(d) and Fig. 4.19(d)) and the translating flow is believed to 

dominate the domain at the end stage when the cylinder-quintuplet moves away from the tornado.
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                  (a)                                     (b) 

 
  (c)                                     (d) 

  

 Fig. 4.18 Streamline contour for Case D at four representative time instants: (a).at right rc; (b). 

tornado center; (c). at left rc; (d). departed tornado) 
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                   (a)                                     (b) 

 
                  (c)                                     (d) 

 Fig. 4.19 Velocity magnitude for Case D at four representative time instants: (a).at right rc; (b). 

tornado center; (c). at left rc; (d). departed tornado) 
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 Fig. 4.20 X-direction force coefficient for Case D 

 

  

 Fig. 4.21 Y-direction force coefficient for Case D 
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 Fig. 4.22 Moment coefficient for Case D 

4.3.5 Case E 

 In this case, cylinder #3 moves to the front of this configuration, and cylinder #1 and #5 are 

located at bottom and top of the cylinder-quintuplet configuration, respectively. Likewise, upward 

deviation can be observed for tornado center when the tornadic wind approaches the obstacles (see 

Fig. 4.23(a) and Fig. 4.24(a)). Again, taking the “deviation effect” and “front effect” into 

consideration, cylinder #3, #4 and #5 suffer higher force loadings than the two cylinders located in 

lower part. The force in x-direction acting on cylinder #5 is nearly two times higher than cylinder #3 

and #4, however, Cy and Cm for cylinder #4 are much larger than others (see Fig. 4.25 – Fig. 4.27).  

 Cylinder #1 is located at the bottom, which is far away from the deviated tornado center, and 

three coefficients depicted in Fig. 4.25 – Fig. 4.27 indicate that rotational flow affects cylinder #1 

very limited, and the loading on this cylinder is close to 0. Loadings exerted on cylinder #2 are 
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monitored to be higher than cylinder #1, but still lower than the upward three cylinders apparently 

due to its position. Moreover, shedding vortices can be found in the wake region of the cylinder #1 

as depicted in Fig. 4.23(d) and Fig. 4.24(d), which again identifies the dominant effect of the 

translational flow when the cylinder-quintuplet goes distant. 

  

    (a)                                 (b) 

         

      (c)                                  (d) 

  

 Fig. 4.23 Streamline contour for Case E at four representative time instants: (a).at right rc; (b). 

tornado center; (c). at left rc; (d). departed tornado) 
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                  (a)                                   (b) 

  

                 (c)                                    (d) 

 Fig. 4.24 Velocity magnitude for Case E at four representative time instants: (a).at right rc; (b). 

tornado center; (c). at left rc; (d). departed tornado) 
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 Fig. 4.25 X-direction force coefficient for Case E 

  

 Fig. 4.26 Y-direction force coefficient for Case E 
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 Fig. 4.27 Moment coefficient for Case E 

4.3.6 On rotation direction 

 The tangential velocity RV  in precedent numerical cases are all based on Eq. (4.1), which is 

derived from the traditional RCVM. This governing equation leads to the counter-clockwise rotation 

direction when transforming into streamline contour. However, what if the rotation direction is 

reversed? Next, how rotation direction can affect the loadings will be investigated as follows. 

 When Eq. (4.1) is revised to:                                                                      

                        sin cosR RV V i j                         (4.2) 

So that clockwise circular-shaped streamlines are obtained as shown in Fig. 4.28, which can be 
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easily observed to be contrary to the cases discussed in Section 4.3.1 - 4.3.5. 

           

(a) Precedent cases in Section 4.3.1 - 4.3.5          (b) new case in Section 4.3.6 

 Fig. 4.28 Comparison between precedent cases and current case on different rotation direction 

 Using the cylinder-quintuplet configuration in Case A performed in Section 4.3.1 as an 

example. All other variables remaining the same while changing the rotation direction by employing 

the tangential velocity as expressed in Eq. (4.2). Fig. 4.29 and Fig. 4.30 group the streamlines and 

velocity magnitudes at four representative time instants, respectively. Compared with 

counter-clockwise rotational case in Section 4.3.1 - 4.3.5, it is easy to observe that the “deviation 

effect” still exists, however, the tornado overall exhibit a downward trend (see Fig. 4.30(a)-(c)), 

instead of deviating to the upward as depicted in Fig. 4.3, and the vortex shedding phenomenon also 

presents downward trend in the wake region behind the cylinders. The velocity magnitude contours 

in Fig. 4.30(a-c) also illustrate that the velocities at the vicinity of cylinder #5 and #4 are larger than 

other three, in particular cylinder #5, which indicates that cylinder #5 is affected mostly attributed to 
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the tornado-building interaction. Thus, according to the “front effect” and “deviation effect” 

aforementioned, the loadings exerted on cylinder #5 are proved to the highest in this case, instead of 

that belonging to cylinder #1 in Case A. Likewise, as cylinder #4 located behind the cylinder #5, the 

loading on cylinder #4 is observed to be smaller than cylinder #5, but still larger than other three 

cylinders located at upper half of the configuration. When the tornado moves farther from the 

cylinder group, the shedding of vortices can be observed in the upward direction (see Fig. 4.29(d)), 

which is opposite to the Case A in Section 4.3.1. The loading coefficients in Fig. 4.31 also confirms 

that the translational flow dominates the domain after the tornado passes the cylinders, especially 

cylinder #1 and #2 at upward of the configuration. As all the parameters remaining unchanged 

except for the rotation direction, the trend of each coefficient, as well as each extremum point, are 

all observed to be quite similar to the results obtained in Section 4.3.1. Only the sequence of the 

building loads, as well as the direction of Cy, Cm, reversed in current situation. 
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   (a)                                     (b) 

 
   (c)                                     (d) 

  

 Fig. 4.29 Streamline contour for clockwise rotation of tornadic wind at four representative time 

instants: (a).at right rc; (b). tornado center; (c). at left rc; (d). departed tornado) 
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                  (a)                                     (b) 

 
                  (c)                                     (d) 

 Fig. 4.30 Velocity magnitude for clockwise rotation of tornadic wind at four representative time 

instants: (a).at right rc; (b). tornado center; (c). at left rc; (d). departed tornado) 

 Rotation direction is proved to be a significant influencing factor when investigating the 

tornadic wind over obstacles in real world. The deviate direction can be determined after the rotation 

direction is identified, and the most dangerous region with largest loading can be determined at the 

same time. This significant discovery plays an important role for providing the civil designers a 
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good understanding of the potential principle about tornadic wind loads distribution using numerical 

way.  

  

  

  

  

  

  

  

  

  

  

 Fig. 4.31 Coefficients with different rotation direction 

 (Notes: first row represents the Cx, Cy, Cm for clockwise rotation case; second row represents 

the Cx, Cy, Cm for counter-clockwise rotation case.) 

4.4 Conclusions 

 Extended from the Chapters 2 and 3, this paper focuses on its application to simulations of 

more practical problems in the case of tornadic wind load over cylinder-quintuplet configuration. A 

few distinctive features are demonstrated through various numerical experiments performed in the 
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present study: 1) Tornadic wind tends to exhibit deviation trend depending on its rotation direction 

and the location of the obstacle. Despite its original trace, the tornado center is observed to vertically 

deviate upward or downward due to the interaction between the tornado and obstacles, which 

induces a much higher loadings exerting on obstacles located at the same side with the deviation 

direction than those located at opposite directions. Moreover, these obstacles reaching the tornado 

core earlier are monitored to endure a heavier loadings than those hiding aside the front obstacles. 

Inspired by these observations, namely “front effect” and “deviation effect”, it is enlightening for the 

civil designers to plan several solid obstacles around the buildings group to resist the property 

damage induced by the tornado. The loadings on the building can be alleviated greatly when tornado 

first contact the solid obstructions. This design is regarded as an important seal for circumjacent 

buildings configuration. 2) Before “core-in” time instant, translating flow tends to dominate the 

wake of the obstacle, and this dominance reoccurs when the tornado goes distant. As implied in 

RCVM, the tangential velocity outside the inner core of tornado is decreased steeply along the radial 

direction, which results the dominance of translating flow reflected on the flow pattern. Loadings at 

the beginning of “pre-interaction” stage and “post-interaction” stage are relatively slight with 

smaller slope, in particular loading in y-direction. Moreover, vortex shedding phenomenon can be 

detected at the wake of the obstacles after the “core-out” time instant, which further manifests the 

dominance of translating flow at the end stage of the simulation. 3) Tornadic wind loadings vary 

tremendously in “primary” stage. As illustrated in the coefficient evolutions in Section 4.3, the 
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loadings undergo an intensive variation during the “primary” stage, and the maximum value can 

reach ten times as high as that in translating-dominated time instant. This indicates the significant 

impact attributed to the rotating feature of tornado, and the huge magnitude of the loadings also 

manifest the reason why the disastrous wind causes the numerous property damages. 
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Chapter 5 A Novel Three-Dimensional Immersed-Boundary (IB) 

Approach Based Tornado Model Powered by Prediction-Correction 

Technique Part I – Numerical Methods and Benchmark Testing 

This chapter is based on the following paper (ready to submit to Journal of Computational Physics): 

Xixiong Guo, Jun Cao. A Novel Three-Dimensional Immersed-Boundary (IB) Approach Based 

Tornado Model Powered by Prediction-Correction Technique Part I – Numerical Methods and 

Benchmark Testing 

5.1 Summary 

 Focusing on the study of three-dimensional tornado dynamics, a novel computer simulation 

framework has been built that features conjoining multiple numerical techniques in a seamless 

manner. Due to the large scope of this study, its presentation unfolds in two parts. This first part 

mainly address the numerical methods employed in this study, and the validation with the aid of a 

series of benchmark cases. The incorporated numerical methods mainly include the immersed 

boundary method (IBM), high-order compact finite difference scheme, and prediction-correction 

strategy. In order to more efficiently deal with moving boundary problems, a three-dimensional 

hybrid Navier-Stokes flow model based solver is developed in this study that embeds a feedback 

forcing based immersed boundary method into a high-order compact finite difference discretization 
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of space. Moreover, for the sake of numerical accuracy improvement and convergence acceleration, 

a prediction-correction scheme is employed, such that the feedback forcing term in IBM experiences 

both prediction and correction in each time-advancing step, and the simulation results reveal that the 

convergence can be accelerated by over 40% along with enhanced numerical accuracy owing to the 

prediction-correction technique. This highly hybrid computational framework has been validated by 

a large set of numerical experiments, with its advantages clearly demonstrated.  

5.2 Introduction 

 The greatest bottleneck of tornado investigation using numerical methods is its highly dynamic 

nature. The velocity boundary condition is time-dependent when taking into account all its 

translational, rotational, and vertical components. Conventional methods to deal with moving 

boundary problems, such as Arbitrary Lagrangian Eulerian (ALE) method [61]-[62] and 

fictitious-domain methods [63]-[64], need to employ body-fitted grids that conform to the geometry 

of the solid surface for discretization of the governing equations. The time-dependent boundary 

needs to be updated, and the structure of the body-fitted mesh needs to be reconstructed every time 

step in accordance with the moving object, which is computationally very painful and, in turn, costly. 

To overcome that tedious updating process, Guo et al. [65]-[66] examined the tornado-induced 

loadings with the aid of immersed boundary method (IBM) and “relative motion” principle. The 

IBM is a simple, but efficient tool applied to the interaction problems between fluid and structures 
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with arbitrary boundaries using a Cartesian-style grid. That is, the computational grid does not need 

to conform to the boundaries of solid objects no matter how the objects move or deform, with the 

desired boundary conditions imposed by applying a numerical algorithm in the vicinity of the 

immersed boundary. Therefore, IBM effectively avoids the difficulties faced in the grid regeneration 

process when dealing with flow associated with complex geometries. In addition, considering the 

“relative motion” strategy, a “virtual” translation of the building towards a rotating airflow about its 

“virtually locked” center was conducted. Thus, a time-independence form of boundary condition 

was set up, and the original highly time-dependent model can be completely converted as a 

traditional moving boundary problem, which was solved with IBM efficiently and straightforwardly. 

 In previous studies (Chapters 2-4), the tornado-induced loading on a single cylinder-shaped 

building and configurations of such buildings were extensively studied and, particularly, the relation 

between the rotation intensity of a tornado and the loadings on the constructions was investigated. 

However, this series of studies focused on a two-dimensional (2D) scenario, which represent the 

flow behavior on a horizontal plane with a cross-section of the building. Tornadoes, well-known as 

three-dimension (3D) flow phenomenon, fundamentally devastate the building structures with the 

combination of simultaneous velocity components in all three directions [67]-[68]. In order to 

achieve a better understanding of the underlying loadings induced by tornadoes with all directions 

considered, especially in the vertical z-direction, this study aims to extend the tornado simulation to 

all three dimensions.  
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 The excessive computational cost required for 3D tornado dynamics study is the most 

challenging barrier, as the entire computational domain required for 3D simulation increases 

exponentially if compared with previous 2D simulations [65]. Thus, it is essential to employ a 

powerful computational framework with massive and high efficient parallelizability, which is also 

eligible to deal with fluid-structure interaction (FSI) problems.  

 Incompact3d [69]-[70] is an efficient numerical tool that can be coupled with massive parallel 

platforms in order to simulate turbulence problems, using large eddy simulation (LES) [71] or direct 

numerical simulation (DNS) [72] strategies. Incompact3d is based on Cartesian mesh. The use of 

such a simplified mesh offers the opportunity to implement high-order compact schemes for the 

spatial discretization. Furthermore, an immersed boundary method (IBM) is also seamlessly 

embedded into the package, which allows the implementation of any solid body, complex geometry 

or moving boundary problems inside the computational domain. With all these features enabled, this 

open source package can be utilized for 3D tornado-construction interaction study as long as 

specific modifications are made.  

 In spite of the aforementioned advantages of Incompact3d, its fatal drawback lies in the 

insufficient accuracy due to its direct forcing based IBM. Historically, IBM was proposed by Peskin 

[30] in order to study the blood flow in human heart a few decades ago, following the work of 

Peskin [30], intensive effort in the IB area can be categorized by the mechanism used to build the 

restoring force. Mohd-Yusof [73] and Fadlun et al. [74] recast the immersed boundary method based 
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on a direct forcing approach. A key to this method is the enforcement of boundary conditions 

directly, through specification of local distributions of the fluid properties (velocity and sometimes 

pressure) near the immersed boundary. Wu et al. [60] presented an implicit scheme named 

velocity-correction method, in which the restoring force is no longer pre-calculated and keeps 

updated by introducing a velocity-correction step to constantly ensure the satisfaction of non-slip 

condition. Yang and Balaras [75] developed a variance of the embedded-boundary approach with 

the aid of multi-dimensional interpolation to interpret the grid-interface relation for complex 

boundary shapes. Taira and Colonius [76] proposed the immersed-boundary projection method, in 

which the pressure and restoring forces are treated together as Lagrangian multipliers, and solved by 

fractional step (projection) method. Goldstein et al. [41] introduced a feedback forcing approach to 

enforce the desired boundary conditions at the immersed boundary. This feedback forcing was 

successfully applied to many moving boundary problems with satisfactory accuracy. On the other 

hand, a number of recent studies focused on incorporating immersed-boundary methods into 

high-order CFD solvers. For example, Zeng et al. [77] used a third-order upwind-biased 

finite-difference scheme along with a ghost-cell based immersed-boundary method to solve 1D and 

2D transport problems, which resulted in an overall third-order accuracy. Seo et al. [78] combined 

the high-order compact finite-difference scheme and a sharp-interface based immersed-boundary 

method to solve aeroacoustic problems with complex bodies, and they interpreted the relation 

between fluid points and discretized solid boundary points by high-order polynomial interpolation. 
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Yang et al. [79] managed to solve the moving boundaries on laminar and transitional flow by 

solving the filtered incompressible Navier–Stokes equations using IBM and large eddy simulation 

techniques. Linnick and Fasel [80] employed an explicit fourth-order Runge–Kutta time integration 

scheme, fourth-order compact finite-differences compact method to solve two-dimensional 

incompressible Navier-Stokes equations in the stream function-vorticity formulation, and a 

fourth-order immersed-boundary method was applied to treat the boundary at the same time. 

 The IBM implementation in the original Incompact3D code relies on combination of direct 

forcing approach [81] with centered finite difference schemes of high accuracy. This combination is 

a priori problematic due to the discontinuities on velocity and pressure field at the vicinity of the 

immersed boundary, especially when the solid object is in moving condition. As a straightforward 

and explicit solver, feedback forcing model [41] has been proven to be a more accurate and efficient 

IB approach. In this study, the feedback forcing IB model is chosen to be incorporated into the 

Incompact3d package, making the first time of coupling the feedback forcing based IB with 

high-order finite difference discretization scheme. Moreover, a prediction-correction strategy is also 

first time adopted into IB module in order to achieve faster convergence and better accuracy.  

 The rest of this paper will unfold as follows. Section 5.3 describes the details of proposed 

feedback forcing based framework for this study, followed by series of benchmark testing cases for 

validation purpose, as demonstrated in Section 5.4, both in stationary and moving status. Finally, 

some concluding remarks are made in Section 5.5 for the first stage of this study. Extended 
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simulations focusing on the study of tornado dynamics will be presented in the second part that will 

follow. 

5.3 Numerical methods 

 For modeling a viscous incompressible fluid flow with an object immersed in the fluid, the 

Navier-Stokes (N-S) equations with external force term enabled have been routinely employed. 

Furthermore, an immersed-boundary (IB) method based on feedback forcing model [41], which has 

been explained in Section 2.4.2, is incorporated in the N-S flow model, aiming to solve the 

fluid-solid interaction (FSI) problems. Details of this IB-embedded N-S framework will be 

described in this section. 

5.3.1 Governing equations 

 Mass and momentum conservation principles are represented by the Navier-Stokes equations, 

which have the following form for an incompressible fluid 

 ( )   f- +
u

u u p u
t

 


     


                          (5.1) 

 0u                                      (5.2) 

where  ( , ) ( ( , ), ( , ), ( , ))u x t u x t v x t w x t  is the fluid velocity, ( , )p x t is the pressure field, and   

is a constant density ( 1  ) in the present framework.   is the dynamic viscosity, and f is the 

external forcing term caused by the interaction between immersed object and fluid, which can be 
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obtained from the immersed boundary method. The equations are spatially discretized and solved by 

using sixth-order, compact finite-different schemes, and details of the solution procedure are 

described in the subsequent sections. 

5.3.2 High-order finite difference discretization    

 In order to numerically solve the governing equations, Incompact3d [69], an open-source code 

developed mainly by Laizet & Lamballais [69] and Laizet and Li [81] from Université de Poitiers 

and Imperial College London, respectively, was applied as the primary N-S solver. All governing 

equations are discretized and solved on a collocated velocity grid via the six-order central compact 

finite different scheme [82], while the pressure is on a staggered grid. A second-order 

Adams-Bashforth (AB) discretization scheme is used for time-advancement, which will be detailed 

in the next subsection. The continuity is verified at the end of each sub-time step by solving a 

pressure Poisson equation. This Poisson equation is fully solved through a spectral solver via the 

utility of 3D Fourier transforms to avoid the expensive cost incurred by the application of high-order 

scheme combined with iterative techniques. The code allows for massively parallel processing 

through MPI implementation, which is built upon the pencil domain decomposition strategy [81]. 

5.3.3 Time discretization 

 The time integration for solving Eq. (5.1) is performed using a second-order Adams–Bashforth 
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scheme. A fractional step method [83]-[86] is applied to deal with the pressure and the 

incompressibility constraint by decoupling the velocity and pressure through the following 

successive steps: 
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where 
**u and 

*u are the intermediate velocities obtained between time step (n+1) and n. Remark 

that, in order to solve the Eq. (5.3), the forcing term 1f n  should be pre-determined to satisfy the 

boundary condition of the immersed object, and this term, will be described in the next sub-section 
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where the immersed boundary method is elucidated. 

5.3.4 Forcing term calculation 

 In order to model the interaction between the immersed object and the fluid, an external forcing 

term is added to the governing equation, which is already depicted in Eq. (5.1). IBM (see Section 

2.4.2) is applied to calculate the forcing term f . In order to deal with the numerical oscillation that 

is often present in the simulation of moving boundary problems, the feedback forcing model is 

applied in the this study, instead of using the direct forcing method that was embedded in the 

original Incompact3d package, so that the accuracy of the numerical solution of velocity at the 

vicinity of the immersed obstacle can get significantly improved, especially when the immersed 

object is moving. The forcing term can be determined as follows [41]: 

  ( , ), ( , ) ( ( , ))u X s t t u x t x X s t dx


                    (5.9) 

                    
   ( , ), ( , ),BU X s t t u X s t t

                   (5.10) 

  1 0 2 0
0
( )

t

RST B BF U U dt U U                       (5.11) 

                 ( , ) ( , ) ( ( , ))RST RSTf x t F s t x X s t ds


                    (5.12) 

where x and u are the Eulerian coordinates and fluid velocity; RSTf  represents the force density 

acting on the fluid due to the immersed boundary, which is also referred to as "restoring force"; 

s represents the Lagrangian parametric coordinates; X and BU  are the coordinates and velocity of 
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the Lagrangian points, 0U is the velocity of the immersed object; RSTF  is the density of the 

boundary force strictly distributed along the immersed boundary, which is also referred to as 

"Lagrangian force"; and ( ( , ))x X s t   is the Dirac delta function. 

 In an incompressible viscous fluid flow field  , according to Eqs. (5.9) and (5.10), the surface 

curve of immersed obstacle is discretized into m Lagrangian points, and the discretized form of the 

velocity at a Lagrangian point denoted by the superscript l (l = 1,2,3,…,m) can be expressed as:  

      
, ,

, ,l l l

B B ijk ijk B

i j k

U X t u x t D x X x y z                        (5.13) 

in which  l

ij ij BD x X , as replacement of the Dirac function ( ( , ))x X s t  in Eq. (5.9) for 

measuring the closeness of an Eulerian point and a Lagrangian point, takes the following 

approximation: 

       l l l l

ijk ijk B ijk B ijk B ijk BD x X x X y Y z Z                  (5.14) 

where ( )r is a continuous function defined as follows for all real r:  
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which was originally proposed by Peskin [31], and h represents the mesh spacing to perform the 

delta function interpolation. After velocity at the Lagrangian point is obtained via Eq. (5.9), no-slip 

boundary condition should be satisfied strictly, which is guaranteed in Eq. (5.10). Next, the restoring 

force per unit volume exerted on a Lagrangian point can be calculated using Eq. (5.11). A 
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discretized version of Eq. (5.11) at time step j n  can be expressed as: 

               1 0 2 0

1

(( ) ( ) ) (( ) ( ) )
n

RST B j j B j j

j

F U U t U U 


                   (5.16)  

According to [41], 1  and 2  are stable for moderate values within the interval [-100, -1], and 

neither is sensitive to its nominal exact value. 

 Next, the force density 
RSTf  at Eulerian points can be calculated once the RSTF  is available, 

as shown in Eq. (5.12). Then, 
RSTf  is embedded into the governing equation as an external force. 

Thus, the effect induced by the interaction between the solid object and fluid is alternatively 

considered.  

5.3.5 Embedment of prediction-correction strategy into IB 

 Inspired by the advantage in accelerating numerical convergence, a prediction-correction 

scheme [87] is employed in this feedback force model, aiming to speed up the numerical calculation 

and enhance the numerical accuracy during IB process. The method has been widely used in 

nonlinear partial differential equations (PDEs), but has not been found to collaborate with IBM yet. 

The idea of prediction-correction method is the combination of an explicit and an implicit technique 

to obtain a method with better convergence characteristics. The algorithm is normally divided into 

two steps: an initial predicted value obtained from its original value in the prediction step, and an 

improvement of initial predicted value is conducted using trapezoidal rule in the correction step. 

This embedment made in this study represents another significant improvement of the original 
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Incompact3d package, in addition to the aforementioned feedback forcing based IBM 

implementation.  

 When utilizing into feedback forcing based IB algorithm, combining Eqs. (5.3) and (5.4), the 

governing equation is turned to: 
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                  (5.17) 

with f ( , )f u t . According to the principles of prediction-correction algorithm [36], firstly, 

compute a predicted **( )Iu  through: 
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 Then, a corrected solution for 
**u  based on predicted **( )Iu  is obtained by solving: 
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             (5.19) 

This new obtained 
**u  is used as the determined velocity for the subsequent calculation. 

5.3.6 Space discretization 

 A high-order compact finite difference scheme is applied for space discretization based on a 

uniformly spaced mesh where the nodes are indexed by i. Compared to standard finite difference 

method, high-order compact finite difference scheme can reach more accurate results without 

coupling too many neighboring grid for differential purpose. This compact finite difference scheme 

achieves this superiority by mimicking the treatment of spectral method. The distribution of nodes 
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ix  are considered, with =(n-1)ix x  for 1 i n  . The function values at all nodes, ( )i if f x  

are given. The approximation of values of first derivative ' '( )i if f x  at the node i can be derived 

from finite difference scheme. For instance, for second- and fourth- order central difference scheme, 

the approximation of '

if , depends on information of ( 1 1,i if f  ) and ( 2 1 1 2, , ,i i i if f f f    ), 

respectively. A general formulation for the approximation of first derivative can be written as 

follows [82]: 
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                (5.20) 

where f  and 'f  are the variable and its first derivative, respectively. x  is the grid spacing. 

The relations between the coefficients a, b, c and ,   can be obtained after matching the 

coefficients by Taylor series of relative orders, and the first unmatched coefficients determines the 

truncation errors of the approximation. In order to reach the sixth-order accuracy, 

9 1 1
, , 0, , 0

14 9 3
a b c        are selected [70] in the present study. Using the same strategy, 

the approximation of second-order derivative values 
'' ''( )i if f x  can be expressed as: 
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Similarly, the six-order compact scheme is defined as: 
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             (5.22) 

with the coefficients 12 3 2
, , 0, , 0

11 11 11
a b c       . This approximation of sixth-order 

accurate scheme has the same favorable properties as the first derivative in terms of ‘‘spectral-like” 

resolution [82]. 

 In Eq. (5.7), the partial differentiation with respect of velocity u in convective and viscous 

terms are calculated by the high-order compact schemes, which are performed in Eqs. (5.20)-(5.22) 

for first-, and second- order derivatives, respectively. Meanwhile, different kinds of boundary 

conditions, such as Dirichlet, periodic, symmetrical and antisymmetric boundary conditions, are all 

suitable to be applied to this compact scheme. However, the treatment of boundary nodes varies 

under different boundary condition circumstances. More precisely, for Dirichlet boundary condition, 

one sided scheme should be applied on the boundary because the nodes need to be fictitiously 

distributed beyond the boundary, at which i = 1 or n. Therefore, 3rd order one-sided compact scheme 

[82] for both first and second derivatives are employed when i = 1, which is expressed as: 
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 Similarly, first and second derivatives at its adjacent point (i = 2) are presented as: 
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 These two schemes are considered as fourth-order accurate [82]. Similar formulations are 

implemented for the right boundary at i = n and i = n-1. 

 For periodic boundary conditions, Eqs. (5.20)-(5.22) are entirely allowed to be applied, with 

appropriate modifications. The potential “ghost” values, such as 0 1,f f , 1 2,n nf f  , can be 

substituted by their counterparts 1 2,f f , 1,n nf f  in a manner as:  

                  0 1 1 1 1 2 2, , ,n n n nf f f f f f f f                         (5.27) 

 For simplicity, only relations on the original values are presented here, their first and second 

derivatives are all applicable to Eq. (5.27). 

 For symmetric boundary conditions, similarly, “ghost” value can be substituted as: 

                0 2 1 3 1 1 2 2, , ,n n n nf f f f f f f f                          (5.28) 

 So do their first and second derivatives, respectively.  

5.3.7 Boundary condition implementation 

 As depicted in Fig. 5.1, for the sake of description convenience, ① and ② stand for inlet and 

outlet surfaces; ③ and ④ represent the top and bottom surfaces, while ⑤ and ⑥ denote the front 

and rear side of transverse surfaces in y-direction, respectively.  

 In present study, when height of immersed obstacle is equal to domain height (Sections 5.4.1 - 
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5.4.4), which means the object penetrates the whole domain in z-direction, periodic boundary 

condition is applied in ③ and ④ boundaries. Symmetric boundary conditions ( 0
du

dy
 ) are given 

to transverse boundaries (⑤ and ⑥), which can be interpreted as free slip boundary condition, as 

zero normal velocity is given. At the inlet surface (①), the boundary conditions are set as:  

                             0

0

u U

v w

dp

dx




 


 

 


                            (5.29) 

and at the outlet (②), the boundary conditions are 

                            

0

0
du dv dw

dx dx

p

dx
  







                      (5.30) 

No-slip boundary condition ( 0wallu u  ) is employed for all surfaces of solid immersed obstacle 

while all other surfaces remain the same.  

 While when the height of immersed obstacle is finite (shorter than the domain height, Section 

5.4.5), Dirichlet boundary conditions are applied on all surfaces. Blasius solution [88] for flat plate 

flow is added to two transverse surfaces (⑤ and ⑥), top surface (③), as well as inlet surface (①), 

so that the thickness of boundary layer is properly considered. The continuous of velocity on all 

directions can be guaranteed after utilizing this manner. Besides, no-slip boundary condition 

( 0wallu u  ) is employed for all surfaces of solid immersed obstacle and bottom surface (④).  
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 Fig. 5.1 Schematic of domain and boundary condition interpretation   

5.3.8 IB-FDM framework 

 A typical procedure for each time step of the framework is described as follows: 

1. Initialize the computational domain; 

2. Given the immersed-boundary location at time step n+1, identify the fluid, solid and solid 

boundary points on the Eulerian grid; 

3. Obtain forcing term via feedback forcing model; 

 3.a Obtain the velocity BU  at Lagrangian points from Eqs. (5.9),(5.10) and (5.13); 

 3.b Obtain the restoring force RSTF  at Lagrangian points via Eq. (5.16);  

 3.c Distribute the restoring force exerted on Lagrangian points to Eulerian points by Eq. 

(5.12); 

4. Compute the velocity field 
*u  by solving Eq. (5.3); 

5. Compute intermediate velocity 
**u by solving Eq. (5.4); 

6. Compute the pressure 1np   by solving pressure Poisson equation Eq. (5.5); 
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7. Correct divergence-free fluid velocity 
1nu 
 at n+1 time step by solving Eq. (5.6); 

8. Go back to Step 3 if time-marching is still needed; otherwise, stop the computation. 

Note that steps 4 and 5 will be replaced by solving Eq. (5.19) directly when the enhanced 

prediction-correction algorithm is applied.   

5.4 Validation 

 To verify the validity and accuracy of the proposed feedback forcing based Incompact3D 

framework, a series of incompressible viscous benchmark cases, including flows past 

stationary/moving cylinders, flow over oscillating cylinder and flow over finite height square prism, 

are chosen as numerical experiments. These problems have been studied extensively, and some 

existing results reported elsewhere will serve here as references for comparison use. 

 In all present cases, unless otherwise specified, the computational domain is fixed as a cuboid 

with the domain size of 21×16×1 in the x-, y-, and z- direction respectively. A uniform mesh with 

the size of 379×289×32 is taken. The diameter of cylinder is 1, with a height of 1. The fluid density 

is set at 1.0   and the free incoming stream velocity is 1.0U  . The mesh resolution is kept 

the same as default settings of published Incompact3d version, which is used to solve flow around a 

cylinder configuration at Re=300 [69]-[70]. Considering the Reynolds number of all cases discussed 

in present work is less than 300, the mesh resolution should be conservative and reliable. 

 Different from the definition of drag and lift coefficients (Eq. (2.37) and (2.39)) in 2D scenario, 
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the drag coefficient dC  or xC  is then defined as: 

2

2 D
d

x

F
C

U S 

                               (5.31) 

and the lift coefficient lC  or 
yC  is defined as: 
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                               (5.32) 

Sx, Sy denotes the projection area in x- and y- direction, respectively. Similarly, the force coefficient 

in spanwise direction (z-direction) is determined as:  
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                               (5.33) 

where ZF  and zS  are the force and projection area in z-direction, respectively. 

5.4.1 Flow over stationary cylinder at Re = 40 

 The incompressible viscous flow over a stationary cylinder at Re = 40 is a classic benchmark 

case, which has been studied extensively. The cylinder is placed throughout the whole z-direction. 

Under this circumstance, the flow features in each cross-section along z-direction should be 

equivalent to a traditional two-dimension flow over a cylinder case after the flow reaches steady 

state. Thus, periodic boundary condition is employed at the top and bottom surfaces in order to 

maintain the characteristics in this case. This flow features symmetric streamlines about the central 

horizontal line passing through the center of cylinder from two dimension scenario, which is 

confirmed again by the present 3D simulations results as shown in Fig. 5.2. In particular, Fig. 5.2 
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also clearly demonstrates a pair of symmetric recirculating eddies behind the cylinder, while there is 

no indication of flow penetration across the boundary of the immersed object, confirming the 

success of incorporation of the feedback forcing based IB approach in the Incompact3D framework. 

Another important remark can be made on the satisfaction of the no-slip boundary condition on the 

surface of the cylinder in the present model, since Fig. 5.3 illustrates the velocity strictly remains 

zero at the solid boundary.  

 Table 5.1 groups the drag coefficient and recirculation zone length data obtained using this 

proposed framework and those reported by other literature, indicating the present study can produce 

reliable numerical results when dealing a traditional incompressible flow associated with an 

immersed obstacle scenario since they satisfactorily match with other reported data.   

  

 Fig. 5.2 Distributions of streamline, flow over a stationary cylinder at Re = 40 
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 Fig. 5.3 Zoom-in of streamline at the vicinity of cylinder 

 Table 5.1 Comparison of drag coefficient and length of recirculation zone at Re=40 

 References  Drag coefficient dC
  Length of recirculation zone L 

 Fornberg [89]  1.498  2.25 

 Shukla et al. [90]  1.550  2.34 

 Niu et al. [91]  1.589  2.26 

 Wu et al. [55]  1.554  2.30 

 Present  1.518  2.29 

5.4.2 Flow over moving cylinder at Re = 40 

 Furthermore, flow over a moving cylinder case will be tested, which is aimed to validate its 
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capability in moving boundary problems, in particular for translational motion. Here, the free stream 

velocity keeps 0.95U   
while the cylinder itself also moves towards the incoming flow 

constantly at = -0.05objectU , so the incoming flow velocity relative to the moving cylinder remains 

to be 1. This modification generates a horizontal translating velocity for the cylinder, which creates a 

scenario of moving boundary. However, compared to the first test case with a stationary cylinder 

discussed in Section 5.4.1, the modification made here is not expected to alter the flow patterns, 

since the incoming flow velocity relative to the moving cylinder evidently remains the same, so that 

the characteristic velocity defined is unchanged. 

 Unsurprisingly, in this moving boundary case, despite the translation of the cylinder, the flow 

behavior around the cylinder looks identical and steady if observed from the cross-section in 

x-direction, focusing on moving cylinder itself. Fig. 5.4 depicts the streamlines obtained in the 

moving scenario, and exhibits no difference from that in the stationary case as illustrated in Fig. 5.2. 

From three dimensional perspective, as the contour of velocity magnitude shown in Fig. 5.5, 

velocity keeps the same magnitude along z-direction, and the contour in each cross-section is also 

depicted in Fig. 5.6. These two figures again confirm the flow patterns should be equivalent to 

traditional two-dimensional scenario in each plate. The root mean square of velocity in z-direction 

(w) is 0.00073, which proves the three-dimension effect in this case is very weak, and the 

aforementioned results are accurate and reliable. Additionally, this test reveals the capability of the 

feedback forcing based IB approach for simulation of flow problems with obstacle moving in the 
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fluid. 

  

 Fig. 5.4 Distributions of streamline, flow over a moving cylinder at Re = 40 

  

 Fig. 5.5 Contour of velocity magnitude in three dimension at Re = 40 
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 Fig. 5.6 Contour of velocity magnitude in one cross-section (z = 0.5) at Re = 40 

5.4.3 Flow over moving cylinder at Re = 100 

 For simulating the unsteady flow at an elevated Reynolds number Re = 100, the free incoming 

stream moves at 0.95U  again, while the cylinder itself is allowed to be horizontally migrating a 

constant velocity 0.05objectU  
 
in the opposite direction to the free stream, and all other 

conditions remain unchanged. Fig. 5.7 shows the contour of velocity magnitude in 

three-dimensional view at one time instant, and Fig. 5.8 - Fig. 5.9 illustrate the evolution of the 

streamlines and vorticity contours in the vicinity of the cylinder at two different time steps, 

respectively. Vortex shedding phenomenon can be easily observed in Fig. 5.7, and the velocity 

magnitude contours do not change in different cross-sections along z-direction. Fig. 5.9 contains two 
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different instantaneous view of the vorticity contours, illustrating both the motion of the cylinder 

itself and the evolution of the Karman vortex street. As seen from the vorticity contours in Fig. 5.9, 

the vortex is shedding at a constant frequency. Here, the Strouhal number (Eq.(2.36)) is employed to 

examine the dimensionless frequency when the vortices are shed from the body: 

 This vortex shedding frequency 
qf  can be acquired by a look into the time evolution of the 

drag and lift coefficients depicted in Fig. 5.10. The oscillation of the two coefficients looks periodic, 

which demonstrates the flow field varies periodically when the vortices are shed from the cylinder. 

Table 5.2 compares the time-averaged drag coefficient, 
dC , and Strouhal number, St , of this 

unsteady flow case obtained using the present model to those obtained elsewhere, which shows that 

the present results are within the range of values reported by the references.  

  

 Fig. 5.7 Contour of velocity magnitude in three dimension at Re = 100 
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    (T1) 

    (T2) 

 Fig. 5.8 Streamlines for flow over moving cylinder at Re = 100 (Two different time instants, T1 

and T2) 
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  (T1) 

  (T2) 

Fig. 5.9 Vorticity contours for flow over moving cylinder at Re = 100 

 (Two different time instants, T1 and T2) 
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 Table 5.2 Comparisons of time-averaged drag coefficient and Strouhal number at Re = 100 

 References Drag Coefficient dC
 Strouhal number  St  

 Wu et al. [55]  1.364  0.163 

 Saiki et al. [92]  1.26  0.171 

 Silva et al. [93]  1.39  0.161 

 Russell et al. [94]  1.43  0.175 

 Present  1.301  0.167 

  

 Considering the extended iteration steps to capture the periodic oscillation (as shown in Fig. 

5.10), a prediction-correction algorithm will be embedded in this case. As described in Sec. 5.3.5, 

Eq. (5.19) is applied instead to calculate 
**u , while all other parameters and solving processes 

remain the same. Comparing with previous regular fraction step solver, the converging time can be 

reduced significantly, which is depicted in Fig. 5.10. Evolutions of both drag and lift coefficients 

with respect to time iterations are illustrated. For original feedback forcing based method, periodic 

variation occurs after around 380,000 iterations, which means the Karman vortex shedding 

phenomenon abovementioned can only be captured after that time instant. However, when 

prediction-correction scheme is added, the evolution can be regarded to converge at around 220,000 

iterations, which is distinctively less than original test. After that time instant, same periodic patterns 
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can be observed. Despite the difference in convergent steps, the drag and lift coefficients for each 

trial are almost the same. Thus, prediction-correction scheme is proved to be an efficient method in 

accelerating the converge procedure in IB method, and in this case, the converging steps can be 

shortened up to 42 percent after applying prediction-correction scheme. 

  

 Fig. 5.10 Comparison between original and prediction-correction scheme added results 

 Besides, the numerical accuracy with respect to time is tested as well. Both original and 

prediction-correction embedded framework will be measured and compared respectively. According 

to the evaluation method proposed by Roache [95], suppose   is the exact solution; in presence of 

a numerical solution,  , which is obtained by using a time step with   as the index of time step, 

the dependency of exact solution,  , on relevant factors, including the time step index,  , can be 
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expressed as follows [95]: 

= +                                   (5.34) 

where both   and   are constants, and particularly,   represents the accuracy order of the 

numerical method with respect to time. Therefore, three different time steps are tested, for both 

original IB method, and prediction-correction scheme method. Three sets of results, which are Test 

A, B and C standing for three different time steps ( 0.0001,0.00012,0.00015dt  ), are required to 

build a well-posed algebraic system for the solutions of three unknowns  ,   and  . Here, drag 

coefficient Cd is served as the solution under investigation. The results for both methods are listed at 

Table 5.3. Drag coefficients for both original and prediction-correction schemes in different time 

step are very close, and after solving these two equation systems according to Eq. (5.34) 

separately 1 2.26  , and 2 1.97   are obtained. This indicates that, after embedding the 

prediction-correction scheme into IBM, the numerical order of accuracy with respect to time is 

increased to 2.26 from its original order of accuracy 1.97, with an increase of 14.7%. Therefore, the 

original method can be viewed as approximately second-order accuracy, while after adding 

prediction-correction scheme, this framework owns more than second-order accuracy, and proved to 

be more precise with respect to time. 
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 Table 5.3  Tests for determining the numerical accuracy 

Test case Time step ( ) Numerical drag 

coefficient (
1 ) 

Numerical drag 

coefficient (
2 ) 

 A  0.0001  1.3015  1.3008 

 B  0.00012  1.2976  1.2961 

 C  0.00015  1.2900  1.2875 

 Note: 
1  represents result (drag coefficient) for prediction-correction scheme added method; 

2 represents result (drag coefficient) for original IB method. 

5.4.4 Oscillating cylinder case at Re = 100 

 In this section, a more complex flow over a rotationally oscillating circle cylinder will be tested 

to verify the present framework, in particular focusing on the rotational component. The motion of 

rotationally oscillating cylinder is same as the work by Wu et al. [51] and Choi et al. [52], and can be 

prescribed by the following time-dependent angular velocity: 

   0

2
sin 2 sin 2 ,f

u u
t ft A St t

d d
     

   
                

(5.35) 

where 0  and f  are the maximum rotatory amplitude and the frequency, respectively. These two 

parameters can be normalized by introducing two dimensionless parameters: the Strouhal number, 

fSt fd u , and the normalized rotation rate, 00.5A d u  . Here, 2.0A  and Re 100  
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are used in the present simulation, in order to match with the references [51] and [52].  

As shown in Fig. 5.11, the instantaneous vorticity field obtained using present approach 

compares well with that of Wu et al. [51] and Choi et al. [52] when 0.163fSt  . The vortex 

shedding phenomenon can be observed clearly using present method, and the structure of the 

vortexes released from the obstacle are overall the same. The root mean square of velocity in 

z-direction is as small as 0.0013, which confirms the weakness of three-dimension effect in this case, 

and the flow pattern in one single cross-section is considered to be identity. From Table 5.4, when 

the 
fSt  increases to 0.4, both the time-averaged drag coefficient 

dC  and maximum amplitude of 

lift coefficient '

lC  are found comparable with the results in Refs. [51] and [52]. This indicates that 

present framework can achieve reliable simulation results dealing with both rotating and translating 

flow components after both quantitative and qualitative validation.  

 Table 5.4 Comparison of drag and lift coefficients at Re = 100 for oscillating cylinder case 

 References Drag coefficient dC  Lift coefficient 
'

lC  

Wu et al. [51]  1.302  0.321 

Choi et al. [52]  1.231  0.299 

Present  1.301  0.330 
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Fig. 5.11 Vorticity contour results from (a) present method; (b) Wu et al. [51]; (c) Choi et al. [52]. 

5.4.5 Flow around a wall-mounted square prism at Re = 40 and 85 

 Aforementioned cases for validation purpose from Sec. 5.4.1 to 5.4.4, are all conducted under a 

relatively ‘thin’ rectangular domain with the cylinder placed throughout the whole z-direction, such 

that flow features in each cross-section along z-direction can be considered as comparable to two 
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dimension scenario. However, flow over a finite wall-mounted square prism will be introduced in 

this sub-section. Not only can the proposed feedback forcing based Incompact3d framework be 

validated again, but also a thorough three dimension framework will be built after this case, which is 

a prerequisite for further tornado investigation. 

  The geometry and computational domain designed for this case are schematically presented in 

Fig. 5.12. For the sake of comparing with previous reference, all dimensions are tailored in 

accordance with Rastan’s work [96]. The height to width ratio of the prism, h/d, is set to 7, and the 

cross-section of the prism is a square with the length fixed as d. To minimize the domain boundary 

effect on the flow, the computational domain is selected as H = 13d, Lfront = 5.5d, Lback = 17.5d, and 

W = 16d. Notably, the Reynolds number here is defined as Re
U d


 .  

  

 Fig. 5.12 Schematic of computational domain 

 An observation of Fig. 5.13 reveals the mean spanwise velocity and streamlines on the x-z 
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plane at y = W/2. Both spanwise and streamwise sizes of the recirculation can be observed, and no 

streamline penetration inside and outside the solid boundary, which again verifies the no-slip 

boundary condition is strictly guaranteed. On the other hand, both the spanwise velocity contour and 

streamlines are similar to those captured from [96], and force coefficients in all three directions are 

also compared. Table 5.5 shows that the results calculated from the proposed framework are in 

excellent agreement with the reference data [96].  

      

                  

 Fig. 5.13 Mean velocity in z-direction and streamlines on the mid-transverse plane (y = W/2) at 

Re= 40 (top: present results; bottom: captured from [96]) 
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 Table 5.5 Comparison of force coefficients at Re = 40 and 85 for flow over wall-mounted prism 

 Re   Cd (x-direction)  Cl (y-direction)  Cz (z-direction) 

   Ref.[96]  Present  Ref.[96]  Present  Ref.[96]  Present 

 Re=40  1.856  1.890  →0  →0  0.171  0.177 

 Re=85  1.425  1.505  →0  →0  0.151  0.158 

 

With satisfactory agreement achieved in qualitative and quantitative comparison through series 

of validation cases discussed, the proposed feedback forcing based Incompact3d framework is 

proved to produce reliable and accurate numerical results dealing with three dimensional fluid-solid 

interaction problems. Besides, this framework incorporates the advantages of both original 

Incompact3d package [81] and feedback forcing based immersed boundary method on numerical 

accuracy, parallelization, and computing efficiency, and it is a powerful and promising tool for 

tornadic wind investigation, which will be addressed in detail in subsequent chapter. 

5.5 Conclusions 

 This study has developed a novel numerical framework that features co-working of the 

feedback forcing based immersed boundary (IB) approach, prediction-correction technique, and 

high-order compact finite difference scheme for three-dimensional simulations of moving bodies 

immersed in a fluid. The resulting code also exhibits a high level of parallelism to accommodate 
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large-scale computations corresponding to three-dimensional complex flow scenarios.  

 As an important modification to the original Incompact3D package, the feedback forcing based 

immersed boundary method is embedded in the code to replace the direct forcing option, yielding 

significantly improved numerical stability in the simulation results. Also, to the authors’ knowledge, 

no study was reported, prior to this study, on incorporating the prediction-correction scheme in 

immersed boundary method. As the first-time use of this coupling technique, both convergent 

acceleration and numerical accuracy have been demonstrated in the numerical experiments 

conducted in this study.  

 A number of benchmark cases were performed for examining the highly hybrid numerical 

simulation tools developed in the present study. The success in all the tests renders the code 

promising for its further applications to more complex problems, such as three dimensional tornado 

simulations, which will be presented in Part II and discussed in detail. 
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Chapter 6 A Novel Three-Dimensional Immersed-Boundary (IB) 

Approach Based Tornado Model Powered by Prediction-Correction 

Technique Part II – Tornadic Wind Simulations 

This chapter is based on the following paper (ready to submit to Journal of Computational Physics): 

Xixiong Guo, Jun Cao. A Novel Three-Dimensional Immersed-Boundary (IB) Approach Based 

Tornado Model Powered by Prediction-Correction Technique Part II – Tornado wind simulations 

6.1 Summary 

 Based upon the previous work (Chapters 2 - 4) on tornadic wind induced loadings on buildings 

in the two-dimensional (2D) version, an extension from the stylized 2D tornado simulation to the 

more realistic three-dimensional (3D) version is conducted in this study. Recall that a novel hybrid 

framework coupling the feedback forcing immersed boundary method with the high-order compact 

finite difference scheme was developed and validated in Chapter 5, and that solver has been 

demonstrated to be an efficient and accurate simulation tool for complex fluid-structure interaction 

problems. Here, this framework is employed to investigate the interaction between tornado-like 

wind and building structure.  

 In the present 3D simulations, the “relative motion” principle is continuously employed, such 

that the original Rankine-combined vortex model is revised to an equivalent scenario in which the 
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building is viewed as “virtually” translating in a “pinned” rotational flow field that remains 

time-invariant at the far field region. The logarithm based velocity profile joins the revised RCVM 

so that the boundary layer growth in the vertical direction is taken into account. This framework also 

relies on implementation of an enhanced degree of parallelism in the code architecture, such that the 

massive computation associated with the multiple variables in the turbulent N-S flow model over a 

large tornado evolution domain remains still affordable and also timewise acceptable.  

 The loadings induced by tornado in all three directions are studied by examining the 

coefficients of three components of the force and moment exerted on the building, respectively. 

Moreover, numerical investigations also apply to individual 3D segments resulting from sectioning 

the entire height of the building into a number of successive portions, and the loading coefficients 

are calculated on a segment-by-segment basis, aiming to look into the similitude of simulation 

results between a 3D segment and the stylized 2D layout. This detailed comparison can provide 

insights on correlation between 2D and 3D simulations, potentially helping the tornado dynamics 

research community save the computational expense by focusing more on 2D simulations. 

6.2 Three-dimensional Tornado Model 

Remark that real tornado field unfolds with velocity components in all three dimensions. 

However, the RCVM does not include any condition for the vertical velocity component, i.e. 0w . 

Instead, one extra term named 
fZ  is applied into the velocity components in x- and y- directions, 
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aiming to take the effects in vertical direction into account. Thus, in the light of RCVM, the resultant 

velocity components are expressed as:  

        ( sin ) ( cos )f tx ty tzV ui vj wk Z V V i V V j V k                    (6.1) 

where 01

0

( )= tan
ty
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y y V t
x, y,t
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. 

0 0 0( , , )x y z denoting the initial position of the tornado 

center, and   stands for the angle between the radial line passing through ( , , )x y z and the 

horizontal direction pointing to the right. Assuming that the translate motion only takes place in 

x-direction with the velocity fixed as txV , the velocity components can be easily derived as: 

 
0

2

0

[ ( ) ] ,
=

[ ( ) / ] ,

tx f c

tx c f c

V y y Z r r
u

V y y r r Z r r





   


   
 

                    
0

2

0

[( ) ) ,
=

[( ) / ) ,

tx f c

tx c f c

x x V t Z r r
v

x x V t r r Z r r





   


   
                   (6.2) 

                                0w  

Note that 
fZ  is determined by the height from ground, z, according to the logarithmic law [21]: 

                              
*

0

0

= ( )f

z zu
Z ln

k z


                           (6.3) 

where k  and 0z  are constants, with 0.4k  , and 0 =0.00375z , respectively. 
*u  is constant 

which can be pre-determined from the known 
fZ  at known height. In this work, 

fZ  is equal to 

one at z = 1. The computation is conducted upon Cartesian coordinates, and obviously the resultant 

velocity V  is time-dependent. 

 As illustrated in Eq. (6.2), the time-dependent nature of the velocity in the customary RCVM 



  

 152 

  

model is basically due to its translational component. The “relative motion” concept is continually 

used here, in which the translation component is detached from the tornado and re-attached to the 

building construction at the same time, thereby creating a “virtual translation” of the buildings 

towards a “pinned”, but purely rotating tornado. Therefore the resultant velocity turns to:   

            ( sin ) ( cos )fV ui vj wk Z V i V j                      (6.4) 

where 1 0

0

( )= tan
y y

x, y
x x

   
 

 
. Eq. (6.4) can be rewrote as: 
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                                0w  

 Consequently, the boundary condition after re-interpreted RCVM becomes stationary, leading 

to a significantly improved maneuverability in computational framework establishment. Thus, the 

tedious time-dependent nature of this RCVM-based tornado model in three dimension is re-tailored 

to be an entirely time-independent, and manageable model. 

6.3 Numerical methods and boundary condition 

6.3.1 Computational geometry and initial parameters setup 

 Recall from Section 5.3, the proposed framework was conducted and adapted on the basis of an 
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open-source package Incompact3D [69]. In this part, the same methodology was applied for tornado 

cases investigation. 

 In all present cases in this work, unless otherwise specified, the computational domain is fixed 

as a rectangular with the domain size of 8.5×4×3.5 in the x-, y-, and z- direction respectively. A 

uniform mesh with the size of 545×257×225 is taken. The eligibility of mesh resolution will be 

examined in Section 6.4.1. After imposing the re-interpreted RCVM, the counterclockwise rotating 

vortex is pinned at the centerline of the domain, with the obstacle travels along the x-axis with a 

constant velocity. The proposed feedback forcing IBM embedded Incompact3d framework will be 

applied to calculate the tornado-induced loadings for circular cylinder and square prism building. 

Schematics of the building constructions are shown in Fig. 6.1(a) and (b), respectively. The side 

length of square prism sD  is equal to 0.25, which is considered as the characteristic length, and the 

diameter of cylinder cD  is fixed as 
1

2 
. Thus, the projection area ( zA ), volume of the two 

building structures are the same with the same height H. The height of each building (H) varies from 

0.5 to 1.75 in different test cases, which will be specifically clarified by cases. The centerline of the 

building should be originally placed at a reasonable distance from the boundary of the domain. At 

this work, the initial position is (7, 2), as illustrated in Fig. 6.2, then the building “virtually” 

translates along x-direction with a constant velocity 1.0TU   .  
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 Fig. 6.1 Geometry and nomenclature of testing buildings:  

 (a) square prism (b) circular cylinder  

6.3.2 Boundary conditions 

 As depicted in Fig. 6.2, in present framework, unless otherwise specified, all boundaries are 

given by Dirichlet boundary condition. More concretely, no-slip boundary condition ( 0wallu u  ) 

is employed for all surfaces of solid immersed obstacle and bottom surface (④) of the domain. 

Velocity profile at the boundary surfaces determined by the definition of re-interpreted RCVM (Eq. 

(6.5)) are given to all other boundaries at first (①, ②, ③, ⑤ and ⑥). 

 Additionally, as the height of immersed obstacle is finite, additional mean velocity profile is 

added to two transverse surfaces (⑤ and ⑥), as well as left, right and top surfaces (①, ② and 

③), so that the thickness of boundary layer is properly considered, and the continuous of velocity to 

all directions can be guaranteed. The mean velocity profile is also determined by logarithmic law 
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[21], as shown in Eq. (6.3). However, since a translational velocity is imposed to the building in the 

domain, the velocity profile need to be customized accordingly to adapt this situation. Therefore, in 

Fig. 6.3, the velocity at each z plate can be determined as (z) ( )TU U  after taking boundary layer 

effect into consideration. Note that the velocity at the bottom boundary (z=0), Tu U  , which 

means the boundary layer effect (z)U  is zero at this surface, and only translational velocity is 

taken into account. 

   
 Fig. 6.2 Schematic and dimensions of the domain 

  

 Fig. 6.3 Boundary layer profile treatment  
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6.4 Results and analyses 

 Numerical simulations on how re-tailored RCVM described tornado model affects a 

three-dimensional building structure were performed and analyzed in details at Re = 1000. Although 

the feedback-forcing based framework has been validated extensively in Section 5.4 at a relatively 

low Reynolds number, its reliability and mesh resolution still need to be further examined at Re = 

1000 before it implements in tornado-induced flow investigations. Therefore, flow past an 

infinite-length circular cylinder at Re = 1000 will be studied at first. 

6.4.1 Flow over an infinite-length circular cylinder at Re = 1000 

 A mesh independent study is conducted here. Two different mesh resolutions are designed: One 

is the mesh size described in Sec. 6.3.1, 0.015625x y z      , namely current mesh in Table 

6.1, and the other refined mesh in Table 6.1 is defined as 0.01x y z      . Boundary 

conditions are set as described in Section 5.3.7 under the condition that the height of immersed 

obstacle is equal to domain height. In Table 6.1, the mean drag coefficient dC , and the 

root-mean-square (RMS) value of lift coefficient 
'

lC  is measured, together with the Strouhal 

number. Fig. 6.4 and Fig. 6.5 show the three-dimensional vorticity iso-surface contours from front 

view and top view, respectively. It has been observed that the vortex shedding phenomenon is 

obvious, and the turbulence flow is gradually generated. Meanwhile, shear layer instabilities happen, 

which conversely intensifies the transition of the flow into turbulence. Another significant evidence 
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of three-dimensional effect in this example is the streamlines plotted in Fig. 6.6. Streamline patterns 

captured from two different plates (z = 1 and z = 3) appear to be distinctly different, which indicates 

the flow characteristics in each plate are not the same. This again proves the existence of 

three-dimensional effect during the flow evolution. Furthermore, the average drag coefficient 
dC , 

root mean square lift coefficient '

lC  and Strauhal number St are measured and compared with 

existing references in Table 6.1. All above quantities are within the range of the references. The 

difference between the current mesh and refined mesh are almost negligible. Other than the 

comparable force coefficients, no streamline penetration across the boundary of the immersed object 

in Fig. 6.6, confirming the no-slip boundary condition on the object surface is strictly guaranteed. To 

summarize, mesh resolution defined in Section 6.3.1 is adequate and reliable enough at Re = 1000 

for further investigations. 

 Table 6.1 Mesh dependent check on flow over infinite cylinder at Re = 1000 

  Mean drag coefficient dC  RMS lift coefficient 
'

lC  Strouhal number St 

 Current mesh  1.11  0.309  0.201 

 Refined mesh  1.14  0.332  0.210 

 Zhao et al. [97]  1.17  0.335  0.210 

 Lei et al. [98]  1.11  0.30~0.35  0.200 

 Mittal [99]  1.15  -  0.200 
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 Fig. 6.4 Vorticity (vorticity =1) iso-surface from front view 

  

  

 Fig. 6.5 Vorticity (vorticity =1) iso-surface from top view 
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 (a) 

  

 (b) 

 Fig. 6.6 Streamline from (a) z = 1 plate (b) z = 3 plate 

6.4.2 One benchmark case study 

 After extensive validation, the aforementioned RCVM, as well as its corresponding boundary 

condition is imposed onto the computational domain, standing for tornado-like wind, and then a 
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three-dimensional circular cylinder with the height H = 0.75, representing a single building structure, 

is initially placed to the right side of domain as a benchmark case discussed in this sub-section. 

 For this type of flow, the forces acting on the building are calculated by integrating the force 

density obtained from IBM, and the moments are determined with the aid of force and its 

corresponding force arm. Then, the force and moment coefficients on the building [100] for all three 

directions are expressed in terms of  
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where xF ,
yF  and zF  are the loading forces in x-, y-, z-directions, respectively. xM ,

yM  and 

zM  are the moment and xS , 
yS  and zS  denotes the projection area in x-, y- and z-directions. H 

is the height of building, and TU  is the “virtual” translational velocity of the building. 

 Fig. 6.7 and Fig. 6.8 group the velocity magnitudes from horizontal (top-view) and vertical 
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(front-view) plane at four representative time instants, including initial condition, before “core-in” 

instant at pre-interaction stage , primary stage, and after “core-out” instant at post-interaction stage. 

As demonstrated in Fig. 6.7(a), the initial condition of the velocity magnitude contour from top view 

satisfies the RCVM governing equation Eq. (6.5), and the velocity magnitude increases from the 

tornado center and reaches a maximum value at a critical radius cr r  and then decreases when it 

is away from the center. From the side view (Fig. 6.8 (a)), the maximum velocity magnitude keeps 

increase when the height (z) goes up, which can be easily explained again by Eq. (6.5). As 
fZ  is 

proportional to the height, the maximum velocity determined by 
fZ  undisputedly keeps the same 

pattern here. When the building starts to “virtually” move towards the tornado center, namely in 

pre-interaction stage, as shown in Fig. 6.7 (b) and Fig. 6.8 (b), the rotational flow pattern seen from 

top view overall retained except in the vicinity of the cylinder. This indicates that the 

tornado-construction interaction emerges, but has not been significant yet. The affecting region 

mainly located in the vicinity of the cylinder. The velocity magnitudes at the influenced zone are 

larger when comparing to initial condition. Similar observation can be found from the side view in 

Fig. 6.8 (b). Moreover, the higher velocity at the bottom of plane can be explained by a downwash 

flow induced by the three-dimensional effect of RCVM tornado model. The strong effect of 

downwash on the flow structure can be transformed to an increased suction loading force in 

z-direction, which will be discussed later. After the construction enters the inner core region, namely 

in primary stage, the interaction was strongly distorted by the complex tornado. Several small 
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eddies is observed around the cylinder, but without obvious regularity. By comparing Fig. 6.7(b),(c) 

and Fig. 6.8(b), (c), the highest velocity is found in front of the cylinder in the pre-interaction stage; 

then, in the primary stage, the zone was spread to the surrounding areas of the cylinder, and 

performs as several disordered small eddies (as shown in Fig. 6.9(b)). Moreover, from side view, the 

downwash flow at the bottom of the domain still exists in the primary stage, which attributes a 

suction force in z-direction. With time elapses, the velocity magnitude around the building and in the 

domain restore to a relatively mild status when tornado goes more distant from the building after 

post-interaction stage (Fig. 6.7(d) and Fig. 6.8 (d)). As shown in previous chapters, translational 

component dominates the flow in the pre-interaction stage, while rotational component makes a 

bigger impact during the primary stage, and the dominant translational flow re-occurs at the 

post-interaction stage in the two-dimensional simulation. This conclusion still stands in horizontal 

plane in present case, as shown in Fig. 6.7(a)-(d). However, taking the velocity in z-direction into 

consideration, as referred in Fig. 6.8(a)-(d), force in z-direction, which can be attributed to the 

downwash flow, plays a critical role in the flow. Whether the suction force in z-direction dominates 

the flow needs to be further investigated by quantitative analysis in the following discussion.  
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  (a) 

  (b) 

  (c) 

  (d) 

 Fig. 6.7 Velocity magnitude in horizontal plane (top-view, z = 0.75):  

 (a) Initial condition; (b)Pre-interaction stage (c) Primary stage (d) Post-interaction stage 
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  (a) 

 (b) 

 (c) 

 (d) 

 Fig. 6.8 Velocity magnitude in vertical plane (front-view, y = 2): (a) Initial condition; (b) 

Pre-interaction stage (c) Primary stage (d) Post-interaction stage 
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        (a) 

        (b) 

        (c) 

 Fig. 6.9 Velocity magnitude contour: (a) Pre-interaction stage (b) Primary stage  

 (c) Post-interaction stage 

Besides the qualitative analysis based on the velocity magnitude contours captured from 

different perspectives, quantitative analysis through evolution of force and moment coefficients in 

all three directions, as defined in Eqs. (6.6) - (6.11), can be also examined. The curves of Cx, Cy, Cz, 

CMx, CMy and CMz corresponding to Re = 1000 are grouped in Fig. 6.10 and Fig. 6.11, respectively. 
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In these figures, position x = 0 on the horizontal axis represents the time instant at which the centers 

of the tornado and cylinder are nominally coinciding if solely taking into account the translation of 

the tornado center; in the intervals x < 0 and x > 0, the tornado is approaching and leaving the 

cylinder, respectively. In pre-interaction stage (x <－0.75), all curves, including force and moment 

coefficients remain relatively stable, which indicate the tornado-construction interaction is 

moderately mild at this stage. On the other hand, at around x = 0, Cz starts to precede Cx, Cy and tops 

Cx, Cy in primary stage which implies the dominance of suction force in z-direction, and the 

extremum value of Cz  is found to be higher than Cx, Cy. First major turning point approximately 

locates at x = -0.8 (close to the “core-in” time), after which Cy starts to decrease. The primary 

interaction stage nominally refers to the range of – 0.75 < x < 0.75 in present work. During this time 

period, Cx, Cy, and Cz reach their extremum points respectively, while all moment coefficients CMx, 

CMy and CMz, experience dramatic fluctuation. All these variations indicate the fierce interaction 

happening in this stage. Cz, which is 50% larger than Cx, Cy (as shown in Fig. 6.10), indicates that 

suction force in z-direction still dominates the flow field. Another significant observation in this case 

is the fierce fluctuation of the moment coefficients, as depicted in Fig. 6.11. It can be further 

interpreted as the construction endures twisting dynamically from all directions, which is very 

dangerous and vulnerable. The amplitude of the moment coefficients reach their extremum values 

during primary stage as well, and CMz dominates the field in most time of pre-interaction and 

primary stages (exceptional for -0.6 < x < -0.3, where CMx tops CMz). After interpreting the forces 
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and moments covering all stages, it can be concluded that the devastation of tornado is not only 

caused by the tremendous loadings, but also attributed to unpredictable twisting in either direction. 

  

 Fig. 6.10 Force coefficients evolution on cylinder with H=0.75 

  

 Fig. 6.11 Moment coefficients evolution on cylinder with H=0.75 
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6.4.3 Quantitative analysis of loadings on different heights 

 There are several factors that can affect the loading performance of one specific building when 

tornado sweeps over it. One of them should be the height of the building. In order to analyze how 

building height can influence the total loadings, four different height (H = 0.5, 0.75, 1.0, 1.75, 

respectively) with the same enclosure outlook are conducted and the forces and moments are 

calculated and compared as follows. 

 Firstly, the circular cylinder buildings with different height are discussed. It can be found that 

the evolutions of force coefficients exhibit similar patterns in four different heights, as depicted in 

Fig. 6.12. Three major turning points are observed for all cases approximately at the “core-in”, 

“coincide” and “core-out” time instants from Cx evolution, which again indicates the force 

coefficients undergo significant elevation in the primary stage for all heights. On the other hand, the 

dramatic fluctuation on moment coefficients in Fig. 6.13 reveal the strong twisting happens at the 

same time. All these characteristics, which has been discussed in last sub-section, repeatedly 

confirm the destruction of tornadic wind in real life.  

 Although the extremum loadings in x directions corresponding to different heights are relatively 

close, a clear trend still can be concluded that lower height building surprisingly has higher 

maximum loadings in x and y directions. However, the maximum loading in z-direction increases as 

the height increases (exclude H=1.75 situation, which will be explained in Section 6.4.5), which 
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underlies that the suction force has larger impact on the higher structure. More than 50% growth is 

observed for the peak value of Cz, when H increases from 0.5 to 1.0. Again, the loadings in 

z-direction are apparently higher than those in other two directions, which proves the devastating 

influence of the vertically induced by tornadic wind. 

     

(a)                                   (b) 

  
 (c) 

 Fig. 6.12 Cx , Cy ,Cz evolutions on cylinder for different heights 

 Likewise, when considering the maximum value on moment coefficients in x- and y- direction 
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xMC , 
yMC (see Fig. 6.13), no apparent relation is detected. As the moment coefficients are 

determined by multiple factors, including force and its corresponding force arm, the trends of 

moment coefficient are much more complex and difficult to make a conclusion at this level. 

   

(a)                                      (b) 

 
(c) 

Fig. 6.13 CMx, CMy, CMz evolutions on cylinder for different heights 

 However, the moment coefficient in z-direction 
zMC  can be found much higher than that in 
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other two directions from Fig. 6.13, in lower structures, as the moment Mz is determined by forces 

in x and y directions, which perform higher magnitude in lower structures. In summary, structures 

with lower height tend to be dominated by 
zMC , and 

zMC  is likely to reach a larger magnitude in 

structures, comparing to 
xMC , and 

yMC . 

 When it comes to the same type of tornado past a square prism, the patterns aforementioned 

above still hold. As shown in Fig. 6.14, force coefficients Cx, Cy decrease as the height of prism H 

increases, and Cz exhibits the largest magnitude in H = 1.0 case. No clear relation can be obtained 

regarding to the moment coefficients 
xMC , 

yMC and 
zMC , in Fig. 6.15. 

 In summary, the increase of construction height H leads to elevated wind suction force in 

z-direction induced by RCVM described tornado, when H is far less than the height of domain. 

However, there is no clue to determine how H affects the force moment of each construction, which 

can be attributed to the expression of moment, mutually determined by force and corresponding 

force arm. Notably, force and moment coefficients in z-direction are far larger than those in x-, and 

y- directions, and these again reveal the dominance of forces and moments in vertical direction. This 

conclusion is proved to be valid in all heights and shapes in present study.  
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(a)                                       (b) 

 

(c) 

 Fig. 6.14 Cx , Cy ,Cz evolutions on prism for different heights 
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(a)                                       (b) 

 
(c) 

 Fig. 6.15 CMx , CMy ,CMz evolutions on prism for different heights 

6.4.4 Quantitative analysis between tornadoes over a prism and over a cylinder 

 Except for the height of building structure, another influence factor discussed in present work is 

the shape of the building. It is well known the flow features, such as shape of weak vortex, shedding 
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vortices, and streamlines can be varied, when the flow over objects with different shapes. 

Correspondingly, the force coefficients and moment coefficients should be also significantly 

affected by the shape of building when tornado-like wind past over it, and this topic will be 

discussed as follows. As introduced in Section 6.4.3, two different types of building: a circular 

cylinder and a square prism, with the same cross-section area, are initially imposed as the obstacle, 

separately in the work. 

 As shown in Fig. 6.16, when the height of the structure H = 0.5, the force coefficient Cx of 

prism is slightly larger than that obtained from circular cylinder, Cy for both cases are nearly the 

same. While Cz of cylinder is 9.3% larger than that in prism. Furthermore, taking H = 1.0 and H = 

1.75 into consideration (Fig. 6.18(a) and Fig. 6.19(a)), Cx, Cy, and Cz for prism comprehensively 

larger than the coefficients in circular cylinder case in majority measurements, and detailed 

extremum values are summarized in Table 6.2. The extremum values captured from prism are 

practically higher than those from circular cylinder, and the increasing rates vary from 0.9% to 

19.3%. This can be interpreted by the shape of the construction. It is known that a larger drag 

coefficient is always expected when flow passes a blunt body comparing to a streamlined body with 

no singular point due to the dominance of pressure drag in the case of blunt body. Likewise, square 

prism in present study is considered as blunt body, while circular cylinder is more like a streamlined 

obstacle. Thus, the shape discrepancy between prism and cylinder results in the distinction of force 

coefficients, as shown in Table 6.2. 
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 Fig. 6.16 Force coefficient evolutions for different shape at H = 0.5 

  

 Fig. 6.17 Moment coefficient evolutions for different shape at H = 0.5 

 In Fig. 6.18(b) and Fig. 6.19(b), a detailed look into the moment coefficients comparison 

between square prism and circular cylinder reveals that the extremums of 
xMC , 

yMC and 
zMC  in 
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different shapes also have diverse performances. One can see that 
yMC  and 

zMC  on prism at 

different height are much higher than on cylinder at least 16.0%, and up to 86.6%, as listed in  

 Table 6.3. Recall that 
zMC is mutually determined by Fx, Fy and their corresponding force arm, 

so the higher 
zMC  can be easily interpreted as the loadings on prism are much higher than on 

cylinder in x- and y- direction (Table 6.2). Except for H = 1.75 case, maximum values of forces and 

moments obtained from prism at different heights are higher than those on cylinder.  

  

(a)                                      (b) 

  Fig. 6.18 Force (a) and Moment (b) coefficient evolutions for different shape at H = 1.0 
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(a)                                       (b) 

Fig. 6.19 Force (a) and Moment (b) coefficient evolutions for different shape at H = 1.75 

 

 Table 6.2 Extremum comparison of force coefficients in different shapes 

   Cx(max)  Cy(max)  Cz(max) 

 H=0.5  Cylinder  11.85 
14.3% ↑ 

 -9.04 
0.9% ↑ 

 11.39 
9.3% ↓ 

 Prism  13.54  -9.12  10.32 

 H=1.0  Cylinder  11.63 
2.9%  ↑ 

 -8.14 
5.3% ↑ 

 16.44 
19.3% ↑ 

 Prism  11.97  -8.57  19.62 

 H=1.75  Cylinder  11.02 
0.8%  ↓ 

 -5.60 
7.0% ↓ 

 12.83 
18.9%  ↑ 

 Prism  10.93  -5.21  15.26 

  

 Table 6.3 Extremum comparison of moment coefficients in different shapes 

  
 

xMC  (max)  
yMC  (max)  

zMC  (max) 

 H=0.5  Cylinder  54.67 
23.8% ↑ 

 46.33 
18.5% ↑ 

 132.19 
16.0% ↑ 

 Prism  67.69  54.91  -153.37 

 H=1.0  Cylinder  55.38 
6.6% ↑ 

 23.70 
86.6% ↑ 

 -94.81 
63.6% ↑ 

 Prism  59.06  44.22  -155.14 

 H=1.75  Cylinder  -47.13 
16.5% ↑ 

 31.75 
52.2% ↑ 

 -111.82 
29.1% ↑ 

 Prism  54.91  -48.31  -144.36 
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 In conclusion, from the mechanic analysis perspective, the building in cylinder shape can be 

regarded as more effective in resisting the tornado loadings and twisting, than the prism shaped 

building. The forces and moments can be much reduced when passing structure with no singular 

point in most of the situations. 

6.4.5 Wind loadings comparison between models with and without prediction-correction 

technique 

 As mentioned in Section 5.4.3 of this study, the proposed immersed boundary method, 

enhanced by prediction-correction technique has instinctive advantages in numerical accuracy. In 

this sub-section, the influence of prediction-correction technique on the tornado-induced loadings 

will be investigated.  

 Using force coefficient in x- direction, Cx as an example, cylinder with four different heights (H 

= 0.5, 0.75, 1.0, 1.75, respectively) will be conducted. All computational parameters remain the 

same, except for the deactivation of prediction-correction scheme. The Cx evolution obtained from 

framework without prediction-correction scheme is depicted in Fig. 6.20, aiming to compare with 

existing results in Fig. 6.12(a). As shown in Fig. 6.20, one noticeable difference can be detected near 

the “core-in” and “coincide” time instants. The local extremum values for all heights near x = -0.75 

(“core-in” instant) in Fig. 6.20 are far less than those in Fig. 6.12(a). The turning points at “core-in” 

and “coincide” time instants are inconspicuous as well, comparing to Fig. 6.12(a). The reason can be 
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attributed to the implementation of prediction-correction scheme. As previously mentioned, 

interaction between the tornado and structure should be relatively intensive at the “core-in” and 

“coincide” time instants. Thus, flow features and force coefficient evolutions in Fig. 6.12(a), are 

considered to be resolved and captured more practical with prediction-correction technique enforced 

in the framework. Additionally, in Fig. 6.20, the trends of Cx in different heights are similar with 

each other, in particular at the weak region when tornado has past and departed the structure. 

However, in Fig. 6.12(a), the slope of H = 1.75 case is apparently much stable than those from other 

three heights, at X > 1.6. As the ratio of construction height H and domain height is 0.5, it is not 

wide enough for flow clearance at the top of the domain with Dirichlet boundary condition applied 

at the top surface. Under this circumstance, it is believed that the flow might not be fully developed 

at H = 1.75, so that the force evolution of this case is reasonably different from other cases with 

lower constructions. Therefore, the framework with prediction-correction technique enables to 

capture this characteristic, as illustrated in Fig. 6.12(a). After detailed comparisons, it can be 

concluded that results obtained from the framework powered by prediction-correction technique are 

supposed to be more accurate and approximate to the practical scenario. 
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Fig. 6.20 Cx evolutions on cylinder for different heights, without prediction-correction technique 

6.4.6 Comparison between 3D and 2D tornado-induced loadings 

 In this section, the results, in particular force coefficients in x- and y- directions Cx and Cy, and 

moment coefficient 
zMC  obtained from abovementioned 3D scenario are collected by portion, and 

then compared with those obtained from 2D situation. The objective of this comparison is to provide 

insights on solving three-dimensional industrial problems in two-dimensional perspective with 

much lower computational cost, but still valuable and efficient. On the other hand, successfully 

building the relationship between portions of 3D and 2D cases can further validate the results since 

the reference regarding the tornado simulation is still insufficient. 

 The height of construction H is fixed as 1 in the 3D test simulations here. The construction, no 
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matter it is a square prism or circular cylinder, is divided into 10 portions from z-plate uniformly, so 

that each portion has equal height of H’=0.1. Ten potions are named in sequence as 1/10, 2/10, …, 

10/10, from the bottom to top, respectively. Note that the top plate is treated separately from 10/10 

portion, such that the 10 portions have exactly the same shape and same number of Lagrangian 

points. 

 The 2D results are simulated and obtained using the framework proposed in [65]-[66]. The 

immersed boundary-Lattice Boltzmann Method (IB-LBM) [32][51][65][66][91] is applied as the 

solver, and detailed solving procedures can be found in [65]-[66]. In order to make 2D domain 

comparable to the 3D domain discussed aforementioned, parameters are restricted as follows:  

 RCVM imposed on the 2D domain satisfies Eq. (6.5) under the condition of Zf = 1;  

 The ratio of the mesh resolution, as well as diameter of cylinder (D) is the same as the 3D 

scenario;  

 The ratio of domain length (Lx) and width (Ly), as well as Lx/D, is the same as the 3D 

scenario.  

Firstly, results obtained from tornadic wind past cylinder are depicted in Fig. 6.22 - Fig. 6.24. 

The initial points of Cx and Cy for each portion in 3D case can be observed starting from 0.3 ~ 0.5, 

while Cx and Cy in 2D (Fig. 6.21) start between 3 and 4, which is around 10 times higher than each 

portion in 3D case. The reason for the considerable 10 times difference is that thickness of the 

domain in 2D scenario is regarded to be 1 or a unit, and on the other hand, the thickness of each 
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portion of 3D case is 0.1, regarding to H = 1 case. Therefore, the initial values of Cx and Cy for each 

portion should be approximately 1/10 comparing with 2D simulation, when all other conditions 

remain the same.  

 

Fig. 6.21 Force coefficients evolution over 2D cylinder scenario 

 Moreover, the time instance, in which force coefficients reach its peak value can match well 

with each other. For instance, Cx, Cy and Cm in 2D simulation, as shown in Fig. 6.21, experience 

violent fluctuation, and reach their respective extremum points near “core-in” and “core-out” time 

instants. Similarly, same patterns can be observed from Fig. 6.22 - Fig. 6.24 in 3D simulation, 

regardless of slight time latency for each portion. 

 To carefully look through the force coefficient curves portion by portion, we can conclude that 

the curves in 3/10 to 5/10 portions, have the highest similarities comparing with 2D case. For 

instance, several noticeable turning points before post-interaction stages can be determined at x= -1, 
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-0.5, -0.3, 0, and 0.4 in Fig. 6.22 (b) from Portions 3/10 to 5/10. There are four turning points at x = 

-1, -0.5, 0, and 0.4 in 2D simulation, which is very similar to what have concluded above. Moreover, 

Cy in Portions 3/10 to 5/10 reaches the first peak value at around x = -1, which is earlier than other 

portions at between x = -0.8 to x = -0.4. Similarly, the first peak value is observed at x = -1 in 2D 

case, which matches well with the portions in 3/10 to 5/10. Therefore, it can be concluded that 

portions 3/10 to 5/10 have the highest similarities comparing to 2D case, and majority of patterns 

and trends regarding force and moment coefficients in 2D simulation are still equivalent to those in 

3D portions. When considering the portions that close to the bottom surface, the flow characteristics 

are affected by the ground and boundary conditions, and if the portions are on the top region, 

three-dimensional effect should be seriously considered. In summary, the middle-range portion is 

more similar to the flow simulated in 2D scenario.  

 

(a)                                   (b) 

 Fig. 6.22 Cx evolution for each portion over 3D cylinder scenario: (a). all portions; (b). zoom in 

to 3/10 to 6/10 portions 
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(a)                                    (b) 

Fig. 6.23 Cy evolution for each portion over 3D cylinder scenario: (a). all portions; (b).  

zoom in to 3/10 to 6/10 portions 

 

(a)                                     (b) 

  Fig. 6.24 CMz evolution for each portion over 3D cylinder scenario: (a). all portions; (b). 

zoom in to 3/10 to 6/10 portions 

 When it comes to tornado over a square prism case, the observations aforementioned still stand, 

as shown in Fig. 6.25 - Fig. 6.28. The evolutions of Cx and Cy start at around 8 in 2D simulation, 

which are still about 10 times higher than those starting points of Cx and Cy measured in 3D domain. 
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Again, similar to the discussed in cylinder case, the turning points in both 2D and 3D scenarios are 

located at the vicinity of x=-0.7, -0.2, 0.2 and 0.8, and the trends of xC , 
yC and 

zMC are also 

extraordinarily comparable, in particular the middle portions, such as 3/10 to 5/10.  

   
 Fig. 6.25 Force coefficients evolution over 2D prism scenario 

 

                       (a)                                (b) 

 Fig. 6.26 Cx evolution for each portion over 3D prism scenario: (a). all portions; (b). zoom in to 

3/10 to 6/10 portions 
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                   (a)                                    (b) 

 Fig. 6.27 Cy evolution for each portion over 3D prism scenario: (a). all portions; (b). zoom in to 

3/10 to 6/10 portions 

 

 (b) 

 Fig. 6.28 CMz evolution for each portion over 3D prism scenario: (a). all portions; (b). 

zoom in to 3/10 to 6/10 portions) 

6.5 Conclusions  

 Extended from the first part of this study coupling the feedback forcing based IB with 



  

 187 

  

high-order finite difference based N-S flow solver, this paper focuses on its extensive use 

particularly aimed at the study of tornado-induced loadings on various ground constructions.  

 In this paper, the conventional Rankine-Combined Vortex Model (RCVM) is re-tailored so that 

the immersed boundary approach can be handily applied to investigate the tornado-construction 

interaction mechanism. In order to extend the previous two-dimensional framework to the 

three-dimensional version, a logarithm based vertical factor fZ  is employed to describe the 

boundary lay growth on the ground. 

 The results obtained in the present study reveal that the vertical component of tornado plays a 

significant role in tornado evolution. The tornado induced force and moment vary significantly in 

time, and the magnitudes of different components of the force and moment also vary remarkably 

between each other. Such a crossover of variations renders tremendous complexity to the wind 

loadings on the buildings, which explains the fundamental reason for the disastrous effects of 

tornadoes.  

 In addition, the effects of the tornado forcing on ground construction due to variation of its 

height and shape were also examined. The findings in this regard are, first, the higher building, the 

greater loading; second, the circular cylinder-shaped construction generally experiences lower 

loadings and twists compared to the building of prism shape. In terms of similarity between 2D and 

3D-segment simulations, the overall trends for both types of simulations are generally comparable. 

In particular, the middle-segments (the portions located at the 3/10 to 5/10 height of the entire 3D 
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construction) exhibit more similarities with the 2D result, since those segments are more distant 

from the top and bottom boundaries of the simulation domain and, in turn, less influenced by the 

two boundaries.  
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Chapter 7 Conclusions and Future work 

7.1 Conclusions  

 This dissertation mainly focused on developing a set of numerical frameworks to simulate the 

tornadic winds both in two-dimensional (2D) and three-dimensional (3D) scenarios and investigate 

the wind loadings and the relative influence factors on a single building and on a multiple-building 

configuration.  

 In Chapter 2, a two-dimensional numerical framework is proposed in order to simulate the 

tornado-building interactions. Here, a hybrid feedback forcing based immersed boundary (IB) lattice 

Boltzmann method (LBM) is applied for the investigation, after IB-LBM has been proven to be a 

reliable method in dealing with moving boundary problems by researchers. On the other hand, the 

conventional Rankine-Combined Vortex Model (RCVM) is customized to be in accordance with the 

computational setup. The efficacy of the present IB-LBM framework with the customized RCVM is 

demonstrated through a series of validating cases. After that, the factors that influence the 

characteristics of tornadic wind are explored. It is concluded that both the translation speed based 

Reynolds number and the rotation intensity play important roles in altering the tornado 

characteristics. Particularly, the practitioners have been conventionally using the translational 

velocity component as the characteristic velocity for defining the Reynolds number, and considering 
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such a translation component based Reynolds number as a primary influencing parameter. The 

present study has found that the translation part based Reynolds number is of one-sided nature for 

identifying a tornado-like flow, since the rotation is the other part of a tornado and the change of the 

rotation intensity may strongly alter the loadings exerted on the buildings. Hence, due attention 

should be also paid on the rotational component in the tornado dynamics research. 

 In Chapters 3 and 4, the IB-LBM framework is employed to assess different kinds of building 

configurations (bi-cylinder and a quintuplet-cylinder group) under tornadic winds with deployed 

input parameters, such as the incoming direction of tornadoes. Except the effect of rotation intensity 

discussed abovementioned, more discussions are targeted at finding out the inherent reasons that 

resulted in the loading difference in a building group. Two distinct observations are concluded here: 

1) buildings located closer to the tornado translation trajectory are expected to endure greater 

loadings than those farther away from the trajectory, which is called “front effect” in this work. 

Therefore, building a resistant wall in front of a building group can be an efficient strategy to 

prevent building destruction from tornadoes; 2) Tornadic wind center tends to exhibit deviation 

depending on its rotation direction and, hence, the portions of obstacles located closer to the 

deviated center will sustain larger wind loadings than the rest of the obstructed objects that are 

farther from the center. These insights could be helpful for improving design of constructions 

towards better wind-resistant capabilities. 

 After a systematical investigation on 2D tornado scenarios, this study is extended to the 3D 
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tornado situation with a logarithm term added to tornadic governing equation representing the effect 

induced by the vertical velocity component. In Chapter 5, considering the massive computational 

cost in the three dimensional simulation, the feedback forcing based IB method is incorporated into 

a Navier-Stokes flow solver with high level parallelizability. Furthermore, a prediction-correction 

algorithm is embedded into the IB module, which successfully improves both computing efficiency 

and numerical accuracy at the same time. This novel feedback forcing based framework has been 

tested extensively throughout a series of 3D benchmark cases, and it is believed that this framework 

has a solid performance in dealing with moving boundary problems with satisfactory accuracy and 

computing speed. 

 Finally, in Chapter 6, the validated framework is applied to examine the tornadic wind loadings 

over a building in a three-dimensional domain. Vertical component of velocity is found to be 

dominant, as the force coefficient in vertical direction has the maximum value, which suggests the 

uprooting effect of devastating tornadoes. This phenomenon is the most significant contribution in 

3D simulation, since the vertical effect is not considered in 2D cases. Additionally, it was concluded 

that constructions with higher height could endure greater loadings and buildings with less singular 

geometric characteristics suffer less tornadic wind loadings when compared to those in blunt shape.  

7.2 Contributions 

1. Inspired by the success of immersed-boundary (IB) method in dealing with moving/complex 
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boundary problems, as well as its conjunction with lattice Boltzmann method (LBM) for a great 

number of fluid flow applications, a novel IB-LBM framework is first proposed for 

investigation of tornadic wind effects in two dimensional (2D) scenario.  

2. With the aid of “relative motion” principle and IB method, the highly time-dependent tornado 

boundary condition is re-interpreted by assigning the translational component of tornado to the 

construction, such that the construction is viewed as “virtually” translating towards a “pinned” 

rotational flow, resulting in a time-invariant boundary condition. This innovative interpretation 

for the tornado-building interaction significantly facilitates the establishment of 

time-independent boundary conditions in such a complex flow. 

3. The rotation intensity is proved as the dominant factor that influence the characteristics of a 

tornadic wind. As indicated in the study, the tornado-induced loadings monotonically increases 

with the Reynolds number in the lower rotation intensity range, which demonstrates the 

dominance of translational component in such condition. However, this monotonous no longer 

exists in larger rotation intensities. At present, the Reynolds number is conventionally only 

based on the translation velocity component, due attention should be paid to the rotational 

component as rotation co-plays with the translation part in a 2D tornado scenario.  

4. A series of more practical and complex scenarios, ranging from tornado over bi-cylinders to 

cylinder-quintuplet with different orientations, are simulated and analyzed in detail in this work. 

The wind loadings on different structures are also calculated and compared, and the fate of each 
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structure can be predicted according to the flow patterns obtained through the numerical 

simulation. The comparisons also lead to useful insights and guidelines for improving design of 

constructions towards better wind-resistant capabilities. 

5. The RCVM-based tornado model is extended to its three-dimensional version, after taking the 

vertical velocity component into consideration. Based on an open-source toolkit named 

Incompact3d, a novel computational framework with a high level of parallelization in the code 

architecture was developed, which features the feedback forcing based IB model and 

prediction-correction algorithm. This hybrid framework successfully overcame the numerical 

oscillation that arises in the simulation of moving/complex boundary problems when using the 

original Incompact3d. The present framework is fully validated through a series of 3D 

benchmark cases.  

6. The validated feedback forcing based Incompact3d framework is first applied to investigate 3D 

tornadoes over buildings with different shapes. Comprehensive interpretations, especially the 

uprooting effect in vertical direction, are provided. Furthermore, the influence factors of wind 

loadings, and the similarities between 3D and 2D tornado simulations are examined in detail. 

7.3 Recommended future work 

 There are still many interesting and important computational tornado dynamics aspects that 

have not been further explored due to the limit time of this study. The recommendations for the 
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future work are as follows: 

1. The present study employs uniform Cartesian grids in all simulation cases, which render the 

mesh resolution insufficient in the sensitive flow zones while excessively fine in the massive 

portions of the simulation domain where no flow singularity is present. The use of multi-level or, 

more effectively, adaptive mesh looks particularly beneficial for the future 3D simulations of 

tornado phenomena.  

2. Wind loadings on cylinder was tested and proven to be an optimal option for resisting tornadoes 

when compared to prism-shaped structures. However, a great variety of other structural geometries, 

such as dome building, gable roof, hip roof, mansard roof, etc.., have been widely applied in house 

constructions. Simulations on these building shapes can hopefully provide more practical results in 

the subject of applied tornado dynamics. 

3. The Reynolds number of real-world tornadoes could be much higher than in the scenarios 

simulated in the present work. In order to investigate the tornado loadings at elevated Reynolds 

number, a computational domain with a much larger scale is inevitable, which requires more 

advanced computational and storage facilities. In addition, other powerful techniques regarding 

turbulence modeling, such as DES (Detached eddy simulation), RANS (Reynolds-averaged 

Navier–Stokes), DNS (Direct numerical simulation), can be all examined after their incorporation 

into the current code, and guidelines may be generated on the pertinence of a particular turbulence 

model in a specific Reynolds number range of tornadoes.    
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4. The three-dimensional tornado simulation framework can be also employed to investigate the 

tornado-induced loadings on more complex and large-scale building configurations, such as the 

residence community, commercial zone with high rise buildings, and other tangible 3D urban 

structures. 
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Appendix  

A. Unit conversion in LBM [101] 

Using the D2Q9 model [28] as an example, the basic variables in the LBM simulation is length 

(L), density (  ), time (t) and kinematic viscosity ( ), here all these parameters are in lattice unit. 

Correspondingly, variables in physical units are defined as: , , ,p p p pL t  , respectively. In order to 

convert the variables between lattice unit and physical unit, reference variables are introduced and 

defined as: 

 , ,
p p p

r r r

s

L u
L u

L c





                             (A-1) 

where rL , r , ru  are the reference length, density and velocity. 
pu  is the sound speed in 

physical unit, and sc  is the lattice sound speed. Apart from the relation in length, density and 

velocity, it is easy to obtain that the time and kinematic viscosity in lattice unit and physical unit 

satisfy:  

,
p p r

r r

r

t L
L u

t u




                               (A-2) 

Therefore, the aforementioned conventional settings in LBM: 1x y   , 1t  ,and 1
3

sc   

can be converted to physical unit as: 

   , ,
3

r r
p p r p p

r

L u
x y L t u

u
                          (A-3) 
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Using the tornado case mentioned in Section 2.6.1 as an example: the computational domain is 

uniformly discretized with 1x y   . Physically, the translational velocity of tornado is 20 m/s, 

and the diameter of cylinder 
pL  is considered as 20 m. The length of 

pL  is divided into 50 

lattices, which means 
20

0.4
50

r

m
L m  , and 

340 /
340 3r

s

m s
u

c
  m/s, when considering the 

sound speed is 340 m/s in real world. According to Eq. (A-3), 46.79 10r
p

r

L
t s

u
    , which 

corresponding to 1t   in lattice unit. At last, the translation velocity in LBM is calculated as 

20
0.034

340 3
 , which serves as the characteristic velocity in the simulation. 
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