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ABSTRACT 

 In this thesis, numerical studies are carried out to understand the key factors 

affecting the effective fumigation in grain storage bunkers. Using fumigants to eradicate 

insects in bunkers is a general practice in the grain post-harvest processing but its 

effectiveness is influenced by external wind flows. There have been extensive studies in 

the literature regarding fumigants transport inside grain storages, but there is little 

research done on the impact from wind flows to fumigation in bunkers, especially the 

phenomenon of wind-induced tarpaulin billowing. The investigation presented here is 

one of the first endeavours using numerical methods to understand the wind-induced 

tarpaulin billowing, which is challenging in academia and is interested by the grain 

industry.  

In the numerical analysis, the tarpaulin is considered as the interface between the 

external wind flow and the internal flow in the porous medium. The mathematical 

model is proposed against each component in the mechanism of tarpaulin billowing, i.e. 

wind flow over bunkers, tarpaulin-formed structure deformation and fumigant transport 

in bunkers. The wind-induced tarpaulin deformation is modelled by the coupling of 

external wind flow and tarpaulin deformation. Numerical studies in this thesis are 

presented in a cause and effect sequence.  

Firstly, the external wind flow over bunkers is studied in the two-dimensional 

domain and three-dimensional domain respectively. In the two-dimensional case, 

bunkers with different shapes are modelled as floor mounted bluff bodies with various 

aspect ratios and roof slope angles. Aerodynamic forces and flow structures are 

presented in each case to provide a series of results on the primary flow characteristics 

of a boundary layer flow around bunkers. In the three-dimensional case, the turbulent 
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flow over bunkers with gable-roof and hip-roof are studied in the RANS model. 

Pressure distributions on bunker roofs are presented under different wind direction, 

which provides a dataset of wind-induced forces on bunker surfaces.  

Secondly, the tarpaulin-formed structure deformation and vibration is modelled 

as the static and dynamic solution of geometric nonlinear elastic solids under external 

loads. In the static analysis, parametric studies are carried out on different length to 

thickness ratios. In the dynamic analysis, numerical results on various solid densities are 

presented. 

Thirdly, the tarpaulin billowing is modelled by the two-dimensional fluid and 

structure interaction using ALE method. The flow solver and structure solver validated 

in previous studies are coupled using a mesh updating scheme. The comparison of 

bunkers with various configurations is presented on tarpaulin deformation under various 

aerodynamic forces.  

Fourthly, the numerical modelling of three-dimensional porous flow with 

fumigant transport in bunkers is presented. Periodic pressure boundary conditions are 

prescribed to simulate tarpaulin billowing effects in different scenarios. Future works 

are suggested on the coupling of tarpaulin billowing and pressure variation on grain 

mass surfaces. 
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CHAPTER 1 INTRODUCTION 

1.1 Research Background 

It has been estimated that between one-quarter and one-third of the world grain 

crop is lost each year during storage. Much of this is due to insect attack. In addition, 

grain that is not lost is severely reduced in quality by insect damage (WAAA, 2016). 

The quality of grain is of great importance to growers and companies of grain industry, 

especially to those in the export market. Australia is one of the leading grain exporters 

in the global market, in which the grain quality is a key factor for competitiveness. To 

improve the grain quality, the ‘nil-tolerance’ to insects is set as one of the criteria by the 

Australian grain industry to tackle this problem. The method of fumigation during the 

grain storage period is used to control insects in the grain mass. Phosphine gas (PH3) is 

mostly adopted due to its benefits as a convenient, safe and cost-effective fumigant. It 

has been reported that over 80% of Australian grains are fumigated by phosphine 

(Darby, 2011). However, the efficacy of phosphine fumigation has been gradually 

decreasing due to pesticide resistance. One solution is to find a new chemical product as 

the fumigant; another solution is to increase the effectiveness of the fumigation with a 

better operation and maintenance. Before the emerging of a new fumigant, the latter is a 

practical solution at present.  
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The Cooperative Research Centre (CRC) of Australia funded the project of 

CRC59001: Ensuring Effective Phosphine Application in 2009. The aim of this project 

is to experimentally determine and mathematically model the movement of phosphine 

fumigant in large grain storages and its associated efficacy. This information will then 

be used to actively improve fumigant application to achieve effective insect and 

selection for resistance avoided. It involves people from academia, research institutions 

and the grain industry. The field tests were conducted by researchers from CSIRO 

Entomology, while the numerical studies were carried out by researchers at The 

University of Western Australia (UWA). For the numerical part, the scope of work 

includes mathematical formulations and solutions for phosphine concentration in grain 

storage silos and bunkers. In Australia, grain storage bunkers are usually filled trenches 

bounded by concrete walls and covered with tarpaulin to make it airtight. In comparison 

with silos, bunkers are inexpensive and well suited to handle massive operations. In this 

thesis, the numerical study of effective fumigation in grain storage bunkers is a part of 

the numerical investigations funded by this project. Numerical modelling methods are 

cost-effective, reusable and low maintenance comparing with experiments and on-site 

measurements. With the advancing of computer techniques, computational fluid 

dynamics methods and structural dynamics methods are widely used in research and 

design processes, make it a powerful tool to conduct extensive parametric studies. 

To fully understand the problem of effective fumigation in grain storage bunkers, 

it is essential to know the standard fumigation procedure in practice. Generally, the 

stored grain bulk is fumigated in bunkers sealed by tarpaulins. The phosphine gas is 

either released from phosphide tablets placed under the tarpaulin or directly injected 

into the grain bulk. An effective fumigation is achieved when the fumigant is 

maintained at a required concentration level for a sufficient period. The fumigant 

transport in grain bulk is driven by the mechanism of convection and diffusion of 
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interfacial flow in between the grain particles. The flow is governed by the Darcy’s Law 

for the flow through a porous medium, which simply relates the flow velocity with the 

pressure gradient and the grain stack porosity. The fumigant concentration can be 

obtained by solving the convection-diffusion equation in a given flow field. Unlike the 

fumigation in grain storage silos, which is better sealed and fumigated by fan-driven 

ventilation, the bunker is poorly sealed and no mechanical ventilation equipped in 

general. Therefore, the surrounding environment has greater influences on the fumigant 

transport in the bunker than that in the silo.  

 Air gap formed between the tarpaulin and grain bulks is observed in grain 

storage bunkers. In windy days, the phenomenon of tarpaulin billowing is often found 

with tarpaulin deforming or vibrating on those air gaps. It leads to the variation of flow 

conditions inside the bunker and fumigant transport, which is identified as a key factor 

affecting the fumigation in grain storage bunkers. In terms of numerical modelling, the 

tensile structure formed by tarpaulin plays an important role in the interface between the 

external wind flow and the internal porous flow. The focus of this study is determined 

based on extensive literature reviews and discussions with experts in the grain industry, 

which is of interest to both academia and industry.  

Investigation of effects from tarpaulin billowing on fumigation in one numerical 

solver involves various physical models and their coupling. It is necessary to simplify it 

by studying on each physical domain separately and a coupled solution later on. There 

are three main physical models, i.e. an external wind flow model, a tarpaulin-formed 

structure model and an internal porous flow model. Furthermore, two numerical 

couplings are involved in the process; one is the coupling between external wind flow 

and tarpaulin deformation and another is the coupling between tarpaulin deformation 

and internal porous flow. Numerical studies presented in this thesis are one of the first 
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endeavours on this problem. Methods proposed and findings therein can be used in any 

further study on this topic. 

1.2 Objectives of this study 

The objectives and main contributions of this study include: 

(1) Providing numerical data on aerodynamic forces by parametric studies on 

external wind flow over bunkers; 

(2) Proposing and validating a numerical model of the behaviour of tarpaulin-

formed structure under external forces; 

(3) Proposing a numerical model by coupling the two-dimensional wind flow 

with tarpaulin deformation; 

(4) Proposing and validating a numerical model of fumigant transport in grain 

storage bunkers. 

1.3 Scope of Work 

The scope of work includes two-dimensional and three-dimensional wind flow 

over grain storage bunkers in Chapter 2 and Chapter 3 respectively, tarpaulin-formed 

structure deformation and vibration in Chapter 4, the coupling of external wind flow 

and tarpaulin deformation in Chapter 5, and phosphine transport in grain storage 

bunkers in Chapter 6. In each chapter, mathematical models and numerical methods are 

proposed against physical problems. Secondly, results generated by those numerical 

models were validated against published results. Thirdly, key parameters are identified 

and studied in each model.  Detailed illustration of the thesis structure is shown in Table 

1-1 and main contents of each chapter are presented as follows.  

Chapter 1 briefly introduces the project background, research initiatives and 

outline of this thesis. Emphases are given on the significance of effective fumigation to 
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grain industry and the reason why numerical modelling of tarpaulin billowing is chosen 

as the key to this study.   

Chapter 2 presents numerical simulations of two-dimensional laminar flow over 

bluff bodies mounted on a floor. The Finite Element Method (FEM) is adopted to study 

the flow and the forces on the obstacles. The Reynolds numbers in the range of 100-300 

are used to limit the flow in the laminar range without the interference from three-

dimensional effects. The grain storage bunkers are considered as bluff bodies with roof 

slope angles. Thus, results and conclusions drawn in this study can be used to 

understand the problem of wind flow over grain storage bunkers. The proposed 

numerical model is firstly validated against the benchmark studies of the flow over 

square cylinders. The numerical testing of different domain size, grid size, and 

integration time steps has been carried out to ensure the numerical accuracy. Then, the 

results are presented for flows over rectangular cylinders at various Reynolds number 

with aspect ratios of D/H = 0.5, 1.0, 2.0 and 4.0 on the floor and flows over grain 

storage bunkers with roof inclined angle as of h/H= 0, 0.2, 0.4, 0.6, 0.8, 1.0.  

Chapter 3 presents the numerical simulation of three-dimensional turbulent flow 

over grain storage bunkers with different roof configurations. The Reynolds-averaged 

Navier-Stokes (RANS) equations with ! − ! turbulent model closure for high Reynolds 

number are solved. The Petrov-Galerkin finite element method (PG-FEM) is used to 

solve the governing equations and a fractional three-step numerical procedure is used in 

the time integration. The numerical method is validated against the benchmark results of 

three-dimensional flow over the floor-mounted cube. The results of flow over bunkers 

with gable-roof are presented to demonstrate the pressure distribution on selected points 

on the bunker and the ‘end effects’ from three-dimensional flow are discussed. The 

bunkers with a hip-roof are studied experimentally in the wind tunnel, and the same 
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bunker configuration is numerically studied under the various wind directions, i.e. α = 

0○, 45○, 90○. 

Chapter 4 presents the numerical study on geometric nonlinear deformation of 

elastic solids under external loads in a two-dimensional domain. The tarpaulin is 

considered to be undergoing large deformation but with small strains under external 

loads. Its behaviour is calculated by the second Piola-Kirchhoff model in a total 

Lagrangian description. The numerical model is firstly validated against published 

nonlinear solutions of a cantilever under deformation dependent loads. Parametric 

studies are undertaken to understand the relationship between the load parameter (!!), 

deflection ratio (!!), length to thickness ratio (!!/ℎ!), density (!!) and the dominant 

vibration frequency (!!). 

Chapter 5 presents the numerical simulation of tarpaulin billowing phenomenon. 

The Fluid Structure Interaction (FSI) model consists of three parts, i.e., the flow solver, 

the structure solver and their interface coupling solver. The first two solvers have been 

discussed in Chapter 2, Chapter 3 and Chapter 4. The coupling scheme is formulated in 

a partitioned manner on the interface, i.e. in each time step, the iterative solutions of 

stresses from the fluid domain are applied on the interface boundaries of the solid 

domain and the deformations from the solid domain are applied on that of the fluid 

domain. The moving interface is achieved by the arbitrary Lagrangian-Eulerian (ALE) 

description in the flow solver. Cases studies and discussions are carried out in terms of 

various factors, i.e. the bunker roof angle (h/H), density ratio (!!/!! ) and the 

relationship between aerodynamic forces on the roof and roof deformations. 

Chapter 6 presents the numerical modelling of the three-dimensional porous flow 

and phosphine transport inside grain storage bunkers. The phosphine transport driven by 

pressure gradient at bunker boundaries is investigated. The porous flow model is 

validated against the published experimental results. Cases studies on the porous flow 
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velocities and phosphine concentrations are carried out with various boundary 

conditions.  

Chapter 7 summarises the numerical methods used in the better understanding of 

the effective fumigant application in grain storage bunkers. The scope of future works is 

discussed on the better coupling of tarpaulin billowing and internal porous flows.  
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CHAPTER 2 TWO-DIMENSIONAL FLOW OVER 

BUNKERS 

2.1 Introduction 

 Tarpaulin-covered bunkers are commonly adopted in Australia to store grains as 

shown in Figure 2-1 (Bartlett, 2013). It is estimated over 50% of grains are stored by 

this means (Foster, 2006). Insect infestation of grain in bunkers is controlled by 

fumigation. Its effectiveness is largely dependent on external wind flows in the form of 

wind-induced tarpaulin billowing. It is important to understand the wind flow 

conditions around bunkers and wind-induced forces exerted on its surfaces. Hence, the 

study in this chapter focuses on the relationship between the external wind flow and the 

bunker as the first step to the understanding of tarpaulin billowing. Numerical methods 

are used to investigate the aerodynamic forces on bunker surfaces. 

 

Figure 2-1. Image of a grain storage bunker in the field 
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In this chapter, the wind flow is considered as a two-dimensional laminar flow. 

The reason is to capture the fundamental flow features in the flow field without the 

complexities introduced from turbulent modelling. In the numerical analysis, wind flow 

over the grain storage bunker is considered as a floor-mounted bluff body in a boundary 

layer flow. For the flow over an isolated bluff body, the vortex shedding is often found 

in the wake and the convective-dominant flow in the streamwise direction can be 

subdivided into three parts in Equation 2-1. Accordingly, forces exerted on obstacle 

surfaces can be divided into three parts in Equation 2-2. 

!!(!)
!"#$%"$%"&'(#

= !!(!)
!"#$

+ !!(!)
!"#$%&$'

+ !!"(!)
!""#$%&'"

      (2-1) 

!!(!)
!"#$%"$%"&'(#

= !!(!)
!"#$

+ !!(!)
!"#$%&$'

+ !!"(!)
!""#$%&'"

      (2-2) 

where !! is the instantaneous flow velocity, !! is the mean flow velocity, !! is the 

periodic velocity due to vortex shedding, !!" is the irregular velocity due to turbulent 

instability in the flow. Likewise, !! is the instantaneous forces exerted on the structure 

surfaces, !! is the mean forces that lead to the structure deformation, !! is the periodic 

forces that lead to the potential forced vibration of the structure, !!" is the irregular 

forces. Thus, The laminar flow in this study is simplified without irregular terms, only 

the mean forces !! and periodic forces !! are included.  

Franke et al. (1990) presented numerical results of laminar vortex-shedding 

flows past square cylinders (Re ≤ 300) by solving the two-dimensional Navier-Stokes 

equations with the finite volume method. Good agreement for the lower Reynolds 

numbers was found by comparing Reynolds number dependence of the Strouhal number 

and the drag coefficients with previous numerical results. Frank et al. (1990) also found 

that because of the extreme velocity gradients prevailing at the sharp corners of the 

square cylinder, the numerical and experimental results of pressure in those regions do 

not compare satisfactorily with each other in all details. Breuer et al. (2000) stated that 



CHAPTER 2 TWO-DIMENSIONAL FLOW OVER BUNKERS 

 
11 

for the flow over a square cylinder, it is generally accepted that the aerodynamic 

coefficients are less dependent on the Reynolds number than for the circular cylinder 

owing to the fixed separation points for shape-edged bodies.  

The numerical model is firstly validated against other numerical results of the 

flow over a square cylinder in the literature. Secondly, the flow over floor-mounted 

rectangular cylinders with different aspect ratios, i.e. D/H = 0.5, 1.0, 2.0 and 4.0, are 

examined to find their effects on the aerodynamic forces. D and H are the width and 

height of the obstacle respectively. Thirdly, bunkers with different roof slope angles of 

h/H = 0, 0.2, 0.4, 0.6, 0.8 and 1.0 are studied at various Reynolds numbers of Re = 100, 

200 and 300, where h is the bunker wall height. Impacts from the roof slope angle and 

the Reynolds number on the aerodynamic forces are investigated. Reynolds number 

used in this study is defined as: 

!" = !"
!                      (2-3) 

where U is the free stream velocity and ! is the kinematic viscosity. 

2.2 Two-dimensional Navier-Stokes Equations 

 For the unsteady incompressible viscous flow, the governing equations consist 

of two-dimensional Navier-Stokes equations and the continuity equation defined in 

Cartesian coordinates as: 

!!!
!!! +

!!!
!!! = 0          (2-4) 

!!!
!!! + !

! !!!
!!! + !

! !!!
!!! = − !

!
!!!
!!! + !

!!!!
!!!! +

!!!!
!!!!      (2-5) 

!!!
!!! + !

! !!!
!!! + !

! !!!
!!! = − !

!
!!!
!!! + !(

!!!!
!!!! +

!!!!
!!!!)     (2-6) 

where !!, !! are the Cartesian coordinates, !!, !! are the velocity components in !!, !! 

direction respectively, ! is the fluid density, !! is the pressure, !! is the time. Non-

dimensional parameters are introduced as follows: 
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!,! = !!, !!
!           (2-7) 

!, ! = !!, !!
!           (2-8) 

! = !!
!!!          (2-9) 

! = !!!
!                      (2-10) 

where !, ! are the non-dimensional Cartesian coordinates, !, ! are the non-dimensional 

velocity components in !, ! direction respectively, ! is the non-dimensional pressure, ! 

is the non-dimensional time. Then, the non-dimensional governing equations are 

obtained by incorporating non-dimensional parameters into governing equations as: 

!"
!" +

!"
!" = 0                    (2-11) 

!"
!" + !

!"
!" + !

!"
!" = − !"

!" +
!
!"

!!!
!"! +

!!!
!"!                 (2-12) 

!"
!" + !

!"
!" + !

!"
!" = − !"

!" +
!
!" (

!!!
!"! +

!!!
!"!)                (2-13) 

where Re is the Reynolds number defined in Equation 2-3. 

2.3 Numerical Methods 

The governing equations of the two-dimensional flow are solved using the finite 

element method. Unstructured triangular grids are employed to discretize the 

computational domain spatially. The automatic mesh generation scheme based on the 

Delaunay triangulation is deployed with two parameters, i.e. global maximum grid 

length ℎ! and local refinement factor !!. The open source library Nglib developed by 

Schoberl (2009) is adopted to generate the mesh. Mesh refinements in the boundary 

layer can be realized by selection of ℎ! and !!. Figure 2-2 shows the meshes generated 

by different ℎ! and !!, it is illustrated in Figure 2-2(d) that the grid on the bottom line 

can be refined by the increase of !!. At the element level, three-node linear triangular 

elements are adopted.  
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(a)

 

(b) 

 
(c)

 

(d)

 
Figure 2-2. Illustation of the triangular mesh scheme (a: ℎ! = 2, !! = 1; b: ℎ! = 0.5, 

!! = 1; c: ℎ! = 2, !! = 2 on the bottom line; d: ℎ! = 2, !! = 10 on bottom line) 

Spurious oscillation often occurs when solving the incompressible viscous 

Navier-Stokes equations by the classic Galerkin finite element method (Brooks and 

Hughes, 1982). Hence the Petrov-Galerkin (stabilized) finite element method (Franca et 

al., 1992) is used in this study. The 2nd order backward differentiation formula (BDF2) 

is used as the time integration scheme. The finite element model developed by Zhao et 

al. (2009) is applied to solve the governing equations. 

2.4 Flow over a Square Cylinder 

 The two-dimensional transient laminar flow around a square cylinder at Re = 

100 is adopted as a validation case, which is normally seen as a benchmark study on 

flow over bluff bodies with sharp edges. Figure 2-3 shows the sketch of flow over a 

square cylinder and its boundary conditions. The computational domain is 30H long in 

the streamwise direction and 20H wide (Tezduyar and Shih, 1991), H is the height of 

square cylinder. The centre of the square cylinder is located at 10H from the inflow 

boundary and 10H from the lateral boundary. At the inflow boundary, the uniform 

velocity U is assigned in the streamwise direction and zero in the transverse direction. 
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The zero-gradient streamwise velocity and zero transverse velocity are introduced as the 

outflow boundary condition. On two lateral boundaries, the symmetry boundary 

condition of !"/!" = 0 and ! = 0 is prescribed. The no-slip boundary condition is 

applied at the square cylinder. 

 

Figure 2-3. Sketch of flow over a square cylinder 

Figure 2-4 shows the computational domain discretized by unstructured 

triangular elements. Parameters of ℎ! = 0.2, !! = 10 are used in mesh refinement 

around the square cylinder. The minimum grid size on the cylinder surface is 0.005H 

and the time step of 0.01 is used in the simulation. 

 

Figure 2-4. The mesh in the flow domain 
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To compare the calculated results, non-dimensional parameters of pressure 

coefficient !!, drag coefficient !!, lift coefficient !! and Strouhal number St used in 

this study are defined as: 

!! = !(!!!!)
!!!                     (2-14) 

!! = !!!
!!!                    (2-15) 

!! = !!!
!!!                    (2-16) 

!" = !"
!                     (2-17) 

where !! is the hydrostatic pressure at the location of the obstacle; !! is the drag force 

on a specific surface; !! is lift force on a specific surface and f is the vortex shedding 

frequency. !! and !! are calculated by integrating the pressure and the shear stress on a 

specific surface. 

 Figure 2-5 shows time series of drag and lift coefficients on the square cylinder. 

Vortex shedding is observed in the time series of fluctuating lift coefficient. Figure 2-6 

presents the spectrum of !! in the Fourier analysis, in which the dominant frequency 

can be identified at St = 0.146. It is calculated that the mean drag coefficient !! is 1.50 

and the root mean square of lift coefficient !!,!"# is 0.158. 

 

Figure 2-5. Time series of !! and !! on the square cylinder 
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Figure 2-6. Spectrum of CL on the square cylinder 

Table 2-1 shows the comparison of !!, !!,!"# and St obtained in this calculation 

with other numerical results in the literature. It shows fairly good agreement with results 

reported by other researchers.  

References !! !!,!"# St 
Franke et al. (1990) 1.61 - 0.154 
Sohankar et al. (1998) 1.47 0.156 0.146 
Robichaux et al. (1999) 1.53 - 0.154 
Cheng et al. (2007) 1.44 0.152 0.144 
Lankadasu and Vengadesan 

(2008) 
1.47 0.159 0.143 

Present study 1.50 0.158 0.146 

Table 2-1. Comparison of !!, !!,!"# and St with published results 

The vortex shedding period T is 6.85 obtained by the reciprocal of St. Figure 2-7 

shows the instantaneous streamlines at six time instants of t = 0T, 0.2T, 0.4T, 0.6T, 

0.8T, 1.0T within one vortex shedding cycle. From the two-dimensional streamlines 

drawn across the square cylinder, the vortex shedding is observed in the near weak 

region. In Figure 2-7(a-b), it is observed that the eddy formed near the one side of the 

square is shedding downstream. In Figure 2-7(c-e), vortex formed near the other side is 

shedding downstream in the wake. The streamline in Figure 2-7(f) is the almost the 
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same as that in Figure 2-7(a), which indicates a complete vortex shedding cycle. The 

fluctuating lift coefficient is attributed to the vortex shedding observed in this flow. 

(a) t = 0.0T

 

(b) t = 0.2T

 
(c) t = 0.4T

 

(d) t = 0.6T

 
(e) t = 0.8T

 

(f) t = 1.0T

 
Figure 2-7. Streamlines around the square cylnder in one period  

2.5 Numerical Tests on Domain Size, Mesh and Time Step 

The size of the computational domain is chosen to eliminate the spurious 

influence from boundaries. Behr et al. (1995) found that the distance from the lateral 

boundaries to the cylinder centre should be at least eight cylinder diameters to eliminate 

the effects of the side boundaries. Tezduyar and Shih (1991) indicated that the outflow 

boundary can be placed at 14.5 cylinder diameters from the circular cylinder centre. 

Sohankar et al., (1998) reported that the outflow boundary location at 20H distance 

from the cylinder is sufficient for this flow. 
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Table 2-2 shows the comparison of !!, !!,!"# and St at various downstream 

domain sizes DX. In this investigation, the location of the outflow boundary varies from 

6H to 24H. !! and !!,!"# are rising gradually when the outflow boundary location 

increases from 6H to 20H, their variations are of 12.7% and 12.8% respectively. 

However, St is dropping by 5.8% in the meantime. There is negligible change of !!, 

!!,!"# or St when DX is increased from 20H to 24H. Therefore, DX = 20 is considered as 

an acceptable setting to this flow. 

DX (H) !! !!,!"# St 
6 1.33 0.140 0.155 
10 1.42 0.149 0.152 
16 1.47 0.155 0.149 
20 1.50 0.158 0.146 
24 1.50 0.159 0.146 

Table 2-2. Comparison of !!, !!,!"# and St at various DX 

 Table 2-3 shows the comparison of !!, !!,!"# and St at various locations of 

lateral boundary DY. When the distance from the lateral boundary to cylinder centre 

increases from 4H to 10H, !!, !!,!"# and St are falling by 32.7%, 34.7% and 25.1%. 

There is little change of !!,!"# when DY is further increased from 10H to 12H, !! and 

St remain the same. Hence, DY = 20 is considered acceptable in this study. 

DY (H) !! !!,!"# St 
4 2.23 0.242 0.195 
6 1.96 0.192 0.156 
8 1.55 0.165 0.149 
10 1.50 0.158 0.146 
12 1.50 0.157 0.146 

Table 2-3. Comparison of !!, !!,!"# and St at various DY 

 Table 2-4 shows the comparison of !!, !!,!"# and St at various computational 

grids. ℎ! and !! determine the first grid size δ above the cylinder. At δ/H = 0.01, no 

vortex shedding is observed when ℎ! = 1 and !! = 100. The coarse mesh tends to 

underestimate the forces upon the cylinder. When δ/H is decreased from 0.005 to 0.002, 
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!! and St are the same up to three digits and the discrepancy of root mean square of the 

lift coefficients is relatively small, i.e. 0.633%.  

ℎ! !! δ/H !! !!,!"# St 
1 100 0.01 1.21 0.001 - 

0.5 50 0.01 1.39 0.058 0.117 
0.5 100 0.005 1.43 0.066 0.125 
0.1 20 0.005 1.50 0.158 0.146 
0.1 50 0.002 1.50 0.159 0.146 

Table 2-4. Comparison of !!, !!,!"# and St at various meshes 

Table 2-5 shows the comparison of !!, !!,!"# and St at various time steps Δt. It 

can be found that there is little change in the numerical results at different time steps, 

especially when the Δt is further reduced from 0.05 to 0.005. Thus, the time step can be 

set at 0.05 in the simulation. 

Δt !! !!,!"# St 
0.1 1.52 0.161 0.143 
0.02 1.51 0.160 0.145 
0.05 1.50 0.158 0.146 
0.005 1.50 0.159 0.146 

 Table 2-5. Comparison of !!, !!,!"# and St at various Δt 

2.6 Flow over Floor-mounted Rectangular Cylinders with Various 

Aspect Ratios 

Figure 2-8 shows the sketch of flow over floor-mounted rectangular cylinders. 

The rectangular placed on the floor is D wide in streamwise direction and H high. The 

aspect ratio is defined as D/H. In this numerical analysis, the computational domain 

deployment, the grid parameter and the time step are identical to that in the validation 

case unless specified otherwise. Meanwhile, boundary conditions in outflow boundary 

and lateral symmetry boundary are also the same. However, the no-slip boundary 

condition is applied on the lower side of the lateral boundary. Accordingly, a boundary 

layer flow in the streamwise direction is prescribed at the inflow boundary. The time 
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step is 0.05 and total computational time is 200. The Reynolds number is the same as 

defined in Equation 2-2, where H is the height of the rectangular cylinder. 

 

Figure 2-8. Sketch of flow over floor-mounted rectangular cylinders 

 To predict the boundary layer flow induced by the no-slip condition on the floor, 

numerical tests are carried out to calculate the velocity profile in the boundary layer. 

The incoming flow profile in the streamwise direction is specified based on the 

boundary layer theory (Durbin and Medic, 2007) as:  

!(!) = 1− !!! !"                   (2-18) 

where ! !  is the velocity in the streamwise direction in the boundary layer, y is the 

normal distance from the floor. The boundary layer thicknesses ! is defined as ! = ! 

where ! ! = 0.99!. The !/! at the inflow boundary of X = 0 and the centre of the 

obstacle of X = 10H under various Reynolds numbers are listed in Table 2-6. Figure 2-9 

shows the velocity profiles at X = 0 and X = 10H at different Reynolds numbers. It is 

evident that the boundary layer thickens from the inflow to downstream. 

Re 50 100 150 200 300 
!/!at X= 0 0.65 0.46 0.37 0.33 0.27 
!/! at X = 10H 1.27 1.05 0.94 0.83 0.73 

Table 2-6. !/! at Re = 50, 100, 150, 200, 300 
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Figure 2-9. Streamwise velocity profile at X = 0H, 10H in the boundary layer  

 Figure 2-10 shows the time series of drag and lift coefficients on the floor-

mounted square cylinder at Re =100. It is found that forces tend to be constant after t = 

120. In comparison with the flow over an isolated square cylinder, the drag force is 

reduced by nearly 50%, while the lift force is not oscillating but constant at a positive 

value. No vortex shedding is observed in the wake. The reason is because there is no 

flow crossing underneath the obstacle due to the adjacent floor, then there is no 

interference to vortex formed from the top side. Lei et al. (2000) also found the vortex 

shedding is suppressed by the adjacent floor boundary.  

 

Figure 2-10. Time series of !! and !! on the floor-mounted square cylinder 
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The rectangular cylinder with various aspect ratios, i.e. D/H = 0.5, 1.0, 2.0, 4.0, 

is studied at Re = 100. In Figure 2-11, the two-dimensional streamlines plotted around 

the obstacle show a dominant vortex formed in the near wake region. It is found that the 

eddy size shrinks gradually with the increase of aspect ratio.  

(a) D/H = 0.5

 
(b) D/H = 1.0

 
(c) D/H = 2.0

 
(d) D/H = 4.0

 
Figure 2-11. Streamlines around floor-mounted rectangular cylinders 

Table 2-7 lists drag coefficients and lift coefficients on various rectangular 

cylinder surfaces. The same values are plotted in Figure 2-12 for comparison.  

D/H 
Front Wall Roof Rear Wall Total 
!!  !! !!  !! !!  !! !!  !! 

0.5 0.391 0.046 0.028 0.362 0.440 0.006 0.858 0.415 
1 0.374 0.048 0.041 0.644 0.394 0.005 0.808 0.697 
2 0.380 0.051 0.063 1.129 0.340 0.004 0.785 1.184 
4 0.413 0.055 0.104 1.881 0.281 0.004 0.798 1.939 

Table 2-7. !! and !! on each surface at D/H = 0.5, 1, 2, 4 
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Because walls are perpendicular to the x-axis, drag forces on the wall are 

attributed solely to the pressure and lift forces are attributed solely to viscous shear 

forces. While roofs are perpendicular to the y-axis, therefore drag forces on the roof are 

due to viscous shear forces and lift forces are due to the pressure. To compare forces on 

the roof, the forces per unit length on the roof are listed in Table 2-8. 

 In Figure 2-12(a), drag coefficients on each surface of the rectangular cylinder 

are plotted against various aspect ratios. On the front wall, drag coefficients are in a 

relatively small range from 0.374 to 0.413. The drag coefficient does not keep reducing 

is because the front wall is closer to the flow inlet when D/H =2 and D/H =4. On the 

rear wall, the positive drag forces indicate negative pressure near the rear wall. The drag 

force decreases with the increase of D/H, which is due to the decline in the absolute 

value of negative base pressure behind the obstacle. On the roof, Table 2-8 shows the 

drag force per unit length is dropping with the increase of D/H.  

D/H !!  !! !!/D  !!/D 
0.5 0.028 0.362 0.056 0.724 
1 0.041 0.644 0.041 0.644 
2 0.063 1.129 0.032 0.565 
4 0.104 1.881 0.026 0.470 

Table 2-8. !! and !! per unit length on the roof at D/H = 0.5, 1, 2, 4 

(a) Drag coefficient

 

(b) Lift coefficient

 
Figure 2-12. !! and !! on rectangular surfaces at D/H = 0.5, 1, 2, 4 

 In Figure 2-12 (b), lift coefficients on each surface of the rectangular cylinder 

are plotted against various aspect ratios. On the front and rear wall, the lift forces are 
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relatively small with the maximum value of 0.055 and 0.006 respectively.  On the roof, 

positive lift forces indicate negative pressure above the roof. Table 2-8 shows the lift 

force per unit length is decreasing with the increase of D/H, which means the overall 

negative pressure above the roof is rising against the increase of D/H. 

2.7 Flow over Bunkers with Various Roof Slope Angles  

 The flow over bunkers with various roof slope angles is analysed in this 

numerical study. The bunker aspect ratio D/H = 2 is defined and the height of bunker 

wall is h as depicted in Figure 2-13. The height ratios of h/H = 0.0, 0.2, 0.4, 0.6, 0.8, 1.0 

are used to calculating the roof slope angle α as: 

! = arctan !(!!!)!                    (2-19) 

When h/H = 0 and h/H = 1, it corresponds to bunkers as the triangular cylinder and 

rectangular cylinder respectively. The length of the front-roof or rear-roof is defined LR 

and it can be obtained by !! = (!/2)! + (! − ℎ)!. Boundary conditions are the 

same as that used in the flow over floor-mounted rectangular cylinders. The time step is 

0.05 and total computational time is 200. 

 

Figure 2-13. Sketch of flow over bunkers 
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Figure 2-14 depicts the time series of drag coefficients and lift coefficients on the 

bunker roof when h/H = 0.6. It is seen that the forces are converged as the time elapses 

and remain an approximately constant value after t = 120. The steady results of forces 

are obtained in other scenarios.  

 

Figure 2-14. Time series of !! and !! on roofs at h/H = 0.6 

Figure 2-15 shows the two-dimensional streamlines around the bunkers against 

various roof slope angles. A dominant vortex formed behind the bunker is found in each 

case. In comparison of the vortex size, it can be seen that the largest one is observed 

when h/H = 0 and the smallest one is observed when h/H = 0.8. The reverse flow in the 

vortex is attached to the rear roof from h/H = 0 to h/H = 0.6, while in h/H = 0.8 and h/H 

=1, the reverse flow is detached from the rear roof. 

(a) h/H = 0.0

 
(b) h/H = 0.2
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(c) h/H = 0.4

 
(d) h/H = 0.6

 
(e) h/H = 0.8

 
(f) h/H = 1.0

 
Figure 2-15. Streamlines around bunkers 

Table 2-9 and Table 2-10 list drag coefficients and lift coefficients on each 

bunker surfaces. Table 2-9 includes forces exerted on four different parts of the bunker 

surface, i.e. front wall, front roof, rear roof and rear wall. When h/H =0, there is no wall 

while when h/H = 1, the front roof and rear roof are defined as half of the top surface 

before X = 10 and after X = 10 respectively. Table 2-10 lists the total forces exerted on 

the bunker and the distance from eddy centre to the rear wall at various roof slope 

angles. The distance from eddy centre to the rear wall is defined as !!. The same values 

in Table 2-9 and Table 2-10 are plotted in Figure 2-16 for comparison. 
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h/H Front Wall Front Roof Rear Roof Rear Wall 
!!  !! !!  !! !!  !! !!  !! 

0.0 - - 0.315 -0.172 0.470 0.495 - - 
0.2 0.071 0.000 0.225 -0.094 0.374 0.493 0.081 0.000 
0.4 0.142 0.002 0.134 0.036 0.280 0.485 0.150 0.001 
0.6 0.213 0.012 0.052 0.243 0.193 0.474 0.200 0.002 
0.8 0.285 0.029 0.013 0.493 0.111 0.445 0.251 0.003 
1.0 0.380 0.051 0.042 0.708 0.020 0.421 0.342 0.004 

Table 2-9. !! and !! on each surface at h/H = 0, 0.2, 0.4, 0.6, 0.8, 1 

h/H α !!  !! !! 
0.0 45.0 0.785 0.324 14.26 
0.2 38.7 0.751 0.399 14.02 
0.4 31.0 0.706 0.525 13.83 
0.6 21.8 0.658 0.730 13.62 
0.8 11.3 0.660 0.970 13.33 
1.0 0.0 0.785 1.184 14.30 

Table 2-10. !! and !! on the bunker at h/H = 0, 0.2, 0.4, 0.6, 0.8, 1 

In Figure 2-16 (a), drag coefficients on each surface of the bunker are plotted 

against the roof slope angle. On front walls and rear walls, the drag force increases 

gradually with the increase of the wall size. The largest discrepancy of drag forces 

between the front and rear is 10.5% when h/H = 1. On the roof, the drag force is 

descending with the increase of h/H. The drag force is close to zero on the front roof 

when h/H = 0.8, which indicates the viscous shear force on the front roof is offset by the 

pressure. It can be found that the total drag force is the smallest when h/H = 0.6.  

(a) Drag coefficent

 

(b) Lift coefficient 

 
Figure 2-16. !! and !! on bunker surfaces at h/H = 0, 0.2, 0.4, 0.6, 0.8, 1 
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 In Figure 2-16(b), lift coefficients on each surface of the bunker are plotted 

against the roof slope angle. On the front and rear wall, the lift forces are relatively 

small with the maximum value of 0.051 and 0.004 respectively.  On the front roof, the 

lift force increases significantly from -0.172 to 0.709 with the increase of h/H. 

However, on the rear roof, the lift force declines slowly in the meantime. When the roof 

slope angle is varied from h/H = 0.2 to h/H = 0.4, the lift force is changed from a 

negative value to a positive value. It means the direction of lift force is changed in the 

process. It can found that the trend of total lift forces exerted on bunker roofs is 

dominated by the trend of lift forces on the front roof. 

 Table 2-11 includes the forces per unit length on each surface. It is observed that 

!!/ℎ on the front wall is almost constant when the roof slope angle is between h/H = 

0.2 and h/H = 0.8. The increase of !!/ℎ with the increase of h/H means stronger shear 

forces created by vortex before the front wall.  

h/H Front Wall Front Roof Rear Roof Rear Wall 
!!/ℎ  !!/ℎ !!/!!  !!/!!  !!/!!   !!/!!  !!/ℎ  !!/ℎ 

0   0.223 -0.122 0.332 0.350   
0.2 0.355 0.000 0.176 -0.073 0.292 0.385 0.405 0.000 
0.4 0.355 0.005 0.115 0.031 0.240 0.416 0.375 0.003 
0.6 0.355 0.020 0.048 0.226 0.179 0.440 0.333 0.003 
0.8 0.356 0.036 0.013 0.483 0.109 0.436 0.314 0.004 
1 0.380 0.051 0.042 0.708 0.020 0.421 0.342 0.004 

Table 2-11. !! and !! per unit length on each surface at h/H = 0, 0.2, 0.4, 0.6, 0.8, 1 

 Besides Re = 100, the pressure exerted on bunker roofs are studied at Re = 200 

and Re = 300. Numerical results of pressure coefficients on the roof with various roof 

slope angles are plotted in Figure 2-17. 

 In Figure 2-17(a), it is found that the variation of h/H has a greater impact on 

pressure distribution on the front roof than that on the rear roof.  On the front roof, the 

pressure decreases gradually approaching the roof top when h/H < 0.8. The minimum 

value of !! is between -0.7 and -0.55. No similar trend is found in the cases of h/H = 
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0.8 and h/H = 1. When h/H = 1, the minimum value of !! = -1.2 is observed at the 

leading edge of the roof (X/H = 9) and the pressure gradually increases along the whole 

roof. The reason is that separated flow at the leading edge creates the minimum pressure 

on the roof.  On the rear roof, the pressures are negative and are less dependent on h/H.  

At X/H = 11, !! falls in a small range between -0.4 and -0.45. Negative pressure is 

observed in most areas of the roof, which means most roof surfaces are subject to wind-

induced suction forces.  

(a) Re = 100

 
 

(b) Re =200
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(c) Re =300

 
Figure 2-17. !! on the roof with various h/H at Re = 100, 200, 300 

 Figure 2-17(b-c) shows pressure distributions on the roof at Re = 200 and Re = 

300. The similar pattern of pressure distribution is found along the bunker roof. On the 

windward side between X = 9H and X = 10H, the minimum pressure is found at the 

leading edge of h/H = 1 at Re = 300. In the region close to the roof ridge between X = 

8.9H and X = 9.1H, there is a deeper pressure drop observed at Re = 200.  On the 

leeward side of the bunker roof, negative pressure prevails in a relatively small range. 

(a) Drag coefficient 

 

(b) Lift coefficient 

 
Figure 2-18. !! and !! on the bunkers at Re = 100, 200, 300   

Figure 2-18 shows total drag coefficients and lift coefficients on the bunker at 

various roof slope angles when Re = 100, 200, 300. In Figure 2-18(a), the drag forces 

decrease with the increase of h/H except when h/H = 1. The largest discrepancy of drag 
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forces is observed between Re = 100 and Re = 300 when h/H = 0.8. In Figure 2-18(b), 

the lift forces are almost the same at every h/H and every Reynolds number.  It has little 

impact on the lift force.  

2.8 Conclusions 

In the present study, the two-dimensional Navier-Stokes equations of 

incompressible viscous flows are solved for flows over bluff bodies with various 

configurations. Numerical results are presented for flow over a floor-mounted 

rectangular cylinder with various aspect ratios and flow over bunkers with various roof 

slope angles. Those configurations cover most bunker shapes, which can be used as a 

dataset in further studies. Comparisons between different cases have been discussed; 

findings and conclusions are as follows: 

1. In the numerical testing of domain field, the domain of 30H long, 20H wide and 

20H downstream is sufficient for the flow over an isolated square cylinder at Re 

= 100.  

2. For flow over floor-mounted bluff bodies, no vortex shedding is observed in the 

wake and converged forces are obtained.  

3. For floor-mounted rectangular cylinders with various aspect ratios, it is found 

that if D/H is lower, it will generate negative pressure with a larger magnitude in 

the near wake region. Thus, for bunkers with a lower aspect ratio, the tarpaulin 

on leeward side will be under stronger suction forces. 

4. For bunkers with various roof slope angles, bunker roofs are usually under 

suction force towards the flow in most cases. Forces on the leeward roof are less 

dependent on the roof angle than that on the windward roof. Reynolds number 

has a greater impact on the drag coefficient than on the lift coefficient.  
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CHAPTER 3 THREE-DIMENSIONAL FLOW OVER 

BUNKERS 

3.1 Introduction 

It has been recognised that the wind-induced tarpaulin billowing is an essential 

mechanism to affect the fumigant transport within grain storage bunkers. The 

effectiveness of fumigation is significantly affected by external wind flow. The wind 

flow over bunkers is either in the manner of laminar flow or turbulent flow. In Chapter 

2, the two-dimensional laminar flow over bunkers has been studied. In this Chapter, the 

three-dimensional turbulent flow over bunkers is studied.  

Flow around floor-mounted obstacles with different shapes, i.e., cubes, cylinders 

or prisms, were extensively studied through both experiments (Martinuzzi and Tropea, 

1993; Hussein and Martinuzzi, 1996) and numerical modellings (Rodi, 1997; Shah and 

Ferziger, 1997; Krajnovic and Davidson, 2002; Iaccarino et al., 2003; Yakhot et al., 

2006). When the Reynolds number is over 10,000, the numerical prediction accuracy of 

flow around a floor-mounted cube lies primarily on the turbulent modelling. Various 

models have been used to simulate this flow, such as the Reynolds Averaged Navier-

Stokes (RANS) method with ! − !, ! − !,!! − ! closures (Rodi, 1997; Iaccarino et al., 

2003), Large Eddy Simulations (LES) (Rodi, 1997; Shah and Ferziger, 1997; Krajnovic 

and Davidson, 2002). Direct Numerical Simulation (DNS) is also adopted; Yakhot et al. 



CHAPTER 3 THREE-DIMENSIONAL FLOW OVER BUNKERS 

 
33 

(2006) found that unsteadiness of the flow is caused by the interaction between the 

horseshoe vortex and the narrow band of positive vorticity attached to the surface in 

front of the cube. 

Low-rise buildings with slope roof were studied both experimentally and 

numerically in terms of wind loads on the roof surfaces (Holmes, 1981; Xu and 

Reardon, 1998; Stathopoulos, 2003). Holmes (1981) investigated the influence of roof 

slope of low-rise buildings with gable-roof on the pressure in wind tunnel experiments. 

Xu and Reardon (1998) tested hip-roofed building models of various roof pitches in a 

wind tunnel and investigated wind pressure distributions over hip roofs and the effect of 

roof pitch on roof pressures. Stathopoulos (2003) analysed the wind loads on low 

buildings using both experimental study and the application of computational fluid 

dynamics methods.  

The configuration of grain storage bunkers in this study is different from those 

studied and published in terms of its dimensions and aspect ratios. Findings in other 

studies are not directly applicable in this case. In this study, the numerical model is 

firstly validated against the benchmark testing results of flow over the floor-mounted 

cube. Secondly, the model is used to calculate the pressure distribution and fluctuation 

on gable-roof bunkers. Thirdly, the wind tunnel tests and numerical simulations are 

carried out to obtain pressure distribution on a hip-roof bunker model. Fourthly, various 

flow approaching angle of θ = 0°, θ = 45° and θ = 90° on a hip-roof bunker are studied.  

3.2 RANS Equations 

 Governing equations used in this study are the three-dimensional incompressible 

RANS equations with a k-ω two-equation closure. The non-dimensional RANS 

equations in Cartesian coordinates are defined as: 

!"!
!!!

= 0          (3-1) 
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!"!
!" + !!

!"!
!!!

= − !
!"!

! + !
! ! + !

!!!
( !!"

!!!
!!!

+ 2!!!!")    (3-2) 

where !!  (!! = !, !! = !, !! = !)  are the Cartesian coordinates, !!(!! = !,!! = !,

!! = !)  are the velocity components in xi directions, !  is the pressure, !  is the 

turbulent kinetic energy, t is the time, Re is the Reynolds number defined as: 

!" = !"
!            (3-3) 

where U is the free stream velocity and H is the bunker height, ν is the fluid kinematic 

viscosity; !! is the turbulent viscosity, !!" are the mean strain rate tensor defined as: 

!!" = !
!

!"!
!!!

+ !"!
!!!

.         (3-4) 

The k-ω two-equation model (Wilcox, 1994) is used to determine the turbulent kinetic 

energy ! and the turbulent viscosity !!, which can be defined as: 

 !! = !∗ !!           (3-5) 

where ω is the specific dissipation of the turbulent kinetic energy defined as: 

! = !
!∗!          (3-6) 

where ε is the dissipation of the turbulent kinetic energy. Governing equations for k and 

ω are: 

!"
!" + !!

!"
!!!

= !! − !∗! + !
!!!

!
!" + !

∗!! !"
!!!

     (3-7) 

!"
!" + !!

!"
!!!

= !! − !!! + !
!!!

[ !
!" + !!!

!"
!!!
]     (3-8) 

where !! is the production of turbulent kinetic energy defined as: 

!! = 2!!!!" !"!!!!
         (3-9) 

 !! is the production of turbulent kinetic energy specific dissipation defined as: 

!! = !"
! !!                    (3-10) 

The constants used in the k-ω model are shown in Table 3-1. 
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σ* σ β* β γ γ* 
0.5 0.5 0.09 0.075 0.553 1.0 

Table 3-1. Constants used in the k-ω model 

In this study, the pressure on bunker surfaces is studied in various cases. The pressure 

coefficient !! is defined as  

!! = 2(! − !!)/!!!                   (3-11) 

where !! is the hydrostatic pressure at the location of the obstacle and ! is the fluid 

density. 

3.3 Numerical Methods 

 In this study, governing equations are discretized using the Petrov-Galerkin 

finite element method (PG-FEM) in space. In PG-FEM, artificial diffusive terms are 

added into momentum equations to balance the negative numerical diffusion introduced 

by the traditional Galerkin method (Brooks and Hughes, 1982). In order to achieve the 

artificial diffusion, a perturbation function was introduced to the weighting function. 

The fractional step finite element model and parallel computer codes based on message 

passing interface (MPI) developed by Zhao et al. (2009) are applied to solve the 

governing equations. Calculations are carried out on a high-performance computer 

facility in Western Australia (iVEC). Zhao et al. (2010) simulated flow over a wall 

mounted vertical circular cylinder using the present model. Numerical results of 

pressure distribution obtained in this model agree well with the experimental data.  

3.4 Flow over a Floor-mounted Cube 

The numerical model is validated against experimental results of flow over a 

floor-mounted cube in the literature. The reason to include this numerical model 

validation is to demonstrate that it is applicable to use this numerical scheme in flow 

over a surface-mounted bluff body with shape corners. Figure 3-1 shows the 

computational domain and dimensions in this study. The cube height is H. The domain 
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dimension is X = 10H in the streamwise direction, Y = 7H in the transverse direction and 

Z = 2H in the vertical direction. The cube centre is located 3H downstream from the 

inflow boundary and 3.5H from either lateral boundary.  

In this numerical simulation, flow parameters are introduced as the same as those 

used in the documented experiment (Martinuzzi and Tropea, 1993). A fully developed 

turbulent flow is applied on the inflow boundary X = -3H. The symmetry boundary 

condition is prescribed on Y = -3.5H and Y = 3.5H. The no-slip boundary condition is 

used on Z = 0, Z = 2H and cube surfaces. A structured finite element mesh with 900,000 

nodes is used in the spatial discretization. 

 

Figure 3-1. Computational domain of flow over a floor-mounted cube 

 The Reynolds number based on the free stream velocity and cube height is Re = 

40,000. Vortex shedding is observed and the Strouhal number is 0.152, which is close to 

the experimental result of 0.145 (Martinuzzi and Tropea, 1993). Figure 3-2 shows the 

comparison of streamlines around a cube above the floor. Figure 3-2(a) shows 

experimental results plotted by Martinuzzi and Tropea (1993). Figure 3-2(b) plots 

streamlines on Z = 0.01H from the averaged flow in this study. The simulated flow 

captured essential flow structures observed in the test, i.e. the horseshoe vortex and arch 

vortex. 
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Figure 3-2. Streamlines around a cube on Z = 0.01 

Figure 3-3 shows the comparison of velocity distributions in streamwise 

direction on the symmetrical plane Y = 0.  Numerical results are presented at X = 0.5H 

and X = 1H against experimental results (Martinuzzi and Tropea, 1993). The streamwise 

velocity u is normalized by the averaged velocity Ui measured at inflow boundary. In 

Figure 3-3(a), results obtained in RANS solution agree well with experimental 

measurements. In Figure 3-3(b), the discrepancy exists in the region below Z = 1.5H, 

where numerical values are lower than the experimental ones.  

Figure 3-3.Comparison of u/Ui at X = 0.5H and X = 1H on Y = 0 

3.5 Flow over Bunkers with Gable-Roof 

(a) Experimental

 

(b) Numerical

 

(a) X = 0.5H

 

(b) X = 1H
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 In this study, two bunkers with different length to height ratios L/H are 

investigated, i.e. L/H = 6 and L/H = 40. Figure 3-4 shows the sketch of a bunker with 

gable-roof in a Cartesian coordinate system. The bunker height is H, and the width W = 

2H. The height of wall below gable roof is h = 0.6H and the roof slope angle is ! with 

tan! = 0.4. The wind direction is in x direction. The computational domain is 15H in 

length along x-axis and 4H in height along z-axis, but the domain width is different for 

different L/H. The bunker centre on the floor Z = 0 is located at intersection of X = 0 

and Y = 0.  

The no-slip boundary condition is applied on the floor Z = 0 and bunker surfaces. 

The slip boundary condition is applied on top boundary Z = 4H. A fully developed 

boundary layer flow is given on the inflow boundary X = -7.5H. The outflow boundary 

condition is applied on X = 7.5H. Reynolds number of 4,000 is adopted based on the 

free stream velocity and bunker height. 

 

Figure 3-4. Sketch of flow over bunkers with gable-roof 

3.5.1 L/H = 6 

When L/H = 6, the domain width is 12H with two lateral boundaries of Y = -6H 

and Y = 6H. The symmetry boundary condition is applied on the lateral boundary. 

Structured 8-node hexahedron finite elements are used in the spatial discretization of the 

computational domain. Figure 3-5 shows the mesh refinements around bunker edges 
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and corners. The mesh dependence study was carried out and it is found that further 

refinement of the mesh makes negligible difference on the results.  

 

Figure 3-5. The mesh on the bunker with gable-roof 

Pressure coefficients Cp at various locations on the bunker surface are exported 

in this analysis. The monitoring points are distributed on Y = 0 and their coordinates are 

shown in Figure 3-6 (a). The monitoring points are distributed as evenly as possible to 

capture the main flow features. Figure 3-6(b-g) shows time series of !! within the 

computational time t = 200. No steady state for Cp is observed in this simulation.  

Figure 3-6(b) shows time series of Cp at FW1 and FW2 on the front wall. The 

pressure in both locations is fluctuating in a similar pattern in the transitional period 

before t = 50. Pressure varies in the positive range, and the pressure at FW1 is lower 

than that at FW2. It is because both locations are in the developed boundary layer flow 

and FW1 is closer to the floor. Figure 3-6(c) shows Cp at FR1 and FR2 on the front roof 

experiencing opposite pressure effects. The reason for the pressure varying from 

positive to negative is because the flow is separating on the front roof between FR1 and 

FR2. In Figure 3-6(d-f), Cp at the top and rear roof are negative and fluctuating in the 

range between -0.2 and -0.6. Durbin and Medic (2007) stated that the base pressure in 
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the flow separated region is always lower than the ambient pressure. Figure 3-6(g) 

shows pressure on the rear wall becomes more irregular in the range below zero.  

                            (a) Sketch of bunker cross section on Y = 0 

 
(b) Front wall

 

(c) Front roof

 
(d) Top

 

(e) Rear roof 1

 
(f) Rear roof 2

 

(g) Rear wall

 
Figure 3-6. Time series of Cp at selected locations on Y = 0 

The mean pressure coefficient !!  and root mean square pressure coefficient  

!!,!"# are calculated in this case between t = 50 and t = 200. Figure 3-7 and Figure 3-8 

show contours of !! and !!,!"# on bunker surfaces.  

In Figure 3-7, it can be seen that mean pressure is positive on most parts of the 

windward wall. Negative pressure only exists near two bunker ends, where there is 

larger pressure gradient. Pressure on the windward roof is varying from positive near 
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the bunker top to negative approaching the top. The contour line of !! = 0 is observed 

on the front roof, and it indicates pressure drop sharply at two ends of the bunker due to 

complex flow structure in this region. For the contour of !!,!"# in Figure 3-7, the 

maximum value is found near the top, and other parts are less than 0.015. 

(a) !!

 
(b) !!,!"# 

 
Figure 3-7. Contours of !! and !!,!"# on windward bunker surfaces  

In Figure3-8, the distribution of !! and !!,!"# is near symmetrical against the 

plane of Y = 0. The negative pressure occupies the leeward surfaces and sides.  The 

pressure gradient is the highest near the top on Y = 0. The largest !!,!"#  can be 

observed below the bunker top on the rear wall. The overall !!,!"# on the leeward side 

is larger than that on the windward side, which means the flow turns irregular on the 

bunker leeward side.  

 (a) !!
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(b) !!,!"#

 
Figure 3-8. Contours of !! and !!,!"# on leeward bunker surfaces 

3.5.2 L/H = 40 

When L/H = 40, the symmetry boundary condition is specified on Y = 0. Because 

the ratio L/H is relatively high and the flow direction is perpendicular to the longitudinal 

direction, there is negligible impact on flow near Y = 0 from three-dimensional flow at 

two ends of the bunker. Thus half of the bunker, i.e. between Y = 0 to Y = 20H, is 

simulated in the computational domain. The domain width is 24H from Y = 0 to Y = 

24H. 

 

Figure 3-9. Contour of !! on Y = 0 in the flow domain 
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Figure 3-10. The streamlines around bunker on Y = 0 

On the symmetry plane, the pressure contour and flow streamlines around the 

bunker are plotted in Figure 3-9 and Figure 3-10 respectively. Figure 3-9 shows the 

highest pressure is in the region in front of the windward wall and the lowest pressure is 

in the region behind the leeward wall. The contour line of !! = 0 is observed above the 

front roof. !! on the windward wall of the bunker appears to be higher than that when 

L/H = 6, which is due to the greater blockage effects in the flow domain when L/H = 40. 

Figure 3-10 shows the vortex in front of the windward wall and behind the leeward 

wall. 

 Figure 3-11 shows the !! on the line of FW1, FR1 and RR1 along the y-axis. 

Their locations are shown in Figure 3-6(a). The pressure has larger gradient close to the 

end of the bunker on Y = 20H. The !! does not vary a lot along the cross-stream 

direction in the range of 0 < Y < 12H. It indicates that the end of the bunker in the 

spanwise direction affect the flow structure in the range of 12H < Y < 20H. 

 

Figure 3-11. !! at three locations on the bunker surface along y-axis 

3.6 Flow over a Bunker with Hip-Roof 

Wind tunnel tests of flow around a model bunker were conducted, and the 

experimental results are used to compare with those obtained in the numerical 

simulations. 
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3.6.1 Wind tunnel experiments 

The model is scaled by 1:25 from a grain storage bunker measured in the field. 

The model dimensions are shown in Figure 3-12. The slope angles on the bunker are α 

= 20°, β = 45° and γ = 50°. The free stream velocity in the wind tunnel is set at 4.0 

m/s and the Reynolds number is 90,000 based on the bunker height. Pressure 

transducers are placed on roofs to measure the pressure as shown in Figure 3-13. No 

pressure transducer is deployed near roof edges due to the technical difficulty. 

 

Figure 3-12. Sketch of flow over bunkers with hip-roof (a: xz-plane; b: yz-plane) 

 

Figure 3-13. Image of the bunker model in the wind tunnel  
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The test section of the wind tunnel is 7.5 m long, 2.8 m wide and 2.2 m high. The 

model is placed on a flat wooden plate in the mid-section of the wind tunnel. The 

wooden plate of 3 m long, 2.6 m wide and 0.016 m thick with the sharp leading edge. It 

was placed horizontally in front of the bunker.  

The boundary layer flow velocity is measured using a hot-wire anemometer. 

Figure 3-14 shows the velocity profiles at every 0.2 m downstream from the leading 

edge. The incoming flow can be considered as a fully developed boundary layer flow at 

1.2 m, where the model is later placed.  

 

Figure 3-14. Measured velocity profiles at various locations in the boundary layer. 

The logarithmic law of velocity distribution u(z) in a boundary layer is  

!(!) = !∗
! ln(

!
!!
),                   (3-12) 

! ! = 0.28 ∗ ln !
!×!"!! .                           (3-13) 

where !∗ is the friction velocity, ! is the Karman constant and z0 is the roughness 

height. Figure 3-15 shows the curve-fitted logarithmic velocity profile and the measured 

velocity profile at 1.2 m. Equation 3-13 is obtained by the curve fitting of measured 

velocity profile. 
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Figure 3-15. A fitted curve for velocity profile based on experimental data 

3.6.2 Numerical simulations 

In the numerical modelling, the bunker dimensions are the same as that in the 

wind tunnel tests. The bunker dimensions are denoted by length L, width W and height 

H. The computational domain is determined by the domain size dependency study, in 

which further increase in the domain size has little change in numerical results. It 

consists of 11W long in x direction, 7L wide in y direction and 4H high in z direction. 

The bunker placed on the floor with 4W distance from the inflow boundary and 3.5L 

from the lateral boundary.  

 The Reynolds number of 90,000 is used in the simulation. The incoming 

boundary layer flow profile measured in the experiment is applied at the inflow 

boundary. No-slip boundary condition is used on the floor and bunker surfaces. The 

symmetry boundary condition is applied on the lateral boundary and the top boundary.  

 The computational domain is discretized structured eight-node hexahedral finite 

elements. Figure 3-16 shows the mesh on the ground and bunker surfaces. Mesh 

refinements are applied in regions near bunker edges and corners. For mesh refinements 

along z-axis, there are 10 grids used on the bunker and 30 grids on the short roof. The 
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mesh independence study was carried out with trial calculations for different grid 

refinements. No significant improvement was found with further mesh refinements. The 

time step used is 0.001 s.  

(a) 

 

(b) 

 
  
Figure 3-16. The mesh on the bunker with hip-roof (a: bunker roofs; b: close up view of 

one bunker corner) 

 Figure 3-17 shows the comparison of experimental and numerical results of 

mean pressure coefficients !!  on the bunker surface along the centerline Y = 0. The 

numerical results captured essentially the adverse pressure gradient on the windward 

roof and the near constant negative pressure on the leeward roof. There is a discrepancy 

in the region adjacent to the bunker top at X = 0.  Numerical results show a sharp 

pressure drop to !! = -1.4 and sudden recovery to !! = -0.7. However, the same pattern 

is not captured in the experiment, in which the pressure falls gradually over the bunker 

top. The reason for a lack of agreement is that RANS model tends to over-predict the 

extent of separation region after the bunker top (Rodi 1997). Olivera and Younis (2000) 

found the similar pattern in their numerical study of wind over bunker tops and 

attributed this numerical error to a grid-induced phenomenon.  
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Figure 3-17. Comparison of !! obtained in experiments and calculations 

 Figure 3-18 shows the comparison of experimental and numerical results of 

mean pressure coefficients on the entire bunker roof. The calculated range of !!  on each 

roof is close to that in the experiment except in areas near bunker edges. In Figure 3-

18(b), !! on the windward roof ranges from -0.3 to 0.4 and the minimum value is 

observed near the bunker top. !!  on the leeward roof is negative ranging from -0.9 to -

0.6, with the minimum value occurring just downstream of the bunker top. On the side 

roof, !!  is in the range from -0.7 to -0.5 with the minimum value occurring close to the 

upstream edges. It can be found that pressure changes abruptly near bunker roof edges.  

The numerical result of pressure in Figure 3-18(b) is also compared with 

Australian/ New Zealand Standard 1170.2 (2002) Structural Design Actions Part 2: 

Wind Actions (Section 5.4). For enclosed rectangular buildings with hip-roof, the 

pressure coefficient for the upwind slope roof ranges from -0.3 to 0.2 if the height to 

width ratio is less than 0.25 and roof pitch is 20°, and the pressure coefficients for other 

roofs are around -0.6. In this study, where the long side roof pitch is 20° and the height 
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to width ratio is 0.16. The pressure coefficients on the front roof and the rear roof are 

close to the range that is in the standard.  

(a) Expremental result

 

(b) Numerical results

 

Figure 3-18. !! distribution on the bunker roof at θ = 0°  

 The main flow features around the bunker are illustrated by streamlines in 

Figure 3-19. In Figure 3-19(a), it is observed that the incoming flow separated at bunker 

leading edge remerges in the wake flow region. Figure 3-19(b) shows the recirculation 

flow formed in front of the wall. Figure 3-19(c) shows the boundary layer flow 

separated by bunker edges creates a pair of vortices above the leeward roof, which is the 

reason for prevalent negative pressure observed on the leeward roof.  

 

 

(a)

Wind

(b)

Wind

(a) 
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Figure 3-19. Streamlines around the bunker at θ = 0° (a: top view; b: close-up view at 

the leading edge; c: aerial view). 

The two vorticity components used in this study are defined as: 

!! = !"/!" − !"/!"        (3-14) 

 !! = !"/!" − !"/!"        (3-15) 

Contours of !!  on xz-plane and the iso-surfaces of !! = 3 are plotted in 

Figure 3-20. The contours are selected on Y = 0, Y = 0.15L, Y = 0.30L, Y = 0.45L along 

y-axis. 

In Figure 3-20(a)-(c), it is observed that the principal vortices are formed in the 

downstream of the bunker top, in which the !! is decreasing from Y = 0 to Y = 0.30L. 

No vortex in the same length scale is found in Figure 3-20(d). !! with a negative value 

is mainly observed in the region near the bunker roof and the floor in the downstream 

region. In Figure 3-20(e), iso-surfaces of !! = 3 indicate vortex structures and the 

(b) 

(c) 
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three-dimensional flow around the bunker. It is found that the vortex structure is 

roughly two-dimensional near the bunker top, which decays gradually as evolving 

downstream.  

 

 

 



CHAPTER 3 THREE-DIMENSIONAL FLOW OVER BUNKERS 

 
52 

 

 

Figure 3-20. Contours of !! and iso-surfaces (a: Y = 0; b: Y = 0.15L; c: Y = 0.30L; d: Y 

= 0.45L; e: !! = 3) 

Figure 3-21 shows the iso-surfaces of !! = 1. It is observed that as two 

dominant vortices formed near two bunker sides. In the flow wake region, it can be seen 

that two chains of vortices in opposite direction shedding from the bunker.  

 

!! = +3 

!! = −3 
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Figure 3-21. Iso-surfaces of !! = 1 around the bunker 

3.7  Wind Direction Effects 

In previous studies, the flow direction is the same, i.e. perpendicular to the 

longer side of the bunker.  Influences from flow directions are studied on the bunker 

with hip-roof. Figure 3-22 shows the definition of the flow approaching angle θ. Apart 

from θ = 0°, the other angles of θ = 45° and θ = 90° are obtained from the numerical 

modelling.  

 

Figure 3-22. Sketch of the bunker orientation and wind directions 

3.7.1 θ = 90°  

 Figure 3-23 shows the mean pressure coefficients on bunker roofs at θ = 90°. 

The maximum !! is over 1.4, which is higher than that at θ = 0°. The roof pitch of the 
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short side is α = 45°. It is because the increased blockage effect from the bunker when θ 

= 90°. The separated flow leads to negative pressure in the region behind the roof hips. 

Then, the flow reattached to the roof can be indicated by the contour line of !! = 0.  

Figure 3-24 shows the top view of the streamlines around the bunker. The flow 

reattached on the roof is separated again at rear roof hips. A pair of vortices is generated 

above the leeward short roof that leads to the negative pressure in this region.  

 

Figure 3-23. !! distribution on the bunker roof at θ = 90° 

 

Figure 3-24. Streamlines over the bunker at θ = 90° 

3.7.2 θ = 45°  

 Figure 3-25 shows the mean pressure coefficients distribution on bunker roofs at 

θ = 45°. The positive pressure prevails over the windward roofs, and the maximum 
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pressure is observed in a small strip on the short side roof. The minimum pressure is 

found in the roof corner of flow separation between the bunker top and the roof hip on 

the leeward roof. On the short side roof in the leeward direction, the pressure is negative 

due to the vortex forming in a recirculation region as indicated in Figure 3-26. It is 

found that !!  changes abruptly near bunker edges from the windward side to the 

leeward side.  

 

Figure 3-25. !! distribution on the bunker roof at θ = 45° 

 

Figure 3-26. Streamlines around the bunker at θ = 45° 

 As shown in Figure 3-22, three points are chosen on bunker surface. The bunker 

model is symmetrical on the x-axis and y-axis. Therefore, numerical results of !! from 
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other flow directions, i.e. θ = 135°, θ = 180°, θ = 225°, θ = 270° and θ = 315°, are 

derived by results from θ = 0°, θ = 45° and θ = 90°. Figure 3-27 shows their !! at 

various flow directions θ.  

It is observed that the variation of !!  at (1) and (2) against θ is in a similar 

pattern. The maximum deviation of !! is 0.8 and 1.0 for (1) and (2), respectively. The 

variation of !! at (3) is different from that at the other two locations.  The maximum !! 

of 1.4 is observed at θ = 90°. When θ = 225° and θ = 270°, !!  at the three locations is 

almost the same. The reason is that three locations are all in the flow recirculation 

region when θ = 225° and θ = 270°.  

 

Figure 3-27. !! at various flow directions θ 

3.8  Conclusions 

In the present study, the three-dimensional turbulent flow over a grain storage 

bunker is investigated. The RANS model with a k-ω closure is solved by the Petrov-

Galerkin finite element method. The numerical model is validated against published 

experimental data of flow around a floor-mounted cube. Comparative studies of 

experimental and numerical testing of flow over a bunker are carried out. Influences 
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from various flow approaching angles are also assessed in this study. Important findings 

and conclusions are as follows:  

1. For the bunker with gable-roof, the flow is unsteady indicated by the fluctuating 

pressure on bunker surfaces. Pressure fluctuation tends to be irregular from the 

windward roof to leeward roof. 

2. For the bunker with gable-roof, three-dimensionality of the mean pressure and 

r.m.s pressure are obviously observed towards two ends of bunkers in the lateral 

direction.  

3. The frequency and amplitude of pressure fluctuations are largely related to 

bunkers’ orientation, geometric configuration, and the turbulent intensity in the 

atmospheric boundary layer.  

4. For the bunker with hip-roof, pressure coefficients are compared at wind 

direction of 0°, 45° and 90°. It is found that the pressure on bunker roofs varies 

between positive pressure and suction pressure. The maximum pressure is 

observed on the windward roof and the minimum one is found in a small strip 

behind the bunker top on the leeward roof.  



 

 58 

CHAPTER 4 TARPAULIN DEFORMATION AND 

VIBRATION 

4.1 Introduction 

 The tarpaulin covered grain storage bunkers are widely used in Australia. In 

comparison with other types of grain storage such as silos, shelters or sheds, the 

tarpaulin-formed structure is pliable and more vulnerable to the external wind. The 

reason of tarpaulin billowing is mainly due to the variation of aerodynamic forces 

exerted on bunker surfaces. It is of great interest to researchers in the grain industry to 

understand the billowing phenomenon. On one hand, tarpaulin billowing affects 

fumigant transport. On the other hand, billowing induced strains on the tarpaulin lead to 

leaks. The aim of this study is to formulate a numerical model to simulate tarpaulin 

deformation and vibration under external loads.  

 The tarpaulin used in grain storage bunkers is generally made of composite 

materials like canvas, polyethylene (PE) and polyvinyl chloride (PVC). The tarpaulin 

covering the entire bunker is fastened on bunker side. Air gaps between the grain bulk 

and the tarpaulin are often observed, which make it possible for the tarpaulin billowing 

under wind loads. In the numerical analysis, the non-linear behaviour of tarpaulin-

formed structure involves large displacements and small strains. It is necessary to resort 

to an incremental formulation of the equations of motion. 
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There are normally two different finite element methods used in incremental 

nonlinear finite element analysis. The first one is the Updated Lagrangian formulation, 

i.e. static and kinematic variables are referred to an updated configuration in each load 

step. The second one is the Total Lagrangian formulation, i.e. all static and kinematic 

variables are referred to the initial configuration. There are numerous studies on the 

nonlinear finite element procedure using both methods (Bathe, 2006, De Borst et al., 

2012, Smith et al., 2013). The total Lagrangian formulation is adopted in this study.  

The aim of this study is to formulate a nonlinear finite element model for the 

tarpaulin-formed structure that is applicable in the formulation of fluid structure 

interaction model. In this study, the tarpaulin-formed structure is simulated as a slender 

structure undergoing large deformation and small strain under external loads. The 

geometric nonlinear deformation is assumed in the tarpaulin mechanical behaviour and 

the material is isotropic and elastic. The numerical model is at first formulated in the 

total Lagrangian method and validated against the numerical results published in the 

literature. The case studies are carried out to model the structural responses with various 

length to thickness ratios (!!/ℎ!), load parameters (!!) and densities (!!). Both static 

and dynamic analyses are included in the investigation.  

4.2 Kinematics 

 In the solid linear elastic analysis, infinitesimal deformation is assumed in the 

structural behaviour. The strain and stress calculated in a fixed frame of reference are 

applicable solutions. However, when there is large deformation but small strain, it is 

essential to introduce a frame of reference attached to the material. Thus, any rigid body 

displacement or rotation will not be included in the strain calculation.  

The material point !!(!!,!!,!!)  and !!(!!, !!, !!)  are defined in the initial 

(undeformed) configuration !! and current (deformed) configuration !!, respectively. 

In the Cartesian coordinates, the material point could be expressed as: 
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!! = !!!!          (4-1) 

!! = !!!!          (4-2) 

where !!  and !!  are the orthonormal bases for the spatial and material coordinate 

system, respectively. A natural coordinate system is introduced in the solid formulation. 

The position vector X and x in the initial configuration !! and current configuration !! 

are defined by two independent curvilinear coordinates !! and !! as: 

! = !(!!, !!)          (4-3) 

! = !(!!, !!, !)         (4-4) 

Then, the displacement u(!!, !!, t ) is defined as: 

! = !− !          (4-5) 

The convected covariant base vectors of the curvilinear coordinate system on the initial 

and current configuration are defined respectively as: 

!! = !!
!!!

          (4-6) 

!! = !!
!!!

          (4-7) 

where covariant base vectors !! and !! form a tangent space to the surface that are 

orthogonal to each other.  

The surface normal of the initial and current configurations are defined respectively as: 

!! = !!×!!,! = !!/ !!         (4-8) 

!! = !!×!!,! = !!/ !!         (4-9) 

The covariant components of the metric tensors in the initial and current configurations 

are defined respectively as: 

!!" = !! ⋅ !!                    (4-10) 

!!" = !! ⋅ !!                    (4-11) 

The convected contravariant base vectors are defined by: 

!! = !!" ⋅ !!                    (4-12) 
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!! = !!" ⋅ !!                    (4-13) 

where the contravariant components of the metric tensors are obtained from: 

!!" = [!!"]!!                   (4-14) 

!!" = [!!"]!!                   (4-15) 

when the contravariant base vectors are given, the covariant vectors can be obtained 

from: 

!! = !!" ⋅ !!                    (4-16) 

!! = !!" ⋅ !!                    (4-17) 

The covariant and contravariant base vectors define the scalar product identities: 

!! ⋅ !! = !!"                    (4-18) 

!! ⋅ !! = !!"                    (4-19) 

where the Kronecker !!"is: 

!!" =
1 !ℎ!"# = !
0 !ℎ!"# ≠ !                   (4-20) 

Thus, the deformation gradient tensor F in the curvilinear coordinates is: 

! = !!⨂!!                    (4-21) 

!! = !!⨂!!                    (4-22) 

The Green-Lagrange strain tensor E is defined as: 

! = !
! !!!− ! = !!"!!⨂!! = !

! !!" − !!" !!⨂!!              (4-23) 

The Second Piola-Kirchhoff stress tensor S is defined by the elasticity tensor D relate to 

the Green-Lagrange strain tensor E as: 

! = !:! = !!"!!⨂!! =
!!"
! !!" − !!" !!⨂!!               (4-24) 

! = !!×!+ 2!!                   (4-25) 

The elastic material is assumed to be isotropic and can be described by Lame constants 

! and !: 
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! = !"
!!! (!!!!)                   (4-26) 

! = ! = !
!(!!!)                   (4-27) 

where E is the Young’s modulus and ! is the Poisson’s ratio. 

4.3 Governing Equations 

 The geometric nonlinearity in the strain-displacement relation and elastic 

material in strain-stress relation are considered in the formulation based on the 

assumptions of large deformation and small strain. The total Lagrangian formulation is 

used to present the constitutive equations in its initial configuration. The dynamic 

equilibrium equations are formulated as: 

! !!!
!!! − ! ∙ !! = !! + !!!                  (4-28) 

where !! = !" is the Cauchy stress tensor, ! is the density,! are the displacements, t is 

the time, !! is the body force and !! is the external force. 

 In the large deformation formulations, the principle of virtual work is applied to 

elements corresponding to the current configuration instead of the initial configuration 

used in the linear analysis. The finite element formulation is as: 

! !!!
!!!!! ⋅ !!!Ω− ! ∶ !!!Ω!! = !!!! ⋅ !!!Ω+ !!!!! ⋅ !!!Ω            (4-29) 

where !! are the  follower forces exerted on the deformed configuration and adds to the 

nonlinearity of the system. The left-hand side terms are in the initial configuration and 

the right-hand side terms are in the current configuration.  

4.4 Numerical Methods 

4.4.1  Finite element discretization 

 The structure is discretized and transferred to local Cartesian coordinates. The 

finite element discretization is presented for the total Lagrangian formulation. The shape 

functions are expressed in terms of iso-parametric coordinates defined in the parent 
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element. The iso-parametric coordinates are denoted by !! for each element. The !!and 

!!surface coordinates of the parent element can be mapped to curvilinear coordinates 

for a given finite element as: 

!(!!, !!)  = !!(!!, !!)!!!
!!!                  (4-30) 

!(!!, !!, !)  = !! !!, !! !!(!)!
!!!                  (4-31) 

!(!!, !!, !)  = !! !!, !! !!(!)!
!!!                  (4-32) 

The covariant base vector of the curvilinear coordinates in the reference configuration 

is: 

!!(!!, !!)  = !!,!(!!, !!)!!!
!!!                  (4-33) 

!! !!, !!, ! = !!,! !!, !! !! !!
!!!                 (4-34) 

The variation of the Green-Lagrange strain tensor δ!!" is: 

δ!!" = !
! δ!!" =

!
! δ!! ⋅ !! +⋅ !! ⋅ δ!! =

!
! ( !!,! !!, !! !!! ! !!,! !!, !! !!(!)!

!!!
!
!!! +

!!,! !!, !! !!(!)!
!!! !!,! !!, !! !"!(!)!

!!! )               (4-35) 

 The finite element method is the most effective method for the prediction of 

displacements and stresses when finite elements are undistorted. However, in practice, 

finite elements normally are in straight-side shapes with angular distortions to provide 

mesh grading and to mesh complex geometric effectively. In geometric nonlinear 

analysis, severe angular and curved edge distortions and distortions due to movement of 

non-corner element nodes may arise as a consequence of the deformations. While the 

actual solution error increases as a result of all these element distortions, as long as the 

distortion is weak, the order of convergence is not affected.  Because any element 

distortion in the response history of the mesh can affect the accuracy of the nonlinear 

response prediction, the shape deformation of each element is monitored. The mesh is 

refined when element distortions adversely affect the response prediction. In this study, 

the mesh dependency study is carried out in each case with a coarser mesh at the 
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beginning to predict the general behaviour of the structure. Then, the grid is refined in 

areas where there is severer grid distortion. The mesh is determined when there is no 

significant change in the numerical results with a further refined mesh. 

4.4.2 Time integration scheme 

 Upon discretization using shape functions, the nonlinear equations are obtained 

at each time-step. The time integration is solved by the Newton-Raphson method, where 

the increments of the structural displacements are calculated by solving the linear 

equation system as: 

!
!∆!! + 1+ ! ! ∆!! = !!                  (4-36) 

where M is the mass matrix, K is the stiffness matrix, !! is the residual vector at the ith 

iteration, and ∆!! is the increment in the nodal displacement vector u. No damping is 

considered in this system. The parameters !  and !  come from the Hilber-Hughes-

Taylor scheme (Hilber et al. 1977). 

4.5 Nonlinear Elastic Model Validation 

 The static and dynamic nonlinear elastic model is validated against the total 

Lagrangian solutions of a cantilever under a uniformly distributed load (Bathe et al., 

1975) as shown in Figure 4-1. In the xy-plane, the length of the cantilever is !! = 10 m 

and the section plane is a square with an equal width and thickness as ℎ! = 1 m. The 

density is !! = 10!! !"/!! , Young’s modulus is !! = 1.2×10! Pa and Possion’s 

ratio is !! = 0.2. In accordance with the total Lagrangian description, all variables 

presented here are defined in the spatial coordinate. The x-axis is in line with the middle 

plane of the cantilever in the initial configuration and the y-axis is perpendicular to the 

cantilever with the origin at the left end. The origin of the coordinate system is located 

at the left end. The uniformly distributed load on the top surface and bottom surface is 

!!/2 respectively. It is noted that the loading !!  is deformation dependent follower 
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loading, which is perpendicular to the top and bottom surfaces of the cantilever. The 

directions of the loading during the deformation are calculated by the cantilever’s top 

and bottom surface nodal points. In the dynamic analysis of structures under fluidic 

loading, the loading is normally considered as deformation dependent.  

 For the boundary condition, the left end of the cantilever is fixed and the 

deflection calculated at the center of the right end is !!. The non-dimensional load 

factor !! and deflection ratio !! are defined as  

!! = 12!!!!!/!ℎ!!                   (4-37) 

!! = !!/!!                    (4-38) 

 The two-dimensional unstructured three-node linear triangular grids are used in 

the spatial discretization with the maximum grid size of 0.3ℎ!. The mesh is shown in 

Figure 4-2. The same elements are used to discretize the structure if not specified 

otherwise. Figure 4-3 shows the comparison of the linear static solution, the nonlinear 

static solution in the literature and the present solution. As shown in Figure 4-3, the 

deflection ratio !! of linear solution increases in proportion to the increase of the load 

parameter !!. It can be observed that the linear and nonlinear solutions are almost 

identical when !! is smaller than 0.1, which is for the small deformation in the linear 

deformation region. The geometric nonlinearity of the present model is observed in 

comparison with linear solutions. The nonlinear solutions of !! deviate further from the 

linear solution of !!  with increasing load parameter !! , which means the main 

characteristic of this cantilever is captured as the structure stiffens with increasing 

displacement. The calculation results of present study agree well with the nonlinear 

solutions in other published results. 

 For the dynamic analysis, the time step used is !!/42 , where !!  is the 

fundamental period of the cantilever of 57.3 ×10!! s. The equilibrium iteration is used 

at each time step. The load parameter !! = 2.85 is selected in the dynamics analysis. 
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Figure 4-4 shows the nonlinear dynamic solutions obtained in the present model and 

Bathe et al. (1975) respectively and both their results are in close agreement. It can be 

seen that the deflection from dynamic nonlinear solution fluctuates periodically around 

the static deflection at !!= 0.313 with a smaller period approximately 0.93!!. The 

maximum deflection in the nonlinear dynamic analysis is 0.584 that is less than 2!!, 

which indicates the dynamic deflection is weakened by the nonlinear stiffness over the 

equilibrium position. 

 Figure 4-5 shows the deformed cantilever within the first period of vibration. 

The left-hand side of the cantilever is fixed and the cantilever deflects at a different 

level of various time slots. The contours of !! illustrate the deflection level of the entire 

cantilever, the minimum and maximum value of deflection can be observed at t = 0!! 

and t = 0.5!! respectively. The maximum value of !! is 0.584 as shown in contour 

legend.  

 

Figure 4-1. Sketch of cantilever under uniformly distributed load 

 

Figure 4-2. The mesh on the cantilever 
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Figure 4-3. Compariso  n of  the variation of !! with !! 

 

Figure 4-4. Comparision of !! time series at !! = 2.85 

 

 

 

 

0 20 40 60 80 100
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

D
ef

le
ct

io
n 

R
at

io
 R

c

Time Step dt 

 Linear Static Solution
 Nonlinear Static Solution
 Nonlinear Dynamic Solution (Bathe et al. 1975)
 Present Study of Nonlinear Dynamic Solution

0.354

0.313



CHAPTER 4 TARPAULIN DEFORMATION AND VIBRATION 

 
68 

(a) t = 0!! 

 

(b) t = 0.25!! 

 
(c) t = 0.5!! 

 

(d) t = 0.9!! 

 
Figure 4-5. Contours of cantilever deformation within the first period 

4.6  Static and Dynamic Analysis 

 The following case studies are carried out to model the slender structure with 

different !!/ℎ!, !! and !!. Both static and dynamic analyses are included to investigate 

this structure by parametric studies. The aim of the case studies is to test the model’s 

capability in the modelling of tarpaulin structure with appropriate assumptions. The 

reason to use this model is to capture the response of the geometric nonlinear elastic 

material, which is considered as the main feature of the tarpaulin-formed structure. 

 In Figure 4-6, the slender structure defined in the xy-plane is fixed at two ends 

with uniformly distributed loads !! on the top side of the structure. The origin is defined 

at the center of the structure. The length is !!  and the thickness is ℎ! . The non-

dimensional load factor !! and deflection ratio !! are defined the same as  

!! = !!/!!! = 12!!!!!/!ℎ!!                  (4-39) 
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!! = !!/!!                    (4-40) 

where !!  is the nominal flexural rigidity of the structure and !! is defined as the 

deflection at the origin as shown in Figure 4-6.  

 

Figure 4-6. Sketch of the slender structure under uniformly distributed load 

4.6.1 Static analysis when !" = 2.85 

 The purpose of this static analysis is to test the capability of this model to 

accurately calculate the deformation with highest aspect ratio under small constant 

loads. The aspect ratio of thickness to length !!/ℎ! is increased from 10. The external 

loading parameter !!  and the length !!  are kept constant at 2.85 m and 10 m 

respectively. The unstructured linear triangular mesh with maximum grid length of 

0.3ℎ! is adopted. The non-dimensional parameter !! is introduced to indicate the level 

of deflection against the thickness, which is defined as: 

!! = !!/ℎ!                    (4-42) 

 The results of static solution are summarized in Table 4-1 and plotted in Figure 

4-7. It can be seen that with the increase of !!/ℎ!  and constant !! , the !!  and !! 

decreases. In Figure 4-7(a), the deflection ratio !! are plotted with different !!/ℎ!. The 

!! is very small in the range between 0.0052 and 0.0072. It decreases as the structure 

becomes thinner. Meanwhile, the variation of !! with !!/ℎ! in Figure 4-7(b) shows an 

opposite trend. As the increase of !!/ℎ!, Ys increases gradually. Even the maximum 

deflection in this study is only over the half thickness of the structure. It can be found 

that further increase of the !!/ℎ! will further decrease the deflection ratio, which is not 
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necessary to obtain the applicable aspect ratio. It is better to test the structure with 

increasing loading parameters. 

ℎ! (m) !!/ℎ! !! !! !! = !!/!! !! = !!/ℎ! 
1 10 2.85 2.85 0.00719 0.0719 

0.5 20 2.85 0.3563 0.00659 0.1318 
0.25 40 2.85 0.0445 0.00631 0.2524 
0.125 80 2.85 0.0056 0.00576 0.4608 
0.1 100 2.85 0.00285 0.00549 0.549 

Table 4-1. !! at various !!/ℎ! when !! = 2.85 

 (a) !! 

 

(b) !! 

 
Figure 4-7.Variation of !! and !! with !!/ℎ! at !!=2.85  

4.6.2 Static analysis when !!/!!=10  

 Upon the study on the structure aspect ratio, the shape of the structure is fixed 

with !!/ℎ! = 10 in this case. The loading parameter !! increases gradually to test the 

range of !! applicable in this model without severe distortion of finite element and 

generate accurate results. The maximum size of the three-node triangular element is 

0.3ℎ!.  

 In the numerical results summarized in Table 4-2 and Figure 4-8, it can be found 

that the deflection ratio is increasing with the increased loading. However, the 

converged result is not obtained when !!  increases to 450 due to the severe grid 

distortion. Thus, the range of load parameter !! can be found up to 400 in predicting the 

deformation under this condition. In the validation case, it is known that the model can 
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predict the results accurately up to the deflection ratio of !! < 0.8. The !! of 0.227 at !! 

= 400 is far smaller than !! due to the different constraints applied under this condition.  

ℎ! (m) !!/ℎ! !! !! !! !! 
1 10 2.85 2.85 0.00719 0.0719 
1 10 8 8 0.0196 0.196 
1 10 80 80 0.108 1.08 
1 10 200 200 0.168 1.68 
1 10 300 300 0.201 2.01 
1 10 400 400 0.227 2.27 
1 10 450 450 - - 

Table 4-2. !! at various !! when !!/ℎ! = 10 

(a) !! 

 

(b) !! 

 
Figure 4-8.Variatio of !! and !! with !! at !!/ℎ!  =10 

4.6.3 Static analysis when !!/!!=100 

 The structure with !!/ℎ!=100 is studied in this case. The range of !! is tested in 

this numerical model. The maximum size of the finite elements is the same as 0.3ℎ!.  

Table 4-3. !! at various  !! when !!/ℎ!= 100 

Table 4-3 and Figure 4-9 show that the deflection ratio increases with the 

loading. The result is not converged when !! = 4,000. Thus, the range of load parameter 

0 100 200 300 400

0.05

0.10

0.15

0.20

0.25

0.30

D
ef

le
ct

io
n 

R
at

io
 R

s

Load Parameter Ks

0 100 200 300 400
0.0

0.5

1.0

1.5

2.0

2.5

3.0

D
ef

le
ct

io
n 

R
at

io
 Y

s

Load Parameter K
s

ℎ! (m) !!/ℎ! !! !! !! !! 
0.1 100 2.85 0.00285 0.00549 0.549 
0.1 100 10 0.01 0.0120 1.2 
0.1 100 100 0.1 0.0315 3.15 
0.1 100 1,000 1 0.0710 7.1 
0.1 100 2,000 2 0.0902 9.02 
0.1 100 4,000 2 - - 
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!! can be found up to 2,000 in predicting the deformation under this condition. At !! = 

2,000, the maximum deflection is found over nine times the thickness of the structure. 

(a) !! 

 

(b) !! 

 
Figure 4-9. Variation of !! and !! with !! at !!/ℎ! =100  

4.6.4 Dynamic analysis when !! = 1,000 kg/m3 

 Based on the static analyses, the aspect ratio of !!/ℎ!=100 and density of  !! = 

1,000 kg/m3 is chosen in the dynamic analysis. In the dynamic analysis, the range of !! 

applicable may change as the maximum deflection is normally larger than that at the 

equilibrium position. The !! value is chosen between 100 and 1,000 in accordance with 

the static analysis.  

 When !! = 100, the time series of deflection ratio !! is plotted together with the 

static solution !! = 0.0315 in Figure 4-10 with the computational time t = 200 s. It can 

be found that the structure vibrates around the equilibrium position with smaller 

amplitude as the structure stiffens. The first period is about 74 s and the second period is 

about 66 s. The deflection ratio contours of entire structure are plotted at different times 

in Figure 4-12. It is observed that there is more than one mode of vibration in the 

response of the slender structure. As shown in Figure 4-12 (c) and (e), the third mode is 

obvious as the deflection at the middle point is deviated from the deflections at either 

side of it. The vibration frequency is calculated by Fourier analysis of the power 
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spectrum of deflection, the spectrum is plotted in Figure 4-11 when !! = 100. Table 4-4 

shows frequencies in lower modes of vibration.  

 The time series of !! when !! = 100, 200, 400, 600, 800, 1,000 are plotted in 

Figure 4-13 with the computational time of t = 2,000 s. Their deflection ratios and 

dominant vibration frequencies are listed in Table 4-5. It can be observed in Figure 4-13 

(a-e) that the dynamic solutions of !! are converging to the static solutions. However, 

when !! = 1,000 in Figure 4-13 (f), there is a sudden drop of deflection ratio in the 

dynamic solution, which deviates from the static solution. Thus, the dynamic solution 

when !! = 1,000 is not an accurate solution. In Table 4-5, the vibration frequency 

increases with the increase of the loading parameter !!. 

 
Figure 4-10. Time series of !! at !! = 100 

 
Figure 4-11. The deflection fluctuation frequency in the nonlinear response 
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Vibration Mode 1 2 3 4 
!! (Hz) 0.01445 0.03007 0.0445 0.0582 

Period (s) 69.20 33.26 22.47 17.18 

Table 4-4. Vibration mode and frequency when !! = 100 and !! = 1,000 kg/m3 

!! !!  Static !! Max. !! !! 
100 0.1 0.0315 0.0512 0.01445 
200 0.2 0.0404 0.0651 0.01836 
400 0.4 0.0517 0.0824 0.0225 
600 0.6 0.0595 0.0933 0.0257 
800 0.8 0.0658 0.1053 0.0283 
1000 1.0 0.0710 - - 

Table 4-5. !! and !! at various !! when !! =1,000 kg/m3 

 (a) t = 23 s 

 
(b) t = 34 s 

 
(c) t = 78 s 

 
(d) t = 103 s 
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(e) t = 140 s 

 
Figure 4-12. Dynamic responses in the forced vibration at different time  

(a) !! = 100 

 
(b) !! = 200 

 
(c) !! = 400 
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(d) !! = 600 

 
(e) !! = 800 

 
(f) !! = 1,000 

 
Figure 4-13. Time series of !! at various !! 

4.6.5 Dynamic analysis when !! =100 kg/m3 

 In the dynamic analysis, the density is a dominant factor in determining the 

structural vibration frequency.  The density of the structure is reduced to 100 kg/m3 to 

test its influence to the deflection ratio and the dominant frequency. The results are 

summarized in Table 4-6.  
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!! !!  Static !! Max. !! !! 
100 0.1 0.0315 0.0512 0.04395 
200 0.2 0.0404 0.0656 0.05615 
400 0.4 0.0517 0.0846 0.07324 
600 0.6 0.0595 0.0978 0.08301 
800 0.8 0.0658 0.1079 0.09033 

1,000 1.0 0.0710 - - 
 

Table 4-6. !! and !! at various !! when !! =100 kg/m3 

 

Figure 4-14. Maximum !! at various !! 

 

Figure 4-15. Vibration frequencies at various !! 

 The comparison of maximum !!  and vibration frequencies between !!  =100 
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fundamental Newton’s Second Law. The variation of the dominant vibration frequency 

is not varied in linear with the applied force. 

4.7  Conclusions 

 In the present study, the numerical model of a tarpaulin formed structure is 

solved using the theory of large deformation and small strain, in which the second 

Piola-Kirchhoff stress and Green-Lagrange strain are calculated. The static and dynamic 

analyses are carried out based on the validated numerical procedures. Parametric case 

studies are carried out on the ratio of length to thickness (!!/ℎ!), load parameter (!!) 

and density (!!). The results and conclusions are summarized as follows: 

1. The geometric nonlinear elastic model can be used to predict the static and 

dynamic response of a two-dimensional structure with large deformation under 

external loads. 

2. The deflection ratio (!!) is not changing linearly with the load parameter (!!) or 

the ratio of length to thickness (!!/ℎ!). It is because the geometric nonlinear 

structure stiffens with the increase of the deflection. 

3. The variation of dominant vibration frequency is not varied in linear to the 

variation of applied forces. 

4. As the deformation dependent follower loads can be applied in this model, it can 

be used as the structure model in the fluid structure interaction (FSI) simulation.  



 

 79 

CHAPTER 5 WIND-INDUCED TARPAULIN 

DEFORMATION 

5.1   Introduction 

 In grain storage bunkers, a layer of air gaps generally forms between the 

tarpaulin surface and the grain repose surface. When a gust of wind occurs, the tarpaulin 

surface billows like a pneumatic structure. Wind-induced forces on bunkers have been 

studied in two-dimensional laminar flow in Chapters 2 and three-dimensional turbulent 

flow in Chapter 3. The tarpaulin deformation and vibration under external loads has 

been studied in Chapter 4. In this chapter, the combined effects of wind and tarpaulin 

are studied as a fluid and structure interaction (FSI) problem. The aim of this study is to 

simulate the wind induced tarpaulin billowing. The problem is simplified without 

compromising the essential numerical treatments of coupled solution to the fluid and 

structural parts, i.e., solving the governing equations of the fluid and structure 

interaction dynamic systems in a timely manner.  

 In the literature review, no publication has been found on this specific subject. 

Similar problems involving numerical solutions of fluid-structure interaction (FSI) are 

abundant in the literature (Sygulski, 1997; Kalro and Tezduyar, 2000; Bathe and Zhang, 

2004; Figueroa et al. 2006; Järvinen et al. 2008). The numerical studies of pneumatic 

structures, suspension bridges and membrane roof systems, the blood flow in arteries, 
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parachute deployments and sailing are examples of FSI problem. In the area of FSI, 

many research works have been published. In the early 1980s, Hughes et al. (1981) 

presented an arbitrarily Lagrangian-Eulerian (ALE) finite element formulation for 

incompressible viscous flow problems. Johnson and Tezduyar (1994) developed 

strategies to update the mesh for dealing with the spatial domain changes in the flow 

problems with moving boundaries and interfaces. Bathe and Zhang (2004) presented the 

analysis of the interactions of incompressible and compressible fluid flows with 

structures. Tezduyar et al. (2006) provided an overview of the solution techniques 

developed for the fully discretized equations encountered at every time step in the 

computation of fluid structure interactions with the space-time techniques.  

There are two methods to compute the coupled system, i.e. a monolithic and a 

partitioned approach. In the monolithic method, the entire system of the fluid and 

structure equations is solved in a single step and all the variables are updated 

simultaneously. In the partitioned method, the fluid and structure equations are solved 

separately in a staggered iterative manner. The intermediate fluid solution is used as a 

boundary condition for the structure and vice versa. If only one such sub-iteration is 

done within a time step, the method is called weak or loosely coupled (explicit). If 

multiple sub-iterations are carried out, the method is called strong or fully coupled 

(implicit) method. The fully coupled method is used in this study. 

 In this study, the fluid field is simulated by solving the incompressible Navier-

Stokes equations using arbitrary Lagrangian-Eulerian and the solid field is solved by the 

total Lagrangian description of structural dynamics. Interactions between the fluid and 

solid domain on the moving interface at each time step are solved using the partitioned 

method. The structure deformation is accommodated in a mesh-updating scheme in the 

fluid domain.  
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5.2  Governing Equations and Numerical Methods 

 In the mathematical formulation, the fluid field !!(!, !) is described by the 

primitive variables, i.e. flow velocities u (x, t) and pressure p (x, t) in the Eulerian space 

(x, t); while the solid field !!(!, !)  is described by primitive variables, i.e. 

displacements d (X, t) in Lagrangian space (X, t). x and X are the spatial frame of 

reference and material frame of reference used in computations of flow and solid 

problems respectively. Two systems are coupled by ALE method. 

5.2.1 Flow formulation 

 The interaction of fluid domain !!(!, !) with solid domain !!(!, !) is achieved 

by incorporating mesh velocities c(x, t) to account for the moving boundary of flow 

domain. Governing equations for the incompressible viscous flow are the Navier-Stokes 

equations. The non-dimensional equations in ALE description are: 

∇ ∙ ! = 0          (5-1) 

!!
!" + !− ! ∙ !!− !

!" !
!!+ !" = 0      (5-2) 

where u(x, t) are the fluid velocities, p(x, t) is the pressure, c(x, t) are the mesh 

velocities, t is the time and Re is the Reynolds number defined as: 

!" = !"
!           (5-3) 

where U is the free stream velocity, H is the obstacle height, ν is the kinematic 

viscosity. In Equation 5-2, the pressure term p (x, t) is normalized by !!!!, where is !! 

the fluid density. The Petrov-Galerkin finite element method is used to solve the 

Navier-Stokes equations in the fluid domain, and the numerical method has been 

described in Chapter 2. 

5.2.2 Structure formulation 

 In the solid domain !!(!, !), the tarpaulin-formed structure is simulated by the 

geometric nonlinear elastic model. The wind-induced forces are incorporated in the 
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interface of the fluid and solid domain. The structure dynamic equilibrium equations are 

formulated as: 

!! !
!!
!!! − ! ∙ !! = !!         (5-4) 

where !! is the solid density, d (X,t) are the structure displacements, !! are the surface 

traction forces, !! = !" is the Cauchy stress tensor, ! is the second Piola-Kirchhoff 

stress tensor, and ! is the deformation gradient tensor defined as: 

! = !+ !!          (5-5) 

where I is the identity tensor. The constitutive equation of Green-Lagrange strain tensor 

E is formulated as: 

! = !
! !!!− ! = !

! !!+ !!! + !!!!!       (5-6) 

The stress tensor S is calculated by dot product of the elasticity tensor D and strain 

tensor E as: 

! = !!×!+ 2!!         (5-7) 

! = !:! = 2!!+ !"#(!)!        (5-8) 

where the elastic material is isotropic and can be described by Lame constants ! and !: 

! = !!!
!!!! (!!!!!)

                    (5-9) 

! = ! = !
!(!!!!)

                   (5-10) 

where E is the Young’s modulus and !!is the Poisson’s ratio. The solid self-weight is 

not considered.  

5.2.3 FSI formulation 

 The coupling of fluid and structure interaction is realized by satisfying 

displacement compatibility and stress equilibrium on the fluid structure interface. In a 

partitioned method in each time step, aerodynamic forces exerted on the interface are 

loaded on structural dynamics calculations; then the solid displacements from solid 
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domain are imposed on the interface; mesh velocities in the fluid domain are computed 

accordingly. The iteration is carried out at each time step until solutions converged. 

During this process, the ‘continuity’ on the interface is satisfied by equations as follows: 

Stress equilibrium: 

!! = !! !, !                     (5-11) 

Displacement compatibility: 

!! = !! !, !                     (5-12) 

where !!and !! are the displacements for fluid and solid respectively, !! and !! are the 

stresses for fluid and solid respectively. In the coupling of solvers in the fluid, structure 

and mesh update in a sequential scheme, relaxation is often needed in iterations due to 

the incompressibility condition ∇ ∙ ! = 0 (Järvinen et al. 2008). The elasticity equation 

in the solid domain is not restricted by the incompressibility constraint. Thus, it is 

difficult to meet the incompressibility condition when the updated fluid domain 

changing with the new interface position. 

5.2.4 Mesh updating scheme 

 Upon the deformation of solid domain, the interface moves accordingly and 

mesh adaption is required to accommodate moving boundary conditions in fluid 

domain. The mesh adaption scheme used in this study is updating internal finite element 

nodal positions instead of re-mesh the entire fluid domain. The mesh velocity is 

calculated and used in the flow solver. To find mesh displacements in fluid domain, the 

linear elasticity equation is solved with boundary displacements from structure 

deformation solutions. 

!!! = 0                    (5-11) 

!! = !! !!! + !!!! + !!!" !!! + !!!! !               (5-14) 

where !! are the artificial stress tensor of the mesh, !! are the mesh displacements, 

!! and !! are the Lame parameters of the mesh and I is the identity matrix. The 
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material properties of mesh are chosen for the convenience of convergence in terms of 

Young’s modulus !! = 1 and Poisson ratio !! = 0.3. The Dirichlet boundary condition 

is applied at boundaries, i.e. given displacements on the interface and zero displacement 

on other boundaries.       

5.3  Computational Domain Description 

 The two-dimensional computational domain of wind-induced tarpaulin 

billowing is built upon the fluid domain of external wind over bunkers in Chapter 2 and 

the solid domain of tarpaulin roof deformation under external loads in Chapter 4. The 

numerical model used in each domain has been validated separately.  

 Figure 5-2(a) shows the rectangular computational domain of 30H long and 10H 

wide. The inflow and outflow boundary are located at x = 0H and x = 30H respectively. 

The free slip boundary condition and no-slip boundary condition are prescribed at y = 

10H and at y = 0H respectively. The laminar flow is assumed in the flow domain with 

Re = 100. Figure 5-1 shows flow profiles in streamwise direction at x = 0 and x =10H. 

 

Figure 5-1. Streamwise velocity profile in the boundary layer at Re = 100 
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 In solid domain, the tarpaulin roof is a slender structure with length !!  to 

thickness ℎ! ratio as !!/ℎ!. The density of tarpaulin is !!. The elastic material property 

is assumed with Young’s modulus E =1.2×10! Pa and Possion’s ratio !! = 0.2. The 

pressure inside the bunker is assumed to be zero in this study.  

The unstructured linear triangular grids are used in spatial discretization in both 

fluid and solid domains. The computational grids used in fluid domain consist of 

triangular grids with maximum grid size ℎ!"# = 0.1 and the first grid above the no-slip 

boundary δ/H = 0.005. The time step is set at t = 0.05. The same interpolation gridding 

is used on the interface for the numerical coupling scheme.  

In this numerical study, two kinds of obstacles are considered, i.e. rectangular 

cylinders with topside as a tarpaulin structure and typical bunkers with two roofs as 

tarpaulin structures. Pressure coefficient !!, drag coefficient !!and lift coefficient !! 

used in this study are defined as: 

!! = !(!!!!)
!!!                     (5-15) 

!! = !!!
!!!                    (5-16) 

!! = !!!
!!!                    (5-17) 

where !! is the hydrostatic pressure at the location of the obstacle; !! is the drag force 

per unit area and !! is the lift force per unit area. 

5.4  Flow over Rectangular Cylinders with Tarpaulin Roof 

The reason to study on a rectangular cylinder is to setup a benchmark study on 

the FSI problem. Figure 5-2 shows the rectangular cylinder situated at y = 0H with its 

center at x = 10H. The obstacle width is D = 2H. No-slip boundary condition is applied 

on solid surfaces. The tarpaulin roof is fixed at point A and point B. Roof AB is flexible 

and other sides of the rectangular cylinder are rigid. The tarpaulin roof !!/ℎ! is 100.  

The influence of tarpaulin to air density ratio is studied at !!/!! =1000, 100, 10 and 1.  
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Figure 5-2. Sketch of flow over rectangular cylinders with tarpaulin (a: the whole 

domain; b: close up view of the roof)  

5.4.1 !!/!! = 1,000 

 In Figure 5-3, the contours of !!  in fluid domain and the tarpaulin roof 

deformation along y-axis !! in the solid domain are plotted at t = 50, 100, 150 and 200.  

In Figure 5-3(a1-d1), negative pressure is observed above the roof with !! range 

from -0.8 to -0.3. It indicates the dominant force on the roof is the ‘suction’ force. The 

minimum pressure is found after the leading edge. As the structure deforms, the region 

with !! lower than -0.8 becomes smaller. It indicates roof deformation has an impact on 

the flow condition, especially in nearby regions.  

In Figure 5-3(a2-d2), the increasing deflection indicates the roof is lifted 

upwards continuously as time elapsed. In Figure 5-3 (a2-c2), the maximum deflection is 
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observed on roof closer to the leading edge. It is mainly because the force exerted on the 

roof is not distributed evenly. In Figure 5-3 (d2), the dynamic response from the roof 

structure itself makes the largest deflection found in the middle range.  

(a1) !! at t = 50

 

(a2) !! at t = 150

 
(b1) !! at t = 100

 

(b2) !! at t = 150

 
(c1) !! at t = 150

 

(c2) !! at t = 150

 
(d1) !! at t = 200

 

(d2) !! at t = 200

 
Figure 5-3. Contours of !! in the flow and !! of the roof 

 Figure 5-4 shows numerical results of flow over the rectangular cylinder with a 

flexible roof in comparison with the one with the rigid roof. Figure 5-4(a1-b1) show 

both !! and !! are smaller in the flexible roof case, especially at t = 200, !! on flexible 

roof is nearly half of that on the rigid roof. No periodic fluctuating force is observed in 

both cases. Figure 5-4(a2-b2) shows the flexible roof is ‘streamlined’ by aerodynamic 

forces, vortex is found in the wake region of both cases. 
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(a1) Flexible roof 

 

(b1) Rigid roof 

 
(a2) Flexible roof

 
(b2) Rigid roof

 
Figure 5-4. Time series of !! and !! (a1-b1) and streamlines (a2-b2) around the 

obstacle with different roof 

 In Figure 5-5, it can be found that the deformation of tarpaulin roof is 

accommodated by the mesh update scheme. Mesh velocity magnitude up to 0.00018 is 

observed above the roof.  

 

Figure 5-5. The streamlines of mesh velocity c around the obstacle 
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5.4.2 !!/!!= 100, 10 and 1 

The relation between the aerodynamic forces and tarpaulin deformation at 

different density ratios is investigated by comparing time series of !!, !! and ∆!. In this 

study, ∆! is roof elongation defined as: 

∆! = (!!! − !!)/!!                             (5-18) 

where !!!  is the length of deformed roof.  

 At various density ratios, Figure 5-6(a1-c1) show !! and !! are all converged at 

t = 200. Table 5-1 shows !! is the same at various density ratios and !! is almost the 

same except a small deviation found at !!/!! = 1. It indicates the density ratio has little 

impact on the aerodynamic forces found on the roof.   

Table 5-1 shows that there is a slight difference in the value of ∆!. It indicates the 

overall deformation of the roof at various density ratios is almost the same. Figure 5-

6(a1-c1) show ∆! is converged in each case as time elapsed, but there is an obvious 

difference in the response of roof structure. A higher density ratio has longer but a 

smoother transform to a new equilibrium condition. 

!!/!! !! !! ∆! 
100 0.0367 0.5389 0.4856% 

10 0.0367 0.5389 0.4842% 

1 0.0367 0.5384 0.4838% 

Table 5-1. Comparison of !!, !! and ∆!  at !!/!! = 100, 10, 1  

(a1) !!/!!= 100 

 

(a2) !!/!!= 100
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(b1) !!/!!= 10

 

(b2) !!/!!= 10

 
(c1) !!/!!= 1

 

(c2) !!/!!= 1

 
Figure 5-6. Time series of !!, !! (1) and ∆! (2)  

5.5 Flow over Bunkers with Various Roof Slope Angles 

The bunker is located at y = 0H with its centre at x = 10H as shown in Figure 5-

7. No-slip boundary condition is applied on bunker surfaces. The bunker width is D = 

2H and bunker wall height is h. h/H represents the roof inclined angle α with !"# ! =

2(! − ℎ)/!. Bunker roofs AC and CB are flexible and fixed at A, B and C as shown in 

Figure 5-7(b).  As the top ridge at C is fixed, the roof is divided into front roof AC and 

rear roof CB. Bunker walls are rigid. The bunker is assumed to be empty, no flow is 

considered inside the bunker. The roof thickness is 0.02H and density ratio !!/!! is 

100. 
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Figure 5-7. Sketch of flow over bunkers with tarpaulin roofs (a: the whole domain; b: 

close up view of the roof)  

Numerical results are obtained at h/H = 0.0, 0.2, 0.4, 0.6, 0.8. As the roof angle 

changes, the length of the roof can be calculated by !! = !"#$%. Because the inclined 

roof angle h/H is different and the bunker height H remains constant, the roof length is 

different as listed in Table 5-2.  

h/H ℎ! !! !!/ℎ! 
0 0.02 1.414 70.7 

0.2 0.02 1.281 64.0 
0.4 0.02 1.166 58.3 
0.6 0.02 1.077 53.9 
0.8 0.02 1.020 51.0 

Table 5-2. Variation of !!/ℎ! at h/H =0, 0.2, 0.4, 0.6, 0.8 
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 From Figure 5-8 to Figure 5-10, contours of !!, dx and dy are presented from 

h/H = 0.0 to h/H = 0.8. It is observed that dx and dy on leeward side of roofs are of 

positive values, which means it deforms towards to the flow domain in all cases. Roof 

displacements on the front side are different at various roof slope angles. When h/H = 

0.0, 0.2 and 0.4, the front roof deforms away from the fluid domain; when h/H = 0.6, 

0.8, it deforms towards the flow domain.  

(a1) !! at t = 100

 

(b1) !! at t = 200

 
(a2) dx at t = 100

 

(b2) dx at t = 200

 
(a3) dy  at t = 100

 

(b3) dy  at t = 200

 
Figure 5-8. Contours of !!, dx and dy  at h/H = 0.0 

 (a1) !! at t = 100

 

(b1) !! at t = 200

 
(a2) dx at t = 100

 

(b2) dx at t = 200
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(a3) dy  at t = 100

 

(b3) dy  at t = 200

 
Figure 5-9. Contours of !!, dx and dy  at h/H = 0.2 

(a1) !! at t = 100

 

(b1) !! at t = 200

 
(a2) dx at t = 100

 

(b2) dx at t = 200

 
(a3) dy  at t = 100

 

(b3) dy  at t = 200

 
Figure 5-10. Contours of !!, dx and dy  at h/H = 0.04 

 

 

(a1) !! at t = 100

 

(b1) !! at t = 200

 
(a2) dx at t = 100

 

(b2) dx at t = 200
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(a3) dy  at t = 100

 

(b3) dy  at t = 200

 
Figure 5-11. Contours of !!, dx and dy  at h/H = 0.6 

(a1) !! at t = 100

 

(b1) !! at t = 200

 
(a2) dx at t = 100

 

(b2) dx at t = 200

 
(a3) dy  at t = 100

 

(b3) dy  at t = 200

 
Figure 5-12. Contours of !!, dx and dy  at h/H = 0.8 

 In Figure 5-13, time series of drag and lift coefficients on the front and rear 

roofs are plotted for different roof inclined angles. It can be seen that the aerodynamic 

forces on the tarpaulin roof are changing as it deforms.  

In Figure 5-14, time series of roof elongation show the level of deformation in a 

timely manner. It can be seen that the elongation in each case is less than 0.6% and the 

deformation is larger on the rear roof than that on the front roof in general. The 

deformation level of the tarpaulin roof is rising sharply to the peak at t = 25 and then 

gradually reduced to a relatively stable level.  
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(a) h/H = 0.0

 

(b) h/H = 0.2

 
(c) h/H = 0.4

 

(d) h/H = 0.6

 
(e) h/H = 0.8

 

(f) h/H = 1.0

 
Figure 5-13. Time series of !! and !! at h/H = 0.0, 0.2, 0.4, 0.6, 0.8, 1.0 

The elongation on the rear roof is distributed in a relatively small region because 

negative pressures on the rear roof are similar in each case. However, there is a big 

difference on the front roof elongation at h/H = 0, in which the maximum elongation 

occurs. With the decrease of the roof inclined angle, the elongation decreases to the 

minimum value about 0.05% when h/H = 0.4 and then increases again. In the case of 

h/H = 0.4, the pressure on the front roof is negative behind the front wall and it rises to 

positive on the front roof in front of the roof ridge. Thus, both the negative and positive 
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forces exerted on the front roof balance themselves, which lead to the small elongation 

in this case. 

 (a) h/H = 0.0

 

(b) h/H = 0.2

 
(c) h/H = 0.4

 

(d) h/H = 0.6

 
(e) h/H = 0.8

 

(f) h/H = 1.0

 
 

Figure 5-14. Time series of ∆! at h/H = 0.0, 0.2, 0.4, 0.6, 0.8, 1.0 

5.6  Conclusions 

 This chapter presents a numerical modelling for two-dimensional wind-induced 

tarpaulin billowing. The solid domain is described by the total-Lagrangian method for 
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geometric nonlinear structural dynamics. The flow domain is formulated by the 

arbitrary Lagrangian-Eulerian description of Navier-Stokes equations involving moving 

boundaries. The system of flow and structural nonlinear equations is solved iteratively 

in a partitioned approach. Numerical results and conclusions are as follows: 

1. In the numerical results, there is an interaction observed between the tarpaulin 

deformations and the variation of fluidic forces. It is found that the flexible roof 

immersed in the flow tends to deform into a more ‘streamlined’ shape, and the 

fluidic force is reduced accordingly. 

2. Under the laminar flow condition, no periodic fluctuating fluidic force is observed 

on the tarpaulin roofs. Hence, the tarpaulin roof deforms into an equilibrium shape 

due to the steady flow condition. No periodic tarpaulin billowing is observed. 

3. The sensitivity study of solid to fluid density ratio !!/!! shows the coupling fluid 

and structure system converges faster to an equilibrium solution in a lower density 

ratio.   

4. For bunkers with various configurations, aerodynamic forces on the tarpaulin and its 

deformation are compared to show their different response to the same flow 

condition.
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CHAPTER 6 FUMIGANT TRANSPORT IN BUNKERS 

6.1 Introduction 

 Fumigation is generally applied in grain storages to keep grains insect free. The 

resistance of insects to fumigant is often found in the process and is harmful to its 

effectiveness. The criterion of fumigant concentration to kill insects has been 

investigated in a few studies to solve this problem. Phosphine is one of the most popular 

fumigants used in the grain industry. Chaudhry (1997), Benhalima (2004) and Lorini et 

al. (2007) undertook laboratory tests to investigate the resistance of insects to 

phosphine. It is desired that fumigants can spread throughout the grain storage evenly. 

Otherwise, insects can move to the area with lower fumigant concentration level to seek 

asylum and develop resistance to the fumigant. Therefore, it is essential to understand 

the fumigant transport in the bunker. 

 Trial testing is one of the traditional ways to monitor the fumigant transport and 

concentration within bunkers, and numerical simulation is another way. The numerical 

study is cost effective and better used in parametric studies of flow velocity and 

fumigant concentration. A number of numerical studies regarding gas flow inside grain 

storages were reported in the literature. Thorpe (2008) studied fluid dynamics in grains 

storages by using the commercial software “FLUENT”. It presented two-dimensional 

solutions of the moisture and temperature development in the grains. Prachayawarakorn 
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et al. (2004), De Ville and Smith (1996) and Thorpe (1997) solved air flow in wheat 

storages using finite difference method. Smith et al. (2001) developed an analytical 

solution of carbon dioxide flow through beds of cereal wheat. The air flow through 

grains is normally considered as flow through a porous medium. The majority of these 

analyses were based on the well-established Navier-Stokes equations with the terms of 

the resistance. Analogues of Ergun’s equation (Ergun, 1952) are popularly used to 

predict the resistance of the grain particles to the air movement in grain storages. Two-

dimensional models were used in earlier numerical studies to investigate flow through 

grains stacks (Haque, 1980; Sinicio, et al., 1992; Smith et al., 2001). A number of recent 

studies have used three-dimensional numerical models to investigate air flow through 

grain stacks, primarily concerning with aeration cooling and drying processes (Montross 

et al. 2002, Khatchatourian et al 2009). However, there is no previous research or 

studies found related to the fumigation process in grain storage bunkers. 

 In this study, the fumigant transport in grain storages is studied using the 

numerical method. Firstly, the numerical model to solve air flow in grain bulk is 

established and validated against numerical results of previous studies on air flow 

crossing a porous medium. Secondly, the convection-diffusion equation is solved for 

fumigant transport in bunkers. Thirdly, case studies are undertaken to study fumigant 

concentration under various boundary conditions. Those selected boundary conditions 

are based on conditions and phenomena observed in the field. Figure 6-1 (Darby, 2011) 

shows the location and size of tarpaulin billowing and possible leak on the bunker.  

  

Figure 6-1. Location and size of billowing and leaks (a: leaks; b: billowing) 
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6.2 Problem Formulation 

The three-dimensional porous flow model is built to simulate the fumigant 

transport. It is an extension of a two-dimensional model proposed by Zhao et al., 

(2010).  

The Brinkman-Forchheimer equations are used to simulate the flow in the porous 

medium. The convection-diffusion equation is solved to predict the fumigant 

concentration inside the bunker. Considering a constant porosity in the grain bulk, the 

three-dimensional Brinkman-Forchheimer equations (Vafai and Tien, 1981; Jiang and 

Ren, 2001) can be expressed as: 

!(!!!!)
!!!

= 0          (6-1) 

!(!!!!)
!" + !(!!!!!!)

!!!
= − !"

!!!
+ !! !!!!

!!!!!!
− !!!!! − !!!!!! !!!!    (6-2) 

where !! (i = 1, 2 and 3) are the Cartesian coordinates, !! is the velocity component in 

the !! direction, p is the pressure, !! is the fluid density, µ is the dynamic viscosity of 

fluid, !! is the effective viscosity which is taken to be equal to µ in this study and t is 

the time. The viscous resistance coefficient !! and the inertial resistance coefficient !! 

are related to the Darcy’s coefficients as  

!! = !/!           (6-3) 

!! = !!!/ !           (6-4) 

where ! is the porosity of wheat defined as void fractions in the wheat, F is the 

Forchheimer (inertia) coefficient and K is the permeability.  

 The fumigant concentration in the pore volume between grain particles is 

calculated by the convection-diffusion equations as follows: 

!"
!" +

!(!!!)
!!!

= !! !!!
!!!!!!

− !!        (6-5) 

where c is the fumigant concentration (phosphine in this study), Df is the diffusion 

coefficient of the fumigant in grain stacks (wheat in this study), Sc is the source terms. 
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The source term is normally considered to be the fumigant loss or gain due to the 

absorption or release by grains during the fumigation, respectively. The effect of the 

absorption or release by grains is considered to be zero in this study.  

 In this analysis, the porosity of wheat stack ! is set to be 0.4 (Thorpe, 2008). The 

density and the dynamic viscosity of air-phosphine mixture are !! = 1.20 kg/m3 and µ = 

1.84×104 Pa·s respectively, which are same as those for air at the temperature of 20°C, 

because the component of the phosphine gas in the mixture is negligibly small. The 

resistance coefficients Ci and Di are not obtained by Equation 6-3 and Equation 6-4 but 

chosen in Table 6-1 (Thorpe, 2008) as  

C1 C2 C3 D1 D2 D3 
1.837×108 1.837×108 2.677×105 1.883×108 1.883×108 2.037×108 

Table 6-1. Resistance coefficients used in Brinkman-Forchheimer equations 

The diffusive coefficient Df of phosphine gas in wheat is normally in the order of 

10-5 m2/s. The diffusive coefficient of air in wheat derived from the test data by Peng et 

al. (1999) is approximately 0.64×10-5 m2/s, which is used in this study.  

6.3 Flow in Porous Medium Model Validation 

 The numerical model is validated against the numerical results of a previous 

study on flow through a rectangular space, which is partially filled with a porous 

medium as shown in Figure 6-2. The length to height ratio of the space is L/H = 5. The 

width of the space is W = 0.2H. The space is partially filled with porous medium except 

a very narrow top channel. The height of the top channel is d. Fluid enters the porous 

medium from the left entrance as shown in Figure 6-2. It can reach the outlet on the 

right-hand side by flowing through both the porous medium and the gap directly at the 

top of the space. The heights of the inlet and outlet are D/H = 0.10. Calculations are 

carried out for two scenarios with different top channel heights, i.e. d/H = 0.03 and d/H 

= 0.04.  
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Figure 6-2. Sketch of flow through a porous space  

At the inlet, the velocity U1 in x direction is uniformly distributed and the 

velocity in y and z direction is U2 = U3 =0. At the right hand side of the computational 

domain, an extension of the open region is included to minimize downstream 

perturbations resulted from the outflow boundary conditions. The calculation 

parameters are set as !  = 0.7, !" = !!!!/! = 10! , the Darcy number is !" =

!/!! = 10!!. These parameters, which are different from those of wheat, are chosen 

in order to make the comparison with the available data. In this validation case, the 

Forchheimer inertia coefficient F is calculated by ! = 1.75/ 150!! . In order to 

compare the three-dimensional results in this study with the two-dimensional numerical 

results in others’ previous studies, the symmetry boundary condition is employed on the 

two side walls. In the symmetry boundary condition, the velocity component 

perpendicular to the boundary is zero, while the velocity component parallel to the 

boundary is calculated from the momentum equation.  

Figure 6-3 shows the streamlines in the computational domain. The flow pattern 

is almost symmetric with respect to the centre line of x/H = 2.5. Once the flow enters 

the space, large amount of the flow deviates its direction towards the top channel. The 

flow in the top channel is almost in the horizontal direction.  
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Figure 6-3. Streamlines in the porous space 

Figure 6-4 shows the comparison of the computed mass flow rates to other 

numerical results (Costa, 2004 and Zhao et al., 2010), where the parameters used in 

these three studies are the same. The mass flow rate mch and min are defined as the fluid 

masses passing through the top channel and the inlet respectively. It is clearly seen that 

in the middle section (x/H around 2.5) of both channel configuration, the mass flow rate 

in the top channel is still larger than 0.5 even the d/H is smaller than 0.1. The present 

three-dimensional results agree well with other two sets of results. 

(a) d/H = 0.03 

 

(b) d/H = 0.04 

 
Figure 6-4. Comparison of mass flow when d/H = 0.03, 0.04 

6.4 Computational Domain and Boundary Conditions 

The bunker model used in this study is the same as the bunker with hip-roof in 

Chapter 3. The dimension of the bunker is shown in Figure 6-5. The surface index is 

assigned to bunker surfaces as shown in Figure 6-6, i.e. SI1 - SI4 as roofs and SI5 - SI8 
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as walls. The aspect ratio of length to width is 10/7. The bunker outer walls are 0.06 m 

high, with a tilted angle of 50° outward. The height ratio of wall to roof is 

approximately 0.21. The roof pitches of the model are 20° to the long side and 45° to 

the short side respectively.  

 

Figure 6-5. Sketch of bunker dimensions (a: xz-plane; b: yz-plane) 

 

Figure 6-6. Illustration of bunker surface index 

 There are several factors that affect the effectiveness of fumigation, i.e. the 

location of phosphine dosing source, the location and size of the billowing region and 

leaks. Generally in the phosphine fumigation practices, there are numerous scenarios 

involving these factors and their combination. In this study, it is assumed that the 

phosphine dosing location (referred to as fumigant source in the numerical model) is the 

same as the location of tarpaulin billowing area (referred to as inlet in the numerical 

model) where the phosphine concentration is c = 100% in the simulation. Moreover, it 
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is assumed that phosphine leakage will occur around tarpaulin peripheries where the 

tarpaulin may not be properly sealed to the bunker walls. The leaks are referred to as 

outlet in the numerical model. Other bunker surfaces are non-permeable and no-slip 

boundaries. 

 At the inlet, the arbitrary pressure is prescribed. To simulate the tarpaulin 

billowing or cyclic flapping on the periphery layer of grain mass, the boundary 

condition for pressure is set as  

! ! = !! + !′ ∗ !"#(2!!!!)        (6-4) 

where !! is the mean pressure, !′ is the amplitude of the periodic pressure fluctuation, 

and !! is the dominant frequency of the pressure fluctuation. In the parametric studies, it 

is assumed that  !! = !! = 100 !" and !! = 0.01 !". The pressure at the outlet is set 

as zero. The time step to solve air flow and fumigant transport is the same as 0.1s. 

 Three scenarios are selected to assess the impact of different boundary 

conditions on the phosphine transport within the grain storage bunker.  

6.5 Numerical Results 

6.5.1 Case 1: SI1 as inlet and SI7 as outlet 

Figure 6-7 shows the finite element mesh used in the case studies and boundary 

conditions in Case 1. Eight-node hexahedral tri-linear elements are utilized in the entire 

computational domain. The total number of elements is 78,000. Mesh independence 

studies were carried out and no significant change has been found with further refined 

mesh. The inlet and outlet are the roof SI1and wall SI7 respectively.  
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Figure 6-7. The mesh on bunker surfaces and Case 1 boundary conditions 

Figure 6-8 shows pressure contour and streamlines on the symmetrical boundary 

Y = 0 at t = 100 s. Figure 6-7(a) show the pressure decreases from 100 Pa at the inlet to 

0 Pa at the outlet, while the pressure gradient increases as the flow approaches to the 

outlet. Streamlines in Figure 6-8(b) show the flow direction in grain storage bunker.  

(a) Pressure contour 

 
(b) Streamlines 

 
Figure 6-8. Pressure contour and streamliens on Y = 0 at t = 100 s 

Figure 6-9 shows the contour of flow rate on Y = 0 at t = 25 s and t = 100 s. In 

Figure 6-9(a), the overall flow rates in the bunker at t = 25 s are the highest when P = 

200 Pa at the inlet. The contour indicates the flow is accelerating towards the outflow 

boundary with the maximum value over 0.22 m/s near the outlet. In Figure 6-9(b), the 

contour is shown in a similar pattern as that at t = 25 s. As the pressure drops from 200 

Pa to 100 Pa, the flow rate is not decreasing in linear with the pressure drop at the inlet. 

 

Inlet: SI1 

 

Outlet: SI7 
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(a) t = 25 s 

 
(a) t = 100 s 

 
Figure 6-9. Contour of air flow rate on Y = 0 at t = 25 s, 100 s  

 In Figure 6-10(a), the phosphine concentration indicates the phosphine transport 

is dominated by the pressure-driven convection other than the diffusion. The region of 

phosphine concentration higher than 50% can be found in the top region of the bunker 

and the highest phosphine concentration is observed in the area close to SI3 because 

more phosphine is transported to this region. Under this condition, the phosphine 

concentration near the outlet/leak area is higher than that at the bottom of the bunker 

that is lower than 2%. In Figure 6-10(b), the phosphine concentration is still higher at 

the top of the bunker than that at the bottom of the bunker, and the lowest concentration 

can be found near the central area of the bottom.   

 

(a) t = 25 s 
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(a) t = 100 s 

 
Figure 6-10. Contour of phosphine distribution on Y = 0 at t = 25 s, 100 s 

Three-dimensional iso-surfaces and sliced section view of phosphine 

concentration results are illustrated in Figure 6-11 and Figure 6-12 respectively.  In 

Figure 6-11, three levels of iso-surfaces, i.e., phosphine concentration of c = 95%, c = 

80% and c = 70% are shown. It can be seen that the symmetrical distribution of 

phosphine concentration against the plane of y = 0, which is also obvious shown in 

Figure 6-12(b). For the iso-surface of c = 70% in the middle area of the bunker, the 

three-dimensional shape is a ‘water drop’ with narrowed trailing approaching to the 

outlet. It is estimated that the ‘water drop’ was created as a result of the complex shape 

of the bunker hip roofs forming the ‘flow channel’ that leads to different flow velocity 

near the bottom boundary. As shown in the slice of x = 0 in Figure 6-12(b), in the 

regions near the bunker bottom, the lower velocity occurs near the centre and two ends 

of the bunker where the phosphine concentration is found to be low as well. 

 

Figure 6-11. Three-dimensional iso-surfaces of phoshpine concentration at t = 100 s 

C=0.95 

C=0.8 
C=0.7 

C=0.7 
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(a) Y = -0.6 m, 0, 1 m 

 
(b) X = -0.6 m, 0, 0.6 m 

 
 

Figure 6-12. Contours of phosphine concentration on cross sections at t = 100 s 

6.5.2 Case 2: SI1 as inlet and 5% of SI7 as outlet 

 In Case 2, the boundary conditions are illustrated in Figure 6-13. The inlet 

condition is the same as that in Case 1. The outlet is assumed to be via the possible 

leaks between the tarpaulin peripheries and the side walls, which is assumed to have an 

area of 5% of SI7 and located at the top of SI7.  
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Figure 6-13. Case 2 boundary conditions 

In comparison with the results in Case 1, the impact of the reduction in the area 

of leaks is obvious on the phosphine concentration, as shown in Figure 6-14 (d), which 

is lower throughout the entire plane. The reason is that the velocity is generally lower 

than that of Case 1, with the exception of the corner located immediately adjacent to the 

outlet as shown in Figure 6-14(b).  

(a) Pressure contour 

 
(b) Streamlines 

 
(c) Flow rate 

 
 

Inlet: SI1 

Outlet: 5% of SI7 
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(d) Phosphine concentration 

 
Figure 6-14. Case 2: Air flow and phospine concentration on Y = 0 at t = 100 s 

6.5.3 Case 3: Partial SI1 as inlet and 5% of SI7 as outlet 

 In Case 3, the boundary conditions are illustrated in Figure 6-15. In order to 

assess the local tarpaulin ‘bubble’ effect, i.e. a bubble in a fixed position without 

drifting, it is assumed that an area of the lower part of SI1 as the inlet with the 

dimensions illustrated in Figure 6-15. The outlet is assumed to be the same as that of 

Case 2.  

   

Figure 6-15. Case 3 boundary condition 

In comparison with results in Case 1 and Case 2, significant changes are 

observed in Case 3. In Figure 6-16 (a), the pressure gradient is nearly constant across 

the bunker expects for the region near the outlet.  In Figure 6-16 (c), the velocity on the 

left-hand side ranges from approximately 0 to 0.03 m/s, while the velocity magnitudes 

are relatively higher on the right-hand side ranging from approximately 0.02 m/s to 0.1 

m/s.  In the mid-region of the bunker, it is found that the velocity is lower than both 

upstream and downstream of the flow. The reason is considered to be the enlargement 

0.35m 

0.45m 

Outlet: 5% of SI7 

Inlet  
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of the cross-section area perpendicular to the flow direction in this region. In Figure 

6-16 (d), the phosphine distribution pattern is significantly different from the previous 

two cases, and there is no obvious region with lower phosphine concentration near the 

bunker bottom. The phosphine concentration is decreasing from the inlet to the outlet 

without much interruption.  The reason is that the smaller inlet leads to the increase of 

velocity on the right-hand side of the bunker, which in analogues to the more effective 

‘flushing’ across the bunker. However, it is expected to take longer time for phosphine 

transport to the region near the outlet to reach a higher level of concentration compared 

to the other two cases.  

(a) Pressure contour 

 
(b) Streamlines 

 
(c) Flow rate 

 
(d) Phosphine concentration 
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Figure 6-16. Case 3: Air flow and phospine concentration on Y = 0 at t = 100 s 

6.6 Conclusions 

 The phosphine transport in the grain storage bunker is investigated in different 

scenarios. Effects from the tarpaulin billowing and leaks are considered as the boundary 

conditions in the porous flow. Findings and conclusions are as follows: 

1. The fumigant leakage from the bunker will decrease the overall quantity of 

fumigants inside the bunker, but it also favourable for fumigant transport at the 

beginning of fumigation as indicated in this study.  

2. Pressure decreases along the air flow route towards the outlet mainly due to two 

reasons: the resistance from the grains and the velocity acceleration near leaks. 

For larger leaks, pressure decreases more significantly in the grains due to the 

resistance than that in regions near leaks, and vice versa.  

3. If the pressure is higher at the inlet, the flow rate will be higher and fumigant 

will spread faster inside the bunker.  

4. It is found that the phosphine transport is largely determined by convection other 

than diffusion in this study. Space near the gas flow route is better fumigated, 

while the phosphine concentration level in areas remote from the gas flow rate is 

relatively low. 
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CHAPTER 7 CONCLUSIONS AND FUTURE WORKS 

7.1 Conclusions 

In this thesis, numerical methods are used to study the effective fumigation in 

grain storage bunkers. The tarpaulin billowing that has a large impact on fumigation is 

investigated by modelling of external wind flow over bunkers. Bunkers are considered 

as the floor-mounted obstacle with various configurations in a two-dimensional or 

three-dimensional flow. The Petrov-Galerkin finite element method is adopted to solve 

the flow domain while the tarpaulin-formed structure deformation is solved by the total 

Lagrangian formulation of the geometric nonlinear elastic solid under fluidic forces. 

The arbitrary Lagrangian-Eulerian method is employed to solve the wind-induced 

tarpaulin deformation in a mesh updating scheme. The fumigant transport inside the 

bunker is simulated by phosphine transport in a porous flow with a periodic pressure 

boundary condition.  In the process, main findings and conclusions in each chapter can 

be summarized as follows: 

1. In Chapter 2, the two-dimensional laminar flows with low Reynolds number are 

solved for flows over bunkers with various configurations. In the numerical 

analysis, no vortex shedding is found in the wake and converged forces are obtained 

on body surfaces. For bunkers with a lower aspect ratio in the streamwise direction, 

it is found that the tarpaulin on leeward side will be under stronger suction force. 
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For bunkers with various roof slope angles, bunker roofs are normally under suction 

force towards the flow in most cases. Forces on the leeward roof are less dependent 

on the roof angle than that on the windward roof.  

2. In Chapter 3, the three-dimensional turbulent flow over bunkers with gable-roof and 

hip-roof are investigated. For the bunker with gable-roof, pressure fluctuation tends 

to be irregular from the windward roof to leeward roof and three-dimensionality of 

the flow are obviously observed towards two ends of bunkers in the lateral direction. 

For the bunker with hip-roof, it was found that the pressure on bunker roofs varies 

between positive and negative. The maximum pressure is normally observed on the 

windward roof and the minimum one is found in a small strip behind the bunker top 

on the leeward roof.  

3. In Chapter 4, the deformation of the tarpaulin-formed structure is solved by the total 

Lagrangian formulation of geometric nonlinear elastic solid. It is found that the 

deflection ratio (!!) is not changing linearly with the load parameter (!!) or the 

ratio of length to thickness (!!/ℎ!). It is because the geometric nonlinear structure 

stiffens with the increase of the deflection. The variation of dominant vibration 

frequency is not varied in linear to the variation of applied forces.  

4. In Chapter 5, the wind-induced tarpaulin billowing is simulated in a finite element 

model for two-dimensional fluid structure interactions. It is found that the flexible 

roof immersed in the flow tends to deform into a more ‘streamlined’ shape, on 

which the fluidic force is reduced accordingly. Under the laminar flow with low 

Reynolds number, no periodic fluctuating fluidic force is observed on the tarpaulin 

roofs. Hence, the tarpaulin roof deforms into a shape in equilibrium with the fluidic 

forces in a steady flow condition. The sensitivity study of solid to fluid density ratio 

!!/!!  shows the coupling fluid and structure system converges faster to an 

equilibrium solution in a lower the density ratio.  
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5. In Chapter 6, the flow in a bulk of grain stacks and phosphine transport in a grain 

storage bunker are investigated. The fumigant leakage from the bunker will decrease 

the overall quantity of fumigants inside the bunker, but it also favourable for 

fumigant transport at the beginning of fumigation as indicated in this study. For 

larger leaks, pressure decreases more significantly in the grains due to the resistance 

than that in regions near leaks, and vice versa. If the pressure is higher at the inlet, 

the flow rate will be higher and fumigant will spread faster inside the bunker. Space 

near the gas flow route is better fumigated, while the phosphine concentration level 

in areas remote from the gas flow rate is relatively low. 

7.2 Future Works 

Numerical methods proposed and results presented in this thesis can be used in 

further studies on this subject. Further works can be carried out in areas as follows: 

1. To include the large eddy simulation (LES) turbulent model to dealt with the spatial 

averaged terms in the simulation other than the time-averaged terms in the 

Reynolds-averaged Navier-Stokes equations. 

2. To use different interpolation functions in finite element formulations of the 

tarpaulin roofs and choose the optimal one in the nonlinear large deformation 

calculations. 

3. To carry out three-dimensional simulations of tarpaulin billowing by the fluid 

structure interaction model. 

4. To understand the mechanism between the tarpaulin moving and the pressure 

fluctuating on the grain mass surfaces and build the numerical model to connect the 

external wind condition directly with the phosphine transport inside the grain 

storage bunkers. 
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