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Abstract

The self-compacting concrete (SCC) is a material that has great flowability in fresh but
sustains a high bearing capacity in the hardened state. It is widely used in projects where
manual compaction is inconvenient such as high-rise buildings, deep foundations, and highly
reinforced structures. However, contrary to its rapid growth in popularity, the study on the
flow behaviour of fresh SCC is limited. Consequently, controlling the common defects in
practices such as segregation, bleeding, and exclusion of rebars remains a great challenge.
To provide a numerical technique for this problem, this thesis aims to establish a framework
for the SCC flow simulation.

Preliminarily, the fresh concrete is regarded as a homogeneous Bingham fluid and the
software Fluent is used to investigate the flow behaviour of fresh SCC. Firstly, a parametric
study is designed to correlate the performance of robust workability tests and the two-
parameter Bingham model. It provides a convenient indirect method to obtain concrete
rheology for numerical modeling. At the same time, it fills up the gap caused by the lack
of reliable and consistent direct solutions. To demonstrate its the performance, a case of
diaphragm wall is chosen as an example to show its application in real practice. According
to the on-site test record, commercial concrete transported by different trucks varies greatly
in the rheology. The simulation of construction process is configured referring to the on-site
placement arrangement. Meanwhile, to show a comparison, the same construction process is
repeated but uses only one type of concrete. This case study not only shows the distribution
of concretes in the diaphragm wall but also indicates the influence of material homogeneity
on concrete distribution.

In practice, the size of coarse aggregate in concrete is usually close to the rebar. To study
the interaction between fresh SCC and the reinforcement, the existence of aggregate cannot
be ignored. The unresolved CFD-DEM approach is a powerful two-way coupled technique
to study the particulate flow, which solves the fluid flow by the CFD, tracks the particle
trajectory by the DEM, and couples the two by exchanging momentum. In the further study,
the goal is to develop our in-house code based on this approach to realize the SCC flow
simulation at the scale of aggregate size. On the initial step, an in-house code is developed
for the basic CFD-DEM scenario: the coupling of a single Newtonian fluid and a discrete
phase. Every part of our in-house including CFD solver, DEM solver and their coupling
is validated by comparing with sophisticated software like OpenFOAM, LIGGGHTS and
CFDEM. In the next step, the difficulties to accomplish the simulation of SCC flow are to be
discussed: a general VOF-DEM method and acceptable computation cost.

The complexity of SCC flow simulation lies in 3 aspects: 3 phases are involved including
air, mortar, and aggregate; the geometry of flow domain could be very complicated; the
comparable size of aggregate, rebar, and CFD cell. To overcome the first difficulty, the VOF
method is implemented to solve the multiphase flow in the CFD domain which gives the
so-called VOF-DEM method. While the latter two facts bring the challenge to the mapping
between CFD and DEM domains. What’s more, the discontinuity nature of the interface
between two fluids worsens the situation. Improper mapping methods will generate unsmooth
CFD fields in the coupling stage and lead to numerical instability. To address this issue,
the mapping of involved variables is grouped and different schemes are proposed for them.



For example, the volume fraction is a variable in the space domain which is uniform in all
directions. An improved statistic kernel method is developed to obtain a smooth volume
fraction field because it could handle a wide range of cell/particle size ratio. Besides, the
mapping of fluid velocity, drag force, torque, and so on are discussed. The performance
of the VOF-DEM method with the general coupling scheme is demonstrated by 3 cases: a
group of small particles fall into water from the air, a big particle falls into the water from
the air and a big particle rotates on the interface.

Due to the exchange of drag force between CFD and DEM, one extra time step criterion is
introduced to each of the CFD and DEM solvers. In the case of concrete material, it becomes
the bottleneck of computation efficiency. For Bingham fluid, when the shear rate is small,
the fluid will show an extremely high apparent viscosity which results in a very small critical
time step. In the case of fresh mortar, it can be as small as 1 X 107 s for both CFD and DEM,
which makes the computation very expensive. To solve this problem, a relaxing scheme is
proposed to release the drag-induced step criteria. It gives explicit time-step-independent
solutions for drag force computing in both CFD and DEM solvers. The performance of each
solution and their combination are validated step by step. The result proves that the relaxing
scheme could release the drag-induced time step without sacrificing accuracy. At last, a case
of SCC flow shows that it increases the CFD time step by 100 times which is dominant in
simulation.

Once the above two major challenges are settled, our in-house code was used to simulate
the workability tests. According to the previously obtained relation chart between the indices
of workability tests and Bingham parameters, the apparent properties of the mortar and
aggregate mixture were obtained from the simulation results of the slump flow test and V
funnel test. What’s more, using the L box test, the influence of aggregate gradation, the
existence of rebars and aggregate were discussed one by one.

As a conclusion, we have proposed a feasible numerical technique to simulate the fresh
SCC flow: to study the feature of bulk flow, the concrete can be modelled by pure CFD;
to study it at the scale of aggregate size, the proposed VOF-DEM method and the relaxing
scheme should be used to enable the desired simulation with acceptable efficiency.
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Chapter 1

Introduction

1.1 Background and motivation

Concrete is a mixture of 5 components: cement, aggregate, water, additions and chemical
admixtures. With a proper design, concrete showing unique features have been invented
to meet specific requirements in different fields. For example, self-compacting concrete
(SCC) was developed to obtain better workability in its fresh state without weakening the
hardened concrete strength. Adding a small amount of admixture, the SCC can flow under its
weight without any extra compaction. As the water/cement ratio is unchanged, the concrete
strength will not be affected. It can be seen that the SCC has great advantages in projects
where manual compaction is barely available. Hence, since its invention in the 1980s in
Japan, SCC has been gaining popularity rapidly worldwide. Meanwhile, as reported by the
EFFC/DFI guide[87], various imperfections were observed frequently in the deep foundation
applications such as the grooves on the pile surface, the inclusion of rebar cage, the bleed
channels and mattressing on the surface (as listed in Fig. 1.1). If their extent and appearing
frequency are limited, they are thought to be acceptable. Otherwise, they will be called
defects which would threaten the bearing capacity and durability so that extra maintenance
is necessary. The EFFC/DFI guide analyzes the possible sources of these imperfections.
However, since the mechanism of fresh concrete flow is unclear, it’s still a challenging task
to control the occurrences of defects.

This thesis aims to provide a framework of numerical techniques to study the flow
behaviour of fresh SCC. Compared with the experimental approach, the numerical method
costs less but outputs much faster with full details, which is a great assistant to the practice.
However, to achieve our goal, there are two key questions to be answered: what is the
rheology of SCC and how to choose the right numerical approach to use. They will be the

focus of the following literature review.
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(b) Mattressing

(c) Exclusion of rebar cage (d) Bleed channel

Fig. 1.1 Imperfections of deep foundations[87]

1.2 Challenges in SCC flow simulation

For better understanding, cement-based materials such as cement paste, mortar and concrete
will be covered in the literature review. The first part is about the research of material
rheology while the second details the numerical study on concrete flow. Based on this review,

two core challenges in realizing the fresh concrete flow are summarized.

1.2.1 Rheology of SCC

For the cement-based mixture [16, 9, 20], the Bingham fluid model, which contains two
parameters plastic viscosity p and yield stress Ty as shown in Figure 1.2, is the most widely
used constitutive model. A Bingham fluid can retain its shape if the shear stress is below the
yield stress 7p. When the shear stress is above 7, the fluid will begin to flow, and the shear
rate is linearly proportional to the exceeded value of shear stress. Despite the simplicity of
the Bingham model, it is not trivial to measure the viscosity and yield stress in construction
practice. Using analytical, experimental and numerical approaches, researchers have tried
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different ways to obtain these two rheological parameters for practical concrete mixes, but

up to now, it remains an outstanding challenge.
Bingham Model: 7= ,Ll§/+ 7,
7,: yield stress

ML viscosity

Slope: 1

0

Fig. 1.2 The Bingham fluid model

In the construction industry, the fluidity of fresh concrete is typically evaluated through
workability tests, which are easy to perform and well documented in industrial guides, e.g.
[39]. The most widely used workability tests include the slump flow test, the V-funnel test
and the L-box test etc., each of which is designed to evaluate a specific aspect of fresh
concrete. But, these tests can only provide qualitative measures to the rheological behaviour
of concrete, and cannot detect such physical properties as viscosity and yield stress. It is
generally believed that a close correlation between the workability tests and the concrete
rheology exists, but the quantitative relation is yet to be discovered.

Many different rheometers have also been developed in order to directly measure the
rheological properties of concrete mix, including BML viscometer [85], BTRHEOM [22],
RSNS rheometer [56] and ICAR rheometer [49] etc., to name a few. But the adoption of
rheometers in construction practice has been much limited due to several major disadvantages
[12, 9, 36]: 1) the readings from different rheometers vary hugely, making it difficult to reach
an agreement; 2) the theometers are expensive and inconvenient to use in construction sites.

Quality control of concrete placement during construction work requires simple and
reliable tests to ensure the right concrete is placed through the right process. The workability
tests provide the most common monitoring approaches for the construction industry. It is
recognized that the slump flow has a close relationship with the yield stress of concrete mix
[62, 18, 30], and there have been many attempts to quantify this relation. [50] first established

a relation between the yield stress and the spread diameter of slump flow test:

_ 225pgV?

1.1
47t2D?r (.1
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where D¢ denotes the concrete spread diameter of the slump flow test, p the concrete density,
g the gravity, and V,. the total volume of slump cone. Eqn. (1.1) takes the total volume of
concrete into consideration but neglecting the influence of viscosity. [75] summarized the
flow behaviour of the slump flow test into three regimes: the pure shear flow (large flow
diameter) regime, the pure elongational flow (low slump height) regime, and the intermediate
regime. They proposed empirical solutions for each regime, and the solution for the pure
shear flow regime remains the same as [50]. Later, [77] improved the estimation in Eqn. (1.1)
by incorporating the influence of surface tension effects:

2 3
T = & % -2 (1.2)
4V. n2D}

where A is a coefficient representing the influence of surface tension and contact angle.
Besides the concrete spread diameter Dy, the total flow time when the concrete spread
reaches the final diameter and the time when it reaches 500 mm (7509) have also been
evaluated. [90] proposed a simple linear relation between the total flow time and the ratio
of viscosity to yield stress. Later, based on experimental tests, [36] presented an empirical
equation for this relationship. Also through experiments, [34] studied the relationship
between T5(p and rheological properties, and suggested that 75 is sensitive to both yield
stress and viscosity. A similar conclusion was also presented by [64].

For the Marsh cone test of cement paste, [76] proposed an equation linking the flow
time with the yield stress, the viscosity and the Marsh cone geometry. It was suggested
that viscosity and yield stress could be solved directly if flow times were measured for
Marsh cones of two different shapes. This analysis assumes the flow rate at the nozzle
remains constant and the free surface of cement paste is always level in the cone. Later, [65]
improved the flow rate evaluation of [76] by considering the Reynolds number in the nozzle
and applying Herschel-Bulkley model in place of Bingham model. The improvement was
validated by comparisons with experiment and numerical simulation. But, when applying
this solution to the V-funnel test, the assumptions of level surface and constant flow rate are
both questionable [53].

Besides these analytical models derived from workability tests, the viscosity of concrete
mix was also studied by treating it as a homogeneous particle-fluid suspension. [35] predicted
the viscosity for multimodal suspensions from unimodal viscosity data. The viscosity of a

unimodal suspension was represented as

w = poH(¢) (1.3)
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where L denotes the viscosity of fluid, ¢ the volume concentration of particles and H(¢) the
stiffening coefficient. It was further assumed that smaller particles in a bimodal suspension
behave like a fluid medium surrounding larger particles if the size ratio (small to large) is
below 0.1. Extending this assumption to multimodal suspensions, the overall viscosity was

estimated as

w=p [TH(¢) (1.4)
=1

where i is the index of particle classes, n the total number of particle classes, ¢; the volume
concentration of particle class i, and H(¢;) the stiffening coefficient of particle class i.
Considering size and shape variations in different particle classes, [63] proposed different
H (¢;) for different classes. [43] modified ¢; in Eqn. (1.4) as ¢;/ @;, where o; is the maximum
volume concentration of particle class i. Later, [37] proposed a semi-empirical equation with
the same pattern for yield stress prediction.

The aforementioned research works are mainly based on analytical or experimental
studies. Recently, with the rapid growth of computing power, numerical simulation also
became an effective tool for the study of concrete rheology. By simulating the mini-conical
slump flow test, [9] found that the viscosity’s influence on the spread diameter cannot be
neglected when the yield stress is small. Moreover, the following equation was proposed as

an improvement to Eqn. (1.2):

D »
L =1-013In (“—q) (15)
D’ Ho

where U4, is the equivalent viscosity and D}ef the reference spread diameter. Later, using a
remeshing finite element strategy, [23] simulated the mini-cone slump flow test and EN445
cone test. They found the discharge time was closely related to the ratio of viscosity to yield
stress. By assuming the viscosity from the concentrated suspension theory, [4] estimated the
yield stress by matching the Smoothed-Particle Hydrodynamic (SPH) simulation result of
slump flow test with measured experimental data. Using the SPH method, [53] conducted
2D simulation for the V-funnel test to study the discharge time.

Despite the various research works summarized above, no general agreement has been
reached on how to determine viscosity and yield stress for fresh concrete. The analytical
approaches are based on various assumptions and simplifications, limiting their applicability
to specific conditions. Moreover, the analytic predictions provide only rough approximations
to the concrete rheology, and not suitable for accurate quantification. The experimental
approaches using dedicated rheometers are not only costly, but they also lack the necessary

consistency and repeatability for practical use. There have been some interesting numerical
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works, but they are mainly feasibility studies focusing on modelling methodology instead of
the quantification of concrete rheology. To address this outstanding issue, we systematically
investigate in a quantified manner the relationship between commonly adopted workability
tests and the rheological parameters of fresh concrete. Numerical simulations are conducted
for various concrete mixes covering the full spectrum of concrete rheology, and the simulation
results form a comprehensive database to infer rheological parameters. The finding from this
study enables concrete rheology to be accurately determined from the routinely performed
workability tests without any additional effort.

1.2.2 Numerical methods

The research work on the flow simulation of fresh concrete is rare compared with other topics
in the concrete area. So, in this chapter, the cement-based materials are all covered including
concrete, mortar, cement paste, etc. On different conditions, the cement-based materials can
be treated as either continuous or discontinuous materials. For example, some researchers
treat the cement mixture as discrete material, which actually assumes that the flow behavior
is dominated by the coarse aggregate. While, for the mixture with high mobility or for the
simulation of a large volume flow, the material will be assumed as homogeneous Bingham
fluid. Covering a wide range of literature, 5 well established numerical techniques are found:
Discrete Element Method (DEM), the Finite Volume Method (FVM), Finite Difference
Method (FDM), Finite Element Method (FEM), Smoothed-Particle Hydrodynamics (SPH).
These methods are used by researchers for specific purposes which will be detailed in the
following.

The DEM is also known as the Distinct Element Method. This method was first proposed
to model the motion of granular material by Cundall and Strack [21]. Particles are modeled
individually, and their motion is governed by Newton’s Law. The contact between particles
can be given by different predetermined constitutive models. In each time step, the contacting
relationship will be updated and then the new particle state will be computed accordingly. In
the simulation of concrete, the material is discretized into particles and the partition is based
on the coarse aggregate. The nature of Bingham fluid is implemented by defining the various
contact models. Puri and Uomoto [70, 71] proposed a two-phase model to simulate the
slump test of shotcrete and its flow performance in a pressured silo. The fluid phase mortar
is treated as a soft layer of the coarse aggregate. A similar concept was applied by many
other researchers [61, 82, 40, 74, 32, 105]: calibrate the DEM parameters, use non-spherical
particles or model the coupled flow with steel fibers. Most of the work was validated by the

slump or slump flow test. Wei Cui etc. [20] proposed a more complex system, where the
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polyhedron aggregate was used and mortar was modeled by small spheres. Slump flow test
and L box test were used for validation.

The FVM, FDM and FEM are all mesh-based methods, which are developed for con-
tinuous material. They all discretize the space domain into a certain of finite sub-domains
and assume different field approximations in every single sub-domain. Besides, they also
discretize the Navier-Stokes equations differently. In the FVM, the volume integrals are
converted into surface integrals. The FEM uses a polynomial approximation for the fluid
field in the sub-domains. For FDM, the derivatives are approximated by the Taylor series.
Among them, the FVM is the most popular method in terms of commercial CFD software.
Using the FVM-based software Fluent, V.H. Nguyen etc. [65] evaluated the influence of
Bingham parameters on cement paste flow by simulating the Marsh cone test. S. Tichko etc.
[89] simulated the concrete filling process of real size formworks and compared it with the
experiment result. K. Vasilic [95] proposed a porous medium analogy to revolve the influence
of reinforcement and Fluent was used to carry out the validation work. H. D. Le etc. [54]
presented the simulation of MK-II type rheometer to approve a better way to obtain concrete
rheological properties. Many researchers also used the FDM-based software Flow-3D to
model the concrete flow. For example, M. Hosseinpoor and his group [42, 41] used this
software to simulate the L box test and the GMO method was applied to model the coarse
aggregate. Using this technique, the influence of rheological properties, reinforcing rebars
and aggregate content was discussed. But, the GMO method is limited to 500 objects. This
software was also used by N. Roussel and his group [23, 75] to study the concrete flow in
slump flow test and slipform machine. Due to the large deformation in fluid flow, the FEM
is less developed compared with the other 2 methods in the CFD field. This difficulty was
addressed by either the remeshing technique or the Eulerian FEM approach coupled with the
VOF model. In the literature, the former was used to simulate the paste flow in the Marsh
cone test, the mini slump flow test [19, 36]. The latter includes many different methods such
as Galerkin FEM approach [88], the FEMLIP [31], the DLM/FD method [96]. All the two
groups were used for similar purposes with others such as simulation of workability tests,
fiber orientation and porous medium analogy of reinforced area.

The SPH is a mesh-free CFD approach, which discretizes the material domain into a
finite number of particles associated with mass and other fluid fields. This makes the SPH a
Lagrangian method that captures the free surface naturally. What’s more, the aggregate can
also be easily modeled. H. Lashkarbolouk etc. [52, 53] used the SPH method to study the
proper range of rheological properties of SCC by simulating the L box test and V funnel test.
B.L. Karihaloo and his group [4, 25-28, 1, 2] also carried out the various workability tests

and studied the distribution of coarse aggregate, the fiber orientation, the blockage due to
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rebars. Thanh et al. [86] modelled the self-consolidating engineered cementitious composites
by the weakly compressible SPH. In the same framework, they realized the modelling of
flexible synthetic fibre.

Besides the 5 methods, there are also other methods that were used to simulate the
concrete flow such as the DPD method [60], MPS method [103], the LBM [72, 102, 14]
method. However, the majority of all the mentioned research work concerned only the
simulation of workability tests, and the concrete or paste was treated as either continuous or

discrete material.

1.3 Layout of the thesis

The defects in concrete casting have different sources of mechanisms. For example, the
blockage of coarse aggregate due to the dense reinforcement can show the defects in the form
of filtration and local inclusion; a bad design of aggregate gradation may result in segregation.
All the phenomena can be concluded as the inappropriate interaction between fluid, particle,
rebar and boundary. Concrete is a mixture of different components. But depending on the
scale of observation, there are many different ways to look into it. As shown in Fig.1.3: (1)
at a relatively large Scale 0, the concrete can be regarded as pure fluid; (2) at a lower Scale 1
where aggregate is concerned, the concrete is the mixture of mortar and aggregate; (3) while,
if the sand in the mortar is the key which comes to the Scale 2, the mortar should be treated
as the mixture of paste and sand; (4) at last, if the cement particle is of interest which is the
Scale 3, the paste should be considered as a mixture of the cement and water. In the first
row of the figure, besides the water, the other 3 are regarded as the fluid phase at their scales.
While the constituents in the second row are all particles.

This thesis focuses on the Scale 0 and Scale 1. The former requires a CFD solver, while
the latter needs a numerical technique for CFD-DEM modeling. In all numerical methods
presented in chapter 1.2.2, the FVM is the most popular because of its maturity, accuracy
and computational cost. So, this method is used for CFD cases. As a preliminary study, the
FVM-based commercial software Fluent is used for the study on Scale O to investigate the
flow behaviour of fresh concrete. While, for the Scale 1, the powerful unresolved CFD-DEM
approach is coded and developed to realize its application on the SCC flow. Similarly, the
FVM is the method for CFD. Meanwhile, the soft-sphere approach of DEM [21] will be used
to model the aggregate. It is advantageous in the case involving a large number of collisions
with multiple contacts between particles. The details of the study on the two scales will be
presented in the following chapters. The layout is given below.
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Fig. 1.3 The composition of fresh concrete at different scales

In Chapter 2.1, a systematic parametric study was carried out which tried to correlate the
concrete rheological properties with the robust workability tests including slump flow test, V
Funnel test, extended cone test and inverted cone test. Then, in the simulation of a diaphragm
wall casting, this quantitative relation was used to determine the concrete rheology according
to the on-site workability tests. The comparison in this case study showed the influence of
inhomogeneity on the flow pattern in the diaphragm wall.

In Chapter 3.1, the formulation of the unresolved CFD-DEM approach will be introduced
in detail. In this framework, the fluid flow is governed by the volume-averaged Navier-Stokes
Equations and the particle trajectory is modeled by Newton’s Law. The coupling between
the two is realized by exchanging the analytically computed momentum. Based on a detailed
formulation of this approach, we developed an in-house CFD-DEM code. Before any further
discussion, all parts of this code were validated by comparing with the sophisticated software
including OpenFOAM, LIGGGHTS or CFDEM.

Chapter 4 expatiates the major challenges to applying the unresolved CFD-DEM approach
in the SCC flow simulation: a multiphase model and smooth mapping schemes for variables.
As an Eulerian approach, the air is also involved in the fluid domain which requires a
multiphase model to solve the two-phase flow in the CFD. For this purpose, the VOF model
is chosen and introduced in this chapter. However, implementing the VOF method solely
is not enough to promise a stable so-called VOF-DEM method. Many other factors could
add to the complication in SCC flow simulation, including the severe discontinuity on the
interface of air and mortar, the complex geometry and the large range of size ratio of mesh
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cell to aggregate. In the mapping between CFD and DEM, these factors should be reasonably
evaluated to achieve fields as smooth as possible, which is essential for a stable simulation.
To this end, the mapping schemes for all exchanged variables were discussed and classified
in this chapter. The overall performance of the VOF method and the proposed mapping
schemes were demonstrated by 3 cases.

In Chapter 5, it is pointed out that the momentum exchanging between CFD and DEM
introduces one extra time step criterion for each solver. In the case of mortar, it can lead
to a time step as small as 1 x 10~/ s for both solvers due to the huge apparent viscosity at
a low shear rate, which therefore makes the computation extreme expensive. This chapter
took the drag force as an example. The expression of the drag-induced critical time step was
derived for each solver and was then verified by the CFDEM. After that, to achieve greater
efficiency, the relaxing scheme was proposed to enlarge the drag-induced critical time step. It
gave analytical solutions for both CFD and DEM in computing the drag force. Each solution
would converge to a terminal state as the time went infinite, which meant a large time step
will not lead to an inflation in computing drag force. The accuracy of the relaxing scheme
was validated step by step in the case study, and an increase of 100 times was achieved for
concrete simulation.

Chapter 6 focuses on the simulation of SCC workability tests by our in-house code.
Firstly, the slump test and the V funnel test were carried out, and a pair of indices were
obtained from them. Referring to the relation chart in Chapter 2, the rheological properties
were obtained. After that, the L box test was used to study the influence of different factors
on the SCC flow behaviour such as the aggregate gradation, the existence of rebars and
aggregate. These cases show that our in-house is eligible to study the concrete at the Scale 1.

The last Chapter 7 is the conclusion of the whole thesis and gives my outlook for further

research.



Chapter 2

Homogeneous perspective: rheological
properties and flow behaviour

2.1 Introduction

Despite the variety of research work on the fresh concrete rheology introduced in Chapter
1, no general agreement has been reached on how to determine the viscosity and yield
stress of the fresh concrete. For the group of analytical solutions, they are based on various
assumptions and simplifications which is limited on a general application. Moreover, the
analytic predictions provide only rough approximations to the concrete rheology and are not
suitable for accurate quantification. The experimental approaches using dedicated rheometers
are not only costly but also lack the necessary consistency and repeatability for practical
use. There have been some interesting numerical works, but they are mainly feasibility
studies focusing on modelling methodology instead of the quantification of concrete rheology.
So, in the preliminary study, it is the main focus to address this outstanding issue. By
using the software Fluent, a systematical parametric study is carried out to investigate the
relationship between the robust workability tests and the rheological parameters of the fresh
SCC. Numerical simulations are conducted for various concrete mixes covering the full
spectrum of concrete rheology, and the simulation results form a comprehensive database to
infer rheological parameters. The finding from this study enables concrete rheology to be
accurately determined from the routinely performed workability tests without any additional
effort. To demonstrate the advantage, this indirect method is used in a diaphragm wall case to
obtain the properties of fresh SCC from all transporting trucks according to the on-site record
of the workability tests. The placement arrangement shows that these batches of concrete are
placed into the wall through two tremies simultaneously. In the simulation, 9 representative
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concretes are determined to cover the variation in concrete rtheology and a multiphase model
is used to model the random placement of the 9 concretes. This setup tracks the distribution
of all concrete phases in the wall. Furtherly, to provide a comparison, the same configuration
is used to run a parallel case but with 9 identical concretes. The difference between the two

cases shows the influence of material homogeneity on the concrete flow.

2.2 Parametric study on workability tests

2.2.1 Workability tests and numerical models

Previous numerical studies on fresh concrete mainly focused on the modelling methodology,
i.e. to examine the feasibility of different numerical methods in the simulation of fresh
concrete flow. These simulation methods mainly include the Finite Volume Method (FVM)
[23, 42], the Finite Element Method (FEM) [36, 15], the Smoothed-Particle Hydrodynamics
(SPH) method [53, 1] and the Discrete Element Method (DEM) [20, 32].

Considering the accuracy and stability of simulation, we adopted the FVM approach for
the simulation of various workability tests including the slump flow test, the V-funnel test, the
modified cone outflow test and the inverted cone outflow test. As shown in Fig. 1.2, the yield
stress in the Bingham model increases from O to 7y while the shear rate ¥ remains 0. The jump
in yield stress can cause stability issues to numerical simulation, and one way to overcome
this problem is to describe the concrete rheology using the more general Herschel-Bulkley
model which contains two stages: a linear stage with a high slope of 19 and a non-linear
stage described by a power-law index n. The Bingham model can be seen as a special case of
the Herschel-Bulkley model, where the slope of the linear stage is infinity and the power-law
index for the non-linear stage is 1. Using the Herschel-Bulkley model with a sufficiently

large but finite slope for the linear stage can avoid stability issues in numerical simulation.

Geometry and meshes

The apparatuses of the slump flow, V-funnel, modified cone outflow and inverted cone
outflow tests are shown in Fig. 2.1, Fig. 2.2, Fig. 2.3 and Fig. 2.4 respectively, as well as
their dimensions. The slump flow test apparatus consists of two parts (Fig. 2.1), including a
truncated cone and a square plate. The top diameter, bottom diameter and height of the cone
are 100 mm, 200 mm and 300 mm respectively, and the side length of the square plate is 900
mm. The shape of the V-funnel is an extrusion of a V-shape geometry (Fig. 2.2), which is a
combination of a rectangle and an isosceles trapezoid. The side lengths of the rectangle are

65 mm and 150 mm respectively. The top and bottom side lengths of the isosceles trapezoid
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are 65 mm and 490 mm, and its height is 425 mm. The thickness of the V-funnel is 75 mm.
The apparatus of the modified cone outflow test (Fig. 2.3) contains two parts: the top part is
a cylinder of height 465 mm and diameter 200 mm, and the bottom part is an inverted slump
flow cone. The apparatus of the inverted cone outflow test (Fig. 2.4), as its name suggests, is
only an inverted slump test cone.

=
100 mm
| /(D\
:
200 mm ey
. 900 mm ,
(a) Apparatus (b) Geometry
Fig. 2.1 Slump flow test
L 490 mm .
f i
\\\ g
\A___ —_—
| g
I
65 mm -
(a) Apparatus (b) Geometry

Fig. 2.2 V-funnel test

The models adopted in numerical simulation are presented in Fig. 2.5, Fig. 2.6, Fig. 2.7
and Fig. 2.8, respectively. The models use fixed FVM meshes, and they cover the full
space where the concrete mix may flow during the specific test. The space is occupied
by concrete and air, and the Volume of Fluid (VOF) method is employed to capture the

interface between them. In order to increase the simulation speed and enhance the stability
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Fig. 2.3 Modified cone outflow test
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Fig. 2.4 Inverted cone outflow test

and accuracy, structured meshes are adopted as shown in Fig. 2.5a, Fig. 2.6a, Fig. 2.7a and
Fig. 2.8a, where the colours indicate elements at different aspect ratios to meet the mesh
quality requirement. The initial distribution of concrete and air in each test are shown in
Fig. 2.5b, Fig.2.6b, Fig. 2.7b and Fig. 2.8b, where the blue and green regions represent
concrete and air respectively. In reality, air can flow freely in the open space. But for
numerical simulation, a finite simulation domain needs to be specified. The sizes of all
models have been set sufficiently large such that the closed space would not have any visible

impact on the concrete flow.
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(a) Mesh for slump flow test (b) Initial distribution of concrete (blue) and air (green)

Fig. 2.5 Numerical model of the slump flow test

(a) Mesh for V-funnel test (b) Initial distribution of concrete (blue) and air (green)

Fig. 2.6 Numerical model of the V-funnel test

Simulation resolution and convergence check

The spatial and temporal resolution of the numerical simulation must satisfy the convergence
requirement to ensure the correct numerical solution is obtained, while the mesh size and
time step must also meet the accuracy requirement of the targeted rheological study. For
all four workability tests, the accuracy of time-based indices is set as 0.1 s. Depending on
the convergence condition, adaptive time stepping is adopted in our simulations, where the
maximum time step is set as 0.1 s. In the slump flow test, concrete flow has a high acceleration
at the beginning, therefore requiring smaller time steps. In the V-funnel, modified cone
outflow and inverted cone outflow tests, the variation of concrete flow over the testing process
is much smaller, therefore the time step remains more constant. Besides the time step size,
the mesh size must also been chosen carefully to ensure convergence, accuracy and efficiency.
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i .

(b) Initial distribution of concrete (blue) and air
(a) Mesh for modified cone outflow test (green)

Fig. 2.7 Numerical model of the modified cone outflow test

(b) Initial distribution of concrete (blue) and air
(a) Mesh for modified cone outflow test (green)

Fig. 2.8 Numerical model of the modified cone outflow test

An example of the convergence study of the slump flow test is shown in Fig. 2.9a, where three
mesh models were compared on a concrete mix with viscosity 50 Pa-s and yield stress 50 Pa.

When the element number increases from 49,680 to 103,552, there is significant difference
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Fig. 2.9 Mesh quality validation (viscosity 50 Pa-s, yield stress 50 Pa)

between the two result curves. But when the element number further increases to 391, 680,

the result only changes slightly. Similar comparisons were also performed on concrete mixes

at other rheological ranges. From these convergence studies, the mesh model with 103,552

elements was finally adopted for the simulation of slump flow test. The convergence study

was also carried out for the V-funnel, modified cone outflow and inverted cone outflow tests,

whose examples are shown in Fig. 2.9b, Fig. 2.9¢ and Fig. 2.9d respectively. It is noted that

for these three outflow tests, the discharge time is the only recorded index. It can be found

in Fig. 2.9b, Fig. 2.9¢ and Fig. 2.9d that the turning points of curves in each figure almost

occur at the same time, which implies the discharge time is insensitive to mesh size. The

final mesh models chosen for the simulation of V-funnel, modified cone outflow and inverted

cone outflow tests contain 29,236, 21,420 and 11, 640 elements, respectively.
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Indices in workability tests: extraction and classification

The aim of this study is to quantify the relationship between rheological properties of fresh
concrete and its workability tests. By adjusting the values of viscosity and yield stress,
detailed parametric simulations were performed for all four workability tests described above.
Initially, the viscosity was sampled between 10 and 100 Pa-s with an interval of 10 Pa-s, and
the yield stress was sampled with 10, 50, 100, 150, 200, 250, 300, 350, 400, 450 and 500 Pa.
As shown in Fig. 2.10, a dripping flow pattern was detected in the V-funnel test when the
yield stress was greater than 300 Pa, and as a result the discharge time exceeded 70 s. Thus,
it is impractical to perform the V-funnel test with the yield stress greater than 300 Pa. As an
alternative, the modified cone outflow test and the inverted cone outflow test were introduced
to cover the full range of yield stress. Based on the initial result and to provide a finer data
set for further analysis, a second batch of simulations were performed for both slump flow
and V-funnel tests, by setting the yield stress at 20, 30, 40, 60, 70, 80, 90, 120, 140, 160,
180, 220, 240, 260 and 280 Pa.

Fig. 2.10 Dripping phenomenon

2.2.2 Choose indices: easy to obtain and cover a wide range

Different indices can be extracted from the workability tests. For the slump flow test, the

most commonly used indices are the final spread diameter D and the flow time 75 (i.e. the
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T

Fig. 2.11 Daylight passing through the nozzle

time taken for the spread diameter to reach 500 mm). Besides these, other indices include
the flow time 7p (i.e. the time taken for the spread diameter to reach D), the average flow
rate v = D /tp and the maximum increasing rate of spread diameter vy,ax p. For the V-funnel,
modified cone outflow and inverted cone outflow tests, there are different criteria to determine
the discharge time, such as the time when daylight firstly passes through the nozzle ¢, as
shown in Fig. 2.11, the time #,, when the majority of concrete flows out of the funnel, and
the time #, when certain amount of concrete flows out of the funnel. Besides these discharge
times, the maximum decreasing rate of concrete volume vy« ; can also be extracted.

The total simulation time for all slump flow tests is set as 30 s. The flow history of a
series of slump flow tests is shown in Fig. 2.12, where the yield stress is 10 Pa in Fig. 2.12a,
100 Pa in Fig. 2.12b, and the viscosity increases from 10 to 100 Pa-s. It can be observed that
the viscosity affects not only the flow history but also the final spread diameter. The indices
D and T5 can be extracted directly according to their definitions. The determination of #p
can be referred to [90], which suggested to record the time when the diameter increasing
rate decreases to 0.6 mm/s (0.3 mm/s for the radius increasing rate). This criterion is guided
by the fact that 0.3 mm is the minimum distance human eye can recognize. Then, ¥ can
be readily computed from D and 7p. But to determine vy, p, the diameter increasing rate
needs to be calculated for every time step until the maximum value viax_p is reached.

The above five indices are not always available depending on the specific cases. First,
when yield stress is around 10 Pa, the diameter increasing rate will still be remarkable at the
time 30 s. In this situation, the diameter at 30 s is recorded to represent the final diameter,
but #p is no longer available. Secondly, when yield stress and viscosity are both small, the
spread diameter D can exceed the boundary of plate. For these cases, D is recorded as 0.9 m.

Thirdly, when yield stress increases to around 100 Pa, the spread diameter D will decrease to
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500 mm. Thus, the maximum yield stress allowing the extraction of 75 is about 100 Pa.

Finally, the only universal index is vimax_p, but it is hard to measure in practical tests.

0.904 fT O papletmamagodpedpolgense. | oo-o0 o oo o o-—o-—o—ol = =
~ 5 ‘ _/ *‘i:ﬁ;—’é;"* 0.5 [ * «nﬁm NG RRE R e R ec R e Bh e e R ec R er ]
g o AR —0
0.754
z E 04 —=—u 10 Pa:s ——p 20 Pa-s
= = o —+—n30Pas——pn40Pas
2 0.60 i3]
% g —<— 50 Pa-s —+—p 60 Pa-s
R |- T .. s —>—n 70 Pa-s —>—n 80 Pas
S 0451 —o—p10Pass o 20 Pass Q031 F  —« L90Pas - u100Pas
—+—n30Pas —v— pn40 Pas
n 50 Pa-s —<+— p 60 Pa-s
0.304 >—p 70 Pa-s —o— n 80 Pa-s 024 &
| . :! n 9(? Pa-s - 1(1)0 Pa-s 1 . . . . . . .
0 5 10 15 20 25 30 0 5 o 1520 25 30
Time (s) Time (s)
(a) Yield stress 10 Pa (b) Yield stress 100a Pa

Fig. 2.12 Flow history of slump flow tests

The simulation time of V-funnel, modified cone outflow and inverted cone outflow tests
is set sufficiently large to cover the full discharge process. The flow process in these outflow
tests can be presented in two formats, as shown in Fig. 2.13, where the viscosity varies from
10 to 100 Pa-s and the yield stress is 150 Pa. Fig. 2.13a illustrates the relationship between
the discharge time and the residual concrete, represented by the percentage of initial concrete
volume in funnel or cone. Fig. 2.13b shows how the area taken by air in the cross section
of nozzle changes with time, and the area of air is also represented by percentage. Both
types of figures are produced for the extraction of indices. In the former case, all curves
can be roughly divided into two linear parts with a remarkable slope difference. The time
values at turning points are recorded as the index #,, when majority of the concrete has been
discharged. Similarly, the index #, can also be directly obtained by recording the time when
residual concrete drops to certain percentage. Further, by calculating the volume decreasing
rate in each time step, vmax_ can be recorded as the maximum value. For the latter case, ¢, is

the time when curves begin to increase from zero.

Classification of workability indices

As discussed above, it is fairly straightforward to extract various workability indices once
the simulation results are collected. However, when it comes to real-world tests, the efforts
required to measure different indices vary greatly, and as a result the workability indices can
be grouped into four categories as listed in Table. 2.1. In Group I, there are D and 75 of the

slump flow test and ¢, of for the three outflow tests. The Group I indices are the easiest ones
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Fig. 2.13 Two methods for recording outflow tests (Yield stress 150 Pa)
Table 2.1 Classification of workability indices
Group I 1I 1 v
Slump Flow Test D and T5qp tp v Vmax_D
V-funnel, Modified Cone th tm ty Vmax_¢

Outflow Test and
Inverted Cone Outflow
Test

to measure and require only one equipment for the measurement. For D, it is a ruler, while
for Ts5p and t,, it is a timer. The Group II indices include 7p and #,,, which also require just
one measuring equipment but are more prone to subjective errors. For both 7p and t,,, there
is no obvious sign in the practical test for the tester to determine the critical time point for
measurement. The Group III indices include v and #y, and they all require more than one
measuring equipment. For the former, both timer and ruler are required; for the latter, both
timer and volume measuring device are needed. The Group IV indices include vyax p and
Vmax_r» and they are the most difficult ones to measure in practice. The whole testing process
must be recorded, and an image processing operation is required to extract the indices.

In view of this classification and the associated constraints in each group, the Group I
indices are selected for our study. It is noted that these indices are also recommended by the
European Guidelines for Self-compacting Concrete. To further distinguish #, for the three
outflow tests, the value for the V-funnel test will be denoted by ;, the value for the modified
cone outflow test will be denoted by ¢, and the value for the inverted cone outflow test will
be denoted by 7 in following sections. For outflow tests, the discharge time based on the
concrete volume is more comprehensible, hence f,, will also be included to validate ¢, for
rheology evaluation.
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2.2.3 Simulation result and analysis
Slump flow test
Final Diameter D

Following the routine stated above, D from all simulation cases of slump flow tests are
collected, and two subsequent figures are plotted. To make the figures clear for recognition,
some data in dense area is not presented. Fig. 2.14 indicates that D decreases as yield stress
increases, and when yield stress is around 100 Pa, the decreasing rate has a dramatic drop.
What’s more, almost overlapped curves imply that the D is mostly decided by yield stress.
But viscosity does have its influence on D. The smaller the yield stress is, the more obvious
the influence is. While, when yield stress is above 400 Pa, this influence can be neglected.
Fig. 2.15 shows D decreases as viscosity increases. It can be found that the curves are not as
smooth as those in Fig. 2.14, because of their different tolerance to the numerical accuracy.
Element size of slump flow model is around 5 mm. So, when it comes to D, the accuracy is
about 1 cm which is in accordance with the requirement of slump flow test. The occurrence
of this unsmooth curves in Fig. 2.15 implies that the influence of viscosity is limited, and the
variation is usually within the accuracy of both numerical simulation and real test. Contour
plot Fig. 2.16 is a combination of Fig. 2.14 and Fig. 2.15 showing the coupled affect of yield
stress and viscosity on D.
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Fig. 2.14 Impact of 7y respecting to D Fig. 2.15 Impact of u respecting to D

It should be pointed out that the length size of square plate is 0.9 m, which is also same in
simulation. So, it can be found that the maximum value of D is fixed to this value for curves
belonging to yield stress 10 Pa and 20 Pa. Comparing both figures, it is concluded that the
influence of yield stress is nonlinear, while for viscosity, it’s almost linear. Besides, D is

mostly decided by yield stress, but influence of viscosity also should be considered when
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Fig. 2.16 Contour plot of D Fig. 2.17 Comparison between D and D’

yield stress is not large. For example, when yield stress is 50 Pa, the interval of diameter is
about 8 mm when viscosity increases by 10 Pa-s.

[50] suggested the Eqn. 1.1 to calculate yield stress value from measured D of slump flow
test. As his method ignores the impact of viscosity, it is obvious that there will be certain
difference between his solution and the simulation method. Apply Eqn. 1.1 to calculate
another series of diameter (denoted by D’) from the same group of yield stress value, and
compare the calculated D’ with the simulated D by plotting Fig. 2.17. In this figure, if one dot
is located on the red line, it means that the calculated diameter equals to the simulated one.
The distribution of these dots indicates that when yield stress is large (small diameter), both
solutions give similar result. While, when yield stress is small (large diameter), viscosity
will cause large variation in diameter (which also has been pointed out by [9]). And when
viscosity is lower than 100 Pa, Eqn. 1.1 usually underestimates the D. In the same range,
when it comes recalculation of yield stress from slump flow test, Eqn. 1.1 also underestimates

the value of yield stress.

T500

Repeating the same procedure stated above, the figures showing relationship between rheo-
logical properties and 75 are plotted. Fig. 2.18 shows that 75 increases nonlinearly as the
yield stress grows larger, and the increasing rate accelerates synchronously. The relationship
between viscosity and 75 is given in Fig. 2.19, and 75 increases almost linearly as viscos-
ity becomes larger. Comparing with D, viscosity plays a more important role in determining

T500. Contour plot Fig. 2.20 presents the coupled influence of yield stress and viscosity on

T500.
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Fig. 2.18 Impact of 7y respecting to T5qq

7, (s)

Fig. 2.21 Impact of 7y respecting to #,,

151

12+

—#+—u90Pas <

—o—p 10 Pa-s —o—pn 20 Pa-s
—+—u30Pas—v—pn40Pas

—o—u 50 Pa-s —+—p 60 Pa-s
—>—u 70 Pa-s —>— pu 80 Pa-s
1 100 Pa-s

80

60 -

7, (Pa)

100

7 (Pa)

—o—n 10 Pa-s —o— n 20 Pa-s
—+—n30Pas v pn40Pas

—o— 50 Pa-s —+— pn 60 Pa-s
—>—n 70 Pa-s —o— n 80 Pa-s
—+—n 90 Pa-s ——pn 100 Pa-s

—o—17,20Pa

—v—7,40Pa
—<— 7, 60Pa

—o— 7,80Pa s

7, 100Pa

o

154
0 —o—17,10Pa
124 —+—7,30Pa
—o—1,50Pa
94 —+—17,70Pa
2 ] eg90m

h% 6

3

04

0

w (Pas)

Fig. 2.20 Contour plot of 7500

80

// 604

7, 240Pa
—*— 7,280Pa
7,300Pa

150 200

7, (Pa)

100

/ —o— 7, 100Pa —— 7, 120Pa —>— 7, 140Pa
—o— 7, 160Pa —+— 7, 180Pa

—o— 7,200Pa —o— 7, 220Pa

4 (Pass)

Fig. 2.19 Impact of u respecting to 7509

T500 )

<

= [

80 10
60

6
40
20
20 40 60 80 100

=)

IS

]

—=— g, 20Pa —o— 7, 40Pa —+— 7, 60Pa —~— 7, 80Pa

7,260Pa

250 300

4 (Pass)

Fig. 2.22 Impact of u respecting to t,,



2.2 Parametric study on workability tests

25

—o—p 10 Pa-s —>—pn 20 Pas p
409 . p 30 Pa-s —v— p 40 Pass e
{ —°—pn50Pas—<+—p60Pas
304 —>—n 70 Pa:s —>—pn 80 Pas o
—+— 190 Pa-s —o— p 100 Pa-s«,,,/“

1,(s)

50 100 150 200 250 300
7, (Pa)

Fig. 2.23 Impact of 1y respecting to t,

50
401
30

20

= 0.634,+0.476

R*=0.9940
10 1

0 20 40 60 80

Fig. 2.25 Linear Relationship between ¢,
and t,,

V-funnel test

—o—7,20Pa—o— 7, 40Pa —>— 7, 60Pa 7, 80Pa
404 —— 7, 100Pa —<+— 7, 120Pa —>— 7, 140Pa
—o— 7, 160Pa —+— 7 180Pa
7 200Pa —o— 7, 220Pa ~
30 0 0 / < X4
PR 7,240Pa < 7,260Pa_ "~ _ i
) ~ P
= 7,280Pa s o
209, 300Pa// .
10 : =
0 T T T T T
20 40 60 80 100
# (Pass)

Fig. 2.24 Tmpact of u respecting to ¢,

L)
300 ‘
250 33
30
200
_ 25
£
=150 20
100 15
10
50

5

20 40 60 30 100
# (Pass)

Fig. 2.26 Contour plot of #,

Processing output data of V-funnel test simulations, summary of two groups of discharging
time #,, and #,, are made as plotted in Fig. 2.21 to Fig. 2.24. It’s noticeable that, although the
range of their value differs greatly, the corresponding curves share the same trend. Further,
quantitative relationship between them is presented by Fig. 2.25, which is highly linear.
Based on the this figure, conclusion can be made that two indices imply exactly the same

rheological characteristic of concrete. So, index #, alone is enough to represent the V-funnel

test result.

The Fig. 2.21 to Fig. 2.24 show again that the influence of yield stress is nonlinear and
for the viscosity it’s linear. It can be found that the discharge time is mostly decided by
viscosity when yield stress is under 100 Pa. Fig. 2.26 is the contour plot of #,,, which gives
the synthesized influence of yield stress and viscosity.
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Modified cone outflow test

The summary of simulation result of modified cone outflow test is shown in Fig. 2.27 and
Fig. 2.28. As explained in last section, index 7, is the only discussed. Comparing with
V-funnel test, the modified cone outflow test could cover a wider range of yield stress, and
value of # is much smaller. The corresponding curves share the same evolution trend that
the influence of yield stress is nonlinear, while for the viscosity it’s linear. Fig. 2.29 is the
contour plot of 7,, and all isolines are almost linear. While, referring to Fig. 2.26, isolines
will turn vertically when yield stress is very low. It should be noticed that, when yield stress
or viscosity is very small, the discharge time will be too short for human eye to promise its
accuracy. So, this modified cone outflow test suggested by EFFC is better to be used for
concrete having large yield stress.
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Inverted cone outflow test

Fig. 2.30 and Fig. 2.31 give the simulation result of inverted cone outflow test, which are
similar to that of modified cone outflow test. But the range of 7,/ is only half the value of ).
The contour plot Fig. 2.32 also looks the same with Fig. 2.26 but has lower ¢,/ value. It’s
clear that inverted cone outflow test is also suitable for concrete with large yield stress.

Relationship between slump flow test and V-funnel test

It can be concluded that performance of slump flow test, V-funnel test, modified cone outflow
test and inverted cone outflow test depends on both yield stress and viscosity. Theoretically,
results of either two tests are sufficient to solve the two parameters of Bingham model.
Considering that slump flow test and V-funnel test are standard tests, they are firstly chosen
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to study the aimed relationship. In addition, as 75 is only available for yield stress within
100 Pa, D and #, are the chosen. After attempting for functions matching for Fig. 2.16 and
Fig. 2.26, it’s found that they both followed the routine of power functions. But, because of
the various high orders of yield stress, the direct solution to solve yield stress and viscosity

by explicit expression of D and t#,, is not available. Thus, the aimed relationship is expressed
in another way as shown in Fig. 2.33 to Fig. 2.35.
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For each pair of yield stress and viscosity, one slump flow test simulation and one V-
funnel test simulation are performed, which subsequently output one pair of D and #,. Every
dot in Fig. 2.33 represents such a pair of output data. In this figure, dots in the same colour
share the same yield stress value,and Fig. 2.34 is plotted by linking each group of them
together. From bottom to top of each group of coloured dots in Fig. 2.33, their viscosity

value increases by an interval of 10 Pa-s. So, linking the dots sharing the same viscosity
gives the Fig. 2.35.
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It’s comprehensible that each pair of yield stress and viscosity decides one specific
concrete mixture. Distribution of curves in Fig. 2.34 shows how yield stress affects the
performance of both tests. Fig. 2.35 present test result in the way that curves show how
viscosity affects two test results. For the former, when D becomes smaller, the gap between
two adjacent curves becomes narrower. While for the latter, the curves approximately
distribute uniformly. If overlapping these two figures, the two groups of curves form a net
which expresses a complete corresponding relationship between (7p,ut)) and (D, t,,), just as
Fig. 2.36. In other words, rheological properties of certain concrete mixture can be obtained
directly from D and 1, by referring to this figure.
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Fig. 2.37 Adjusted Relationship between (D, t,,) and (7, W)

Theoretically, the resulting curve with either fixed yield stress or viscosity should be
smooth and monotonous. While, in Fig. 2.37, it’s easy to recognize that the trend of curves is
monotonous, but their smoothness is not satisfying. In some local area, curves even cross

each other which is unreasonable. These phenomena all result from the accuracy limitation
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of two sets of simulation data. The numerical error of D, as given earlier, is 10 mm. For
1, the error is mainly introduced by data processor. As time scale varies, it’s hard to set a
fixed criterion for all cases, and the critical time for #,, is decided by processor subjectively.
Although, the curves relating to #, look quite smooth, certain error is inevitable but limited.
Starting from the above knowledge, Fig. 2.36 can be improved by slight adjustment of
simulation result according to the following constraints: (1) two groups of curves should be
monotonous; (2) the first derivative of all curves should be monotonous; (3) the maximum
adjusted value for D is set as 10 mm; (4) the maximum adjusted value for ¢, is 0.3 s.

50
0.9 i
S
s 401
. 084 ¥ =1.003x-0.0045 ‘; e = 1.003x-0.0642
E R?=0.9985 e Z 30- R’ =0.9993
Q 0.7+ g <F
3 3
Q §24 -
%06 o z2
kSR &S]
< < 10
0.5 "@,},{
&
&
0.4- 0
T T T T T T T T T T T 1
04 05 06 07 08 09 0 10 20 30 40 50
Simulated D (m) Simulated 7, (s)
(@D (b) t,

Fig. 2.38 Comparison between simulated data and adjusted data

The improved figure is plotted in Fig. 2.37 based on the adjusted data, which looks much
reasonable than Fig. 2.36. Then, the quality of new sets of D and ¢, are checked as shown in
Fig. 2.38. They are compared with the original value from simulation, and the adjustment is
found to be satisfying. Both fitting functions of two series of data can be regarded as y = x,
which means the simulated value equals to the adjusted value. In addition, the coefficients of
determination of both fitted functions are above 0.998. As a conclusion, the adjustment for
original simulation are acceptable.

Because the curves in left part of Fig. 2.37 are so close to each other, the whole figure is
further divided into four parts (given in Fig. 2.39) for better recognition. Fig. 2.39a is for
curves where yield stress is below 100 Pa. Fig. 2.39b shows the part of curves where yield
stress 1s within 100 200 Pa. Fig. 2.39c is for the area where yield stress is above 200 Pa and
viscosity is larger than 40 Pa-s. Fig. 2.39d is for the rest where yield stress is above 200 Pa
and viscosity is below 30 Pa-s.

For Fig. 2.39a and Fig. 2.39b, they are easy to read and recognize the difference between
curves. But the intervals between curves with constant yield stress in Fig. 2.39¢ and Fig. 2.39d

are all smaller than 10 mm, whose value is less than the accuracy of D. That means value
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in these two figures are inaccurate. Not only for this numerical model but also for real test,
when yield stress is large than 200 Pa, slump flow test is not available to achieve a yield
stress value with an accuracy smaller than 20 Pa.

It’s also noticed that, in Fig. 2.36 and Fig. 2.37, both groups of curves tend to converge to
a certain boundary when yield stress grows larger. So, it can be imagined that when yield
stress keeps growing, the accuracy of slump flow will still becomes worse.

Relationship between slump flow test and modified cone outflow test/inverted cone out-
flow test

Repeating the same processing method, the relationship between slump test and modified
cone outflow test/inverted cone outflow test can be obtained, as given in Fig. 2.40 and

Fig. 2.41. It can be seen that two groups of graphs look very similar, and the major difference
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is the scale of discharge time. Especially, when yield stress is above 400 Pa, the variation of
D is within 10 mm when viscosity changes in the range of 10 ~ 100 Pa-s. But with a interval
of 50 Pa, there are significant gaps (10 mm) between vertical curves. That suggests 50 Pa
is reasonable unit to characterize the yields stress of concrete. At the same time, it should
be stressed again that when yield stress is small like below 100 Pa, the discharge time is so
small, especially for inverted cone outflow test, that the subjective error from the tester will

take a larger proportion in the measured value, which makes the value less reliable when

comparing with V-funnel result.
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2.2.4 Conclusions

The key aim of this chapter is to quantify the relationship between the flow behaviour of

SCC and its rheological properties. The whole study is based on numerical simulation of
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4 simple tests: slump flow test, V-funnel test, modified cone outflow test and inverted cone
outflow test. The former two are standard tests, and the rest two are proposed by researchers
in recent years. Comparing with previous studies in this area, our method has the following
advantages. Comparing with solution by experiments, the unpredicted variation of concrete
mixture can be avoided by numerical method; comparing with theoretical solution based
on different kinds of assumptions, our method is more realistic; comparing with previous
various numerical study, our study gives a systematic and practical result. Processing the
output of simulations, many indices are able to be captured. But considering the complexity
to obtain them in real tests, they can be divided into 4 groups. This study only focuses on
the easiest indices (D and t,) for thorough analysis. The following are key conclusions of
our study. (1) For all 4 tests, the influence of yield stress in nonlinear, while the viscosity is
linear. (2) Theoretically, either of two indices are sufficient to determine both yield stress

and viscosity, but no explicit highly accurate expressions for them are available. (3) In space
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formed by orthogonal D and , (also #, and 7, ), two groups of curves can be plotted, and they
form a closed net. They represent the test performance of concrete with constant yield stress
or viscosity respectively. This figure can be used to determine concrete properties based on
test result of slump flow test and any of the 3 outflow tests. (4) When yield stress is above
200 Pa, the accuracy of slump flow test is larger than 20 Pa; when yield stress is above 400
Pa, an interval of 50 Pa in yield stress is enough to distinguish the performance difference in
slump flow test of different concrete mixture. (5) V-funnel test is only effective when yield
stress is under 300 Pa; modified cone outflow test/inverted cone outflow test finish too quick
while yield stress is small. Therefore, V-funnel test is suitable for concrete with low yield

stress, while other tests would benefit for concrete with large yield stress.

2.3 Application: casting of diaphragm wall

In this part, the cast of a diaphragm wall is used as an example to demonstrate the application
of the easy-to-use charts. In practice, the concrete is usually prepared off-site and will
be transported to the site conforming to a strict timetable in the casting of construction.
The transportation usually costs several hours, so workability tests will be performed to
check the concrete quality before it’s poured. According to the test result, the quantitative
rheological properties can be obtained directly by referring to the relation charts. Thus, the
casting process of the diaphragm wall can be simulated based on the timetable of concrete
placement.

In this study, the mixture model [58] in ANSYS Fluent will be used to simulate the
multiphase concrete flow in the diaphragm wall. As a comparison, two simulations were
run for homogeneous concrete and heterogeneous concrete respectively. The success in
simulation approves that the charts given by the last section pave the gap between practice and
numerical simulation, and the Fluent mixture model is feasible for the complex multiphase
concrete flow simulations.

The study of this section is divided into 4 steps: geometry simplification; the determina-
tion of representative concrete phases; the concrete placement procedure; the carrying out of

simulations.

2.3.1 Simplification of geometry

The diaphragm wall has a dimension of 10 m X 6 m x 1 m (depth, width and thickness
respectively). Two different cages are placed in the wall, and in each of them, there is a

tremie pipe whose bottom is always embedded in concrete. And new concrete is cast into the
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wall through the two pipes. The geometry of the diaphragm wall is very simple, however, the
real rebar cage is very complicated. Compared with the scale of the diaphragm wall, the size

of the rebar is very small. So, to make the computational cost available, the two rebar cages

were simplified according to Table 2.2.

Table 2.2 Simplification of actual rebar cage and tremie

No. Actual rebar cage design Simplified rebar geometry
1 Contact between rebars Linked rebars
2 Circular rebar Square rebar
3 Hook of stirrup Ignored
4 Crossed stirrup Paralleled stirrup
5 Various rebar diameters Same size
6 Two-layer rebar One layer
7 Various spacing in 3 directions Fixed spacing
8 L-shape coupler rebar Ignored
9 Circular tremie Square tremie

(1) Rebars are linked to each other instead of contacting each other to eliminate contact
faces.

(2) Hooks of stirrup are ignored and crossed parts are replaced by paralleled ones to
reduce numerous details.

(3) Two-layer rebars are all reduced to one layer.

(4) Cross-section of rebars is set to be square and all have the same size (0.03m x 0.03m)
to form a closed structure without local small size region, as shown in Figure 2.42. It should
be noted that the two cages are not identical, and the left cage is smaller than the right one.

(5) The actual rebar cage contains four spacing patterns for horizontal stirrups. For the
simplified geometry, the rebar distribution in the thickness direction is set to be virtually
the same as Section B in the Layout of Diaphragm Wall, with slight modification to benefit
further meshing work (details can be found in Figure 2.43). As a further simplification, the
rebar spacing in the depth direction is set as 0.3m for the whole cage.

(6) L-shape coupler rebars are not included in the simplified geometry.

(7) For easier meshing, the circular tremies are also changed to be square ones (0.27m
x 0.27m) with the same cross-section area. The position of the two tremies is presented in
Figure 2.43, and their length is 9.5m.
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The final geometry is shown in Figure 2.44, and it was meshed by tetrahedron elements

as given in Figure 2.45.

2.3.2 Rheological properties of concrete mixtures

There are two different non-Newtonian fluids involved in the concrete placement: the
bentonite slurry and the concrete mix. The latter is cast during the excavation to support
the borehole from failure. Then, in the cast of concrete, the slurry will be driven out of the
hole gradually. In this simulation, the rheology of the bentonite slurry is considered constant.
While, the variation in rheological properties of concrete mixes is considered, which can be
obtained from the record of on-site slump flow test and invert cone test. As discussed in the
literature review, both slurry and concrete are Bingham fluid.

For the bentonite slurry, its density (1080 kg/ m3) and Marsh funnel test result (36 s)
were given in the original report. According to the work of Pitt et al., [68], slurry viscosity
can be calculated from the Marsh funnel test result, which gives 0.06558Pa - s. However, the
information for yield stress is limited, so its value is chosen as 10 Pa which is suggested by
the EFFC guide [87].

For concrete mixes, as shown in Figure 2.46, the testing results shows a large variation.
The horizontal axis represents the discharging time of the invert cone test and the vertical axis
is for the spreading diameter of the slump flow test. The former varies from the 1.5 s to 22
s, and the latter is in the range of 320 mm to 800 mm. It indicates concrete rheology differs
greatly from truck to truck. Theoretically, it would be perfect if we can recover the properties
for every truck of concrete, and simulate the real concrete placement procedure. However,
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such an arrangement needs to create an individual phase for every truck of concrete, which
makes the simulation cost unacceptable. Instead, a smaller random sample of 9 was chosen
in the heterogeneous case, as listed in Table 2.3.

Table 2.3 Workability indices of 9 representative concrete mixes

Conerete | \iy cM2 | cM3 | cM4 | cM5 | cM6 | M7 | cM8 | cMm9
mixes
Flow
: 40 3.7 3.2 6.0 6.3 8.7 1.2 2.0 40
Time (s)
Diameter
o) 470 520 630 400 550 550 480 500 750
mm

Referring to Figure 2.41, the corresponding Bingham parameters were determined and
they are listed in Table 2.4. The maximum viscosity is 160Pa - s and the minimum is 60Pa - s.
The yield stress varies in the range of 40Pa to 350Pa. For the homogeneous case, the
Bingham parameters are obtained from the averaged workability indices. The latter give
discharge time 4.9s and spreading diameter, and the former are viscosity 160 Pa - s and yield

stress 90 Pa. This concrete 1s denoted by CMO in the following discussion.

Table 2.4 Bingham parameters of 9 representative concrete mixes

Concrete
mixes CM1 CM2 CM3 CM4 CM5 CM6 CM7 CM8 CM9
ix
Viscosity
120 120 160 120 200 240 250 60 160
(Pa-s)
Yield
stress 200 110 60 350 80 80 150 130 40
(Pa)

2.3.3 Setup of case studies

As recorded in the Concrete Pour Report, there were 10 trucks of concrete poured into the
diaphragm wall. Each truck contained a different volume of concrete, but the total volume
poured via each tremie was almost the same. The casting duration for each truck was about 5
minutes while some of them experienced considerably longer time.

The placement process needs to be simplified to facilitate the simulation setup. Firstly, it
is assumed that every truck contains the same amount of concrete. Secondly, 10 trucks of
concrete are placed into the wall in total, which means 5 trucks for each tremie, and 1 truck
of concrete contributes to 1m height in the diaphragm wall. Besides, it is further assumed
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that each truck is emptied in 5 minutes, and the placement process in two tremies takes place
in parallel. For example, when the casting of the n-th truck begins at the left tremie, it’s also
the starting time of the n-th truck at the right tremie.

The length of two tremies is 9.5m, so the distance between the tremie ends and the wall
bottom is 0.5m. So, the concrete will go to the wall bottom directly and pile up gradually.
When the height of concrete reaches the tremie ends, the latter will be embedded since then.
After that, the concrete from the tremie will go into the concrete layer, which pushes up the
concrete level and drives the slurry of the wall from the top. The new concrete won’t get in
touch with slurry anymore so that the concrete properties won’t be changed.

To study the influence of rheology variation on the concrete flow in the diaphragm wall,
two contrast simulations were designed. In Case 1, the concrete was treated as homogeneous
material and the value has been given in the last section. In Case 2, 9 different concrete
phases were used as given in Tabel 2.4. The 10 pouring of concrete from different trucks
were arranged as shown in Table 2.6. The 9 concrete phases were assigned in a random
order to the 10 batches of concrete, and CM6 was repeated twice. Adding the slurry phase,
there were 10 different phases in total corresponding to the Table 2.4. For the homogeneous
Case 1, although there two different phases, 10 batches of concrete with the same Bingham
parameters were used either to visualize the concrete of different batches, by which the
concrete distribution of two cases can be compared. The arrangement of this Case 1 is listed
by Table 2.5.

Table 2.5 Arrangement of concrete casting in Case 1

Left1/Right1 Left2/Right2 Left3/Right3 Left4/Right4 Left5/Right5
Left Tremie CMO CMO CMO CMO CMO
Right Tremie CMO CMO CMO CMO CMO
Time (s) 0~ 300 300 ~ 600 600 ~ 900 900 ~ 1200 1200 ~ 1500
Table 2.6 Arrangement of concrete casting in Case 2
Left1/Rightl Left2/Right2 Left3/Right3 Left4/Right4 Left5/Right5
Left Tremie CMS CM6 CM4 CM3 CM1
Right Tremie CM2 CM7 CM6 CM5 CM9
Time (s) 0~ 300 300 ~ 600 600 ~ 900 900 ~ 1200 1200 ~ 1500
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2.3.4 Simulation results and concrete

The two cases were run by the mixture model of ANSYS Fluent, which is capable of efficient
multiphase flow simulation. In each case, 10 fluid phases were created to capture the concrete
distribution of different batches and the clear bentonite slurry. The final results of both
cases at time 1500 s are presented in Figure 2.47 to 2.52, showing the spatial distribution of
different phases.

The contour plots of bentonite slurry at different places are given by Figure 2.47 and
2.48 for Case 1 and Case 2 respectively. The number in legend means the volume fraction of
slurry, where O (blue colour) means no slurry and 1 (red colour) is for pure slurry. For each
case, two views are provided: the middle section of the wall in the thickness direction; the
wall surface. Ideally, when the concrete level rose to the wall top, all slurry was supposed
to be driven out the wall. However, there is always a certain amount of slurry left in the
tremie pile in practice, which causes defects in the final structure. This phenomenon can
be observed in both Cases. Comparing the two sets of figures, we can see the existence
of differences in slurry residual. However, it’s not significant in terms of the position of
appearance and the amount of residual.

The concrete contours are presented in Figure 2.49 and 2.50 for Case 1 and Case 2
respectively. The number in their legends represent the concrete phase of different batches,
which is ordered according to Table 2.6. Number 2 to 10 is for CM1 to CM9 respectively,
and the number 1 for slurry phase which is not shown in the legends. The two sets of contour
plots clearly show the final distribution of every concrete phase in two views: the middle
section in the direction of thickness; the external wall faces. Again, the difference can be
observed between the two cases, but the overall pattern is very similar. This phenomenon
is also true in other views as given in Figure 2.51 and 2.52. Each subfigure is composed of
sequential cross-sections in the width direction, and the digit on the right of every sectional
contour is the distance of the current section to the left wall surface. The two figures clearly
show a profound similarity on the right half diaphragm wall but a significant difference on the
left half. Let’s look back to the concrete properties in the two halves which are summarized
and analyzed in Table 2.7. Comparing it with the homogeneous case with viscosity 160
Pas - s and yield stress 90 Pa, the right half has very averaged value for both parameters
which gives 194 Pa - s and 92 Pa. While, for the left half, the viscosity 140 Pa is a bit smaller
but the yield stress 164 Pa is almost twice of the homogeneous case. Regarding the standard
deviation, the left half shows a relatively large value for the yield stress. In conclusion, both
significant differences are from the yield stress design which is indicated to be the source of
differed distribution in two cases. However, the quantitative influence of such differences

requires further investigation.
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Table 2.7 Material properties in two halves of diaphragm wall

Phase Viscosity (Pa - s) Yield stress Pa
Batch
Left Right Left Right Left Right

1 8 2 60 120 130 110

2 6 7 240 250 80 150

3 4 6 120 240 350 80

4 3 5 160 200 60 80

5 1 9 120 160 200 40
AVG. - - 140 194 164 92
STD. - - 66 55 117 41

AVG. denotes the averaged value; STD. denotes standard deviation.

2.4 Conclusions

In this chapter, the workability-rheology chart generated in the last section was successfully
applied to simulate the cast of a full-scale diaphragm wall. According to the record of on-site
workability tests, the rheological properties of fresh concrete from every truck were obtained.
Then, a smaller concrete sample of 9 was generated to represent the variation in rheology,
and the real casting procedure was simplified accordingly. Finally, 2 comparative cases were
designed which consider ideal concrete and varied rheology respectively. It would indicate
how rheological variation could affect the concrete flow. The simulations were carried out by
mixture model ANSYS Fluent and 10 phases were created in each case. The final distribution
of all concrete phases and slurry phase are presented by various contour plots. It shows
that the variation in concrete rheology does affect concrete flow behaviour, but the overall
patterns of both cases are still quite similar.

This study is only a demonstration of the real-scale concrete casting simulation. It proves
the feasibility of the workability-rheology chart given by the parametric study. This setup
works well as a preliminary study. However, in terms of studying the mechanics of defects,
the pure fluid assumption on concrete is limited greatly. It’s hard to quantify the relationship
between the defects and a certain local phenomenon under this setup, especially the influence
of interaction between rebars and aggregate. For this purpose, the CFD-DEM approach will
be introduced and developed.
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Fig. 2.43 Cross section of rebar cage
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Fig. 2.44 Geometry of the diaphragm wall Fig. 2.45 Mesh of the diaphragm wall
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Fig. 2.46 Summary of concrete workability tests
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Fig. 2.47 Case 1: bentonite volume fraction in the wall
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Chapter 3

Introduction to the unresolved
CFD-DEM approach

3.1 Introduction

The particulate flow, which is a mixture of fluid and particles, is very common in both nature
and industry. The sand storm, the sedimentation transport, bridge scour, fluidized bed, fresh
concrete flow and pneumatic convey are all examples, as shown in Fig.3.1. The simulation
of the particulate flow has been a popular topic for several decades, and many methods
have been developed. Zhou et al. [108] divided the popular methods into two groups: the
two-fluid method and the CFD-DEM method. The former group of methods regards both
fluid and discrete phases as interpenetrating continuum media but requires the individual
particle size to be much smaller than the cell size in the numerical method. By formulating
the velocity difference between two phases [3, 97, 58], extra terms are introduced to enclose
the governing equations and the dispersion of the second phase can be achieved. However,
its accuracy highly depends on the equivalent fluid constitutive relation of the solid phase,
which is usually difficult to obtain under this framework especially when there are several
types of particles. On the contrary, in the CFD-DEM method, the motion of the solid phase is
solved separately by a DEM solver, which captures the actual trajectory of every particle. The
main advantage of this group of methods is that it can generate detailed local fluid-particle
interaction, but the cost is the dramatically increased computation consumption.

The above general classification can be expanded with a more detailed discussion by
considering the relative scale of the solid phase as shown in Fig.3.2. If both the particle
size and the velocity difference are very small, the mixture of two different phases can
be treated as a single fluid continuum such as the cement paste and toothpaste. But if the
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(a) Sand storm [80] (b) Sedimentation (c¢) Soil erosion [5]

Fig. 3.1 Example of particulate flow

velocity difference cannot be ignored, the two-fluid method is to be used. If the particle size
becomes influential or local phenomenon is of interest, the unresolved CFD-DEM approach
[91, 57, 47] can be used. This method uses the explicit fluid-particle interacting forces such as
the drag model to realize the coupling between the fluid phase and particle phase. In this way,
the coupling is called "unresolved". While, when the particle size is times larger than the cell
size, the resolve CFD-DEM approach [47, 59] is preferred. It creates the projection between
the large particle and the overlapped cells which could recover the fluid-particle interacting
on the particle surface. In this way, the coupling force is resolved naturally in the method. At
last, for a scenario where the particle is close to the cell, there is a semi-resolved CFD-DEM
approach available [98, 51]. This type of method is either an extension of the unresolved
approach or the combination of the unresolved and resolved approaches. In Fig.3.2, the
computational cost increases from left to the right in terms of the same complexity. Coming
back to the purpose of this study, the aggregate size usually varies in the range of 6 ~ 20
mm for SCC, which is close to the mesh size given in Chapter 2.2. Beyond that, as the rebar
varies in a similar range, the mesh size has to be close to the rebar size in the real application.
In conclusion, the relative size of the aggregate may override the boundary of the medium
range and the large range in Fig.3.2. Therefore, to achieve the flow simulation of SCC, the
unresolved CFD-DEM is chosen as the basis of this thesis.

Semi-resolved  Resolved CFD-DEM
CFD-DEM

Unresolved CFD-DEM

Single  Two-fluid method
Fluid

gt}
Il

Small Medium Large
Leeu

Fig. 3.2 Relative particle size and applicable model

The unresolved CFD-DEM approach was firstly proposed by Tsuji et al. [91] in 1993 to

simulate the fluidized bed. Since then, it has been developing very fast in the last 3 decades
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as the computation power was increasing dramatically. Especially in recent 10 years, the
relative publications is exploding as shown in Fig.3.3. Other than popular topic of fluidized
and spouted bed [46, 67, 10, 6] in chemical industry, this method has been applied in a
very wide research areas such as dense medium cyclone [17, 13], geotechnique [107, 44],
pipe wearing [94], proppant transport [104, 106], debris flow [55], coal dust combustion
[81] and so on. This chapter includes two parts. Firstly, the formulation of the unresolved
CFD-DEM approach is introduced which includes the governing equations and coupling
method. Based on it, our in-house code is developed. So in the second part, this code is
validated by comparing sophisticated software such as OpenFOAM, LGGGHTS and CFDEM.

The other extensions that are required for the concrete simulation will be explained in further

chapters.

Publications
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Fig. 3.3 Publications over year (from Web of Science)

3.2 Governing equations

3.21 CFD

The fresh mortar is an incompressible and highly viscous fluid and in most applications, the
flow is in the regime of laminar flow. Therefore, the following volume-averaged Navier-
Stokes equations are used to govern the mortar flow:

d(ospy)

—81‘ -|—V-(ocfpfuf) =0 (3.1
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d(arpruy)
—fatf / +V. (chpfufuf) = —OCpr+ V. ((Xf’l'f) +0orpr8 —pr _ffp (3.2)
where o/ is volume fraction of fluid, py is the fluid density, uy is the fluid velocity, p
is the fluid pressure, Ty is the stress tensor of fluid phase, and g is the acceleration due to

gravity. The oy is introduced to represent the existence of a second discrete phase. It is

computed by
or=1.0—0, (3.3)
LiVp
oy = —— (3.4)
P Veell

where o, is the volume fraction of particles, and }; V), denotes the volume occupied by
particles in a CFD certain cell. The term Ry, denotes the momentum exchanging term due to
drag force. f, is the other interacting force components, which are usually implemented
explicitly. They will be explained in more detail later.

3.22 DEM

The DEM is a Lagrangian method, and all particles are tracked at the scale of particle size.
Their motion (translational and angular) are governed by Newton’s Second Law of Motion

as given in Eqn.3.5 and Eqn.3.6.

d2
mpﬁrj:Ff7i+F} (35)
d
Iizwi = T,' (36)

where subscription i is the particle index, m,, is the mass of a particle, ¢ is time, r is
the particle position, Fy represents the sum of forces from the fluid phase such as drag and
pressure-gradient forces, and F' is the sum of all the other forces such as particle contact and
gravity. In Eqn.3.6, I is the moment of inertia, @ is the angular velocity and the T is the total
torque due to particle tangential contact forces.

The particles in the DEM model are supposed to be "soft" which allows overlap between
particles during the collisions. In every time step, the forces on particles are assumed to
be constants. So, by integrating over time, the trajectory of particles are solved explicitly.

Based on the relative particle position, various contact models have been proposed to model
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the collision process. In this work, the spring-dashpot model is adopted for the spherical

particles. As shown in Fig.3.4a, the overlap 9 is given as:

5= (@-a) = (ri—r;) 37

where i and j are the two colliding particles, a is particle radius, and n is the unit vector
pointing from particle j to i. The contact force is decomposed into the normal, tangential
and rolling parts. The normal contact is modeled in Fig.3.4b, its magnitude F" is given by:

F" = (k& + yv) (3.8)

where k is stiffness of particle, ¥ is the damping coefficient and v, is the magnitude of
normal relative velocity computed by v, = —v;j-n = — (v,~ -V j) -n. The tangential force

involves the relative tangential velocity v, = v;; — (v,- e n) n. As modelled in Fig.3.4c, and its

t
k,/ v dt
Ico

C,

magnitude F; is given by:

F' = min{ Juf"} (3.9)

where k; is the tangential spring stiffness, ¥; is the tangential damping coefficient, u is
the coefficient of friction, #. ¢ is the time particles came into contact, and the ¢ is time contact
remains. The rolling contact is modelled in a similar way as the tangential. The relative

rolling velocity v, is used instead:

!

vr=—a;;(nx @;—nxa;) (3.10)

where a;; = @ (ag +a;~> and ajy = aq — 8 /2, for a = i, j. Parameters U, k, and y; are

replaced by U, k- and .
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(a) colliding particles

v, —(v,+51) i

(b) Normal contact model .
(c) Tangential contact model

Fig. 3.4 DEM contact model: spring-dashpot

3.3 CFD-DEM coupling

As an Eulerian-Lagrangian approach, the unresolved CFD-DEM technique achieves the
coupling between a continuous and a discrete field. In DEM, all particle properties are
point-based and assigned to the centre of every particle. While, in CFD, all properties
are continuous fields. Because all the expressions of various fluid-particle forces return
centre-based values, they can be used differently in DEM. When applying them in CFD, the
forces should be mapped into a field. The former can be regarded as the integration of the
latter in a certain domain. Except for the forces, the particle volume also should be treated
in the same manner, which gives the volume fraction oy and ¢, in the CFD domain. It is
a key parameter in determining fluid-particle forces and in the CFD governing equations.
The exchanged information is summarized in Figure 3.6. The mapping scheme between
point-based value and continuous field will be discussed in Section 3.3.2.

The computation of the exchanged forces requires information from both the DEM side
and CFD side, and the details will be presented in Section 3.3.1. The coupling scheme
between CFD and DEM solvers can be concluded in 7 steps:

(1) When the coupling starts, the particle volume is mapped to the CFD domain to get

the volume fraction field;
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(2) Relative fluid variables at the position of every particle centre are interpolated such as
fluid velocity, pressure gradient and volume fraction, which will be passed to DEM;

(3) The hydraulic forces at the position of every particle centre are computed according
to the interpolated fluid variables and corresponding particle variables;

(4) The hydraulic forces are mapped to the CFD domain;

(5) The DEM solver updates the state of every particle, and the CFD solver updates the
fluid field according to their stepping schemes;

(6) The CFD and DEM solvers are coupling at a fixed frequency, and the steps (1) to (6)
will be repeated every time.

The stepping scheme of CFD and DEM can be seen in Figure 3.5. The CFD and DEM
have decoupled stepping schemes, but are coupled at a fixed frequency. Because the coupled
CFD-DEM approach is time-consuming, it is always desired to have a larger time step in
either solver if possible. Especially, in the scenarios where the unresolved approach is desired,
the CFD side often has a higher cost. To address this issue, the drag force term in CFD will
be treated implicitly, and the detail will be presented in Section 3.3.1.

Fig. 3.5 Stepping scheme

3.3.1 Fluid-particle forces and implementation

The fluid-particle force can be decomposed into several components: the drag force due to
relative velocity, the pressure-gradient force arising from the fluid pressure gradient, the lift

forces (Saffman and Magnus forces) due to particle rotation, the virtual mass force relating
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Fig. 3.6 Exchanged information in coupling

the acceleration of surrounding fluid and the Basset force from the lagging boundary layer
development with the acceleration of relative velocity. The expressions for the above forces
acting on a sphere are listed in Table 3.1. The drag force and pressure-gradient force are
essential in all applications while the others can be neglected in many cases as they are
usually much smaller. Theoretically, all the forces can be implemented explicitly in both
CFD and DEM. However, to enable a larger time step in CFD, the implicit scheme and
semi-implicit scheme are used for pressure gradient force and drag force respectively.
Taking the pressure-gradient force as an example, it can be obtained by Eqn. 3.11. It’s
a simple function of the fluid pressure gradient. However, to apply the point-based force,
it should be transferred into a continuous field which will be explained in the next Section
3.3.2. Theoretically, the term applied in CFD should be the volumetric derivative of the
pressure-gradient force, which is given in Eqn. 3.12. Referring to governing equation Eqn.
3.2, this force of has been considered in the term —a ¢V p, because it’s assumed that the
CFD and DEM share the same pressure. Thus the pressure-gradient force is implemented
implicitly. The drag force term is given by term Ry, and other forces are included in f ¢,,.
As the latter uses an explicit scheme that is easy to implement, the drag force is introduced

with specific attention.
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Fy,i=—-VpV; (3.11)
dFy,
=—a,V 3.12
v pYD ( )
The drag force on a spherical particle i can be given in the format:
V‘
Fdﬂ = lﬁ (u_f—vl-) (313)
ap

where F 4 ; is the drag force which is a part of F ¢, V; is the volume of particle i, uy is the
fluid velocity, v; the velocity of particle i, o, (= 1 — ) is the volume fraction of particles in
the surrounding space of particle i and 3 is the inter-phase momentum transfer coefficient
due to drag. The drag force has been studied extensively, and many popular models are in
use such as the Ergun and Yu model [33, 99], the Di Felice model, the Koch and Hill model
[48], the Beetstra model [7] and so on, all conforming to the same format as Eqn.3.13. The
expressions of 3 for these drag models can be found in Table 3.1.

The implementation of drag force requires a lot of parameters. oy and ]u = vi| (also
can be represented by Re),) are the two variables, and the rest are constants. The influence
of the two variables on drag force magnitude is presented in Fig.3.7, and the performance
of different models is compared at the same time. It’s observed that the drag force given
by every model increases monotonously when Re), or o grows larger. What’s more, the
increasing rate of drag force shows the trend too. However, there are significant gaps between
every two curves.

For CFD, however, the implementation of drag force terms in Eqn.3.2 has to involve
the CFD mesh. For a certain cell, Ry, is volume-averaged from the total drag force of all
particles accommodating in the same cell:

pr :ZFd,i/Vcell (3.14)
i

where V. is the FVM cell volume. Eqn.3.14 is an explicit expression for Ry,. To improve
the convergence, it can be rewritten in an implicit form by involving the averaged particle

velocity (v):

Ry =Kpp(ug—(v)) (3.15)

where Ky, is the volume-averaged coefficient of total drag force from all particles in the
cell, which has a similar meaning with k. It’s usually implemented as:
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1YiFqi]

Ky — —1&7 &
TP Veeli ‘uf - <V>‘

(3.16)

In each time step, K, and (v) are assumed to be constant, and uy behaves as an implicit
part in CFD solver, which means the drag force term Ry, is proportional to the fluid velocity
uy. Thus, by assuming a part of the drag model to be constant, the drag force is implemented
semi-implicitly in CFD.

—— Di Felice i Feli
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— Ergl:]n & WI—?IT and Yu —— Ergun & Wen and Yu
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(a) Drag force VS Reynolds number (b) Drag force VS volume fraction of particle

Fig. 3.7 Influence of parameters on drag force
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Table 3.1 Summary of Particle-fluid forces

Forces Expressions
Drag force
Di Felice [29] B =3Caaty Y lup—v| o *

Ci = (0.63+4.8Re™05)?

x=37— 0.65e—{;(1.5—longe)2

Re = Prtie
oZu opp .
15025 + 17520 up —v| - ifay <0.8
Ergun and Yu [33, 99] B= :
3Ca0, 2 0 fuyp — v ifor; > 0.8
2 (1+0.15Re"5¥7)  if Re < 1000
Cy = ]
0.44 if Re > 1000
18ura’
Koch and Hill [48] B = 2% [Fy (o) + 1 Fs (1) Re]
143y 2+ B oy in(ay ) +16.140,
fa,<04
Fo(ay) = 1+0.681 0y —8.4803+8.1601) oy <
‘% if o, >0.4

F3 (0p) = 0.0673 +0.212¢x, + %

. 2D
Beetstra [7] B= 18%

;30,0 +8.4Re 03

ap _ [ 180, 2 0.413 %
= ( 180(]2( ) +af (1 + 1'5V Ot/,) + (240{}) ( 14+103%p ge—(1+40p) /2 )Re

Pressure gradient force [3] Fy,;=-VpV,
Virtual mass force [66] Fom =CompsVp(ity—v)/2
Com=2.1— %
Ac = (ur—v)/ (4,2%)
Magnus force [78] Fyog = Ed3ps [(0f — 04) X (u—v)]
Of = %V X Us
Saffman force[79] Fgur =1 -615d§ (upy) /2 Cs W
.=V xuys
Basset force [73] Frusset = 3d2\/Tps 1L {jé (\?%Zdt/ + (u—\ﬁv)o]
Torque [78] T =8rnur (o, —o,)

3.3.2 Mapping of particle volume and drag force

The coupling scheme is the key part of the unresolved CFD-DEM approach. In DEM, all
variables including the exchanged are discrete values based on the centre points of particles.

In CFD, the situation is more complicated as the variables are continuous fields. So, it is
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the volumetric derivatives of the variables that are passed from DEM to CFD including
the particle volume and drag force. In this study, the CFD is solved by FVM which is
mesh-based, so the issue becomes the mapping between CFD mesh and DEM particles. A
simple way to determine the particle volume fraction of a cell is, to sum the volume of all
particles up whose centre is accommodating in the current cell, which is called the particle
centred method. This method has major disadvantages and only applies when the cell size is
several times larger than the particle size. The detailed discussion will be given in Chapter 4.

The mapping of all the other variables uses the same method to keep consistency. For
example, if the divided method is used, every fluid-particle force should be divided into the
same number of parts, which should be assigned to the same cell as the volume of sub-parts.
Thus, the mapping procedures in the CFD-DEM coupling can be described by the following
7 steps:

(1) Establish the spatial relationship between DEM and CFD domains.

(2) According to the relation map, the particle volume in every cell is computed to obtain
the volume fraction o.

(3) According to the map, the fluid variables of a cell (such as o, py, tr, uy, Vp, etal.),
is assigned to the accommodating particles or sub-parts. For the latter, an averaged value
should be used for a whole particle.

(4) Compute the fluid-particle forces (Fg4, Fy,,, et al.) using the variables of both CFD
and DEM.

(5) Mapping the forces to cells according to the relation map.

(6) The averaged particle velocity (v) in a cell is computed according to the relation map.

(7) Compute the coefficient K¢, ; of all cells.

3.4 Validation

Based on the above knowledge, our in-house code was developed to simulate the coupled
fluid-particle flow problem. It contains the 3 main modules: the CFD part, the DEM part
and the coupling part. They will be validated step by step by comparing with sophisticated
software. The OpenFOAM, LGGGHTS and CFDEM will be used for CFD, DEM, and
coupled CFD-DEM validations respectively. In addition, it should be mentioned that the
popular open-source software CFDEM 1is also based on the coupling of OpenFOAM and
LGGGHTS.
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3.4.1 CFD solver

In the CFD validation, two cases will be carried out for different purposes. Firstly, the case
lid-driven cavity is used to validate the CFD solver. Secondly, a bent pipe is used to validate

the implementation of the Bingham model.

Lid driven cavity

Lid driven cavity is a classic benchmark to validate the CFD solver. This case is designed
as shown in Fig. 3.8, whose height (Y) is 0.1 m, width (X) is 0.1 m and depth (Z) is 0.01 m.
The top boundary moves at a constant velocity of 1 m/s towards the right side while the back
and front walls are slip walls. For the rest, they are all non-slip walls. The fluid density is
1000 kg/m?> and its viscosity is 10 Pa - s. At the first step, the mesh convergence was carried
out by the OpenFOAM to choose the appropriate mesh for this study. As shown in Fig.3.9, 5
different meshes were used in total. Every case has the same partitions along both X and Y
directions but shares the same 5 partitions along the Z direction. For example, "35X25" in the
figure means that there are 35 divisions in each direction of X and Y, so the total number of
elements is 6125. In the figure, the curves plot the velocity magnitude at steady state on the
line where X equals to 0.05 m and Z is 0.005 m. It is seen that the curves "20X20", "25X25",
"30X30", "35X35" are close to each other but the curve "15X15" is quite distant from them,
which demonstrate that the case "35X35" could be used to approximate the converged result.
So, the mesh of this case was used for further study as shown in Figure.3.8.

For comparison, the case study of validation was run by both OpenFOAM and our in-
house code using the same configuration. The contour plots of velocity magnitude at the
steady state are taken from the middle of depth direction and compared in Fig. 3.10, which
are almost visually identical. Further, referring to Figure 3.9, the velocity magnitude at the
same line is compared for the two results as shown in Fig 3.11. Again,s perfect match is
observed between OpenFOAM and our in-house code, which proves the validation of the

CFD solver of our in-house code.

Bent pipe

As the cement-based materials including concrete are typical Bingham fluid, the implementa-
tion of this fluid needs to be validated. As given in Fig. 1.2, the Bingham model is composed
of two parts: the vertical part when shear stress is below yield stress and the shear rate is 0; an
oblique part which is for a non-zero shear rate. This model can’t be used for implementation
directly, because the shear rate can’t be determined directly by shear rate when the latter is 0.

To avoid such numerical issues, the vertical part can be approximated by another oblique
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Fig. 3.8 Geometry and dimension of lid driven cavity

segment as long as its slope is large enough. Thus, the implementation of the Bingham model

can be expressed in the form of apparent viscosity as given in Eqn. 3.17,

T .Ca S'C
. o/Yer Y< 317

T/Y+H, V> Te

where [1 is the fluid apparent viscosity. This model will be further discussed in Chapter 5.5.

To validate the above implementation, the bent pipe case (Fig. 3.12) is designed and run
by both in-house code and OpenFOAM. The pipe has a circular section and the diameter
is 0.4 m. The length of the two linear parts are both 1 m, and they are connected by a 90°
bent part. A Bingham fluid is flowing inside the pipe from the bottom left side at a fixed
velocity 0.01 m/s and flows out from the top right boundary where the pressure is set to be
0. The surface of the pipe is set to be a non-slip wall. The fluid viscosity is 100 Pa - s, yield
stress is 80 Pa and density is 2400 kg/m?>. The simulation at steady state are given in Fig.
3.13 and 3.14. The former shows the pressure field on the surface of the pipe and the latter
gives the velocity field at the middle cross-section. The high similarity between the results
of in-house code and the OpenFOAM strongly approve the validation of the Bingham fluid

implementation.
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Fig. 3.10 Contour plot of velocity magnitude

3.4.2 DEM solver

To validate the DEM solver, a slope failure case is designed as shown in Fig.3.15. The width,
height and depth of the large grey container are 0.5 m, 0.6 m and 0.1 m respectively. Initially,
4774 particles were packed by gravity in a tall column whose width is 0.1 m. The particle
diameter is 0.01 m, and density is 2500 kg/m>. The Hertz model is used for the particle
collision, and the parameters are given in Table 3.2. When the simulation started, the particles
were released from the right side and the slope failure phenomenon was observed due to
the gravity, whose value is 9.81 m/s? pointing downwards. This cases was run by both the
LGGGHTS and in-house code, and their comparison is presented in Fig.3.16. In total, 7
profiles of particle pile at different instances are compared including 0.1 5, 0.2 5, 0.3 5, 0.4 s,
0.55,0.6 s and 0.7 s. The pictures with grey particles are from LGGGHTS and the others
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Fig. 3.12 Geometry and dimension of lid driven cavity

with yellow particles are from in-house code. It can be observed that every pair of pictures

from the same time shows great similarity, which indicates our in-house DEM solver is valid.
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Fig. 3.13 Contour plot of pressure on the surface of bent pipe
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Fig. 3.14 Contour plot of velocity magnitude in the middle section of bent pipe

Table 3.2 Parameters of contact model for case slope failure

Parameters Value
Density 2500 kg/m?
Diamter 0.01 m

Young’s Modulus 5.0 x 10° Pa
Restitution Coefficient 0.7
Friction Coefficient 0.5
Poisson’s Ratio 0.49

Gravity

9.81 m/s>
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Fig. 3.15 Initial letup of the slope

3.4.3 CFD-DEM coupling

One particle case

The validation of CFD and DEM coupling starts from a simple case. It is about one particle
moving in a steady flow in a bent pipe. However, as this work is also a key part of Chapter
5.4.2, this work will be presented in that chapter to make its content more compacted. The
analysis shows that our in-house code generates exactly the same result with the OpenFOAM,

which demonstrates the validation of our code.

A large amount of particles

To validate the coupling between CFD and DEM in our in-house code, the slope case used in
DEM validation will be followed. The geometry of the domain and the particle configuration
will be the same as shown in Fig.3.15 and Table 3.2. On the CFD side, the whole domain
is filled with the fluid, whose density is 1000 kg/m> and viscosity is 0.1 Pa-s. Its cell size
is 0.01 m as shown in Fig.3.17. Initially, in the whole domain, the fluid and particles are
at rest, and the boundaries are all walls. As a comparison, this case was run by both our
in-house code and the CFDEM. And, both of them used the DPVM for the volume fraction
computation. For the detail of this method, please refer to Chapter 4.3.2. The comparison of
the OpenFOAM and in-house code is given in the Fig.3.18. In total, 2 s was simulated and
the pile stopped at the end. Comparing the corresponding images one by one, we can find
that the profiles of the particle piles at the same moment in the two cases are very similar.
But a bit of delay is observed in the result of the in-house code. It could come from the
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Fig. 3.16 Profile comparison between LGGGHTS (left column) and in-house code (right
column)

CFD part, the coupling scheme or both. Nevertheless, this result is sufficient to prove the

validation of the coupling implementation of our in-house code.
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Fig. 3.17 Mesh of the slope domain

3.5 Conclusions

The unresolved CFD-DEM approach is a powerful numerical method to study the fluid and
solid particulate flow. It provides a result with great quantitative details including velocity,

pressure, particle position, volume fraction, forces and so on. These variables are difficult to
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Fig. 3.18 Result comparison of slope failure in fluid: OpenFOAM VS in-house code

track in the experiment due to either expensive costs or limitations on monitoring techniques.
So, this approach allows us to investigate the complex particulate flow with great advantages.
For this reason, it was chosen as the numerical technique to study the concrete flow.

In this chapter, the formulation and implementation of the unresolved CFD-DEM ap-
proach are introduced in detail including the governing equations of both CFD and DEM,
the coupling scheme, the field mapping and so on. According to the theory, an in-house
CFD-DEM code was developed by our group for further work. The validation of this code
was done in 3 steps by comparing it with different sophisticated software. The CFD solver
was validated by OpenFOAM, the DEM solver was compared with LIGGGHTS and the
coupled CFD-DEM was compared with CFDEM. For the first one, two cases were designed
for different purposes. The lid-driven cavity was used to prove the CFD solver provides
an accurate fluid result, and the bent pipe case was run to validate the implementation of
the Bingham model. For the DEM solver, the slope failure case was used. At last, for the
validation of the coupled CFD-DEM, the same slope failure case was used but the domain
was filled with fluid. All the results of the above 3 steps showed that the CFD, DEM and the
couple CFD-DEM generated the same result as the sophisticated software, which means our
in-house code is validated. Since then, further work will be carried on based on this code to
achieve the simulation of the fresh concrete.



Chapter 4

VOF-DEM model and coupling strategy

4.1 Introduction

Chapter 3 has introduced the framework of CFD and DEM coupling between one single fluid
phase and one discrete phase. Obviously, that is not enough to realize the modelling of SCC
flow. The difficulty lies in 5 aspects:

(1) The concrete flow under gravity belongs to the free surface flow and a multiphase
model is necessary to establish a three-phase system: mortar, aggregate and air.

(2) On the interface of air and mortar, material properties differ greatly on its sides. This
discontinuity issue brings great concern to the mapping between CFD and DEM.

(3) In the mapping, the particle volume should be conserved which in turn promises the
fluid volume conservation.

(4) The size of aggregate varies in a quite large range like 6 ~ 20 mm. So, the mapping
scheme for the particle volume should be insensitive to its size.

(5) In the real application, a uniform structured mesh is not always promised such as the
meshes of slump flow test and V funnel test given in Fig. 2.5 and 2.6 respectively. The cell
size varies in a range of 5 ~ 40 mm. So, the mapping scheme should be able to handle any
random mesh type such as mesh with varied size over the domain or unstructured mesh.

For the 1* factor, the VOF method is to be introduced to solve the two-phase flow in
the CFD domain. So, in the case of concrete, it becomes a three-phase system including
air, mortar and coarse aggregate as shown in Fig. 4.1. The implementation of the VOF
method will be discussed in Chapter 4.2. The rest 4 factors all add to the complexity of the
mapping between the CFD domain and DEM domain which brings the great concern of
numerical stability and accuracy. To this end, the current mapping schemes will be reviewed
and discussed in detail. It is found that the majority of current mapping schemes only focus

on the calculation of volume fraction and a systematic study on all exchanged variables
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is absent. To address this issue, the statistic kernel method is proposed as a basic scheme
to cover the whole mapping process. Combining the VOF method and the kernel-based
mapping scheme, the case study will be presented in Chapter 4.4 to show the performance of
our extended in-house code.

[ ] Domain:

O  oar

—[]1Concrete

O O -~ O Aggregate

Fig. 4.1 Three-phases system

4.2 'Two-phases flow: VOF model

To enable the two-phases flow in the CFD domain, the VOF method is chosen to capture
the interface between phases. Besides the two governing equations in Chapter 3.2.1, a 3'¢

transport equation is required as given:

806f81
Jt

where €] is the volume fraction of fluid phase 1 in the total fluid volume of a certain cell. It

+V-(ocfuf£1) =0 4.1)

is used to indicate the content of different fluids in a cell, and its value varies in the range of
0 to 1. Value 1 means pure fluid phase 1, value O represents pure fluid phase 2, and value in
between means the mixture of both phases. To distinguish it from the volume fraction oy
and «, € and & will be called the indicator of fluid phase 1 and phase 2 in the following
discussion. For the latter, the VOF method assumes that phases in the same cell share the
same velocity; viscosity and density are weighted values of the indicator €. Mathematically,
these assumptions mean:

Ur=u;y = up (4.2)
Py =€1p1+ €02 4.3)

=&MU +EU (4.4)
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gt+e=1. 4.5)

In our in-house code, the CICSAM [92] scheme is used to implement the VOF solver. To
validate the code, a dam break case was designed to compare the performance of our code
and OpenFOAM. The geometry and dimension of the domain are given in Fig. 4.2, where
the blue area is occupied by water and the grey area is air. Their properties are listed in Table
4.1. The four edges are all non-slip walls, while the interface between air and water is free.
So, when the simulation starts, the water will fall under gravity from its right side. This case
was run by both OpenFOAM and our in-house code by the CFD solver. Their results are
compared by frames as shown in Fig. 4.3. It is obvious that the two sets of results are almost

identical which demonstrates the validation of our in-house code.

1m

Im

0.5m

Fig. 4.2 Geometry of dam break

Table 4.1 Fluid properties in dam break case

Material Density (kg/m~3) Viscosity (Pa - s)
Water 1000 8.9x10~*
Air 1.225 1.8x 1073

In the dam break case, the oy equals to 1 which is a constant. So, the functionality of
the VOF model in the coupled CFD-DEM solver is not discussed yet. This implementation
is referred to as the VOF-DEM method in some literature [45, 101, 69, 84]. The coupling
scheme of the three-phases system can be described schematically by Fig.4.4. Generally, it
can be divided into 2 steps. In the first step, the two fluid phases are treated as one mixed
phase. Properties of the latter are computed according to the volume-weighted properties
of individual fluid phase as shown in Eqn. 4.3 and 4.4. Thus the mixture field and particle
state can be solved by the coupled approach given in Chapter 3. After that, in step 2, the
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Fig. 4.3 Dam break result: comparison between OpenFOAM and in-house code

VOF method will be applied to solve the fields for phase 1 and phase 2. Thus, the state of 3
phases is all updated. However, this scheme alone is not sufficient enough to promise a stable
and smooth simulation. As will be explained in the next section, the mapped parameters are
required to be smooth on the scale of both space and time.

4.3 Mapping in space dimension: volume fraction

Fig. 3.6 in Chapter 3 has listed the variables exchanged between CFD and DEM domains.
Among them, the mapping of volume fraction «, is the most important and should be
determined before working on the others. This topic has been investigated by numerous

papers and it will be expanded in Chapter 4.3.2. However, the other variables are seldom
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Fig. 4.4 Coupling scheme of the DEM-VOF method

discussed. Especially in the VOF-DEM method, variables of different sources should be
treated differently. For example, the volume fraction is a value denoting spatial property
while the viscosity involves both material and spatial properties. For a particle straddling
on the interface of two fluid phases, the mapping scheme should take both dimensions into
consideration.

The mapping process of multiple variables can be concluded into 3 steps.

(1) Establish the spatial relationship or map between the CFD mesh and the point-based
particles in DEM, which gives the volume fraction field.

(2) According to the above relation, the variables are collected from local fluid fields and
particles to compute fluid-particle forces.

(3) Distribute the computed forces to the CFD and DEM domains.

This chapter only focuses on the first step, and the other two will be discussed in the next
Chapter 4.4.

4.3.1 Volume fraction in different equations

According to the unresolved CFD-DEM approach, the value of volume fraction o7 is used in
two stages. Firstly, o is required in the calculation of fluid-particle forces, which is used in
the coupling stage. Secondly, it appears in every terms in CFD governing equations including
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Eqn. 3.1, 3.2 and 4.1, which works as an correction due to existence of particles. In different
equations, oy has very different meanings.

For the fluid-particle forces, the value of oy should be an averaged value in a certain
area in the perspective of numerical technique. This point can be explained by taking the
drag force as an example. Let’s think about the case of one particle dropping in water as
given in Fig.4.5. Initially, the domain is full of static water and a particle is dropped at a
velocity of 0.001 m/s in the middle of the domain. The width, height and depth are 0.1
m, 0.3 m and 0.1 m respectively. If the case is to be solved by the unresolved CFD-DEM
approach, the first thing is to be determined is the meshing of the CFD domain. This is an
important factor affecting the simulation accuracy, which can be analyzed by the size ratio of
cell size [ to particle diameter d. As shown in Fig.4.5, the particles of the same size locate
in different cells, whose size ratios varies from 1 to 4. Since the whole particles are inside,
the volume fraction , can be calculated directly by particle volume over cell volume. It’s
obvious that the larger the size ratio is, the smaller the @, is, as shown in Fig.4.6a. Using
the Di Felice drag force as an example, the corresponding relationship between o, and drag
force is plotted in Fig. 4.6. It can be seen that while the case is the same, a different size
ratio results in diverse initial drag forces because of the varied range used to compute the
volume-averaged volume fraction. And, both o, and |F p| converges quickly when size ratio
grows larger. However, to determine which value is the most accurate, we should come
back to the definition of volume fraction. As there is only one particle that is far from the
boundaries, theoretically the value of ¢, is 0, which gives drag force 1.05 x 107 N. So,
when the size ratio is above 5, the calculated drag force reaches an error of 1%, and when the

size ratio approaches infinite the drag force will converge to the theoretical value.
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Fig. 4.5 One particle drop: size ratio and volume fraction

The above phenomenon can also be explained analytically. The drag models are com-

monly derived based on the assumption that the drag force is a function of volume fraction
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Fig. 4.6 The influenced area of a single particle

and Reynolds number. The original definition of the latter is given by

_prlus—vla

F
! M

(4.6)
Compared with the formula in Table 3.1, the two of them are different in two aspects. Firstly,
the latter for the CFD-DEM approach, the volume fraction ¢ is taken into consideration.
Secondly, due to the existence of CFD mesh, the uy is the velocity of the cell where the
particle resides. However, in the Eqn.4.6, the fluid velocity is 0 which is of course an apparent
value of the whole fluid field. Let’s assume such a scenario as shown in Fig.4.7 that a particle
is located in a porous medium where the o¢ is 0.5 and the inlet velocity at the left boundary

is u. So, the fluid velocity u, in the porous area can be given by

ur

u, = a—f 4.7)
Bring it into the formula in Table 3.1, the Eqn.4.6 is obtained. It shows that the definitions of
Reynolds number in two formulas are consistent: the value is based on the apparent fluid
velocity in a certain large space. The scale of this space is an important factor to determine a
correct Reynolds number. In the beginning, the fluid velocity is static, so the relative velocity
is constant no matter how large this scale is. However, oy will decrease as the scale grows
larger. The influence of oy on the drag force has been given in Fig.3.7b. Therefore, we can

see that both the two parameters Re and oy are dependent on the averaging scale.
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Fig. 4.7 Particle in a porous medium

What’s more, if there are a group of particles, the volume used for the calculation should
be limited so that the influence of the neighbouring particles can be implied by the value
of a,. While the second limit is a major but unsolved challenge concerning the research
community. Many researchers have proposed different scales for the averaging area. For most
of them, the value is suggested to be 2 ~ 10 times of the particle diameter [93, 67, 10, 98].

However, there is an additional upper limit on the cell size because the CFD requires a
fine enough mesh to obtain a result with reasonable resolution. Consequently, the conflict
often occurs between size ratio requirement and cell size limit when the particle is relatively
large compared with the characteristic dimension of the domain. For example, the cell size
can be close to the particle diameter or even smaller than that.

For the second purpose, o, is used to denote the presence of particles in the CFD domain.
Similarly, its resolution is also determined by the CFD mesh size and a finer mesh recovers
the particles with a higher resolution. In the view of CFD, the drag force on a particle is
contributed by the cell(s) where this particle accommodates. So a cell without particles
inside won’t have momentum exchange. If neighbouring particles exist, their influence on
the current particle will be implied by the volume fraction of their cell owners. If a cell is
fully occupied, the solved CFD velocity will equal the particle velocity as there is no fluid
inside. More importantly, this setup also helps conserve a smooth fluid field. While, for the
cells in between, momentum exchange should be considered. Of course, it is possible to use
the averaged a, for drag force calculation, but the resolution of the original CFD mesh is
then lost. So, to maintain the best accuracy of a certain mesh, a;, for CFD solver should be
calculated directly according to the volume occupied by particles. So, in consideration of
accuracy, it can be concluded that:

(1) If the size ratio is in an appropriate range, the resolution of o, required by the CFD
solver would be the same as the resolution for drag force.

(2) If the size ratio is smaller than a pre-defined value, &, used in CFD solver would have
a higher resolution than the one that the drag force requires. The latter should be an averaged

value from a group of successive cells to satisfy the pre-defined value.
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4.3.2 The state of the art

The most straightforward scheme to compute @, is the particle centre method (PCM). It
assumes that the entire volume of a particle locates in its centre. So, the whole volume is
averaged in the cell where the centre is located. This scheme is easy to understand but has a
lot of disadvantages which can be explained by assisting of Fig.4.8.

(1) In Fig.4.8a, there are two sub-figures and the size ratio is relatively large. As the
particles are all in the cell C, according to the PCM, the volume of all particles will be
averaged in cell C which gives o for both figures, while the value of the neighbouring cell
F is 0. We can see one major disadvantage for this situation: o, generated by PCM shows
discontinuity property in both space and time scale. In the top figure, the particles locate on
the left side of cell C while for the bottom figure the particles are on the right side. Let’s
assume, the top figure shows the particle position of time ¢, and the bottom is for time 4 dt.
Since they give the same «,, we can say that the value of a, is discontinuous over time. It
will have a sudden change if a particle moves inside or outside the cell C. And the minimum
portion of such change is based on the particle volume. What’s more, as shown in the bottom
figure, when a particle approaches the face shared by both cells, the distances between this
particle and two cell centres become closer. Theoretically, the influence of this particle on the
cell F will be more significant. However, the PCM can not consider this process but results
in a sharp gradient between the two cells, which shows the feature of spatial discontinuity.
The work of Peng et al. [67] showed that the error of such condition can be up to 50%. As a
conclusion, the PCM generates a discontinuous o, field in both time and space dimensions.

(2) In Fig.4.8b, there are 2 types of particle. Both of their size ratios are relatively small
and face the unbounded problem. For example, the 4 smaller particles are straddling on 9
cells in total, but their centres are in the same cell, which means their volume will all be
assigned to the same cell according to the PCM. Once the total volume is larger than the
cell volume, the value of o, will exceed 1, which is unphysical. When it comes to the large
particle, this problem becomes more severe that ¢, is definitely above 1. However, if the
size ratio is large, it becomes reasonable to regard the particles as points since they are small
compared with cells. In this case, the value of ¢, is limited naturally by the particle packing
density. The unboundedness is the result of spatial discontinuity of the PCM, and it gives the
lower limit of size ratio.

(3) As stated in the last paragraph, the size ratio to apply the PCM must be relatively
large. In the circumstances, if the resolution of «, for drag force is satisfied by the CFD
mesh, the two requirements for the o, fields become the same one, which means only one

mapping scheme is enough.
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Fig. 4.8 Disadvantages of PCM under different size ratio

To address the first two major disadvantages, various mapping schemes have been
proposed in the literature. For the unboundedness issue, the divided particle volume method
(DPVM), which divides a particle into several sub-parts when it is straddling on multiple
cells, was developed from the PCM. Wu et al. [100] generated an analytical solution to divide
particles in the unstructured mesh which considered the exact overlap between a particle and
the cells it is straddling on. It was proved to provide a smoother ¢, [67] but was also very
time-consuming. The open package CFDEM [47] uses a different implementation for the
DPVM. The particle is divided into 29 non-overlapping sub-parts, and the volume of every
sub-part is assumed to locate on the respective centroid so that the PCM can be applied for
each of them. This method eases the unboundedness issue but still has a limit on the size ratio.
For example, when the size of a sub-part is close to the cell size, the unboundedness issue
will occur again. Besides the DPVM, there is another group of schemes that solve this issue
by enlarging the averaging area. Instead of dividing a particle into smaller parts, this type
of scheme will average the particle volume in a set of successive cells, as a consequence of
which the size ratio between the enlarged area and the particle would match the requirement
of PCM. Link et al. [57] implemented this method by assuming a porous cube in a structured
mesh. For every particle, a group of cells that forms a cube will be found as the influenced
area, which is the so-called porous cube. Following a similar idea, the software CFDEM [47]
proposed a big particle method which uses a bigger virtual porous sphere to represent the
real particle in the CFD domain. Accordingly, the original particle volume will be distributed
in an averaged manner to the cells that are swapped by the virtual porous sphere. Compared
with porous cube method which is based on uniform structure mesh, the latter can be used for
arbitrary mesh. Taking a step further, Deb and Tafti [24] were firstly proposed the dual-grid
method to deal with the issue caused by the small size ratio. In the CFD domain, a fine mesh
was used to have high resolution on the interface of two fluid phases. Another coarse mesh
was involved in calculating o,. As a consequence, extra interpolation is needed between
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the two grids. We can see that all the methods focus on the unboundedness issue but pay no
attention to the discontinuity issue. The DPVM can produce a more precise o), field in a fine
CFD mesh than the other 3 methods as the latter average particle volume in a larger area. So,
the DPVM is intended to satisfy the second «, requirement for CFD solver, while the other
3 methods tend to match the first requirement for drag force.

To address the discontinuity issue of PCM, some other schemes have been proposed.
The statistic kernel method, which can be regarded as an development from the big particle
method, determines the volume distribution of a particle by a distribution function including
Gaussian [11, 98] and Johnson distribution functions [109]. The particle is also assumed to
affect a porous spherical area in the CFD domain, which is determined by the distribution

function. Taking the Gaussian function as an example, its expression is given by

fx)=e 22 (4.83)

I (xij) Veeur,j
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where f denotes the distribution function, w; is the weighting factor of cell j, x;; is for
the distance between particle i and cell j, and o is the standard deviation used to control
density distribution. It means that the particle is treated as a porous sphere in the CFD
domain, and w is evaluated by the distance x. The closer a cell to the particle centre is, the
larger the w is. In 2015, Sun and Xiao [83] proposed a diffusion-based method to solve the
two issues of PCM or DPVM. It starts from the result given by PCM, where the field may be
discontinuous in space and have overshooting value of «,. Then, @, is treated as a diffusive
variable and a transient diffusion equation can be established as given in Eqn.4.10. The 7
denotes the pseudo time of the simulation. Thus, driven by the ¢, gradient between cells,
there will be flux from a cell with a high value to a cell with a lower value. After a certain
duration, a smooth field will be achieved and the maximum value will decrease to a value
below the maximum particle packing density. The latter can be used as a criterion to set the
number of time steps. In the paper of Sun and Xiao, the diffusion-based method is proved to
be equivalent to the Gaussian-based statistic kernel method. Compared with the latter, the
former is easier to implement and much less time-consuming. However, after the diffusion
process, the quantitative mapping relationship is unknown because the flux of @, between
cells is the total amount of exchange that can not be decomposed into portions from different
particles. So, in the further mapping process, the consistency between o, and other variables
can not be conserved. According to the above two methods, the o, field changes every time
particle moves and its value is smoothed in the space since it is distance-evaluated. As a
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consequence, both methods solve not only the unboundedness issue but also the discontinuity
issue. However, despite the advantages of the distance-evaluated method, as the o, is not
averaged in the influenced area, the two methods do not intend to match the requirement for
drag force calculation. Although an averaged field can be approximated by using a large ¢
in statistic kernel method or more steps in the diffusion-based method, the high resolution of

o is then violated which doesn’t match the requirement for CFD solver.

9a,
or

In conclusion, the disadvantages of PCM have been sufficiently studied by researchers,

=VZa, (4.10)

and many different methods have been proposed to improve PCM. Some of the methods
solve the disadvantage partially such as the DPVM, porous cube method, big particle method
and dual-grid method. While the statistic kernel method and diffusion-based method solve
the disadvantages in one frame and both of them are flexible enough to work for all types of
mesh and a full range of size ratio. It provides a smooth ¢, field whose value is bounded
naturally when appropriate parameter o is used.

4.3.3 Summary

The information of the last two chapters can be concluded in Fig.4.9. According to the
resolution of generated ¢, the mapping methods can be divided into 2 groups. For the PCM,
porous cube/sphere, dual-grid methods, they give a relative low resolution in volume fraction
field as the latter is averaged in a relative large area. For the rest 3 methods, they can provide
high resolution. Given that, the mapping of volume fraction in the study will be carried out
in two steps as the following:

(1) statistic kernel method is used to generate a smooth and high-resolution volume
fraction field in the CFD domain;

(2) in computing fluid-particle forces, the volume fraction is to be averaged from the cells

in pre-defined ranges.
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Fig. 4.9 Summary of mapping method for volume fraction

Due to the diverse particle diameter and cell size in concrete simulation, none of the
above 7 can be used directly as a unified method working for all combinations. If the particle
is much larger than the cell size, the DPVM has to divide the particle into more parts which
would be very time-consuming. For the porous cube, porous sphere and dual-grid methods,
they can not provide a high-resolution ¢, field since they averages particle volume in a large
area. The statistic kernel or diffusion based methods uses evaluates volume fraction by the
particle-cell distance and doesn’t consider the particle shape. So, if the particle is much larger
than the cell size, the chosen of ¢ would be a problem, because o, value at the particle center
could be unbounded if ¢ is too small. However, if the latter is not small enough, the particle
volume will be smeared in relative large space. What’s more, in reality, the cells inside the
particle are fully occupied by the particle, so the virtual fluid field should be equivalent. Both
methods can not promise this point in the current framework. Because of that, an improved
smooth distribution function (Eqn. 4.11) is developed, which takes the particle radius and

cell size into consideration

[x—r, 0‘%1(1)6
e 202 ifx<l+r
f(x) = (4.11)
0 ifx>1+r
o =|lr|,m, 4.12)

where r denotes the particle radius, |x —r, 0|
0, and |/, r|

max 1ves the maximum value between x — r and

min TEtUrns the minimum value between / and r. The performance of Eqn.4.11
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is shown in Fig.4.10, where the size ratio of the cases varies in the range of 1/20 to 10.

|x — 1,0, is used to check if a cell center is inside or outside of a particle. If it is inside,
x — r would be negative, so the larger value 0 will be returned. If not, x — r becomes positive
and will be output. As a result, this term gives the same value for all the cells inside the
particle, which is shown demonstrated by sub-figures 1/20, 1/10 and 1/5 in Fig.4.10. In
other words, these cells have the same distributing density in the space, which is physically
better than Eqn.4.8 which uses x directly. To avoid the possible violation of the upper limit
in @, the particle volume is allowed to distribute in a wider range outside of the particle,
which is characterized by the standard deviation o. Its value takes the minimum one between
particle radius r and cell size / to increase the resolution. Taking the case of size ratio
1/20 for an example, / is much finer than r so that the former is used for ¢ to shrink the
porous layer outside of the particle. On the contrary to that, for the case of size ratio 10, r is
much smaller than /. Using the former for o can increase the volume concentration which
increases the resolution in «,, field. The distribution area is cut off at the distance / + r, which
means the one or two cells off the particle surface are considered as the influenced area to
achieve a smooth volume fraction field. So, at least 3 cells in each dimension will be used.
In conclusion, this improved distribution function maintains a great balance between high

resolution and field smoothness.
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Fig. 4.10 The a, field VS size ratio I /d

For step (2), the pre-defined area is still a hard question facing debate. According to

suggestions in the literature, a commonly used value 3d will be applied in this study.
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4.4 VOF-DEM method: force mapping and case applica-

tion

4.4.1 Mapping of variables in different dimensions

The a, is used to represent the relationship between CFD and DEM domains in space
dimension. Referring to the drag model, variables in other dimensions should be considered
for mapping including the material dimension (such as u and py) and the time dimension
(involving kinematic variables such as uy, v, and so on). The three dimensions are corre-
sponding to the 3 base units m, kg and s. If it is a single Newtonian fluid on the CFD side,
the material domain will be homogeneous which indicates the mapping is not necessary.
However, if it comes to the concrete simulation, the case will be very complicated. Firstly,
the fluid is non-Newtonian which means the viscosity is diverse in the space. Secondly, as
there are two fluid phases, material variables are not homogeneous anymore. Thirdly, as the
drag force involves variables of 3 dimensions, the weighting factor used to distribute this
force should consider the contribution of all sides.

Firstly, in the space dimension, the time is also uniform in both forward and backward
directions. However, as the mapping is performed for variables at the same time, it is not
necessary to discuss this dimension.

In the space dimension, besides @, other variables relating to the unit of length m are also
involved such as the kinematic variables position, velocity, acceleration and so on. Because
in the Cartesian coordinate system, the length scale is uniform in every direction. Therefore,
it is reasonable to adopt the distance-evaluated method to map the longitudinal value without
considering the direction in the space dimension. Although the kinematic variables often
relate to the time dimension like the velocity, they are always mapped at the same time.
Therefore, such variables can be classified into the same group as the space dimension.

In the material dimension, two factors - non-Newtonian fluid and multiphase flow - would
add to the complexity of the mapping process greatly. Firstly, in the field of a non-Newtonian
fluid, the viscosity is a function of shear rate, which means its value is non-constant. As it is
an important parameter in the drag model, the viscosity should be mapped onto the particles.
Secondly, when there are multiple fluids in the CFD domain, all material related variables
could be diverse in the space including density and viscosity. This phenomenon happens at
the interface of two phases, where the value of € is between 0 and 1. So, when a particle is
close to or straddling on an interface, relative variables should be mapped by appropriate

methods. In this study, only incompressible fluids are considered and an individual material
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is homogeneously distributed in space. So, they can be treated in the same manner as spatial
variables.

In the first step, the statistic kernel function is used to map the volume fraction in the
CFD domain, and the expression is given by:

Y iwiiVpi
_ iVp

o = (4.13)
P Vcell,j

where i and j are indices for particle and cell respectively, and w;; denotes the weighting
factor when mapping the volume of particle i to cell j. To explain the step 2 and 3, the
drag force is taken as an example. Referring to the Table 3.1, the drag force requires CFD
variables otf, uy, L and pr, and DEM variables v and d. For the former 4 variables, they will
be treated in the same manner, in which they are to be averaged in a certain area to match the
size ratio requirement from the drag model. It can be expressed by:

_ Ljwij®r, Vel

Op,i = (4.14)
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where ¢, ; denotes the value of variable ¢ for particle j, ¢ ; is for the value at cell i
and V¢ ; is the volume of cell i. When all parameters are ready at the particle position, the
drag force can be computed. Then we need to think about how to map the drag force to
the CFD domain. The drag force involves variables from space domain like oty and uy, and
material domain including py and g. So mapping the drag force to a certain cell, both its
relative position and material property should be counted. In the framework of the unresolved
CFD-DEM approach, the particles are treated as porous media in the CFD domain, which has
a larger size than its diameter. For a cell contributing to the drag force, the uz, U, pr, Veen
and the accommodated portion of particle volume are all important factors in determining the
weight factor. However, the drag models are derived empirically. The field of fluid velocity
around a particle is very complicated. So, to avoid the instability issue, the influence of uy is
not weighted in the mapping. While all the other mentioned factors will be treated equally.
The consequential mapping of drag force is given by Eqn. 4.15 and 4.16.

Fuij=waijFa; (4.15)

Pr.jorHjwij
Y. Py jOrliwij

where F;; denotes drag force acting on particle i, F ;; is the contribution of cell j to drag

Waij = (4.16)

force F4; and wy ;; is the weighting factor for drag force mapping between particle i and
cell j. If ay of a cell is 1, it means the cell is pure fluid and w;; will equal to O either, which
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results in a 0 value in wgy ;;. If otf equals to 1, the cell is fully occupied by particle. In this
case, the relative velocity becomes 0 because the virtual fluid velocity equals to the particle
velocity. For a o in the range of 0 ~ 1, it indicates part of particle surface is in the current
cell so that drag force should be assigned. Based on the same logic, the other particle-fluid
forces like the lift forces and virtual mass force can be mapped. And once the mapping
methods for variables in all dimensions are implemented for the VOF-DEM method, our

in-house code is ready to simulate the three-phase system.

4.4.2 Case application

The coupling of our in-house code is implemented according to the introduced methods. To
validate its performance, 3 different cases were designed. In the first case, a medium size ratio
was considered and a group of particles were dropped from the air into water. In the second
case, there was a big particle dropping from air into the water which considered the small
size ratio. In the last case, the particle-fluid torque due to relative rotation was implemented
according to the scheme given in Chapter 4.4.1. For demonstration, a big rotating particle
straddling on the interface of water and air was simulated. In terms of the large size ratio, it

won’t be covered here since it has been sufficiently discussed in the literature.

Case 1: dropping of a group of particle

In this case, a group of 750 particles are released from the air phase and dropped into the
water phase. As shown in Fig.4.11a, the fluid domain has a 2 m height in total, half of which
is occupied by air (transparent domain) and the other is water (green domain). The width and
thickness of the domain are 1 m and 0.4 m respectively. Fig.4.11b shows the initial position
of particles. It can be seen that they are randomly distributed in the air phase. The material
parameters of both CFD and DEM are listed in Table 4.2. The gravitation acceleration is
9.81 m/ s2. The cell size of CFD mesh is 0.05 m, which gives a medium size ratio 1.25 (as
shown in Fig.4.12a). For the particle-fluid forces, only the drag force and pressure gradient
force are activated. Besides, the surface tension is not considered either.

In the simulation, the time step of CFD was set to be 0.0001 s and the DEM was 0.00001
s, which gives a ratio of 10. In total, duration of 4 s was run for this case. The simulation
result is presented in Fig. 4.12 and 4.13. The former shows the water level on the first and
final steps. According to Fig. 4.12b, at the time 4 s, all the particles had settled on the bottom
of the container, and the water-air interface was almost level. By taking an average, the water
level was measured to arise by 0.0623 m compared with the initial, which indicates a volume
increase of 2.491 x 1072 m? in the green domain. Accordingly, the final water level should
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be 1.0628 m. To show the volume change in the green domain, the history of its averaged
level was tracked as shown in Fig.4.12c¢. In the duration of 0 ~ 0.4 s, the level of the green
domain was increasing gradually because of the entrance of the particles. After that, the
average level reached its peak which gives a value 1.0625. Respecting to rise in average
level, it shows a numerical error of 4.8 x 10> which is really small. The whole process of
the particles crossing the water-air interface is presented in Fig. 4.13. We can see that all the
particles entered the water phase at 0.4 s which is in accordance with the Fig.4.12c. In this
figure, there are two sets of graphs in it: the top 9 show the relative position of the particles
respecting the water-air interface; the bottom 9 display the disturbance of the interface. The
result shows that the in-house VOF-DEM method holds the volume conservation successfully

and is capable to generate a reasonable result for the case with a medium size ratio.

air 1 m

Im

(a) Geometry (b) Initial position of particles

Fig. 4.11 Design of case 1
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Table 4.2 Material properties of case 1

DEM Parameters Value CFD Parameters Value
Density 2500 kg/m? Air Density 1.225kg /m?
Diameter 0.04 m Air Viscosity 0.000018 Pa-s
Young’s Modulus 5.0 x 106 Pa Water Density 1000 kg/m?
Restitution Coefficient 0.97 Water Viscosity 0.00089 Pa - s
Friction Coefficient 0.1
Poisson’s Ratio 0.49
e - 1.08
: Final level = 1.0628 m
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Fig. 4.12 Case 1: arising of water level

Case 2: drop of a big particle

This case is designed to simulate a big particle falling into water from the air. As shown
in Fig. 4.14, the dimension of the CFD domain is 0.5 m x 0.5 m x 1.0 m, and the bottom
point of big particle locates in the middle of the domain which is exactly on the top the water
surface. The material properties are listed in Table 4.3 which is the same with Table 4.2
except the particle size. This case has a relative small size ratio 1/8, where the cell size is
0.025 m and the particle diameter is 0.2 m as shown in Fig.4.14c. In total, a duration of 1 s
was simulated. When the whole particle was in the water, the volume of the green domain
was supposed to be increased by the amount of the particle volume which was 4.12 x 1073
m?>. Fig.4.15 shows the history of the volume of the green domain. We can see that the
curve reaches the expected value 0.12912 m? at about 0.3 5. The curve is composed of 2



88 VOF-DEM model and coupling strategy

(b) Disturbance of the water surface

Fig. 4.13 Case 1: dropping of particles

stages: the increasing stage and the converged stage. The first stage is in accordance with the
interface crossing process. The increasing rate is small at the beginning and end and reaches
the maximum in the middle. This is determined by the spherical shape of the particle. The
cross-sectional area is small and increases towards the particle center. In the second stage,
the whole particle was in the water so that the volume didn’t change any more. This case
again proves the volume conservation of the VOF-DEM method.

The falling process of the particle is plotted in Fig.4.16. Compared with Case 1, we can
see that this case provides a higher resolution in the local field of an individual particle. Its
motion can be divided into 3 stages. The duration of O ~ 0.3 s was the first stage when the
particle entered the water and created a pit on the surface. On the second stage 0.3 ~ 0.6
s, the particle hit the bottom and bumped back. In the meanwhile, the water was pushed
upwards which diminished the pit and created a peak instead. On the last stage from 0.6 s to
1.0 s, the particle fell downwards again and a stronger wave appeared. This case shows that

the VOF-DEM is capable to simulate a case with a small size ratio.

Case 3: rotation of a big particle

The purpose of this case is to demonstrate the implementation of torque (T f p) due to relative
rotation between fluid and particle, which is based on the mapping scheme for interacting
forces. The expression for the torque has been given in Table 3.1. As shown in Fig. 4.17,
this case uses the same configuration of Case 2 except for the particle position. Initially, the
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Fig. 4.14 Design of case 2
Table 4.3 Material properties of case 2
DEM Parameters Value CFD Parameters Value
Density 2500 kg/m? Air Density 1.225kg /m?
Diameter 0.2m Air Viscosity 0.000018 Pa-s
Young’s Modulus 5.0 x 106 Pa Water Density 1000 kg/m3
Restitution Coefficient 0.97 Water Viscosity 0.00089 Pa-s
Friction Coefficient 0.1
Poisson’s Ratio 0.45

particle centre was located on the centre of the CFD domain so that half of the particle was

in water and half in the air. It was fixed on its centre and spinning respecting to its vertical

axis at a constant angular velocity 5 rad /s (anti-clockwise). In the expression of Ty, the

variables includes  and the relative angular velocity @ s — @,. The mapping of the former

has been used in Chapter 4.4.1. For the latter, the same mapping method for us — v will be

applied. Then, the torque acting on the particle can be computed. However, this value can

not be mapped to the CFD mesh directly. As depicted in Fig.4.18, the value mapped to the

each cell should be a force F;, which can not be obtained directly from T 7,. The relation

between the two of them can be given by

Typ=) Fijd
J

4.17)
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where j is the index of neighbouring cells. Assume that the contribution of a cell on T ¢, can
be weighted by w;. Therefore, F; ; can be computed by

wy ;T rpxd;

= tJ fp2 J (4.18)
) d .
|

where d; denotes the distance vector pointed from the particle centre to the cell centre.

It indicates that F; must be normal to d; and T ), because any other component makes

no contribution to T r,. Referring to the expression of w, given in Eqn.4.16, w; is to be

computed by
Hjw;

X Jw;
A step further, for implicit implementation in CFD, a torque-induced coefficient K; is
defined as

Wi (4.19)

Fij=K:ijx (07— 0)) (4.20)

 Fiix (07— 0,)
t,] —

3 4.21)
@7~ 0,
The above mapping scheme was implemented in our in-house code, and the Case 3 was
designed for demonstration. In total, a duration of 4 s was simulated with a time step 0.0001
s, and the result is presented in Fig.4.19. It shows that, while the particle kept rotating, the

water was driven to follow synchronously. The wave on water surface grew stronger over
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Fig. 4.16 Result of case 2

time and reached the peak at time 4 s. The reasonable result shows that the mapping scheme
works well for the fluid-particle torque.

4.5 Conclusions

In Chapter 4, the unresolved CFD-DEM approach was introduced and the model of Bingham
fluid was implemented. However, for concrete flow simulation, more functions must be
developed. Firstly, the multiphase model should be embedded into the framework of the
unresolved CFD-DEM approach. Because in most applications the fresh concrete flow is a
process of free-surface flow. As the Eulerian FVM is used for the CFD, the air phase also is
involved which requires a multiphase model. Secondly, the CFD mesh and aggregate size
both vary in a quite large range, which brings difficulties into the mapping process between
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Fig. 4.18 Schematic of torque mapping

CFD and DEM. In addition, the sharp gradient of material properties around the fluid interface
also worsens the situation. They all ask for a smooth mapping method independent of the
size ratio between CFD cell and particle diameter.

For the first purpose, the VOF method was applied to solve the multiphase fluid flow, and
a transport equation was added as the third CFD governing equation. The performance of the
VOF in our in-house code is validated by a dam break case. Embedding the VOF method
in the unresolved CFD-DEM approach is the so-called VOF-DEM method. A step further,
to achieve a stable simulation with the VOF-DEM method, a smooth mapping scheme is

required, which is in the same position as the second problem.



4.5 Conclusions 93

Fig. 4.19 Result of case 3

On the coupling stage, there are several variables to be mapped forth or back such as
particle volume, fluid-particle forces, fluid velocity, pressure gradient etc. Based on the
dimensional analysis, these variables involve 3 dimensions: time, space and material. As
the coupling of CFD and DEM occurs in the same instant, the dimension of time doesn’t
need to be considered. In terms of space and material dimensions, they are homogeneous
in the domain which means no specific direction is required. The second problem concerns
most about the mapping of particle volume which happens in the space dimension and gives
the significant variable @, (also o(r). As an important variable in CFD governing equations,
it is supposed to imply the particle existence with a resolution as high as possible. While,
in the calculation of particle-fluid forces such as drag force, an apparent value in a certain
large area is demanded. Therefore, the mapping scheme of volume fraction in this study is
determined as: for the field in CFD, statistic kernel method with an improved distribution
function is used for mapping; in the calculation of forces, the averaged value in the influenced
field of a particle is applied. In addition, for the latter, all the relative variables like fluid
velocity, pressure gradient, fluid density, viscosity and so on should follow the same averaged
manner. However, when mapping the computed forces to the CFD mesh, the contribution of
the variables in the material dimension should be counted differently. Taking drag force as an
example, the cell with higher viscosity, higher fluid density and higher fluid volume fraction
should be assigned a larger weighting factor. In conclusion, the CFD domain requires a
high resolution in the mapped field to solve a more accurate result in the local field around a
particle. However, in terms of the fluid-particle forces, the models given in the literature are
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all derived based on a far fluid field. Therefore, the apparent value of relative variables in a
certain area is proposed to use.

In the study of the unresolved CFD-DEM approach, quantitative validation is always a
major challenge that requires a lot more effort. It will become a research topic beyond this
thesis. In this chapter, 3 cases were designed to phenomenally demonstrate the VOF-DEM
method and the mapping scheme. The first case simulated the falling of a group of particles
from air into water, where the size ratio is medium. Meanwhile, the rising water level
and chaotic surface disturbance were tracked. The result shows that the VOF-DEM could
conserve the individual fluid volume while the interface-passing happened. What’s more,
the method is capable to capture a reasonable phenomenon in this process. In Case 2, a
big particle was used to run the free drop simulation. Its size ratio was 1/8 which is quite
small. The same objects were tracked and similar conclusions were drawn. The two cases
prove the validation of the VOF-DEM method on a full range of size ratio. In Case 3, by
referring to the mapping scheme for the interacting forces, the torque due to the relative
rotation was discussed and implemented in our in-house code. In the simulation, a fixed
big particle was designed to straddle on the interface of two fluids and rotate at a constant
angular velocity. The in-house code generated a reasonable torque-induced wave on the
water surface. In conclusion, the 3 cases show that the VOF-DEM method cooperates with

the mapping scheme and is versatile enough to handle various situations.



Chapter 5

Relaxing scheme: release the
drag-induced time step criteria

5.1 Literature review

For dynamic simulation, the time step criterion is inherent, as the core of the numerical
method is to assume some time-dependent variables to be constant in every time step.
Therefore, to promise the accuracy of the simulation, the time step should be small enough
to ensure these assumptions are reasonable. In terms of the unresolved CFD-DEM approach,
there are two different sources of criteria. The first group of criteria are given by the two
solvers individually without the coupling. There has been numerous stability study on
both pure CFD and pure DEM, so they won’t be expanded here. The second source is the
exchanged fluid-particle forces, which introduce extra time step constraints to both CFD and
DEM solvers. Taking the most important component drag force as an example, it is a high-
order function of the relative velocity between fluid and particle, where a reasonable small
time step is needed. If its value is smaller than those from the first source, it becomes the
critical value in determining CFD/DEM stepping scheme. However, despite such importance,
the research on this topic is still very limited. Kloss et al. [47] mentioned that the DEM time
step needs to be set at an order of magnitude smaller than the CFD time step, which is a
rather subjective suggestion. But, for some specific cases such as chemical reactions on the
CFD side, a small CFD time step is also desired. Blais et al. [8] proposed the solutions for
drag-induced critical time step for both DEM and CFD solvers. However, they were given
without detailed derivation and case validation. Compared with the solutions proposed in
this study, the DEM solution is agreed but the CFD solution is not. F. Mikito [38] pointed
out that high viscosity (above 100 Pa - s) will result in a very small time step which makes
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the computational cost unaffordable. To deal with the issue, he proposed a simple method to
enable the geodynamic simulation by the unresolved CFD-DEM approach, which ignores
the inertial term of every particle in the DEM solver. In other words, it means that every
particle reaches a new equilibrium state instantaneously at the beginning of every step, so the
drag-induced time step constraint is removed. Based on the same manner, the CFD governing
equations are also simplified to allow a larger time step. As it ignores the acceleration process
in both solvers, its application is limited.

In the most study, the drag-induced critical time step is larger than a pure CFD or DEM
solver. As will be proved in this study, smaller particle diameter and higher fluid viscosity
will decrease the drag-induced criteria. Therefore, as the most common fluids, air and water
have a very small viscosity, such cases usually don’t need to be concerned. But when the
drag-induced criteria become dominant, there is no robust solution to give the evaluation
yet. What’s more, in some cases, the drag-induced critical time step is so small that the
computational cost becomes unacceptable, such as the cases with high viscosity (magma,
fresh concrete, grease et al.) and small particle size (all kinds of colloid such as cement paste,
slurry and smog). Taking the fresh concrete as an example which is a classic Bingham fluid,
it has extreme large apparent viscosity when the shear rate is very small and the consequent
critical time step can be as small as 102 s for both CFD and DEM. However, unfortunately,
a general and robust method to deal with these extreme drag-induced time step criteria is
absent either. Not to mention, the CFD always desires a larger time step because of the high
computational cost compared with DEM.

Given the above knowledge, this study also focuses on the drag-induced time step
constraints and makes it our target to propose a versatile method to remove them, which is
case-independent. Two goals are achieved: obtain robust derivation for the drag-induced
time step constraints for both DEM and CFD solvers; remove the two constraints by applying
the relaxing scheme. In the perspective of a particle, the drag force works as a damp, which
is always opposite to the direction of relative velocity. Every time the particle state (force,
velocity, acceleration or others) changes, the particle will relax itself to a new equilibrium
by the drag force. In the unresolved CFD-DEM approach, the DEM solver assumes the
drag force to be constant in every time step, while the CFD solver assumes the drag force
is proportional to the relative velocity. Because the equilibrium state is not considered,
both assumptions predict unbounded particle velocity or acceleration, which is the source
of numerical instability. This relationship between the particle boundness and numerical
stability will be discussed in details in this study. Meanwhile, the expression to compute
critical time step and a simpler form for approximation will be covered, which is the first

goal. A step further, we can see that, if the relaxation process approaching to the equilibrium
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can be given analytically, the time step constraints will be gone immediately. This is the
concept of the so-called relaxing scheme. The interpretation of this scheme will be detailed
in Section 5.3, and its key idea is to derive the self-bounded analytical solutions for the drag
force terms in both DEM and CFD solvers.

After the derivation, the approximation of the critical time step and the bounded solutions
for the drag force terms will be verified individually for DEM and CFD solvers. Without
using the relaxing scheme, both DEM and CFD shows the time step constraints from the
exchanged drag force as expected. On the contrary, the simulation given the relaxing scheme
allows a time step 2 orders larger for both DEM and CFD sides without sacrificing accuracy.
However, the simulation result shows that’s not the limit of the relaxing scheme because the
other numerical assumptions become the bottleneck when the time step is large. Anyway, it
proves that the relaxing scheme can enlarge the drag-induced critical time step greatly so
that it is neglectable in determining the time step of the simulation system.

The main work of this chapter will be presented in 5 parts. In section 5.2, the drag-
induced time step constraints will be analysed and expressions are given for DEM and CFD
solvers. In Section 5.3, the solutions to interpret the relaxing scheme will be detailed for both
DEM and CFD solvers. The case verification in terms of accuracy is to be given by Section
5.4, and a demonstration for the complex case is given in Section 5.5 to show the potential of

the relaxing method. In the end, the conclusion is given in the last section.

5.2 Ciritical time step

5.2.1 Four sources of critical time step

The critical time step is one of the many inherent stability criteria of numerical methods. For
a pure CFD case, different conditions can affect the determination of its critical time step.
For example, a system approaching a steady state can bear a relatively large time step, the
solver based on Forward Euler Scheme needs to meet the CFL condition, the multiphase
flow with high density ratio also requires the CFL condition to capture a smooth interface.
The more detailed discussion won’t be covered in this study and it is denoted by Az in the
following. For a pure DEM case, the critical time step is controlled by the particle collision
process, it will be denoted by Atg.

When CFD and DEM are coupled, one extra critical time step will be introduced to
each of the two solvers. Let’s denote the former by At? , and the latter by Atl? . The detailed

derivation for their exact value and their approximation can be found in the next section.
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Coming back to the determination of the stepping scheme of each solver, they can be given
by the following two expressions:

(1) the step size of CFD part: Atcpp < min (Atf,At? );

(2) the step size of DEM part: Atpgy < min (Atg, Atll,) )

5.2.2 Derivation of the drag-induced critical time step
Critical time step of DEM

In this section, the analysis of the critical time step starts from the simpler DEM solver. At
the first step, let’s rewrite the governing equation Eqn.3.5 as:

d
F:mp%:FUH—f (5.1)

where F is the translational total force on the particle, F; is the drag force, and f is the
summation of all other forces except the drag force. In DEM, F and uy are assumed to be
constant in each time step, and the v, is to be solved. Particle motion in this period can
be interpreted by such a scenario: a particle is moving in an infinite space filled with the
constant fluid flow (constant u), and is subjected to a constant external force f. In reality,
we know that this particle will gradually change its velocity approaching a terminal velocity
v;", where the F; balances f and the particle is in equilibrium. So, it is obvious that the
constant assumption of F, is only valid if the time step is small enough. Otherwise, the
overshooting of F; will cause numerical oscillation or even divergence. This critical point is
the target of further discussion.

In every time step, the state of an individual particle can be described by Fig.5.1, where
v, is the relative velocity equaling to uy —v,, and F; is drag force at equilibrium. The
superscript o means that the process of a particle approaching the equilibrium last infinitely.
Initially, the particle is subjected to the force f and has a velocity v,. The fluid velocity is
uy, so the drag force F; can be determined accordingly. Under this condition, the particle
relative velocity will always change approaching the v, which is irrelevant to the time scale.
Alternatively, this process can be mathematically described by Eqn.5.2, which is the key

condition of the whole work.

lim Fy+ f = (kavpy)"+f=0 (5.2)

Based on the DEM assumption of constant drag force F 4, Fig.5.2 describes the evolution
of v, r in time step i. At the beginning of time step i, relative velocity is v; 2 the other forces

are given by f and the particle acceleration is a; 7 as given by Eqn.5.3.
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The a; 7 given by above this equation is bounded, and the resulting v;;l may overshoot the
terminal velocity vy if time step At is too large. To avoid this situation, two different criteria
can be proposed for the time step by involving a new parameter: the velocity distance Au. It’s
defined as the different between current relative velocity and terminal relative velocity given
as Au = v:]’f — v, r. The first criterion can be described as the following: relative velocity at

the end of a step should be closer to the terminal velocity compared with the beginning:

‘Aui+l| < ‘Aui| (5.4)

Expand this inequation, the following is obtained:
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a .
124 o0,i j
Ar <2l (vl ). (5.5)
apy
It is considered as a weak criterion because the mode of Au is used. It allows overshooting

in velocity which means v;ffl could locate on the other side of Vo in Fig.5.2. Although
this criterion leads to convergence, it introduces the oscillation which requires time to be
dissipated. As an improvement, a strong criterion can be proposed to avoid the oscillation
(Fig.5.3):

on a; - The mathematical expression is given by

a; f’ At, which is the increment in v; 2 should be less than the projection of Au

. . a
gl A < A P (5.6)
apf‘

Expanding this inequation, Eqn.5.7 can be obtained.

a ,
pf 00, i
A< (vl vl ) (5.7)
al
( rf )
It’s noted that the right-hand side of Eqn.5.7 is exactly the half of the Eqn.5.5. Assuming

the right-side of Eqn.5.7 equals to Atz,, the weak and strong criteria can be rewritten as
Eqn.5.8.

(
At < 2At;, weak criterion

At < Aty, strong criterion (5.8)

1

D
(ai)

\

The right hand side terms of the inequations represent the critical time step of DEM, and
both of them can be evaluated by A¢;. Bring Eqn.5.3 into Eqn.5.8, Af; can be rearranged as
Eqn.5.9 shows.

fi/kiﬂLV;f ( i i ) (5.9)

i )2 ot~V
(F7ki+v)y)

1y = mi/K, (5.10)
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where, m; is the mass of particle i. It’s noted that 7, is constant part in the expression,
and At, equals to 7, exactly when f "is 0. To demonstrate the validation of the two criteria,
a 1D case is used: the background fluid has a constant velocity 0.001 m/s, and the particle
starts moving from velocity 0; the densities of fluid and particle are 1000 and 2500 kg /m?
respectively, fluid viscosity is 0.1 Pa - s and particle diameter is 0.001 m; there is no other
forces acting on the particle. As the drag force is the only force, the particle velocity will
gradually approach to the fluid velocity. Referring to Eqn.5.9, as k; is a variable depending
on v,r, Aty is velocity-dependent too. Using the Di Felice model for the drag force, the
minimum value of At; can be computed which equals 1.389 x 1073 s. In total, 5 different time
steps are used to simulate the particle motion including 1 x 1073, 1.389 x 1073, 2 x 1073,
2.819 x 1073 and 3 x 1073 5. The second and fourth time steps equal to Az; and 2At,
respectively. The simulation result is presented in Figure 5.4, and it matches exactly with our
expectation.

(1) For the time step 1 x 1073 s, as it is less than Aty, it generated a smooth curve without
any oscillation;

(2) For the time step 1.389 x 1073 s, the particle velocity reached the terminal velocity
in one step which matches the definition of the strong criterion;

(3) For the time step 2 x 1073 &, its value is between At and 2At;, and the curve shows
oscillation at the initial several steps but still converges to the right terminal velocity which
proves the validation of the weak criterion;

(4) For the time step 2.819 x 1073 s, which equals to 2At,, the curve is oscillating around
the terminal velocity and the amplitude keeps constant showing a trend of neither divergence
nor convergence, which matches exactly with the definition of the weak criterion.

(5) For the time step 3 x 1073 s, the result diverged in several steps as the amplitude of
oscillation accumulated quickly.

According to this case, we can find that the strong criterion is always preferred as it
is oscillation free. If k:’i ~ kﬁl which means the perturbation is mild, the Eqn.5.11 can be
obtained, which is often true between two time steps. So, 7, can be used to approximate the

critical time step.

Aty ~1, (5.11)

What’s more, for a sphere in Stokes’ flow, k; can be simplified to the expression 3wud
which is a constant. According to Eqn. 5.10, #, for Stokes flow can be greatly simplified,

S de2

==t 12
T (5.12)
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Fig. 5.4 Evolution of particle velocity: CFD critical time step demonstration

where tg denotes the 7, of Stokes flow, [1 is apparent mixture viscosity which considers
the effect of the surrounding particles. This is the so-called particle relaxation time, which
is a characteristic time describing how fast a particle could relax itself to a perturbation. If
it’s a dilute mixture, {I can be approximated by the fluid viscosity. Then, we can see that tg
becomes a constant irrelevant to any variables, showing that it is the material feature of the
fluid-particle system. So it would be practical to evaluate the magnitude of the critical time
step for a dilute mixture by t;g . As in most applications, the influence of the volume fraction

can not be ignored, 7, is essential for evaluation.

Critical time step of CFD

The above derivation is based on DEM assumptions, when coming to the CFD it would be
more complicated. In the latter, the fluid velocity is the unknown variable to be solved, and its
value depends on the choice of the time step. Because of the existence of fluid acceleration,
the concept of terminal velocity is not applicable anymore. Instead, as will be proved in
Section 5.3.2, the particle will approach a terminal acceleration which equals to the fluid
acceleration at the equilibrium state. The derivation of the exact critical time step is quite
complicated, however, a similar 7}, can be obtained referring to Eqn.5.10:
M,

T,=—"— (5.13)
b Kfchell

where M), is total particle mass in cell i. Use a} to denote the fluid acceleration in step 7, then

the following equation can be obtained according to Eqn.3.15:
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Fp(t) = KypVeeu(u)s + alit — (v)') (5.14)

where Fp(t) is the total drag force in a certain CFD cell in step i. Here, all the particles
in the same cell are treated as a big virtual particle, which is assumed to have a uniform
acceleration (a) and jerk (a). Then, following the above discussion, two similar criteria can
be deduced.

.
At < 2AT;, weak criterion

At < ATy, strong criterion (5.15)

a .
AT, = 2L . (a=, —a'
[ 7T (@, (@) —ayy)

where the subscript pf means the difference between fluid and particle. The weak criterion
indicates that the particle acceleration should approach the terminal value. While the strong
criterion requires that the particle acceleration at the end of a step should not overshoot the
terminal velocity. From section 5.3.2, it’s known that particle acceleration catches up with

the fluid at the equilibrium, which means
a;f:a}—<a>“ =0 (5.16)

where <a>i denotes the particle acceleration at the beginning of step i. While, for the relative

acceleration at the begin of step i can be computed by:

i FD(I)|z:O+fi_ai
Y

. . . w,—(v)' g
_ i S
a, =ay—(a) =ay— 7 7 +M;',

—( ). (5.17)
Here, f' means the summation of forces other than drag on all particles in the same cell.
The relative jerk d; 7 is given by:
a
o=~ (5.18)
p

;i dapy

LY
pf T gy E0T T dt

p

which is a constant. Bring Eqn 5.16, 5.17 and 5.18 into Eqn. 5.15, AT} is arranged as:

. a Coul— (v i a.-(a)
sta=1i 5 = L - T
<af) Ty M, (af)

]. (5.19)

Again, it is indicated that AT; can be evaluated by the relaxation time T;. If the particle

acceleration is comparably small, A7; approximates to Tlﬁ. However, when <a>i is close to
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a-la)
(a})?
possible to become negative, which makes the criteria in Eqn.5.15 never established. This is

a}, it is noticed that the value of (1 — ) will approach to 0. In some cases, it is even
resulted from the implementation of drag force given in Eqn.3.14 which assumes K¢, and
(v) to be constant in every CFD step. Based on these assumptions, it is inevitable to predict
an overshot fluid velocity in these extreme cases. But, it should be stated: the violation of
Eqn.5.15 does not necessarily mean the divergence of CFD solver but an overestimated fluid
velocity. Once this value is passed to the DEM, no matter how small the DEM time step is,
the error is to be inherited by its updated particle velocity which is then returned to the CFD
solver. As time pushes forward, this error will accumulate over time dramatically if the CFD
criterion is violated. Usually, the unphysical phenomenon is observed from the DEM side:
the particle is oscillating with a quickly increasing magnitude. When the particle velocity
grows extremely large, it also could lead to the divergence of CFD.

To verify the derivation, the case used in Section 5.2.2 will be expanded involving the
CFD solver, and the open-source package CFDEM is applied to carry out simulations. The
long channel as shown in Figure 5.5 is modelled as the fluid domain. Its length, height
and depth are 1 m, 0.1 m and 0.1 m respectively. The fluid flows in the channel at a fixed
velocity 0.001 m/s from the left face and then flows out at the right face where the pressure
is 0. The other faces are slip walls, so the fluid domain will reach a steady state where the
majority space has the same velocity 0.001 m/s. The particle is released at a velocity 0, and
the fluid and particle use the material properties as given in the last section. Thus, similarly,
the particle velocity will gradually approach the fluid velocity 0.001 s. Here the value of
ATy is approximated by T[f which gives 1.38 x 073 s. For ATy, as there is only one particle
in this system, its value equals to Az;, which is also 1.38 x 03 s. In the simulation, several
time steps were used for CFD solver which were 5 x 1074, 1 x 1073, 1.389 x 1073, 2 x 1073
and 2.819 x 1073, On the DEM side, the time step 1s 10 times smaller than CFD, which is
sufficient to satisfy the DEM time step criterion as proved in the last section.

In the running, it was found that CFD converges well in every step and only one case
failed because the particle was out of the domain. Therefore, the result of this case will also
be presented by the particle motion which is given in Figure 5.6. In the figure, only the time
step of CFD is shown in the legend and the corresponding quantities of DEM are one-tenth
of them.

(1) Both 5 x 10~* and 1 x 1073 cases generate a smooth curve;

(2) When time step equals to ATy, the oscillation is observed in the initial steps;

(3) For the case 2 x 1073 which is between AT, and 2AT}, the oscillation is large but it

disappears quickly and converges to terminal velocity;
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Fig. 5.5 Evolution of particle velocity: CFD critical time step demonstration
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Fig. 5.6 Evolution of particle velocity given by different time step sizes

(4) When time step equals to 2ATy, the curve keeps oscillating around the terminal
velocity, but the amplitude is growing over time which leads to divergence at last;

(5) Comparing the plots in Figure 5.4, the oscillation and divergence start to appear in
smaller time step cases in this case.

The above analysis shows that the real A7y is a bit smaller than Tlf. For the particle, it
is accelerated gradually in the whole process. At the same time, when the particle moved
to a new position, as it decreases the cross-sectional area, the averaged local fluid field is

a? Ka)’
. o .
result, the real ATy is always smaller than 7). However, it still strongly proves that 7)) is a

also accelerated. As the two are in the direction, the value of (1 — ) is less than 1. As a

very good parameter to evaluate the maximum time step. What’s more, the slight difference
between AT, and T, implies that the ay < (a).

As a conclusion, to promise the accuracy and numerical stability, the time step criteria
given in Eqn.5.15 must be satisfied in determining the CFD time step. The exact value of
critical step size is a variable dependent on the fluid and particle state. But, the relaxation
time T[§ is a good parameter to evaluate its magnitude. What’s more, it’s noticed that if the
particle velocities in one cell are close to each other, T, will degrade to 7,,. Thus, tg is also a

rough evaluation for the CFD time step if the mixture is dilute. However, for a complicated
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flow process involving a large group of particles, the flow of both fluid and particles will be

in chaos, and a trial is always required to determine the final step size.

5.3 Relaxing scheme

In the last section, the existence of drag-induced time step criteria for both CFD and DEM
solvers is demonstrated. From the derivation, we can find that the source of these two criteria
is the various unbounded low-order assumptions of drag force implementation. In DEM,
the drag force in a step is assumed to be constant, so is the particle acceleration. In CFD,
the drag force is assumed to be linear to the fluid velocity change. Although the accuracy is
an order higher, the drag force is unbounded neither. So, it is natural to come up with the
relaxing scheme: if the drag force implementation is self-bounded by the terminal state, the
two step criteria will be gone. In other words, the relaxing scheme will try to recover or
approximate the real relaxation process which would take infinite time. And, this is the task
of this section to find the solutions for DEM and CFD to realize the relaxing scheme.

The criteria on time step due to drag can be explained in another perspective. As shown
in Figure 5.7, the total force F in time step i is a function of relative velocity v, s since f tis
assumed to be constant in both CFD and DEM solvers. Theoretically, all the 3 parameters are
3D vectors, and they can be in different directions. But for the purpose of easier presentation,
this simple 1D form is to be used in the discussion of this section. The two variables (F, v, r)
together represent the state of a particle, and the black curve shows the path of a particle
when particle velocity grows from 0 to o. If v, ; becomes 0, the drag force is 0 too, so F
equals to f° !, Let’s assume, at the beginning of step i, the particle state locates on point A,
where relative velocity is v; 7 and the total force on the particle is F'. In reality, when a
perturbation happened at this point, the particle state will follow the black curve and move to
point B where the equilibrium is.

However, taking the DEM as an example, due to the constant F' assumption, the path of
particle state will go horizontally following the path 1 and 2. Again, according to constant
assumption, the governing equation of particle motion in the step i can be given by Eqn.5.20
by referring to Eqn.5.3, and V;;l can be predicted by Eqn.5.21. If the time step of DEM
matches the criterion which means the v;}] is less than v, (as path 1 shows), the predicted
particle state (v, ¢, F) in next step i + 1 will not surpass point B. On the opposite, if the time
step 18 too large (like path 2), the point (v, 7, F) in the figure will be on the other side of point
B, which can cause oscillation or even divergence because of the unphysical overshooting.
So, based on Fig.5.7, the drag-induced time step criterion for DEM can be interpreted in

another way: the particle state should move within the range bounded by point A and B.
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Following the thought of trace, different methods are to be proposed for CFD and DEM
solvers. The key idea of both is to find an appropriate bounded path to relax the particle in
Fig.5.7.

dv pf

mp7:F3+f":mpa§,, 0<t<Af (5.20)

v =, —al, At (5.21)

5.3.1 DEM solution

As shown in Fig.5.8, obviously the Path 3 is a perfect choice for the relaxing scheme: in time
step i, the particle state follows a linear path from A towards B. It assumes that the increment
of F (also F ) is linear to the increment of v, r. According to it, the particle state at any point
on Path 3 (like D) can be given by:

F
F
—— Path 1(dt = Atf)
— Path 2 (dt < AtD) — Path3
Equilibrium B
Equilibrium
F 5
‘ s
f! ;
0 Vps vzlz;}'l 5 v;;}l Upf ! 0 i i1y
VorVpr Vor Vps
Fig. 5.7 unbounded assumption Fig. 5.8 two-sides-bounded assumption
i i
Fy—Fiy=Ka (vpy —viy) (5.22)

where K Z is a transfer matrix in step ¢ which indicates the linear relationship between two

increments. Bring the particle state at point B the above equation, Eqn.5.23 is obtained:
R ()
Then the DEM governing equation Eqn.5.1 then can be rewritten as Eqn.5.24:

dv : -
my L = F'+ Ky (vpf_v;,f) (5.24)
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Supposing the case is 3D, Ké is a 3 X 3 matrix containing 9 unknown elements. But
Eqn.5.23 provides only 3 equations, which is not enough to solve K ;. Theoretically, there
are numerous solutions for K, since there are only two vectors (F :’i —F") and (v:; — v; 7)s
and the information of a third dimension is missing. So, to make K/, solvable, the original

assumption is further modified as

Fd :Kdvpf (525)

It means that the drag force can directly be transferred from relative velocity by K ;. Thus,

combing with Eqn.?? into Eqn.5.25, the following two equations are obtained

Foli= kv = Kgve?
@ r (5.26)

I iyl i
a = kgvpr =Kavy,

where k:” is the coefficient k; at point B in step i. The two equations means that k; and

k7 are two eigenvalues of K4, and v;f and v, are two eigenvectors of K. In addition, the

drag force and relative velocity are in the same direction which means the 4 vectors v; - v;f,

, and F? are in the same plane. Thus, according to the linear assumption stated at the

beginning, the relative velocity and drag force on the proposed path 3 should be in the same

plane too. All that information indicates the third eigenvector of K; does not contribute to
the final solution, which is to be ignored.

Bring Eqn.5.2 and Eqn.5.25 into Eqn.5.1, F' can be expanded as
F' = Fi— f = Fi—F; =Ky (v, —v7}) (5.27)
Bring it into Eqn.5.24, the governing equation can be rewritten as:

dv o i
my L =K, (vor =v3) (5.28)

Using the eigenvalues and eigenvectors, the solutions for particle velocity and displace-

ment can be obtained:

vplt) = Vi — e v — (1= e ) i (5.29)
. i . oo,f t 0o.i
Ar(r) = Vit —1, (1= e7/%) Vit {(1 —enti) - 71 v (5.30)
p
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where ¢ is duration counting from the beginning of step i, and Ar is the particle displace-
ment in step i. It indicates that particle velocity is the combination of fluid velocity, initial
relative velocity and terminal relative velocity. If 7 is replaced by Az, the left hand sides of the
two equations represent v and Ar. If  is 0, v, equals to v, and Ar is 0. If # is far larger
(such as 3 times) than 7, and 7,7, v, approximates to v7. So, this solution matches very well
with the initial purpose of the relaxing scheme. In addition, it’s noticed that the parameter
t, shows up in the index of exponential term, and it acts as a scale describing how fast the
particle could relax itself to the equilibrium state. This is in accordance with the derivation
in Section 5.2.2.

At last, there is also an inevitable compromise in applying this method. As the Eqn.??
indicates, theoretically, the drag force is always in the same direction of relative velocity.
However, according to the assumption Eqn.5.25, this condition is satisfied only on two
boundary points A and B because the number of eigenvector in one plane is no more than
2. For any point in between, a non-zero angle exists between approximated drag force and
relative velocity. However, as the time step is small, such an error is very small. And, this

method has a high-order accuracy which will be verified by a case study in the later section.

5.3.2 CFD solution

As given in Section 3.3.1, the particle velocity (v) and K, are assumed to be constant for
drag force term in CFD. Its limitation on the time step size At can be analyzed by the aid of
Fig.5.9. Because the fluid-particle interaction is implemented according to all the particles in
each FVM cell, the meanings of v, ¢, f and F are different with those in Fig.5.7 and Fig.5.8.
Here, F denotes the total force on all particles in the cell, f is the total force excluding
drag on all particles and v, is relative velocity given by us — (v). Still, point A is used
to represent the initial particle state in step i and B is used for the equilibrium state. The
new point C is for the predicted state at the end of step i, and the point C’ is the intersection
of path AC and equilibrium line. According to Eqn.3.14, the particle state locates on the
line linking point A and the origin, and K, equals to the slope of this line. Because (v) is
constant, the increment (Av,,¢) of v, equals to the increment (Auys) of uy. The direction of
Auy is determined by the momentum equation Eqn.3.2. Concluded from above information,
two issues appear.

(1) The drag force term R, is unbounded. As Eqn.3.14 implies, if Az is too large, the uy
may change too much and lead to an unreasonable R, . What’s more, if K¢, is very large
such as large fluid viscosity or particle volume fraction, R,y will be very sensitive to the

change in u. The unbounded issue can lead to divergence;



110 Relaxing scheme: release the drag-induced time step criteria

(2) The influence of f is not considered. f is a very important parameter because it
determines where the equilibrium line is in Figure 5.9. As the direction of Auy is random, it
could go further from the equilibrium line. And, the further the distance is, the larger the
particle acceleration will be in the next step. In this case, if Az is too large, the ignorance of

S will bring random error into R, s, which means the accuracy of Ry, is weakened.

F
—— Path4
Equilibrium B c
F! 2
fi
; o i1 1w
0 vyr  Vpr Vpr (i)' Vpy

Fig. 5.9 force-bounded assumption

It’s noted that the above two issues can be solved together by modifying the constant (v)
assumption: the particle group is treated as one bigger virtual particle which is allowed to
relax its motion while fluid velocity changes. So the topic comes back to particle relaxation
again. Similar to the idea of terminal velocity, the virtual particle would always gradually
converge to a certain state if time is long enough. Such convergence could mean constant
velocity, acceleration or other variables describing the particle state, which can be expressed
mathematically by

lim ¢ = Pconst (5.31)

t—o0
where ¢ denotes the converged variable, and @.onst is the constant ¢ converges to. This
point will be demonstrated for the CFD case as blow. Let’s assume that the fluid velocity
changes linearly within each step which gives:

S
] f f
a,=—— 5.32
¥ A& (5.32)

where a’} denotes fluid acceleration in time step i and u}“ denotes the predicted fluid velocity
of next step i + 1. Then, theoretically, the governing equation of the virtual particle at the

equilibrium state can be written as:

M;;“p (1) =Krp (vpr) Veevps + f° (5.33)
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vpf:uf—(v>i+/()t (a}-—ap (t)> dt (5.34)

where ¢ is the time from the beginning of step i. To promise a converged terminal state, the
following condition should be satisfied

t .
. i _
Jim | (af a, (t)) dt = const (5.35)
Otherwise, the relative velocity will become infinite which in turn makes a,, on the left side
of Eqn.5.33 growing infinitely. That is impossible because a, can’t surpass the value of u}.

One essential but not sufficient condition for Eqn.5.35 is given as:

: _ i
tlgloloap =ay. (5.36)
It means that at the terminal state, the particle acceleration will approach the fluid acceleration.
Bringing this result back into Eqn.5.33, the converged drag force can be computed:

Fr=Ma;—f'. (5.37)

The constant drag force at terminal stage also means a constant terminal velocity which

is given by:
V= Fp (5.38)
pf Vcellep(oo) .

The above discussion demonstrates that: in a fluid field of constant acceleration, the
particle will approach the same acceleration if time is large enough. Knowing this point,
the CFD solution for the relaxing scheme can be formulated based on the following 3
assumptions.

(1) The fluid velocity uy changes linearly from u} to the predicted u}-“ in the step i,
which means the first-order scheme is used for transient term in Eqn.3.2.

(2) The position of the virtual particle doesn’t change in one step. That means (v) is only
used to bound the drag force term Ry, but won’t affect the DEM result.

(3) If Path 3 was applied, the mapping process of CFD and DEM has to be repeated
iteratively to update the K;"f. Thus, in this work, the Path 4 is used and the constant scalar
K, r is adopted to simplify the coupling.

Referring to the Fig.5.9, these assumptions allow the virtual particle to move the Path
4 which will start from Point A and approach to the Point C'. Certainly, a significant error

i+1

could be observed in the value of (vp y )’ because the relative velocity is unbounded. But,

unfortunately, v, is unavailable because the determination of K7 is such a tough work.
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So, actually the Point B is unknown and only Point C’ is available to us. In conclusion, the
Path 4 for relaxing scheme provides a solution with self-bounded drag force. The governing

equation of the virtual particle in step i is given by

% - <K}PVC€11> ("H ayt — <V>> +f (5.39)

Accordingly, Eqn.5.40 and 5.41 are the boundary conditions given by Fp and (v)

M,

Fj,= (K},,Vceu> (u} —~ <v>i) (5.40)

vi e =ul— (v)' (5.41)

where F ﬁ) denotes the total drag force of all particles in the cell in step i. Then, the solution
of Eqn.5.39 can be given by:

(v) = (v>ie_t/T1£ + <1 — e_’/T1§> ﬁ + |t — Tlﬁ (1 — e_t/TPiﬂ a}. (5.42)
fp cell

The parameter Tlﬁ is given by Eqn.5.13. Apparently, T}, is a also key parameter to evaluate
the relaxing rate of particle group. Bring the solution into Eqn.3.14 and replace a} by
Eqn.5.32, Ry, is obtained by

i+l

[et/T]iFiD _ (1 _eft/T,i) fi—i—M;; <1 _efz/T,§> u] (5.43)

pr = At

cell

As this equation shows, Ry, is a function of initial total drag force F 2), the total force
f! on particles (excluding drag force) and the acceleration of fluid a}. The term contains
u}-“ can be treated in two ways. Firstly, it can be the value from the last iteration, which is
a semi-implicit scheme. Secondly, it can be moved to the left-hand side of the momentum
equation for velocity prediction, which is an implicit scheme. As Eqn.5.44 proves, Ry, will
converge a certain value when ¢ approaches to infinite. And when ¢ equals to 3T[f, Ry, will

reach 95% of the converged value.

‘ ' uH—l . ui
(- i — ) (5.44)

1
HmR;, —
It =y At

[—eo cell
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Referring to the definition of R, in Eqn.3.14, the drag force F; equals to Ry,V,.;; which
gives exactly the same result as Eqn.5.37. It demonstrates that the Point C’ locates on the
equilibrium line in Fig.5.9 which means the drag force is bounded by the accurate value. It
proves that this solution satisfies the initial purpose.

5.4 Verification of the relaxing scheme implementations

Although the analytical solutions have been derived for both solvers, the verification is
essential to show the improvement on maximum time step and investigate the possible
error introduced. The work will start from the DEM part as it is easier in terms of solution
implementation and result presentation. Because the fluid field is given explicitly in the
DEM solver, instead of involving the CFD solver, several explicit expressions will be used to
provide the fluid information. According to this idea, two different cases are designed for the
two purposes respectively, which approves great performance of the relaxing scheme. Next,
the solution for the CFD solver will be investigated by two different CFD-DEM codes which
are the open-source package CFDEM and our in-house code. In the beginning, a case will be
designed and run by CFDEM to determine the critical time step. Next, the same case will be
run by our in-house code with the relaxing scheme implemented in both solvers. Comparing
the two results from different codes, the relaxing scheme for the unresolved CFD-DEM
approach works perfectly. In this discussion, the Di Felice drag model is also used for all

casces.

5.4.1 Validation of solution for DEM solver

As mentioned, the DEM is the only involved solver in this section. To demonstrate the
feasibility of the solution given in Eqn.5.29 and 5.30, a 1D case is used to approve the
accuracy and a 3D case is used to show the potential in enlarging time step. Because the drag
force is the only focus of this study, only one particle will be considered to avoid any possible
particle collision. All the other forces will be represented by one force and will be given by
explicit expression too. We can imagine that this particle is moving in a changing background
fluid field and a certain external force is applied to it at the same time. Because this scenario
is very simple, a code is developed to generate the particle trajectory from both the explicit
scheme and the relaxing scheme. And the comparison will be done for the history of both
particle velocity and position. For the explicit scheme, the former is obtained by solving the
Eqn. 3.5 and the latter is integrated by the Euler scheme. While, for the relaxing scheme, the
Eqgn. 5.29 and 5.30 are used to update the particle velocity and position respectively.
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In case one, the background fluid is constant as given in Table 5.1. The particle flows
freely in the fluid and initial v, is 0. Besides the drag force, there are no other fores acting on
the particle. According to Eqn.5.10, the relaxation time 7, is 0.156 s. Under such condition,
it’s known that the particle will start acceleration to approach to the fluid velocity. As shown
in Figure 5.10, 6 different time steps were used in the simulations of both schemes. Four
(0.0001 s, 0.001 s, 0.01 s, 0.1 5) were below the ¢, one (0.01 5) was above 7, and one (0.2
s) was in between.

In Figure 5.10a from the explicit scheme, it is implied that a converged solution can be
achieved for particle velocity when the time step is less than 0.01 s. The curve approaches the
value 0.001 m/s as expected, which is the fluid velocity. When the time step is 0.1 s which is
close to 7,, it shows a significant difference at the initial stage compared with the converged
curve. However, it still approaches fluid velocity. For the time step 0.2 s whose is between ¢,
and 2¢,, the oscillation is observed as expected, which shows a trend of approaching the fluid
velocity too. When coming to the Figure 5.10b using the relaxing scheme, great improvement
can be observed. First, the relaxing scheme gives the same converged curve compared with
the explicit scheme. It is not surprising to see that the 6 results all approach the terminal
velocity as it is an embedded condition. Second and most importantly, all data points from 6
time steps are located on the converged curve. Especially for time step 0.1 s and 0.2 s, their
results fit perfectly on the converged curve. It proves that the solution given by Eqn. 5.29 has
great accuracy to approximate the particle relaxation procedure. In terms of enlarging the
time step, this simple case shows a growth of 100 times.

Similar conclusion can be obtained when comparing curves of particle position in Figure
5.10c and 5.10d. For the Euler scheme, the converged solution is achieved again when the
time step is less than 0.01 s. And when the time step is 1 s, the particle has an extremely
large displacement because of the greatly overshot velocity. However, the solution based on
the relaxing method generates consistent results for all time steps, which proves its great

advantages again.

Table 5.1 Configuration of 1D case for DEM solution verification

Parameter uy (m/s) U (Pa-s) pr (kg/m?) pp (kg/m?) d (m) 1, (s)

Value 0.001 5% 1073 1000 2500 0.001 0.156

Because Case 1 is very simple, to show the full potential of the relaxing scheme, a more
complicated 3D case is designed as presented in Table 5.2. The fluid velocity, external
force and fluid viscosity are given by random functions of time. The former two vectors are
expressed by the multiply of a scalar function and a constant vector. The other parameters are

all constant. The particle has a initial velocity (—0.1, 1.05, 0.0) m /s from position (0, 0, 0) m.
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Fig. 5.10 case 1: 1D Comparison of velocity and position

In total, 1 s is simulated, and the corresponding relaxation time varies from 0.00028 ~ 0.14
s due to the time-dependent viscosity. A similar comparison between particle velocity and
position is presented in Figure 5.11 and 5.12, and the following points can be concluded.

(1) For explicit scheme, only time step 1 x 1076 and 1 x 107 s provide converged curves.
Although time step 1 x 10~ s is less than the minimum tp, the corresponding curve still
diverged at time 0.982 s. That means the critical time step Atg is between 1 x 10™* s and
1 x 1073 5. However, tp is still a good starting guess for the critical time step. When the time
step becomes larger, the divergence appears earlier on the curve.

(2) For the relaxing scheme, every time step gives a converged result. For 4 curves with
time step below 1 x 1072 s, no gap can be observed visually between any two of them. While,
for the time step 1 x 1072 s, a slight difference is visible. When coming to the time step
1 x 107! s, the difference is enlarged significantly. Such an error is introduced by the coarse
sampling on the time dimension when the time step is large, which is the inherent limitation
of the numerical method.

(3) Comparing the two schemes, it’s obvious that the relaxing scheme gives the same
result as the explicit scheme, which approaches the accuracy. In addition, the relaxing scheme
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gives an acceptable result for a large time step 1 x 1072 s which is 100 times larger than the
explicit scheme. Or we can say the relaxing method has pushed the time step to the upper

limit of the numerical method.

Table 5.2 Configuration of 3D case for DEM solution verification

Parameter us (m/s) 1 (Pa-s) ) (kg% 3 (kgl;l;n 5y | dm o tp (s)
0.01-(1,1,1)+ o 2.8 x

Value sin((t =0.5))- | o 9(;1:(”2 2'23;‘”;(’71 12)) 1000 2500 0.01 0.5 1074 ~
(0.61,-0.73,0.3) | 2= 0.14

5.4.2 Validation of solution for CFD solver
Case setup and critical time step

In this section, a square-sectional bent pipe will be used to demonstrate the performance of
the solution for the CFD solver. Its dimension is presented in Figure 5.13. A thick fluid with
high viscosity is flowing into the pipe from the bottom at a fixed velocity 0.1 m, and the top
right face has a fixed pressure. All the other boundaries are no-slip walls. The configuration
of this case is concluded in the Table 5.3. Firstly, as a test, a pure CFD simulation was run by
OpenF OAM and a steady flow was achieved as shown in Figure 5.14.

Table 5.3 Configuration of square-section bent pipe

Velocity inlet | Pressure outlet
Parameter ps (kg/m*) u (Pa-s) (m/};) (Pa) pp (kg/m?) d (m) T, (s)
Value 1000 10 0.1 0 2400 0.001 1.37 x 1073

Then, in a new case, a small particle of size 0.001 m is placed at the position (0.1 m,
0.1 m, 0.5 m) which is the center of the vertical part of the pipe. This case was run by
the CFDEM repeatedly with different time steps to investigate the failure caused by the
CFD solver. For DEM, 1, can be computed easily which is 1.37 x 107> 5. And in this case,
because there is only one particle, T, equals to 7, which is also 1.37 x 1073 5. A batch of
combinations (CFD / DEM) of time steps was designed, and the simulations were carried
out by CFDEM. The result is represented by the particle trajectory in Figure 5.15 including
the sub-figures for the history of particle X coordinate and Z coordinate. The two cases
(1 x1073, 1 x 107 and (1 x 107>, 1 x 107>) were run at the beginning, and they gave the
converged result, which approves again the derivations in Section ??. In the next 3 cases,

to avoid any stability concern from the DEM side, the smaller time step 1 x 10~ was used.
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When the CFD time step grows larger than 27),, the divergence started to appear from the
case 5 x 107> as expected. This case shows that the time step choice of CFDEM is limited
by the drag-induced time step criteria.

Validation of the relaxing scheme

The last section shows how the simple implicit drag force implementation failed in the bent
pipe case. As a comparison, an in-house code, where the solutions of relaxing scheme are
implemented for CFD and DEM solvers, will be used to run the same bent pipe case. But,
before carrying out that simulation, the performance of this code should be validated which
can be done by comparing the CFDEM. For this purpose, the case is designed as: step sizes
(1 x 1073, 1 x 107>) are used and the total simulated time is 5 s during which the particle
was transported from vertical pipe to top horizontal part. The particle trajectory given by
two codes is plotted in Figure 5.16a. In addition, because the relaxation time is so small, the
particle trajectory followed the streamline of the steady flow in the whole process as shown
in Figure 5.16b. In conclusion, the perfect match of the simulation results demonstrates the
validation of our in-house code.

Then, another 4 cases were carried out: both CFD and DEM solvers used the same time
step including 107%, 1073, 1072 and 1 x 10~! 5. The result of the 4 cases is still presented
by the particle trajectory in X and Z directions (Figure 5.17). Besides, as a validation of
accuracy, the converged result given by CFDEM is plotted together. There is a significant
difference observed in the case 10~! s, but the other 4 curves match each other very well.
For the case 10~! s, the difference started to grow when the particle entered the bent part.
Due to the large time step of this case, the fluid velocity was refreshed at a low frequency
in the DEM solver so that the particle moved gradually away from the original streamline.
So, this error is from the intrinsic limitation of the numerical method but not the relaxing
scheme. In conclusion, the result in Figure 5.17 strongly approves that the relaxing scheme

removes the drag-induced critical time step At? without sacrificing the accuracy.

5.5 Further investigation: fresh SCC

In the framework of the CFD-DEM approach, the SCC is treated as a mixture of mortar and
coarse aggregate. As a Bingham fluid, the mortar brings severe difficulty into the simulation
because of the drag-induced step criteria. As given in Eq.3.17, it is implemented based on the
assumption of apparent viscosity. For example, if i, 7y and 7. are 10 Pa- s, 10 Pa and 0.001
respectively, the relationship between shear rate and apparent viscosity can be plotted in Fig
5.18. It shows that the maximum ji is 10000 when the shear rate is below 7¥,. Above that, it
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gradually will approach the value of u while the shear rate increases. As a conclusion, the
apparent viscosity varies in the range of 10 ~ 10010 Pa - s. The shear rate is a changing field,
so does viscosity. According to this study, the area with large viscosity affects the numerical
stability greatly. If there is a non-slip wall or the fluid is close to the static state, the critical
time step can be as small as 1 x 10~7 5. However, due to the high viscosity, the concrete
shows quite a high stiffness which means it deforms slowly. Considering the large fluid
deformation in the whole flow process, the high computation cost seems extremely unworthy.
This situation proves again the benefit of the relaxing scheme as it enables a larger time step.

To show the performance of the relaxing scheme, a case of concrete flow is designed as
shown in Fig. 5.19. In a long channel of 0.54m x 2m x 0.15m, there are 3 rectangle rebars
placed in the middle crossing the whole channel. Its size of the cross-section is 0.012 m and
the interval between rebars or between rebar and boundary is 0.041 m. In the CFD domain,
the left side of the channel is set to be velocity inlet with a constant value 2 m/s, the right
is set as pressure outlet which has a fixed value 0, and the others are all non-slip walls. At
the beginning of this case, a total of 1313 particles were distributed randomly in a rectangle
area which was 0.1 m away from the left boundary face. As shown in Fig.5.19b, there are
5 types of particles with different sizes including 0.007, 0.009, 0.011, 0.015 and 0.019 m.
They were generated based on two parameters: the number ratio are fixedas 5:5:1:1:1
and the volume fraction 0.3 in the packing area. When the simulation began, the particles
were driven downstream by the inletting concrete and came across the 3 rebars. The material
properties are listed in Table 5.4. In such a scenario, compared with the time consumed by
the CFD solver, the cost of the DEM solver is very small and can be ignored. So, the time
step of the CFD solver is determinant in terms of the simulation efficiency. In the following
discussion, the time step of CFD will be the focus of the discussion. As a comparison, two
simulations with different step sizes were carried out. The first one based on the relaxing
scheme used 1 x 107> s and 1 x 1079 s respectively for CFD and DEM. The other one using
the classic scheme [47] was set to be 1 x 1077 s and 1 x 1077 s respectively. For the latter,
it is worth to mention that a time step combination 1 x 107® s and 1 x 107° 5 was tried
before the final determination. As expected, it failed due to the same particle oscillation
phenomenon depicted in Chapter 5.2.1.

The results of the two cases are plotted contrastively in Fig. 5.20, which compares the
particle distribution at different instances. Firstly, the case with a relaxing scheme ran stably
in its simulation and generated a smooth result as shown in Fig.5.20b. Secondly, comparing
the corresponding graphs of the two cases, a similar distribution pattern can be observed. At
the time 0.3 s, the two graphs are superficially identical. After the particle group reached the

rebars, a difference occurred on the flow front which shows that the particles in the middle
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Table 5.4 Material properties of concrete workability tests

Aggregate Parameters Value Fluid Parameters Value
Diameter (mm) 7,9,11,15,19 Density (kg/m3) 2250
Number ratio 5:5:1:1:1 Viscosity (Pa - s) 10
Aggregate volume fraction 0.3 Yield stress (Pa) 10
Density (kg/ m?) 2750 Critical shear rate 0.001
Young’s Modulus (Pa) 5.0 x 10°
Restitution Coefficient 0.3
Friction Coefficient 0.5
Poisson’s Ratio 0.49

move faster in Fig.5.20b. Viewing from the overall pattern, the particles in the Fig.5.20a
disperse in a larger space. However, the particles left after the rebars have a very close
distribution. The fluid field is non-steady in the domain, so, normally, obvious differences
are observed between the two cases. Their time steps differ too much, so is their frequency
of field exchange between CFD and DEM. What’s more, the collision between particles and
rebars exaggerates such difference to some extent. So, it is never expected to obtain two
identical results. Nevertheless, the smooth simulation process of the relaxing case and the
similarity between the two cases together demonstrate that the relaxing scheme can enlarge
the time step by 100 times for CFD and 10 times for DEM. It is worth mentioning that the
step size of DEM is now controlled by the step criterion of particle contact which is 1 x 1076

s, which means the relaxing scheme has increased the time step to its limit.

5.6 Conclusions

In the perspective of particle motion, the drag force can be treated as a kind of damping
since it always tends to diminish the relative fluid-particle motion and reach a certain state
of equilibrium. However, in the unresolved approach, the implementation of drag force is
unbounded for both CFD and DEM solvers. Thus an extra time step criterion is introduced
consequently for each of them, which is inherent to bound the drag force.

Given the above knowledge, the quantitative time step criteria are derived for both CFD
and DEM solvers, they are verified individually by case study. In the next step, the relaxing
scheme, which recovers the relaxation process, is proposed to remove the drag-induced
criteria. To implement this scheme in both solvers, the particle velocity in the drag force term
is assumed to be a dependent variable. In this way, self-bounded solutions for particle velocity

can be obtained for the two solvers, which promises the boundness in drag force terms. The
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performance of the two implementations of the relaxing scheme is verified individual by
case study, which proves that the time step drag-induced time step can be removed without
sacrificing the accuracy. At last, the relaxing scheme is applied in a complicated case
involving, and the result is compared with the one from the original scheme. Again, the
relaxing scheme shows that it can provide the same result with a much larger time step. As
a versatile scheme, it generally can be applied to all kinds of situations. Especially, the
scheme makes it possible to simulate the cases smoothly, which encounters the extreme
small relaxation time for example high viscosity, high particle volume fraction, high relative
velocity and small particle size. And the L box test simulation of fresh concrete is given as an

example of demonstration, which is almost impossible to run without the relaxing scheme.
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Fig. 5.11 case 2: 3D comparison of particle velocity
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(a) Original scheme: 1 x 1077 s (b) Relaxing scheme: 1 x 10795

Fig. 5.20 Result comparison: original scheme VS relaxing scheme



Chapter 6

Simulation of workability tests by the
VOF-DEM method

6.1 Introduction

Chapter 4 and 5 introduced the two important difficulties faced in the flow simulation of
fresh concrete. The former implemented the VOF model to enable the multiphase flow and
developed an improved mapping scheme for the coupling stage. The latter chapter analyzed
the time step criteria due to drag force coupling and derived analytical solutions for both CFD
and DEM solvers to remove these criteria. The two chapters solved the major challenges for
the concrete simulation and the solutions have been implemented in our in-house code. So
the focus of this chapter will be the performance of the code, and the concrete workability
tests are to be used for demonstration. In the first part, the V Funnel, slump flow and L box
tests are given as examples. As shown in Chapter 2, the slump flow test and V funnel tests are
reliable and robust in determining concrete rheology. While the L box test is used to test the
passing ability of concrete through a row of rebars. Since the aggregate will be modeled in
the framework of the unresolved CFD-DEM, it is an important test for observing the impact
of aggregate properties. All the 3 tests are standard workability tests for SCC. In the second
part, a parametric study is done based on the L box test, which investigates the influence of
particle gradation and fluid properties. At last, the code performance is to be concluded and
the outlook for further research will be given.
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6.2 Simulation configuration of workability tests

In Chapter 2, 4 workability tests were simulated by pure CFD. Here, the slump flow and
V funnel are continued to be used. In addition, the L box test is also introduced. Due to
the unaffordable computation cost, for each test, only one result will be presented, which
means 3 cases in total. The material properties for them are the same and listed in Table 5.4.
The gradation of coarse aggregate is considered and 5 levels of particle size are set which
varies from 7 ~ 19 mm. The number ratio among different levelsissetas S:5:1:1:1 and
the exact particle number used in every case is computed individually based on the same
global aggregate volume fraction 0.3. Its density is 2750 kg/m>. The other parameters for
particle contact including Young’s modulus, restitution coefficient, friction coefficient and
Poisson’s Ratio are 5.0 x 10° Pa, 0.3, 0.5 and 0.49 respectively. On the CFD side, there are
two fluid phases which are air and mortar. The former is the Newtonian fluid while the latter
is a Bingham fluid. The air properties are the same as in the previous cases. The viscosity
and yield stress of the mortar are 10 Pa-s and 10 Pa. The mortar density is set to be 2250
kg/m?, which makes the apparent density of the concrete mixture to be 2400 kg/m>. While

the detail of the L box will be introduced in later discussion.

Table 6.1 Material properties of concrete workability tests

Aggregate Parameters Value Fluid Parameters Value
Diameter (mm) 7,9,11,15,19 Density (kg/m3) 2250
Number ratio 5:5:1:1:1 Mortar Viscosity (Pa - s) 10
Aggregate volume fraction 0.3 Yield stress (Pa) 10
Density (kg/ m?) 2750 Critical shear rate 0.001
Young’s Modulus (Pa) 5.0 x 10° Air Density (kg/ m?) 1.225
Restitution Coefficient 0.3 Viscosity (Pa - s) 0.000018
Friction Coefficient 0.5
Poisson’s Ratio 0.49

6.3 Apparent rheology: V Funnel test and slump flow test

The geometry and mesh of the V funnel test have been presented in Fig.2.2 and Fig.2.6, so
the same configuration will be followed in this case. The stepping scheme of fresh SCC has
been discussed in Chapter 5.5, and the same setup is to be used which is 1.0 x 10~* s for
CFD and 1.0 x 10~ s for DEM. In total, a duration of 4.5 s was simulated and the result is
shown in Fig.6.1. It can be seen that the whole bulk of concrete was discharged at about 4.5
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s. Fig.6.2 is the frame taken at time 3.7 s when the funnel can be seen through. So, according

to the definition of V funnel discharging time ¢,, its value is given as 3.7 s.

Fig. 6.1 Simulation result of V Funnel test

Fig. 6.2 Seeing through the funnel at 3.7 s

Similarly, the slump flow case follows the geometry and mesh in Fig.2.1 and Fig.2.5.
Its stepping scheme is also 1 x 10~* s for CFD and 1.0 x 10~ for DEM. The case was run
for 2 s, and its result is presented in Fig.6.3. It gives a similar phenomenon as the pure
CFD simulation given in Chapter 2.2. The spreading developed very fast within 0.25 s, then
slowed down quickly after that and stopped at 2 s. The difference lies in the unsymmetric
pattern of the spread which is resulted from the randomly generated particles and the chaotic
collisions between them. The final diameter D is measured from the Fig.6.4 which gives
0.53 m.

As a conclusion, for the fresh concrete material given in Table 6.1, the discharging time
of V funnel and spreading diameter of slump flow test are 3.7 s and 0.53 m respectively.

Referring to the Fig.2.37, the equivalent viscosity and yield stress of the concrete or the
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mixture of mortar and aggregate can be read as 20 Pa - s and 100 Pa respectively. Compared

with the mortar, the former is increased by 2 times and the latter is by 10 times.

6.4 Parametric study: L box test

As shown Figure6.5, the L box test is designed to evaluate the passing ability of SCC
specifically. At the beginning of the test, the vertical part is filled with fresh concrete which
is held still by a gate. Once the test starts, the gate will be taken off in one instance and the
concrete is allowed to flow into the horizontal part. In this process, it will come across 3
rebars not far from the gate. For numerical simulation, an enclosed domain covering the L
box is designed. To get a structured mesh as shown in Fig.6.6, the rectangle section are used

for rebars. In total, there are 8842 cells and the minimum size is rebar size 12 mm.
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In this section, 3 factors including the particle gradation, the existence of particles and
the existence of rebars are chosen to investigate the flow behaviour in the L box test. To this
end, 5 cases in total are designed as shown in Table 6.2. In the following, the 3 aspects will
be explained in detail.

Table 6.2 Summary of L box cases

Gradation Number of rebar Aggregate Volume fraction
Case 1 Gradation 1 3 0.3
Case 2 Gradation 2 3 0.3
Case 3 Gradation 3 3 0.3
Case 4 Gradation 3 0 0.3
Case 5 No aggregate 3 0

Impact of gradation

To study the influence of aggregate gradation, 3 levels are designed for comparison which
includes the Case 1, Case 2, Case 3. They share the same aggregate volume fraction 0.3, and
all have 3 rebars. The gradation design is given in Table 6.3. Gradation 1 has only one type
particle, gradation 2 has 3 types and the gradation 3 has 5 types. Their diameters and the
number ratio in different gradations can be found in the table. The total number of particles
in 3 cases is 6875, 5400, 5278 respectively. In the initialization of the 3 cases, the particles
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were generated randomly as shown in Fig.6.7. In the simulation, the 3 cases were run for
1.4 s and their results are presented in Fig.6.7a to Fig.6.7c. Superficially, we can observe
that the 3 cases generate the very same similar result. For all graphs at the same time, the
fluid profile is very close. Their fluid front all reached the right end of the L box at the time
1.4 s. After the fluid front passed the rebars, an abrupt level drop can be seen at the position
of the 3 rebars. To more precisely capture the difference, the L box mesh is used to assist
the comparison between cases. Fig.6.11 presents the mortar profile at the time 0.1 s (before
the rebars) and time 1.0 s (passing the rebars), and ignores the particles in the domain to
provide a better view. At the moment of the former, the 3 graphs are very similar but the
Case 1 is a bit delayed. While, at the latter, Case 1 shows a clear difference with the other
two. In the vertical part, there is a deeper pit on the fluid surface. In the horizontal part, the
fluid front is 2 cells ahead. As we know, the aggregate with better-designed gradation could
reach a higher maximum packing density. The Gradation 1 should have a lower possibility
to reach a high particle volume fraction compared with the other 2 cases. In other words,
the former theoretically should go through fewer particle collisions which will indicate less
energy dissipation and larger flow velocity. But the Case 2 and Case 3 shows great similarity
at both moments and the difference is hard to recognize. As a conclusion, it can be explained
in another way: as the concrete in Case 1 flows faster than the two cases, it indicates the

former has a smaller viscosity; the concretes of the Case 2 and 3 have similar rheology.

Table 6.3 Gradation of aggregate

Diameter (mm) Number ratio Total number
Gradation 1 10 1 6875
Gradation 2 8,13,17 6:1:1 5400
Gradation 3 7,9,11,15,19 5:5:1:1:1 5278

om0

(a) Case 1 (b) Case 2 (c) Case 3

Fig. 6.7 The initial configuration of 3 cases
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Fig. 6.8 Flow history of Case 1

Fig. 6.9 Flow history of Case 2

Existence of rebar

In the L box, the existence of rebar is a major factor affecting the concrete flow behaviour.
To demonstrate its influence, the Case 1 and 4 are used for comparison. The two cases use
the same gradation 3 and the same aggregate volume fraction 0.3, but the latter has no rebar.
The simulation result of the latter is presented in Fig.6.12 which also covers a duration 1.4 s.
Compared with the result of Case 1 in Fig.6.10, the mixture of Case 4 flows much faster as
the fluid front reached the right end at the time 1.0 s which is 0.4 s earlier. Besides, without
the rebars, the fluid profile shows high smoothness. Especially the slope of running fluid
front, the abrupt level rising on the right side the of rebars due to retardation is gone. This
comparison shows that the existence of the rebars has a greater influence on the concrete

flow behaviour.
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Fig. 6.10 Flow history of Case 3

Existence of particles

This section aims to show how the existence of the particles affects the fluid flow. In other
words, the difference between pure CFD and CFD-DEM will be investigated. In Case 5, there
is only pure mortar without the aggregate, but the 3 rebars are kept. Its result is presented
in Fig.6.13. As expected, we can see that the fluid flows much faster than Case 1 ~ 3. It
is even faster than the Case 4 as the fluid front reached the right end before 1.0 s. It is
understandable since the CFD-DEM introduces the friction between particles which is an
extra source of energy dissipation. The apparent viscosity of the mixture is of course larger
than the pure fluid. In addition, we can also observe the profile of the fluid surface is quite
smooth around the rebars. It indicates that the sudden drop in Case 3 is caused by particle
collisions. Compared with the result of Chapter 6.4, the existence of the particles has a

greater influence on the concrete mixture flow compared with the rebars.

6.5 Conclusion and outlook

The focus of this chapter is the simulation of the concrete workability test by our in-house
CFD-DEM code. The concrete is treated as a mixture of flowable mortar and coarse aggregate.
For all cases, the same mortar properties are used. The aggregate is modelled by sphere for
simplification. For the mixture of them, the aggregate is set to be 0.3 and a bulk density 2400
kg/m? is preserved. Based on this setup, the V funnel test and slump flow test were carried
out in Chapter ??. Referring to the relation chart between workability tests and concrete

rheology given in Fig.2.37, the apparent viscosity and yield stress are obtained.
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Case 1 Case 2 Case 3

(a) Time 0.1 s

Case 2 | Case 3

(b) Time 1.0 s

Fig. 6.11 Comparison of the fluid profile in 3 cases

In Chapter 6.4, the L box test is used to demonstrate the influencing factors in concrete
flow including the particle gradation, the existence of rebar and particles. The simulation
result shows that: (1) the mixture with several particle sizes flows slower than the case
with uniform particles; (2) the existence of 3 rebars delays the mixture flow greatly and
create a significant level difference between the two sides of the rebars; (3) the existence of
particles in the mixture greatly slows the fluid flow. Theoretically, a slower motion means
that the bulk mixture is "thicker" which shows the rheological properties of the concrete.
However, the corresponding relation between the material properties of the bulk mixture and
its components including mortar and aggregate is still a big question that requires further
effort.
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Fig. 6.12 Flow history of Case 4
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Fig. 6.13 Flow history of Case 5



Chapter 7

Conclusions and outlook

7.1 Conclusions

Nowadays, the SCC is playing a more and more important role in modern construction
because of its great flexibility applicability. Contrary to its popularity, the mechanism of
its flow behaviour is not studied sufficiently yet. In real applications, many crucial issues
are challenging both research and industry communities as the various defects are found in
deep foundation construction. The purpose of this whole thesis is to develop a numerical
technique to study the mechanism in defect occurring. The content can be divided into 3
parts: literature review in Chapter 1, the preliminary study in Chapter 2 and the further
investigation in Chapter 3 to 6.

In the literature review, the material rheology and the concrete flow simulation are the
focus of interest. Accepted by most researchers, the fresh concrete is a classic Bingham
fluid. Despite this consensus, there is no widely agreed direct solution to obtain the concrete
rheology due to the complexity of the concrete material. So, it is the first challenge faced in
this study. Further, in terms of concrete flow simulation, the research work on this topic is so
limited. In the literature, the concrete is either treated as a continuous fluid or a discontinuous
material. The former was solved by the CFD, the latter was simulated by DEM, and a method
in between was rare. In the real application, the size of coarse aggregate, the CFD mesh
size and the rebar size are very close. The result of pure CFD or pure DEM solution would
lose the important feature on the other side. So, a CFD-DEM method is strongly desired to
track the local interaction at the scale of particle size. The phenomena such as segregation,
filtration and blockage due to rebars are often related. Given the available solutions and
computation resources, the mesh-based unresolved CFD-DEM approach is chosen as the
basis to develop our method for concrete flow simulation.
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In the preliminary study, the concrete was treated as a homogeneous fluid and the
commercial software Fluent is used to analyse its flow behaviour. This work has been
expatiated in Chapter 2 which achieved two major tasks. Firstly, by a systematic parametric
study, a relation chart was generated which correlates the robust workability tests with the
rheological parameters. It allows fast acquisition of the numerical-suited properties from
on-site workability tests. As a result, this indirect solution solves the first challenge raised
in the literature review. In the second part of this chapter, the simulation of a diaphragm
wall was carried out as an example to apply the relation chart. According to the on-site
workability tests of the commercial concrete, the parameters of each truck were obtained.
Based on it, the diaphragm wall construction with heterogeneous SCC was simulated. As
a comparison, the same process was repeated using the homogeneous SCC. As the result
showed, the distribution of different batches of concrete in the diaphragm wall was captured
by the multiphase model. Comparing the phase distribution of the two cases, a very similar
pattern appeared on the right-half wall but a significant difference was on the left, which
could be due to the large concrete yield stress or its large variation on the left. In conclusion,
the homogeneous fluid assumption can model the bulk flow of fresh SCC and can be used to
track the concrete distribution in real applications. But it can not help with research on the
scale of particle size which is of vital importance.

In a further study, the framework of the unresolved CFD-DEM approach was introduced
to our study to address the second challenge. It treated the fresh SCC as a mixture of mortar
and coarse aggregate. Because the size of the latter is close to the rebar size and the cell
size of the CFD mesh, the DEM method is preferred to model the aggregate and solve its
trajectory explicitly. The coupled CFD-DEM solution has the great advantage to provide
the interacting details among particles or between particles and fluid. In Chapter 3, the
formulation of the unresolved CFD-DEM approach was expatiated, based on which our
in-house CFD-DEM code was developed. Before applying it, the validation was carried out
by comparing with the sophisticated software by 3 steps. In the first step, the OpenFOAM
was used to validate the CFD solver and the embedded Bingham model by the two cases
lid-driven cavity and bent pipe flow. In the second step, the DEM solver was validated by the
LIGGGHTS by the case of slope failure. In the third step, the coupling between CFD-DEM
was validated by comparing with the software CFDEM in the simulation of a slope failure
in a viscous fluid. The above cases together demonstrate the validation of our in-house
CFD-DEM code.

In Chapter 4, two major functionalities were listed which were essential to realize the SCC
flow simulation functionalities: a multiphase model for the three-phase system; a versatile

mapping scheme to conserve the particle volume, be stable for the interface passing process,
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be compatible with the various particle sizes and a random CFD mesh. In the real application,
the three-phase system is composed of air, mortar and aggregate. To achieve it, the VOF
model was introduced and implemented in our in-house code. To validate the new CFD soler,
a dam break case was designed for result comparison which proved a success. After that, a
literature review was done for the mapping scheme between CFD and DEM. It was found
that most of the current research focuses on the mapping of volume fraction and the rest
parameters were rarely mentioned. It was sufficient for them because they were working on
a two-phase system including one fluid phase and a discrete phase. In this study, due to the
great difference between air and concrete, the mapping scheme for all parameters would be
analyzed systematically. According to the belonging of a parameter, a different mapping
scheme was applied. For example, for the parameters belonging to the space dimension
such as the volume fraction, the distance-based statistickernel method is used to generate
a smooth field in the CFD domain which will be of great favor for the numerical stability.
This method is independent of the size ratio of cell size to particle diameter. While, for
the fluid-particle interacting forces, the material field should be weighted in distributing the
computed forces such as a particle straddling on the interface of two phases. The mapping
schemes for all parameters were implemented in the in-house code and 3 cases were designed
to test the performance. In the first two cases, the scenario was about the particle falling from
air into the water which was used to test the performance of our mapping scheme. The first
case has a relatively coarse mesh and a group of particles, but the second has a relatively
small cell size and a large particle. Both cases showed a stable simulation, a smooth result
and the volume conservation of phases, which proves the validation of our mapping scheme.
In the third case, the fluid-particle torque due to relative angular velocity was implemented
according to the given principle for force mapping. In this case, a fixed particle, which
was straddling on the interface of air and water, was rotating at a fixed angular velocity. It
created a vortex on the water surface as expected which proves the feasibility of the mapping
scheme. In conclusion, the chapter implemented the VOF model to enable the simulation of
a three-phase system and improved the mapping scheme to promise a smooth performance in
the so-called VOF-DEM method.

In Chapter 5, the major difficulty to realize an effective simulation of SCC flow was
addressed and solved. Due to the force coupling between CFD and DEM, extra step criteria
were induced. This chapter focused on the formulation for drag force and ignored other
secondary forces like lift force and virtual mass force. It started with the derivation of the
drag-induced critical time step for both DEM and CFD both of which were demonstrated
by the software CFDEM quantitatively. It was pointed out that when the fluid viscosity

was very large such as honey, lava and SCC, both critical time steps would be extremely
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small which makes computation cost unaffordable. To overcome this difficulty, the so-called
relaxing scheme was proposed. Instead of the assumptions with a low order of accuracy, it
tries to provide the whole relaxing process of a particle by an analytical expression so that
the time step criterion will be gone. Following this scheme, two different solutions were
derived for DEM and CFD respectively. In the cases where there was only one particle, the
two solutions of the relaxing scheme could perfectly improve the time step by 100 times for
both DEM and CF D without sacrificing the accuracy. In the last, the SCC was used as the
material where fluid was the mortar and particles were for aggregate. The relaxing scheme
again was able to increase the time step by 100 times. However, due to the complexity of this
case, an identical was not available and also was not expected from the upscaled relaxing
scheme. The similarity between the results from the original scheme and the relaxing scheme
successfully demonstrates the great advantage of the latter as it updates the time step size of
concrete simulation to an acceptable value.

Based on the achievements of Chapter 4 and 5, a series of SCC workability tests were
carried out by our improved in-house in the Chapter 6. All the cases shared the same mortar
and aggregate properties. In the first part, the V funnel and slump flow tests were carried out.
According to the measured indices of the two tests, the apparent Bingham parameters of the
concrete mixture were obtained by referring to the relation chart in Chapter 2.2. In the second,
a parametric study was carried out using the L box test. The influence of aggregate gradation,
the existence of rebars and the aggregate were analyzed. The result showed that the existence
of the last is the most influential, the middle is secondary and the first is least important. The
results of the above cases demonstrate that our in-house code of the VOF-DEM method is

ready to study the mechanism of SCC flow on the scope of aggregate scale.

7.2 Future work

The main task of this study is to establish the framework of numerical technique for fresh
SCC flow. The goal has been successfully achieved in this thesis, however, more interesting
questions come out. Due to the limited time of my PhD, they cannot be covered in this thesis
but will be my future study.

The validation of the single-fluid-phase unresolved CFD-DEM approach has been carried
out by many researchers like Kloss et al. [47] and Peng et al.[67]. However, the validation for
the VOF-DEM method is rare and can’t cover the complicated concrete flow which has the
shear-dependent apparent viscosity and the material discontinuity because of the multiphase
flow. As we know, the models for the fluid-particle forces listed in Table 3.6 are derived

based on Newtonian fluid. So, the accuracy of these models should be verified experimentally
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for Bingham fluid. In addition, although the proposed smooth mapping scheme works well in
our case study, its accuracy in difficult scenarios is not considered yet. For example, assume
a particle is close to the interface: if a particle moves from a dense fluid into a thin one, or
if a particle is moving in one phase but close to the interface where the velocity gradient
differs greatly on the other side. Besides, in some cases, many other fluid-particle forces
need to be considered such as the surface tension, capillary force and the Magnus effect. In
conclusion, the cooperation between our mapping scheme and the VOF-DEM method should
be quantitatively tested in more cases.

Chapter 5 introduced the relaxing scheme for drag force whose function is to release the
drag-induced step criteria for both CFD and DEM solvers. This scheme has great potential
to provide a deeper insight into the multi-scale problem. Originally, the CFD domain and
DEM domain are solved separately sharing only limited momentum data. However, the
relaxing scheme shows the potential to introduce the full particle contact information into
the CFD governing equations. For example, if the lift forces are implemented according
to the relaxing scheme, the particle rotation could also be involved in the CFD. Since the
CFD governing equations could cover the whole mechanical fields of both CFD and DEM
domains, it provides a great opportunity to reach a higher level of coupling between fluid and
particles. For example, the cement paste, which is the mixture of water and cement, behaves
stably like a homogeneous Bingham fluid. In this case, an ideal CFD-DEM approach should
be able to upscale the particle-level phenomenon to the mixture level. Unfortunately, such a
topic is rarely discussed in the literature and there is a great gap to be overcome for current
approaches. However, the relaxing scheme shows the potential to contribute.

The work of Chapter 4 and 5 can be viewed from another perspective. As shown in Fig.
7.1, the improved mapping scheme extends the upper bound of the unresolved approach since
it also works for large particles. At the same time, the lower bound is also extended by the
relaxing scheme. Besides large viscosity, small particle size also results in small critical time
step. So, by applying the relaxing scheme, the unresolved CFD-DEM approach can simulate
the cases with very small particles. In conclusion, this thesis has improved the capacity of
the unresolved CFD-DEM approach to a wider range which requires the proof of more case
studies in the future.

Last but not least, the numerical technique established in this thesis already shows
the great potential to assist the real practices. For the different purposes of investigation,
simulation strategies can be chosen differently. For example, if the overall flow pattern of a
large amount of concrete is the concern such as a full-scale pile construction, the pure CFD
method is preferred because it is sophisticated and saves the simulation cost greatly. While,

if the scope of interest is close to the aggregate scale such as the blockage, the CFD-DEM
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Fig. 7.1 Extension of the unresolved CFD-DEM approach

approach should be applied. Besides, defects could also come from the scale of the sand
(settlement of sand) or cement particles (bleeding). By changing the material properties,
the framework of the unresolved CFD-DEM approach can be easily applied to the two
problems. In a word, the numerical method developed in this thesis is ready to study the flow
of cement-based materials and provides a better understanding of the various defects in the
real SCC application.
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