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ABSTRACT

Secondary flows are the flow phenomena which occur in the transverse flow
field of conduit. The occurrence of this phenomena may change many primary flow
properties i.e., velocity profile. According to this chance, the understanding of
secondary flows are required. In order to achieve the goal of many engineering
applications which associate with the improvement of the efficiency and
performance of the machines, equipment designs and product quality, the
simulation of secondary flows for different fluid types through various shaped
conduits were studied. The preliminary simulated results revealed that the
secondary flow occurred by the unbalance of stresses in primary flow, especially, the
unbalance from the presence of pressure gradient when conduits were bended. The
secondary flow strength is proportional to an increase of inlet velocity of both fluid
types. For Newtonian fluid, this increase also causes the induction of cross —stream
velocity to the center of the conduit. In contrast with viscoelastic fluid which causes

the induction to the corner of the conduit instead.
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CHAPTER |

INTRODUCTION

1.1 Background and Motivation

According to the advance of the current manufacturing and the capable
technology, a vast range of fluid had been widely used in the productive activities to
supply an increasing number of products in a wide range of industries such as food,
pharmaceutical, polymer, chemical industries, in addition to applications in the oil,
mining, construction, water treatment, power generation industries, etc. Examples of
fluid used in industries include water, air, chemical substances, industrial oils,
polymeric solutions, foams, organic and inorganic suspensions such as paints, and

foodstuffs such as milk, yogurt, mayonnaise, juice and fruit and vegetable sauces.

Many enigmatic flow phenomena can be happened even though the flow is
very simple because of the difference of fluid nature, chiefly, non-Newtonian fluids
which are characterized by diverse and often significant deviations from simple
Newtonian behavior. To achieve the goal of every engineer, understanding :)f fluid flow
phenomena is very important to improve the efficiency and performance of the
machines, equipment designs and product quality, especially, the flow regions where
the speed and direction of flow are significantly different. This flow phenomena is also

known as “The Secondary Flow”.

In cases where there is a three-dimensional flow field, the flow is often regarded
as comprising two components, a primary flow and a secondary flow. The primary flow
is parallel to the main direction of fluid motion and the secondary flow is
perpendicular to this. Such flows are commonly produced by the effect of drag in the
boundary layers, and some of the more important situations. Many researchers had
been discussed in the presence of secondary flow to gain insight into this phenomena
for example, Xue et al. [1] investigated numerically the pattern and strength of the
secondary flows in rectangular pipes as well as the influence of material parameters
on them, Letelier and Siginer [2] studied about the unsteady flow of the Green—-Rivlin
fluids in straight tubes of arbitrary cross-section driven by a pulsating pressure gradient

in 2003 and so on. For bring the advantage of secondary flow into many applications,



the understanding of its mechanism and occurrence is required. Nonetheless, this
study refers to the conditions of the flow domain which can build-up the secondary

flow along with their flow pattern and strength.

Computational Fluid Dynamics (CFD) is a branch of fluid mechanics that uses
numerical method and algorithm to solve and analyze momentum, heat, and mass
transfer in various systems. Phenomena of fluid flow are usually explained by three
fundamental physical laws, including the conservation of mass, the Newton's second
law of motion, and the first law of thermodynamics. This techniques is a useful tool
for studying fluid flow motion. CFD have been applied on a broad scale in the process
industry to gain insight into various flow phenomena, examine different equipment

designs or compare performance under different operating conditions.

Regarding to the benefits of CFD and requirement of the understanding of
secondary flow appearance, the flows with two type of fluid including Newtonian fluid
and Viscoelastic fluid through various shapes of conduit has been studied. The flow is
assumed to be laminar and incompressible. The effect of different conduit geometries
has been investigated by the CFD modeling and predicted hydrodynamics_parameters

have been used to explain the observed results.

1.2 Objectives of the Research

The research reported in this thesis aims to investigate the secondary flow
behavior in Newtonian and viscoelastic Fluids through various shaped conduits and

inlet velocity by using simulation through OpenFOAM®.

1.3 Scope of the Research

1.3.1 Validation of simulation setting by compare between calculated flow rate
and velocity profile from theoretical for Newtonian fluid and previous
simulated result for viscoelastic fluid.

1.3.2 Employ CFD technique to investigate the occurrence of secondary flows
including their pattern, velocity magnitude, and their strength that were
occurred in different conditions of flow domain and fluid properties

including:



a) Cross-sectional shapes of conduit including circular, elliptical,
triangular, square, hexagonal, and octagonal.

b) The difference between straight conduit and curved conduit. In
addition, their orientations when conduits were bended.

c) The initial velocities which in the range of laminar flow.

d) Fluid type; Newtonian fluid and viscoelastic fluid.

1.4 Process of the research

1.5

1)
2)
3)
4)
5)

6)

7)
8)

Conduct literature survey and review.

Define the simulation and collect all necessary data required.

Model setup (e.g. Solid modeling, grid generation, etc.).

Investigate grid independent solutions.

Validate the simulation results with literature data and previous CFD
simulation for confirm the correcting of simulation setup and the numerical
solution process.

Simulation of parameters which effect on the occurrence of secondary flow
along with collect desired information for the analysis.

Making discussion and conclusion of simulation results.

Writing thesis and preparation of draft manuscript for journal publication.

Expected Benefit

Obtain knowledge of secondary flow and its appearance in different flow domain

conditions by using OpenFOAM®.



CHAPTER Il

THEORY AND LITERATURE REVIEW

2.1 Computational Fluid Dynamics (CFD)

Computational Fluid Dynamics (CFD) is the analysis tool that use computer aided
simulation to solve and analyze systems involving the fluid flow, heat transfer and
associated phenomena such as chemical reaction [3]. Fluid flow motion which describe
by a set of mathematical equations are solved by numerical methods and algorithms

in order to obtain the flow variables throughout the flow domain.

CFD can be applied in a wide range of processes and applications in academic
researches or in industries such as mechanical, petroleum, metallurgical, biomedical,
pharmaceutical, and food industries. CFD becomes an important and useful
engineering tool because this techniques have been applied on a broad scale in the
process industry to gain insight into various flow phenomena, examine different
equipment designs or compare performance under different operating conditions.
Examples of CFD applications in the chemical process industry include drying,
combustion, separation, heat exchange, mass transfer, pipeline flow, reaction, mixing,

multiphase systems and material processing.

CFD has also been successfully used in modelling various type of fluid including
Newtonian fluid and non-Newtonian fluid. CFD models can help understand their flow
phenomenon, especially invisible behavior, and provide detailed 3-D transient data

that experimental approaches may not be able to provide.

2.1.1 Advantages of CFD

Since 1960s, the aerospace industry has integrated CFD techniques into design
and manufacturing of aircraft and jet engines. The further growth and development in
CFD together with the rapid increasing in computer capability have constantly
expanded the range of CFD applications. Nowadays, CFD has been interested and has
been widely used to study various aspects of fluid dynamics. The development and

application of CFD technique have undergone considerable growth, and as a result,



it has become a powerful tool in the design and analysis of engineering and other

processes.

Although the use of CFD and their results may have the degree of uncertainty

and the cumulative effect of various errors such as the lack of knowledge or Computer

programming error. However, these errors are far overweighed by benefits of CFD [4]

and can be reduced by the awareness of the error sources. Nonetheless, a number of

CFD advantages include the following:

CFD simulation is less expensive and time consuming compare with doing
experiment along with its ability to study systems where controlled
experiments are not feasible.

CFD can provide a wide range of comprehensive data as no such
limitations such as equipment or technique limitations are usually present.
The complex physical interactions which occur in a flow situation can be
modelled simultaneously since no limiting assumptions are -usually
needed.

CFD can provide comprehensive flow visualization for many industrial
applications and academic research to improve the design and optimize

different processes and devices working with fluid flows.

2.1.2 CFD Analysis Procedure

The CFD analysis procedure can be described as the following stages;

I.

ii.

Problem statement
The understanding of the problem is needed in order to define the
simulation and collect all necessary data required including geometry

details, fluid properties and flow specifications.

Geometry creation and mesh generation

a)  The geometry of fluid flow domain is created into 2-D or 3-D sketches.

b)  The computational domain is divided into sufficiently small discrete
cells which determines the positions where the flow variables are to

be calculated and stored.



iii. ~ Mathematical model
a) Identify the force which cause and influence the fluid motion.
b)  Formulate conservation laws for the mass, momentum, and energy.
c)  Simplify the governing equations to reduce the computational effort
such as neglect the terms which have little or no influence on the
results.

d)  Add constitutive relations and specify initial/boundary conditions.

iv.  Discretization process
The Partial Difference Equations (PDEs) system is transformed into a

set of algebraic equations with appropriate methods.

v.  Calculation of the numerical solution
a)  The CFD software performs iterative calculations to arrive at a solution
to the numerical equations representing the flow.
b) The quality of simulation results depends on the information that
control the numerical solution process such as the mathematical
model, underlying assumptions, approximation type, or convergence

criteria.

vi.  Result analysis
Analyzing of simulation results is performed in order to extract the
desired information from the computed flow field. If the results obtained
are unsatisfactory, the possible source of error needs to be identified, which
can be an incorrect flow specification, a poor mesh quality, or a conceptual

mistake in the formulation of the problem [5].

Typically, CFD procedure can be distinguished by the type of CFD software
package which consists of three main groups of software including a pre-processer, a

solver, and a post-processer.
Pre-processing
Pre-processing consist of the input of flow problem including geometry and

mesh generation, flow specification, selection of the physical and chemical

phenomena, definition of material properties, and setting solver control parameters.



Solving th uations

In this step, all the data defined in the pre-processing step are fed into the
solver program in the form of a data file. Then, the solver solves the numerical
equations which transform into algebraic equations form. There are three distinct
streams of numerical solution technique, including finite difference method, finite

element method, and finite volume methods for chosen to use in this step

Post-Processing

In post processing, the data obtained by the solver can be visualized and
displayed using a variety of data visualization tools such as contour, plane, vector and
line plots. Calculations can also be made to obtain the values of scalar and vector

variables, such as pressure and velocity, at different locations.

CFD procedure can be summarized by the type of software package as a

diagram, which shown in Figure 2.1.

Pre-processor Solver

Numerical techniques

Solid modeling

Y

- Finite difference method
) 4

. . - Finite element method
Grid generation

- Finite volume method

A 4

Solver settings

4

- Transport equation

Post-processor
- Physical models
- Material properties Solution displays
- Graph
- Boundary conditions
- Contour
- Initial conditions - Vector
- etc. - EtC

Figure 2.1 CFD processing diagram.



2.1.3 Finite Volume Method (FVMs)

The finite volume method is probably the most popular method used for
numerical discretization in CFD because this method was originally developed as a
special finite difference formulation but some of its implementations draw on features

taken from the finite element method.

This method involves the discretization of the flow domain into finite control
volumes. A control volume overlaps with many mesh elements and can be divided

into sectors each of which belongs to a different mesh element.

The governing equations in their differential form are integrated over each control
volume. The resulting integral conservation laws are exactly satisfied for each control
volume and for the entire domain which is a distinct advantage of this method. Then,
each integral term is converted into a discrete form (a set of algebraic equations), thus
providing discretized equations at the centroids, or nodal points, of the control

volumes as shown in Figure 2.2

(b)
Figure 2.2 Mesh and dual mesh of two FVMs: (a) centroids FVM and (b) nodal

points FVM [6].

2.2 Governing Equations

The governing equations are a set of mathematical equations which explain the

physical phenomena by the conservation laws of physics [3] involving:

1) Mass of fluid is conserved.

2) According to Newton’s second law on a fluid particle or control volume
summation of the forces are equal to the rate of the momentum change.

3) According to the first law of thermodynamics the rate of energy change
equals to the heat rate added to the control volume or the fluid particle

and the rate of the work done on the fluid particle.



2.2.1 Mass Conservation Equation

According to the mass conservation which is based on the statement “mass
may be neither created nor destroyed”, the rate of the mass increase in fluid element
is equal to the net rate of the flow into the fluid element. For the compressible flow
this can be formulated as follows and is called the continuity equation for an unsteady

compressible fluid at a point;

op 0O 0 0
it o R _- il = 2.1
6t+6x(pu)+6y(pv)+az(pw) 0 (2.1)
op

or 5 + V(pU) =0 (22)

where Uis the velocity vector in Cartesian coordinate and given by

U=ui+vj+wk

where i, j, and k are the unit vectors along x, y, and z axes, respectively.

2.2.2 Momentum Conservation Equations

According to the second law of Newton, the time rate of change of momentum
of a system is equal to the net force acting on the system and takes place in the
direction of the net force. Actually there are two different types of forces that act in

any fluid:

1) Long ranged external body forces that penetrate matter and act equally
on all the material in any element.

2) Short ranged molecular forces, internal to the fluid. For any element, the
net effect of these due to interactions with other elements acts in a thin
surface layer. In 3D, each of the 3 sets of surface planes bounding an
element experiences a 3-component force, giving 9 components in all.
These form the stress tensor (7;), defined so the force exerted per unit

area across a surface element.
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Thus, the three momentum conservation equations are given by;

The momentum equation in the x direction:

Du _ 9(pu) o 0Or_, Or
—_—— V- U —_ e — XX »x 2 S 2.3
P75 6t+(pu) 6x+6x+6y+6z+‘4‘ (2.3)

The momentum equation in the y direction:

0 0
&=—a(pv)+v-(va)=—@+ by T-W+ar‘7+SMy (2.4)
Dt ot o o&x oy Oz
The momentum equation in the z direction:
Dw _9(pw) o or, 07, 0r
AP LY. U=-F4—24 X4 =,9 25
A Gl e v

2.2.3 Energy Conservation Equations

According to the law of thermodynamics state that if a system is carried through
a cycle, the total heat added to the system from its surroundings is proportional to
the work done by the system on its surroundings and that lead to the corresponding
relation which the energy change rate for é fluid particle is the rate of work done on
the fluid particle in addition to the heat added. The energy equation in term of total
energy (E) is given by,

=—F/_ - +—| k= |+—
P o) &\

5 00.202)- 82 4

. Aut,) . 6(u‘rﬂ)+ Aur,) . 6(vrxy)+ 6(vrw)+ 6(vrzy)
Ox )2 0z ox o oz

owe,), dvra) der)

I~ 5 =S, 2.6)

The term E consists of internal energy i and the kinetic energy. The S, term is
the energy term related to a source. The term including the temperature gradient is
the heat transfer to the fluid and the rest terms of the right side are the work done on

the fluid particle.
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2.2.4 Navier-Stokes equations

The Navier-Stokes equations, developed by Claude-Louis Navier and George
Gabriel Stokes in 1822, are equations which can be used to determine the velocity
vector field that applies to a fluid, given some initial conditions. They arise from the
application of Newton's second law in combination with a fluid stress (due to viscosity)
and a pressure term to fluid motion which the general form of the Navier-Stokes

equation is;

p%ltj=V~0'+f 2.7)

where o is stress tensor and f accounts for other body forces present.

The stress tensor is often divided into two terms of interest in the general form
of the Navier-Stokes equation. The two terms are the volumetric stress tensor, which
tends to change the volume of the body, and the stress deviator tensor, which tends
to deform the body. The volumetric stress tensor represents the force which sets the
volume of the body (namely, the pressure forces). The stress deviator tensor
represents the forces which determine body deformation and movement, and is
composed of the shear stresses on the fluid. Thus, the stress tensor is broken down

into;

w Ty Tx p 0 0 o.t+tpP T, "
o=l7, o0, 7,/=—|0 p 0|+ w O, tp T,
T Ty Oy 0 0 p T, T, o,+p
=-p&;+T (2.8)

where g, is the 3x3 identical matrix and T is the stress deviator tensor

Although this is the general form of the Navier-Stokes equation, it cannot be
applied until it has been more specified. First off, depending on the type of fluid, an
expression must be determined for the stress tensorT; secondly, if the fluid is not
assumed to be incompressible, an equation of state and an equation dictating

conservation of energy are necessary.
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By the expression which assume the relationship between stress and velocity

gradients is

a) Linear relation of the rate of the deformation to the viscous stresses
(which is valid for Newtonian fluids) and
b) Isotropic (i.e., the intrinsic properties of the fluid have no preferred

direction)

In result the three dimensional tensor of stress can be gained:

ou ou ov
rn=—p+/1V-U+2,ua T,y=fyx=#(5;+a) 2.9)

ov ov ow
=—p+AV-U+2,ua—y' fﬂ=72y=#(a+a) (2.10)

ow ou ow
=—p+AV-U+2u422 =7 =Uu|l —+-— 2.11
=T7P o Fe = ”(az 6x) a1

where 4 and A are the coefficients of dynamic and bulk viscosity respectively.

Then by substituting these stress tensor to the momentum equations,

the Navier-Stokes equations can be gained;

X -momentum:

o(pu) _ op, (0%u d*u 0
5tV (puU) = a #(6x2+6y2+622 + Sy (2.12)

y -momentum:

o(pv) op v v v

X -momentum:

o(pw Pw Pw w
(_&)+V.(pwU)=-—-g§+,u(ax2+ay2+622]+SM: (2-14)
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2.2.5 Constitutive equations

Constitutive equation or constitutive relation is a relation between two physical
quantities, mostly kinetic quantities as related to kinematic quantities, which is specific
to a material or substance, and approximates the response of that material to external
forces. Constitutive equations are combined with other equations governing physical
laws to solve physical problems; for example in fluid mechanics the flow of a fluid in
a pipe, in solid state physics the response of a crystal to an electric field, or in structural

analysis, the connection between applied stresses or forces to strains or deformations.
2251 Vi icji

Viscoelasticity is a rheological parameter that describes the flow properties of
complicated structure or complex fluid. There are two components to the
viscoelasticity, the viscosity and the elasticity. This parameter was further examined in
the late twentieth century when synthetic polymers were engineered and used in a
variety of applications. Many viscoelastic materials exhibit rubber like behavior
explained by the thermodynamic theory of polymer elasticity. In reality all materials
deviate from Hooke's law in various ways, for example by exhibiting viscous-like as well

as elastic characteristics.

Viscoelasticity is a time-dependent mechanical response to loading exhibited
by most often by amorphous materials. In its simplest conception, viscoelasticity
consists of a combination of time independent elastic behavior and time dependent

viscous behavior.

All materials exhibit some viscoelastic response. In common metals such as
steel or aluminum, as well as in quartz, at room temperature and at small strain, the
behavior does not deviate much from linear elasticity. Synthetic polymers, wood, and
human tissue as well as metals at high temperature display significant viscoelastic
effects. In some applications, even a small viscoelastic response can be significant. To
be complete, an analysis or design involving such materials must incorporate their
viscoelastic behavior. Knowledge of the viscoelastic response of a material is based on

measurement.
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Some examples of viscoelastic materials include amorphous polymers, semi-
crystalline polymers, biopolymers, metals at very high temperatures, and bitumen

materials.

2252 (onstitutive equations for viscoelastic fluids
General linear viscoelastic model

Viscoelastic fluids are often described by equations based on the following or

similar forms [7]:

t=f(7.7.t) (2.15)

where 7,y , and y are the stress, strain, and strain-rate tensors, respectively.
According to this relation, the shear stress in a viscoelastic fluid may be a function of
the strain (characteristic of solids), the rate of strain (characteristic of liquids), and time.
General linear viscoelastic model is simple model to describe viscoelastic behavior
and it is restricted to materials that are subject to small deformations and small

deformation rates (linear viscoelastic regime).

The Maxwell model

The Maxwell model, which serves mainly as an introduction to viscoelasticity,
incorporates both of viscous liquids and elastic solids, and is best introduced by
considering again the case of simple shear, shown in Figure 2.3, but this time for either

a fluid or a solid. For simplicity, assume that =7, is constant.

y A T =

- -

]

-

- - - -

Figure 2.3 Simple shear of a fluid or solid (  exaggerated) [7].
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Assuming that the deformation y is small, the two extremes of behavior are
represented by a Newtonian fluid, of viscosity 77 (= £¢), and a Hookean elastic solid, whose

rigidity modulus (G ):

Newtonian fluid

av dy .
- Xl (2.16)
T=n , ndt ny

Hookean elastic solid
T=yG or 7=fi—=—— (2.17)

The Maxwell model then views the total strain rate as the sum of the strain rates

for the Newtonian fluid and Hookean solid, resulting in the following constitutive equation:
T 1
—t—=—=y (2.18)
n G !

Although 17 and G both increase in progressing from liquids to solids, 7
increases faster than G, so the overall effect is an increase in the ratio 4 =", G which is
known as the relaxation time, and is low for fluids and high for solids. The basic reason is

stresses in liquids can relax more quickly than those in solids because of the higher

mobility of the liquid molecules. In terms of A, the Maxwell model becomes:
T+A—=n—=y (2.19)

The principle of the Maxwell model is shown schematically in Figure 2.4. The
Newtonian behavior of the fluid is represented by a “dashpot,” which the force is
proportional to the rate of extension. The dashpot is in series with an elastic spring
that represents the Hookean behavior of the fluid which the force is proportional to
the extension. Note that the Maxwell model is restricted to deformations that are
small, so that the response of the fluid is linear—a phenomenon known as linear

viscoelasticity.
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Viscous dashpot Elastic spring

Figure 2.4 The Maxwell model of linear viscoelasticity [7].

The Maxwell model makes the following realistic predictions:

I.  Steady shear causes flow.

d
Il.  If the strain no longer changes, 7}; =0, then the stress relaxes from its

maximum value 7, according to:
~Gt, —t,
T=14€ 7 = Toe /% (2.20)

from which the relaxation time A is clearly the time taken for the stress

to fall to 1/e = 36.8% of its initial value.

lll. If the stress is removed, so that 7 = 0, there will be some recoil or

elasticity.

Equation (2.19) is a first-order linear differential equation that can be solved to yield

an expression for the shear-stress 7 :

()= [ [g e*"")/"}i’(t’) dt (2.21)

The stress in the fluid is a function not only of the strain rate at the current
time ¢ but also of the strain rate at previous times, designated by¢'. The term in
brackets is the_relaxation modulus G, which weights the effect of the strain rate at
previous times less thant. Note that the relaxation modulus equals unity when ¢ =t¢
and is equal to zero whent =o0. Consequently, the fluid has a “memory” of past

deformations, which decays exponentially with time.
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The shear-stress can also be written in terms of the difference [y(t)—}/(t')]

between the strains at times ¢ and¢':

T(t)=_j;|:—;7—ze_('_")/ﬂ}[7(t)— ()]t 222

The quantity in brackets is the memory function, which describes the effect of

strain prehistory on the stress.
ther Constitutive Equation for vi ic flui
From the principle of the Maxwell model, many constitutive equations have
been proposed for polymeric fluids, and many have been discarded. A few of them

survived and are currently receiving attention. Some of more accurate constitutive

equations are shown as the following;
The Oldroyd 8-Constant Model or The upper-convected Maxwell (UCM) model

This model proposed by James G. Oldroyd (1958). It is an empirical expression
that is linear in the stress tensor, but contains all allowable terms quadratic in-velocity
gradients and all atlowable products of stresses and velocity gradients. Since it can
give qualitatively correct results in a wide variety of flow situations, it has been popular

for developing the numerical techniques for non-Newtonian fluid dynamics.
The Giesekus Model

Giesekus (1982), using molecular ideas, developed a three-constant (1,4, ,&)
model that is nonlinear in the stresses. This model has gained prominence because it
describes the power-law regions for viscosity and normal-stress coefficients; it also

gives a reasonable description of the elongational viscosity and the complex viscosity.
The Phan-Thien-Tanner Model

The four-constant model of Phan-Thien & Tanner (1977) and Phan-Thien (1978)
was derived from a network theory for polymer melts and is also nonlinear in the

stresses.

The FENE (Finitely-Extensible-Nonlinear-Elastic) Dumbbell Model

76532
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2.3 Newtonian Fluid and non - Newtonian Fluid

Nowadays, many types of fluid were used in the manufacturing of many
industries. The rheology of them are characterized by theirs flow curve, which
represents the relationship between shear stress and shear rate. The ratio of shear

stress to shear rate is the fluid apparent viscosity, as shown in Figure 2.5.

A Newtonian fluid is characterized by a linear flow curve which passes through
the origin. The viscosity of such a fluid is constant and independent of shear rate.

Examples of Newtonian behavior include water, air, and most aqueous solution etc.

A non- Newtonian fluid is a fluid whose flow curve is non-linear or/and does not
pass through the origin. The apparent viscosity of such a fluid depends on the shear
rate, which is variable in shear flow. More complex non-Newtonian fluids have an
apparent viscosity which depends on the duration of shearing and the kinematic history
of the fluid, and are described as time dependent. The behavior of a non-Newtonian
fluid can be related to the behavior of a hypothetical Newtonian fluid using the
concept of effective viscosity, Examples of non-Newtonian behavior include paint,
many polymer solution, molten polymer, many solid suspensions, blood, and most

highly viscous fluids etc.

Herschel-Bulkley, Bingham

Shear-thinning

Shear stress

Newtonian

Shear-thickening

| | 1 1

Shear rate

Figure 2.5 Flow curves for Newtonian and non-Newtonian fluids [6].
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2.3.1 Newtonian Fluid

Newtonian fluid is any fluid which their viscosity remains constant regardless of
velocity of the flow or any external stress that is placed upon it, such as mixing or a
sudden application of force. Another way to describe these fluids is that they have a
linear relationship between viscosity and shear stress. Regardless of the shear stress

applied to these fluids, the coefficient of viscosity will not change.

Newtonian fluids are named after Isaac Newton, who first derived the relation
between the rate of shear strain rate and shear stress for such fluids in differential
form. They are the simplest mathematical models of fluids that account for viscosity.
While no real fluid fits the definition perfectly, many common liquids and gases, such
as water, vegetable oils, milk, and air, can be assumed to be Newtonian for practical

calculations under ordinary conditions.

ft is possible to change the viscosity of a Newtonian fluid, if it is exposed to
different temperatures or pressures instead of external applications of force. Many
fluids become thicker as they are cooled, for example, Compressible liquids will tend
to become thicker under pressure, while incompressible liquids exhibit a negligible
change under the same circumstances. These fluids can also change in density when
exposed to extreme temperatures, which can lead to an increase or decrease in
viscosity. A fluid that has changed viscosity through one of these methods will still

show a linear relationship between viscosity and shear stress.
2.3.2 Non-Newtonian Fluid

A non-Newtonian fluid is a fluid whose flow properties differ in any way from
those of Newtonian fluids. Most commonly the viscosity of non-Newtonian fluid is
variable based on applied stress. In a non-Newtonian fluid, the relation between the
shear stress and the shear rate is different and can even be time-dependent. The flow
curve of non — Newtonian fluid is either non-linear, or does pass through the origin, or

both.
Non-Newtonian fluids can be classified into 3 classes by their behavior;

1) Time - independent viscosity
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Fluids which the rate of shear at any point is determined only by
the value of the shear stress at that point; these fluids are
variously known as “time independent”, “purely viscous”,
“inelastic”, or “Generalized Newtonian Fluids” (GNF).

2) Time - dependent viscosity
More complex fluids for which the relation between shear stress
and shear rate depends, in addition, on the duration of shearing
and their kinematic history; they are called “time-dependent
fluids”.

3) Viscoelastic
Substances exhibiting characteristics of both ideal fluids and
elastic solids and showing partial elastic recovery, after

deformation; these are characterized as “viscoelastic” fluids.

Types of non-Newtonian behavior are depicted in Figure 2.6 and the summary

Time Independent l

Shear Thinning

are show in table 2.1

(Pseudoplastic)

Non — Newtonian Shear Thickening

Fluid

(Dilatant)

Viscoplastic '

Time dependent I
Thixotropic l
Rheopectic | I
Viscoelastic I |

Figure 2.6 Types of non-Newtonian behavior.
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2.4 Laminar Flow

Laminar or Streamline Flow, is a well-ordered flow and is characterized by the
smooth sliding of thin fluid layers (or lamina), which these layer can be curved or
straight depending on the flow of the fluid, over one another. There are no cross

currents perpendicular to the direction of flow, nor eddies or swirls of fluids.

When a fluid is flowing through a closed channel such as a pipe or between two
flat plates, either of two types of flow may occur depending on the velocity of the
fluid: laminar flow or turbulent flow. Laminar flow tends to occur at lower velocities,
in contract to turbulent flow, in which the fluid is a less orderly flow regime that is
characterized by eddies or small vortices which induce to the lateral mixing [11]. In
nonscientific terms laminar flow is "smooth", while turbulent flow is "rough" as show in

Figure 2.8.

(a)

"‘.
-
>

(b)

Figure 2.8 The type of fluid flow; (a) Laminar flow and (b) turbulent flow [12].

The type of fluid flow is very important in fluid dynamics problems and it can be
characterized by the dimensionless Reynolds number. The Reynolds number (Re) is
an important parameter to describe the flow conditions lead to laminar or turbulent
flow. The Reynolds number delimiting laminar and turbulent flow depends on the
particular flow geometry, and moreover, the transition from laminar flow to turbulence
can be sensitive to disturbance levels and imperfections present in a given

configuration.

When the Reynolds number is much less than 1, creeping motion or Stokes flow

occurs. This is an extreme case of laminar flow where viscous (friction) effects are much



24

greater than inertial forces. In creeping flow the nonlinear momentum terms are

unimportant, and the Navier-Stokes equation can be linearized.

Laminar flow is common only in cases in which the flow channel is relatively
small, the fluid is moving slowly, and its viscosity is relatively high such as oil flow
through a thin tube or blood flow through capillaries is laminar. Most other kinds of
fluid flow are turbulent except near solid boundaries, where the flow is often laminar,
especially in a thin layer just adjacent to the surface. For example, the flow of air over
an aircraft wing. The boundary layer is a very thin sheet of air lying over the surface of
the wing (and all other surfaces of the aircraft). Because of air’s viscosity, the layer of
air tends to attach to the wing. As the wing moves forward through the air, the
boundary layer at first flows smoothly over the streamlined shape of the airfoil. At this
region, the flow is called laminar and their boundary layer is also called laminar

boundary layer.

2.5 Secondary Flow
2.5.1 Definition of Secondary Flow

For three ~ dimensional flow flied, the flow is often regarded as comprising two
components, a primary flow and a secondary flow. Secondary flow is a name for time
- mean flow motion which embedded in a primary flow. There are many variants of
this phenomena. Some judgment is needed in distinguishing two elements. Firstly,
the secondary flow velocities are considerably smaller than those of the basic motion.
Secondly, when the primary motion is parallel to a wall or to a uniform free stream,
secondary element is taken to be the cross-channel or cross-stream component of the

mean flow [13].
252 Types of Secondary Flows [13]

Type 1 - the cross-channel component of a fully developed flow in a channel
with parallel walls: This type of secondary flow develops when the direct mixing
stresses in the cross-section are not self - equilibrating, and is of special interest
because it derives directly from turbulent activity. Form cross-sectional velocity
contour, the variation of velocities over the core of a turbulent flow is proportionally

smaller than that for laminar flow in the same channel. This effect is accentuated
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by secondary flows, which act to extend the core into the angles of the section.
Consequently, for a channel section whose corners are not too shape, the wall layer

and shear stress are fairly uniform around much of the perimeter.

Other kinds of secondary flow, which can occur in the absence of turbulence or

interact with turbulence when it is present, are distinguished as the following;

Type 2 - the flow in the cross — section of a curved channel inwards near the
wall, and outwards in the core: In the wall layer, the radial pressure gradient imposed
by the high - velocity core is not adequately balance by the local centripetal
acceleration. The explanation applies in general terms to secondary flow of Type 1 as
well: The direct mixing — stress components generate small cross — channel pressure

gradients which can be balance only by a cross — channel of the mean flow.

Type 3 - a component normal to the outer flow in a boundary layer exposed
to a pressure gradient which is not parallel to the free stream: Such skewed layers
are found near the tips of wing, on swept wing, on the blades of turbomachinery, and
at the bottom of a stirred cup of tea, where they are revealed by the motion of the

tea leaves.

Type 4 — a boundary layer whose fluid is distorted as the primary flow moves
around an obstruction: The vortex lines are stretched by the distortion, and
concentrated vortices trail downstream. Complex separating and reattaching flows will
be found in the wake and also just ahead of the obstruction. Such flows will occur in
the roughness layer near a rough wall, the vortex system around an isolated element

taking the form of a househoe vortex wrapped around the protrusion.

Type 5 - the response of a rotating, stratified or electrically conducting fluid
when the primary flow is disturbed by an immersed body, by extraction or addition

of fluid, or by a change in the rotational speed of a solid boundary.

Type 6: a steady second - order flow associated with a periodic basic flow.
Examples are the mean forwards drift associated with waves at the surface of liquid,

and the ‘acoustic streaming’ generated by a body oscillating in air.
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xamples of Secondary Flow

a) Tropical cyclones

b) Wind near ground level

c) Tornadoes and dust devils

d) Circular flow in a bowl or cup or Tea leaf paradox
e) River bends

f) Turbomachinery

2.6 Literature Review

Nowadays,.a wide range of industries were constructed, many types of fluid, form
simple to complex fluid, were used in their processes. Because of the difference in the
nature of each fluid, their flow motions are significantly dissimilar especially the flow
motion by the complex fluid which are characterized by diverse and often deviations
from simple Newtonian behavior. Certainly, in the process industries Newtonian fluids
are often the exception rather than the rule. Non-Newtonian fluids are encountered
in a vast range of industrial applications, including most multi-phase mixtures (e.g.
emulsions, suspensions, foams/froths, dispersions), high molecular weight systems and
their solutions (e.g. polymers, proteins, gums), foods, pharmaceuticals, personal care
products, agricultural chemicals, synthetic propellants, and slurry fuels. Understanding
in their phenomenon is the better way to archive the goal of any engineering
exclusively the enigmatic flow which cannot be observe by visual or measure like the

secondary flow.

2.6.1 Secondary Flow Appearance in Viscoelastic Fluid and the Effect of

Viscoelastic Fluid Parameter on Secondary Flow

Xue et al. [1] used numerical technique to study secondary flows of viscoelastic
fluid in straight pipes by an implicit finite volume method based on the SIMPLEST
algorithm. The results revealed that the numerical results confirm the theoretical
analysis about the existence of secondary flows, and clearly indicate the existence of
two counter-rotating vortices in each quadrant of the pipe for all cases, and, with the
aspect ratio departing from 1, there is a tendency for the vortex near the long wall to

gradually expand and to move to the short wall forcing the vortex near the short wall
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to disappear. It is also found that the material parameters have essentially no influence

on the pattern of secondary flows, but they strongly affect their strength.

Letelier and Siginer [2] presented the numerical results of the unsteady flow for
the Green-Rivlin fluids in arbitrary cross-section straight tubes driven by a pulsating
pressure gradient. The results shown that the strength of secondary flows was
depended on the values of the physical parameters (&, and n which the parameter
g is intrinsically small, its maximum allowable value decreasing as n increases)
associated to each constitutive fluid model. These conditions are replicated in like
analysis of other viscoelastic fluids, such as those described by the Phan-Thien~Tanner

model, especially for steady flow in non-circular pipes.

Yue et al. [14] studied the mechanism for the secondary flow and developed a
general criterion on their direction based on the fluid rheology and the cross-sectional

geometry of the pipe. The two main results found that

1. The secondary recirculation was driven by the curl of an effective body force
arising from the second normal stress difference (N, ). For this body force to
be non-conservative, two conditions have to be satisfied: the rheology must
be such that the second normal stress coefficient is not a constant multiple
of the shear viscosity, and the cross-section geometry is not axisymmetric.

2. Ageneral criterion on the direction of the secondary flow, based on the ratio

between the second normal stress coefficient and the shear viscosity.

Norouzi et al. [15] investigated the inertial and creeping flow of a second-order
fluid in a curved duct with a square cross-section and discussed the opposing effects
of the first and second normal stress differences. The results revealed that the stability
and the intensity of secondary flows was depend on the elastic property of viscoelastic
fluid. An increase in the first normal stress difference results in strengthening of the
intensity of secondary flows, whereas an increase in the negative second normal
difference has the opposite effect. In addition, an increase in the first normal stress
difference caused to shift the position of the maximum value of axial velocity to the
outer wall, whereas the negative second normal stress difference had the opposite

effect.
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2.6.2 The Behavior of Newtonian Fluid through Curved Rectangular Micro -

channels

Chu at al. [16] investigated the behavior of water through curved rectangular
microchannels with different aspect ratios and curvature radii for Reynolds numbers
ranging from 10 to 600 by using experimentally-obtained data and numerically-
obtained simulation using CFD methodology. The results found that the flow motion
in all of experiments are good agreement with the simulation and the predicted by
the macro-scale flow theory. The main flow velocity of the inner part of the curved
microchannel was lower compared with that of the outer part. However, the velocity
distributions of the curved microchannel, which their aspect ratios close to straight
were not significantly different from the parabolic profiles of a conventional straight

channel flow over the range of De numbers from 2 to 60.

2.6.3 Numerical Methodology based on the Split-Stress Tensor Approach and
A New Tool for CFD Simulation of Viscoelastic Fluids

Faveroa et al. [17] presented a new numerical methodology based on the split-
stress tensor and the concept of equilibrium stress tensor to treat high Weissenberg
number problems using any differential constitutive equations and a new tool for CFD

simulation of viscoelastic fluids, the viscoelasticFluidFoam solver.

An extensive testing had shown that a viscoelastic flow solver assembled in this
manner works in a stable and efficient manner. Mesh convergence analysis and
comparison of the predictions of the viscoelasticFluidFoam solver with the numeric
results of Azaiez et al. [18] and the experimental data obtained by Quinzani et al. [19]
showed the consistency of the developed tool. Several different constitutive models
was tested and the results are in agreement with literature data, confirming that the

adopted methodology was successful.



CHAPTER lli

SIMULATION

This chapter contains a brief description of the simulation procedure.

Simulation works would be separated into four parts; which are

1) Software used

2) Model setup,

3) Investigation of grid independent solutions, and
4) Validation of the model

3.1 Software Used

Three-dimensional simulations were set up and executed using the software

OpenFOAM® and ParaView;,
3.1.1 OpenFOAM®

The OpenFOAM® (Open Field Operation and Manipulation) CFD Toolbox is a free,
open-source CFD software package which developed by OpenCFD Ltd. at ESI Group
and distributed by the OpenFOAM Foundation. OpenFOAM has an extensive range of
features to solve anything from complex fluid flows involving chemical reactions,
turbulence and heat transfer, to solid dynamics and electromagnetics. The core of
OpenFOAM is a C++ toolbox that enables the creation of customized numerical
solvers. The distribution also contains a wide selection of solvers designed to solve

specific problems.
3.1.2 ParaView

This is the main post-processing software distributed with OpenFOAM®. It is an
open-source data analysis and visualization tool and it can either be invoked by using
paraFoam wrapper script or by converting the data to VTK format and open with
ParaView. Data processing can be done either interactively in a 3D environment or

using command line batch processing
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CHAPTER V

CONCLUSIONS AND RECOMMENDATION

5.1 Conclusions

The secondary flow in various shape conduits and flow conditions was
investigated by using a CFD program, OpenFOAM®. The study focused on the
appearance of secondary flows and their mechanism. The flow domains were
symmetric three — Dimensional model which the symmetry boundary condition to
reduce a number of mesh and computational effort in problem. Fluids were
considered to be isothermal and incompressible. The fluid motion was considered to
be laminar flow. The Giesekus constitutive equation was applied to simulate the flow
motion of viscoelastic fluid. Mesh generation of all models was generated with mesh
size of the initial mash size multiply by 1.5. The velocity profile for both fluid type

were in good agreement with the theory and the previous simulated data [17].

The main contribution of this study can be concluded into three main parts:

1) Non - axisymmetric shape conduits including triangle, square, and hexagon
and all of curved conduits give a higher value of secondary flows strength
in both of two fluid types because of an increase of the unbalance direct
stresses, especially, the unbalance from the presence of pressure gradient

when conduits were bended.

2) The secondary flow strength is proportional to an increase of inlet velocity
of both fluid types. For Newtonian fluid, this increase also causes the
induction of cross —stream velocity to the center of the conduit. In contrast
with viscoelastic fluid which causes the induction to the corner of the

conduit instead.

3) Additional stress tensor in viscoelastic fluid affects transverse flow field

stronger than the axial flow field.
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5.2 Recommendation

1) Use full model instead of half model geometry to observe the more realistic

results.

2) Use multi-mode instant of single mode of constitutive equation for

viscoelastic fluid to get the better and more accurate results.
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