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Abstract

The gas-solid separator devices are used in modern industries for a variety of reasons. In

some instances, they are used to recover the solid particles as a product, such as those used

in the food industry. In other cases, the interest is in separating the particles to purify the

gaseous phase. Since the first invention of the cyclone device, a large number of researches

and investigations have been reported in the literature. These studies have focused mainly

on the flow pattern as well as the performance of the cyclone in terms of collection efficiency

and pressure drop. Due to the exponential growth of computing power over the last decade,

most researches have tended to study the flow in cyclones and predict the performance pa-

rameters by means of computational Fluid Dynamics (CFD). This alternative approach has

been proven to be a convenient tool for studying the performance of the cyclone rather than

expensive experimental studies.

The vast majority of numerical studies that have been conducted to investigate the flow

within cyclones were performed using either Large Eddy Simulation (LES) or the Reynolds

Stress Model (RSM). Although these approaches have demonstrated a high capability to

deal with swirling flows, these techniques are often impractical for complex design stud-

ies, where computational speed and robustness are the key factors. For this reason, recent

studies have tended to focus on eddy-viscosity models that are sensitized to rotational and

curvature effects.

The objective of this thesis is fourfold. (1) To implement of the new sensitization of

EVMs to rotation and curvature developed by Spalart and Shur and that developed by



iv

Smirnov and Menter; (2) to simplify the rotation correction function further and apply it

in the standard SST model developed by Menter; (3) to validate the simplified version of the

SST model for a simple 2D case of a duct with a u-turn and an axisymmetric rotating-Lid in

a confined cylinder; (4) and to apply the modified version of the sensitized EVMs to predict

the swirling flow in the cyclone.

The CFD model of the cyclone is compared with the results of Hoekstra et al. whose

study was concerned about the flow field and performance parameter of the cyclone sepa-

rators. In his study, the geometry of the cyclone is based on the Stairmand high-efficiency

cyclone whose design is widely quoted in the literature. The proposed model shows the

ability to capture the inverted W pattern of the axial velocity profile as well as the tangential

component of the velocity. As the OpenFoam code is based on an explicit solver algorithm,

both the time step selection and the orthogonality of the mesh should be treated with great

care in order to obtain the proper results.

The results showed that the cyclone flow simulation based on the semi-structured grid

type is more efficient in terms of computational time and capacity. This is due to the high

non-orthogonal faces which are produced when using the structured grid. However, the

predictions of the flow pattern inside the conical section showed that the structured grid is

more accurate. In addition to that, the numerical discretization schemes of the convection

terms play a crucial role in the accuracy of the numerical results. The second order upwind

scheme, which is known as Linear Upwind (LU), is the only one that predicts the tangential

velocity profile with a high degree accuracy. The other schemes show incapability to repre-

sent both the Rankine vortex structure near the cyclone wall, and inverted W pattern of the

axial velocity.
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Chapter 1

Introduction to Separator Devices

1.1 Introduction and Overview

The gas-solid separator devices are used in modern industries for a variety of reasons. In

some instance, they are used to recover the solid particles as a product, such as those used

in food industry. In other cases, the interest is in separating the particles in order to purify

the gaseous phase. The types of dust collectors can be classified into four main principle

categories. They include the inertial separators, fabric collectors, wet scrubbers and elec-

trostatic precipitators. The particle size is the main character that determines which dust

collector type should be selected. For instance, if the particles’ size is extremely small, i.e.

in the range of 10−2 micron to one micron, the suitable collector device is electrostatic pre-

cipitators, whereas the cyclone separator, which is of our main interest, is used if the particle

size varies from one micron to 103 micron. Figure 1.1 shows the classification of the most

famous types of dust collector devices according to the range of the particles size. The fol-

lowing sections discuss briefly the settling chambers, the wet scrubbers and the electrostatic

precipitators. The cyclone separator, which is the main subject of this thesis, is discussed in

more details.
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Fig. 1.1 Classification of dust collectors according to particle size.

1.2 Gravity Settling Chambers

Gravity Settling Chambers are the oldest and the simplest type of all the dust collectors. In

general, settling chambers are built as a large horizontal box, which consists of hoppers at

the bottom of the box with one inlet and one outlet at the top as shown in Figure 1.2. The

function of the hoppers is to keep the removed particles trapped inside and then discharged

outside the system. The purpose of the chambers is to reduce the flow velocity by increasing

the size of the duct or vessel cross section which is located in front of the inlet. As a result

of the low velocity, the particles fall down into the hoppers by the effect of the gravitational

force.

The settling chambers are used widely in heavy industry and are limited to remove parti-

cles of diameter larger than 43 micrometers. Therefore, they are usually used as pre-cleaner

devices to remove the larger particles before the gas stream flows through a more efficient

dust collector device. The efficiency of the gravity settling chamber differs according to

the flow regime. For example, in case of the laminar flow, the particles are distributed uni-

formly, and thus the vertical mixing between particles does not exist. For this flow regime

efficiency of the settling chamber is given by:

η =
υtL
uH

(1.1)
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Where the u is the gas velocity, and L is the length of the parallel plates, H is the distance

that separates the mean gas flow from the chambers. The particle’s setting velocity υt is

given by:

υt = (
ρpgD2

p

18µ
) (1.2)

W

L
H

Flow in Flow out

Dust hopper collectors

Fig. 1.2 Basic configuration of the gravity settling chambers.

Where g is the gravitational acceleration, ρp and D are the density and the diameter of

the particle, respectively. The other flow regime is the turbulent flow, where the distribution

of the particles are enhanced by the flow motion. In this case, the streamlines of the particles

are not uniform. For this flow regime, the collection efficiency is given by:

η = 1− exp(−
LWρpD2

p

18µQ
) (1.3)

Where Q is the flow volumetric rate of the stream through the chamber and given by Q =

uHW , and W is the width of the chamber.

Advantages

• Low capital and running cost.

• Absence of moving parts.

• low maintenance cost.

• Low pressure drop.
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Disadvantages

• The collection efficiency is relatively low.

• Large physical size.

For further information on the basic principle of the gravity settling chambers, the interested

reader can be referred to Green [56] and Flagan et al. [44].

1.3 Wet Scrubbers

Wet collectors or wet scrubbers utilise water wash to the dirty gas flow. The collision be-

tween the dust particles and the water droplets results into adequate wetted particles. There-

fore, the particles gain weight, and become heavier. The wetted particles are then discharged

with the disposal water. Wet scrubbers are grouped into three basic types, namely; gas hu-

midification, gas liquid contact and gas liquid separation.

clean


gas out


dirty gas in


water out


water


sprays


mist eleminator


Fig. 1.3 Basic design of the wet scrubber.
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Advantages

• No secondary dust sources.

• Relatively small space requirements.

• Ability to collect gases as well as particulates.

• Low capital cost.

Disadvantages

• Corrosion problems more severe than with dry systems.

• Relatively high maintenance costs.

• Product collected wet.

1.4 Electrostatic Precipitators

The electrostatic precipitator is a highly efficient device that removes particles and smokes

from a carrier gas by using electrostatic charge. The efficiency of the device arises from the

minimum use of the energy applied to filter and it separates the particles from the gas. In

electrostatic precipitators, the energy is applied only to the particles. Other dust collector

devices apply energy to the flowing gas and particles. Hence, the electrostatic precipitator

is very efficient in terms of energy consumption.

The working principle of the electrostatic precipitator is illustrated in Figure. 1.4. The

gas containing particles passes through a metal rod that is charged to a very high negative

voltage. The particles pick up the negative charge. As the flow moves toward the exit, there

are two highly positive charged plates at the sides of the pipe. The function of these positive

charged plates is to attract the negatively charged particles. The collecting process ends

up by shaking the two plates so that the particles fall off the charged plates down into the

containers.



1.5 Cyclone Separator 6

+
 +


-


gas containig


particles


gas without


particles


negative charge


rod


positive charge


collecting plate


uncharged partilces


-ve partilces


collected particles


Fig. 1.4 Basic configuration of the electrostatic precipitator.

1.5 Cyclone Separator

The cyclone separator is a fixed and stationary mechanical device that separates the solid

particles from a carrier gas stream by employing a centrifugal force. Figure. 1.5 demon-

strates the basic configuration of the cyclone body, which consists of four main parts: the

tangential inlet, the vortex finder (the gas outlet tube), the cylindrical section (also known

as cyclone body) and the conical section. In some cyclone configuration, a hopper section

is attached as an additional part to collect the discharged solid particles. The geometry of

each basic part is a function of the cyclone body diameter. For instance, the most common

types of the cyclone are the high efficiency Stairmand cyclone design and the Lapple cy-

clone (see Table 1.1). Each part has a relative influence on the flow within the cyclone and

its performance.

Table 1.1 Geometry of the most common cyclone design.
cyclone type a/D b/D Dx/D S/D h/D H/D Bc/D
Stairmand cyclone 0.5 0.2 0.5 0.5 1.5 4.0 0.375
Lapple cyclone 0.5 0.25 0.5 0.625 2.0 4.0 0.25

The tangential inlet at the top of the device plays a crucial role on the mechanism and

the working principle of the cyclone. The tangential inlet causes the flow to descend in a

spiral motion and generates centrifugal force. The centrifugal force deposits the solid parti-
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Fig. 1.5 Basic configuration and geometry of the cyclone separator.

cles onto the cyclone body wall and spiral down with the descending flow. At the end of the

conical part of the cyclone, the solid particles can either be trapped in a hopper section or

discharged out from an apex exit. The gas phase reverses, ascends axially in a spiral motion

at the core of the cyclone and exit from the upper exit pipe. The purpose of the conical

section is to ensure that the smaller and finer particles are concentrated at the inner wall.

The rotational radius reduces and narrows as the gas stream moves down.

The cyclone separator is used widely in many (heavy or light) industrial applications.

The widespread use of the cyclone separators is due to several factors. For example, the

absence of any moving parts, the low maintenance cost, the low running cost as well as the

simple geometry.

During the last century, large number of researches and investigations has been done

on the design and the performance of cyclones. These studies vary between experimental,
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theoretical and computational approach. For instance, in 1952, Kelsall reported a detailed

experimental study of the flow pattern and the velocity profile within the cyclones. These

experimental results have been used later to test theoretical studies. Between 1960s and

1980s, some of the leading theoretical studies have been introduced to describe velocity

distribution alongside with separation efficiency and how it is influenced by some physical

quantities. For example, pressure drop, cyclone geometry, particle characteristics and the

flow rate. A literature on these different approach studies is presented in chapter (2).

1.6 Scope and Motivation

Recent publications had studied the influence of cyclone separator geometry on the struc-

ture of the flow patterns within it. Although, these patterns are not yet fully understood, the

basic features of the flow is well known. The recent publications are based on the CFD cal-

culation, which has proven as an effective tool to predict the flow behavior, and at the same

time to estimate the performance parameters. The Reynolds Stress Model (RSM) and the

Large Eddy Simulation (LES) are the commonly used approaches to simulation flow within

cyclone separators. The popularity of these approaches is due to their ability to predict the

flow behavior of anisotropic turbulence nature.

It is well known that the conventional Eddy Viscosity Models (EVMs) are developed

based on the Boussinesq hypothesis, which assumes the turbulent viscosity as an isotropic

scalar. Consequently, accurate prediction of the flow within cyclones is considered as a

formidable task for the EVMs. This is unfortunate, as the robustness and computational

cost of the EVMs are superior to RSM as well as the LES. In spite the exponential growth

of computing power over the last decade, the LES and the RSM are still impracticable for

complex and large applications. Therefore, the challenge and the motivation of this work

is to modify the EVM in order to cope with the streamline curvature and the swirling flow

behavior.
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1.7 Aims and Objectives

The main objectives of the study described in this thesis are as follows:

• Implementation of the new sensitization of EVMs to rotation and curvature developed

by Spalart–Shur and that developed by Smirnov and Menter.

• Simplify the rotation correction function further and apply it in the SST model devel-

oped by Smirnov and Menter.

• Validate the proposed model by performing an axisymmetric 2D simulation of a flow

in a confined cylinder with a rotating led. Then, different numerical discretization

schemes are tested to examine the accuracy and stability of the numerical computa-

tions. The purpose of this case study is to manifest the ability of the model to capture

the swirling flow behaviour.

• The model is validated and compared with other models in a simple benchmark prob-

lem of a flow in a channel with a U-duct.

• Apply all the versions of the sensitized EVMs to predict the swirling flow in cyclone.
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1.8 Thesis Outline

The outline of the thesis is as follows. A brief review of previous studies on cyclone

was given in chapter 2. This includes theoretical, experimental and computational studies.

Chapter 3, describes the governing equations and the turbulence modeling that is based on

Reynolds decomposition of the Navier-Stokes equations. These are followed by a detailed

description of the finite volume discretisation used to approximate the governing equations.

Chapter 5 gives a brief introduction to the swirling flow inside cyclones. Physical and ana-

lytical description of the vortex pattern is revisited. An explanation of the numerical imple-

mentation of the proposed approach is given in chapter 6. The results of the computational

work are presented in chapter 7. First, a u-duct problem is utilized for verification and vali-

dation studies. Then, a Stairmand cyclone model is numerically investigated to demonstrate

the capabilities of the proposed formulation in a swirling flow regime. The conclusion is

drawn in Chapter 8.



Chapter 2

Review of Previous Studies on Cyclone

The first invention of the gas cyclone (which was known as a dust-collector) was granted to

John M. Finch back in 1885 [42]. Since then, there have been many researches and inves-

tigations on the design as well as the performance of the cyclone separators. Even though

there are no significant changes in the basic shape and the function of the cyclone, there

were some leading attempts aimed at increasing the performance of the device by manip-

ulating some geometrical parameters. For instance, Fig. 2.1 shows the historical trend of

the cyclone separator design, starting from the most simple design of low efficiency with no

vortex finder, ending with various high efficient designs [48].

The most common geometrical parameters that had been changed over the years include

total height, cylinder (barrel) height and cone height (See Table. 2.1). These parameters

are the basic configuration of cyclone, which have remained almost unchanged over the

years. The size of each parameter has some relative influence on the performance of the

device. This fact has led to the emergence of different cyclone designs, each of these de-

signs has different performance specifications. Further information about the relationship

between the cyclone geometry and the performance can be found in the optimisation study

of Elsayed [36].
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Fig. 2.1 Historical pattern of the cyclone separator design.

Table 2.1 Height of the most common cyclone design.
Author (date) Height/Diameter

Efficiency Cylinder Cone Total hight
Prockat (1929) Low 1 1 2
Shepherd & Lapple (1939) High 2 2 4
ter Linden (1949) High 1 2 3
Stairmand (1951) High 1.5 2.5 4
Peterson & Whitpy (1965) High 1.33 1.84 3.17
Swift (1969) High 1.4 2.5 3.9
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2.1 Theoretical Studies

Since the first invention of the cyclone device, several approaches and theoretical models

have been developed for the calculation and the estimation of the flow pattern within the

cyclone and the performance parameters, precisely, the pressure drop and the collection

efficiency [2]. The pioneer works of Eugen Feifel, which extended for more than 12 years,

had a major impact on the understanding of the flow behavior and the particle motion within

the cyclone [67]. Whereas, the most leading studies that focus on the flow pattern and

its implications was carried out in 1939 by Shephered and Lapple [113]. They reported

that the flow within the cyclone can be classified into two different flow regimes, an outer

downward spiral flow and an inner upward spiral flow with higher velocity and smaller

diameter. Ten years later, ter Linden [124] investigated experimentally the influence of the

cyclone principle dimensions on its performance. Many other researchers proposed different

theoretical models. For example, the most resent approaches, including but not limited

to, Bose el al. [14], Zhao et al. [139, 140], Elsayed et al. [38] and Karagoz et al. [6, 75].

Guessing the separation efficiency of cyclones implicates the prediction about the behaviour

of particles in the separation space. For this purpose, it is very important to understand the

velocity distribution of the gas inside cyclones. Some researchers have concentrated on flow

pattern as well as separation efficiency while proposing models of cyclones, whereas many

have focused only either on flow pattern or on separation efficiency.

2.2 Experimental Studies

The design of cyclone has remained mainly unchanged for almost a century. For the ex-

perimental researches, generally, two types of cyclone designs has been used, namely the

straight-through cyclone and conventional reverse flow cyclone. As comrade to straight-

through cyclone, the most frequently used cyclone is the reverse flow type. The main objec-

tives of these experimental studies were to calculate the performance and/or obtain the flow

pattern inside the cyclone. The vast majority of these experiments used one of the following

methods: either the particle image velocimetry method (PIV) or the laser doppler anemom-
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etry method (LDA). Some of these studies were applied on a specific cyclone model and

aimed to measure the pressure drop and the collection efficiency without referring to the

flow pattern. For example, Dirgo and Leith experimentally tested the performance of Stair-

mand high-efficiency cyclone by measuring the collection efficiency and the pressure drop

over a range of air flows [31]. The results were compared with some theoretical predictions,

and it was found that a modified version of Barth’s theory and the Leith-Licht theory were

closest to experimental results.

The LDA method was adapted by several studies. For example, the most recent studies

are those of Hokestra et al. [64], Gorton et al. [55], Obermair et al. obermair2003 and Solero

and Coghe [117]. The experimental work of Hokestra targeted a reverse-flow gas cyclone

to investigate the ability of different Computational Fluid Dynamics (CFD) approaches to

predict the cyclone flow field. By comparing the CFD results with the LDA measurements,

Hokestra supported the notion that the Eddy Viscosity Models (EVMs) are not capable to

capture the swirling flow inside cyclones. Shortly after that, Gorton investigate the flow

field of both the gas phase and the solid-particles.

2.3 Numerical Studies

Computational Fluid Dynamics (CFD) is one of the most powerful techniques used to solve

a vast array of fluid flow problems. The recent evolution in computer technology has re-

sulted in more effective performance and high capacity computers. This evolution has a

tremendous impact on the CFD community towards the calculation of complicated flow

fields with a relative ease. By means of CFD, the fluid flow and the related physical phe-

nomena can be described by a set of partial differential equations, which is very difficult to

solve analytically. These equations can be solved numerically by utilising a discretisation

method which approximates the differential equations by a system of algebraic equations,

and then can be solved computationally. A more general introduction to the basics and prin-

ciple of the CFD technique is given by Anderson [4] and Ferziger [41].
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One of the earliest attempts to model the gas flow and the particle motion occurring

in cyclone separators with the aid of the CFD technique was carried out by Boysan in

1982 [16]. In order to reduce the computational effort which arises from the complex flow

feature in cyclones, the gas flow fields was solved in axisymmetric Eulerian framework. In

addition, a closure model was employed to relate the Reynolds stress components to the

time averaged quantities. A remarkable conclusion was provided by Boysan. He found that

the conventional eddy viscosity turbulence model namely (k−ε model) is incapable of cap-

turing the complex features of the highly swirling flow.

In 1989, Bernard et al. adapted the model of Boysan to simulate the flow field and

estimated the pressure drop of Lappel cyclone model when it operates at high tempera-

tures [11]. The algebraic stress model (ASM) was implemented in this study, rather than the

full Reynolds stress turbulence model (RSM). In 1996, Hoffmann et. al compared the model

of Boysan with the (ASM) when they studied the effect of the hopper section attached to dust

outlet on the flow pattern [66]. Similarly, the measurements of Zhou et al.. implemented the

standard (k− ε) model to perform axisymmetric simulations. The obtained pressure drop

and the flow pattern were validated with the Laser Doppler Velocimetry (LDV) data [141].

Other axisymmetric simulation that employed a modified (k− ε) model to predict the flow

pattern in hydrocyclone was implemented by Dyakowski and Williams [35].

The exponential growth of computing power over the last decade allows the researchers

(from academia and industry) to perform a full three dimensional simulation of the cy-

clone separators. For instance, in 1996, Boysan and Griffiths performed a 3D simulation

to study the performance of three types of small cyclone samplers and compared the CFD

results with experimental data [57]. They solved the RANS equations by using the Re-

Normalisation Group (RNG k− ε) model. The CFD results were in a good agreement with

the experimental data.
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Several CFD calculations of cyclone flow published more recently employed the full

RSM turbulence model. For example, Gimbun et al. studied the influence of the tempera-

ture and the inlet velocity on cyclone pressure drop and compared the CFD predictions with

experimental data and with different empirical models [52]. The results showed that RSM is

superior to (RNG k− ε) but with notifiable more computational time. In 2006, Shalaby et.

al performed a comparison study between three different approaches to numerically predict

the flow within cyclones. Again, the study showed that standard (k− ε) model is incapable

to predict the flow phenomena inside cyclones. Also it showed that the Large Eddy Simu-

lation (LES) is more informative and more accurate than RSM, but it requires more CPU

times and higher computer capacity [112]. In a similar way, Gronald et. al examined three

different approaches to simulate turbulent swirling flow in a single phase cyclone. Two ap-

proaches were based on finite volume discretisation namely (RANS and LES) and one LES

approach based on a lattice-Boltzmann discretisation [58]. The RANS approach coupled

with RSM turbulence model performed on a coarse grid and the predictions provided rea-

sonable results with limited computational effort. On the other hand, the LES approaches

are coupled to a standard Smagorinsky subgrid-scale model (SGS) with finer grid resolution

and hence more computational effort. The tangential velocity was excellently predicted by

the LES approaches, while it was underestimated by the RANS approach.

More recent studies put an effort on eddy-viscosity models sensitized to rotational and

curvature effects. Although computationally more expensive approaches: (RSM) and (LES)

have demonstrated good capabilities to deal with such flows, these techniques are very often

impractical for complex design studies where computational speed and robustness are key

factors. These factors are the main focus of this thesis.



Chapter 3

Mathematical Models

3.1 Theoretical Background

Recently, many researches have been conducted to investigate and predict the flow within

the cyclone separator devices. The results of these attempts showed that the turbulence

modeling of the continuous phase flow plays a crucial role in the accuracy of the numerical

solution, which in turn leads to accurate calculation of the cyclone efficiency parameters.

The cyclone separators operate normally at a range of Re = 105 to 106, such a flow is

considered to be fully turbulent. The fundamental physics of the fluid flow is described and

governed mathematically by Navier-Stokes Equation, namely, the continuity equation and

the mass conservation equation. For transient incompressible flow, these equations can be

written as follows;
∂ui

∂xi
= 0 (3.1)

∂ui

∂ t
+

∂uiu j

∂x j
=− 1

ρ

∂ p
∂xi

+
µ

ρ

∂ 2ui

∂x j ∂x j
(3.2)
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3.2 Main Characteristics of Turbulent Flow

The turbulent phenomena is one of the major unsolved problem in classical physics. It exits

in nature from microscopic to macroscopic scales as well as in many industrial devices. For

example, it can be found in the interior of biological cells, the circulatory and respiratory

systems of living creatures, in some mechanical apparatuses, in atmospheres and oceans.

And even its occurrence is somehow old as the universe. According to recent studies, the

present form of the universe is a consequence of the turbulent following the Big Bang [88].

This ubiquity of turbulence urged many intellectuals to try to describe and explain this

phenomenon. The earliest explanation that lid to a close understanding of the turbulent was

the one that introduced by the great philosopher Leonardo da Vinci [27], he said:

"Observe the motion of the surface of the water, which resembles that of hair,

which has two motions, of which one is caused by the weight of the hair, the

other by the direction of the curls; thus the water has eddying motions, one

part of which is due to the principal current, the other to random and reverse

motion."

Fig. 3.1 Leonardo da Vinci’s observation of turbulent flow [27].

Figure 3.1 shows the da Vinci’s sketch to visualize the water flow from a slot and flows

into a pool. This sketch was drawn in the early sixteenth century, and it was the first use of
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visualization technique as a scientific tool to describe turbulent [96]. Also he had described

the structure of the eddies in the turbulent flow in a remarkable words, he wrote:

"The smallest eddies are almost numberless, and large things are rotated only

by large eddies and not by small ones, and small things are turned by small

eddies and large."

Although the observations of da Vinci were very enlightened, they did not give a com-

prehensive definition of turbulence. Since then, many scientists and physicists tried to pro-

vide a clear and thorough definition of turbulence. One of the best known of these is due to

Richardson [107], in 1922 he wrote:

"Big whorls have little whorls, which feed on their velocity; And little whorls

have lesser whorls, And so on to viscosity."

For almost six centuries after the observations of da Vinci, many attempts have been

drafted to offer a precise definition of turbulent flow. None of these definitions could suc-

cessfully anticipate when turbulence will or will not occur under specific flow conditions.

The difficulty of giving a comprehensive and conclusive definition of turbulent flow is due

to the chaotic and irregularity nature of the turbulence itself. However, the fluid dynam-

ics field, as it is known today, is based on the Navier-Stokes equations (3.1) and (3.2). It

is universally believed that the physics of all fluid flows, including turbulence ones, can

be described by these equations. The main dilemma is the Navier-Stokes existence and

smoothness problem. Where for three dimensional system of equations, and at a given

initial conditions, a smooth solutions of Navier-Stokes is not always exist.

In 1883, Osborne Reynolds [104] proposed one of the most groundbreaking report, he

systematically investigated the transition of fluid flow in a pipe from laminar to turbulent.

Figure. 3.2 illustrates the classical experiment that he performed. He first started with a tank

filed with water to a constant height. A tube is attached to oneside of the tank at the bottom.

One end of the tube has a flared entry (Bell mouth intake) to prevent any disturbance when

the fluid passing through the tube. The other downstream end was initially closed by a valve.
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In order to visually observe the nature of the flow, he injected a color dye at the entrance

of the attached tube. The stop valve was gradually opened, thus increasing the velocity

of the fluid and the colored liquid flowed, as shown in Fig. 3.3. He observed that at a

certain velocity, the flow will transient from laminar to turbulent. By doing the experiment

with different fluids in different tubes, the critical velocity varies from fluid to fluid and

also varies according to the tube diameter. Finally, he concluded that the critical velocity

at which the flow transient from laminar to turbulent depends upon the pipe diameter and

the fluid properties (density and viscosity). The profound findings of this experiment led

Dye


Fig. 3.2 The classical experiment of Reynolds.

to identification of a criterion dimensionless number, which is known today as Reynolds

number. This number is defined as the ratio of inertial forces to viscous forces, and denoted

Re:

Re =
ρUL

µ
(3.3)

where ρ and µ are the fluid physical properties, density and viscosity respectively, U is the

inlet velocity and L is the length scale and in this case it is the pipe diameter.

After the work of Reynolds, the flow behavior can be characterized according to the

flow Re number. For example, at a relative low Re (less than 2000), case (a) in Fig. 3.3,

the flow is more likely to behave in a uniform and a smooth manner, which is called a

laminar flow regime. As the Re increases, the flow streamlines start to wave as indicated
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a


b


c


Fig. 3.3 Reynolds observations; a) flow in laminar state, b) early tran-
sitional, c) flow transits to turbulence.
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in Fig. 3.3(b). At this stage Re lies between 2000 and 3200 and the flow is identified as a

transient from laminar to turbulent, but still considered a laminar flow as the streamlines are

clearly identifiable. Figure 3.3(c) shows the fully turbulent regime, where the value of Re

exceeds 3200. At this regime, the flow is extremely chaotic and irregular, and the motion

of fluid particles is not uniform. To relate this number in the Navier-Stokes equations, the

equation (3.2) can be rewritten as follows:

∂ui

∂ t
+

∂uiu j

∂x j
=− 1

ρ

∂ p
∂xi

+
1

Re
∂ 2ui

∂x j ∂x j
(3.4)

for high Re the nonlinear term ∂uiu j
∂x j

will be more dominant, which in turns makes the equa-

tion very difficult to be solved. Finally, the characteristics of turbulent can be summarized

as follows:

• Irregularity

the turbulent by its nature is irregular and complex, not predicted and not easy to

describe.

• Three dimensional

there is always a three dimensional element to the flow regime. Even in the presence

of an apparently strong directional flow, there is always secondary flow mechanisms

in place.

• Diffusivity

there is usually a rapid mixing of momentum, heat and mass.

• Dissipation

kinetic energy of the associated turbulent eddies are readily dissipated into heat under

the influence of fluid viscosity. The energy required to maintain the turbulence itself

therefore comes from the mean flow via the interaction of shear stresses and velocity

gradients.
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3.3 Turbulent Flow Simulation

The fluctuation of the mean velocity gradients in the flow field forms the initial turbu-

lence eddies. These eddies create smaller levels of fluctuations, and hence generate an

even smaller eddies. This process continues to a scale where the eddies size is sufficiently

small and the corresponding velocity gradients are sufficiently large. At this infinite small

scale, turbulence energy is dissipated by the effect of the viscosity (See Fig. 3.4).
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Fig. 3.4 Production and dissipation of turbulence.

In CFD (computational fluid dynamics) three main approaches are developed over the

years to solve and predict the turbulent flows computationally. The first method is the Direct

Numerical Simulation (DNS), where Navier-Stokes equations are directly solved. The sec-

ond method resolves the large eddies and models the smaller ones, which is known as the

Large Eddy Simulation (LES). The LES is less computational demanding than the DNS. The

third approach is based on the Reynolds-averaged Navier-Stokes equations. The Reynolds

stresses obtained from the averaging process (as will be discussed shortly) are modeled by

a constitutive relationship with the mean flow. These three methods will be discussed in

details in the following sections.

Most of the fluid flows found around the glob are turbulent in their nature and are very
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special in the sense that they have special characteristics. These characteristics make the

turbulent flow extremely difficult to be described mathematically; and hence to be solved

in CFD tools. This difficulty arises from several factors. For instance, the turbulent flow is

not one dimensional or two dimensional, as expected in laminar case, rather it is inherently

three dimensional and inherently unsteady. This means that it is highly fluctuating and very

rapid in time. The rapidness fluctuation in time leads to select very small time step ∆t in or-

der to capture these fluctuations. In addition, the rapidness fluctuation in spacial dimension

leads to select a very small grid spacing ∆x to capture and measure these fluctuation.

In the mid-1890s O. Reynolds has proposed a decomposition of the velocity at a particu-

lar point. The primitive variable of interest is decomposed into a time averaged quantity and

an instantaneous quantity. By using the decomposition technique, Reynolds came up with

an averaging approach that is well known in the CFD community as the Reynolds Averaged

Navier-Stokes Equation RANS. The RANS approach well be discussed in the following

section.

3.3.1 Reynolds-Averaged Navier-Stokes Equation

The Reynolds-Averaged Navier-Stokes Equations (RANS) are the time-averaged of the

equations of motion for fluid flow. This set of equations, as O. Reynolds firstly proposed [105],

is nowadays the backbone of many turbulence modeling. To understand the concept of the

RANS approach, let u be the x-component of the velocity and it is a function of time u(t) as

shown in Figure 3.5.

The averaging method decomposes the velocity in the example above into a fluctuating

quantity and a mean value at a fixed point in space. So that the velocity is written as:

u(t) = u+u′(t) (3.5)

where u is the time average quantity which is independent of time, and u′(t) is the fluctuation

quantity. The mean value is averaged over a time span that is large enough to be independent
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Fig. 3.5 Turbulent velocity fluctuation as a function of time.

of time, and presented as follows:

u =
1
T

∫ b

a
u(t)dt (3.6)

Before proceeding, a brief of some properties of averaging notation shall be given:

summation of two time averaged quantities

(u+g) = u+g (3.7)

product of scalar by time averaged quantity

(s.u) = s.u (3.8)

production of two time averaged quantities

(u.g) = u.g+u′g′ (3.9)

The fluctuation term u′g′ arises from the product of two time averaging quantities can be

zero, negative or positive value. The quantity u′g′ is zero occurs only and only if the fluc-

tuations arising out of u are not related and independent of the fluctuations arising out of

g. In case of turbulent, the product of any two fluctuating quantities can never be zero.

This is because the fluctuating parameters of the velocity components are highly dependent
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and related to each other. The strong relation of the fluctuating parameters will be discussed

shortly when we decompose the Navier-Stokes equation. In the case of incompressible flow,

the continuity equation can be written as:

∂u
∂x

+
∂v
∂y

+
∂w
∂ z

= 0 (3.10)

By Applying the time averaging for both LHS and RHS:

∂u
∂x

+
∂v
∂y

+
∂w
∂ z

= 0 (3.11)

Applying the summation of time averaging quantities role will result in the last form:

∂u
∂x

+
∂v
∂y

+
∂w
∂ z

= 0 (3.12)

If the flow is steady, the quantities u, v and w will not fluctuate in time and that is the

definition of steady flow in turbulent quantities. Therefore, if the flow is steady in the

turbulent flow sense, there is no need to solve for fluctuating parameters u′, v′, and w′,

which makes it computationally easier. The x-component of the momentum equation is

given by:
∂ui

∂ t
+

∂

∂x
(u2)+

∂

∂y
(uv)+

∂

∂ z
(uw) =− 1

ρ

∂ p
∂xi

+ν∇
2ui (3.13)

Equation (3.13) is expressed in terms of the instantaneous quantities u, v, w and p each of

which is fluctuating, and hence can be decomposed into u+ u′, v+ v′, w+w′ and p+ p′.

The time averaging of the x-momentum equation is written as:

∂u
t
+

∂

∂x
(u2)+

∂

∂y
(uv)+

∂

∂ z
(uw) =− 1

ρ

∂ p
∂x

+ν(
∂ 2u
∂x2 +

∂ 2u
∂y2 +

∂ 2u
∂ z2 ) (3.14)

It can be seen that the LHS of the above equation contains production terms of two time

averaging quantities. Applying role (3.9) to the second, the third and the fourth term of
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equation (3.14) will produce new terms as follows:

∂

∂x
(u2) =

∂

∂x
(u2 +u′u′) (3.15)

∂

∂y
(uv) =

∂

∂y
(u v+u′v′) (3.16)

∂

∂ z
(uw) =

∂

∂ z
(u w+u′w′) (3.17)

The only difficulty arises from the time averaging process is the appearance of the extra

terms (the product of the two fluctuating quantities). Substituting equations (3.15), (3.16)

and (3.17) into equation (3.14) and moving the fluctuating terms to the RHS will form the

time averaging of the x-component of the momentum equation:

∂u
∂ t

+
∂

∂x
(u2)+

∂

∂y
(u v)+

∂

∂ z
(u w) = − 1

ρ

∂ p
∂x

+ν(
∂ 2u
∂x2 +

∂ 2u
∂y2 +

∂ 2u
∂ z2 )

− ∂

∂x
(u′u′)− ∂

∂y
(u′v′)− ∂

∂ z
(u′w′) (3.18)

In a similar fashion, the other two components of the momentum equations are derived. The

decomposition of the continuity and momentum equations form the full set of the RANS

system. By applying the Einstein summation convention, equations (3.18) can be rewritten

in one a simple equation as follows:

ρ
∂ui

∂ t
+ρ

∂uiu j

∂x j
=− ∂ p

∂xi
+

∂

∂x j

(
2µSi j −ρu′iu

′
j

)
(3.19)

where the term Si j is the time averaged quantity of the strain-rate tensor:

Si j =
1
2

(
∂ui

∂x j
+

∂u j

∂xi

)
(3.20)

The appearance of the additional term (τi j = −ρu′iu
′
j) is known as Reynolds stress tensor.

Figure. 3.6 illustrates the Reynolds stresses acting on a control volume. The normal stresses
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associated with the turbulence fluctuations (ρτ ′xx, ρτ ′yy and ρ ′τzz), are the perpendicular

momentum fluxes per unit area across the zy, zx and xy planes respectively. While the

turbulent shear stresses are given by (ρτ ′yx, ρτ ′zx and ρτ ′yz). The system of the equations has

to be closed in order to get a solution for the mathematical problem. This can be achieved

by postulating a specific term of τi j in a framework of designing a turbulence model.
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Fig. 3.6 Reynolds stresses arise from decomposing Navier-Stokes
equations.

3.3.2 Closure Problem and Turbulence Modeling

The right hand side of equation (3.19) is actually the sum of the laminar and the turbulent

stresses, which can rewritten as follows:

ρ
∂ui

∂ t
+ρ

∂uiu j

∂x j
=− ∂ p

∂xi
+µ

(
∂ui

∂x j
+

∂u j

∂xi

)
︸ ︷︷ ︸

laminar stresses

+
∂

∂x

(
−ρu′iu

′
j

)
︸ ︷︷ ︸
turbulent stresses

(3.21)

In case of laminar flow, the last term of equation (3.21) can be neglected. Therefore,

the solution of the governing equation is not complicated. The turbulent flow, on the other

hand, contains the Reynolds stresses term that presents a significant difficulty in solving the
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equation. The direct numerical solution of the Navier-Stokes equations without using any

turbulence model is known as the Direct Numerical simulation (DNS). Despite the expo-

nential growth of modern computing power, the DNS is still limited to simple low Reynolds

number cases. The limitations are due to the grid resolution and the CPU time. For a suf-

ficient DNS simulation, the number of grid points is needed to be scaled as Re2.25, and the

computational time as Re3. Consequently, the DNS in not practical for the Re numbers en-

countered in most industrial applications.

The first level of approximating turbulence is presented by the Large Eddy Simulation

(LES) technique. The foundation of the LES is based on the implication of Kolmogorov’s

theory [12]. The turbulent energy is transported from the larger to the smaller eddies. At the

large scale, the motion of fluid particles are inhomogeneous and anisotropic. These charac-

teristics are lost as the energy cascaded, which in turn lead to a universal characteristic of

the eddies at smaller scales. The concept of the LES approach is to resolve the large eddies

accurately, and implement a relative simple sub-grid scale model (SGS) to approximate the

small scale eddies. Therefore, the LES is more feasible than DNS for high Re flows because

the grid points it requires is significantly less than the DNS. However, the LES remains com-

putationally intensive and thus still far from being an engineering approach.

The other level of approximating turbulence is the RANS modeling technique. The

derivation of the RANS approach is presented in section (3.3.1). The additional net surface

forces that appear in the turbulent stress term of equation (3.21), are the molecular momen-

tum transport associated with the turbulence fluctuations. The laminar stresses are related to

the laminar viscosity, while the turbulent stresses are related to the fluctuating components

of the velocity. The erratic behavior of these fluctuating components with time are very com-

plex to be described in an exact mathematical formula. What make matters worse, is that

there are no explicit governing differential equations of these additional unknowns. There-

fore, modeling the Reynolds stresses provide an alternative approach to close and hence

solves the RANS equations. The ground bases of the turbulence modeling is to relate the
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Reynolds stresses to the mean flow velocity gradient. For example, in 1877 Boussinesq [15]

assumed that the stresses caused by the turbulent eddies can be modeled by using a an eddy

viscosity µt [134].

τi j = 2µtSi j −
2
3

ρkδi j (3.22)

The turbulence models are classified according to the number of the additional transport

equations that need to be solved. Table. 3.1 listed the commonly used models to close and

solve the RANS equations, which include: the first order eddy viscosity models, and the

second order Reynolds stress transport model.

Table 3.1 Turbulence modeling of RANS equations.
No. of extra equations name of the model
Zero equation mixing length.
One equation Spalart and Allmaras.
Two equations Standard k− ε model

RNG k− ε model
Realizable k− ε model
k−ω model.

Seven equations Reynolds stress model.

3.3.2.1 k− ε model

The k − ε turbulence model is by far the most prominent and widely used two equations

model. It has been improved and tested over the years. For example, the earliest improve-

ments are those of Chou [22], Davydov [29] and Harlow and Nakayama [60]. The standard

version of the k−ε model is named and widely spread after the development of Launder and

Sharma [80]. The kinematic eddy viscosity νt , the turbulence kinetic energy k and the tur-

bulence dissipation rate ε of the standard k− ε model are respectively specified as follows:

νt =Cµ

k2

ε
(3.23)

∂k
∂ t

+u j
∂k
∂x j

=
∂

∂xi

[
νt

σk

∂k
∂xi

]
− ε + τi j

∂ui

∂x j
(3.24)
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∂ε

∂ t
+u j

∂ε

∂x j
=

∂

∂xi

[
νt

σε

∂ε

∂xi

]
+Cε1

ε

k
τi j

∂ui

∂x j
−Cε2

ε2

k
(3.25)

where Cµ , Cε1, and Cε2 are standard model constants as fitted with benchmark experiments,

and σk and σε are the Prandtl numbers of k and ε respectively.

Cµ = 0.09, Cε1 = 1.44, Cε2 = 1.92, σk = 1, σε = 1.3

The Reynolds stresses are then calculated as follows:

−ρu′iu
′
j =−2ρ

3
kδy +µt

(
∂ui

∂x j

∂u j

∂xi

)
(3.26)

3.3.2.2 The RNG k− ε Turbulence model

The RNG k−ε model, which is based on the Re-Normalisation Group theory, is a modified

version of k− ε model developed by Yakhot et al. [136]. The purpose of the modification

is to allow the model to capture swirl flow regime and rotational system by modifying the

coefficient Cε2. The mathematical formula of the RNG k− ε turbulence model is similar to

that of the k− ε equations, but it includes additional terms in the ε equation to account for

the interaction between turbulence dissipation and the mean shear.

∂k
∂ t

+u j
∂k
∂x j

= νt
(
Si j
) ∂ui

∂x j
+

∂

∂xi

(
ak

(
ν +Cµ

k2

ε

)
∂k
∂xi

)
− ε (3.27)

∂ε

∂ t
+u j

∂ε

∂x j
=C1ε

ε

k
νt
(
Si j
) ∂ui

∂x j
+

∂

∂xi

(
at

(
ν +Cµ

k2

ε

)
∂ε

∂xi

)
−C2ε

ε2

k
−R (3.28)

The standard values of all model constants are

Cµ = 0.0845, C1ε = 1.42, C2ε = 1.68, ak = 1.39, aε = 1.68
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3.3.2.3 k−ω Turbulence model

This model is based on a modified version of the k equation used in k− ε model and on the

transport equation for the dissipation rate per unit kinetic energy (ω). The equations for k

and ω are as follows:

∂k
∂ t

+u j
∂k
∂x j

=
∂

∂x j

[
ν +

ν1

σk

∂k
∂x j

]
+νt

(
∂ui

∂x j
+

∂u j

∂xi

)
∂ui

∂x j
+β

∗kω (3.29)

∂ω

∂ t
+u j

∂ω

∂x j
=

∂

∂x j

[
ν +

ν1

σω

∂ω

∂x j

]
+νt

(
∂ui

∂x j
+

∂u j

∂xi

)
∂ui

∂x j
+β1ω

2 (3.30)

The standard values of all model constants are:

β1 = 0.075, β
∗ = 0.09, ν1 = 0.553, σk = 2.0, σω = 2.0

The eddy viscosity is calculated from:

µt = ρ
k
ω

3.3.2.4 Reynolds Stress Model RSM

The Reynolds Stress Model closes the Navier-Stokes equation by solving additional trans-

port equation for the six independent Reynolds stresses and one for turbulent dissipation.

The exact equation for the transport of the Reynolds stresses Ri j = u′iu
′
j is as follows

DRi j

Dt
=

∂Ri j

∂ t
+Ci j = Pi j +Di j − εi j +Πi j +Ωi j (3.31)

This yield to solve additional five transport equations for two dimensional flow and seven

additional equations for three dimensional flow.
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3.3.3 Large Eddy Simulation LES

In case of RANS, understanding and modeling the large eddies are considered as the most

difficult and challenging aspects. The importance of these aspects arises from the fact that

the largest eddies account for the most of the transport properties in turbulent flows. The

size of the eddies get smaller and smaller at the regions near the wall and the RANS dealing

with these smaller scale by using viscus damping functions. To model the small dissipating

scale, RANS uses simplified assumptions and hence it is impossible for a single model to

represent all turbulence features. In addition, it may also require fine-tuning of model con-

stants to obtain better results for a given test case.

The Large eddy simulation tracks the behaviour of the larger eddies. It involves space

filtering of the unsteady Navier-Stokes equations prior to the computations. This filters act

in a way to pass the larger eddies and reject the smaller eddies. Most of the anisotropic is

associated by the larger eddies while more or less the isotropic is associated by the smaller

eddies. The interaction effects between the larger, resolved eddies, and the smaller, unre-

solved or modeled, eddies gives rise to sub grid scale stress which is described by means of

an SGS model. The unsteady space filtered equations are solved on a grid of control volume

with the SGS model to the unresolved stresses.

In CFD to get high quality results all the space-time scales must be taken into account

when solving the unsteady Navier-Stokes equations. This implies that the discretization has

to be very fine in order to represent all the scales numerically. In other words, the spacial

and temporal discretisation of the domain has to be smaller than the characteristic length

and the characteristic time encountered with the smallest scale of the exact solution. These

solution criterion are extremely constrictive when the solution to the exact problem contains

scales with wide range of sizes.

For the case of homogeneous and isotropic flow, which is the simplest turbulent flow

case, the relation between the large scale , the characteristic length of the most energetic
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scale L, and the smallest scale, the smallest dynamically active scale η , is expressed as

L
η

= O(Re3/4)

This relation is based on the Kolmogorov’s theory which describes the transfer of the energy

from the larger scales to the smaller scales. There are three main turbulent length scale as

shown in Figure 3.7 which are the integral scale, the Taylor scale and the Kolmogorov scale.
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Fig. 3.7 Turbulent energy cascade.

The large eddies are unstable and they continue braking up into smaller eddies while

transferring their energy to these smaller eddies. The smaller eddies braking up and trans-

ferring energy to even smaller eddies this process is referred to energy cascade. The energy

cascade process continue until the Re(l) ≡ u(l)l/ν is sufficiently small that the eddy mo-

tion is stable, and molecular viscosity is effective in dissipating the kinetic energy. At these

small scales, the kinetic energy of turbulence is converted into heat.

The integral length scale is defined as the length scale of the largest eddies in the energy

spectrum. The size of these eddies is constrained by the geometry of the flow and they gain

their energy from the main flow and from each other. The length scale of the largest eddies

lo can be derived based on the characteristic velocity uo and the time scale τo ≡ lo/uo. The

characteristic velocity is on the order of the rms turbulent intensity u′ ≡ (2k/3)1/2. The
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equation of the integral length scale can be expressed as follows.

lo ∝
k3/2

ε
(3.32)

The Reynolds number associated with these large eddies is called the turbulence Reynolds

number ReL.

ReL =
k1/2lo

ν
=

k2

εν
(3.33)

3.3.4 Detached Eddy Simulation DES

According to Spalart [119] "A pure LES of an airborne or ground vehicle would use well

over 1011 grid points and close to 107 time steps, which is estimated to be possible in ap-

proximately 2045". So a need for a hybrid RANS-LES technique arises to combine the

advantages of the less computational cost in RANS with the advantages of the accuracy in

the LES. The RANS-LES method divided the domain into two main parts, the near wall

region where the turbulent boundary is solved and the outer region where the LES is per-

formed.

DES is considered to be the most common hybrid RANS-LES type. DES was first

introduced in 1992 by Spalart and Allmaras, the key idea behind DES is that the RANS

model acts in the attached boundary layer and turns or witch to LES in the region far from the

near wall. The grid resolution plays an important role in switching between the two models.

For instance, the one equation model, well known as Spalart-Allmaras, is reformulated in

DES by replacing the distance function d by a limiter function defined as:

lDES = min{d,CDES∆} (3.34)

Where lDES is the model length scale, d is the distance to the closest surface, CDES = 0.65

is empirical derived constant and ∆ = max(∆x,∆y,∆z) is the largest dimension of the local

grid scale.



3.4 Turbulence Models and Swirling Flow within Cyclone 36

The area where d < CDES∆ which is a region in the vicinity of the wall, the model will

behave as a RANS model, while in the area where d > CDES∆ the model behave in an

LES manner. Although DES turbulence model is a very promising tool, comprehensive

practical application have been done on this approach and addressed potential failures . The

phenomena known as modelled stress depletion (MSD) which occurs when the LES length

scale activates within the limit of the attached boundary layer. The rise of (MSD) leads

to a reduction in the eddy viscosity and as a result a reduction in the modelled Reynolds

Stresses.
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Fig. 3.8 DES different grid design.

3.4 Turbulence Models and Swirling Flow within Cyclone

The behaviour of the flow in the cyclone separator is described as an anisotropic turbulence

with high swirl motion. Since the cyclone device operates at a high Reynolds number, a

boundary layer will be formed on the wall of the cyclone, where the viscous forces balance

the inertial forces, while an imbalance takes place between the pressure and the inertial

stresses. This imbalance is due to two factors: 1) the pressure is constant across the bound-

ary layer, and, 2) the spinning motion inside the boundary layer is attenuated by the effect

of the fluid viscosity. Therefore, the estimations of the turbulence model should account for

the high curvature of the streamlines, the dominance of swirl velocity and strong shear, and
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the adverse pressure gradients.

A large number of numerical and experimental studies have been conducted to inves-

tigate the flow within the cyclone. The vast majority of these numerical simulations were

performed by using either the turbulent resolving approaches (LES or DES) or the Reynolds

stress model (RSM). It should be noted that the flow within the cyclone is characterized as

a swirling flow with a strong streamline curvature. In this scene, the conventional eddy vis-

cosity turbulence models (EVMs) fail to predict the effects of strong streamline curvatures.

This is unfortunate, as the robustness and computational cost of the EVMs are superior to

the RSM as well as the LES [115].

It is well known that a major drawback of the EVMs is their incapacity to capture the

effects of the streamline curvature and the system of rotation. More specifically, if the flow

exhibits a swirl motion, EVMs fail to represent the near wall region "free-vortex" part of

the Rankine vortex. This is attributed to the use of the Boussinesq hypothesis, that as-

sumes that the eddy viscosity is an isotropic scalar which is not strictly true. In order to

handle this weakness, many modifications aimed at the sensitization of EVMs to rotation

and curvature have been suggested (see Refs. [54, 71, 99]). These attempts are limited and

not universal, especially when dealing with 3D flows. Moreover, these corrections are not

Galilean-invariant. In 1997, Spalart and Shur proposed an empirical alteration to EVMs to

account for the system of rotation and streamline curvature [118], which in a sense is close

to an idea of Knight and Saffman [77]. The former is more efficient as it measures the extra

influence of the invariant contributor to the turbulence. It is also relatively easy to apply

to 3D flows and unifies the description of the curvature and rotation effects in the math-

ematical model. By 2009, Smirnov and Menter [115] had adapted the rotation-curvature

correction function proposed earlier by Spalart and Shur [118] to the shear stress transport

k−ω model (SST k−ω). The correction function is applied to the production term in both

the k and the ω transport equations. As a result, the corrected model, denoted as the SSTCC,

becomes more accurate, computationally efficient and robust than its predecessor. In 2013,
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a new simpler rotation and curvature correction method for the S-A model was proposed by

Qiang et .al [138]. The Qiang modification avoids the calculations of the components of the

Lagrangian derivatives of the strain rate tensor (DSi j/Dt) by implementing the Richardson

number (Ri). The model is denoted as SARCM, where the M stands for modified.



Chapter 4

Finite Volume Discretisation

4.1 Introduction

The principle objective of the CFD approach is to solve the governing partial differential

equations numerically, and this can be done by utilising a discretisation method. The pur-

pose of the discretisation process is to transform the governing equations into a correspond-

ing system of algebraic equations, which can then be solved computationally. The solution

of the algebraic equations produces a set of values which corresponds to the flow variables

at the grid points within the flow domain. The partial differential equations represent the

conservation in terms of the rate of change of a particular property within a control volume

as being balanced. This balance arises from three causes; one is the convective flux, the

second is the diffusive flux and the third is the source or the sink term (or the source and the

sink term together). For example, in case of turbulent kinetic energy, there is a production

term associated to the large eddies and then there is a sink term associated to the very small

eddies and together they determine the overall level of a particular quantity which is being

conserved. The Finite Volume Method (FVM)is one of the most popular discretisation ap-

proaches that is used to solve fluid flow problems. The FVM can be summarised into the

following three major steps:

1. The domain is subdivided into a number of finite sized sub-domains, these sub-

domains are called the control volumes. Each sub-domain is represented by some
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grid points.

2. The governing equations, which describe the flow physics, are integrated over the

control volumes.

3. A profile assumption for the dependent variable (the interpolation function) has to

considered for evaluating the integral in order to express the results in terms of alge-

braic quantities at the grid points.

4.2 Discretisation of the Solution Domain

The general concept of the discretisation of the solution domain is that the computational

domain is subdivided into a net of points in space-time dimensions. This will produce a

computational grid on which the governing equations are subsequently solved. Hence, the

discretisation of the domain can be split into temporal discretisation and spatial discretisa-

tion. For instance, in transient cases, the temporal discretisation is simply the division of

the computational time (T ) into a set of time steps ∆t.

The spatial discretisation is the division of the physical domain into finite control vol-

umes in a such a way that the volumes completely cover the entire domain without over-

lapping with one another. Each control volume is closed by a set of faces, where the faces

shared by two volumes are called internal faces and the faces coinciding with the domain

boundary are called boundary faces.

Figure 4.1 illustrates typical two neighbouring cells, where the surface integral of the

vector position of the centre of the surface S is defined as:

∫
cs
(x− xs)dS (4.1)

Each control volume is represented by a certain grid point. In order to facilitate the calcu-

lations, this grid point has been chosen to be located at the centroid of the control volume
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Fig. 4.1 Control volumes used in the finite volume method.

so that: ∫
cv
(x− xp)dV (4.2)

The dependent variables are stored in the computational point P in the owner cell. During

the computational process, these variables are transferred to the neighbouring cell through

the internal face. For example, in Figure 4.1 the centroid of the owner cell is point P and the

face area vector n⃗ of the shaded face is pointed out of the owner cell towards the centroid of

the neighbouring cell N.

4.3 Discretisation of the Governing Equations

The standard convection-diffusion equations of variable of interest φ may be written as :

∂ρφ

∂ t︸ ︷︷ ︸
transient term

+
∂

∂xi
(ρuiφ)︸ ︷︷ ︸

convection flux

=
∂

∂xi

(
Γφ

∂φ

∂xi

)
︸ ︷︷ ︸

diffusion flux

+ δφ︸︷︷︸
source term

(4.3)

For the sake of simplicity, let the convection flux be Fφc and the diffusion flux be Fφd , where

the net flux is Fφ = Fφc +Fφd . Then equation (4.3) can be rewritten as follows:

∂ρφ

∂ t
+∇ ·Fφ = δφ (4.4)
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equation (4.4) represents the governing equation which is valid at every point within the

discretised domain. In finite volume method, equation (4.4) is integrated over every control

volume around each grid point at which we want to evaluate the dependent variables.

∫
cv

d
dt

(ρφ)dV +
∫

cv

(
∇ ·Fφ

)
dV =

∫
cv

δφ dV (4.5)

In order to convert the volume integral into a closed surface integral, the Gauss’s law is

applied to the integral of the net flux term:

∫
cv

d
dt

(ρφ)dV +
∫

cs

(⃗
n ·Fφ

)
dS =

∫
cv

δφ dV (4.6)

equation (4.5) is the conservation form of the governing partial differential equation given

by equation (4.3). The vector n⃗ appears in the surface integral is the normal vector associated

with the surface that the flux transfer through during the computational process.

4.3.1 Profile Assumptions (Interpolation schemes)

The profile assumption, which is represented by the function φ , is responsible to interpolate

the cell-centred values to the face-centered values and can be determined by utilising various

types of differencing schemes. For one dimensional steady state problem with source term

δ = 0, equation (4.3) boils down to the following format:

d
dx

(ρuxφ) =
d
dx

(
Γ

dφ

dx

)
(4.7)

The first step to solve equation (4.7) using the finite volume method, is to integrate the

governing equation over the control volume of size ∆x that spans from west wall interface

w to the east wall interface e on the grid layout shown in Figure 4.2. The corresponding

formula resulting from integrating equation (4.7) from w to e with respect to x will be as

follows:

(ρuφ)e − (ρuφ)w =

(
Γ

dφ

dx

)
e
−
(

Γ
dφ

dx

)
w

(4.8)
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Recall that for any fluid flow, the corresponding velocity field must satisfy the continuity

equation. The integration of the continuity equation implies that:

(ρu)e − (ρu)w = 0 (4.9)

e


e
x
δ


p
φ


e
φ


E
φ


w


W
 P
 E


w
x
δ


Fig. 4.2 A one dimensional control volume.

Where the quantity ρu represents the mass flux, which is the rate of mass flow per unit area

normal to the direction. This physically means that the mass flux out is the same as the mass

flux in, so that the mass flux (ρuφ ) is the rate of transport of the variable φ with the fluid

flow. All the quantities in equation (4.8) have to be expressed in terms of algebraic values of

the variable φ at the centroid grid points of the discretised domain, namely at points (W,P

and E).

4.3.1.1 Central differencing scheme

For the sake of simplicity, let the convection and the diffusion terms be expressed in the

following symbolic forms:

F = ρu

D =
Γ

δx

(4.10)
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Where F and D represent the conviction and the diffusion flux appearing in equation (4.7)

respectively. From this perspective, the general form of the discretised equation of the

control volume shown in Fig. 4.2 will be as follows:

aPφP = aW φW +aEφE (4.11)

If the internal faces of the control volume are midway between the neighbouring cells and

if the profile of the variable φ is assumed to be piecewise-linear, then equation (4.8) may

rewritten as:

1
2

Fe (φE +φP)−
1
2

Fw (φP +φW ) = De (φE −φP)−Dw (φP −φW ) (4.12)

It should be noted that, the convection flux F depends on the flow direction, so it could

have negative or positive value, also it indicates the strength of the flow or the so called

(strength of convection). On the contrary, the diffusion flux (D) is independent of the flow

direction and always remains positive and it indicates the diffusion conductance. By solving

equations (4.11) and (4.12), the coefficients of the variables at cell-centred grid points using

central differencing scheme will be:

aE = De −
Fe

2
(4.13a)

aW = Dw +
Fw

2
(4.13b)

aP = aE +aW +(Fe −Fw) (4.13c)

From the continuity equation, the last term in equation (4.13c) is zero. The ratio between

the convection and the diffusion is a dimensionless quantity which is known as the Peclet

number (Pe). Therefore, the dimensionless expression of equations (4.13a) and (4.13b) can
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be obtained by dividing both sides by D.

aE

De
= 1− 1

2
(Pe) (4.14a)

aW

Dw
= 1+

1
2
(Pe) (4.14b)

This particular scheme is called the Central Differencing scheme (CD). Ferziger and Peric

[41] showed that the CD is the simplest second order accurate scheme. As the order of

accuracy is higher than one, this scheme may produces oscillatory solutions for convection

dominated problems where the local Reynolds number (Rec >> 1) [63, 100]. This in

turns violates the boundedness of the solution. More specifically, the possibility of the

unboundedness in the CD scheme arises from the possibility of the variable coefficients

in the discretised equation to be in different signs. For instance, if Pe is bigger than 2,

it is obvious from equation (4.14) that the coefficients aE and aW are different in sign.

However, many alternative schemes have been proposed to overcome the disadvantages of

the CD scheme, including but not limited to, the Upwind Differencing schemes (UD), Total

Variation Diminishing (TVD) and Normalised Variable Diagram (NVD). In this study two

UD schemes are tested, namely; the first order UD and the second order Linear Upwind

(LU). Also, the limited linear upwind (LLU), which is belongs to the (TVD) family and the

Self Filtering Central Differencing (SFCD) which is based on the NVD. The next section

discusses the UD secheme, for further information about the TVD and NVD schemes the

interested reader can refer to [3, 13, 100, 111, 133].

4.3.1.2 Upwind differencing scheme

One of the alternative schemes which guarantee the boundedness of the solution is the well-

known Upwind Differencing scheme (UD). The UD scheme was first proposed by Courant,

Isaacson and Rees [26] and then reinvented by Gentry et al. [49], Barakat et al. [7] and

Runchal et al. [109]. In the UD scheme, the variable φ at the wall interface is equal to the

value of φ at the centroid grid point on the upwind side of that face, for this reason it is

given the name upwind scheme. The concise form of the UD scheme which is illustrated in
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Fig. 4.3 may be written as follows:
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Fig. 4.3 Upwind scheme for positive (left) and negative (right) flow
direction.

Fwφw = φW max(Fw,0) - φPmax(-Fw,0) flux through surface w

Feφe = φPmax(Fe,0) - φEmax(-Fe,0) flux through surface e
(4.15)

The variable coefficients of the discritiazed equation can be written as:

aE = De +max(−Fe,0) (4.16a)

aW = Dw +max(Fw,0) (4.16b)

aP = aE +aW +(Fe −Fw) (4.16c)

As the UD scheme considers the flux direction, this ensured that the variable coefficients

in the discretised equation have the same signs, and hence it solved the dilemma of the

unboundedness appearing in the CD scheme. Moreover, the UD is expected to behave in

a more physical consistent way than the CD scheme for any arbitrary Reynolds number at

cell level. However, the UD is first order accurate scheme and for highly conviction flow, it

overpredicts the diffusion term.
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4.3.1.3 Non-orthogonality and diffusion terms discretisation

Each of the aforementioned discretisation schemes has its own limitations. For instance, the

CD scheme is closely related to the cell Peclet number (or cell Re), i.e., if the cell Peclet

number Pe > 2, then the CD scheme no longer behaves in a stable manner and unbounded-

ness appears in the solution. This limitation of the second order accurate CD scheme opens

the way to the first order accurate UD scheme to some extent. As highlighted in the previous

section, the UD scheme overpredicts the diffusion term which resulted in a severe false dif-

fusion. For more explanation, consider the variable coefficient aW in equation (4.16b), if the

diffusion coefficient Γ is replaced by Γ+ρuδx/2, then the coefficient aW can be rewritten

as:

aW =

(
Γ

δx
+

ρu
2

)
+max(Fw,0) (4.17)

The diffusion term in the above equation
(

Γ

δx +
ρu
2

)
is nothing but the variable coefficient aW

in the CD scheme, precisely equation (4.13b). Therefore, it can be seen that the true diffu-

sion coefficient in the UD scheme is incremented by a false diffusion coefficient (ρuδx/2).

Although the false representation of the diffusion term leads to an inaccurate predictions, it

corrects the wrong implications that arise from the CD scheme at large Peclet number (by

keeping in mind that the diffusion term in the UD scheme is discretised using CD scheme,

as shown in equation (4.17),).

The next section addresses the assessments of each scheme in terms of three main prop-

erties, the conservativeness, the boundedness and the transportiveness.

4.3.1.4 Assessments of CD and UD schemes

In terms of conservativeness, both schemes utilise consistent expressions to calculate the

fluxes through the cell interface (A proof and more discussion can be found in [41, 83, 130]).

As mentioned earlier, the UD accounts for the flow direction which is in stark contrast

to the CD scheme for high Peclet number, thus CD cannot identify the flow direction in

convection-dominated problems. In addition, it has been discussed in details that for (Pe
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> 2), the variable coefficients in CD will be in different signs and thus does not satisfy

the boundedness criteria. This leads to a solution which is never converge or produces a

converged-solution with ‘wiggles‘ [130]. However, for low Peclet number, the second order

accurate scheme (CD) is still the preferable choice for many CFD applications. To come up

with a conclusion, it can be seen that the key factor, at least at this stage, to determine the

proper choice between CD and UD scheme is the value of the cell Peclet number, which is

defined as:

Pe =
convection f lux
di f f usion f lux

=
ρuδx

Γ
(4.18)

where ρ is the density of the fluid , u is the velocity of the fluid, δx is the cell size and Γ is

the diffusion coefficient. Therefore, smaller value of Pe can be obtained by decreasing the

velocity or refining the mesh to get smaller δx. Both options are not preferable for many

CFD applications.

On the other hand, the UD scheme is indeed a better choice for high Pe, but it remains

conditionally stable in terms of the mesh orthogonality. For instance, if the resultant velocity

of the flow is approximately perpendicular to the control volume faces, the discretisation of

the convection fluxes resulting with the UD scheme is comparably good. This is due to the

negligibly small value of the approximated diffusion flux resulting with the UD scheme. For

non-orthogonal meshes, the UD scheme does not take into account grid/flow direction incli-

nation, which in turn leads to what is called ‘False diffusion‘. However, in 1972 Vahl Davis

and Mallinson [128] proposed an approximate solution for the false diffusion coefficient for

a two dimensional problem, as follows:

Γdi f f usion =
ρu∆x∆ysin2θ

4
(
∆ysin3

θ +∆xcos3 θ
) (4.19)

where θ is the angle between the velocity vector and the x direction. It is obvious from the

above equation that for θ = 0 or 90o, the false diffusion is zero, and the worst case occurs at

θ = 45o. Therefore, the effect of the false diffusion can be minimised by refining the mesh

(using smaller ∆x and ∆y) or by adjusting the mesh in such a way that it aligns with the
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mesh lines. Neither the refining nor the adjusting of the grid is practical for complex three

dimensional CFD problems.

Unfortunately, the overwhelming majority of the CFD problems are experiencing a

sort of meshing non-orthogonality and the orthogonal mesh is more an exception than a

rule [74]. To limit the effect of the non-orthogonality, some correction approaches are intro-

duced which aimed at preserving second order accuracy of the diffusion term discretisation.

An intensive study of these different approaches can be found in [74, 95]. All numerical

simulations in this study have adapted the over-relaxed approach by Jasak [74].

4.3.1.5 Over-relaxed approach

As noted from the previous section, the appearance of the false diffusion term is strongly

related to grid non-orthogonality, which is not avoidable in many complex CFD cases. In

this study, the over-relax approach proposed first by Jasak [74] is used. The main con-

cept of this approach is to divide the face normal gradient n⃗ · (∇φ) f into two components.

Firstly, consider a general non-orthogonal face f within a discretised domain as shown in

Fig. 4.4. Using the linear assumption of the variable φ and applying the volume integral to

n


E
 P
f


d


k


Fig. 4.4 Over-relaxed approach treatment of non-orthogonal mesh.

the diffusion flux in equation (4.3) will result the following discretised diffusion equation:

∫
cv

∂

∂xi

(
Γφ

∂φ

∂xi

)
dV = Γ f n⃗ · (∇φ) f (4.20)



4.3 Discretisation of the Governing Equations 50

In the fully orthogonal mesh the vector n⃗ is parallel to the vector d⃗, and thus the face normal

gradient can be expressed as follows:

n⃗ · (∇φ) f = |⃗n|
φp −φE

|d⃗|
(4.21)

In case of non-orthogonality, the term n⃗ · (∇φ) f can be decomposed into two parts: orthog-

onal contribution and non-orthogonal correction [74].

n⃗ · (∇φ) f = ∆⃗ · (∇φ) f︸ ︷︷ ︸
orthogonal contribution

+ k⃗ · (∇φ) f︸ ︷︷ ︸
non-orthogonal correction

(4.22)

The sum of the vectors k⃗ and ∆⃗ must equal to the face area vector n⃗. Since the vector ∆⃗ is

parallel to d⃗, the orthogonal contribution part can be discretised in the following way:

∆⃗ · (∇φ) f =
∣∣∣⃗∆∣∣∣ φp −φE

|d⃗|
(4.23)

while the non-orthogonal part cannot be treated any further. So, the last form of the face

normal gradient discretisation using the over-relaxed approach can be written as:

n⃗ · (∇φ) f = |⃗∆|
φp −φE

|d⃗|
+ k⃗ · (∇φ) f (4.24)

4.3.2 Source Term

The source term appeared in equation (4.3) cannot be written in a temporal, convection or

diffusion expression. Therefore, it is treated as a general function of φ . Before discretising

the source term, its collaboration with the other terms and its influence on the boundedness

and accuracy should be taken into consideration. Some general comments on the treatment

of source terms are given in [34, 100, 126].
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The linearization of the source term can be written in the following expression:

δφ (φ) = δu +δpφ (4.25)

where δu and δp may also depend on the variable φ , and the volume integral of the above

equation will be as follows:

∫
cv

δφ (φ)dV = δuVp +δpVpφp (4.26)

4.3.3 Temporal Discretisation

For transient fluid flow problems, the spatial discretisation of the governing equations has

to be also discretised in time. Since the mathematical behaviour of the governing partial

differential equation is hyperbolic/parabolic in time, the solution marches forward in time

and depends upon its history. For simplicity, the discretised convection, diffusion and source

term are treated as one non-transient term. Therefore, equation (4.3) can be rewritten as

follows:
∂ρφ

∂ t︸ ︷︷ ︸
transient term

=− ∂

∂xi
(ρuiφ)−

∂

∂xi

(
Γφ

∂φ

∂xi

)
+δφ︸ ︷︷ ︸

non transient term ℓ(φ)

(4.3)

Integrating the above equation over a control volume P yields:

∂ρφ

∂ t
VP = L(φ) (4.27)

It should be noted that the temporal discretisation method of the transient term is not neces-

sarily the same as the discretisation method applied to the non-transient term. However, the

integration of equation (4.27) from t to t +∆t with respect to time will be:

(ρφ)t+∆t − (ρφ)t

∆t
VP =

(
f Lt+∆t

φ
+(1− f )Lt

φ

)
∆t (4.28)
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where the left hand side is the temporal discretisation of the transient term, and the right

hand side is the discretisation of the non-transient term. If the discretisation of the transient

term is left unchanged, then the new time-level convection, diffusion and source terms can

be determined according to the weight factor f . For example, f is weighing between 0 (fully

explicit scheme) and 1 (fully implicit scheme). While the well-known Crank-Nicholson

scheme is resulted when f equals to 0.5.

4.3.3.1 Fully explicit scheme

In the fully explicit scheme, the new value of the variable φ and its gradient are determined

only from the old values. For instance, if the weight factor f is zero, then the temporal

discretised equation (4.28) will be written as:

(ρφ)t+∆t = (ρφ)t +
∆t
VP

(
Lφ

)t
∆t (4.29)

The explicit scheme is only first order accurate in time, and it is unstable due to the Courant

number limit (Courant et al. [25]). The Courant number is directly proportional to the size

of the time step ∆t and it is defined as:

Co =
U f ∆t

∆x
(4.30)

where ∆x is the characteristic length size of the cell. If the Co is bigger than unity, the

explicit system behaves in an unstable manner. Hence it is conditionally stable. This is

one of the major drawbacks of the explicit scheme, especially when it is used to solve a

steady-state problem.

4.3.3.2 Fully implicit scheme

As in the explicit scheme, the implicit scheme is also first order accurate in time. But, it

is superior over the explicit scheme as it guarantees the boundedness of the solution. The

implicit scheme is resulted when the weight factor f is equal to 1. Therefore, the temporal
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discretised equation (4.28) for implicit scheme will be written as:

(ρφ)t+∆t = (ρφ)t +
∆t
VP

(
Lφ

)t+∆t
∆t (4.31)

Equation (4.31) shows that the face variable (φ ) at the new time-level (t +∆t) is determined

from the old time-level variable (φ t) and from the new time-level of the non-transient term.

As a result, the coupling between the old and new time-level in the implicit scheme is much

stronger than the explicit one, which guarantees its stability even if the Co number is bigger

than one [62].

4.3.3.3 Crank-Nicholson scheme

The Crank-Nicholson scheme is a second order accurate in time, where the cell variable at

new time-level φ
t+∆t
P is determined from both the old and the new time-levels of the faces’

variables (φ t
f and φ

t+∆t
f ), and from the old time-level of the cell variable φ t

P as well. The

temporal discretisation form of the Crank-Nicholson scheme is resulted when the weight

factor f in equation 4.28 is equal to 0.5. Therefore, Crank-Nicholson scheme can be written

as:

(ρφ)t+∆t
P = (ρφ)t

P +
∆t

2VP

(
Lt+∆t

φ
+Lt

φ

)
f

(4.32)

In order to write the full form of the discretised equation using Crank-Nicholson scheme,

the sum of the fluxes through the faces surrounding the centroid P of a given cell has to be

considered. Figure 4.5 shows a typical two dimensional cell surrounded by four faces.

Therefore, the full form of the Crank-Nicholson scheme applied to the given cell can be

written in terms of the convection, diffusion and the source term in the following way:

ρpφ t+∆t
p −ρpφ t

p

∆t
Vp +

1
2 ∑

f
Fφ

t+∆t
f − 1

2 ∑
f

(
ρΓφ

)
f n⃗ · (∆φ)t+∆t

f

+
1
2 ∑

f
Fφ

t
f −

1
2 ∑

f

(
ρΓφ

)
f n⃗ · (∆φ)t

f

= δuVp +
1
2

δpVpφ
t+∆t
p +

1
2

δpVpφ
t
p (4.33)
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Fig. 4.5 Two dimensional control volume cell.

As shown in Fig. 4.5, the faces ( f1, f2, f3 and f4) are shared with the neighbouring cells.

Hence, the face variables φ f and the gradient (∇φ) f depend on the variable φ of the sur-

rounding cells. Consequently, equation 4.33 can be written in an algebraic form to solve for

φ t+∆t
p :

apφ
t+∆t
p +∑

N
aNφ

t+∆t
N = Rp (4.34)

It can be noticed from the last equation that the value of variable φ t+∆t
p depends on the

neighbouring cells. Therefore, the value of the cell variable at the new time-level φ t+∆t
p can

be obtained by solving the following system of algebraic equation:

[A] [φ ] = [R] (4.35)

where the coefficient matrix [A] is a sparse matrix, which consists of coefficients ap on the

diagonal and aN elsewhere. The column vector [φ ] contains all the cell variables φ -s that is

needed to be solved, and [R] is the source term vector. Solution techniques for the systems

of linear algebraic equations will be discussed later.
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4.3.4 Implementation of Boundary Conditions

The boundary conditions are applied to the faces coinciding with the physical boundary of

the domain, which are known as the boundary faces. The boundary condition as a whole is a

combination of physical and numerical boundaries. In fluid dynamics, the physical bound-

aries consist of walls, inlet, outlet and plane symmetry. At each single physical boundary, a

numerical boundary condition should be specified.

4.3.4.1 Numerical boundary Conditions

The numerical boundary conditions are conventionally divided into two types. Dirichlet

(fixed value) boundary conditions, at which the value of the dependent variables on the

boundaries of the flow domain is specified. The other type is Von Neumann (fixed gradient)

boundary conditions. For this type, the gradient of the dependent variables normal to the

boundaries of the flow domain is specified.

Let’s consider a cell within the domain which has one face coinciding with a physical

boundary, as shown in Fig. 4.6. The face area vector d is the vector between the cell-centroid

P and the centre of the boundary face b. As the area face vector is not perpendicular to the

face, it is decomposed into orthogonal and non-orthogonal parts. The orthogonal part is

represented by the vector ∆⃗, which is equal to the face vector n⃗, but its location is not at the

centre of the face. On the other hand, the contribution of the non-orthogonal part can be

neglected because it is parallel to the boundary face. Therefore, the normal vector between

the cell centre and the boundary face dn can be written in the following way:

dn =
n⃗
|⃗n|

d · n⃗
|⃗n|

(4.36)

The numerical boundary can be divided into several primitive types; i.e., fixed value,

fixed gradient and zero gradient, calculated and mixed primitive. In this study, the fixed

value and fixed gradient primitive types are used.
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Fig. 4.6 A cell with one face coincide with boundary, adapted from
[110].

• Fixed Value boundary condition

In the fixed value boundary condition, the dependent variable φ is specified at the

boundary face b and it is equal to φb. This condition should be taken into consideration

when discretising the convection and the diffusion term at the boundary faces. The

final discretised form of the transport equations are briefly introduced next. For more

details, the interested reader can refer to [74, 110].

– Convection term.

The volume integral of the convection flux in equation (4.3) at the face boundary

b is simply written as: ∫
cv

∂

∂x
FφcdV = Fbφb (4.37)

– Diffusion term.

The discretisation of the diffusion flux given by equation (4.24) at the boundary

face b can be written as:

n⃗ · (∇φ) f = |⃗n|φb −φP

|d⃗n|
(4.38)
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• Fixed gradient boundary condition

In the case of fixed gradient type, the gradient of the variable φ normal to the boundary

face is specified, which is the dot-product of the gradient and the outward pointing unit

normal to the boundary face [74]:

(
|⃗n|
n⃗

·∇φ

)
b
= gb (4.39)

– Convection term.

The value of the variable φ at the boundary face is calculated from the variable

at the cell centroid φP and the normal gradient given by equation (4.30).

φb = φP + |dn|gb (4.40)

– Diffusion term.

The discretisation of the diffusion flux at the fixed gradient boundary condition

is given by: (
ρΓφ

)
b |⃗n|gb (4.41)

4.3.4.2 Physical boundary Conditions

In this section we limited the discussion of the physical boundary to only two types, namely,

the patches (i.e. inlet and outlet) and the fixed wall boundary.

• Inlet patch boundary

The most common way to specify the boundary conditions at the inlet patch is to

prescribe the velocity field magnitude as a fixed value and the pressure gradient is

set to zero. In case of turbulent flows, the turbulence variables are assigned also as a

fixed value, where the value of these variables is calculated according to the selected

turbulence model [98].

• Outlet patch boundary

At the outlet boundary conditions, the pressure is assigned as a fixed value and zero
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gradient for the velocity and the turbulence variables.

• Fixed wall boundary

A no-slip condition is specified at the fixed wall, where the velocity of fluid particles

attached to the wall is equal to zero because the wall is stationary. The pressure

gradient is also zero, while the turbulence variables is calculated according to the

selected turbulence model or treated using various types of wall functions.

4.4 Solution Techniques for Systems of Linear Algebraic

Equations

The most computationally demanding part of the CFD problems is the arithmetic solution

of the linear algebraic equations that resulted from the discretisation process. Several meth-

ods can be used to solve the systems of the linear algebraic equations given, such as that

by equation (4.35). A detailed discussion of these methods can be found in [53? ]. In

general, the existing solution algorithms can be classified into two basic categories. The

first category is represented by direct methods. Theoretically, they give the exact solution of

the system of algebraic equations in a finite number of steps. The other category, includes

the iterative methods. In these methods, the solution starts with an initial guess, and then

gradually improves until some solution tolerance is met. The direct methods are impractical

for large system of equations, and that is due to two main reasons. The first is related to the

number of operations that the direct methods require to reach the solution. For example, the

total number of operations is proportional to the cube of the number of the equations of the

system, and which is computationally expensive for large systems. The second reason is that

the rounding error is magnified from the initial step to the next steps and then spreads in all

following steps [23]. The iterative methods, on the other hand, are often more computation-

ally effective as they require much less number of steps than the direct methods. Recall the

system of the linear algebraic equations (equation (4.35)) resulting from the discretisation
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process:

[A] [φ ] = [R] (4.35)

The above matrix is of sparse type, i.e., most elements of the coefficient matrix are equal

to zero. Hence, in order to significantly decrease the computer memory requirements, the

selected solver should preserve the sparsity pattern of the matrix. One of the most attractive

features of the iterative methods is the capability of these solvers to preserve the sparseness

of the original matrix. Although the iterative solvers are superior over the direct solvers, in

terms of computational demanding, they usually pose some requirements on the matrix. For

example, they require the matrix to be diagonally dominant. The importance of this feature

is that the convergence in iterative solvers is directly related to the diagonal pattern of the

matrix.

In section (4.3), we discussed the effect of various discretisation methods on the bound-

edness of the solution. Both the boundedness and the convergence are closely related to the

diagonal pattern of the matrix (the diagonal equality and the diagonal dominance).

• The diagonal equality is defined as; the magnitude of the diagonal coefficient is equal

to the sum of the magnitude of the non-diagonal coefficients:

|aP|= ∑
N
|aN | (4.42)

• The diagonal dominance is defined as; the magnitude of the diagonal coefficient is

equal to or bigger than the sum of the magnitude of the non-diagonal coefficients:

|aP|> ∑
N
|aN | (4.43)

Increasing the diagonal dominance of the system in iterative solvers leads to improvement

towards the solver convergence. Table. 4.1 shows the contributions of each term in the dis-

cretised transport equation to the diagonality of the coefficient matrix [A]. For example, it

shows that the temporal and the linear part of the source terms enhance the diagonal domi-

nance unconditionally. While the diagonally equal matrix contribution is conditioned by the
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use of upwind differencing scheme in the discretised convection term, and on orthogonal

meshes in the discretised diffusion term.

Table 4.1 Matrix contributions of discretised terms [87]

transport term
contribution to matrix

diagonal off-diagonal source

temporal ap =
ρPt+∆t

∆t VP - RP =
ρPtφ t

P
∆t VP

convective aP = fxF aN = (1− fx)F -

diffusive aP =−(Γφ ,d) f
|⃗n|
|d| aN =−(Γφ ,d) f

|⃗n|
|d| -

source
ap =

{
δpVp if δp < 0
0 if δp ≥ 0

- Rp = δuVp +

{
0 if δp < 0
δpVpφ t

p if δp ≥ 0

(implicit treatment) (explicit treatment)



Chapter 5

Cyclone and Swirling Flow

5.1 Swirling Flow

Vortex and swirling flow occur in a span range of different mechanical apparatus, for in-

stance, in dust collection devices, spray dryers, vortex tubes and combustion chambers.

Generally speaking, swirl behaviour can be defined as a combination of the tangential ve-

locity component with the axial velocity component.

Forced vortex

Loss-free vortex

Real vortex

Fig. 5.1 Tangential velocity distribution of the two extremes vortex
flows and a real vortex flow.

In real swirling flows, the tangential velocity distribution goes between two extreme

swirling flows, namely, the solid-body rotation and the free vortex [67]. The earlier men-
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tioned type is also known as forced vortex flow. By assuming that the fluid behaves like a

solid body or has an infinite viscosity, the angular velocity of a fluid element remains con-

stant at different radial positions. Hence, the swirling flow with constant angular velocity is

called forced vortex flow or, in another context, solid-body rotation; so that:

υt = Ωr (5.1)

Where υt is the tangential velocity, Ω is the angular velocity and r is the radial position.

The second extreme is in contrast with the forced vortex flow, where the fluid has no vis-

cosity. In this case, the motion of the fluid elements at all radial positions has no influence

on each other. For such a fluid, the relationship between the radial position and the tangen-

tial velocity is inversely proportional, so as the fluid element moves toward the centre of the

circulation its tangential velocity increases. This relationship is referred as the conserva-

tion of the moment-of-momentum (mass times tangential velocity times radius of rotation:

mυtr). Since the moment-of-momentum is conserved, the quantity mvθ r is constant, while

the mass of the fluid element is constant this implies that υtr = constant, so that:

υt =
constant

r
(5.2)

This type of extreme is called ’loss free’ or ’frictionless’. From equation 5.2, the tan-

gential velocity increases as the fluid element moves towards the centre of the rotation, or

as the radial position decreases.

As shown in Fig 5.1, the real swirl flow intermediates between the solid-body rotation

and the loss free vortex [85]. In real fluid, there are two main sources that cause the trans-

portation of the moment-of-momentum between fluid elements at different radii, namely;

the viscose effect and the presence of turbulent. Thus, in the inner core region, the tan-

gential velocity of the real swirling flow nearly matches the one of the solid-body rotation,

this inner core is surrounded by a nearly loss free vortex. The tangential velocity distribu-
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tion which intermediates the two extremes is known as ’Rankine vortex’. Also it could be

described in a general equation as follows:

υtrn = constant (5.3)

where the value of the vortex exponent n determines the shape of the vortex. Some theo-

retical models of the flow pattern within cyclone estimated the value of n between 1 and

-1 [84, 108]. According to other workers, the more frequent reported value of n was ap-

proximately 0.5 [5]. For instance, this value was obtained experimentally by Shepherd and

Lapple[113]. Figure 5.2 shows the vortex exponent n as a function of cyclone diameter and

at different gas temperatures.
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Fig. 5.2 Vortex exponent n as a function of cyclone diameter and gas
temperature, adapted from [81].

To fully understand the mechanism of the cyclone, it is necessary to understand the

flow behaviour of the gases within it. The flow pattern in the cyclone has been intensively

investigated over the last few decades. For instance, in 1939 Shepherd and Lapple[113],
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investigated experimentally the velocity profile of the flow inside the cyclone. Their inves-

tigation has shown that the flow within the cyclone consists primarily of two flow regimes.

The first regime is an outer downward spiral while the other is an inner upward spiral with

lower velocity and smaller diameter as shown in Figure 5.3. The outer downward flow is

Separation zone


Vortex finder


Tangential inlet


Dust outlet


Fig. 5.3 Sketch of the flow pattern inside the cyclone separator.

of a great importance as it is responsible for transporting solid particles to the wall. This

flow pattern is known as ’the outer vortex and the inner vortex’. The fluid transfers from the

outer vortex to the inner vortex. The transferring process starts just below the vortex finder

down through the conical part to a point close to the apex of the cyclone. The measurement

of the Ter Linden [124] showed that in the upper part of the cyclone, the cylindrical part,

the inner and the outer vortex interface at a radius are approximately equal to the radius

of the vortex finder. The gas flow in the cyclone is, by nature, a three dimensional flow,

the velocity components can be resolved into tangential, axial and radial components. The

flow within the cyclone is dominated mostly by the tangential velocity and the strong shear

[102, 127, 135].
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The second velocity component which plays a major role in the reverse flow cyclone is

the axial velocity component of the continuance phase flow. The transportation of the solid

particles towards the apex of the cyclone are influenced by the axial velocity, but not by the

gravitational force. In the outer vortex region (the near wall region), the direction of the

axial velocity is downward and the gas moves towards the apex. At the inner vortex region

(the near centre line region), the direction is upward and the gas moves towards the vortex

finder [102]. Figure 5.4 shows a sketch of the axial velocity profile where the near wall

is presented in negative direction to indicate that the flow is moving downward. Near the

centre or the core of the cyclone, it is in positive direction to indicate that the flow is moving

upward.

The pattern of the axial velocity profile was investigated over the years, see table 5.1. It

is argued that the vortex finder diameter has a major influence on the axial velocity profile.

Figure 5.5 shows the axial velocity profile of two different patterns, namely; the inverted

V pattern to the left and the inverted W pattern to the right. Both profiles are at the same

horizontal position of 0.125 m below the vortex finder, the one on the left of De/D = 0.3

and 0.375 for the one on the right.

L

C
 Wall


Fig. 5.4 Sketch of the axial velocity profile in cyclone separators.

The phenomenon of shifting the axial velocity profile in the inner vortex region from

the inverted V to the inverted W was investigated by Horvath et al. [70]. They studied the

effect of the vortex finder diameter on the axial velocity profile. They observed that when

non-dimensional length De/D is less than 0.45, the V pattern profile is more stable. For

higher De/D (bigger than 0.53), a low pressure occurs at the core of the vortex leading to

what is called an increase of the back flow and the air from outside flows to the core and
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hence a W pattern is more stable.

Table 5.1 List of studies on the axial velocity pattern[59].
Class V Class W

Simulation Experiment Simulation Experiment

Griffiths & Boysan.[57],
Yoshida.[137],
Frank & Yu.[45],
Ma et al. .[86]

Kim & Lee.[76],
Solero & Coghe.[117]

Slack et al. . .[114],
Peng et al. . .[101] Hoekstra .[64]

However, the vortex finder diameter is not the only factor that affects the flow pattern of

the axial velocity within the cyclone. The apex shape and dimensions at the downstream exit

have major influence on the whole internal flow, and therefore affect axial velocity profile

of the reversed flow. For instance, Hoffmann et al. [66] showed that for a cyclone with

a hopper section at the apex, the axial flow pattern is more likely a V patterned velocity

profile. These findings are also agreed by Velilla [129].
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Fig. 5.5 Axial velocity profile in cyclone separators V pattern on the
left and W pattern on the right [70]

5.2 Pressure Drop

The pressure drop in the cyclone is defined as the difference in the static pressure between

the inlet and the outlets of the device [68, 81, 91, 94]. The performance of the cyclone
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separator, in terms of the operational cost, is directly linked to the pressure drop. Therefore,

the geometrical dimensions of the inlet section and the outlet sections (the apex and vortex

finder diameters) are significant variables, as they are directly related to the energy require-

ment. The tangential inlet causes the flow to swirl and spin around the longitudinal axis of

the cyclone body. The spinning motion produces a field of pressure gradient in the radial

direction, which provides a curvature for the gas flow (see section 1.5). However, the cal-

culation of the pressure drop can be grouped into three main model approaches, theoretical

and empirical models, statistical models and computational fluid dynamics (CFD) models

[37].

Many empirical and theoretical models have been developed to predict the cyclone pres-

sure drop (i.e. [1, 6, 20, 43, 75, 139]). For instance, Shepherd and Lapple [113], expressed

the head loss in the cyclone from the Bernoulli equation:

∆Hv = Fcv +Fev −1+
(

A
Ae

)2

(5.4)

where Fcv is the friction loss associated to the cyclone proper and Fev is the loss associated

to the exit duct work. According to Shepherd and Lapple, the frictional loss Fcv consists of

the following elements:

• Loss due to inlet expansion.

• Kinetic energy loss due to the rotational motion in the cyclone body.

• Wall frictional losses.

Whereas the value of Fev can be computed from the Fanning equation:

Fev =
4 f Le

e

(
A
Ae

)2

(5.5)

where f is the wall friction factor and it is a function of the Reynolds number (Re). Shep-

herd and Lapple model uses a wall friction factor, f , equal to 0.0055, while in both models
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of Barth and Stairmand, a value of 0.02 was used [8, 121]. From Fig. 5.6, the pressure

drop decreases as the wall friction factor increases. In addition, Muschelknautz and Kram-

brock [94] measurements showed that the friction factor in the low Re flow regime sharply

decreases as Re increases, and this is due to the decrease in the laminar boundary layer

thickness. On the contrary, in the turbulent flow regime, the boundary layer thickness de-

creases to a smaller extent; therefore, a fractional decrease in the f value occurs as the Re

increases. The explanation of the fact that the pressure drop decreases as the wall friction

factor increases is illusory.

From the mechanical energy balance, it is not only the static pressure that is being lost,

in fact, the viscous dissipation plays a crucial role in the determination of total pressure.

One may define the viscous dissipation as the destruction term of the fluctuation velocity

gradients by the action of the viscous stress. Thus, it leads to a reduction in the quantity

(p+0.5ρv2). Some of the early semi-empirical models considered the energy losses in the

pressure drop expression. For instance, this trend was adapted by Barth [8] to define the

pressure drop as the subtraction of the total pressure between the inlet and the outlet. In

this case, the total pressure at the inlet is the sum of the dynamic pressure (0.5ρv2) and the

static pressure. While a superficial exit velocity was used to formulate the velocity head at

the outlet.

Similarly, Stairmand splitted the energy losses into three contributions: (1) the energy

loss due to the velocity head at the inlet; (2) the energy loss due to the velocity head at the

exit; and (3) the energy loss due to the centrifugal head of the cyclone vortex [121].

In 1992, Hoffmann et al. showed that the continuation existence of the swirl in the

gas flow has a major influence on the total pressure loss, and hence the prediction of the

pressure drop is more difficult to measure than it appears to be [69]. They explained that

the total pressure is the sum of the static pressure and the tangential component of the dy-

namic pressure (0.5ρv2
t ), while the axial component is neglected as the radial distribution
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Fig. 5.6 Pressure drop, ∆P, of Stairmand high efficiency cyclone ver-
sus the inlet velocity, Uin, according to the models of (-) Stairmand
(1949) and (- -) Barth (1956).

of the axial velocity profile in strong swirl is almost flat. To conclude, the viscous dis-

sipation in the vortex finder has the most influence and dominates the total pressure loss

in the cyclone device. Thus, the parameters that increase the value vt also increases the

pressure drop. This, in fact, explain the illusory of the relation between the pressure drop

and the wall friction factor. In other words, an increase in the wall friction factor leads to a

decrease in the magnitude of vt , which in turn leads to a decreased losses in the vortex finder.

In addition, Hoffmann experiments reinforced the theory that the increase in the solid

loading strongly decreases the pressure drop. This is in consistence with the predictions of

Muschelknautz model. The explanation of this observation is that an increase in the solid

loading lowers the tangential velocity and hence increases the wall friction which results

in decreasing the pressure drop. Table 5.2 summarises different algebraic models of the

pressure drop coefficient in cyclones.

The second approach to calculate the pressure drop is the statistical approach. For in-

stance, in 1991, Ramachandran et al. [103] estimated the pressure drop based on a large
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Table 5.2 Algebraic models of the pressure drop in cyclones

Model Equation

Shepherd

and Lapple [113]
ξg =

16ab
D2

e
(5.6)

Alexander [1]

ξg = 4.62
(

ab
DcDe

)[((
Dc
De

)2π

−1
)(1−n

n

)
+ fg

(
Dc
De

)2n
]

(5.7)

fg = 0.8
[

1
n(1−n)

(
4−22n

3

)
−
(1−n

n

)]
+0.2

[(
22n −1

)(1−n
n

)
+1.5

(
22n)] (5.8)

n=1-
(
0.67D0.14

c
)( T

283

)0.8 (5.9)

Barth [8]

ξ (λ = λg) =
(

ab
πD2

e/4

)2
(ξb +ξe) (5.10)

Loss in the cyclone body

ξb =
De
Dc

(
1

(vze/vte−((H−S)/(0.5De))λ )
2

)
(5.11)

Loss in the vortex finder

ξe = K
(

vte
vze

)4/3
+
(

vte
vze

)2
(5.12)

Muschelknautz

and Kambrock [94]

ξ (λ = λg) =
(

ab
πD2

e/4 (ξb +ξe)
)

(5.13)

ξb = λ
As

0.9V
ρg
2 (vtevtw)

1.5 (5.14)

ξe = 2+3
(

vte
vze

)4/3
+
(

vte
vze

)2
(5.15)

Casal et al. [18] ξg = 11.3
(

ab
D2

e

)2

+2.33(5.16)
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stets of different cyclone configurations, precisely on the cyclone dimensions (cylinder body

diameter, inlet height and width, vortex finder diameter, separation zone height, total height

and the apex diameter). The statistical findings of Ramachandran were more accurate than

the empirical models of the 1940s and 1950s. Similarly, Casal et al. [19] statistical ap-

proach is based on a large data sets of pressure drop for various cyclone configurations [32].

Recently some studies used a CFD technique to calculate the pressure drop in cyclones.

For example, Gimbun et al. presented a CFD calculation to predict and to evaluate the

effects of temperature and inlet velocity on the pressure drop of gas cyclones [52]. The

predictions of Gimbun were in consistence with Shepherd and Lapple model under different

operational inlet velocity.

5.3 Collection Efficiency

The collection efficiency of cyclone determines its performance, and is considered as the

basic purpose of such type of equipment. It is defined as the ratio of the inlet flow rate of

solid particles to the collected particles. The physics behind the collection process is sub-

jected to a list of forces that are applied to the particles. For instance, the literature lists

centrifugal, gravitational, drag, particle-particle interaction and particle-wall interaction as

the main forces that have a direct influence on the overall collection efficiency [51]. Among

these different forces, the former is of great importance as it derives the solid particles to the

body wall of the cyclone. Although the working principle of the collection process is sim-

ple to demonstrate, a tremendous effort had been put into developing mathematical models

to predict the cyclone efficiency for a specific geometry under different operating conditions.

In general, cyclones collect particles with different diameters, and hence, the overall

collection efficiency, η , is indeed related to the particle size distribution of the particulate

mass injected to the device. The variation of the collection efficiency with respect to the
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Table 5.3 Formulae for the coefficient of solid loading effects ξs

Model Equation

Briggs [17] ξs =
1

1+0.0086(Csiρg)
0.5 (5.17)

Smolik [116] ξe = 1−0.02(Csiρg)
0.6 (5.18)

Baskakov et al. [9] ξs =
1

1+3.1C0.7
si

+0.67Csi(5.19)

Muschelknautz [93]

ξs =
ξ (λ=λs)

ξg
(5.20)

λs = λg +0.25
√

ηCsiFr0.5
e

ρg
ρs(1−εstr)

(
Dc

Dc−b

)−0.625
(5.21)

ξg = 4.62
(

ab
DcDe

)[((
Dc
De

)2π

−1
)(1−n

n

)
+ fg

(
Dc
De

)2n
]

(5.22)
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particle size distribution is described as follows:

η =

∞∫
0

f (x)η (x)dx (5.23)

where f (x) is the particle size distribution function (PSD) and η (x) is the so called grade ef-

ficiency curve (GEC). It is assumed that the function η (x) is independent of the (PSD). The

analysis of Ontko [97] examined this assumption by experimental investigation of cyclone

scaling using response surface technique, and no relation was found between f (x) and η (x).

The cyclone models of the grade efficiency curve presented in the literature could be

grouped under two categories. Firstly, the models which estimate the grade efficiency as

a function of the cyclone geometry and the operating conditions. The second; depends on

the relationship between the characteristic particle size and the critical particle size or the

so called cut-off size. The ideal or, the theoretical, grade efficiency describes the situation

where all particles reaching the cyclone wall are fully captured and particles that are small

enough not to reach the wall will not be captured and leave the device driven by the axial

flow through the vortex exit pipe. This ideal situation is shown by the dotted line in Figure

5.7.

The theoretical calculation of the critical diameter can be determined by equating the

centrifugal force and the drag force under steady state condition (see Figure 5.8). The forces

acting on a particle of a density ρp and of a diameter d entering a cyclone of radius r at a

tangential velocity υt and a radial velocity υr, are the centrifugal force and the drag force.

The centrifugal force can be written as:

Fc =
πd3ρpυ2

t

6rcore
(5.24)

where rcore is defined in Figure 5.9, and the drag force can be written as:

Fd = 3πdµυr (5.25)
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Fig. 5.8 Forces acting on a particle in a cyclone.

and hence, the cyclone efficiency will increase for:

• Higher tangential inlet velocity υt .

• Higher particle density ρd .

• Lower cyclone radius r.
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In addition, the concept of the critical diameter d100 implies that the grade efficiency is zero

for all particles smaller than d100 and 100% for all particles larger than d100, which is not

strictly true in practical situation [10, 106]. Moreover, the sharpness increase between the

maximum and the minimum collection efficiency is not observed experimentally, and hence,

it is very difficult to determine a specific critical diameter d100 for which all smaller particles

will be escaped and larger ones will be collected. However, for the sake of design conve-

nience, the critical diameter is replaced by a practical cut-off size d50 (shown by the dotted

red line in Fig 5.7) for which all particles larger than this diameter will have a probability of

50% to be collected. Therefore, one could expect a collection curve distribution as shown

by the solid line in Figure 5.7.

5.3.1 Critical Diameter: The static particle or equilibrium-orbit approach

Figure 5.9 shows the concept of the static particle or the equilibrium-orbit approach, where

the dashed line represents the imagined cylindrical surface (CS) that is formed by continuing

the vortex finder wall to the bottom of the cyclone [67]. The tangential velocity at the edge

of the CS is at its maximum. The movement of the gas phase toward the central axis of the

cyclone will past the CS with an averaged radial velocity given by:

υr =
Q

2πrcore (H −S)
(5.26)

where rcore is equal to the radius of the vortex finder, Q is the flow rate and H and S are

defined in Table 1.1 and Figure 1.5. For the particles of critical diameter, the outwardly

directed centrifugal force caused by their rapid rotation about the central axis is balanced

against the inward drag force caused by the inrushing gas. As a result of this balance, these

particles will theoretically remain suspended under static equilibrium state at the edge of the

CS. Particles smaller than the critical diameter will be driven inside the (CS) region by the

effect of the drag force and escape out the cyclone through the vortex pipe. On the contrast,

particles larger than the critical diameter are centrifuged and spin out towards the cyclone

wall and are collected. Under steady state condition, where the particle radial acceleration
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Fig. 5.9 Sketches showing the concept behind the equilibrium-orbit
models.

and velocity is zero (d2r/dt2 = dr/dt = 0), the sum of the centrifugal and drag forces acting

on the particle is zero:
πd3ρpυ2

t

6rcore
−3πdµυr = 0 (5.27)

Then the critical particle diameter can be written as:

d100 =

√
18υrµrcore

ρpυ2
max

(5.28)

From equation 5.28, the critical diameter is related to the maximum tangential velocity and

the averaged radial velocity of the gas phase. These velocity components depend on the

cyclone physical geometry and the gas inlet velocity. Also, it is related to the physical

properties of both the particle and the gas, i.e. the particle density and the gas viscosity.

Table 5.4 shows three different approaches to estimate the critical diameter, Lappel and

Barth used theoretical assumptions to develop the critical diameter equation, while Jones

and Leith used experimental data to develop the critical diameter equation. The diameter of
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the cylindrical surface dc appearing in the model of Jones and Leith is given by:

dc = 0.25D
(

ab
D2

)−0.25

×
(

De

D

)1.53

(5.29)

and the maximum tangential velocity υmax is related to the inlet velocity υin and the dimen-

sionless geometry parameter Cl and it is given by:

Cl =

(
ab
D2

)0.61(De

D

)−0.74(H
D

)−0.33

(5.30)

The parameter zc is limited by the apex diameter B and is given by:

zc =

(H −S)− (H−h)(B−1)
D ×

(
dc
B −1

)
if dc > B

(H −S) if dc < B
(5.31)

Table 5.4 Formula for the cyclone critical diameter static particle ap-
proach [24].

Approach Assumptions Equation

Barth [8] rcore = De/2 υmax =
4Qθ

πD2
e

d100 =
√

18υrµrcore
ρpυ2

max
(5.32)

Stairmand [122] rcore = De/4 υmax =
Qφ

ab

√
2(D− b

2)
De

d100 =
√

9υrµrcore
ρpυ2

max
(5.33)

Jones and Leith [72] rcore = dc/2 υmax = 6.1uin ·Cl d50 =
√

9Qµ

πzcρpυ2
max

(5.34)

5.3.2 Critical Diameter: Time of flight approach

The second approach to calculate the critical diameter is the time of flight approach. It is

defined as the time that a single particle needs to travel from its initial position to the cyclone

wall. For instance, if a particle with a critical diameter is injected from initial position ri at
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the inlet velocity υin and it takes a time t to reach the wall, then the critical diameter can be

written as:

d100 =

√√√√√√9µD2
(

1− 2ri

D

)2n+2

4(n+1)υ2
inρpt

(5.35)

Some assumptions presented in the literature relate the residence time t to the empirical

"number of turns," N, that the gas stream makes within the cyclone. Table 5.5 summarises

different models to calculate the particle critical diameter by using the time of flight ap-

proach.

However, both critical particle approaches (the static particle approach and the time

of flight approach) can be used as a rough estimator for the cyclone collection efficiency.

Hence, none of these approaches can provide a full picture of the actual collection efficiency

when a particular cyclone is injected with a range of different particles diameters. Conse-

quently, the need for an alternative approach to estimate the overall cyclone efficiency in-

fluenced the emergence of what is known as the fractional, or the grade, efficiency curve,

which is the subject of the next section.

5.3.3 The Fractional Efficiency Curve

In 1951, Lapple [78] developed a general curve to predict the entire fractional efficiency

versus a range of dimensionless particles diameter. The diameters of the particle is normal-

ized with the cut-off diameter given by equation (5.39). This curve is presented in Fig. 5.10.

Theodore and DePaola [125] suggested an algebraic equation to relate the collection effi-

ciency to the dimensionless diameter as follows:

η =
1

1+a(d50/d)b (5.40)
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Table 5.5 Formula for the particle critical diameter using time of
flight approach [24].

Approach Assumptions Equation

Rosin et al. [108] n = 0 t = πDN
υin

ri =
D
2 −b d100 =

√
9µb

πρpυin

(
1− b

D

)
(5.36)

Lapple and Shepherd. [79] n = 0 t = πDN
υin

(
1− De

2D

)
ri =

D−De
2 d100 =

√
9µDe

2πρpυinN (5.37)

Davies. [28] n = 1 t = H
υin

ri =
De
2 d100 =

9µD2
√

1−(De
D )

4

8ρpυinH (5.38)

Lapple. [78] n = 0 t = πDN
υin

(
1− De

2D

)
ri =

D−b
2 d50 =

√
9µb

2πρpυinN (5.39)

where the values of the constant a and the logistic slope parameter b are 1 and 2 respectively.

Iozia (Jones) and Leith [72, 73] estimated the logistic slope b from the cut-off diameter given

by Equation 5.34 and the inlet dimensions as follows:

ln(b) = 0.62−0.87ln(d50)+5.21ln
(

ab
D2

)
+1.05ln

(
ab
D2

)2

(5.41)

In 1972 Leith and Licht [82] proposed a model that is based on several assumptions,

i.e., the particles are spherical in shape, the drag force exerted on the particles is given by

Stokes law, the acceleration of particles in the radial direction and the radial velocity of the

continuous phase is zero. In addition, due to the existence of turbulence within cyclones, the

Leith-Licht model assumes that all uncollected particles are completely mixed. Since then

many other models have appeared to estimate the fractional efficiency curve. For instance,

in 1981, Dietz [30] subdivided the flow domain into three zones, zone one covers the region

between top cover of the cyclone to the inlet level of the vortex finder, zone two covers

the annular region around the central core or (CS, see Figure 5.9) and zone three covers

the core region inside CS. The purpose of these subdivisions is to account for the variation

of the residence time and to comply more with axial reverse flow in the core region. This
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Fig. 5.10 Fractional efficiency versus d/d50 for Lapple design cy-
clone.

technique was adapted by Swaray and Hamdullahpur in their semi-empirical model [123].



Chapter 6

Numerical Implementation

6.1 Introduction

In this work, we build on the idea of Qiang which uses the Richardson number to avoid the

calculation of the complex term (DSi j/Dt), that appears in the non-dimensional argument

r̃ (See Section 6.2.2). This leads to a simpler version of the SSTCC, which is realized by

implementing the Ri number. As a result, the obtained numerical code needs less compu-

tational time and is also competitive in terms of accuracy when compared to the SSTCC

model. The new formula for r̃ is applied to the Menter’s SSTCC model and the modi-

fied model is denoted as SSTCCM. Then, the two altered models (namely; SARCM and

SSTCCM) are implemented to study the flow within the cyclone. The swirl velocity com-

ponents, characterized by the tangential and the axial velocity profile, are compared with

the RSM and experimental data.

6.2 Mathematical Model

Cyclone separators operate normally at a range of Re = 105 to 106. Such a flow is con-

sidered to be fully turbulent. The fundamental physics of the fluid flow is described and

governed mathematically by the Navier-Stokes equations. The conservation form of the
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incompressible Navier-Stokes equations are given by:

∂ui

∂xi
= 0 continuity equation (6.1)

ρ
∂ui

∂ t
+ρ

∂uiu j

∂x j
=− ∂ p

∂xi
+

∂

∂x j

(
2µsi j

)
momentum equation (6.2)

where the term si j is the strain-rate tensor, which is written as:

si j =
1
2

(
∂ui

∂x j
+

∂u j

∂xi

)
(6.3)

To express equations (6.1) and (6.2) in the form of the Reynolds averaged Navier-Stokes

(RANS) equations, the flow variables are decomposed into mean and fluctuating quantities.

Then the time average process is applied, which yields the final form of RANS equations

that can be written as follows:

∂ui

∂xi
= 0 (6.4)

ρ
∂ui

∂ t
+ρ

∂uiu j

∂x j
=− ∂ p

∂xi
+

∂

∂x j

(
2µSi j −ρu′iu

′
j

)
(6.5)

where the term Si j is the time averaged quantity of the the strain-rate tensor. The appearance

of the additional term (τi j =−ρu′iu
′
j) is known as Reynolds stress tensor. The system of the

equations has to be closed in order to get a solution for the mathematical problem. This can

be achieved by postulating a specific term of τi j in a framework of designing a turbulence

model.

6.2.1 Standard Spalart-Allmaras (SA) model

The standard SA turbulence model is presented first by Spalart and Allmaras in 1992 [120].

It is a one equation eddy viscosity model. The SA model employs the Boussinesq hypothesis
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to relate the Reynolds stresses to the mean rate of deformation.

τi j =−ρu′iu
′
j = 2µtSi j = ρν̃ fv1

(
∂ui

∂x j
+

∂u j

∂xi

)
(6.6)

The transport equation for the viscosity-like variable ν̃ is given by

∂

∂ t
(ρν̃)+

∂

∂xi
(ρν̃ui) =Cb1ρ S̃ν̃+

1
σν

[
∂

∂x j

{
(µ +ρν̃)

∂ ν̃

∂x j

}
+Cb2ρ

(
∂ ν̃

∂x j

)2
]
−Yν (6.7)

where

νt = ν̃ fv1, fv1 =
χ3

χ3 +C3
v1
, χ =

ν̃

ν
, S̃ ≡ Ω+

ν̃

κ2d2 fv2 (6.8)

Where Ω ≡
√

2ωi jωi j is the magnitude of the vorticity, d is the distance from the field point

to the nearest wall and ωi j is the mean rate-of-rotation tensor and is defined by:

ωi j =
1
2

(
∂ui

∂x j
−

∂u j

∂xi

)
(6.9)

The destruction of turbulent viscosity that occurs in the near-wall region due to wall block-

ing and viscous damping is given by:

Yν =Cw1ρ fw

(
ν̃

d

)2

(6.10)

The fw function is used to accelerate the decaying behaviour of destruction and it is given

by

fw = g

(
1+ c6

ω3

g6 + c6
ω3

)1/6

(6.11)

In order to prevent a large value of fw a limiter function g is used

g = r+ cω2

(
r6 − r

)
(6.12)
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Where r is defined as

r ≡ ν̃

S̃κ2d2
(6.13)

The eight closure coefficients of SA model are given in Table 6.1.

Table 6.1 Spalrt-Allmaras closure constants.
κ = 0.41 cv1 = 7.1 cb1 = 0.14 cb2 = 0.62
σ = 2/3 cw1 = 3.21 cw2 = 0.3 cw3 = 2

6.2.2 Spalart Allmars Rotation Curvature Turbulence Model (SARC)

As the standard SA model does not account for system rotation and streamline curvatures,

Spalart and Shur [118] proposed an empirical alterations for this purpose. The formulation

of SARC is similar to the original standard SA model except that the production term of

turbulence viscosity in equation (6.7) is multiplied by a rotation function fr1, which is given

by:

fr1 (r∗, r̃) = (1+ cr1)
2r∗

1+ r∗
[
1− cr3tan−1 (cr2r̃)

]
− cr1 (6.14)

Where the dimensionless quantities r∗ and r̃ are given by:

r∗ =
S
Ω

(6.15)

r̃ =
2ωikS jk

D4

(
DSi j

Dt
+
(
εimnS jn + ε jmnSin

)
Ωm

)
(6.16)

Here

Si j = 0.5
(

∂ui

∂x j
+

∂u j

∂xi

)
, ωi j =

(
0.5
(

∂ui

∂x j
−

∂u j

∂xi

)
+2εm jiΩm

)
(6.17)

S2 = 2Si jSi j, Ω
2 = 2ωi jωi j, D2 = 0.5

(
S2 +Ω

2) (6.18)
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The term DSi j/Dt in equation (6.16) is the components of the Lagrangian derivatives of

the strain tensor as mentioned earlier. It should be noted that rotation rate Ωm appears

in equation (6.16) and (6.17) is used only if the reference frame itself is rotating. The

empirical constants cr1, cr2 and cr3 appear in equation (6.14) are given the values 1.0, 2.0

and 1.0 respectively.

6.2.3 Qiang and Yong Simpler SARCM

The calculation of the Lagrangian derivative of the strain rate tensor that exists in the SARC

mode is a complex term and time consuming parameter to implement. Thus, in order to

avoid the calculation of the higher order derivatives, Qiang and Yong [138] implemented

the Richardson number Ri to account for the rotation-curvature effects. Hence, the term (r̃)

is redefined as follows:

r̃ =
Ω

S

(
Ω

S
−1
)

(6.19)

6.2.4 The Proposed SSTCCM Model

The proposed SSTCCM model is based on the shear stress transport model, which is an im-

proved version of the two equations k−ω model. It was introduced in 1994 by Menter [89].

The model combines the two turbulence models (k−ω and k−ε). In the inner part of the

boundary layer, the k−ω model is used and switches to the k−ε in the free shear flow. The

SST model employs the Boussinesq hypothesis to relate the Reynolds stresses to the mean

rate of deformation as follows:

τi j =−ρu′iu
′
j = µt

(
2Si j −

2
3

∂uk

∂xkδi j

)
− 2

3
ρkδi j (6.20)

The conservation form of the transport equations for both the turbulence kinetic energy

k and the turbulent frequency ω can be written as:

ρ
∂ (k)
∂ t

+ρ
∂ (u jk)

∂x j
= Pk −β

∗
ρkω +

∂

∂x j

[
(µ +σkµt)

∂k
∂x j

]
(6.21)
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ρ
∂ (ω)

∂ t
+ρ

∂ (u jω)

∂x j
= Pk

ρ

µt
−βρω

2 +
∂

∂x j

[
(µ +σω µt)

∂ω

∂x j

]
+2(1−F1)

ρσω2

ω

∂k
∂x j

∂ω

∂x j
(6.22)

The production term Pk is defined as:

Pk = τi j
∂ui

∂x j
=

[
µt

(
2Si j −

2
3

∂uk

∂xk
δi j

)
− 2

3
ρkδi j

]
∂ui

∂x j
(6.23)

where the turbulent viscosity is defined as follows:

µt =
ρa1k

max(a1ω,ΩF2)
(6.24)

The blinding function F1 in the freestream is zero (k−ε model), and in the boundary

layer is equal to one (k−ω model), given by:

F1 = tanh
(
arg4

1
)

(6.25)

arg1 = min

[
max

( √
k

β ∗ωd
,
500ν

d2ω

)
,

4ρσω2k
CDkωd2

]
(6.26)

CDkω = max
(

2ρσω2
1
ω

∂k
∂x j

∂ω

∂x j
,10−20

)
(6.27)

F2 = tanh
(
arg2

2
)

(6.28)

arg2 = max

(
2

√
k

β ∗ωd
,
500ν

d2ω

)
(6.29)

The constant closure coefficients of the SST model are given in Table 6.2.

The present model builds on the shear stress transport k −ω model (SST k −ω) and

also on the rotation function which was proposed in [115]. In the proposed model, the
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Table 6.2 SST k−ω closure constants.
κ σk σω σω2 β1 β2 β ∗ a1
0.4187 0.85 0.5 0.856 0.0785 0.0828 0.09 0.31

Richardson number Ri defined by Hellsten [61] is used to avoid calculating the terms D4

and the complex Lagrangian derivatives. The modified rotation function is used to control

the production term that appears in the transport equations. The incompressible form of the

transport equations of the turbulent kinetic energy and its specific dissipation for the new

SSTCCM model can be cast in differential form:

ρ
∂ (k)
∂ t

+ρ
∂ (u jk)

∂x j
= frotPk −β

∗
ρkω +

∂

∂x j

[
(µ +σkµt)

∂k
∂x j

]
(6.30)

ρ
∂ (ω)

∂ t
+ρ

∂ (u jω)

∂x j
= frotPk

ρ

µt
−βρω

2+
∂

∂x j

[
(µ +σω µt)

∂ω

∂x j

]
+2(1−F1)

ρσω2

ω

∂k
∂x j

∂ω

∂x j
(6.31)

The production term Pk and the blinding function F1 are given in equations (6.24) and

(6.26), respectively. The rotation function frot is defined as

frot = max{min( fr1,1.25) ,0.0} (6.32)

The term fr1 is the rotation function which is defined by Spalart in equation (6.14). Un-

like the production term (S̃) in the SA model (equation (6.7)), which is based on the vorticity

tensor Ω that characterizes the rotation, the production term Pk is based on the strain tensor

rate S that characterizes the deformation. Therefore, Pk is higher than S̃, which justifies the

use of the limiter in the rotating function frot [115]. The dimensionless quantities r̃ and r∗

are defined as follows:

r̃ =
Ω

S

(
Ω

S
−1
)

r∗ =
S
Ω

(6.33)

The recommended boundary conditions for the farfield and at the wall for this model are
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given in Table 6.3.

6.3 File-based Structure of OpenFOAM Cases

OpenFoam CFD solver is a free, open source software package. The word OpenFOAM

stands for Open Field Operation and Manipulation, it was released as an open source code

in 2004. The code was written in a C++ object-oriented library to solve numerically the

partial differential equations [132]. Recently, it gains popularity and spreads widely across

both the engineering and the academic fields. As it was distributed under the General Public

License (GPL) license, the use of OpenFoam is free of charge. In addition to that, the flex-

ibility of the code allows the user to modify an exciting model or even implement his own

model. These two features are the main reasons to use the OpenFoam code in this work,

rather than many black-box commercial CFD platforms.

The basic structure of a file case in OpenFoam is illustrated in Fig. 6.1. The file case

contains three basic directories; system, constant and 0 directories. The system directory

consist of several dictionaries to control the simulation. The basic control dictionaries are

the controlDict, the fvSchemes and the fvSolution. In the controlDict the user specifies the

control parameters required for the simulation, such as the solver algorithm (Simple, Pim-

ple, etc), the time step, the maximum Courant number, and the stop time. The temporal and

the spatial discretization settings are specified in the fvSchemes dictionary. This dictionary

is the most critical one, as it responsible for the accuracy and the stability of the discretized

solution. The third basic control dictionary is the fvSolution, in this dictionary the user

can specify the equation solvers, tolerances and algorithms for each primitive variables (the

velocity, the pressure and the turbulence scalar quantities). In addition to these three dictio-

naries, the user can also include an extra dictionary to decompose the computational domain

into several sub-domain. The decomposition process allows OpenFoam to be run in parallel

on distributed processors. This feature is of great importance especially when solving com-

plex cases; because it speeds up the computational time noticeably.
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< Case >


system


constant


0


controlDict


fvSchemes


fvSolution


RASProperties


turbulenceProperties


etc...


polyMesh


points


faces


neighbour


boundary


Fig. 6.1 Case file structure in OpenFoam.

The constant directory contains the mesh files, the physical properties of the fluid, i.e.

the fluid density and dynamic viscosity. The choice of the turbulence model and the type

of simulation RANS/LES are specified in the RASProperties file. The boundary and the

initial conditions are both specified within the directory 0. This directory contains files of

the primitive and the turbulent scalar variables. The syntax of defining the scalar field type

is differ when defining a vector field type.

6.4 Geometrical Domain and Grid Generation

Recent publications had studied the influence of cyclone separator geometry on the type

of the flow patterns in cyclones. Although, these patterns are not yet fully understood, the

basic features of the flow is well known. Horvath et al. [70] investigated experimentally and

numerically the influence of the vortex finder diameter on the axial velocity profile. Two

classes of the axial velocity profile were reported. An inverted W-shape profile was ob-

served for vortex with diameter bigger than half of the cyclone body diameter. For smaller
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diameter (less than 0.45 of the body diameter) the profile takes an inverted V-shape pattern.

The other geometrical parameter (the inlet width and height, the length of the cyclone body

and vortex finder) have less influence on the overall flow structure. These findings are con-

sistent with findings from other studies. The correct prediction of the gas flow inside the

cyclone is a key factor to predict the pressure drop and the collection efficiency, which lies

beyond the scope of this work.

The computational efforts as well as the accuracy of the solution highly depends on the

mesh generation prior to the numerical analysis procedure. The grid can be fully structured,

unstructured or hybrid. In structured grid type, the domain is decomposed into a regular

hexahedral elements or squares. Therefore, the associated matrices that based on structured

grid are highly organized and fast to assemble, and hence the resulting linear systems are

also relatively easy to solve. In contrast, the unstructured mesh divides the domain into

simple shapes, such as triangles or tetrahedrals, on an irregular basis. The influence of

this mesh type yields matrices that are less organized and slower to assemble than the first

type. The hybrid method is mainly used in complex geometry, where the regular parts of

the domain are decomposed based on structured method, while the irregular parts can have

unstructured grids. It is well known that the discretisation error arises from the size and the

shape of the grid cells, while the numerical complexity is depend on the grid resolution (the

number of cells) and the quality of the mesh. Consequently, it is all critically depends on the

geometry of the physical domain. The body of the cyclone is considered as a highly com-

plicated structure. This is because it consists of three unsimilar geometric shapes, which

are a conical frustum, a circular cylinder and a rectangular prism. The way these shapes

are attached to form the cyclone configuration, makes the meshing process extremely diffi-

cult. For example, even for coarse mesh, the fully structural hexahedral mesh yields a very

dense grid area around the symmetry-axis, on one hand, and a high non-orthogonal faces

on the other hand. For medium and fine grids, both the dense grid area and the level of the

non-orthogonality increase dramatically. Unfortunately, these two major drawbacks of the

structural meshes are unavoidable consequence. On the other hand, the hybrid mesh is more
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flexible and handle the problematics associated with the structural mesh type. In this work,

the geometry of the cyclone body is decomposed by structural and hybrid techniques, while

the unstructured grid method is eliminated due to high rate of convergence and CPU time it

requires.

It is almost impossible to generate a structured mesh for the cyclone in any built-in mesh

generation utilities available in OpenFoam. Alternatively, it provides a list of mesh conver-

sion methods which helps in using a wide range of free mesh generation codes. Gmsh-2.8.6

code [50] was implemented for this purpose. The domain is partitioned into several blocks

according to the geometrical shape of the cyclone body. For example, each colored part of

the meshed cyclone shown in Fig. 6.2 represents a different geometrical shape. The shape

of the inlet section (red color) is a rectangular prism, but with a curved edge at the free-

stream end attached to the cyclone body. The other shapes, conical frustum, circular hollow

and circular cylinder are colored with blue, green and white respectively. This particular

mesh contains 141066 elements, which is considered as coarse to medium level. Most of

the cells are condense in the core as shown in Fig. 6.3. As the mesh is refined further, the

gradient in cell volume near the symmetry-axis will get higher and higher. In addition, the

number of non-orthogonal faces in this example is 531 faces with a degree bigger than 80◦.

OpenFoam solvers recommends using mesh with orthogonal faces, but if it not possible, the

non-orthogonal feces angle better not to exceed 60◦. A detailed image of the non-orthogonal

surfaces can be seen in Fig. 6.4, which is formed due to the tangential attachment of the inlet

section with the main body.

In order to minimise the deficiencies of the structured grid to the lowest possible degree,

both the inlet section and the central core has to be meshed independently with the wall

edges. Only the unstructured and the hybrid methods are capable to perform this task. In

this work the hybrid technique was used to preserve most of the structured mesh of the

discretised domain. the Figure 6.5 shows the semi-structured mesh which is used in order to

decrease the non-orthogonality on one hand, and to avoid the dense mesh in the core region,
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Fig. 6.2 Multi-block structured grid generated by Gmsh.

Fig. 6.3 High gradient in cell volume near the symmetry-axis occurs
for structural grid type.

Fig. 6.4 Multi-block structured grid generated by Gmsh.
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on the other hand. This mesh was created by using the snappyHexMesh utility provided by

the OpenFoam. The y+ value is kept under 12, and a comparison between the two mesh

styles are introduced in chapter 7.

Fig. 6.5 Semi-structured mesh using snappyHexMesh utility.

6.5 Time-Marching Approach and Time Step

The numerical solution of a time dependent partial differential equations can be obtained

by using either an explicit or an implicit approach. The properties of the solver algorithm

critically rely on the choice between these approaches. In case of the implicit scheme, the

current state of the linear system is obtained by solving the equations at the current and the

next time steps. The implication of this technique lies in the additional computational ef-

forts, and also the complexity of the programming code. However, the implicit schemes are

always computationally stable, and hence no limitation for the Courant number is required

to get a stable solution. On the other hand, the explicit scheme uses the current information

of the variables to obtain the new variables at the next time step. Therefore, the stability

condition highly dependents on the time step selection and hence the Courant number at

the cell level. This reason causes the explicit schemes to be conditionally stable. But in

comparison with stable implicit based solvers, the explicit schemes can be more reliable
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in terms of the storage requirements and the computational speed. The Fluent software is

one of the most commonly used CFD solver that is based on implicit method, while the

relatively new emerging code, OpenFoam, is based on the explicit solvers. So the time step

selection directly affects the stability of the solution when using OpenFoam solvers, which

is not true regarding to simulations that are performed by using the Fluent CFD kit.

A rough estimation of the time step selection when simulating cyclone can be repre-

sented by a small fraction of the average residence time (tres) [39]. The tres can be defined

as the ratio of volume of the cyclone and the gas flow rate, tres = V/Q. For example, the

volume of the Stairmand high-efficiency cyclone can be calculated by summing the vol-

umes of the four geometrical shapes shown previously in Fig. 6.2. If the gas flow rate is

0.08(m3/s), and the volume of the cyclone is 0.02(m3), then the tres = 0.02/0.08 = 0.25.

According to Elsayed [39], a proper time step ∆t could be estimated as a tiny fraction of tres,

such as ∆t = 10e−3× tres. This estimation method could be valid for implicit solver based,

but for explicit solver it is subject to monitoring the Courant number variation. Therefore

for explicit schemes, the time steps are usually less than that of the implicit schemes by a

fraction of 10e−1.

6.6 Boundary Condition

The velocity inlet boundary condition is normalized to unity. Therefore the Re number can

be adjusted by manipulating the kinematic viscosity.

Re =
UL
ν

(6.34)

normalizing the velocity to one enforces the Courant number to be at lower values. As the

time step is inversely proportional to the Co number (See equation (4.30)), normalizing the

inlet velocity will lower the possibility of the simulation to blow up. Standard wall functions

are implemented in the near wall region to treat the boundary conditions of the turbulence

quantities at the wall. In order to use the RANS turbulence models with wall functions
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effectively, the y+ value should not be exceed 20.

Table 6.3 Set up of the cyclone boundary conditions.

Boundary U (m/s) p (m2/s2) k (m2/s2) omega (1/s) νt (m2/s)

Inlet (1, 0, 0) zero gradient 1.1
(

2
3
(IU)2

)
ρk
µ

(
νt

ν

)−1
ν

(
νt

ν

)
Top outlet zero gradient 105 zero gradient zero gradient zero gradient

Bottom outlet zero gradient 105 zero gradient zero gradient zero gradient

wall (0, 0, 0) zero gradient 0 10
6ν

β1(∆y)2 0

6.7 Numerical Schemes

The heads of the CFD balance triangle of any fluid mechanics problem, as one might say,

are: the accuracy, the stability and the speed. The numerical schemes are used to construct

the system of linear equations that approximates the CFD problem. There are different or-

der of these schemes, first, second and higher orders. It is difficult, and even impossible in

many cases, to have maximum accuracy with rock-solid stability at a minimum cost. For

example, for high Re flow with complex geometry, the first order upwind scheme is stable

but not accurate. To increase the accuracy, the order of the numerical scheme has to be at

least second order, which in turn violates the stability of the solution.

The set up of the discretization schemes critically depends on the mesh generation.

Therefore, accuracy , stability and speed of numerical solution are associated to some of

the criteria that determine the quality of the mesh. For instance, the non-orthogonality is a

key element, which should be treated under great care. The discretization of the diffusion

and the gradient terms are determined according to the level of the non-orthogonality and

the cell skewness, respectively. Therefore, the quality of the input data (mesh data) deter-

mines the reliability of the output, and hence the GIGO syndrome should always be avoided.



6.8 Solver Algorithm 96

It should be noted that, for the turbulence quantities (i.e. k and ω), the preferable scheme

is the first order upwind. This is because the convective terms inherent to the turbulent

quantities are very sensitive to the respective higher order discretization schemes. In this

work the first order upwind scheme was used in discretising the turbulence quantities. In

order to increase the accuracy, the discretization of the velocity was gradually incremented

from the first order upwind scheme (Gauss upwind) to the second order upwind scheme

(Gauss linearUpwind) and finally to the self-filtered central differencing scheme (SFCD).

The temporal discretization was set to the first order Euler scheme.

6.8 Solver Algorithm

There are two algorithms available in OpenFoam that deal with transient, incompressible

flows. The default solver is the Pressure Implicit Splitting Operator (PISO) algorithm, which

lies beyond the scope of this work. The other solver is based on the merged PISO-SIMPLE

(PIMPLE) algorithm to solve the pressure-velocity coupling. The Semi-Implicit Method

for Pressure-Linked equations(SIMPLE) algorithm is designed for stead-state conditions. It

calculates the pressure after solving the velocity components from the momentum equation,

hence it allows to couple by an iterative procedures. Figure. 6.6 illustrates the algorithm

loop for one time step in the PIMPLE solver. The most attractive feature of this solver is

its ability to calculate the momentum-pressure equations in a PISO mode, and using under-

relaxation factor to correct the mass fluxes at the cell faces as a SIMPLE solver [21].
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Fig. 6.6 PIMPLE algorithm loop for one time step.



Chapter 7

Results and Discussions

The obtained predictions are compared with the Laser Doppler Anemometry (LDA) exper-

imental measurements and with the corresponding results of Reynolds stress model (RSM).

Both the experiment and the RSM data were reported in [65]. In order to validate the new

SSTCCM model, two simple benchmark problems were implemented and simulated first.

The motivation behind these verification tests was to demonstrate the ability of the pro-

posed model to tackle a swirl motion and a strong streamline curvature, which proved to be

a challenge for EVM models. These tests has a relatively, as compared to cyclone, quicker

turnaround time which allowed testing first a wider selection of turbulence models. As a

result, the candidates models were identified for the following cyclone simulations.

7.1 Rotating-Lid in a Confined Cylinder

The confined cylinder with a rotating-lid case, that has been studied by Fujimura et al. [47],

is chosen as a test case to validate the proposed model and to examine different numerical

schemes outlined in the previous chapter. The computational domain is shown in Fig. 7.1a,

which can be described as a confined cylinder, where the swirling flow is generated by a

rotating-lid at the top end-wall of the pipe. Due to the shear forces, the flow in contact with

the rotating-lid acquires a spinning motion. Consequently, the fluid particles are propelled

radially outwards, while near the sidewall, the fluid spirals down. As it reaches the bottom
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end-wall, the fluid reverses its direction and moves from the sidewall towards the central axis

before spiralling upwards. The characteristics of the flow pattern of this swirling motion

depend mainly on two dimensionless parameters, i.e., the Reynolds number (Re = R2Ω/ν),

and the cylinder aspect ratio (Ar = H/R), where R is the radius of the cylinder, Ω is the

angular velocity of the lid, and H is the height of the cylinder.

7.1.1 Computational Domain and Boundary Conditions

In order to facilitate the computational effort, an axisymmetric 2D simulation was per-

formed. The computational domain of the 2D axisymmetric is shown in Fig. 7.1b. The

numerical results are presented for aspect ratios of 1.5, 2.5 and 2.5 with the corresponding

Re of 1290, 1010 and 2200, respectively. The mesh is refined according to the Re with a y+

value less than unity for all cases;

y+= Re
(

∆y1uτ

R2Ω

)
(7.1)

Where ∆y1 is the height of the first cell adjacent to the wall, and uτ is the frictional velocity.

R


Ω


0
=
u


Wedge


surfaces


Ω


a
 b


0
=
u


H
=
Ar
×
R


Fig. 7.1 a) Diagram of confined cylinder with rotating upper lid
showing the different part of boundaries b) Axisymmetric 2D con-
figuration.
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Fig. 7.2 Fine structured hexahedral mesh with y+ less than unity.
From left to right case A, B and C.

7.1.2 Numerical Results

The relationship between the parameters (Re and Ar) and the number of vortex breakdowns

was first observed by Escudier [40]. In this case study, three different regimes are consid-

ered, as indicated in Fig. 7.3. Cases A, B and C correspond to (Re = 1920 and Ar = 1.5),

(Re = 2200 and Ar = 2.5) and (Re = 1010 and Ar = 2.5), respectively. Then, different nu-

merical schemes are used to discretize the convective terms. The equations of the turbulence

quantity variables (k and ω) are both discretised using the first order upwind scheme. For

the velocity variables, two second order schemes are used, namely, Self-Filtering Central

Differencing (SFCD) and Linear Upwind (LU), as well as the first order upwind scheme.

Figure. 7.4 shows that the upwind scheme provides an erroneous streamlines for cases A

and B. On the other hand, the second order schemes are both qualitatively in good agree-

ment with the experimental measurements. Unlike the upwind scheme, the location and the

number of the vortex breakdowns are accurately predicted by the second order schemes.
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Fig. 7.3 Regime diagram of vortex breakdowns by Escudier.

Figure 7.5 shows that the SSTCCM model provides good predictions of the axial veloc-

ity profile along the longitudinal centreline when compared to experimental data. In terms

of accuracy and reliability, the second order schemes are superior to the simple first order

scheme. For example, Table. 7.1 shows that the upwind scheme for the fine mesh underes-

timates the maximum velocity by approximately 10% for case A and less than 1% for cases

B and C. Although the upwind scheme seems to provide accurate predictions of the velocity

profile, it cannot capture the formation of the vortex breakdown, as shown in Fig. 7.4. The

results of the second order schemes demonstrate that the SFCD scheme provides insignifi-

cant improvement in terms of the grid refinement. On the contrary, the accuracy of the LU

scheme is germane to the grid refinement (see Tables 7.3 and 7.2).
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Fig. 7.4 Contour plot of the streamlines, from top to bottom, Case
A (Re = 1920, Ar = 1.5), Case B (Re = 2200, Ar = 2.5) and Case
C(Re = 1010, Ar = 2.5), from left to right, upwind, SFCD, LU and
experimental visualizations of Fujimura.
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Fig. 7.5 Axial velocity along the centerline, from top to bottom, Case
A, B and C. From left to right, coarse, medium and fine grid.
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Table 7.1 upwind scheme.
Case Ar Re Grid size Max velocity Error % Vortex breakdowns
Exp1 2.5 1010 - 0.103385 - non
A1 2.5 1010 1320 0.092695 10.3 non
A2 2.5 1010 2352 0.092827 10.21 non
A3 2.5 1010 4176 0.093279 9.78 non
Exp2 1.5 1290 - 0.065676 - 1
B1 1.5 1290 2204 0.070203 6.89 non
B2 1.5 1290 2640 0.068319 4.02 non
B3 1.5 1290 5104 0.065987 0.47 non
Exp3 2.5 2200 - 0.076415 - 2
C1 2.5 2200 2352 0.064115 16.096 non
C2 2.5 2200 4640 0.074994 1.8595 non
C3 2.5 2200 7800 0.076175 0.3140 non

Table 7.2 linearUpwind Scheme.
Case Ar Re Grid size Max velocity Error % Vortex breakdowns
Exp1 2.5 1010 - 0.103385 - non
A1 2.5 1010 1320 0.10196 1.38 non
A2 2.5 1010 2352 0.10251 0.846 non
A3 2.5 1010 4176 0.10416 0.75 non
Exp2 1.5 1290 - 0.065676 - 1
B1 1.5 1290 2204 0.071912 9.50 1
B2 1.5 1290 2640 0.071178 8.38 1
B3 1.5 1290 5104 0.07086 7.89 1
Exp3 2.5 2200 - 0.076415 - 2
C1 2.5 2200 2352 0.062078 18.76 2
C2 2.5 2200 4640 0.082545 8.02 2
C3 2.5 2200 7800 0.079308 3.79 2

Table 7.3 SFCD Scheme.
Case Ar Re Grid size Max velocity Error % Vortex breakdowns
Exp1 2.5 1010 - 0.103385 - non
A1 2.5 1010 1320 0.1012 2.54 non
A2 2.5 1010 2352 0.10076 2.51 non
A3 2.5 1010 4176 0.10079 2.11 non
Exp2 1.5 1290 - 0.065676 - 1
B1 1.5 1290 2204 0.070737 7.71 1
B2 1.5 1290 2640 0.070666 7.60 1
B3 1.5 1290 5104 0.070635 7.55 1
Exp3 2.5 2200 - 0.076415 - 2
C1 2.5 2200 2352 0.082251 7.64 2
C2 2.5 2200 4640 0.082196 7.57 2
C3 2.5 2200 7800 0.081964 7.26 2
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7.2 Channel Flow in a U-Duct

The turbulent gas flows through a channel with a U-duct is characterized by a strong stream-

line curvature, which contains massive flow separation and reattachment on the inner wall

of the duct. It is well known that the standard EVMs fail to accurately predict such flow

features and thus this should also provide a severe test for the proposed model. Figure. 7.6

shows the computational domain used in the present study. Where the U-duct width is (H =

0.0381m), the inlet section is located at (x = −10H) and the outlet section at (x = 12H),

with inner radius (Rinner = 0.0191m) and outer radius (Router = 0.0572m). This geometry

is in accordance with the measurements of Monson et al. [90]. The grid is generated by

using structured hexahedral elements, and a high resolution discretisation is applied near

the wall with a y+ value less than 0.5. The total number of the grid cells is 40,600. A grid

independence study was done on the mesh by doubling the number of grid points in each

direction. This resulted in a negligible difference for all the primitive variables.

Fig. 7.6 Dimensional geometry of the channel duct with a U-turn.

7.2.1 Boundary Conditions and Numerical Scheme

The Reynolds number of the flow based on the channel width, H, and the mean flow velocity,

Um, is equal to Re = 106. The boundary conditions are specified as follows. At the inlet, the

velocity profile is assumed to be fully developed turbulent velocity profile and zero gauge

static pressure was specified at the outlet. No-slip conditions , u = v = 0, are specified at the

solid wall boundaries. As the grid non-orthogonality is less than unity, a fully orthogonal



7.2 Channel Flow in a U-Duct 106

scheme is used to discretize the diffusion terms, and second order linear scheme is used to

discretize the convective terms.

7.2.2 Numerical Results

Along with the proposed model, the flow is also simulated with the use of the original and

the modified one equation SA models, as well as with the two equations SST, k−ω and k−ε

models. The experimental measurements for the same geometry were reported in [90]. The

data in Figs. 7.8-7.10 are presented using a local coordinate system where the x-axis is the

streamwise direction, while the y-axis is the position in the direction normal to the walls.

These data demonstrate the velocity profile and the turbulent quantities (Reynolds stresses

and kinetic energy) within the U-duct at three cross-sectional positions; at the entrance of

the bend θ = 0o, at the midway of the bend θ = π/2 and at the end of the bend θ = π .

As the flow passes the bend, the adverse pressure gradient is developed due to the cur-

vature. At the upstream end of the bend, the lateral pressure gradient decreases, which in

turn creates a massive separation zone near the inner wall. The prediction of this zone is

challenging for the conventional EVMs turbulence models. The formation of the flow sep-

aration is visualized in Fig. 7.7 for different EVM models, with and without the rotation

correction function. Table 7.4 summarizes the length of the separation zone which starts

at the position π indicated in Fig. 7.6. Only the models sensitized to rotation-curvature

corrections successfully capture the length of this separation zone.

The flow behavior encounters a dramatic changes as it passes through the bend. For

example, in the first half of the bend, from θ = 0 deg to θ = π/2, the flow accelerates near

the inner-wall and decelerates as it moves toward the outer-wall. As a result, the velocity

profile at the entrance of the bend is more likely to take an asymmetric pattern. Figure. 7.8a

shows that, all the EVM models accurately predict the velocity profile and it shows a lack of

any significant advantages of the sensitized model over the conventional ones. Figure. 7.8b

demonstrates the extreme situation of the asymmetric pattern of the velocity profile, where
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Fig. 7.7 Contour plots of the mean velocity of the flow within the
u-duct for different EVM models.
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the velocity reaches its minimum value near the outer wall and maximum value near the

inner wall. In the second half of the bend, from θ = π/2 to θ = π , the curvature of the bend

causes a tremendous impact on the turbulence. Moreover, flow pattern starts to reverse, and

thus, the velocity decreases near the inner wall and increases near the outer wall. The effects

of the curvature on the flow field cannot not be predicted by the conventional EVMs. This

can obviously be observed in Fig. 7.8 (c), where the conventional EVMs underpredicted the

velocity profile near the outer and the inner wall. On the other hand, the SSTCCM model

accounts for the effects of the curvature of the inner and the outer walls better than the con-

ventional models.

Figures. 7.9 and 7.10 show the Reynolds shear stress u′v′ and the corresponding turbu-

lent kinetic energy K, at the selected positions as in the velocity profile figures. It should

be noted that K data is not given for both the standard and the modified SA models, since

it is not explicitly computed in the SA turbulence model. The inner (convex) and the outer

(concave) curvatures have had significant impacts on the turbulence quantities. While the

convex curvature causes a reduction in the turbulence quantities, the concave surface causes

opposite effects and increases both u′v′ and K near the outer wall. This can be seen clearly

at the 90 deg position midway of the bend. Although the velocity profiles at the this po-

sition for all the conventional EVMs are in a good a agreement with the data, none of the

models predicts the turbulence quantities near the inner and the outer wall. On the hand,

the SSTCCM model provide significant improvements and shows the ability to account for

the strong curvature of both the inner and the outer wall. In addition to that, the sensitized

models predict the location as well as the length of the separation zone better than some

of the conventional EVMs. For example, from Fig.7.11 and Table.7.4, the most commonly

used k−ε model fails to capture the formation of the flow separation, the rest of the models

underestimate the length as well as the height of the separation zone. However, both of the

sensitized models (SARCM and SSTCCM) are the closest to the experimental data.
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Fig. 7.8 Velocity profile at θ = 0, θ = π/2 and θ = π; comparison
between the EVMs simulation and the LDA measurements of Mon-
son et al [90].

Table 7.4 Location and length of the flow separation in the duct with
a u-bend

k− ε k−ω SA SST SARCM SSTCCM Exp [90]
location - π π π π π π

length(x/H) - 0.4 0.54 0.8 1.15 1.78 1.5
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Fig. 7.9 Reynolds shear tresses profile at θ = 0, θ = π/2 and θ = π;
comparison between the EVMs simulation and the LDA measure-
ments of Monson et al [90].
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Fig. 7.10 Turbulent kinetic energy profile at θ = 0, θ = π/2 and
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surements of Monson et al [90].
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Fig. 7.11 Streamlines of the mean velocity of the flow within the u-
duct for different EVM models.
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7.3 Flow in the Cyclone Separator

The Stairmand cyclone design, which have been widely examined in the literature, is used to

validate the ability of the proposed model to simulate high swirling flow. The calculations

of the velocity field are compared to the experimental studies of Hoekstra [65], which is

based on the Stairmand cyclone design. The numerical simulations are performed through

the use of the SSTCCM model with four different numerical schemes and two grid types

(structured and semi-structured). Both the top and apex outlets are extended to avoid large

gradients normal to the outlet surfaces. The cyclone dimensions are given in Fig.7.12 and

Table. 7.5.
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Fig. 7.12 Dimensional geometry of the cyclone design with the ex-
tended outlet shown in red.

Table 7.5 Geometrical dimensions of the tested cyclone
cyclone type a/D b/D Dx/D S/D h/D H/D Bc/D Ex1/D Ex2/D Li/D Le/D
Stairmand 0.5 0.2 0.5 0.5 1.5 4.0 0.36 1 1 1 0.75
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7.3.1 Grid generation

The computational cost as well as the accuracy of the solution depend on the quality of the

computational grid. The meshing technique can employ a fully structured , unstructured

or hybrid grid. The discretisation error arises due to the size and shape of the grid cells,

while the numerical complexity depends on the grid resolution (the number of cells) and

the quality of the mesh. The meshing of the complex geometries such as those representing

cyclones is challenging and the fully structured grids which are generally preferred require

some extra treatment. The body of a cyclone consists of three dissimilar geometrical shapes,

which are a conical frustum, a circular cylinder and a rectangular prism. The way in which

these shapes are attached to form the cyclone body, makes the meshing process using fully

structural hexahedrals extremely difficult. For example, even for a coarse mesh, this would

yield a very dense grid area around the symmetry-axis, on the one hand, and high non-

orthogonal faces on the other hand. For medium and fine grids, both the dense grid area

and the level of the non-orthogonality increase dramatically. To handle this problem in the

simulations presented in the following sections, the non-orthogonal corrector which forms

a part of PIMPLE algorithm is applied to rectify calculations and consequently to improve

the accuracy (see Section 4.3.1.3). This procedure is realised on the mesh produced using

an open source Gmsh-2.8.6 code [50].

Three numerical simulations were carried out based on different grid sizes. Table 7.6

summarizes the selection of meshes used for the gird independence study. The finest grid

makes an insignificant improvement but produces a large number of non-orthogonal faces.

These faces unnecessarily increase the computational effort as they require additional non-

orthogonal correctors in the internal loop within each time step. All of the numerical results

presented in Sections (7.3.3), (7.3.4) and (7.3.5) are performed through the application of

the medium grid size.
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Table 7.6 Dimensionless pressure drop of different grid sizes.
Euler No No. elements non-

orthogonal
faces

No orthogonal
corrector

Experiment 5.1 - - -
Coarse 3.48 131,308 501 1
Medium 4.88 203,414 599 2
Fine 4.968 328,868 1218 4

7.3.2 Boundary Conditions

As mentioned earlier, the cyclone operates at a range of Re = 105 to 106. The Reynolds

number of the flow within the cyclone separator is based on the cyclone body diameter,

D, the fluid dynamic viscosity, ν = 2.11× 10−5, and the inlet mean flow velocity , Uin,

and is equal to Re = 1.37× 105 . The flow was assumed to be fully developed, so, the

corresponding inlet profiles of velocity and the turbulent flow quantities are obtained from

preliminary computations of fully developed turbulent flow in a plane 3D channel. Dirichlet

boundary conditions for the velocity are applied at the inlet and fixed walls, while Neumann

boundary conditions are applied at both outlets [33]. The numerical set up of the boundary

conditions is summarized in Table. 7.7.

Table 7.7 Set up of the cyclone boundary conditions.

Boundary U (m/s) p (m2/s2) k (m2/s2) omega (1/s) νt (m2/s)

Inlet (10 0 0) zero gradient 0.2413 11.4 2.11E-02

Outlet zero gradient 05 zero gradient zero gradient zero gradient

Apex zero gradient 05 zero gradient zero gradient zero gradient

wall (0 0 0) zero gradient 0 6.61112E+04 0

7.3.3 Swirling Flow and Turbulence Model

It was found that the ability to correctly reproduce the flow at a horizontal cross section

is the most sever test for turbulence models and consequently important criterion for their
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selection. The models that passed the u-duct channel flow test were subsequently examined

at this critical horizontal section. This assisted in identification the best candidates in terms

of turbulence models in further detail studies. In this section the values of the calculated

velocities in the 3D Cartesian coordinate system frame are transformed into the tangential

and the axial velocity components and are presented.

The tangential velocity profile in a cyclone separator is generally described by the Rank-

ine vortex structure, which is a combination of a solid-body and a free-vortex rotation (see

discussion and Fig.5.1 in chapter 5). For instance, in the core region, the flow is dominated

by the solid-body rotation, while the free-vortex type of rotation appears in the outer region.

From previous studies on wall bounded swirling flows, the conventional EVMs are known

of their inability to predict the Rankine vortex profile (see e.g. [92], [112] and [46]). Figure

7.13a demonstrates the radial distribution of the tangential velocity in a standard Stairmand

cyclone at Z = 3.25D. It presents the results of the simulations which are performed us-

ing different turbulence models, i.e. the standard SST model, the SARCM model and the

proposed SSTCCM model. The obtained results are compared with the experimental mea-

surements of Heokestra [65]. It is seen that only the SSTCCM model is able to predict the

Rankine vortex pattern in accordance with the experimental measurements.

The standard SST model underestimates the radial distribution of the tangential veloc-

ity over the entire diameter of the cyclone. As the SST model is based on the Boussinesq

hypothesis, where the turbulent viscosity is of a scalar nature, it fails to predict the full struc-

ture of the Rankine vortex patterns.

The one-equation SARCM model shows some improvements over the standard SST

model. This can be seen in the core region, where the solid-body type of rotation is ac-

curately predicted. However, this model is still unable to represent the free-vortex type of

rotation.
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Fig. 7.13 Comparison of the tangential velocity profiles (a) and axial
velocity profiles (b) between the LDA measurements, RSM and the
EVMs simulations with and without the curvature correction.

Figure 7.13b demonstrates the radial distribution of the axial velocity profile. According

to several publications ([70], [114] and [65]), the inverted W pattern of the axial velocity in

cyclone cannot be predicted when the modeling assumptions are based on the EVMs. The

SST model is consistent with these studies and fails to capture the axial velocity profile.

On the other hand, both the SARCM and the proposed SSTCCM are capable of predicting

the inverted W shape pattern. However, the shape of the axial velocity profile obtained

with the SARCM model has a downward peak value located halfway between the vortex

finder and the cyclone wall. This prediction is not confirmed by experimental results, which

were reproduced using the proposed SSTCCM model. Also it underestimated the peak

values of the upward axial velocity. On the contrary, the proposed model shows a significant

improvement in predicting all three regions composing the axial velocity profile in cyclone.

The downward direction which starts and ends at the edge of the vortex finder. The two

upward direction regions which occur between the body wall and vortex finder wall. Both

the locations and the magnitudes of these three profiles are accurately presented by the

SSRCCM model.
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7.3.4 Sensitivity of the Outlet Boundary Conditions on the Flow

The boundary conditions at the apex outlet affect the accuracy of the obtained solution sig-

nificantly. This is a consequence of two key factors; 1) high possibility of large gradients

zone in the direction normal to the apex outlet, 2) outlet back-flow which could interfere

the flow inside the domain. Figure 7.14 shows the contour plots of the primitive variables

(the velocity components and the static pressure) in the standard and the extended geometry.

This alternative geometry is extended by attaching a cylindrical element of length twice the

body diameter of the cyclone at the end of the apex. This extension is necessary so that

the numerical results could be compare with the available experimental results in [65] The

effects of the outlet boundary conditions in these two geometries are manifested in a differ-

ent character of the flow variables. For instance, the tangential velocity contour shows that

the standard and the extended geometry preserve the Rankine pattern of the swirl velocity

throughout the cyclone body. On the other hand, there is a dramatic change in the contour

of the axial velocity between these two geometries.

Figure 7.15 shows the tangential velocity profile at different longitudinal levels. The

Z-locations of these levels are presented in Fig. 7.12 and are consistent with the measure-

ments reported in [65]. The readings are taken at two cross-sectional levels inside the barrel

portion and at two levels inside the conical portion. Although the application of the pro-

posed model with the Neumann boundary conditions to the standard geometry preserves

the Rankine pattern of the tangential velocity, the profile of the solid-body rotation is less

accurate when compare to the extended one with the same boundary conditions.

In Fig. 7.16 the axial velocity profile of these two geometries are presented. It is found

that the effect of the outlet boundary conditions on the axial profile is more significant in

the conical portion. The obtained results presented in Fig. 7.16c and 7.16d show that both

geometries inside the separation section are in a good agreement with the experimental

data. However, the normal geometry provides an inverted V pattern profile in the conical

section as shown in Fig. 7.16a and 7.16b. On the other hand, extending the outlet apex
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Fig. 7.14 Contour plots of the flow variables at sections Y = 0. At the
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Fig. 7.15 Comparison of the tangential velocity profiles between the
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further reduces the effects of the applied boundary conditions at the apex surface. This is a

necessary step to reduce the influence of the boundary conditions on the flow character and

to assure that the same physical behaviour takes place both in experimental and numerical

tests. This guarantees that the profile of the axial velocity component with the inverted W

pattern is observed at both cross sections inside the conical part of the device.
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Fig. 7.16 Comparison of the axial velocity profiles between the ex-
tended and standard geometry at different cross-sectional levels.
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7.3.5 Numerical Discretisation Schemes

Four numerical schemes are tested on the Stairmand cyclone design; namely, the LLU, the

LU, the SFCD and the upwind schemes. The computational grid was based on structured

hexahedral mesh with 203,414 elements. The results showed that the numerical scheme has

significant effects on the accuracy of the solution. The contour plots presented in Fig. 7.18

show that only the LU scheme can predict the pattern of the tangential velocity profile

throughout the longitudinal length of the cyclone. Then, comparisons of the velocity com-

ponents at a horizontal cross-section below the vortex finder, at z = 3.25D, were made to

assess the ability of the proposed model with regard to the flow character. The values of

the calculated velocities in the Cartesian coordinate system frame are transformed into the

tangential and axial velocity components and are presented in Fig. 7.17. The numerical

simulations based on the second order LU scheme show a significantly improved prediction

of the Rankine vortex profile when compared with the LDA measurement of Hoekstra [65].

However, in the conical part of the cyclone, the predictions of the axial velocity are less

accurate than those for the tangential ones. The inaccurate prediction of the axial velocity

profile may be linked to the sensitivity of the OpenFoam solvers to the face orthogonality. As

discussed in section (6.4), the structured mesh suffers from a high level of non-orthogonal

faces, which has a direct influence on both the stability and the accuracy of the flow field.

Therefore, a semi-structured mesh is used to address how far the non-orthogonality faces

affect the accuracy of the solution.
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Fig. 7.18 Contour plots for the normalized time averaged flow vari-
ables at sections Y = 0. From top to bottom; tangential velocity, axial
velocity and static pressure. From left to right; LLU, LU, SFCD and
upwind scheme.
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7.3.6 Structured Vs Semi-Structured Grid

Unlike the fully structured grid, the semi-structured type of grid is very difficult to generate,

and tends to be quite complex and time consuming. However, the advantages of this grid

type over the structured one are that: 1) it contains fewer non-orthogonal faces with a lower

angle, and, 2) it is flexible so that the dense mesh around the central longitudinal axis is easy

to control. Consequently, the number of the non-orthogonal corrector is lower, and hence

less computational time is required. In addition, inside the core region, the structured grid

produces very small elements (as shown in Fig. 6.3), which in turn lead to a very high Co

number at the cell level in this area. The sudden expansion of the Co number eventually

leads to a floating point that blows up the solver after a few time steps. In order to preserve

the stability of the solver, a very small time step was used when implementing the structured

type of grid. For instance, in order to keep the Co number below unity, a time step of 1.0E-5

was selected in the case of a structured grid, while a larger time step of 1.0E-4 is used for

the semi-structured grid.

The Stairmand cyclone design was selected to test the aforementioned grid types. The

first grid was generated by using the Gmsh open source code, which produces a fully struc-

tured hexahedral elements. On the other hand, a hybrid or semi-structured grid was gener-

ated by implementing the SnappyHexMesh method, which is a built-in utility available in

OpenFoam package (see Section 6.4).

Table.7.8 summarizes the parameters and the corresponding specific dissipation of the

turbulent kinetic energy ω at the wall boundary for both grid types of medium size.

Table 7.8 Grid parameters and the corresponding turbulence vari-
ables.

Grid type No. elements first cell height y+ value ω near wall

Structured 203,414 2.831E-04 10.8 6.61112E+04

Semi-structured 197,821 2.540078E-04 10 7.77814E+04
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Figure 7.19 demonstrates the radial distribution of the tangential velocity profile at cross-

sectional levels shown in Fig. 7.12. In this figure, the size of the structural grid is identical

to the medium grid size given in Table 7.6. Three grid densities of a hybrid type were ex-

amined and compared with the structured grid as well as experimental measurements. The

coarser grid contains 101,707 elements, while the medium and dense ones contain 197,821

and 412,580 elements, respectively. The hybrid meshes require less turnaround time, be-

cause they do not require any correctors within each time step, as explained in chapter 6.

However, it is found that the hybrid mesh is less accurate when compared to the fully struc-

tured grid. For instance, in the conical part of the cyclone, Figs. 7.19a, b and 7.20a, b show

that neither the tangential nor the axial velocity are not matches the expected profiles. The

hybrid fails to represent the full Rankine pattern, especially the free-vortex type of rotation.

Also, it fails to predict the W pattern of the axial velocity profile in the narrower region of

the conical part.

However, in the barrel portion of the cyclone, both the Rankine and the inverted W

patterns are well presented but underestimated at the peak values. Further investigations of

the hybrid method needs to be considered in future work. Due to these deficiencies, the

performance study in the next section is limited to the fully structured grid.
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Fig. 7.19 Comparison of the tangential velocity profiles between the
structured and hybrid mesh at different cross-sectional levels.
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Fig. 7.20 Comparison of the axial velocity profiles between the struc-
tured and hybrid mesh at different cross-sectional levels.
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7.3.7 Cyclone Performance and Efficiency

The efficiency of the cyclone separator is obtained by the measurement of two parame-

ters, i.e, the collection efficiency and the pressure drop. The centrifugal force is the main

factor that drives the particles toward the wall and then spiral down to the apex. From New-

ton’s second law of motion, the magnitude of the tangential inlet velocity is proportional to

the centrifugal force acting on the solid particles. On the contrary, the pressure drop and

consequently the operational cost of the cyclone rises proportionally to the inlet velocity.

Therefore, the present study focusing on accurately computing the swirling flow in cyclone

is concluded by providing the performance information which is verified with the experi-

ment as well.

The collection efficiency in this study is accounted by implementing the discrete phase

modelling approach (DPM) to track the injected particles. The considered particles are of

various sizes and the Rosin-Rammler technique [131] was applied for their initial distribu-

tion. The size of the injected particles are varies between 1× 10−5(m) and 1× 10−7(m).

The mass fraction, Yd , and the corresponding particles diameter are given in Table 7.9. The

mean diameter was calculated from Fig. 7.21 and is approximately 3.4× 10−6(m), while

the average spread parameter is 1.675. The DPM was performed with the total flow rate of

0.001(kg/s) and the maximum number of steps was 200,000.

Table 7.9 Pressure drop and the cut-off diameter of the proposed tur-
bulence models and the experimental measurements.

Diameter Range (µm) Mass Fraction Range Diameter, d (µm) Mass fraction
with diameter >
d, Yd

0.1-1 0.05 1 0.95
1-1.5 0.1 1.5 0.85
1.5-2 0.35 2 0.5
2-5 0.3 5 0.2
5-7.5 0.15 7.5 0.05
7.5-10 0.05 10 0
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Fig. 7.21 Cumulative size distribution of particles.

The particles were injected from the inlet surface with velocity equal to the gas phase.

The collection efficiency curve presented in Fig. 7.22 is drawn from the statistical data of

the monitored particles. All particles that flow through the apex outlet are considered as

collected particles, while the escaped particles are those flow through the top outlet. Some

particles suspended inside the cyclone and recirculating near the top wall of the barrel part.

Therefore, the efficiency, η , is calculated from relation given by equation (7.2). The cut-off

size diameter of numerical results is approximately 2.39 (µm), which is reasonable com-

pared to the 1.85 (µm) of the experimental calculation. Also, from chapter 6, the theoretical

calculation of the critical diameter based on the Jones and Leith model is 1.8677 (µm).

η =
trapped

in jected − suspended
(7.2)

The total pressure drop in the cyclone device is a contribution of three major losses;

losses in the inlet section, losses in the vortex finder and apex exit duct and losses resulting

from the wall friction and irreversible losses within the vortex separation core. The latter

has the major influence on the total pressure drop. The proposed model underestimated the

pressure drop by approximately 8%. The dimensionless pressure drop (Euler number) and

the cut-off diameter X50 of the experimental and the numerical results are depicted in Table

7.10.
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Table 7.10 Pressure drop and the cut-off diameter of the proposed
turbulence models and the experimental measurements of Hoekstra
[65].

Euler number X50(µm)
Experiment 5.1 1.85
SSTCCM 4.8 2.39



Chapter 8

Conclusion and Future Work

8.1 Main Conclusions

It is widely believed that the EVM turbulence models are incapable of representing the

physically correct simulation of the flow within cyclones. Hoekstra et al. [64], claimed that

neither the tangential nor the axial velocity profile can be predicted using the EVMs models.

This claim was supported by several numerical studies that have been conducted to investi-

gate the flow within the cyclone separators. More specifically, if the flow exhibits a swirling

motion, EVMs fail to represent the free-vortex rotation type at the peripheral part of the cy-

clone. This is attributed to the use of the Boussinesq hypothesis that assumes that the eddy

viscosity is an isotropic scalar which is untrue for more complex flows such as cyclones.

Therefore, the main objective of this work was to handle this weakness by modifying the

SST turbulence model to account for the rotation and curvature effects.

Simulations of the turbulent flow through a 180 degree U bend and swirling flow in a

confined cylinder with a rotating lid have been performed in order numerically to validate

the proposed model. The results showed significant improvement of the proposed SSTCCM

model over the conventional EVMs. Different numerical schemes were tested to address the

sensitivity and accuracy of the proposed model when simulating swirling flows. Among the

different first and second order schemes, it was found that the second order linear upwind
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scheme (LU) provided the best results. The preliminary 2D case studies allowed the author

to narrow the selection of both the turbulence models and the numerical schemes. Three

EVMs models (SSTCCM, SARCM and the standard SST) were implemented to simulate

the swirling flow in the Stairmand high efficiency cyclone. The proposed model showed

significant improvements in predicting the axial and tangential velocity profiles at different

cross-sectional levels. The SARCM model, which is based on the one-equation SA model,

showed some improvements when compared to the conventional SST model. These im-

provements occurred in the core region, where the solid-body type of rotation is expected.

Also, it succeeded in representing the W patter of the axial velocity profile. The deficien-

cies of the SARCM are that this model is incapable of representing the free-vortex tape of

rotation and that it underestimated the peak values of the axial velocity profile.

The result of this work also confirmed the previous observation regarding the importance

of a proper set up of the boundary conditions. The earlier observations were supported by

the simulations in which the finite element method was applied [33]. Within the context of

the finite element method, one can directly impose the natural boundary conditions of the

Neumann type involving forces. The explicit boundary conditions for forces in a mathemat-

ical formulation of the finite volume method proved impossible. Therefore, in the present

work, it was necessary to apply other measures, relying on extending the exit outlet by

including an additional cylindrical part, to guarantee physically meaningful boundary con-

ditions. It was shown in the presented tests that the axial and tangential velocity profiles

are highly sensitive to the applied boundary conditions. The problem of correctly imposed

boundary conditions remains a challenge and has been frequently neglected in the published

work. This is especially clear in the simulation based on commercial software. The thesis

highlighted the importance of this problem.

The flow in the cyclone separator was also studied using two different grid types. The

results reinforced the view that (in the context of the finite element method), the W pattern

of the axial velocity profile can only be achieved when the flow domain is discretized based
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on the structural hexahedral elements. Although the semi-structured mesh is more efficient

in terms of computational resources, the readings of the velocity components (the axial and

tangential) are less accurate than with the full structured grid. This study also emphasizes

that the numerical discretization of the flow governing variables should be of a higher order.

The study showed that even for the scalar turbulent quantities the first order schemes are

inadequate for complex flows such as the cyclone.

8.2 Recommendations for Future Work

As recommendations for future work, the proposed SSTCCM model will be implemented

to investigate the flow field on a cyclone device with a vortex diameter less than half of

the cyclone body. For this type of cyclone, the axial velocity profile takes the shape of an

inverted V pattern. Then the tangential as well as the performance parameters will be com-

pared to the available experimental data. In addition, the SSTCCM model will be tested

under several operating conditions and swirling numbers.
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Appendix A

SSTCCM Code

1 # i n c l u d e "kOmegaSSTCCM .H"
2 # i n c l u d e " addToRunTimeSe lec t ionTab le .H"
3 # i n c l u d e " b a c k w a r d s C o m p a t i b i l i t y W a l l F u n c t i o n s .H"
4 / / ***************************************************/ /
5 namespace Foam
6 {
7 namespace i n c o m p r e s s i b l e
8 {
9 namespace RASModels

10 {
11 / / *************** S t a t i c Data Members **************** / /
12 defineTypeNameAndDebug (kOmegaSSTCCM , 0) ;
13 addToRunTimeSe lec t ionTab le ( RASModel , kOmegaSSTCCM , d i c t i o n a r y ) ;
14 / / ************* P r i v a t e Member F u n c t i o n s ************* / /
15 tmp< v o l S c a l a r F i e l d > kOmegaSSTCCM : : F1 ( c o n s t v o l S c a l a r F i e l d& CDkOmega )

c o n s t
16 {
17 tmp< v o l S c a l a r F i e l d > CDkOmegaPlus = max
18 (
19 CDkOmega ,
20 d i m e n s i o n e d S c a l a r ( " 1 . 0 e−20" , d i m l e s s / s q r ( dimTime ) , 1 . 0 e−20)
21 ) ;
22 tmp< v o l S c a l a r F i e l d > a rg1 = min
23 (
24 min
25 (
26 max
27 (
28 ( s c a l a r ( 1 ) / b e t a S t a r _ ) * s q r t ( k_ ) / ( omega_*y_ ) ,
29 s c a l a r ( 5 0 0 ) *nu ( ) / ( s q r ( y_ ) *omega_ )
30 ) ,
31 (4* alphaOmega2_ ) *k_ / ( CDkOmegaPlus* s q r ( y_ ) )
32 ) ,
33 s c a l a r ( 1 0 )
34 ) ;
35 r e t u r n t a n h ( pow4 ( a rg1 ) ) ;
36 }
37 tmp< v o l S c a l a r F i e l d > kOmegaSSTCCM : : F2 ( ) c o n s t
38 {
39 tmp< v o l S c a l a r F i e l d > a rg2 = min
40 (
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41 max
42 (
43 ( s c a l a r ( 2 ) / b e t a S t a r _ ) * s q r t ( k_ ) / ( omega_*y_ ) ,
44 s c a l a r ( 5 0 0 ) *nu ( ) / ( s q r ( y_ ) *omega_ )
45 ) ,
46 s c a l a r ( 1 0 0 )
47 ) ;
48 r e t u r n t a n h ( s q r ( a rg2 ) ) ;
49 }
50 tmp< v o l S c a l a r F i e l d > kOmegaSSTCCM : : F3 ( ) c o n s t
51 {
52 tmp< v o l S c a l a r F i e l d > a rg3 = min
53 (
54 150* nu ( ) / ( omega_* s q r ( y_ ) ) ,
55 s c a l a r ( 1 0 )
56 ) ;
57

58 r e t u r n 1 − t a n h ( pow4 ( a rg3 ) ) ;
59 }
60 tmp< v o l S c a l a r F i e l d > kOmegaSSTCCM : : F23 ( ) c o n s t
61 {
62 tmp< v o l S c a l a r F i e l d > f23 ( F2 ( ) ) ;
63

64 i f ( F3_ )
65 {
66 f23 ( ) *= F3 ( ) ;
67 }
68 r e t u r n f23 ;
69 }
70 / / *************** C o n s t r u c t o r s *************** / /
71 kOmegaSSTCCM : : kOmegaSSTCCM
72 (
73 c o n s t v o l V e c t o r F i e l d& U,
74 c o n s t s u r f a c e S c a l a r F i e l d& phi ,
75 t r a n s p o r t M o d e l& t r a n s p o r t ,
76 c o n s t word& turbulenceModelName ,
77 c o n s t word& modelName
78 )
79 :
80 RASModel ( modelName , U, phi , t r a n s p o r t , tu rbulenceModelName ) ,
81 c r1_
82 (
83 dimens ioned < s c a l a r > : : lookupOrAddToDict
84 (
85 " c r 1 " ,
86 c o e f f D i c t _ ,
87 1 . 0
88 )
89 ) ,
90 c r2_
91 (
92 dimens ioned < s c a l a r > : : lookupOrAddToDict
93 (
94 " c r 2 " ,
95 c o e f f D i c t _ ,
96 2 . 0
97 )
98 ) ,
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99 c r3_
100 (
101 dimens ioned < s c a l a r > : : lookupOrAddToDict
102 (
103 " c r 3 " ,
104 c o e f f D i c t _ ,
105 1 . 0
106 )
107 ) ,
108 alphaK1_
109 (
110 dimens ioned < s c a l a r > : : lookupOrAddToDict
111 (
112 " alphaK1 " ,
113 c o e f f D i c t _ ,
114 0 .85034
115 )
116 ) ,
117 alphaK2_
118 (
119 dimens ioned < s c a l a r > : : lookupOrAddToDict
120 (
121 " alphaK2 " ,
122 c o e f f D i c t _ ,
123 1 . 0
124 )
125 ) ,
126 alphaOmega1_
127 (
128 dimens ioned < s c a l a r > : : lookupOrAddToDict
129 (
130 " alphaOmega1 " ,
131 c o e f f D i c t _ ,
132 0 . 5
133 )
134 ) ,
135 alphaOmega2_
136 (
137 dimens ioned < s c a l a r > : : lookupOrAddToDict
138 (
139 " alphaOmega2 " ,
140 c o e f f D i c t _ ,
141 0 .85616
142 )
143 ) ,
144 gamma1_
145 (
146 dimens ioned < s c a l a r > : : lookupOrAddToDict
147 (
148 "gamma1" ,
149 c o e f f D i c t _ ,
150 0 .5532
151 )
152 ) ,
153 gamma2_
154 (
155 dimens ioned < s c a l a r > : : lookupOrAddToDict
156 (
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157 "gamma2" ,
158 c o e f f D i c t _ ,
159 0 .4403
160 )
161 ) ,
162 b e t a 1 _
163 (
164 dimens ioned < s c a l a r > : : lookupOrAddToDict
165 (
166 " b e t a 1 " ,
167 c o e f f D i c t _ ,
168 0 .075
169 )
170 ) ,
171 b e t a 2 _
172 (
173 dimens ioned < s c a l a r > : : lookupOrAddToDict
174 (
175 " b e t a 2 " ,
176 c o e f f D i c t _ ,
177 0 .0828
178 )
179 ) ,
180 b e t a S t a r _
181 (
182 dimens ioned < s c a l a r > : : lookupOrAddToDict
183 (
184 " b e t a S t a r " ,
185 c o e f f D i c t _ ,
186 0 . 0 9
187 )
188 ) ,
189 a1_
190 (
191 dimens ioned < s c a l a r > : : lookupOrAddToDict
192 (
193 " a1 " ,
194 c o e f f D i c t _ ,
195 0 . 3 1
196 )
197 ) ,
198 b1_
199 (
200 dimens ioned < s c a l a r > : : lookupOrAddToDict
201 (
202 " b1 " ,
203 c o e f f D i c t _ ,
204 1 . 0
205 )
206 ) ,
207 c1_
208 (
209 dimens ioned < s c a l a r > : : lookupOrAddToDict
210 (
211 " c1 " ,
212 c o e f f D i c t _ ,
213 1 0 . 0
214 )
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215 ) ,
216 F3_
217 (
218 Swi tch : : lookupOrAddToDict
219 (
220 " F3 " ,
221 c o e f f D i c t _ ,
222 f a l s e
223 )
224 ) ,
225 y_ ( mesh_ ) ,
226 k_
227 (
228 I O o b j e c t
229 (
230 " k " ,
231 runTime_ . timeName ( ) ,
232 mesh_ ,
233 I O o b j e c t : : NO_READ,
234 I O o b j e c t : : AUTO_WRITE
235 ) ,
236 a u t o C r e a t e K ( " k " , mesh_ )
237 ) ,
238 omega_
239 (
240 I O o b j e c t
241 (
242 " omega " ,
243 runTime_ . timeName ( ) ,
244 mesh_ ,
245 I O o b j e c t : : NO_READ,
246 I O o b j e c t : : AUTO_WRITE
247 ) ,
248 autoCrea teOmega ( " omega " , mesh_ )
249 ) ,
250 nu t_
251 (
252 I O o b j e c t
253 (
254 " n u t " ,
255 runTime_ . timeName ( ) ,
256 mesh_ ,
257 I O o b j e c t : : NO_READ,
258 I O o b j e c t : : AUTO_WRITE
259 ) ,
260 a u t o C r e a t e N u t ( " n u t " , mesh_ )
261 )
262 {
263 bound ( k_ , kMin_ ) ;
264 bound ( omega_ , omegaMin_ ) ;
265

266 nu t_ =
267 (
268 a1_ *k_
269 / max
270 (
271 a1_ *omega_ ,
272 b1_ *F23 ( ) * s q r t ( 2 . 0 ) *mag ( symm( f v c : : g r ad ( U_ ) ) )
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273 )
274 ) ;
275 nu t_ . c o r r e c t B o u n d a r y C o n d i t i o n s ( ) ;
276

277 p r i n t C o e f f s ( ) ;
278 }
279 / / *************** Member F u n c t i o n s *************** / /
280 tmp<volSymmTensorFie ld > kOmegaSSTCCM : : R ( ) c o n s t
281 {
282 r e t u r n tmp<volSymmTensorField >
283 (
284 new volSymmTensorFie ld
285 (
286 I O o b j e c t
287 (
288 "R" ,
289 runTime_ . timeName ( ) ,
290 mesh_ ,
291 I O o b j e c t : : NO_READ,
292 I O o b j e c t : : NO_WRITE
293 ) ,
294 ( ( 2 . 0 / 3 . 0 ) * I ) *k_ − nu t_ *twoSymm ( f v c : : g r ad ( U_ ) ) ,
295 k_ . b o u n d a r y F i e l d ( ) . t y p e s ( )
296 )
297 ) ;
298 }
299 tmp<volSymmTensorFie ld > kOmegaSSTCCM : : devRef f ( ) c o n s t
300 {
301 r e t u r n tmp<volSymmTensorField >
302 (
303 new volSymmTensorFie ld
304 (
305 I O o b j e c t
306 (
307 " devRhoReff " ,
308 runTime_ . timeName ( ) ,
309 mesh_ ,
310 I O o b j e c t : : NO_READ,
311 I O o b j e c t : : NO_WRITE
312 ) ,
313 −nuEf f ( ) * dev ( twoSymm ( f v c : : g r ad ( U_ ) ) )
314 )
315 ) ;
316 }
317 tmp< f v V e c t o r M a t r i x > kOmegaSSTCCM : : d ivDevRef f ( v o l V e c t o r F i e l d& U) c o n s t
318 {
319 r e t u r n
320 (
321 − fvm : : l a p l a c i a n ( nuEf f ( ) , U)
322 − f v c : : d i v ( nuEf f ( ) * dev ( T ( f v c : : g r ad (U) ) ) )
323 ) ;
324 }
325 tmp< f v V e c t o r M a t r i x > kOmegaSSTCCM : : divDevRhoReff
326 (
327 c o n s t v o l S c a l a r F i e l d& rho ,
328 v o l V e c t o r F i e l d& U
329 ) c o n s t
330 {
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331 v o l S c a l a r F i e l d muEff ( " muEff " , rho * nuEf f ( ) ) ;
332

333 r e t u r n
334 (
335 − fvm : : l a p l a c i a n ( muEff , U)
336 − f v c : : d i v ( muEff* dev ( T ( f v c : : g r ad (U) ) ) )
337 ) ;
338 }
339 boo l kOmegaSSTCCM : : r e a d ( )
340 {
341 i f ( RASModel : : r e a d ( ) )
342 {
343 c r1_ . r e a d I f P r e s e n t ( c o e f f D i c t ( ) ) ;
344 c r2_ . r e a d I f P r e s e n t ( c o e f f D i c t ( ) ) ;
345 c r3_ . r e a d I f P r e s e n t ( c o e f f D i c t ( ) ) ;
346 alphaK1_ . r e a d I f P r e s e n t ( c o e f f D i c t ( ) ) ;
347 alphaK2_ . r e a d I f P r e s e n t ( c o e f f D i c t ( ) ) ;
348 alphaOmega1_ . r e a d I f P r e s e n t ( c o e f f D i c t ( ) ) ;
349 alphaOmega2_ . r e a d I f P r e s e n t ( c o e f f D i c t ( ) ) ;
350 gamma1_ . r e a d I f P r e s e n t ( c o e f f D i c t ( ) ) ;
351 gamma2_ . r e a d I f P r e s e n t ( c o e f f D i c t ( ) ) ;
352 b e t a 1 _ . r e a d I f P r e s e n t ( c o e f f D i c t ( ) ) ;
353 b e t a 2 _ . r e a d I f P r e s e n t ( c o e f f D i c t ( ) ) ;
354 b e t a S t a r _ . r e a d I f P r e s e n t ( c o e f f D i c t ( ) ) ;
355 a1_ . r e a d I f P r e s e n t ( c o e f f D i c t ( ) ) ;
356 b1_ . r e a d I f P r e s e n t ( c o e f f D i c t ( ) ) ;
357 c1_ . r e a d I f P r e s e n t ( c o e f f D i c t ( ) ) ;
358 F3_ . r e a d I f P r e s e n t ( " F3 " , c o e f f D i c t ( ) ) ;
359

360 r e t u r n t r u e ;
361 }
362 e l s e
363 {
364 r e t u r n f a l s e ;
365 }
366 }
367 vo id kOmegaSSTCCM : : c o r r e c t ( )
368 {
369 RASModel : : c o r r e c t ( ) ;
370 i f ( ! t u r b u l e n c e _ )
371 {
372 r e t u r n ;
373 }
374 i f ( mesh_ . c h a n g i n g ( ) )
375 {
376 y_ . c o r r e c t ( ) ;
377 }
378 c o n s t v o l S c a l a r F i e l d S2 (2* magSqr ( symm( f v c : : g r ad ( U_ ) ) ) ) ;
379 v o l S c a l a r F i e l d G(GName ( ) , nu t_ *S2 ) ;
380 tmp< v o l T e n s o r F i e l d > tg radU = f v c : : g r ad ( U_ ) ;
381 tmp< v o l T e n s o r F i e l d > tSkew = skew ( tg radU ( ) ) ;
382 tmp<volSymmTensorFie ld > tSymm = symm( tgradU ( ) ) ;
383 v o l S c a l a r F i e l d s y m I n n e r P r o d u c t =
384 (
385 max ( 2 . 0 * tSymm ( )&&tSymm ( ) ,
386 d i m e n s i o n e d S c a l a r ( " s m a l l " , d i m e n s i o n S e t ( 0 , 0 , −2, 0 , 0 ) , SMALL)

)
387 ) ;
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388 v o l S c a l a r F i e l d a s y m I n n e r P r o d u c t =
389 (
390 max ( 2 . 0 * tSkew ( )&&tSkew ( ) ,
391 d i m e n s i o n e d S c a l a r ( " s m a l l " , d i m e n s i o n S e t ( 0 , 0 , −2, 0 , 0 ) , SMALL)

)
392 ) ;
393 v o l S c a l a r F i e l d r S t a r = s q r t ( s y m I n n e r P r o d u c t / a s y m I n n e r P r o d u c t ) ;
394 t g radU . c l e a r ( ) ;
395 / / Update omega and G a t t h e w a l l
396 omega_ . b o u n d a r y F i e l d ( ) . u p d a t e C o e f f s ( ) ;
397 tSkew . c l e a r ( ) ;
398 tSymm . c l e a r ( ) ;
399 v o l S c a l a r F i e l d r T i l d a = ( s c a l a r ( 1 . 0 )− r S t a r ) / ( r S t a r * r S t a r ) ;
400 v o l S c a l a r F i e l d F r o t
401 (
402 I O o b j e c t
403 (
404 " F r o t " ,
405 runTime_ . timeName ( ) ,
406 mesh_ ,
407 I O o b j e c t : : NO_READ,
408 I O o b j e c t : : AUTO_WRITE
409 ) ,
410 max
411 (
412 min
413 (
414 ( s c a l a r ( 1 . 0 ) + c r1_ ) * 2 .0* r S t a r / ( s c a l a r ( 1 ) + r S t a r ) * ( s c a l a r

( 1 . 0 )
415 −c r3_ * a t a n ( c r2_ * r T i l d a ) )−cr1_ ,
416 s c a l a r ( 1 . 2 5 )
417 ) ,
418 s c a l a r ( 0 . 0 ) )
419 ) ;
420 r S t a r . c l e a r ( ) ;
421 r T i l d a . c l e a r ( ) ;
422 c o n s t v o l S c a l a r F i e l d CDkOmega
423 (
424 (2* alphaOmega2_ ) * ( f v c : : g r ad ( k_ ) & f v c : : g r ad ( omega_ ) ) / omega_
425 ) ;
426 c o n s t v o l S c a l a r F i e l d F1 ( t h i s −>F1 ( CDkOmega ) ) ;
427 / / T u r b u l e n t f r e q u e n c y e q u a t i o n
428 tmp< f v S c a l a r M a t r i x > omegaEqn
429 (
430 fvm : : d d t ( omega_ )
431 + fvm : : d i v ( phi_ , omega_ )
432 − fvm : : l a p l a c i a n ( DomegaEff ( F1 ) , omega_ )
433 ==
434 gamma ( F1 ) *S2* F r o t
435 − fvm : : Sp ( b e t a ( F1 ) *omega_ , omega_ )
436 − fvm : : SuSp
437 (
438 ( F1 − s c a l a r ( 1 ) ) *CDkOmega / omega_ ,
439 omega_
440 )
441 ) ;
442 omegaEqn ( ) . r e l a x ( ) ;
443 omegaEqn ( ) . b o u n d a r y M a n i p u l a t e ( omega_ . b o u n d a r y F i e l d ( ) ) ;
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444 s o l v e ( omegaEqn ) ;
445 bound ( omega_ , omegaMin_ ) ;
446 / / T u r b u l e n t k i n e t i c e ne rg y e q u a t i o n
447 tmp< f v S c a l a r M a t r i x > kEqn
448 (
449 fvm : : d d t ( k_ )
450 + fvm : : d i v ( phi_ , k_ )
451 − fvm : : l a p l a c i a n ( DkEff ( F1 ) , k_ )
452 ==
453 min (G* Fro t , c1_ * b e t a S t a r _ *k_*omega_ )
454 − fvm : : Sp ( b e t a S t a r _ *omega_ , k_ )
455 ) ;
456 kEqn ( ) . r e l a x ( ) ;
457 s o l v e ( kEqn ) ;
458 bound ( k_ , kMin_ ) ;
459 / / Re−c a l c u l a t e v i s c o s i t y
460 nu t_ = a1_ *k_ / max ( a1_ *omega_ , b1_*F23 ( ) * s q r t ( S2 ) ) ;
461 nu t_ . c o r r e c t B o u n d a r y C o n d i t i o n s ( ) ;
462 }
463 / / ****************************************************/ /
464 } / / End namespace RASModels
465 } / / End namespace i n c o m p r e s s i b l e
466 } / / End namespace Foam
467 / / ***************************************************/ /
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Finite Volume Scheme Directory

1 / *−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−*− C++ −*−−−−−−−−−−−−−−−−−−−−−−−−*\
2 | ========= | |
3 | \ \ / F i e l d | OpenFOAM : The Open Source CFD Toolbox |
4 | \ \ / O p e r a t i o n | V e r s i o n : 2 . 3 . 1 |
5 | \ \ / A nd | Web : www. OpenFOAM . org |
6 | \ \ / M a n i p u l a t i o n | |
7 \*−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−* /
8 FoamFile
9 {

10 v e r s i o n 2 . 0 ;
11 f o r m a t a s c i i ;
12 c l a s s d i c t i o n a r y ;
13 l o c a t i o n " sys tem " ;
14 o b j e c t fvSchemes ;
15 }
16 / / * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * / /
17 ddtSchemes
18 {
19 d e f a u l t backward ; / / E u l e r ;
20 }
21 gradSchemes
22 {
23 d e f a u l t Gauss l i n e a r ;
24 g rad ( p ) Gauss l i n e a r ;
25 g rad (U) Gauss l i n e a r ;
26 g rad ( k ) Gauss l i n e a r ;
27 g rad ( omega ) Gauss l i n e a r ;
28 }
29 divSchemes
30 {
31 d e f a u l t none ;
32 d i v ( phi ,U) Gauss l inearUpwindV grad (U) ;
33 d i v ( phi , k ) Gauss l i n e a r U p w i n d g rad ( k ) ;
34 d i v ( phi , omega ) Gauss l i n e a r U p w i n d g rad ( omega ) ;
35 d i v ( ( nuEf f * dev ( T ( g rad (U) ) ) ) ) Gauss l i n e a r ;
36 }
37 l a p l a c i a n S c h e m e s
38 {
39 d e f a u l t Gauss l i n e a r l i m i t e d c o r r e c t e d 0 . 5 ;
40 }
41 i n t e r p o l a t i o n S c h e m e s
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42 {
43 d e f a u l t l i n e a r ;
44 }
45

46 snGradSchemes
47 {
48 d e f a u l t c o r r e c t e d ;
49 }
50 f l u x R e q u i r e d
51 {
52 d e f a u l t no ;
53 p ;
54 }
55 / / *************************************************************** / /
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Finite Volume Solution Directory

1 / *−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−*− C++ −*−−−−−−−−−−−−−−−−−−−−−−−−*\
2 | ========= | |
3 | \ \ / F i e l d | OpenFOAM : The Open Source CFD Toolbox |
4 | \ \ / O p e r a t i o n | V e r s i o n : 2 . 3 . 1 |
5 | \ \ / A nd | Web : www. OpenFOAM . org |
6 | \ \ / M a n i p u l a t i o n | |
7 \*−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−* /
8 FoamFile
9 {

10 v e r s i o n 2 . 0 ;
11 f o r m a t a s c i i ;
12 c l a s s d i c t i o n a r y ;
13 l o c a t i o n " sys tem " ;
14 o b j e c t f v S o l u t i o n ;
15 }
16 / / * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * / /
17 s o l v e r s
18 {
19 p
20 {
21 s o l v e r GAMG;
22 t o l e r a n c e 1e−05;
23 r e l T o l 0 . 0 1 ;
24 smoo the r DICGaussSe ide l ;
25 c a c h e A g g l o m e r a t i o n t r u e ;
26 n C e l l s I n C o a r s e s t L e v e l 500 ;
27 a g g l o m e r a t o r f a c e A r e a P a i r ;
28 mergeLeve l s 1 ;
29 }
30 p F i n a l
31 {
32 $p ;
33 t o l e r a n c e 1e−05;
34 r e l T o l 0 ;
35 }
36 U
37 {
38 s o l v e r PBiCG ;
39 p r e c o n d i t i o n e r DILU ;
40 t o l e r a n c e 1e−06;
41 r e l T o l 0 . 0 1 ;
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42 }
43 UFina l
44 {
45 $U ;
46 t o l e r a n c e 1e−06;
47 r e l T o l 0 ;
48 }
49 " ( k | omega ) "
50 {
51 s o l v e r s m o o t h S o l v e r ;
52 smoo the r DILUGaussSeidel ;
53 t o l e r a n c e 1e−10;
54 r e l T o l 0 . 0 1 ;
55 }
56 " ( k | omega ) F i n a l "
57 {
58 s o l v e r s m o o t h S o l v e r ;
59 smoo the r DILUGaussSeidel ;
60 t o l e r a n c e 1e−10;
61 r e l T o l 0 ;
62 }
63 }
64 PIMPLE
65 {
66 n O u t e r C o r r e c t o r s 1 ;
67 n C o r r e c t o r s 2 ;
68 n N o n O r t h o g o n a l C o r r e c t o r s 3 ;
69 }
70 r e l a x a t i o n F a c t o r s
71 {
72 U 0 . 7 ;
73 k 0 . 7 ;
74 omega 0 . 7 ;
75 p 0 . 3 ;
76 }
77

78 / / *************************************************************** / /
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snappyHexMeshDict Directory

1 / *−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−*− C++ −*−−−−−−−−−−−−−−−−−−−−−−−−*\
2 | ========= | |
3 | \ \ / F i e l d | OpenFOAM : The Open Source CFD Toolbox |
4 | \ \ / O p e r a t i o n | V e r s i o n : 2 . 3 . 1 |
5 | \ \ / A nd | Web : www. OpenFOAM . org |
6 | \ \ / M a n i p u l a t i o n | |
7 \*−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−* /
8 FoamFile
9 {

10 v e r s i o n 2 . 0 ;
11 f o r m a t a s c i i ;
12 c l a s s d i c t i o n a r y ;
13 l o c a t i o n " sys tem " ;
14 o b j e c t snappyHexMeshDict ;
15 }
16 / / *****************************************************************/ /
17

18 c a s t e l l a t e d M e s h t r u e ;
19 snap t r u e ;
20 addLaye r s f a l s e ;
21 geomet ry
22 {
23 i n l e t . s t l { t y p e t r i S u r f a c e M e s h ; name i n l e t ; }
24 hopper . s t l { t y p e t r i S u r f a c e M e s h ; name hopper ; }
25 w a l l s 1 . s t l { t y p e t r i S u r f a c e M e s h ; name w a l l s 1 ; }
26 w a l l s 2 . s t l { t y p e t r i S u r f a c e M e s h ; name w a l l s 2 ; }
27 w a l l s 2 e . s t l { t y p e t r i S u r f a c e M e s h ; name w a l l s 2 e ; }
28 w a l l s 3 . s t l { t y p e t r i S u r f a c e M e s h ; name w a l l s 3 ; }
29 w a l l s 4 . s t l { t y p e t r i S u r f a c e M e s h ; name w a l l s 4 ; }
30 / / volume . s t l { t y p e t r i S u r f a c e M e s h ; name volume ; }
31 } ;
32 c a s t e l l a t e d M e s h C o n t r o l s
33 {
34 maxLoca lCe l l s 1000000;
35 m a x G l o b a l C e l l s 2000000;
36 m i n R e f i n e m e n t C e l l s 1 0 ;
37 maxLoadUnbalance 0 . 1 0 ;
38 n C e l l s B e t w e e n L e v e l s 1 ;
39 f e a t u r e s
40 (
41 { f i l e " w a l l s 1 . eMesh " ; l e v e l 0 ; }
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42 { f i l e " i n l e t . eMesh " ; l e v e l 0 ; }
43 { f i l e " hopper . eMesh " ; l e v e l 0 ; }
44 { f i l e " w a l l s 2 . eMesh " ; l e v e l 0 ; }
45 { f i l e " w a l l s 2 e . eMesh " ; l e v e l 0 ; }
46 { f i l e " w a l l s 3 . eMesh " ; l e v e l 0 ; }
47 { f i l e " w a l l s 4 . eMesh " ; l e v e l 0 ; }
48 ) ;
49 r e f i n e m e n t S u r f a c e s
50 {
51 i n l e t { l e v e l (0 0 ) ; }
52 hopper { l e v e l (0 0 ) ; }
53 w a l l s 1 { l e v e l (0 0 ) ; }
54 w a l l s 2 { l e v e l (0 0 ) ; }
55 w a l l s 2 e { l e v e l (0 0 ) ; }
56 w a l l s 3 { l e v e l (0 0 ) ; }
57 w a l l s 4 { l e v e l (0 0 ) ; }
58 }
59 r e s o l v e F e a t u r e A n g l e 8 0 ;
60 r e f i n e m e n t R e g i o n s
61 {
62 }
63 l o c a t i o n I n M e s h (0 0 0 . 5 ) ;
64 a l l o w F r e e S t a n d i n g Z o n e F a c e s t r u e ;
65 }
66 s n a p C o n t r o l s
67 {
68 nSmoothPatch 3 ;
69 t o l e r a n c e 4 . 0 ;
70 n S o l v e I t e r 3 0 ;
71 n R e l a x I t e r 5 ;
72 n F e a t u r e S n a p I t e r 1 5 ;
73 i m p l i c i t F e a t u r e S n a p f a l s e ;
74 e x p l i c i t F e a t u r e S n a p t r u e ;
75 m u l t i R e g i o n F e a t u r e S n a p f a l s e ;
76 }
77 a d d L a y e r s C o n t r o l s
78 {
79 r e l a t i v e S i z e s f a l s e ;
80 l a y e r s
81 {
82 w a l l s 2
83 { n S u r f a c e L a y e r s 5 ; }
84 w a l l s 4
85 { n S u r f a c e L a y e r s 5 ; }
86 }
87 e x p a n s i o n R a t i o 1 . 3 ;
88 f i n a l L a y e r T h i c k n e s s 1 .070781 e−3;
89 minTh icknes s 3 .749104 e−4;
90 nGrow 0 ;
91 f e a t u r e A n g l e 8 0 ;
92 n R e l a x I t e r 3 ;
93 nSmoothSur faceNormals 1 ;
94 nSmoothNormals 3 ;
95 nSmoothThickness 1 0 ;
96 m a xF a c e T h i c k n e s s R a t i o 0 . 5 ;
97 maxThicknessToMedia lRa t io 0 . 3 ;
98 minMedianAxisAngle 130 ;
99 n B u f f e r C e l l s N o E x t r u d e 0 ;
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100 n L a y e r I t e r 3 0 ;
101 }
102 m e s h Q u a l i t y C o n t r o l s
103 {
104 maxNonOrtho 6 5 ;
105 maxBoundarySkewness 2 0 ;
106 m a x I n t e r n a l S k e w n e s s 4 ;
107 maxConcave 9 0 ;
108 m i n F l a t n e s s 0 . 5 ;
109 minVol 1e−13;
110 m i n T e t Q u a l i t y 1e−9;
111 minArea −1;
112 minTwis t 0 . 0 2 ;
113 minDe te rminan t 0 . 0 0 1 ;
114 minFaceWeight 0 . 0 2 ;
115 minVolRat io 0 . 0 1 ;
116 m i n T r i a n g l e T w i s t −1;
117 nSmoothScale 4 ;
118 e r r o r R e d u c t i o n 0 . 7 5 ;
119 }
120 debug 0 ;
121 m e r g e T o l e r a n c e 1E−6;
122 / / *****************************************************************/ /
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