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PREFACE

The aim of this handbook, which has been written for students of Chemical Engineering
and related disciplines, is to provide a simple and understandable apprtredbetgic ideas of
computational fluid dynamics (CFDhat isused in analysis of complex engineering flows
Theauthors of this volume are chemical engineering lecturers at Department of Chemical and
Process Engineering of West Pomeranian University of Technology in Szczecin.

This handbook is organized into two major parts. Part 1 covefhdweticalFoundations
associated with CFD, including the introductory thoughts, fundamental principles, governing
eqguations together with mathematical models, the basic structure of numerical analysis and fi-
nally, the theoretical background of numerical simulation in CFD so&wombined with so-
lution assessment criteriRart 2, entitledApplications and Practical Guidecontains seven
specific chemical engineering examples solved usisyident version of treommercial CFD
code, Ansys Fluent. Tretepby-step procedure described by the authors will allow students to
repeat the exercises and thus receive practical training in numerical modelling. The examples
are preceded by a brief introduction to thespsWorkbench Framework and the Graphical
User Interface, therefore this guide will be suitable even for early beginners who have never
studied in the field of CFD.

Keywords: chemical engineerindCFD, computational fluid dynami¢siumerical modelling,
Navieii Stokes equation, Ansys Fluent
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1. Introduction (Halina Murasiewicz)

1.1.Introduction to Computational Fluid Dynamics
Computational fluid dynamics, named by the acronym of CFD, is the solution of systems
involving fluid flow, heat transfer and relatplenomena such as chemical reactions and others
utilizing computerbased simulation. It is a powerful and significant tool for studying flow
fields and mass transfer in chemical engineering processes. This simulation technique was de-
veloped over the yearand the first record of modern CFD is from the 1960s onwards, where
the aerospace industry has applied CFD to the design, research and development and production
of aeroplanes and jet engines. The basis of CFD and numerical meteorology has started in 1922
when Lewis Fry Richardson applied differential equations and finite differences for weather
forecasting schemégRichardson, 1922)n the 1930s the twdimensional (2D) approach, em-
ploying conformal transformations of the flow about a cylinder to the flow about an aerofoil,
was establishe(Milne-Thomson, 1973)Some of the sources noticed the history of modern
CFD has begun in the early 1970s together with progressive improvement of powerful comput-
ers and the lasts until nof@ohnson, 2006 Briefly, the chronological history is presented by
Amwell Enterpriseghttp://www.amwel.Com/History.Html, 2021The development of CFD
was triggered with the hard way of trial and error, refine and many validations and assessment
procedures. Nowadays, the CFD method is employed in a wide span of areas of industrial or
nonrindustrial applications. CFD has enterbd wider industrial community in the 1990s since
the accessibility of reasonable highrformance computing hardware and the introduction of
userfriendly interfaces. The fast development of higgreed computers has led to an upsurge
of interest in applyig CFD in the following areas: aircraft, turbomachinery, car, and ship de-
sign, meteorology, oceanography, astrophysics, biology, oil recovery, and architecture and they
are constantly extended. Examples of application of CFD are listed below:
T turbomachinery: flows inside rotating passages, diffusers etc.
T aerodynamics of aircraft and vehicles: lift and drag, whd@net air flows and the-in
car environment
I power plant: internal combustion engines, combustion chambers of gas turbines and
furnaces
T chemical process engineering: mixing and separation, polymer moulding, chemical re-
action, twephase flows
i hydrodynamics of ships

T marine engineering: loads on offshore structures

10



Part 1 TheoreticalFoundations

T electrical and electronic engineering: cooling of equipment including
T microcircuits

T environmental engineering: distribution of pollutants and efflyents

T hydrology and oceanography: flows in rivers, estuaries, oceans

T meteorology: weather predictipn

i biomedical engineering: blood flows through arteries and yeins

T the external and internal environment of buildings: wind loading and

heating/ventilation

‘ \\'\'\‘\‘f\‘\“‘ b
3 '.-\\ ‘% \«» i)

Figure 1.1. Example of application of CFD in aerodynamics of aircraft and turbomachliseg with permission
from:( Kbrahim ¢akéce, 2021)

Recently, CFD is gradually becoming a vital component in the design of industrial products
and processes and engineers have not stopped in the improvement of code and facing new chal-
lenges that need to be addressed. Dependable CFD codes have given tppuiiamity for
both scientific and applied research projects to support the design of many types of equipment
like machinery, devices, or modules with their different fluid dynamic requirements. The final
target of progress in the CFD arena is to offerability to compare with other CAE (computer
aided engineering) tools for instance as stress analysis codes.

CFD method offers a qualitative and even sometimes quantitative prediction of fluid flows
by utilizing of mathematical modelling (solving extremely complex partial differential equa-
tions describing conservation laws of transport phenomena, PDEs, whidatimag be solved
by manual calculations except for very simple geometries such as flow around a cylinder), nu-
merical methods (discretization: finite volume, finite elements (continuous and discontinuous)

with many options offered for numerical flux appimations) and software tools (solvers,pre

11



1. Introduction

and postprocessing utilities). Thus, CFD aid
generated experimentsodé (i.e., computer si mul

CFD codes can tackle fluid flow problems as they are structured around numerical algo-
rithms. The main components of CFD are presented in Fighrd d supply usefriendly ac-

cess to their solving power all available CFD packages comprise advanced user interfaces to

define problem parameters and to examine the results.

COMPUTATIONAL
FLUID
DYNAMICS

—— =

Figure 1.2. Component®f computational fluid dynamics

A CFD model with the thredimensional domain is built in the computer via a CAD model
therefore all codes contain three main elements called: (i}prpcessor, (ii) a solver and (iii)
a postprocessor. These three main elements will be briefly exantiveetunction of each of
these elements within the context of a CFD code. The extended description of these elements
will be presented later in this book, in Chapter 4.

Pre-processingcomponent contains the following options which are available for setting
up the physical model for the simulation: (i
fluid domain) named the computational domain, (ii) preparation of thé gindding a domain
into some smaller, neaverlapping subdomains: a mesh (or grid) of cells (or control volumes
or elements) where the computation is performed, (iii) defining the physical process employing
modul es: def i nes o)fandsdlegtion of apprapriate bodndgryrcongditomst i e s

12



Part 1 TheoreticalFoundations

for the model. This topic is crucial in numerical simulation; therefore, it would tzslate
discussed in Chapter 4.

In theelement name®&erforming the Simulation (solver) usually, the solution of discre-
tised governing equations solution has occurred. Three distinct streams of numerical solution
met hods: ynite difference (FDM), ynite el eme
are weltknown. Generally, the nuenical algorithm contains the following steps: (i) integration
of the governing equations applied to describe fluid flow over all the control volumes of the
domain, (ii) discretisation approach to convert resglintegral equations into a system of al-
gebraic equations, (iii) solution of the algebraic equations by an iterative procedure available in
CFD codes.

The control volume integration outcomes the (strict) conservation of relevant properties for
each ynite size cell. This approach of the Yy
CFD methods. This simple and clear correlation between the nunsgoethm and the phys-
ical conservation principle forms one of the
this concept is much more understandable than other discretization methods. By applying a
ynite control vol umegl tlhew dcagrsaeelbcityecomponento f a
or enthalpy, can be uttered as a balance between the various processes which have tend to in-

crease or decrease it. It can be written as

Y 6 & O & Q0. b QomEm . b QoemeQ . e
1 I L T Jl 0D QbwaE M
0’ €0 a1 QE Wi REEOD &g Q8 0l Q8O0 RE, Ol 006 @ &
1 %QBMOEE O i HEEVQOORED  QOQQOIT Qé & ‘0t | 60O
U 0EaoaQn Il 'O 6@ I T (¢ &)

WO Qi NEEREQU O ¢ oui s G U GHé ¢ oui st W & & Ol 206 6 0

Available in CFD codes discretisation methods are suitable for the treatment of the key
transport phenomena, convection (transport b
cause of variations @ffrom point to point) and for the source terms (related with the formation
or destruction ofi) and the rate of change concerning time. The basic physical phenomena are
complex as well as ndinear therefore an iterative solution methodology is essential. The most
common procedures are known as thaligigonal matrix algorithm (TDMA) lineby-line for
the algebraic equations and the SIMPLE algorithm to guarantee accuracy relating the velocity
and pressure fields. Commercial codes besides the-avenioned offer to the user a selection
of the other (most eent) techniques.

The last element is called tip@stprocessor,which it seems that this part is being con-
stantly developed and improved. Based on the fact, that CFD codes have become more and

more popular among engineers, researchers and students, the simulation packages are equipped

13



1. Introduction

with developed visualisations tools, and they are constantly improved. The following elements
used for picturing of results are offered: (i) display of domain geometry and grid, (ii) vector
plot, (iii) line and shaded contour plot, (iv) both 2D and 3D plots, (v) particle tracking, (vi)
different view manipulation, (vii) Colour PostScript output. The valuable facility used in post
processing is the option to create animation for dynamic result displayFBlicodes generate
reliable alphanumeric output apdssess data export facilities for further manipulation external

to the code. Overall, the pgstocessing tools of any branch of CAE allow sharing and express-

ing of ideas for the neapecialist.

1.2 CFD Applications in Chemical Engineering

The fast development of Computational Fluid Dynamics (CFD) methods and the availabil-
ity of CFD codes help to solve, design, and optimize many problems and apparatus associated
with fluid dynamics. However, we srbbtemdisd keep
a complex problem, due to their underlying physics together with chemistry, and results gener-
ated by a CFD code are at best as possible and at worst as good as its operator. It means that a
user of software should possess skills in many fi@dsore building up and starting a simula-
tion, there should be a stage of identiycat:i
spect of the special fluid dynamic requirements relevant to the case. The list of the decision that
might be necessary twnsider is e.g., whether to model a problem in a 2D or 3D system, to
eliminate the influence of ambient temperat:
select to simulate the turbulent pow equatio
lem. Therefore, making the correct a right decision requires at least good simulation skills to-
gether with theoretical knowledge. This is necessary to make appropriate assumptions, even in
the simple problem, to reduce the complexity to a controllabléwevikst maintaining the main
features of the certain problem. The standard of results generated by CFD partly depends on
the correctness and appropriateness of the s
aspects influence the accuracy andadiiity of CFD simulation, but it seems that the two as-
pects that characterise a result are convergence and grid independence are significant besides
others. The occurred term O6error6 in CFD can
orevennmer i c al bow. Generally, conducting the s
a different kind and many of them are crucial for adequate régulterson, 2009)A similar
conclusion is relating to the optimisation of the solution which requires considerable experience
with the code itself which can only be learnt by widaging practice. There are no straight-

forward strategies by now for making choices in agmaessing part since they are problem

14



Part 1 TheoreticalFoundations

dependent. A good background in the puid dyn
with gridding of alike problems is also invaluable. At the end of the processing part, the operator
must make a judgement wh e tnhoeurg hodb.t aTihnee do nrleys uw e
the accuracy of ynal results can be done by
complexity of the models of physics and chemistry applied for the definition of the problem.

All the users of CFD, who seriously tre#itss code, must understand that it is no alternate for
experimental work, but a powerful additional probisatving tool that supplements experi-
mentations. Validation of a CFD code requires getting experimental data of similar scope, how-
ever, sometimes is impossible because they are simply not available. The validation process
plays a key role as the ynal quality control
the main ingredients for success in CFD are the skills (experience) of the operaideteited
understanding of the physics of puid pows an:
out these, it is questionable if the user will be able to get the best out of a code.

Regardless of the many limitations and the knowledge required for using CFD, this pro-
gram is successfully used in many research areas. The applications of CFD software are essen-
tially endless. Many industry sectors such as aerospace, auto manufactwtisiipauailding
are extensively employed CFD programs. Besides these, the other areas where CFD modelling
software is useful include biotechnology, urban planning, plumbing fixture manufacturing, wa-
ter management systems, civil engineering, video game apgueht, meteorology (predict
forecast the weather and warn of natural disasters), surgery (cure arterial diseasesita-
tional hemodynamic), safety (redubealth risks from radiation and other hazards), military
(develop weapons and estimate the damage) and example can be multiplying. architects to de-
sign comfortable and safe living environments. An extensive interest in CFD code to computing
many processe®lating to the chemical engineering has been found. Some examples will be
presented further in this chapter. The observation of the development of CFD software over the
past few decades has shown that CFD simulation allows obtaining accurate solutiams-for
plex flows, including heat transfer, particle tracking, multiphase flow, and chemical reactions.
These processes above mentioned are included in chemical engineering branch. Why does CFD
code become popular among chemical engineers? There are mams riesithe wide using
CFD by an engineer, and they are due to its accuracy, schedule, modelling cost, scale, and
visualization of results. Detailed information on application of CFD in-estihblished pro-
cesses in chemical engineering are presented below

1 Complex flow. There are plenty of examples of using the CFD code for simulation of

flow from laminar to turbulent, single, or twzhase phenomena in a variety of geometry
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dependng on available computing powéFfarmer et al., 2005; Jaworsand Mura-
siewicz, 2009, 2010; Murasiewi@nd Zakrzewska, 2019; Obeaind Cinnella, 2017)

The code provides the palette of models for steady and unsteady conditions and for the
instant they are RANS, URANS, LES or DNS. In the design of either part of equipment
or processing system that contains liquids or gases, it is important to know amd und
stand how these phases may behave because it helps to examine accurately specifica-
tions of designing object. Therefore, understanding and knowledge of fluid mechanics
(understanding fluid behave when forces act upon them) is essential in all cases where
fluid behaviour is an important issue in the design process. CFD allows for chemical
engineers to analyse: the turbulence that occurs in fluid as it flows, a force exerted by
gasses on the equipment walls, the possibilities of change of stafeh&selow and
dispersion, cavitation, and more and more examples. This physical model will use in
the simulation process to estimate how, for example, the changes in temperature, turbu-
lence, and obstruction will act on behave of a liquid or gas. This informediorbe
valuable i.e., to determine the source of butterfly valve failure that is used in an oil
refinery and this equipment often deteriorates over time. CFD simulation allows simu-
lating the valve in 3 dimensions together with the hydrocarbon streanthitough the

valve to collect needed data to determine this failure.

Particulate: In general, the physical model preciously describes better solid particle
drop-out or lifting. It allows helping to assess if particulate will fall out of the gas stream,
especially, at the low flow rates. Therefore, it is significant to run the physau| at

similar velocities to the real system together with particulate aerodynamic characteris-
tics which can be found via wind tunnel tests. Numerical results obtained from CFD
might be applied to examine possible areas for the particulzgpeodt by investigating
low-velocity regions in different surfaces, i.e., near duct floors
(Lee et al., 2000; Schmi@ahdVogel, 2003; Skodras et al., 200&)nfortunately, CFD

does not allow to foresee-emtrainment of particles as the system flow rate rise. It de-
pends on the fact that both builgp and reentrainment of particulate are tirdepend-

ent processes. The particle behaviour with time can beastinby using a physical
model whereas a CFD model is commonly run as a st&atly simulation. The tracking

of particulate allows assessing plug gage of ash large particles, injection of activated
carbon/sorbent, or erosion issues of fly ash. Genertailbymuch better to simulate par-
ticles 0in the movementd because the CFD

important factors such as gravity, particle drag, gas velocity, gas viscosity, particle
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Reynolds number, particle mass and size whose are relating with particles behaviour.
Physical models allow to perform to qualitatively assess some of the particle behaviour
during movement, but computable results are more challenging to get because all the
scale factors and fluid dynamic properties are difficult to match simultaneously.

1 Heat transfer: When complex temperature problems are considered such as conduc-
tion, convection, or radiation the CFD is surely the only option. Existed physical models
whose are fr egfueonwt Inyo dceallsl 6e do ebccaoulsde ai r at
across the doain. It is not possible by physical models to simulate heat transfer or any
similar phenomena except they are run at temperature. Available models in CFD code
allow to select of the correct temperature and they consider variations in deissity,
cosity, thermal conductivity, and the heat transfer coefficient. Therefore, the following
CFD simulations of boiler combustion processes, heat exchangers, and evaporative pro-
cesses are possib{@dhikari et al., 2020; Freegah et al., 2020; Murasievdod
Zakrzewska, 2019; OzdemdTari, 2010; RoandDas, 2020; Sund®n, 2

1 Multiphase flow: CFD allow to accurately predict the simultaneous interaction of more
than one combination of phases that can be gases, solids or fluids. CFD is applied for
multiphase flow analysis simulations to precisely calculate the interaction of more than
one phasehiat can be gas, solid or fluid. Generally, multiphase flows are defined as
complex flows because of the presence of additional phases. Therefore, CFD simulation
allows for simulation and optimising those complex flofBozzini et al., 2003;

Gel et al., 2013; Gidaspow et al., 2013; JawoaskiMurasiewicz, 2009, 2010; Mura-
siewiczandJaworski, 2009; Murasiewi@ndZakrzewska, 2019)

1 Chemical reactiont Chemical reaction, i.e., combustion or chanfistate can be com-
puted by using a computational model or a laboratory test. The last would be not cer-
tainly denoted by the industry as a fAphys
bustion test chaber. CFD can be applied to compute complex processes by including
individual species and compounds through reaction equations. Models for furnace com-
bustion available in CFD are used to evaluate elements such as burner/OFA systems,
NOX craation, gas temperature uniformity, SNCR performance, slagging, and corrosion.
Additionally, evaporative processes are fully completely simulated by using a CFD
model because of notable changes in temperature and the moisture transfer from one
state to andier (Dixon et al., 2006; Fox, 2006)

Other applications of CFD simulation include i.e., plastic injection moulding, thermal pro-

cess engineering (membrane processes, rectification, absorption), static structural performance,
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chemical, biotechnological and environmental applications of thermal separation processes

(downstream processing) or dynamic structural performéghmagerson, 2009)

1.3 Advantages andDisadvantages of the CFDApproach

There are numerous exclusive advantages of CFD software over experimental methods
applied to fluid systems design:

I significant decrease of time and cost of new designs,

T capability to simulate systems where experiments are challenging or unbearable to per-

form (e.g., very large systems),

T possibility to simulate systems underneath hazardouoditions (e.g., safety analyses

and accident scenarios),

T extremely large volumes of detailed results gained for any point measured data without

almost additional cost in contrast to an experiment,

T generally, the cost of CFD simulation is much lower compared to experiments,

T much better understanding of flow patterns, parameters than experiments.

Disadvantages of computgenerated experiments with CFD are:

T possibility of errors that occurs due to simplicity of flow models and bouratargi-

tions,

T possible doubts produced by very small computing values per cell and then, therefore

interpolation errors,

I extension of the computation time when large models are used,

T the computing costs may be much higher due to the wrong definition of variables or

consulting compared to experiments.

The analysis of disadvantages has released that a great deal depends on the experienced of
the CFD user. The correct and valid computing results require to have the expertise and expe-
rience of users. Therefore, it is hard to decide if the CFD simulatiensedter than experi-
mental studies. It is weknown that all numerical simulations should be verified by experi-
mental data. But when is not possible, the data you be taken the obtained result with the doze

of the responsibility.
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2. FundamentalPrinciples of Conservation (Halina Murasiewicz)

2.1. Introduction

Computational fluid dynamics (CFD) has been established mainly to describe the flow of
air assumed an ideal gas and liquids of constant density. CFDs methods resolve equations of
fluid motion and the interaction of the fluid with solid bodies. This chaptdgvoted to present
t he mat hemati cal basis for a complete model
the general principles of conservation laws:

i the conservation of mass,

i the conservation of momentum,

i the conservation of energy.

The conservation of the particular flow quantity in general means that its total variation
inside an arbitrary volume can be stated as the net effect of the amount of the quantity being
moved across the boundary, any internal forces and sources, andletees acting on the
volume. The amount of the quantity that passing the boundary is rfameHrincipally, the
flux can be divided into two separate parts: one because of the convective transport and the
other one due to the molecular motion exisimghe fluid at rest. The second part is of a dif-
fusive nature, and it is proportional to the gradient of the quantity examined and therefore it
will disappear for a homogeneous distribution.

The governing equations of puid pow symbol
tion laws of physics:

T the mass of fluid is constant during its motion (the mass is conserved),

i the rate of change of momentum is equal

particle (Newtonbés second | aw),

I the rate of change of energy is equal to the sum of the rate ofy)eatded to and the

workW) done on a puid particle (the first

These governing equations and a discussion of the necessary auxiliary coiidititak
and boundary conditions will be presented. The main subjects enclosed in this chapter are:

I Reynolds transport theorem,

I conservation of mass,

T conservation of linear momentum: NaviStokes equation,

T conservation of energy,

T general scalar transport equation.

19



2. Fundamental Principles of Conservation

2.2.ReynoldsTransport Theorem

Practically every basic course either of fluid mechanics or computational fluid dynamics
trains engineering students to establish and apply the equations for the conservation of mass,
momentum, and energy for a finite control volume. Thus, it is essentiaé the most efficient
met hod of completing this task. Todayobés text
an equation known as tiReynolds transport theorefRTT) (Yamaguchi 2008) This theorem
converts the system formulation to control volume formulation obtained by the following ex-

pression:

— = Q@ L@ QO (2.1)

1. The first part (1) denotes the rate of change of the extensive property in the control volume.

2. The second part (Bharacterises the flux of the extensive property across the control surface.

2.2.1. Derivation of Reynolds Transport Theorem

An arbitrary flow field defined by aftdtihd is considered together with a system moving
with this flow field. In this case, the boundary of the c.v. converges with the boundary of the
system at time. The region | and Il is occupied by them at titnas presented in Figure 2.1.

The system has taken the region Il and Ill when time movés t¥6. The system has been
selected for this consideration in that way that the mass within the region | enters the c.v. during
time intervalY6, and the mass in region Il leaves the c.v. during the same time interval. The

entire situation and symbols used in this derivation is presented in Figfaderson, 2009)

Systematt+At

System at t

Figure 2.1. Scheme of deformation of control system in algorithm of CFD simuldtlsed with permission from
(Anderson, 2009)
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Let defineB to be the propertyektensive properjythat is being conserved abds the
value ofB per unit mass callesbecific propertfAnderson, 2009)Thus

0 0 0 (2.2)
and

0 vy 0 y 0 v (2.3)

— J B (2.4)
or
L }J‘/ ) EL - ); » - (25)

Since the limit of the sumequals the sum of the limits, thus it can be expressed by

¥
K
¥

 jEd JEF—— JEF——  (26)
yo Y yo Yy

<
o
&

The volumeV. becomes that of the c.v. th¥n© Ttin the limit therefore theslimit in
eg. 2.6 as can be stated as:

<

)J/OE -

— & QO (2.7)

<

Theintegral ®” ‘Qmithe 29limit expression denotes the amount of propBrtigat has
crossed the part of c¢c.s. (through points ARB
average rate of fluxddacr oss points ARB during the ti me
the 29 limit term can be written as:

] B ] BT
o] Yy yo Yy

) W@ QO (2.8)

v 88

Finally, the & limit term represents the exact rate of inflowBbfnto the c.v. at time
across the part of c.s. (across points ALB, see Figdje This is given by:

J B . 0@ Q8 (2.9)

Both eq. 2.7 and 2.8 represent the net flux ratbfough the entire control surface.

Thus, it can be replaced by using one term as follows:
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2. Fundamental Principles of Conservation

L @D QO (2.10)

whered represents the velocity vector aids the unit vector pointing outward from an-
closed region.

The finial form is expressed as:
——  — g QG P Q0 (2.11)

The physical meanings of each part of eq. 2.11 is given as fdlRiveset al., 2006)

1. ——is the total rate of change of any arbitrary extensive progey the system.
2. —. 4 éB " ‘Qgihe time rate of change of the arbitrary extensive progdrtyhe control
volume.

3. . séB " ¥ 'Q dis the net rate of flux of the extensive property across the control sur-
face
The velocity vectorBis measured in the above equations relative to control volume which
is fixed relative to the reference coordinates x, y and z. Therefore, the time rate of change of
the arbitrary extensive propemB/within the control volume must be assessed by an observer

fixed in the control voluméLeal, 2007; YamaguchR008)

2.3.Conservation of Mass Equation

A mass balance eq. for the puid el ement is
servation equation given by:

Rate of increase of massfloid = Net rate of flow of mass into element fluid element

The first term of mass balance eq. called ra
as:
— "] @ O © © @ (212)
I n the next step, the mass pow rate acr os:

product of density, area, and the velocity component normal to the face is accounted for.
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apw) 1
[pw+ 7 -Eé'z
a(pv) 1
el ! apw) 1
: | “ra 2t
L, o ! -1 .
_ow) 1, (x,y,2),
A
apv) 1
pv — 50y

Figure22.The mass fl ow i n .dJeedwith petmissidn frgsiindedsone 20@)me n t

According to the Figure 2.2, one can see t
through its boundaries is given by:

"0 —3 @ w a0 —3 o w «
"0 —3 d © "0 —3] @ a
"0 —31 § 0 00 —3) A O ® (2.13)

Production of an increase of mass in the element occurs when the flow is directed into the
element and has positive sign whereas the flow that is leaving the element are given a negative
sign. The rate of increase of mass inside the element defined2ri&dqs compared to the net
rate of pow of mass into the el ement through
resulting mass balance are organized on théndeft side of the equals sign and the expression
(eq.2.12) is divided by the eteent volumé | aHnddit yields(Bird et al., 2006; Yamagu-
chi, 2008)

— L1 (2.14)

and by using the compact vector notation:
— QW m (2.15)

The expression 2.15 defines the unsteady, ti@ensional mass conservationoonti-

nuity equationf or a c o mpr e s s+ tescabedithe rate of chige in time of the
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2. Fundamental Principles of Conservation

density. The second ter@™ QW i s t he net bow of mass out of
boundaries and is named the convective term.
When an incompressible system like a liquid is considered the densigpnstant there-
fore the equation (2.15) converts to:
Q@ T (2.16)

and in longhand system:

— — — T (2.17)

2.3.1. Integral Form of Conservation of Mass Equation
According to the Reynolds transport theorem given by eq. 2.11, tBkingn (mass) and

thereforeb =1 ( b =B per unit mass) it can be obtained:

— —,. gg QW, 4 QO (2.18)
Since the control system is considered therefere rththen:
—,. gg QW, 5o QO T (2.19)

If the control volume is ncdeformable, i.e., no change time and assumed as stationary

(velocity vectords not relative vector):
C. g5 QW , 40 WQO T (2.20)
Applying the divergence theorem given by @ Q0 | n1'®Q ws derived to:

P o YA NN B oY AR 1 (221)

s se— 1@ QO T (2.22)

The elementary volumdV is arbitrarily selected, therefore if integral oe®fis zero then

integrand is zero. Thus, from equation 2.22 becomes:
— '@ m (2.23)

This above equation is called the conservation of mass equation or the equation of conti-

nuity.
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2.4. Conservation ofLinear Momentum: Navieri StokesEquation

The fundamental equations of fluid dynamics are called Nistekes equation&’ama-
guchi, 2008) If the case of an isothermal flow, a flow at constant temperature is taken into
consideration, these equations represent two physical conservation laws: the conservation of
mass and the conservationliokar momentum. There are available of various ways for deriv-
ing these equatior(eal, 2007; YamaguchR2008)

The Newtonbés second | aw of motion for f1l o
linear momentum given by

net force = mass x acceleration

It defines when applied to the moving fluid element, detailed sketched in the Figure 2.3,
that the rate of change of the linear momentum must be equivalent to the net force acting upon
a collection of flwuid parti caéandtuscadbedividedbds 2r

into three scalar relations by the x, y araxes.

0T
u _yx

(Ttyxt dy )dx dz
Velocity h / Y7 oy
w ! o
dya Tax@X dy (O adx )dy dz
. L 5 l e 0Txx
popia — . / (Txxt dx )dy dz
- dx —t¥ ox

Tyx dy dz «+—] I - R

dz ,’ d — c ; »

’ +—/ T
/J Topdx dz (Taxt a—;x dz )dx dy
a b

Figure 2.3. Moving fluid element with the infinitesimally small size. Thelixection of the forces is showdsed
with permission fron{Anderson, 2009)

Ifthexdi rection is only considered, the Newto

& 1 & (2.24)

where& and@ are known as the scalarcomponents of the force and acceleration, respec-

tively.
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The first part of eq. 2.24 expresses the force acting on the moving fluid element in the

x-direction. There are two sources of this force:

1. Body forceswhich straightforwardly act on the volumetric mass of the fluid element.
Example of these forces is gravitational,
adi stanced.

2. Surface forceswhich straight acting on the surface of the fluid element. Two sources
are only considered: (i) the pressure distribution acting on the surface, forced by the
outside fluid which surrounds the fluid element, and (ii) the distribution of shear and
normalstress acting on the surface, also imposed by the outside fluid on the surface by

means of friction.

If the body force per unit mass acting on the fluid element is donat@hfih fx as its x
component, the volume of the fluid elementAeADAG therefore:
" AEl O AGE A
Al QEATAADE T AvAnAd (2.25)
EOER AEOAAOQET 1
The shear, denoted By hand normal, marked by , stresses in a fluid are associated to
the time changing of the rate of the deformation of the fluid element, as is presented in Figure
2.3. The shear stress is defined as the timeafatbange of the shearing deformation of the
fluid element, while thenormal stress is implied as the tiradeof-change of volume of the
fluid element. Consequently, both forces depend on velocity gradients in the flow. If the viscous
flows are considered normal stresses (sudbixpare significantly smaller than shesiresses
thus they are many times neglected. When the normal velocity gradlemts Ox ) ar e very
i.e.,normal stresses (sutk in the xdirection) become important.
The left side of the eq. 2.24 can be written by using the convectional notation sketched in
the Figure 2.3, where the surface forces in tHairection exerted on the fluid element are pre-
sented. The not at ijoneanssirdsd in thefrectios exeftedroeglare t h at
perpendicular to theaxis. Thus, for the moving fluid element it can be written:
DL AEORAGR 1 A0 AR T —no T Aok
T —Ad T AvAd t —Ad T AnA® (2.26)

Hence, the total force in thedirection, O, is obtained as the sum of egs. 2.25 and 2.26.
The following formula is derived after adding and cancelling termsegprésents the leftand
side of eq. 2.24:
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. B AQ)AQ)AC( o) AQ)A(A)AG (2.27)

When the righthand side of eq. 2.24 is examined, the mass of the fluid element can be

defined as:
d 7 AAnAd (2.28)

But the acceleration of the fluid element is expressed as thedimef-change of its ve-
locity. The component of acceleration in thdirection represented lny in the eq. 2.24 means

the timerateof change ofi. Thus, timerateof-change is given bthe substantial derivative:
®w — (2.29)

The merge of the following eqgs. 2.24, 2.27, 2.28 and 2.29 it allows to obtain:

(R Q) (2.30)

The eg. 2.30 is called the momentum equation fas@ous flow for the xcomponent and

for the y and zcomponents it can be written in a similar fashion:

P — "0 (2.31)

and

- — — — " (2.32)

These three eqgs. 2.30, 2.31 and 2.32 represent,tiireand zcomponents of the momen-
tum, respectivelyAll of them are partial differential equations gairgdectly from an appli-
cation of the fundamental physical principle to an infinitesimal fluid element and they are pre-
sented in nortonservation form. They are scalar equations and are callédatheii Stokes
equationgn honour of two scientists: M. Navier and G. Stokes who independently derived the
equations in the first half of the nineteenth cenfdmyderson, 2009; Yamagugt1008)

The Navier Stokes equations can be also written in conservation form. If tHedett side

of eq. 2.30 is given in terms of the definition of the substantial derivative it can be expressed:
T— T — "B (2.33)
Also, expanding the following derivative

— "= 60— (2.34)

27



2. Fundamental Principles of Conservation

— — 06— (2.35)

Evoking thevector identity for the divergence of the product of a scalar times a vector
defined by:

ny” @@ ond’d "d Ao (2.36)
or
"@o D" B o6nd"d (2.37)
Substitute eqgs. 2.35 and 2.37 into eq. 2.33 gives:
" —— b6— ONIO"@ 1D" @ (2.38)
or
" —— 56— 1D"@ nO" @& (2.39)

The expression in brackets in eq. 2.39 is just thehifid side of the continuity equation
defined by eq. 2.23. Thus, the term given in brackets equals zero, so eq. 2.39 simplifies to:

" nD" @B (2.40)

Substitute eq. 2.40 into eq. 2.30 gives:

12" B — Q) (2.41)

and the similar way applied to ed@s31 and 2.32 which allows to express them as:

— 12" ® - "Q (2.42)

— 12" B - — — — " (2.43)

Those egs. 2.41, 2.42 and 2.43 eafled the NaviérStokes equations in conservation
form. At the end of the 17century Isaac NewtofAnderson, 2009)dentified that shear stress
in a fluid is proportional to the timeate-of-strain, i.e., velocity gradients. These specified fluids
are calledNewtonianfluds I n t he contrast, fluids in whic
gradients are nameatnNewtonianfluids. In almost all aerodynamic problems, the fluid can

be assumed to be Newtonian. Therefore, for these fluids, Stdkdsrson, 2009acquired:

T B ¢ — (2.44)
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t _nap ¢ — (2.45)
t 3B ¢ — (2.46)
[ B (2.47)
Tt = = (2.48)
T T = = (2.49)

whereeg is known as the molecular viscosity coefficient anslthe bulk viscosity coefficient.
Stokes postulated the hypothesis thathgh is frequently used but has still not been definitely

confirmed up to day:

_ (2.50)

Substituting eqgs. from 2.44 to 2.49 into egs. 2.4243 it allows to obtain the complete
Navieii Stokes equations written in conservation form for the/xand zcomponents of mo-

mentum:

M3 — — — — —t_— — "a (251
— — — — —nNAp ¢— —'— — "a (252
— - — 3B ¢— "Q (253

2.5.Conservation ofEnergy

In this section the energy equation will derive by applying the model for an infinitesimal
moving fluid element, which was presented in the chapter 2.3 in Fig. 2.3. The derivation of the
energy equation will be accordingly these shown for Naviebtokes. The fundamental phys-
ical principle says thanergy is conservedBird et al., 2006)It is proven by the first law of

thermodynamics, which is applied to the moving element of fluid can be expressed as:
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2AOREEAT GA . Ami 08 2 A0k OEKLI ICA
Al AGCOGAARA EAEDOT OEM AiAROEAT Au (254)
Al QEAT AT OOEARI AT AT CATAOOMA DR A O

The evaluation of the'Bterm of eq. 2.54 allows to gain the expression for the rate of work
done on the moving fluid element due to body and surface forces. | can be revealed that the rate
of doing work by a force applied on a moving body is equivalent to the product of thefarc
the component of velocity in the direction of the fo(B&d et al., 2006; Yamaguchi, 2008)

Thus, the rate of work done by the body force acting on the fluid element moving at a velocity

@is given by:
" 0B AwADAG (2.55)

It should be considered only forces in thdisection for the surface forces (pressure plus
shear and normal stresses), as is presented in Fig. 2.3. The rate of work completed on the mov-
ing fluid element by the pressure and shear forces in-thieegtion isjust velocity, u, in the
x-direction multiplied by the forces. To highlight these energy considerations, Fig. 2.3 will be
again adopted, where the rate of work done on each face by surface forcesdairéiodon is
clearly displayed in Fig. 2.4.

e f 0(UTyy)
updydz |5 dx _/ [ttt de ]dy dz
UTyy dy dze+—] /:_____\_____ .
. d c
qx dy dz dz,* . 0qty
— )/ (qx+ 57 dx)dy dz
P UTyy dx dz
(utzx)
a b [ut,+ e dz |dx dy

Figure 2.4. Energy fluxes for the moving fluid element with the infinitesimally small size. Fdigection of the
forces is shownUsed with permission frorfAnderson, 2009)

One can notice that forces in the positivdisection do positive work and that forces in
the negative xdirection do negative work. This note is important to get the net rate of work

done on the fluid element by the surface forces. Therefore, compafiios pressure forces
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on two selected faces leads to obtain the net rate of work done by pressure-dirdotion

written as:
6n on —An AnAa — ADAGAX (2.56)
and the net rate of work done by the shear stressesxndinection given by:
ot ——AD ot AwAd —— ALAOAY (2.57)

Hence, studying all the surface forces in thdinection presented in Fig. 2.4, the net rate

of work done on the moving fluid element due to these foroegpiessed as:

A AnAd (2.58)

Similar expressions are obtained whitie surface forcethe y and zdirections are also
included. The complete net rate of work done on the moving fluid element is equalled to the
sum of both: the surface force in the - and zdirections and the body force contributions.

This is represented by“3erm of eq. 2.54 given by:

o 0Qi a

Aokoky " BOBGAGAY  (2.59)

where the first three terms on the rigii@ind side are basicallyO BB .

Now, the2ndterm in eq. 54 will be analysed. This term is defined as the net flux of heat
into the element. This heat flux is due to: volumetric heating such as absorption or emission of
radiation, and heat transfer across the surface due to temperature gradients, i.e. thdumal co
tion. It can be noticed that the mass of the moving fluid element presented in Fig. 2.4 is
" AAOAG therefore it can be obtained:

O 1 O0i BOMEA],
I EER AT AT O

The heat is transferred across faces in theection by thermal conduction into the mov-

ThcoAcAd (2.60)

ing fluid element and out, as is presented in Fig. 2.4. Hence, the net heat transferred in the

x-direction into the fluid element by thermal conduction is written:

e Ne—A® ADAX —AOADLAG (2.61)

Adding also heat transfer in theand zdirections across the other faces presented in Fig.

2.4, it can be obtained:
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( AAGEEKA
Al AEATARO O : —  — AwAnAY (2.62)

OEAATATADOAODEIT 1

Therefore, the ® term seen in eq. 2.54 is exactly the sum of eG€ &hd 2.&, given by:

¢ OAOQOI"n > ‘ > AAAX (2.63)

Heat transfer by thermal conductionpioportional to the local temperature gradient and

for instant, for xdirection is written:

Ne Q- (2.64)

wherek is the thermal conductivity. Similar expresses can be derived for &émelyzdirections.

Therefore, the eq. 238s expressed by:
¢ OAOI"g — O — 10— — 0O AnAnAd (2.65)

The last term in eq. 2.54 which describes the rate of change in time of energy inside the
fluid element.The total energy of a moving fluid per unit mass is defined as the sum of its
internal energy per unit mass, and its kinetic energy per unit mass,f¢ and given as
‘Q W T¢ . Since the concept of moving fluid element is followed, the time rate of change of
energy is given by the substantial derivaiiBad et al., 2006) Because the mass of the fluid

element is defined dsAMADAY, the first term can be written as:
p OAOI"— Q — AwAnAa (2.66)

Considering the definition of all terms written by eq.®.8.66 and 2.6 and substituting

them into eq. 2.54, it allows to derive the final form of the energy equation given by:

n o 'Q _ ” r'] _ ""Q_ _ 'Q_ _ TQ_

" BB (2.67)

The eq. 2.8 is known as th@on-conservatiorform of the energy equation written in the
terms of thetotal energy ‘Q @ 7¢ . However, more often the energy equation is given in a
form that contains just the internal energyMultiplying egs. 2.30 to 2.32 hy, v andw, re-

spectively, it can be obtained:
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n—— B— 6 6 6 o) (2.68)
n—  0— D 0 0 "0 (2.69)
" 00— 00— 0U— 00— " 0Q (2.70)

When egs. 28 2.8 and 270are added and the notationcof 0 0 w is applied
the following equation is delivered:

T — O— uvL— 0U— O v

b — — — "0 VQ 00 2.71)

Deducting eq. 2Zfrom eq. 2.6 and write” 838 ” 6'Q 0'Q 0 "Q the following

formula is obtained:

f— t —+t—t—+Ft—tFt—1f—1— t— (272

Equation 2.2 is called as the energy equation in terms of internal energy. The body force
terms have cancelled in this formula and the energy equation when is given in terduesf
not explicitly include the body force. Eq. 2.%s still given in nonconservationform
(Bird etal., 2006; YamaguchR008)

Both egscan be stated completely in terms of flow field variables by replacing the viscous

stress terms given by ht etc. with their equivalent expressions from egé4 20 249.

Substituting egs. from 2.44 to 2.49 into eq.2after expressed it in term ébw field
leads to:

~ ~ ~
g g g

¢(— ¢— ¢— — — = — = — (2.73)

Once can find that eq. B7s a form of the energy equation completely in terms of the
flow-field variablegBird et al., 2006)
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2. Fundamental Principles of Conservation

The steps of derivation of energy equatiocanservatiorform can be as follows. Apply-

ing definition of substantial derivative for the lfand side of eq. 237

T T~ TAAQ (2.74)

but,
— "= 0 (2.75)

From the definition of vector identity concerning the divergence of the product of a scalar

times a vector:

nDT M WMO'B A (2.76)

Substitute eqs. 25/and 2.6 into eq. 2.4.:
"— — Q— nd"d@ 10" B (2.77)

The phrase in square brackets in eq7 2quals zero, from the continuity equation (2.23).
Consequently, eq. Zrtonverts to:

"— —— 10"'? (2.78)
Hence, substituting eq. Bhto eq. 2.3 gives:

— 10"® ' —O — O — 0

¢— ¢— ¢— — — - — - — (2.79)

Equation (2.9) is knowns as theonservatiorform of the energy equation, written in terms
of the internal energy.

Redoing the steps from eq. (2)7o eq. (2.8) if the total energy is considered instead the
internal energye:

" — n12"0Q —@ (2.80)

Substituting eq. 80into the lefthand side of eq. 2.66,can be obtained:
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—"Q — n12"’Q —d@ "Hh — 0O — 0 — 0O

" "90p (2.81)

The eq2.81 is known as theonservatiorform of the energy equation, written in terms of

the total energy,Q — . But there are many other possible forms of the energy equation; the

equation can be written in terms of enthalpypr total enthalpy’Q — (Anderson, 2009;
Bird et al., 2006; Yamaguch2008).
2.6.General Scalar Transport Equation
The equations governing fluid flow, heat and mass transfer can be dropped into a single
general form which it is called the general scalar transport equation or consditftision

equation/Anderson, 200Bird et al., 2006; YamagucH2008) The general steaestate scalar

transport equation is given by:
— a®i i % B i AG® O@% 3—0 Y (2.82)

The term— & ®Oi | %o is time derivative,i A OB) O @ois known as advection

(transport with the flow)e— 0 is diffusion (net transport by molecular or turbulent fluctua-

tions) and’'Ymeans sourcéAnderson, 2009)Thus, generally the scalaansport equation for

a control volume has the form:
OADEKEAT CAOOOx £OBBE 61 ©Q (2.83)
This equation combines of the diffusion and convection (advection) equations and defines
physical phenomena where particles, energy or other physical quantities are transported inside

a physical system by using two processes: diffusion and convectionthiiéregeneral form of
the generiscalar transport equation is given by:

— nooG nI7d Y (2.84)

The variables appearing in eq. 2.83 have the following meaaisghe variable of con-
cern: species concentration for mass transfer, temperature for heat tlansthe diffusivity,
e.g., mass diffusion of particle or thermal in heat transpastthe velocity field that the quan-

tity is moving with, this variable is a function of time and space;Radefines sources or sinks

35



2. Fundamental Principles of Conservation

of the quantityc, for example for heat transpd®t> 0 might appear if thermal energy is being
produced by frictiom. denotes gradient aridrepresents divergence. In &84, " c signifies
concentration gradient.

The righthand side of the eq. 28s the sum of three contributions. The first term
n D'01q means diffusion. If the is defined as the concentration of a chemical and the con-
centration is low someplace compared to the surrounding areas, the substance will diffuse in
from the surroundings that leads to an increase the concentration and conversely. The net dif-
fusion is prortional to the Laplacian (or second derivative) of concentratidmsiaconstant.
The second contribution " D716 defines convection (or advection). For example, when
water's salinity is measured each second and it might be noticed after ad@ingpthre: of salt
into the water that the salinity suddenly grows, and then fall, as the zone of salty water passes
by. It means that the concentration at a given position can change because of the flow. The last
term R pronounces the creation or destruction of the quantity. For instant, if varidéfaes
the concentration of a molecule, thRtabels how the molecule can be formed or demolished
by chemical reactions. The teRRmay be a function af and of other factors. Frequently, there
are numerous @untities, each has its own convectidiffusion equation, where the destruction
of one quantity causes the creation of another, e.g., methane combustion reaction where carbon
dioxide and water vapor are created while methane and oxygen are destroyedvédtion
diffusion equations are coupled together and must be solvedyasean of simultaneous dif-
ferential equationé_eal, 2007; Bird et al., 2006)

A general scalar equation can be solved after conversating it to an algebraic equaisen (by
ing a controlvolumebased technique) and be solved numerically. The control volume technique
consists of integrating the transport equation about each control vomaerson, 2009)
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3. Mathematical Models ofTransport Processes irFluids (Halina Murasiewicz)

3.1. Introduction
Analytical solution can be applied to tackle the continuity and N&Stekes equations for
simple caseéAnderson 2009) More multifaceted pows can be
techniques such as the ynite volume method w
Mostly flows of engineering signiycance ar
just of theoretical interest. Therefore, fluid mechanics engineers need admission to feasible
tools capable of representing the effects of turbulence. However, Iyatudoulence is phe-
nomenon that can be simulate in CFD software. Additional processes also consider in CFD
modelling are multiphase flow, nadewtonian flows, and others.
This chapter gives a brief introduction to mathematical models use inlmgad#i turbu-
lent, multiphase, and nedewtonian flows will present. The last part of this chapter will focus

on fundamentals and modtiag in CFD.

3.2.Turbulent flows

First, a brief | ook at the maiTwbulenbhfowsact er i
are depicted by thregimensional motion of the fluid on a wide range of scales both in time
and space. Mathematically, it means that a very small gap between discretized points is essential
which results in the numerical calculations becanonger and more costly. Therefore, several
approximations have been familiarized to represent the turbulence and effectively make the
simulation more viable.

The Reynolds number provides a measure of the relation of inertia forces (linked with con-
vective effects) and viscous forces. If the applied boundary conditions do not change with time
the pow is steady. This regi nd |i sotchaelrl epdow apm
vary in a random and chaotic way. This regim
transition to turbulence can be explained by
disturbances.

A significant number of research effort is devoted to developing numerical methods to de-
termine the essential effects due to turbulence since it is imperative in engineering applications.

The methods are mainly classified into the following three claggeReynoldsaveraged

NavieiSt ok e s, O RANSG; 2) Large Eddy Simul ati on:c
tions, ODNSOG. Besides these techniques, hybr
LES and RANS, and it is called URANS method.

37



3. Mathematical Models of Transport Processes in Fluids

9 Turbulence models for Reynoldsaveraged Navier Stokes (RANS) equationsthis
technique focuses on the mean pow and the
ties. The NavierSt okes equations are time averaged
time-dependent boundary conditions) before numerical methods are applied. Additiona
terms appear in the tireveraged (or Reynoldaa v er aged) pow equatic
interactions between various turbulent pu
conventional turbulence models: among the-besdgnized ones are tkitUmodel and
the Reynolds stress model. This approach, represents by above models, has been the
basis of pow calcul ations over the | ast t
sourcegAnderson 2009)

1 Large eddy simulationt this is an intermediate method of turbulence computations
which trails the behaviour of the larger eddies occurred in turbulent flow. The method
engages space yl teriStkes egdationstheforeithe somputad y N
tions, which passes the |larmgand refuses the smaller eddies. The effects on the solved
pow (mean pow together with | arge eddi es)
incorporated by means of a sghd scale model. In this approach, the computing re-
source in terms of storage and volume of calculations are large because of demands of
solution of unsteady pow equations. Recen
plex geometrfAnderson 2009)

9 Direct numerical simulation (DNS): t hi s met hod compute both
turbul ent vel oci t yiStdkes@edquatians ar® solged forTuhseeadiN a v 1
state on thredl i mensi onal grids that are sufycier
Kolmogorov length scales at which eggrdissipation occurs and with time steps
enough small to resolve the period of the
computing by applying this method is hiflnderson 2009)

3.2.1.Reynoldsaveraged Navier Stokes (RANS)

For most engineering aims it is redundant
tions. In most cases, users of CFD software seek thestim& r aged properties o
mean velocities, mean pressures, mean stresses etc which are sebneedtal way s sat i
informati on. Hence, the enormous majority of
future, will last to be passed with procedures based on the Reyawvddsged NaviéStokes
(RANS) equationgAnderson 2009) However, the explanation of the outcomes of turbulence
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on the mean pow i s s-averdging operatiath endhe menertumsegua-t h e
tions rejects all details regarding the stat
(Anderson 2009)

Application of the RANS equations to compu

” ”

o, "0, "0vL, "60,

turbulence models to predict the Reynolds stresseg: |

"00 and the scalar transport terms and cl ose
in chapter 2 (i.e., Eq. 2.15, Eq. 2.81). In@lrpose CFD code uses a turbulence model should
have the following pros be accurate, extensive applicability, simple aheéféadtive to run.
The most popular RANS turbulence models are classified based on quantity of supplementary
transport equations that i s necessary to be

summarized are presentedTiable 3.1.

Table 3.1. Classification 0RANS turbulence modelg\nderson, 2009)

Number of additional transport egs Name
Zero Mixing length model
One Spalari Allmaras model
Two ki Umodel

ki ¥ model
Algebraic stress model
Seven Reynoldsstress model

Presented imable3.1 models are the base of typical turbulence calculation procedures
available now in commercial CFD codes. The detailed information about models is presented
in (Anderson, 2009)

Among models shown ifiable3.1 the mixing length ané-Umodels are nowadays by far
the most extensively used and validated. They are use the assumption that there is an analogy
bet ween the action of viscous stresses and R

of stresses emergesontheriphhdsi e of t he momentum equati on.

cosity, the viscous stresses are taken to be

ments. When an incompressible puid are consi
tr it = = (3.2)

and with the notatonsoal | ed sufyx notation eq. 3.1 is w
t t = = = (3.2)

where the convention of this notation is thar j = 1 refers to the xlirection,i or j = 2 the

y-direction and orj = 3 the zdirection.
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Di scussions of si mpl e(Andausonp 2009Ehawvts thdt bothgur-pr e s e
bul ence | evels and turbulent stresses differ
effort to pronounce the stresses by means of simple algebraic formulae for eddy vi- ~osity,
as a function of position. THeUmodel is rather more general but more sophisticated, but also
more costly. Nevertheless, this model allows describing the effects of transport of turbulence
properties by convection and diffusion and for production and destruction of turbulence. Here,
two transport equations (PDESs), one for the turbulent kinetic erleag one for the rate of
dissipation of turbulent kinetic energyare solved.

Those two turbulent models have the same underlying assumption ‘- hergoth these
isotropic. It means that the ratio between Reynolds stress and mean rate of deformation is the
similar in al/l directions. Unfortunately, th
cause it gives imprecise predictions.

The mixing |l ength models uses the concept
the following formula:

' b — (3.3)

where— is called mean velocity gradiedt is the eddy length scale ahdis called as the

kinematic turbulent viscosity. The turbulent Reynolds stress is defined by:

t ot "80 "/b —— (34)
Since turbulence is a function of the pow
to account for this within the mixing length model by varyliag
The mixing length model allows also to foresee turbulent transport of scalar quantities. In
this case, turbulent transport term is modelled as follows:

"0 e w— (3.5)
wherew —and means the turbulent or eddy diffusiv-- "’ and’ is express by e@.3.
Rodi(Rodi, 1993kuggestsvaluesf,of 0. 9 i n near wal l pbows, 0.

and 0.7 in axisymmetric jetd. general assessment of the mixing length model is givéann
derson, 2009)

I n turbul ent bows where convection and dif
production and destruction of turbulence the mixing length model is no longer practicable. The

correct way is to study the dynamics of turbulence.kFimodel spotlights on the mechanisms
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that affect the turbulent kinetic energy. The instantaneous kinetic energy of turbulek(fjow,

is the sum of the mean kinetic enefgy - Y @ @ and the turbulent kinetic energy

Q -0 0 0  as express the eq.
o 0 O (3.6)
The rate of dissipation of turbulent kinetic energy per unit nassgiven by:
[T I (3.7)
The standaré-U(Launder and Spalding, 197#jodel possess two model equations, oné for

and one for) built on best understanding of the related processes causing changes to these

variables. The standakeUmodel expressdsandUby using the following transport equations:
— AE0R AEWCOMA ¢ vyay - - (3.8)
— AEOs AEWCOAA 6 -¢ Y8y 6 "— (3.9)

and by using words above equations become:

2ADAE 4 0A1T OBLE OHDOAT GBAE 002 AD A 2 AOAE
AEAT CA :E__Z"AC)__ o A_fgi[,(i) ~ DOI ACAREZERROOODAOET T
im o AWRIT OAAOCBIAIE £A£L£O0OET T © Qo O

The eddy viscosit* is defined as follows:
‘ "0 — (3.10)

where0 means a dimensionless constant.
Five adjustable constants:F, F, i andd are included in the equations 3.8 and 3.9.

In the standartti Umodel values for the aboree nt i oned constants are d
for a wide r andAadersdn, 2008)r bul ent pows

0 ™« , p8t T, p® O p8 1T O PR ¢ (3.11)

To calculate the Reynolds stresses the BoussiAestprson, 2009)elationship:

0;6 —J' —4 I, ¢y -7 q; (3.12)

wherg g is the Kronecker delta.
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Thek-Umodel is broadly used in engineering applications and gives beneficial results de-
spite of its limited validity. The advantages and disadvantages of this model are sliawn in
derson, 2009)

3.2.2.Large Eddy Simulation (LES)

The longtime efforts to develop RANS turbulence models, arpatpose model appro-
priate for a varied range of practical applications has so far proved to be indefinable. This is
because of differences in the behaviour of large and small eddies. Ther sudiés are almost
i sotropic and have a universal behaviour ( ma
olds numbers). But, the larger eddies, which interact with and extract energy from the mean
pbow, are rather ani s os$anthegecmetryDftthe probleto domarny i our
the boundary conditions and body forces. If Reynaldsraged equations are applied the col-
lective behaviour of all eddies must be labelled by a single turbulence model. However, the
problem dependence of the largeddies makes the search for extensively applicable models
much more difficult. Another approach sugges
larly for the larger eddies, should be computed with a-tleyfgendent simulation. On the other
hand, theuniversal behaviour of the smaller eddies it seems that is easier to capture with a
compact model. This is the main principle of the large eddy simulation (LES) approach to the
numerical simulation of turbulen¢@&nderson, 2009)

The LES method employs a spatial yl tering
eddies instead of timever agi ng. The method of spatial vyl
yltering function and a certang icrutarmfun i da
simulation all those eddies with a length scale larger than the cut off width. Next, the spatial
yl tering,(Amlesorg 2009pbperdtion isiachievedonthetidee pendent pow e
tions. I n this yltering oper aoutituduolent eddie®is mat i c
demolished. The filtering operation and interaction effects between the larger, resolved and the
smaller umesolved eddies, provokes formation of -gulal-scale stresses or SGS stresses. Their
influence on the resolved pow is defined by
method is taken the tirdependent, spagel t er ed pow e qu @ridofeamtsol ar e s
vol umes along with the SGS model of the unre
turbulent eddies at scales greater than theftfwidth.

The unsteady NaviegBt ok es equations for @areggivéndy wi t h

following equations:
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— AEOGI n (3.13)
—— AEOU — *AEQOMA Y (3.14)
— AEODU — *AEQOAA Y (3.15)
—— AEOUI — *AEQOAA Y (3.16)

When the pow i s al s o u)=rOcaodthus tleewiscoub mamentumn h a v
source term8Y, Y and"Y also equal zero.

Filtering of equation 3.13 gives the LES continuity equation:
— AEOl ™ (3.17)

where the overbar in this and next wequation

procedure for all equations from 3113416 yields:

— AE®T 1 AEQO KA (3.18)
— AEQI ' AEQO AR (3.19)
—— AE®1T  —  AEQOAA (3.20)

The LES momenturequations are expressed as follows:

— AE L CAEQOMA  AEM™  AEM (3.21)
— AEQ — CAEQOAR AEGY AEQM (3.22)
— AE®" T CAEQONA  AE®NT AE®™T (323)

Terms (1) are t he r ay andsriomentam, tegne (IDand (IV)h e vy |
are the convective andg-amdizrhomensumeems flI) mearstheo f vy |
gradientsinthexy-andzdi r ecti ons of the yltered pressur
by the yltering operation, and they fctn be ¢
the fact that a substantial portionfofis attributed to convective momentum transport due to
interactions between the unresolved or SGS eddies, these stresses are generally named the sub

grid-scale stresses. The SGS stresses are defined:
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n L L ” XL

T " éléj Oin Oiéj " "

06, 06, "0,6, "0, (3.24)

On the right side of eq. 3.24 there are three groups of contrib@fadgrson, 2009)

0;0; " 0;0; i Leonard stresses, ,

" 00, "0,0;7 crossstresses)

" 6,0, I LES Reynolds stressey,.

I n simple pows t he Bous $Andersos,R008vdsdrgquentlys c 0 s i |
found to predict of Reynoldaveraged turbulent stresses in a good way. Smagor{h93)
proposed that, since the smallest turbulent eddies are almost isotropic, it can be assumed that
the Boussinesq hypothesis might deliver a good description of the effects of the unresolved

eddies on the resolved poW,s hDlwear ¢ noSena gtolm & nls.

model , are assumed to be proportional to the
N - _E _E
E E
Y ¢ se¥ -1 ‘ses— —: =Y (3.25)

j
The constant of proportionality is the dynamic SGS viscosity, which has dimen-

sions Pa s. The SGS viscosity is assessed by:
‘scy " Osc¥ $E€ " Osg¥ ¢YY (3.26)

where0; . gneans a dimensionless constant with its value presen{éshderson, 2009and

Y expresses as above.

3.2.3.Direct Numerical Simulation (DNS)

The instantaneous continuity and Navigtokes equationg\nderson, 2009pr an incom-
pressible turbulent pow create a uwviwasdp.d set
Direct numerical simulation (DNS) of turbule
point and expands a transient solution on a
even the smallest turbul e(Andersord2009% s and t he f

The possible beneyts of wusing DNS simul at.
(Lumley, 1989)and Moin and Mahes{Moin and Mahesh, 1998)
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1. Detailed information of turbulence par amet
be calculated with DNS. These data are beneficial for the development and validation of
new turbulence models.

2. It allows to obtain instantaneous results that are not quantifiable with instrumentation,
and instantaneous turbulence structures can be pictured and studied.

3. Advanced experi mental techniqgues can be ex
example, calibration of hatire anemometryprobes in neawall turbulence(Lumley,

1989)

4. Pri mary turbulence study on virtual pbow vy
excluding individual as pec t-Bee lmotindapydayersp hy s i
emerging on walls at rest with respect to the free stream or the investigatierbaktbs
of reactingbows (Moin and Mahesh, 1998)

3.3.Multiphase Flows

The main crucial factor in any numerical simulation is defining the appropriate mathemat-
ical model which describes the physics of the problem. Practically all engineering problem co-
vers of interactions between matter: solid, liquid and gases etc. Heacendmeer should
thoroughly specify the problem, taking these aspects into consideration. It is essential to first
explain the basics of the physical phenomenon behind of multiphase flow to understand it bet-
ter. In the background of fluid mechanics, mplise flows can be considered as simply any
fluid flow system containing of two or more separate phases (with different thermodynamic
state) flowing simultaneously in mixture, having some level of phase separation at a scale well
above the molecular lev€Yeoh and Tu, 2009)Water bubble column, boiling and condensa-
tion and cavitating pumps and turbines are example of multiphase system. Generally, multi-
phase flows exist in many different forms. Typbase flows can be categorized according to
the state of the different phasgassolid flows, liquidsolid flows, and ga#iquid flows. This
classification can be extended by liciiiguid flows of immiscible liquid. However, more than
two phases can exist together in many fluid flows: soiderair.

Each phase with distinctive form of matter is classified into three main fields: solid with
specified of shape and volume, liquid with definite of volume but form depends on type of
container and gas where shape and volume depend on type of box ordteregeMultiphase
flow contains two main phases: continuous (based on the Eulerian hypothesis) phase, mainly

liquid but also a gas, where dispersed (particles) phase is immersed. The dispersed phase can
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be droplets (liquid), particles (solid), or bubbles (gas). A narrow region between phases is ob-

served as demarcation due to difference in chemical or physical structures, and it is called an

interface. In CFD modelling a mathematical function for the fateris used to distinguish.

Multiphase flow can be categorized due to specification of the fluid flow regime. Here we

can distinguish the following main fields:

1. Gasliquid or liquid-liquid flows:

bubblyflow: this is the flow ofdiscrete gaseous or fluid bubbles in a continuous,fluid
dropletflow: the flow of discrete fluid droplets in a continuous,gas
slugflow: this is the flow of large bubbles in a continuous fjuid

stratifiedfree-surface flow: this is the flow ammiscible fluids separated byde-

Figure 3.1. Dispersed (oil) phase into aqueous continuous phase

2. GasSolid flows:

particleladen flow: this is flow of discrete particles irtantinuous gas
pneumatidransport: this is a type of flow where pattern depends on factors such as
solid loading, Reynolds numbers, and particle properties. Typical patterns are dune
flow, slug flow, and homogeneous flow

fluidized bed: Here a vertical cylinder containing particles is used, into which a gas
is introduced through a distributor. The gas increasing through the bed suspends the
particles. The missing is intensified based on the gas flow rate, bubbles appear and

rise thraugh the bed.

The example of particle flows (based on coupling) that is the connection between the par-

ticle motion and its environments can be used to classify the character of the multiphase flows.

The following flow conditions are recognized: dilute, dispersed, angedeased on humerous

interphase and interphase coupling (Big.).
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’
/ One way coupling

Continuous-fluid affects b
particle motion ’
(e.g., particle rotated by vortex) gy ’

Sparse flow

Dilute
A

Two-way coupling

Above plus particle motion affects
continuous-fluid motion
(e.g.. particle wake increases dissipation) o

Three-way coupling

Dispersed flow
e
7

Above plus particle disturbance of the fluid locally Increasing
affects another particle’s motion mass or
(e.g., drafting of a trailing particle) volume

fraction

Four-way coupling

Above plus particle collision affects  _ _ av..
motion of both particles \ &
\ (e.g., particle reflection) &

;

Collision-dominated | High-frequency of collisions ... ®

flow (e.g., energetic fluidized beds) @ @ @ @
3 ol

C°ma°';ld°mi"at°d High-frequency of contact w v
o (e.g., nearly settled beds) ®

\

Figure 3.2. Type of particles flows based on couplitised with permission frortPachpute 2021)

1. Liquid-Solid Flows
T slurryflow: This flow is the carrying of particles in liquids. The fundamental behav-
iourofliquidcs ol i d fl ows differs with the prope
tive to those ofthe liquid. In slurry flows, the Stokes number is normally less than 1.

Dense flow

When the Stokes number is larger than 1, the characteristic of the flow isdajidid
fluidization,

i hydrotransportThere are a densely distribution of solid particles in a continuous
liquid,

T sedimentationA tall column initially containing a uniform dispersed mixture of par-
ticles is used. At the bottom of column, the particles will slow down and form a
sludge layer. At the top, a clear interface will appear, and in the middle of column a
constant settlingone will exist.

2. ThreePhase Flows

T threephase flows are arrangements of the other flow regimes listed above.

Another specification classifies multiphase flow depends on the number of miscible fluids

and the classification is presented in Fig. 3.3.
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Multiphase flow Physical description
* Two phases,
Oil ¢ Two different matters,

o Heat transfer,

o  [mmiscible flow.

e Three phases,

Air ¢ Three different matters,
e Heat transfer,

0oil e Immiscible flow.

o Three phases,
0il ¢ Two different matters,

o Different phases of same matter
{water and ice),

e Heat transfer

o Mass transfer (ice to water, melting)

Figure 3.3. Classification of multiphase flows based on number of continuous and dispersed phases

Multiphase flow can be found in the following industries: solid drying systems, droplet
separation, packed bed reactors, foam, packed columns, mist eliminators, centrifugal extractors,
sedimentation, fluidized bed, cyclone separators, mixers, bubble chlpamiculate systems,
dust collection systems, precipitators, solid suspensions. In nature, the multiphase is seen in
rain falls, water from river and oceans.

Computational fluid dynamics can be used to depiction details of flow physics that could
not be pictured by experiments or explain mechanisms that are constantly being demonstrated

in complex multiphase flows.

3.3.1.Basic Terms, Governing Equations, andv odels

The constantly increment of power of computers has improved and promoted the application
of mathematical equations and models also to forecast the comprehensive behaviour of multi-
phase flows and the phenomena that they manifest. Scientists play enoteatignato find
feasible solution of the equations governing the motion of multiple phases in CFD. The key to

describe multiphase flows is their presence under different forms. To understand better the deri-
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vation of the governing equations used in the different types of multiphase flows and their treat-
ment a flowchart is prepared and illustrated in Fig. 3.4. Detailed information of derivation for alll
conservation equations used in multiphase flows is pegantyeoh and Tu, 2009)

Fundamental physical laws

Conservation of mass

4{

I
I
—( Conservation of momentim I
|

_‘ Conservation of energy
Models of
fluid flow
Governing equations
of fluid flow
Fixed infinitesimally Direcily leads o the
small volume pariial diilerental g in

conservation form

Moving infinitesimally
small volume
(Moving fluid element)

Dircctly leads to the

paral differential oq.

non-censervation form

Mass

Momentum

Energy

Boundary conditions Forms of equations
for suitable for
multiphase flows multiphase flows

Figure 3.4. Flowchart of derivation of the governing equations for multiphase. fldsed withpermission from
(Yeoh and Tu, 2009)

In the first step of solving any multiphase problem is important to define which of the
regimes offers some comprehensive standards for determining proper models for each regime,
and how to define the degree of interphase coupling for flows includingdsytibbplets, or
particles, and the correct model for different amounts of coupling. Development of computa-
tional fluid mechanics have offered the basis for further understanding of the dynamics of mul-
tiphase flows. Nowadays, there are two approachebdanumerical calculation of multiphase
flows: the EulerLagrange and the Euldtuler approackiYeoh and Tu, 2009)

In Euleil Lagrange approach the continuous phase is treated as a continuum by solving the
Navieii Stokes equations, while the dispersed phase is solved by tracking many particles, bub-
bles, or droplets across the computed flow field. The momentum, mass, and energy might be
exchanged between dispersed phase and fluid phase.

A major statement made in this model is that the dispersed second phase inhabits a low

volume fraction, although high mass loading a is tolerable. The particle or
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droplet trajectories are calculated individuallyspecified gaps together with the fluid phase
calculation. Therefore, the model is suitable for the modelling of spray dryers, coal and liquid
fuel combustion, and some partdlea d en f |l ows. Unfortunately,
elling of liquid-liquid mixtures, fluidized beds, or any application where the volume fraction of
the second phase cannot be ignored.

Euleii Lagrange approach in Ansys Fluent foresees the trajectory of a discrete phase parti-
cle (or droplet or bubble) by integrating the force balance apply on the particle, which is written
in a Lagrangian reference frame. This force balance equates the paitéewith the forces
acting on the particle. The trajectory equations are resolved bywigep integration over

discrete time steps. It can be written (for the directddm Cartesian coordinates) as follows:

2 06 6, 2E— Q (3.27)

p

where'@is an additional acceleration (force/unit particle mass) term@nal  0p is the drag

force per unit particle mass:

0o —— (3.28)

pp

In above egs. 3.27 and 3.28js the fluid phase velocityg is the particle velocity, is
the molecular viscosity of the fluitl,is the fluid density] g is the density of the particlé, is
drag coefficients and there are several laws available in theé Eatgange model for this con-
stantg'Yeoh and Tu, 2009nd'Q, is the particle diametely s the relative Reynolds number,

which is definite as:
YQ 2P (3.29)

Eq. 3.27 contains additional forces téi@that can be significant under special conditions.
The first of these is called thi®irtual masg' force. It means the force essential to accelerate
the fluid surrounding the particle. Also, in eq. 3.27 té@as forces on particles that result
from rotation of the reference frame. These forces occur when you are modelisgrf ro-
tating frames of reference. Other forces come from thermophoresis. This phenomenon occurs
when force in the direction opposite to that of the gradient act on small particles suspended in
a gas that has a temperature gradi€he effects of Brownian motion can be optionally in-
cluded in the additional force term for sohicron particles. Saffman's lift force, or lift due to
shear, an also be optionally comprised in the additional force term. This form of the lift force

is proposed for small particle Reynolds huml{#esoh and Tu, 2009)
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The dispersion of particles due to turbulence in the fluid phase can be forecast by either the
stochastic tracking model or the particle cloud model. The stochastic tracking (random walk)
model contains the outcomeinktantaneous turbulent velocity fluctuations on the particle tra-
jectories by stochastic methods. The particle cloud model tracks the statistical growaibualf a
of particles about a mean trajectory. The concentration of particles in the cloud is denoted by a
Gaussian probability density function (PDF) about the mean trajectory. For stochastic tracking
a model is available to allow the generation or dissdpatf turbulence in the continuous phase
(Yeoh and Tu, 2009)

Euleii Euler approach mathematically treats the different phases are as permeating con-
tinua. The concept of phasic volume fraction is announced because the volume of a phase can-
not be occupied by the other phases. These volume fractions are supposed to beusontinu
functions of space and time and their sum is equal to one. All conservation equations for each
phase have similar structure for all phases and they are derived to obtain a set of equations.
These equations are closed by offering constitutiveioeks that are obtained from empirical
information, or, in the case of granular flows, by application of kinetic theory. Ansys Fluent
offers three different EuléEuler multiphase models: the volume of fluid (VOF) model, the
mixture model, and the Eulerian model and Population balance (PBM) can be included here
(Yeoh and Tu, 2009)

The VOF model is a surfageacking technique useful to a fixed Eulerian mesh. This model
was considered for two or more immiscible fluids where the position of the interface between
the fluids is necessary. Here, a single set of momentum equationsed blahe fluids, and
the volume fraction of each of the fluids in each cell (in mesh) is followed in the domain. This
model is applied for stratified flows, fresirface flows, filling, sloshing, the motion of large
bubbles in a liquid, the motion of liguafter a dam break, the prediction of jet breakup (surface
tension), and the steady or transient tracking of any ligaglinterfac€Yeoh and Tu, 2009)

The tracking of the interface(s) between the phases is achieved by the solution of a conti-
nuity equation for the volume fraction of one (or more) of the phases. This equation has the

following form for ther) phases:

——1lqq "Olqq® Y, Bp Gpq Gqp (3.30)

q q

whered g pis the mass transfer from phagéo phasep andd g gis the mass transfer from

contrary direction. The sourC¥is zero by default.
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A momentum equation is solved through the domain, and the resultant velocity field is
shared among the phases. The momentum equation is related to the volume fractions of all

phases by the propertiesandm
— " ND"db np nd° b b PR O (3.31)

In cases where greater velocity differences occur between the phases might cause that the
precision of the velocities calculated near the interface can be adversely affected. This is one
limitation of the sharedields approximation approach.

The energy equation, is also shared among the phases like momentum equation:
— "0 10" O n ndQ nd4 Y (3.32)

The volume of fluid method treats ener@y,and temperaturd, as massveraged varia-

bles:
. B
o —241 (3.33)

whereQy for each phase is based on the specific heat of that phase and the shared temperature.

The properties and™Q , defined as effective thermal conductivity, are shared by the
phases. The terni¥, encloses contributions from radiation, and any other volumetric heat
sourcegYeoh and Tu, 2009)

The mixture model is a basic multiphase model that can be ughfieirent ways. The
mixture model is created for two or more phases: fluid or particulate. Here, the phases are
treated as interpenetrating continua like in the Eulerian model. The mixture model resolves for
the mixture momentum equation and prescribestivel velocities to describe the dispersed
phases. The mixture model is applying for ligewlid flows, particldaden flows with low
loading, bubbly flows, sedimentation, and cyclone separators.

The mixture model can modalphases (fluid or particulate) by solving the momentum,
continuity, and energy equations for the mixture, the volume fraction equations for the second-
ary phases, and algebraic expressions for the relative velocities.

The mixture model is a good replacement for the full Eulerian multiphase model in several
cases. A complete multiphase model may not be practical for broad distribution of the particu-
late phase or for the interphase laws are unknown, or their relialahtype challenged. This
simple model can simulate a full multiphase model whilst solving a smaller number of variables

than the full multiphase model.
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The mixture model resolves the following equations: continuity equation for the mixture,
the momentum equation for the mixture, the energy equation for the mixture, and the volume
fraction equation for the secondary phases, and algebraic formula folatineereelocities (in
case of phases whose are moving at different veloc{ifes)h and Tu, 2009)

The continuity equation for the mixture is given by:
- ny” W, T (3.34)
wherew is called as: the mass/eraged velocity:
i, ——kkX% (3.35)
and” means the mixture density defined as:

" B |« (3.36)

wherg gis the volume fraction of phage
The momentum equation for the mixture dagained by summing the individual mo-
mentum equations for all phases. It can be stated as:

— @, 0" @, " O i, Ny,
"R ® OB |y B (337)

wheren is the number of phasé®means a body force, ahd is the viscosity of the mixture

defined as:
‘ B 1k« (3.38)
anduy ¢ jsethe drift velocity for secondary phase
By, B By (3.39)
The energy equation for the mixture is shown in the following form:
—B 1¢Q "B | (@Q' n 1004 ¥ (3.40)

whereQ is the effective conductivityB| ¢ Q@ "Q and™Q means the turbulent thermal
conductivity, which is defined according to the turbulence model being used. The first term on
the righthand side of eq. 3.40 denotes energy transfer due to conduction¥jeontains any

other volumetric heat sources. The varidfles expressed as:
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a ) — * (341)

and for a compressible phase, &ad @ but for an incompressible phase, whéeas the
sensible enthalpy for phake
The relative velocity (also denoted to as the slip velocitgefinite as the velocity of a

secondary phase)(relative to the velocity of the primary phasg: (
Wy @ (342)
The mass fraction for any pha$ ic stated as:

G (3.43)

m

Both velocities: the drift and the relative velocii, § are linked by the following defini-

tion:
lhh r, plhb q B (:Rlﬂh k (3-44)

The volume fraction equation for secondary phasan be obtained from the continuity

equation for secondary phase

—1lqqa "Olg'gln Oy, pBg dqp Gpg (3.45)

The most complex model of the multiphase models available in Ansys Fluent is called the
Eulerian model. A Eulerian approach is used for each phase, in compared to the Hualerian
grangianmethod that is used for the discrete phase model. It resolves a gmouppafentum
and continuity equations for each phase. Coupling between two phases is accomplished across
the pressure and interphase exchange coefficients. The way this coupling is conducted depends
upon the type of phases involved. For example, for grafillgd-solid) flows are ran in dif-
ferent way than nongranular (fluftid) flows. The interphase properties for granular flows
are obtained from application of kinetic theory. Maruen exchange between the phases is
dependent upon the type of mixture being modelled. Ansys Fluent allows to uskefised
functions to customize the calculation of the momentum exchange. The Eulerian multiphase
model can be practical to bubble colunmsers, particle suspension, and fluidized H@@oh
and Tu, 2009)

The concept of phasic volume fractions, denoted heregby used in the description of

multiphase flow as interpenetrating continua. Volume fractions symbolise the space taken by
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each phase. The laws of conservation of mass and momentum are satisfied by each phase sep-
arately. The derivation of the conservation equations can be obtained by ensemble averaging
the local instantaneous balance for each of the phases or by using te thigbry approach
(Yeoh and Tu, 2009)

The volume of phaseg, dyis expressed by:

G .1 Qo (3.46)

whereBg | ¢ P

The effective density of phasgs expressed:
"a |l qp (3.47)

where” g means the physical density of phase

The conservation equations for fldfidid and granular multiphase flows, solved by Ansys
Fluent, are shown for the general case ofi-qmase flow. The volume fraction of each phase
is computed from a continuity equation:

——1¢q "Olgqm g (3.48)

where” ;5 means the phase reference density, or the volume averaged densityg'bptiase

in the solution domain. The solution of this equation for each secondary phase, along with the
condition that the volume fractions sunotee, permits for the calculation of the primgtyase
volume fraction. This approach is popular to fHfligid and granular flows.

The conservation of momentum for a fidldid phaseg is obtained by:

- “’b 10| q” “’h“’h |qr”‘] ”Oﬁq |q” 0

| q

By Opq®yp & Odpdhq Gpdhg B BDir ¢ Pm q (3.49)
here'Ris the acceleration due to gravity afig B® ¢ B8 rarq as defined as formula for
classical conservation of momentum.

Ansys Fluent takes multi-fluid granular model to pronounce the flow behaviour of a
fluid-solid mixture. The soligphase stresses are resulting by making an analogy between the
random particle motion result from partigdarticle collisions. The thermal motion of mole-
cules in a gas, considering the inelasticity of the granular phase. Thetyntérike particle

velocity fluctuations determines the stresses, viscosity, and pressure of the solid phase, like the

case for a gas. The kinetic energy related with the particleityeftuctuations is denoted by a
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fippseudothermal or granular temperature which is proportional to the mean square of the ran-
dom motion of particles. The conservation of momentum for the fluid phases is like eq. 3.49,
and that for tha" solid phase is:

— | s” lﬂé n Ol s" lﬂélﬂé | snh nhs n qu | s” )
Bi udf & o @sasilm; QD D s (3.50)
wheref)gis the & solids pressure); ¢ Ugis the momentum exchange coefficient between

fluid or solid phasé and solid phassg, N is the total number of phases, 8RI® ¢ £8RdQi 1

are as defined for general conservation of momentum.

The equation for the conservation of energy is expressed by:
—1qqQ "OIq®Q Iq— ﬁld;léh LS. 1
By Opq GpaQq GqpQop (3.51)

where @ means the specific enthalpy of th& phase i is the heat fluxY; is a source term
that includes sources of enthalpy (e.g., due to chemical reaction or radiatigneans the
intensity of heat exchange between fifeandq" phases, and} is the interphase enthalpy
(e.g., the enthalpy of the vapor at the temperature of the droplets, in the case of evaporation).
The heat exchange between phases must comply with the local balance cobgitor p
Op = 0 (Yeoh and Tu, 2009)

It can be found in egs. 3.49 and 3.50 that momentum exchange between the phases is based
on the value of the fluifluid exchange coefficienig gand, for granular flows, the fluigolid

and solidsolid exchange coefficients; sThe comprehensive information about these inter-

phase exchange coefficients can béyieoh and Tu, 2009)

3.4.Non-Newtonian Flows

Non-Newtonian fluids are defined as a fluid that do not obey Newton's law of viscosity,
i.e., constant viscosity independent of stress. In anyNewtonian fluids, viscosity can change
under force towards either more liquid or more solid. There are nxanypdes of norNewto-
nian fluids, i.e., ketchup, which becomes thinner when shaken. Many polymer solutions, and
salt solutions are representative of fidewtonian fluids. Many everyday use products are
known as nofNewtonian fluids such as custard, toothipastarch suspensions, corn starch,

paint, blood, melted butter, and shamgdmpea et al., 2007)
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The viscosity (the irregular deformation by shear or tensile stresses) -dfavaonian
fluids is relying on shear rate or shear rate history. There is example-dfavanian fluids
with sheasindependent viscosity that still demonstrate normal sti#ksences or other
non-Newtonian behavior. A Newtonian fluid shows the linear relation between the shear stress
and the shear rate with the constant of proportionality being the coefficient of viscosity. For a
norntNewtonian fluid this the relation is diffent, the fluid can even show tirdependent vis-
cosity Hence, the slope of shear stress versus shear rate curve is not constant and a constant
coefficient of viscosity cannot be defined for this type of liqUicbpea et al., 2007According
to the relation between viscosity and shear rate liquid can be called agshsmeag and
sheatthickening.

The nonNewtonian flow physics mode is an extension of NaBéokes equations which
permits for several predefined ndlewtonian viscosity formulations. Ansys Fluent offers four
models for simulating neNewtonian flow:

T Power Law,

T Carreau model for pseugmuastics,

i Cross model,

T HerschelBulkley model for Bingham plastics.

Power Law for norNewtonian viscosity allows to calculate viscosity by using the follow-
ing formula(Tropea et al., 2007)

- @ 0O (3.52)

wherek andn are input parameters. The paraméter a measure of the mean viscosity of the
fluid (the consistency index) whereashows the deviation of the fluid from Newtonian (the
powerlaw index). The value af defines the class of the fluid:

T Newtonian fluid:in =1,

T sheatthickening (dilatant fluids)n > 1,

i shearthinning (pseudglastics):n < 1.

One of the disadvantages of the povav model is that it fails to depict the viscosity of
many noANewtonian fluids in very low and very high shear rate regions. The value of viscosity
for many suspensions and dilute polymer solutions becomes consdardrgthigh shear rate.
Therefore, the powdaw model is not applicable for this cg3@opea et al., 2007)

A fluid viscosity calculated from the power law model is varied with shear rate. The fol-
lowing boundary condition are usgd® 1m, —© — andf © H, -9 — where— and-

means upper and lower limits of the fluid viscosity, respectively.
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Carreau model for pseugmnastics liquid efforts to pronounce a wide range of fluids by the
founding of a curvédit to piece together functions for botkewtonian and shedhinning
(n< 1) nonNewtonian laws. The following formula is applied:

- O0%Y- - - p T _

(3.53)

where variablem, _, Ta,— and— depends on the fluid. means the time constantis called

as the powelaw index,— and— zero and infiniteshear viscosities, respectivelya s the
reference temperature aadis the ratio of the activation energy to thermodynamic constant
(Tropea et al., 2007)

Cross model was proposed to overcome the doubts of the-tewerodel:
- O0YY—— (3.54)

where— means zershear viscosity, is natural time (defined as inverse of the shear rate at
which the fluid changes from Newtonian to povier behaviour) and is powerlaw index.
Generally, the Cross model is applied to portray thedbeasrate behavior of the viscosity
(Tropea et al., 2007)

The power law model is valid for fluids for which the shear stress is zero when the strain
rate is zero. Then Bingham plastic is the simplest form of viscoplastic model. This type of fluid
is described by a nonzero shear stress when the strain rate is zero. In HBrdklesi model

both effects of Bingham and powlamw behavior in a fluid are included. In case of low strain

rates| —, the fAstiffo materi al performances | i

(Tropea et al., 2007Whenthe strain rate increases and the yield stress thresh@drossed

by, the behavior of fluid is pronounced by a power: law

-~ 0 forf f (355)

and
- — ¢ ¢ ¢ p— forp ot (3.56)

wherek is the consistency index, ands the poweilaw index.

If the HerschélBulkley model for Bingham plastics fluid is used, the fluidcosity will
be determined by e®.55. This model can be used to describe materials such as concrete, mud,
dough, and toothpaste. The practical assumption used for these materials is a constant viscosity
after a critical shear stress. The HerscBalkley model can also demonstrate a stikaming
or sheaithickening behaviour depending on the value (fropea et al., 2007)
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4. Basic Structure of Numerical Analysis Using CF#Anna Story, Grzegorz Story)

Computational Fluid Dynamics is a numerical technique used for the solution of the equa-
tions governing fluid flow problems inside a specified flow geometry. These problems often
involve also heat transfer, mass transfer and associated phenomena, e.cplateactions.
Moreover, CFD has also found application in modelling more complex flow problems, such as
turbulent, noANewtonian and multiphase flows. Very wide possibilities of analysing flow
problems using CFD made this technique an important elemém ilesign of products and
processes. Currently, it is applied in almost all industrial aneinurstrial areas such as aero-
dynamics, hydrodynamics, power plant designing, turbomachinery, chemical and process en-
gineering, electrical and electronic enginag, environmental engineering, marine engineer-
ing, hydrology and oceanography, meteorology and biomedical engineering (Versteeg and Mal-
alasekera, 2007).

The intensive development of computational techniques over the last few decades is closely
related to the effective increase in computing power of-pgtiormance computers hardware.

This development improved and significantly simplified mathematical hnoglef flow prob-

lems both in threglimensional space and in time. Also, together with a wide range of CFD
applications, it has led to the development of numerous CFD dedicated computer codes, both
nornrcommercial opersource software, like OpenFOAM (httffeww.openfoam.com/) and
Code_Saturne (https://www.codaturne.org/cms/), and commercial ones such as software of-
fered by Ansys company, e.g. Fluent, CFX and Polyflow (https://www.ansys.com/), COMSOL
Multiphysics (https://www.comsol.com/) and PHOENIC&gH/www.cham.co.uk/).

Analysis of flow problems using numerical simulations is based on the numerical solution
of transport equations in the computational domain. This technique is designed to apply spe-
cialized computational software in a way that ensures obtaining the bestrsaf acon-
structed system of equations that describe the analysed flow issue. Numerical modelling, how-
ever, is a multstage and complex process, and the correct passage through the successive
stages of the simulation requires the user to use spedalizd advanced knowledge in the
field of numerical modelling and fluid mechanics (Jaworski, 2005).

All of the CFD codes are structured around the numerical algorithms needed to solve fluid
flow and heat transfer problems. It is obvious that various CFD programs represent specific
graphical user interfaces to set up parameters of the analysed problemeaachine the ob-
tained results. Despite the medtiage character of numerical simulations and different CFD

packages, analysis of flow problems using CFD techniques, in general, consist of three discrete
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parts, namely:i] a preprocessor,i() a solver andiif) a postprocessor (ABaali and Farid,

2006 Versteeg and Malalasekera, 2007), which are presented schematically in Figure 4

4
-~

Preliminary analysis of the problem

1. Defining of thesimulationpurpose
2. ldentification ofthe computationadomain

J

v

Correction of the numerical mode

Figure 4.1. Stages of numerical analysis

The subsequent sections within this chapter are mainly concerned with the overall structure
of CFD programs and the role of each of the three main parts of numerical analysis will be
discussed in more detail. However, as can be seen from an examindtiguref 41, each

simulation must be preceded by a preliminary analysis of the fluid flow problem, which consists
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of defining the purpose of the simulation and conscientious identifying the area for which nu-

merical simulation will be conductédthe computational domain.

4.1.Pre-processori Problem Setup

In general, a prprocessor is a tool used to define all the parameters required by the CFD
package before theirumerical processing. In this part of CFD analysis, we can distinguish
several steps, such as creating a computational ddrttaérphysical geometry of the fluid flow
that is the region of interest, generating a numerical mesh representing the physioal en
ment, selecting physics and finally defining the fluid properties and boundary conditions of the
physical environment along with the known flow parameters. They are described in more detail

within this section.

4.1.1.Creation of Geometry

At the preliminary stage, the user needs to define the boundaries of the computational do-
main correctly. This is a key issue that allows for the proper representation of the actual volume
of the fluid and thus obtaining the correct results of simulatidbherefore, the user must be
very careful and pay attention to several aspects.

First of all, the area of numerical analysis should be precisely selected, i.e. the user has to
decide which elements of the modelled object are important and may affect the simulation re-
sults. For example, if we are interested in modelling a heat exahavgyshould focus on the
exact representation of the liquid flowing through this exchanger. In this case, it is reasonable
to omit long sections of pipelines supplying or discharging individual media. From a practical
point of view, very often some elentercan also be omitted because they do not disturb the
nature of the flow in the tested device (e.g. connectors for the periodic introduction of measur-
ing devices).

Second, we need to decide whether the flow can be analysed asdam®vsional or
athreedimensional domain should be used. If the simulated flow problem can be simplified to
a 2D task, it will significantly reduce the number of computational cellssmtimerical grid
and, consequently, also the computation time.

It is also essential and crucial to correctly identify the type of flow, whether it is internal
flow (e.g. inside a pipeline, channel or equipment) or external flow (e.g. fluid flow over or
around an object such as an airfoil, a car or a sensor immeiskduid). Correct identification
of the flow type is very important because it has a decisive influence on the method of creating
the geometry and the further selection of boundary conditions.
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After a thorough analysis of the above issues, the user is ready to create and edit the domain
geometry. This can be done by using graphics software available in the CFD package, e.g. for
Ansys Fluent the graphics module is DesignModeler or SpaceClaimevdowt is very con-
venient that many commercial simulation programs also allow importing and modification ge-
ometry generated in other CAD software, such as AutoCAD (https://www.autodesk.com/) or

SolidWorks (https://www.solidworks.com/).

4.1.2. Mesh Generation

Numerical analysis of flow problems using CFD requires the subdivision of the computa-
tional domain into small, nonoverlapping subdomains. Hence, the second steproiggssing
is the generation of the numerical mesh (also called numerical grid) tidegiitie volume of
the fluid under consideration into numerous small volumasmputational cells that cover the
whole geometry. The solution of the considered flow mwhlincluding discrete valued in-
teresting transport parameters such as veloaiggspre and temperature, is defined at nodes
inside each cell.

During the iteration process, the defined system of equations describing the analysed flow
process is solved separately in each cell of the generated mesh. Therefore, the accuracy of the
obtained results is strongly affected by the number of cells irrithevghin the computational
domain. In general, the accuracy of a CFD solution increase with the increasing number of cells.
However, it should be taken into account that increasing the number of computational cells, on
the one hand, leads to more accairedlculations, but on the other hand, it is associated with
asignificant extension of their duration, as well as with an increase in the required computing
power.

The majority of commercial CFD codes offer powerful automatic4uithesh generators,
that reside within respective codes, e.g. for Ansys Fluent the mesh generator module is Meshing
or Fluent Meshing. Nevertheless, there is still a lot of factors whiehhave to consider gen-
erating a proper grid characterized by good quality. Some of them, such as the choice of the
coordinate system (e.g. Cartesian, cylindrical, or moving/rotating coordinate systems), the res-
olution of the computational mesh, and thethod of its generation that affect the final shape
and size of computational cells, are dependent on the complexity of the analysed problem.
Therefore, generating a gogdality mesh, which is at the same time a suitable compromise
between the desired agacy and solution cost (time and needed computing power) still de-
pends on the usarskills.
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Taking into account real flows, the optimal grid should be ratheundorm, i.e. finer in
regions characterized by relatively high gradients and coarser in areas with relatively small
changes of properties. However, the fumiform grid is only of firstorder accuracy. On the
opposite, a uniform grid is characterized by regular rectangular computational cells with sec-
ondorder accuracy (ABaali and Farid, 2006). More detailed information on the types of nu-

merical mesh and the generation of an apprapriash will be discussed in Chapter 5.

4.1.3. Selection of Physics and Material Properties

Considering the various types of systems for which numerical simulations can be per-
formed, it should be explicitly stated that the simplest case concerns the laminar flow of New-
tonian fluid in asinglephase system. Such a flow can be considered incontpesasd can be
described by the NavieBtokes and the continuity equations. However, many flow problems
encountered in industrial practice constitute very complex physical flow processes. These pro-
cesses are usually carried out in a turbulent fluid flegime characterized by swirling and
chaotic movements of fluid particles. Moreover, the properties of process media very often
deviate from Newtonian behaviour. Finally, processes can be realised irphagé systems
and with simultaneous heat transféhe above issues make the flow problem more complex
and unrepeatable. Therefore, it is imperative to select appropriate physical models (equations
to be solved) that is unique to the particular fluid flow problem, as well as define specific ma-
terial propeties.

Various flow physics that users can encounter within the framework of numerical simula-
tions using the CFD technique are presented in FigdreDéta collected in this flowchart are
based on the Ansys Fluent software. As can be seen from the flowchad ZFithe user has
to go through several steps before complete physics selection, swbéckaration of the solver
(e.g. whether the fluid flow is steady or transient or the solver is Pra3asesl or Density
Based), the definition of operating cotidlins (e.gwhether the gravitational acceleration is nec-
essary to set up in the case), selection of the models from the available list (e.g. whether the
flow is inviscid, laminar or turbulent, is the heat transfer present in the flow), and definition of
the material unique properties (e.g. value of density, viscosity, specific heat, etc.). Most of the
commercial CFD codes have their own builtdatabases containing information on material
properties for common fluids. In addition, the user also has #$®lplity of changing the prop-
erties of existing materials or creating completely new material. It should also be emphasized

that in the case of nelNewtonian fluid flow simulation, an appropriate viscosity model should
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be selected, and the list of models describing the complex behaviour of the liquid is available

in the Materials, instead of the Models tab.

\ Setting up physics in CFD packagt

]
[ _ . [ _ 1 -
‘ Operating ‘
Type Multlphase Pressure
T
S Temperature
' Viscous i Gravity

—

Turbulent models
SpalartAllmaras, kepsilon, komega, Transition-kl-omega
Transition SST, Reynolds Stre€galeAdaptive Simulatior
Detached Eddy Simulation, Large Eddy Simulation

iVeIocity for-

mulation

<. Radiation

ther models:

nergy HeatExchanger, SpeciedDiscrete Phase, Solidification & Meltir
coustics Eulerian Wall Film, Electric Potential

Figure 4.2. Various flow physics within CFD technique based on Ansys Fluent code

4.1.4. Specification of Boundary Conditions

Defined in the previous step system of differential equations describing the analysed flow
problem should be supplemented with boundary conditions, i.e. types of boundary conditions
should be set up and, if required, values of the initial flow paraméteutdsbe provided. The
selection of the appropriate boundary conditions that mimic the real fluid flow is an important
issue, as it ensures the uniqueness of the solution. Besides, the type of boundary conditions
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affects how the equations are solved within the computational domain. Badly chosen boundary
conditions can make the problemabbnditioned, which means that even small errors made at
this stage may affect the accuracy and stability of the entire cabcylatid consequently lead

to very large deviations in the solutions. Usually, it is also associated with the loss of uniqueness
of solutions. It should be mentioned that setting the boundary conditions (depending on the
software used) starts already atstege of creating the geometry of the computational area and
generating the mesh. In the computational domain, the surfaces (or edges for 2D problems) that
will perform specific functions should be indicated, e.g. inflow and outflow within the domain

or lid walls bounding the flow domain. Then, for the indicated surfaces (edges), a specific
type of boundary condition is determined and values of known parameters are defined. The
most important and the most frequently used types of boundary conditions are:

a) inleti used for surfaces (edges) through which the fluid flows into the analysed domain,

b) outflowi used for surfaces (edges) through which fluid flows out of the analysed do-
main,

c) wall 1 it is used for surfaces (edges) corresponding to rigid wallsslida@ondition (at
a solid boundary, the fluid has zero velocity relative to the boundary) is automatically
assumed on the wall. The wall can be both stationary or moving, it can alselee a
ment through which heat transfer takes place,

d) symmetryi used for surfaces (edges) having mirror symmetry to reduce computational
effort in the problem. To use the symmetry condition both flow field and geometry must
be symmetric,

e) axisi similar to the symmetry boundary condition, however, is used at the centreline
for axisymmetric flows. The application of this condition allows the reduction of the 3D
problem to 2D,

f) periodici as in the case of the two previous conditions, the periodic boundary condition
is used to reduce the size of the numerical grid and thus to reduce computational effort.
In the case of periodic boundary, both flow field and geometry must contain either r
tational or translational periodicity.

An overview of available condition types in Ansys Fluent software is presented in Fig-

ure4.3. As can be seen from the graph, there is no one universal boundary condition of the inlet
type, and the user can choose one of several available, e.g. pressure inlet, velocity inlet. The

same applies to the outflow type boundary condition.
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l Available condition types ‘
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Figure 4.3. An overview of condition types in Ansys Fluent

It should also be mentioned that apart from the boundary conditions, in addition, cell zone
conditions are implemented into the CFD code. Unlike boundary conditions, cell zone condi-
tions are not defined for the surfaces (edges), but they are relatedifedpmlumes (zones)
inside the domain. Using cell zone conditions, the user mainly indicates if the computational
domain is fluid or solid and which material is under consideration. It is also possible to define
different materials for multiple volume@soblems. Furthermore, other options characteristic for
the analysed problem can be set up, for example, whether the zone is rotating, is it porous, or
are there any source terms. All flow characteristics related to its volume should be carefully
analysedand defined.

In the context of the given boundary conditions, it should be emphasized that the flow may
be internal or external. The internal flow is characterized by a limited computational area, usu-
ally by rigid walls. On the other hand, external flow is studiethéinfinite region. Due to the
specificity of numerical simulations, however, it is necessary to assume a finite area for mod-
elling external flows. This arbitrarily imposed area must be large enough that the boundary
conditions applied at the edges of toenputational domain do not disturb the flow phenomena
in the vicinity of the object being flown around. This is a difficult issue because the concept of
a sufficiently large area is not precise, therefore when generating it, the user should be guided

by his own experience.
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4.2.Solveri Numerical Solution

The second main part of numerical analysis is the solver used to convert the system of
differential equations that arise in transport phenomena into algebraic form and their iterative
calculations. During the iteration process, the residues are displaybd oomputer monitor,
hence the user can easily control them. Before starting the iterative calculation process, how-
ever, the user is required to define certain solver settings, including the selection of numerical

schemes or the definition of convergermiteria. The iteration process must also be initialized.

4.2.1. Solver Settings and Initialization

Solver settings include issues such as solution methods, solution control, and convergence
criteria. After starting the solver part, all of the above options are already set as default, how-
ever, skilful use of functions that reside in the solver lead$gitar problem formulation and
therefore daster and more realistic solution of fluid flow task.

It should be mentioned that the selectability of the various functions depends on the solver
configuration and models defined in the-precessing step. General graphs showing the dif-
ferent solver setup options that allow configuring the solution metiwod<ontrol before the
calculation process are presented in Tablesdd 42. Similar to the previous approach in this
chapter, the tables show basic functions that are available in the Ansys Fluent software. How-
ever, readers should be aware that inta@ldio the most frequently used options presented in
these tables there are also more possibilities, including advanced functions that are not pre-
sented here. As can be seen, the selection of appropriate interpolation schemes and solution
controls is maily due to the previously selected solver technology, whether it is preszsed
or densitybased. Traditionally, the first method has been used for incompressible and slightly
compressible flows, while the secondor high-speed compressible flows. Ceantly, both
solver types are applicable to a wide range of flows, nevertheless, edwmasity technology
may provide better accuracy for higheed compressible flows. On the other hand, there are
several physical models or features that are only avaflabépressurebased solver type, e.g.
Solidification and Melting model or multiphase model¥olume of Fluid, Mixture and Eu-

lerian (Ansys Fluent Usés Guide, 2019), therefore this solver is set updefault in the code.
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Table 4.1. An overview of solver setup options for PressBeesed solver type in Ansys Fluent

Solution methods Solution Controls
Scheme A SI MPLE A Flow Co
A SI MPLEC Number
A Pl SO A Vol ume
A Fractional Step Courant Number
A Coupled A E x Relaixatidn
Spatial Dis-| A Gr a d i | GreenGauss Cell Based, Factors
cretization GreenGauss Node Based, A U sRetlaxations
Schemes Least Squares Cell Based Factors
A Pr e s s| Standard,
PRESTO!,
Linear,
Body Force Weight,
Second Order
AOther, e.g. | First Order Upwind,
Momentum, Second Order Upwind,
Energy, etc. Power Law,
QUICK,
Third-Order MUSCL,
Bounded Central Differencing,
Central Differencing
A De n s i| First Order Upwind,
Second Order Upwind,
QUICK,
Third-Order MUSCL,
A Vol un GeoReconstruct,
tion CICSAM,
Compressive,
Modified HRIC,
QUICK
Transient |[A First Order I mplicit
Formulatonfl A Second Order | mplici
Schemes |A Bounded Second Order

Within the pressurbased solver (Table.X), the user should first define the iterative
scheme (e.g. SIMPLE, SIMPLEC or PISO), that provides correct linkage between the pressure
and velocity. The choice of the iterative scheme has a significant impact on the computational
costs. Next, it is podsie to select spatial discretization schemes for the gradients, convection

terms of each governing equation, pressure, density and volume fraction (depending on selected

models). For the transient state solution method, it is also possible to selecnatidiitions

to accelerate convergence. The next task within the solver settings is to define solution controls,
e.g. flow Courant number or undexlaxation factors. The parameters that appear in solution

controls are responsible for the stabilizatiortha iterative process and convergence control.

68




Part. 1. Theoretical foundations

For example, the divergence of the solution can be avoided by reducing the values of the under
relaxation factors.

Within the densitybased solver (Table2), the user can choose between two algorithms
for solving the coupled set of equatiansxplicit or implicit formulations that differ in methods
of linearization of governing equations with respect to the dependent variable(s) under consid-
eration. In orér to define the solution methods completely, it is also possible to select one of
three types of convective flux, options to accelerate convergence for both, steady and transient

state, and as previouslyspatialdiscretization schemes and solution controls.

Table 4.2. An overview of solver setup options for DensBgsed solver type in Ansys Fluent.

Solution methods Solution Controls
Formulation| A | mp |l i ci t A Courant
A Explicit AMultigrid Levels
Flux Type | ARoeFDS AResidual Smooth-
AAUSM ing
ALow Diffusion RoeFDS AUnderRelaxations
Spatial Dis-| A  Gr a d i | GreenGauss Cell Based, Factors
cretization GreenGauss Node Based,
Schemes Least Squares Cell Based

A F1l ow |FirstOrder Upwind,

Second Order Upwind,
Third-Order MUSCL

A Ot h e r|First Order Upwind,

Turbulent Ki- | Second Order Upwind,

netic Energy, | Power Law,

Wet Steam, QUICK,

etc. Third-Order MUSCL

Steady Stat{ APseudo transient solution method
AConvergence acceleration for stretched meshes

Transient | AFirst Order Implicit
Formulation| ASecond Order Implicit
Schemes | AExplicit

In the context of spatial discretization, it is worth saying that the most popular interpolation
schemes include firgirder upwind, secondrder upwind, quadratic upstream interpolation
convective kinetic§QUICK) and thirdorder MUSCL. The advantage of these schemes is that,
unlike the central scheme, they enable the identification of the flow directiogt @p2018).

In general, the firsbrder upwind scheme yields better convergence than the seoderd
upwind, but the second one yields more accurate results. Therefore, thedf@rstliscretization
should be used rather for simple flows aligned with the gridf¢rejuadrilateral or hexahedral
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computational cells), characterized by naturally low numerical diffusion, otherwise, it leads to
increasing the numerical discretization error. The secwddr discretization will provide bet-

ter results for complex flows. In such cases, triangular arahtsdral meshes are generated for
which flows are never aligned with the grid. Two consecutive discretization schemes, QUICK
and thirdorder MUSCL may lead to more accurate results for rotating or swirling flows. The
former is used for quadrilateral or faedral meshes and the latter for all types of meshes
(Ansys Fluent Usés Guide, 2019). Since our task is only a simple presentation of interpolation
schemes selection, they will not be discussed in more detail here. The broad description of the
above and other iterative and spatial discretization schemes is available eraoftanual$

Ansys Fluent Usés Guide and Ansys Fluent Theory Guide.

After defining the solver settings related to the solution methods and control, the user also
has the ability to define the convergence criteria at a strictly defined level (with a specified
tolerance). The choice of certain convergence criteria is nigiadbity, nevertheless, it provides
a way to check the convergence of the solution during iterative calculations. Depending on the
solution mode of fluid flow, whether it is steady or transient, the user can choose one of four
options for convergence critar absolute, relative, relative or absolute and none, where con-
vergence checking is disabled. When each monitored variable reaches the convergence criterion
specified by the user, the solution will stop automatically.

The solution of complex flow problems using the CFD technique involves a host of math-
ematical schemes to discretize differential equations to an algebraic form that can be solved
either directly or iteratively. Direct methods are very accurate and ragidhdir application
requires a lot of computing power. For this reason, many commercial CFD packages use an
iterative approach, although convergence may take a longer time and also the definition of ini-
tial conditions is imperative. Therefore, the laspsbefore starting numerical calculations us-
ing an iterative procedure is the process initialization. Theoretically, the initial conditions may
be adopted arbitrarily. However, welosen initial conditions are essential to the iterative pro-
cedure becausthey provide quick solution convergence and consequently a shorter time of
calculations. On the other hand, carelessly chosen values of the initial conditions can lead to
divergence of the solution.

CFD codes offer different, more or less automatic procedures to initialize the discrete val-
ues of the modelled flow propertjes.g. in Ansys Fluent the user can choose between five
techniques$ standard initialization, patch values, hybndialization, FMG initialization, and
starting from grevious solution. The choice of one of these methods is dictated by the speci-

ficity of the analysed fluid flow problem.
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4.2.2. Monitoring Convergence

After carefully defining all solver settings and initiating the process, the user can run and
perform the iterative process of calculating the flow problem under consideration. At this stage
of the simulation, it is not possible to interfere with any sobettings that would lead tdoet-
ter solution. However, an important task during the numerical calculation is to control the run
of the iteration process. Therefore, it can be said that this stage of numerical simulation includes
not only an iterative deulation of the system of equations but also monitoring of the iteration
process and checking the convergence criteria, which are the basis for assessing the conver-
gence of CFD solutions.

During the calculations, the results of each iteration step are displayed in the form of resid-
uals through the graphical user interface. The imbalances accentuated by the progress of nu-
merical computation measure the conservation of the flow propertigstadgyessive tracing
these imbalances, it is possible to assess whether the solution is converging or divesgag. A
cessful CFD computation is characterized by converging the iterative process, i.e. downward
tendencies of residuals. The criterion for tdoenpletion of the iteration process can be either
reaching the minimuni plateau of residuals or achieving the specified level of convergence
criteria (tolerance), defined in the previous step.

In addition to described above basic knowledge about the stage of performing numerical
calculations and monitoring its convergence, there are more aspects related to the convergence
of anumerical method, like consistency, stability and accuracy, numenaak, verification

and validation. They will be discussed in more detail in Chapter 5.

4.3.Postprocessori Result Report and Visualization

The final stage of numerical analysis using the CFD technique isppmstssing. This
stage plays a very important decisimaking role in numerical modelling because the user
must verify and critically assess the correctness of the obtained reshis.d$tilts are correct,
further data processing and their analysis are performed. Otherwise, a correction of the numer-
ical model should be considered as was shown earlier in Fidure 4

After completing the iteration process, all CFD packages provide alphanumeric values of
considered flow properties (e.g. velocity, temperature, pressure, etc.). Values of interesting pa-
rameters can be read locally (in each computational cell of the naingrid), but also as
average values for selected areas or volumes (e.g. average value of fluid temperature on the
outflow surface or inside the mixing tank). Directly in the CFD software, the numerical results

can also be viewed as plots (e.qg. fluid védpas a function of pipe radius). Another option for
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processing alphanumeric results of numerical simulations is their export, which allows for their

further manipulation and analysis beyond the CFD code (e.g. statistical analysis).

Moreover, a significant advantage of these codes is the possibility of presenting the results

in readable graphical form, including even animations for dynamic simulations. Graphical

presentation of numerical data includes various types of visualizatihnasuine and shaded

contour plots (2D), issurface plots (2D, 3D), vector plots (2D, 3D), pathlines, particle tracks,

X-Y Plots. The user can also manipulate the view in any way (translation, rotation, scaling).

This is possible due to the impressivsudlization tools that are included in the package. Users

of Ansys Fluent software can read results directly in Fluent or throdghdieated modulé

Ansys CFD Post. Examples of graphical presentation of CFD results are shown in.3able 4

The presented data were obtained for transientfR@d( 2500) of wat er

two semicircular baffles. Simulations were performed using Ansys Fluent v. 2019 R3.

Table 4.3. Examples of visualization of CFD results in Ansys Fluent

Line contour plot
of fluid velocity
magnitude along
the

mid-plane of the
pipe and at the in-
let and outlet sur-

faces

Velocity magnitude, m3

[ .
0 0.02 0.04 0.06 0.08 0.10 0.12 0.13 0.14 0.16msH.

Shaded contour
plot

of fluid velocity
magnitude along
the

mid-plane of the
pipe and at the in-
let and outlet sur-

faces

Velocity magnitude, mi$

[ .
0 0.02 0.04 0.06 0.08 0.10 0.12 0.13 0.14 0.16msH.
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Table 4.3. (continued)

Iso-surface plot
of fluid velocity
magnitudev =
0.07 mg coloured
by turbulence ki-

netic energy

Kinetic turbulence energy, 3

s
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of fluid velocity
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Pathlines

of fluid velocity
magnitude along
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Velocity magnitude, m%
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Table 4.3. (continued)

X-Y Plot

of fluid velocity
magnitude along
pipe diameter in

three locations

Three locations of X/ plots inside the analysed flow domain denot

by colours:

1 green (close to inlet),
1 red (in the middle),

1 blue (close to outlet).
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>

U OUTLET
e
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Magnitude
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5. Numerical Simulation in the CFD Software (Anna Story, Grzegorz Story)

5.1. Numerical Mesh
In general, the generation of numerical mesh (also called grid) sutitévision of the
whole analysed flow domain into a finite number of small discrete elememputational

cells. The general structure of the 2D and 3D numerical grid is shown in Figure 5

@ Node yd
Cell—@
Center Node

Boundary

Cell Boundary Face

Face Face
Edge

Cell
Cell

Figure 5.1. The general structure of the tvdimensional and thredimensional gridby permission from Ansys,
Inc. (Ansysintroductory Fluent Training, 200P)

A particular numerical mesh generated for a specified flow problem may determine the
success or failure in obtaining the correct solution optréal differential equations governing
the analysed task. Therefore, the stage of grid generation is one of the most complicated and
time-consuming parts of CFD analysis. A certain convenience for users of CFD packages is
automatic numerical grids gentwes, such as the aforementioned Meshing. Nevertheless, even
when using automatic mesh generators, there are still some important considerations related to
mesh generation. First, the proper mesh must be fine enough to satisfactorily represent the ge-
ometrc shape of the analysed domain and faithfully reproduce its characteristic flow features
(physical conditions). It has already been mentioned that increasing the number of computa-
tional cells leads to more accurate calculations but also to a signifi¢eansiex of their dura-
tion and an increase in the required computing power. Thus, it is substantial tc(itabée
compromise between the desired numerical grid resolution and its quality. Second, the selection
of a specific type of numerical grid caririze accidental, it is closely related to the specificity
of the analysed flow problem. For example, to ensure good calculation accuracy in regions with
large gradients (such as near walls or stagnation points), it is recommended to use a local mesh
refinement. Finally, the mesh quality has a significant impact on the convergence and stability
of the iterative process and the accuracy of the obtained simulation result. Therefore, it is es-
sential to check and control the parameters that inform about thetghmesh quality at the

pre-processing stage.
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5.1.1. Cell Types

Depending on the specification of the analysed flow problem, a numerical mesh may con-
sist of elements of various shapes. First, we have to decide whether our flow problem must be
analysed as a thraektmensional problem or it can be simplified to a tthmensional problem.
In the case of simpler, 2D tasks, there are mainly two types of cells that are commonly used,
namely the triangle and the quadrilatefab(5.2). A triangle element consists of three edges
and three nodes. The mesh made of triangulanexi¢és is easy to generate and it can be used
in the case of a flow domain with complex shapes, as it easily adapts to any geometry. There-
fore, these cells are most commonly used in unstructured grids. A quadrilateral element consists
of four edges and foumodes. Not for every geometry it is possible to generatergerical mesh

only from quadrilateral elements. These cells are most commonly used in structured grids.

Triangle Quadrilateral

Figure 5.2. Basic twedimensional computational cells

In the case of thredimensional flow problems, the numerical grid consists of 3D elements.
The most common types of 3D computational cells are the tetraheghemirjlateral pyramid,
triangular prism, and hexahedrdfid. 5.3). All of these elements have triangular and/or quad-
rilateral faces. A tetrahedral element consists of four nodes, six edges, and is bounded by four
triangular faces. A tetrahedron is equivalent to the triangular cell in 2D analysis simikrly
as tianglesi these types of elements can be easily adapted even to the complex geometry of
the flow domain. The pyramishaped element is bounded by one quadrilateral and four trian-
gular facesso it has five nodes and eight edges. These types of elements are typically used as
a connection between triangular and sgdaced computational cells. A triangular prism (also
called a prismatic or a wedge) is bounded by two triangular and three gteadtifaces. It has
six nodes and nine edges. These types of elements are typically used as boundary layer cells.
Hexahedral element (also called a hex or a brick) consists of eight nodes, twelve edges, and is
bounded by six quadrilateral faces. Hexahadsequivalent to the quadrilateral cell in 2D
analysis, thus these types of elements cannot be adapted to the complex geometry of the flow
domain, but they form structured grids. The accuracy of solution in hexahedral meshes is higher

than in meshes witbther element types.
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H A ey

Tetrahedron Pyramid Triangular Prism Hexahedron

Figure 5.3. Basic threedimensional computational cells

5.1.2. Mesh Classification

Numerical grids may be classified into three majategories, structured, unstructured or
hybrid. In general, structured grids consist of quadrilateral elements in the casediiem
sional analysis or hexahedral elements for tiegensional flow domains. They are charac-
terized by regular connectivityetween computational cells. In other words, they are formed
by lines having the property that in a given family of lines (e.g. horizontal lines) they do not
intersect each other and with another family of lines (e.g. vertical lines) each line intembects
once. A structural mesh is logically equivalent to a Cartesian ineabh cell has four or six
closest neighbours depending on the 2D or 3D flow domain. A structural mesh may be uniform,
nontuniform or body fitted, but it always retains its Cartesaancture. One of the advantages
of structured meshes is therefore an implicit relationship that exists between the number of a
cell and the number of its neighbours which makes that the iterative calculations are faster and
the values of the dependeravil parameters (e.g. velocity, pressure, temperature) can be easily
found. Moreover, the use of structured meshes leads to better convergence of the solution and
higher resolution. A kind of structural mesh is bletkuctured mesh. The use of this type of
numerical grid is related to the division of the computational domain into several blocks, inside
which various structural meshes are generated. This approach is beneficial in cases where the
problem includes areas with large gradients of hydrodynamionedess.

In contrary to structured grids, unstructured meshes consist of triangle elemeat&a(2D
ysis) or tetrahedral elements (3D analysis). They are characterized by irregular connectivity
between computational cells, so explicit storage of neighbourhoodnralaips is necessary.
Therefore, unstructured grids are highly space inefficient. On the other hand, they can faithfully
reproduce even a very complex geometry of the flow domain what is impossible for structured

grids.
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Structured uniform mesh Block-structured mesh

Structured nofuniform mesh Unstructured triangular mesh

Structured triangular mesh Hybrid triangular/quadrilateral mesh

Structured body fitted mesh Hybrid triangular/quadrilateral mesh

Figure 5.4. Different types of numerical grids
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A very good compromise between the above two types of mesh is the use of a hybrid mesh
that contains both structured and unstructured cells. This is done by identifying in the flow
domain parts with regular amdmplex shapes. For the former, structural meshes, while for the
latteri unstructured meshes are generated. Examples of different mesh types are presented in
Figure 54.

5.1.2. Mesh Quality

The quality of the generated mesh affects the convergence and stability of the iterative
process, as well as the accuracy of the simulation result. In order to obtain the best solution to
partial differential equations, it is necessary to generate aqaldy mesh, which is assessed
by checking the values of dedicated criteria. The quality of the generated mesh can be verified
using various measures but in Ansys Fluent software the most important are skewness and as-
pect ratio.

Skewness determines how much the shape of theFage6a) or cell Fig. 5.5b) differs
from the regular, equilateral shape. The value of the skewness factor ranges from 0 to 1, with O
being the ideal cell. Numerical mesh is considered good for skewness value less than 0.9 for
tetrahedral elements or 0.8 for mesh elements witer ahapes (Ansys Meshing Application
Introduction, 2009). Another source gives the affitskewness value for a good quality mesh
as <0.75 (Ansys Meshing UgeiGuide, 2013).

a) b)

Figure 5.5. Optimal (green) and actual (red) skewnesqd2D and (b) 3D element

Aspect ratio Fig.5.6) defines the ratio of the longer side of the rectangle reconstructed on
the numerical grid elements to its shorter side (Ansys MeshingdJsarde, 2013). An aspect

ratio value of 1 determines ideal equilateral cells. The greater the value, the more the calculation
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cell is different from that of an equilateral figure. It is assumed that the proportionality coeffi-
cient should be less than 40, however, more than 50 may be tolerated at the inflation layers
(Ansys Meshing Application Introduction, 2009).

a)

b)

Figure 5.6. Optimal (green) and actual (red) aspect ratio for (a) 2D and (b) 3D element

5.2. Principles of Numerical Solving Methods

Due to the nonlinear nature of thguations of fluid motion, they can be solved only in
afew, very specific situations. Therefore, we are forced to approximate the solution of these
equations using numerical techniques. Before starting an approximate solution, partial differ-
ential equatias must first undergo a process referred to as discretization. As a result of discreti-
zation, differential equations are replaced with a system of algebraic equations. The discretiza-
tion process is carried out usingnamerical grid. There are various mads of discretization,
but three of the most commonly used are the Finite Difference Method (FDM), the Finite Ele-
ment Method (FEM), and the Finite Volume Method (FVM) (Norton et al., 2007). It should be
mentioned that depending on the method of discredizatf the problem, the mesh is built of
a set of points, called nodes (in FDM), stddumes called elements (in FEM) oset of vol-
umes called cells (in FVM) (Ashgriz and Mostaghimi, 2002). Solutions are obtained at discrete
points in space, called nodé@he accuracy of the solution depends on the order of the discreti-
zation method and the mesh density. If the mesh is dense enough, all discretization methods

give practically the same solutions. In some cases, however, a certain method of discretization
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may be preferred. Within this chapter, we will introduce and compare the three mentioned

above most popular discretization methods.

5.2.1. Finite Difference Method

The Finite Difference Method is one of the simplest methods of numerically solving prob-
lems described by the system of differential equations. The idea behind this method is to replace
the derivatives present in these equations with appropriate diffejantents. Some difficul-
ties in applying FDM are related to the boundary conditions and the irregular shape of the do-
main boundary.

For the analysed aréacomputational domain, a grid of nodal points is generated. Values
of the searched function in the mesh nodes constitute a set of unknowns. Therefore, it is neces-
sary to determine the difference quotients appropriate to the ortlex efjuation, which will
allow transforming the differential equation into a system of algebraic equations. A simple way
to obtain difference quotients is to use the Taylor series expansion of the searched function for
around nodal points. By expandinganfaylor series, the derivatives of a variable are written
as differences between its values at different points in space or time (Ashgriz and Mostaghimi,
2002). When this process is applied to all points in the grid, a set of equations is obtained that
can be solved numerically.

Consider the variation of any intensive variaBewith the distancen i.e.%o® . After
discretization, changes of tBiew can be represented by a set of discrete pdtafs, that can
be related to each other using a Taylor series expansion. Now consider the point that is moved
from the central pointp, by a small distancew i.e. @ 3w . The intensive variable in that

point can be expressed in terms of Taylor series expansionalamit

%o 3W %0 0 — 30 — — E — — E (5.1)

In Equation 51, the first term of the expansion on the right, (1), is the intercept of the
polynomial and gives the first approximation of the functer at point ® 3w . Thesec-
ond term (2) specifies the slope and the third (3) the curvature of the function abpdent
worski, 2005). The graphical interpretation of this expansion is shown in Figurén3his
graph points (0) and (1) represent the values o%tite function at the pointo and the first
approximation of Taylor series expansion at point 3w, while point €) indicates theeal
value of the functioffe @ at the point @ 3w . Points (2) and (3) refers to the value of the

function %0 w approximated respectively by the first two and first three terms of the Taylor
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series. As can be seen, by increasing the total number of terms in the Taylor seges, we
asolution that is closer to the real one (paint Limiting this oneway expansion to thirst

¢ p terms usually corresponds to introducingéth order truncation error (Jaworski,
2005). More detailed information about the Finite Difference Method c&wubd in the liter-
ature (Andersoet al, 2016; Chapra and Canale, 1988; Hildebrand, 1956).

b A $(x)
d(x, + Ax) h
b3
b2
d(x) 5 1
b x

Figure 5.7. Graphical interpretation of the first three terms in the Taylor series

Although the FDM is the simplest method to apply, it cannot be always used due to several
disadvantages, including for example problems with adjusting the mesh to the analysed area of
complex geometry, difficulties with boundary conditions and often associated with it a loss of
accuracy, as well as the need for even division (high degree of mesh regularity) and an associ-
ated large number of nod&3ue to the above disadvantages, FDM is rarely used in the analysis

of engineering flows (Norton et al., 2007).

5.2.2. Finite Element Method

In the Finite Difference Method, the process of deriving algebraic equations for a discrete
(finite) set of approximation points consists of replacing the derivatives with the corresponding
difference quotients. The Finite Element Method is based on shenasion that the solution
can be locally interpolated between the nodes of the numerical grid, however, the manner of
this interpolation depends on the type of equation (Jaworski, 2005). Similar to any numerical
method, it is a method that gives an appr@te solution. The widespread use of the FEM in
solving technical flow problems is due to the possibility of obtaining the result of an equation
that cannot be solved analytically or the solution would be too complex and/ardimaeming.

The Finite Element Method is based on the method of Weighted Residual. Cortifder a
ferential equation that for simplicity is expressed in the following symifmin:
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0°Y ™ (5.2)

Assume we are looking for an approximate solutideusing a trial function of some form.
Substituting™éénto the differential equation (&) will not satisfy this equality. Therefore, on

the right side of the equation the residMlappears instead of zero:
0 "% Y (5.3)

Sinceb "Y¥eis an approximation, the residu¥ldoes not disappear in the majority of the ana-
lysed domain. The basic concept of the Weighted Residual Method is to introduce to the equa-
tion aweighting functionw , and requiring that the integral of the weighted residual throughout

the whole solution domaimy), vanishes:
W0 "B T (5.4)

Assume that the trial function is a polynomial with many unknown coefficients. By selecting
successive trial functions and integrating them, a series of equations is generated that can be
solved simultaneously. The results of this solution are the prdyionknown coefficients of

the polynomial and, consequently, the solution of the polynomial. This means that the FEM can
be successfully used to obtain solutions of differential equations, on the condition that appro-
priate trial and weighting functions ai@und.

The first step of numerical solving the problem using the Finite Element Method is dis-
cretization, i.e. division of the flow domain into smaller elements, called subdomains or finite
elements. The elements have common nodes (points) and they approxansttagb of the
domain. It should be underline that as the number of elements increases, the accuracy of the
approximation also increases. Then, for each element, polynomials are determined, called shape
functions. Each shape function is associated witltgxane node. The value of a given shape
function at the node with which it is associated is equal to one, and at all other nodes, it is zero.
Shape functions are determined in suevagt as to maintain the condition of the continuity of
the searched vaduat the element boundaries. With their help the value of the unknown param-
eter is determined at any point inside the finite element (knowing nodes ghthesparame-
ter). In other words, to calculate the value of the searched parameter at any position in the
subdomain (other than nodes), interpolation between nodes is done using shape functions and
parameter values in nodes. The last step involves thenmation of the functional correspond-
ing to the given differential equation. This operation can be performed directly or by calculating

a system of algebraic equations. In the second and simultaneously more common case, the num-
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ber of equations is equal to the number of unknowns. For the scalar variable field (e.g. temper-
ature), the number of unknowns is equal to the number of nodes. If the unknown is a vector
(e.g. velocity), then the number of unknowns is the product of aksiadd the number of
unknowns in each of them. More detailed information about the Finite Element Method can be
found in the literaturelewis et al, 2004;Reddy, 1993; Zienkiewicz and Taylor, 1991).

The Finite Element Method has many advantages. In contrary to the FDM, the FEM can
be easily applied even to complex geometries of flow domain by using irregular meshes. It also
allows describing the variation of parameters within each subdomain (betvie@oigts) us-
ing the shape functions (Sayma, 2009). The summation of variations for all subdomains is then
used to describe the entire flow field. On the other hand, this method is not without its disad-
vantages. Although FEM is one of the numerical meghibdt are particularly effective for the
discretization of partial differential equations in space, the same cannot be said for time dis-
cretization. When transient processes are considered, usually a continuous approximation in
space is used first, whid¢bads to ordinary differential equations with respect to time. Then, the
obtained system of equations is discretized in time with the FDM, because full discretization
with the FEM in time is not very effective (Jaworski, 2005). These include the nedduiatea
and store base functions for each element of the numerical grid, incomplete fulfiiment of the
conservation (balance) laws, especially for a single element of irregular shape. Moreover, with
a certain number of mesh nodes, FEM calculations require memory storage compared to
the Finite Volume Method with a structured mesh (Jaworski, 2005; Nakajima and Kallinderis,
1994).

5.2.3. Finite Volume Method

The Finite Volume Method (FVM) is a numerical method used to solve partial differential
eguations. Similar to the previously discussed FDM and FEM methods, its purpose is to present
the differential equations in the form of a solvable system of algelaatiens. As with other
methods of this type, the values of searched parameters are calculated at discrete locations in
the computational domain. The same as in the FEM, the FVM divides the flow domain into
afinite number of elements, however, it useshisituctured and unstructured numerical mesh
to approximate the shape of the simulated flow domain. Those elements are subsequently used
to build dual mesh: control areas called also finite or control volumes (Aleksendric and Carlone,
2015). The discretizn of the analysed object into a number of control volumes can be per-
formed by adopting a verteoentred or celtentred approach (Aleksendric and Carlone, 2015).

In the first approach, each node of the grid is the centre of a control volume. Bouotities
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volume are obtained by connecting the centroids of each element and the midpoints of their
edges. In the second approach, finite volumes coincide with grid elements and the interesting
variables of the flow are located at the centroid of the control volAstegriz and Mostaghimi,

2002). Therefore, it can be said that depending on the discretization scheme, the control area is
built independently or equivalent to the grid cell. Inside the control volume, the condition de-
scribed by the differential equationust be fulfilled, however, it does not have to be met for

the entire volume of the flow domain. Examples of control volumes in FVM generated using

the two aforementioned approaches are presented in Figure 5

a)

¢ ® ® ®
® ® ® ®
¢ ¢ ® ®
@ @ @ ®
b)

® ® ® ®
® ® ® ®
® ® ® ®
@ @ @ @

Figure 5.8. Control volumes (red colour) generated in FVM: (a) vextertred and (b) celtentred approach

The Finite Volume Method can be viewed as a special version of described earlier method
of Weighted Residual where a weighting functid,from Eq. (54) is equal to unity. For this
purpose, a weighting residuals equations are generated by splitting the flow domain into control
volumes and setting the weighting function equal to one in the control volumes and zero else-
where. This means that the residuadach volume must be zero (Sayma, 2009).

Another way to derive a Finite Volume discretization scheme is to begin from the integral
form of the differential equations. After decomposition of the flow domain, the differential bal-

ance equations are formulated as integrals, separately for each eohinee. The FVM uses
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Gaussb6s divergence t heor&hagremgKaz,d979) noonvert as Os
the volume integral into the surface integral. In general, this theory says that the output vector
field (or flux) passing through a closed surface is equal to the volume integral of the divergence
of this vector field irthe volume enclosed by this surface. The flux passing through the surface
of the cell is approximated as the sum of the fluxes passing through each finite element.

Values of the integrals are approximated by numerical integration. Fquttpese, inter-
polation schemes are adopted that describe the variability of searched variablesdaty,
pressure, temperature) between cell centroids. The resulting equation, called the discretized or
discretization equation, is an algebraic formtlod differential transport equation. Thus, the
discretization equation expresses the principle of conservation of an interesting variable inside
the control volume. More detailed description of FVM can be found elsewhere (Ferziger and
Peric, 2002; Patankal980; Versteeg and Malasekara, 2007).

The Finite Volume Method discretizes the balance equation directly, therefore, in contrary
to FEM, a benefit of this method is the conservation of quantities such as mass, momentum,
energy, and species, i.e. the flux leaving a given control volume iscialeiotthat entering the
adjacent control volume. This feature is satisfied for any control volume, for any number
of control volumes as well as for the whole analysed flow domain. Another advantage of FVM
is the versatility and ease to understand andyappen to unstructured meshes. Therefore,
thismethod is now the most commonly used in solving problems of fluid mechanics (Nor-
tonetal., 2007). It should be underline that one of the most popular commercial CFD
code,namely Ansys Fluent, is based o thinite Volume Method with a cetlentred formu-
lation (MolinaAiz et al., 2010).

5.3. Assessment Criteria for CFD Solution

Each numerical solution must be thoroughly assessed and analysed in order to be consid-
ered credible. The credibility of a particular solution is checked on the basis of various criteria,
including consistency, stability, convergence, and accuracy. A pmaliyndiagram of the rela-
tionship between the aboveentioned criteria and the various stages of the numerical solution

is shown in Figure 8. In more detail these criteria will be described within this chapter.
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Figure 5.9. Diagram of the relationship between assessment criteria and stages of CFD solution

In addition to the above assessment criteria, it is also important to check and reduce the
numerical errors and uncertainties that arise during CFD analysis. After all, the computational
solution should be subjected to the verification and validation psese These concepts also

will be discussed.

5.3.1. Consistency

Consistency is an important property that concerns the discretization of the partial differ-
ential equations describing the flow problem under analysis. According to this property, ap-
proximation of differential equations should decrease or become acdufiaite iquantities
such as time step and mesh spacing approach zero. For the Finite Difference Method (Section
5.2.1), the truncation error concept measures the discrete approximation obtained by expanding
the Taylor series aroundparticular nodal pointTherefore, the truncation error represents the
difference between the discretized and the exact equation. Consequently, the primary partial
differential equation is recovered by adding the remainder, i.e. truncation error. Essentially, the
truncation eror measures the accuracy of the approximation and establishes the rate at which
the error decreases with decreasing the time step and/or the grid spacing.

The numerical method is considered consistent when the truncation error becomes zero for
the time step and/or grid spacing going to zero. Generally, the truncation error is proportional
to then-th power for finite quantities. The orderof the most significant term of the Taylor
series in the aforementioned difference with respect to the time and/or space step is usually
taken as a measure of consistency of the numerical method (Jaworski, 2005). If this term is
pr opor t it)bonraxX) the oumérigal method gives an approximation ofrttie order

87



5. Numerical Simulation in the CFD Software

forn> 0 (Tuet al, 2018). Preferably, all terms in the partial differential equations should be
discretized to the same order of precision. In practice, however, some terms may be particularly
dominant and a higharder approximation may be required to provide consistefdhe

method.

5.3.2. Stability

Another independent criterion that also governs the numerical solution method is stability.
Stability refers to the increase or disappearance of errors introduced at any stage of the calcu-
lation. It should be noted that these errors are not caused bgeirtdogic, but arise asrasult
of poor initial guesses and rounding off during iterative calculation due to the finite number of
significant digits that the hardware can accommodate. Therefore, the method of the numerical
solution is considered stabfatidoes not magnify the errors that appear during the calculations
(Anderson, 1995). In the context of iterative methods stability ensures that the solution is not
divergent.

In the case of linear flow problems, the two most commonly used methods of stability
assessing are the matrix method and the von Neumann method. Both of them are based on
predicting whether there will be an increase in error between the true solutiennointierical
method and the actual computed solution that includes the-adfiodntamination (Tet al,

2018). The stability of the numerical method can be quite difficult to investigate when there are
boundary conditions and ndimearity in the problemTherefore, it is usually tested with con-
stant coefficients and without boundary conditions. The results obtained in such a simplified
way may often be applied to more difficult flow problems. However, during solving complex,
nonlinear and coupled equat®with boundary conditions, there are very few stability studies
that we can infer. Thus, to ensure the stability of the numerical procedure, we must rely on
experience and intuition. Usually, a small value of time steps and appropriateaelasation

factors are also required.

5.3.3. Convergence

Convergence of a numerical process means that the numerical solution of the differential
eqguation should approach their exact solution at any point in the domain when time step and
grid spacing approach zero. This means that as the mesh is refined tame step is reduced,
the obtained numeri cal solution should be ap
equivalence theorem, a numerical procedure can be considered convergent if meets two criteria
described earlier, i.e. consistency and stigb(lTu et al, 2018). In practice, proving that the

obtained numerical solution is convergent with the exact one is often very difficult. This is
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because in many cases the exact solution is unknown as it is very difficult or even impossible
to obtain by analytical methods. Indeed, such cases are common in the field of chemical engi-
neering and the main purpose of numerical simulations is then ta §pdcific solution.

In the numerical procedures used in commercial CFD codes, the concept of convergence
is used slightly differently. In such software, the system of algebraic equations is usually solved
iteratively, and to obtain iterative convergence, there are threetaspd®ep in mindk) all
discretized equations are considered to be convergent when they reach a specified tio)erance,
the convergent numerical solution does not change with additional iterations,) anabrall
balances of mass, momentum, energy, scalar are achieved. During the iterative procedure,
the residuals are monitored which are the imbalances (errors) of the discretized equations.
In other words, for a steady problem, residuals are the differences between the solyiarm at a
ticular andthe next iteration. Residuals terminate the iterative process of calculation when a
specified tolerance is reached. In order to obtain the convergence of the numerical process, the
residuals should decrease as the iterative computation progresses. $athiewnumerical so-
lution is considered divergent (unstable).

5.3.4. Accuracy

In the chapter describing the principles of numerical solving methods, it has been repeat-
edly emphasized that the solution of partial differential equations of transport processes in fluids
is always an approximation. Therefore, except consistency, stalil convergence another
important criterion that should be carefully checked and analysed is the accuracy of the obtained
solution.

As mentioned earlier, the truncation error that represents the difference between the dis-
cretized and the exact equation measures the accuracy of the approximation and determines the
rate of error decay with decreasing time and space steps. It is theobfdous that,
from thepoint of truncation error view, improvement in accuracy can be achieved by mesh
refining. It has to be remembered, that although increasing computational cells number leads to
superior accuracy, it is always associated with a sanatius increase in the required compu-
ting power.

There are different methods for accuracy assessment. One of them relies on agaying a
ticular algorithm to a related but simplified flow problem that possesses an exact solution. How-
ever, it should be remembered that accuracy is often pretdg@ndentTherefore, the algo-
rithm that is accurate for one flow problem may not be equally accurate for another, more com-

plex issue. The second method is to carry on simulations for successively refined numerical
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meshes and then to check if the solution changing. This procedure is performed until the change
of the solution from one grid to the next reaches a prescribed tolerance.

It should be emphasized that a convergent solution does not necessarily have ao-be an
curate solution. Therefore, it is important to assess the accuracy of the solution and, if this is
possible, to consider how to improve it. It can be done, for exatmplesing a higheorder
approximation or finer numerical mesh. Such methods, however, should be considered to-
getherwith an analysis of calculation time and computational efficiency. Other wags to
prove accuracy include minimizing the numerical errarsvell as verification andalidation
of numerical simulations. These aspects will be presented in the subsequent sections within this

chapter.

5.3.5. Numerical Errors

There are several sources of errors that the user can meet performing CFD simulations.
A well-known classification includes discretization error, rowffderror, iteration or conver-
gence error, physical modelling error and human error.

Discretization errorgesult from the difference between the exact and the numerical solu-
tion of the modelled governing equations with a limited time and space step. Errors of this type
arise because the solution to the analysed flow problem is approximated numericady- It is
pected that the calculated results will be closer to the exact solution of the modelled equations
as the number of mesh cells increases and the nodal points are distributed regularly.

Roundoff errorsare associated with the difference between the accuracy of a used com-
puter and the true value of the calculated variable. Every electronic device represents numbers
with a finite number of significant digits, which for many computers is limitetbup(so-
called single precision) or 15 (®alled double precision). The values obtained during the cal-
culations may have more significant figures. Therefore, the error resulting from keeping a lim-
ited number of digits that are available for sigris called the roundff error. Itshould be
underline that roundff errors are rather random and difficult to predict. Nevertheless, usually
they are not dominant compared to the previously described discretization errors.

Iteration or convergence erronesult from the difference between the fully convergent
solution of the analysed flow problem and the-sconvergent solution. As the process of iter-
ation progresses, it is expected that gradually better estimates of the solution are generated, that
perfectly meet the equations and boundary conditions both in each computational cell and in

the whole domain. This type of error arises when the iterative process is terminated prematurely
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due to either the user impatience or applying too large convergence criteria to stop the calcula-
tions that in practice may be far away from its convergence state.

Physical modelling errorsesult from the uncertainty of formulating mathematical models
and deliberate model simplifications. It can be due to the fact that the studied phenomenon is
not fully understood. The difference between error and uncertainty should be clearly indicated
here. According to the literature (AIAA, 1998) error is define@ascognizable deficiency that
is not due to the lack of knowledgéhile uncertainty aa potential deficiency that is due to the
lack of knowledgeOther reasons fghysical modelling errors are related directly to the used
physical models, including simplifications of the models, the uncertainty of the parameters of
these models as well as the lack of possibility or the limited possibility of its experimental
confirmation. The occurrence of physical modelling errors is investigated by performing vali-
dation studies. These, in turn, are focused on strictly defined models used in the analysed flow
problem, e.g. models related to turbulence, combustionNesvtonian fow, multiphase flow,
etc.

Human errorsresult mainly from the incorrect and/or imprecise application of the CFD
code. They can be made at any stage of CFD analysis, starting from drawing geometry and
generating aumerical mesh, through defining all solver settings (boundary and initial condi-
tions, model selection, calculation schemes), ending with reading and analysing the results.
Often the reason for these types of errors is simply the lack of experience in handling CFD
codes. Human errors can be controlled and minimized thnmegiculous and careful problem
definition, training and gaining experience. Another type of human ereic@mputer pro-
gramming erroithat arises at the CFD code programming stage. Computer programming errors
can be eliminated by performing verification and validation tests.

5.3.6. Verification and Validation

Analysis of the assessment criteria for the CFD solution clearly indicates that numerical
errors and uncertainty are inherent aspects of numerical modelling using the CFD technique
and cannot be ignored. Therefore, it is necessary to use rigorous mdthagisaatitative as-
sessment of the solution correctness, i.e. estimating the inherent errors and uncertainties. These
include two concepts: verification and validation.

Although there is no one universal definition of the above concepts, in general, we can say
that verification is the process of determining whether the implemented model accurately rep-

resents the nature of the analysed flow task. Verification is ther@fmecedure that is used to
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assess the correctness of the domain geometry, numerical grid, initial and boundary conditions,
models.

On the other hand, validation is the process of determining how accurately the used model
represents the real problem. Validation is therefore a procedure that is used to quantitatively
evaluate the results obtained from CFD numerical simulations byctmaparison to the bench-
mark experimental data. Stage of the results validation is the final phase of the credibility pro-
cess of the applied models. More detailed information about the methods of verification and
validation can be found elsewhere (Verstard Malalasekera, 200Computational Fluid Dy-

namics Committee, 1998
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Introduction to A nsysWorkbench Framework and GUI

The process of numerically modelling physical phenomena involving fluid flow with the
Computational Fluid Dynamics technique can be performed using various CFD packages. One
of these codes is the software developed byAt®/scompany. Examples included into this
student book were prepared following #wesyscode. As it was mentioned in the first part of
this book, the CFD analysis of any flow task requires first to define the geometry of the flow
domain and generate the numerical grid. Both these steedormed in different software,
for example AnsysDesignModeleor AnsysSpaceClaimare dedicated to geometry drawing
andAnsysMeshingis dedicated to grid generation. Only after generating the mesh, it is possible
to proceed to the next program in which numerical simulation can be performed, sundyss
Fluent AnsysCFX or AnsysPolyflow.

The examples presented within this section are preparésh&ysDesignModelerAnsys
Meshingand AnsysFluent, version 2021 R2. In order to facilitate the project management of
the analysed flow problem and to improve the data flow between individual progkagsys,
has created a project management tool, cllesl/sWworkbenchlt is a platform that links all

used software tools. The overall structurdosysworkbenchs presented ifigure 11.

=

File View Tools Units Extensions Jobs Help

o)

R =3(= B[ Project

@limport... \ Reconnect %] Refresh Project 7 Update Project | B8 ACT Start Page
[ Toobox_ ERERER Project Schematic
| B analysis systems |

@ Fluid Flow - Blow Molding (Polyfiow)
@ Fluid Flow- Extrusion(Polyflow)

vith Fluent Meshing)

ui olyflow)
(@ Turbomachinery FluidFlow

‘El Component Systems

o J
B Fluent

B Fluent (with Fluent Meshing)

@ Geomety

@ Mesh

B Folyfiow

B Results

[@ customsystems ]
| B DesignExploration

|Baa

K4 View All / Customize. .. ‘

o Ready J¥¥ 30b Monitor... | & No DPS Connection | (= Show Progress % Show 0 Messages

Figure 1.1. Ansys WorkbencBUI

On the right side, there isRaoject Schematiwindow where the user prepares the project
of the analysed flow task. On the left side, thereT®albox which contains all the products
available within the owned license. Modules in Amalysis Systentab include all the individ-

ual programs needed for the analysis of a particular flow task. Dragging one of the modules
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into theProject Schematiwindow, the user obtains all the stages needed for a typical analysis,
i.e. Geometry Mesh Solverand PostProcessor(Fig. 1.2). In this case, the direction of the
workflow is from the top to the bottom.

]
File View Tools Units Extensions Jobs Help
PR
i =3(= D[ Project
@limport... \ Recomnect [¢) Refresh Project # Update Project | B ACT Start Page

B roject schematic

v R X
(B Analysis systems
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G Fluid Flow- Extrusion(Polyflow) v A

@ Fluid Flow (CFX) B Fluid Flow (Fluent)

@ Fluid Flow (Fluent with Fluent Meshing) 2| @ Geometry P
@_3 Fluid (Fluent) 3| @ Mesh ?.
@ Fluid Flow (Polyflow) - -

= 4| @ setwp B
@ Turbomachinery FluidFlow - 54
Bl Component Systems 5 |§@ solution ? .
B 5 | @ Rests ? .
B Floent Fluid Flow (Fluent)
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B Results

@ Custom Systems
B Design Bxploration
B ACT

(¥

o Ready

View Al  Customize.... |

J¥ 3ob Monitor.... | EEINo DPS Connection | ) Show Progress | % Show 0 Messages

Figure 1.2. Flow task analysis idnsys Workbenclising a particulaAnalysis Systemmaodule

Apart fromAnalysis Systemghere is also &omponent Systerteb where the individual
programs for each stage of the analysis were collected. In this case, the analysis of the flow task

is prepared by selecting modules containing individual programs, and then connecting them
using connectordHg. 1.3).
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Figure 1.3. Flow task analysis ilnsys Workbenciising severaComponent Systemsodules
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Each module in thBroject Schematiwindow is denoted by a capital letter. It should also
be mentioned that through connectors, data can be transferred not only between different mod-
ules ofComponent Systerhst between all modules, including akoalysis Systemmodules.

There are two methods for creating connectors between different programs. The first is to use
the mouse with a pressed left mouse button to draw a line between them (for example from cell
A2 to cell B2, Fig. I3). The second method is to drop the new module onto thefcileo
upstream module. In this case, the linkage will be generated automatically.

The current status of each stage of the analysis is monitored and displayed using special
icons. When a particular stage in the module is completed, then the status of the cell automati-
cally changes. The meaning of possible icons representing differargestaare collected in
Table 11.

Table 1.1. Meaning of the status icons

Icon | Icon meaning
d Up to date
= Refresh required. Upstream data has change
F Updaterequired. Local data has changed
7 Unfulfilled. Upstream data does not exist
¥ | Attention required
e Update failed
A Update interrupted
Changes pending (was-tg-date, but upstream
¥ | data has changed)

In order to turn on a particul@oftware, the user has to doublek with a left mouse
button (LMB) the proper name in the selected module. For example, looking at the project
presented in Figure3, if we want to open the program to geometry drawing, we have to double
click with LMB the cell A2, when the mesh generator is needed, then B3 cell should be chosen.
In the case of a geometry drawing, it is also important, which program will bé& uis@asys
SpaceClaimthen the LMB doublkelick is enough, buAnsysDesignModelefor the frst time
can only be opened by clicking the A2 cell with a right mouse button (RMB) and selecting the

New Desi gnModecoremandGeometryée
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Example 1.Modelling of Laminar Flow of Newtonian Fluid in a Pipe

1.1.Introduction and Objectives

A flow that is completely bounded by a solid surface is called an internal flow. Internal
flows are widespread in all industries as they involve many important and practical flows such
as flow through pipelines and accompanying fittings. Depending on efilue Reynolds num-
ber, internal flows can be laminar, transitional or turbulent. In this simple example we will
consider the laminar flonRe= 500) of a Newtonian fluid (water) through a pipe with a smooth
surface. The main objectives of this exercise are as follows:

T draw 3D geometry of the flow domain usiRgmitivesoptions,

T generate a structured mesh,

i identify and creatdlamed Selectionindividual parts of flow domain to which different

materials or boundary conditions will be assign,
T illustrate the setup of the laminar fluid flow simulation,

T visualization of results contours and profiles of fluid velocity.

1.2.Problem Description

Details of the analysed flow problem are shown in Figuré.E1

Direction of S
the flowof the
ater
W } D=05m

Inlet ’ Outlet

A
v

Figure E1.1. Problem description.

1.3.Geometry

Into the Project Schematievindow insert aFluid Flow (Fluent) module fromAnalysis
Systemsab Open theAnsysDesignModeleas described in tHatroduction There are differ-
ent methods of the geometry drawing. In this example we will ugerimitivesmethod. From
the main menu chooereateY PrimitivesY Cylinder(Fig. E12a). A new figureCylinder?)
appeared in th€ree Outlingand its details such as basic plane, origin or dimensions are visible
in theDetails Viewwindow placed below th&€ree OutlingFig. E12b). Also a grey wireframe
of the figureis visible in theGraphicswindow (Fig. E12b). In theDetails Viewwindow enter

the following parameter valuesxis Z Componerit 5 m andRadiusi 0.25 m (Fig. EXc).
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Important informationi Ansys DesignModelerses comas instead of dots. After entering these

values, click th&seneratebutton from the top menu (Fig. ). If everything has been done

correctly, a shaded figure will appear in thephics windovand acorresponding green check

mark will appear next to the cylinder nameTiree Outline(Fig. E1.2e). At the end save the

project by selecting from the main meRile Y Save ProjectYou can closé\nsys Design-

Modeler
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§ Ford Rades Blend
@ Vriobie Rasius Blend
< Vertex Blend
N Charfer
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Figure E1.2. Steps of the geometry drawing
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1.4.Mesh

Open theAnsysMeshingas described in thatroduction After opening you will see ge-
ometry window with the shape of the geometry drawn irGeemetrymodule in the previous
step (Fig. EB). Over this window there is a main menu as well as different toolbars used,
among others, to establish and edit the mesh settings, setMarttezl Selectioar set up the
view of the flow domain. On the left side there are alsd’tikee OutlineandDetails View. Tree
Outlineis the object tree that represents outline view of the wholegirand provides access
t o obj ect 6 sDetaits Viewesinilar likeeimAnsgsDesignModelercontains details

about each object in thigee Outline

A

Figure E1.3. Ansys Meshing basic view.

Before the mesh generation we will change the name of the geometry and specify the ma-
terial. In this purpose in theree Outlineexpand th&seometry select theéSolidwith the RMB
and choos®enameption (Fig. El4a) . EPRipeer name. iDew,aiil s tolfe AP
select theMaterial asFluid (Fig. E14b). Please note that both above settings can be done in
AnsysMeshingor AnsysDesignModelemodule.

Now choose th#leshfrom theTree Outline The shape of the flow domain in the present
example is quite simple, therefore it is possible to generate a structured mesiDédtattseof
i Me sdeléct theDefaultsY Physics Preferencas CFD and Solver Preferencas Fluent
(Fig. E14c). The same as in thnsysDesignModelereach operation has to be ended with
generation, therefore press tBenerate Meshutton that is visible in the tdgome MenuThe
mesh will generate automatically. Inthee t a i | s hywd carficheek itQuality andSta-
tistics (Fig. E14d). Recall form the chaptérl.2. Mesh Qualityhat in the case of theekahe-

dral element the mesh is considered good for skewness value less than 0.8. Here, the maximum
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value of skewness does not exceed 0.38. However, the number of elements is ugeadw

elements. We will increase this number by expantdinpeDe t ai | s
and changing the default value®@fowth Rateéfrom 1.2 for 1.02 (Fig. E4e). After regenerate
the mesh, the number of element in the grid increases to 5888amaximum value of skew-

ness does not exceed 0(B&y. EL14f).
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Figure E1.4. Steps of the mesh generation
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The last step in th&nsysMeshingsoftware is creation diamed Selectionn the analysed
flow task, we will create threldamed Selectioran the surfaces one for the inlet, one for the
outlet and one for the wall. First, chodsaceoption from theGraphics ToolbarFig. E15a)
and then select a proper surface from the geometry by clicking on themGedneetry Win-
dow. The chosen surface is highlighted by green colour (FigpdE1Click again on this surface
with RMB and choos€ r e at e Na me bh th&reW witcdow tltahwéll appear enter a
name for the chosen surface, here Didlet(Fig. E15c). Repeat this step for two remaining
surfaces Inlet andWall. If you need to move or turn your geometry, you can do this using
options collected in th&raphics Toolbarsud asRotate, Pan, Zoom, Box Zoom, Zoom To Fit
All createdNamed Selectionare visible in theTree Outline An activeNamed Selectiors
highlighted with red colour in th&eometry WindowFig. E15d) and its characteristics are
collected in thetailswindow. Save the projeand closéAnsysMeshing
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Figure E1.5. Creation of théNamed Selections
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1.5.Simulations

Open theAnsysFIuent software by a double | B riuent Launcher 2021 R (setting Edit ony) = @ X
click the Setupin the Fluid Flow (Fluent)module. | Fluent Launcher

Simulate a wide range of steady and transient industrial applications using the

DUfI ng the fl rSt Start OﬂnSySFluent the Fluent general-purpose setup, solve, and post-processing capabilities of ANSYS Fluent

including advanced physics models for multiphase, combustion, electrochemistry,
and more.

Launcher(Fig. EL16) will open, where the user ca

Dimension
check and set a several stapt options. Enter the

Options

Double PrecisionDisplay Mesh After Readirand Double Precision

Display Mesh After Reading

Solver Processemqual to 1. Then clicktartin or- (1 Do ner showthis petel sgoin

(O Load ACT

der to |au ncmnsygzluent Parallel (Local Machine)

Solver Processes 1

4r O

Solver GPGPUs per Machine ¢

v Show More Options V¥ Show Learning Resources

Start Cancel Help

Figure E1.6. Fluent Launcher

The Ansys Fluenwindow (Fig. E17) is segmented into several menus. On the top ribbon
we can find various tabs, elgle, Domain Physics Solution etc., where all adjusting proper-
ties are collected. Below the top ribbon there i©atline Viewthat include each step of setting
up the simulation, dask Pagevhere we can enter the variables and properties available in
each step of th®utline Tree and the main window where we can observe the domain, simu-
lation progress or results. There is alsGansoleunder the main window a comnand line
that shows the progress of simulation or errors. Here, the user can also enter specific commands

to perform particular tasks.

Wl C:Fuent Parallel Fluent®Grzegorz [3d, dp, pbns, sstkw, single-process] [CFD Solver - Level 2] - =] x
® @ :
Domain ion esul aral sign - D E
esh z0nes Interfaces Model japt surface
s e Ma R 3
v
ot n
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>
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7]
<
w

Mesh

| sae.. |[ chec |[report quaity

| oisploy... || units..

Solver

Type Velocity Formulation | (D
. sed  ® Absolute

Relative P

Figure E1.7. AnsysFluentlayout

106



Part 2. Applications and Practical Guide

Operating theAnsys Fluenwill mainly consist of running down the tree @utline View

and editing parameters and variables in each respd@slePage

A. Setupi General

From theGeneral Task Pag@-ig. E18) choose the following options:

1. MeshY Checki program will report the
results of the mesh check in the conso
Make sure that the minimum volume is n
negative as the calculation cannot begin
this case.

. MeshY Report Qualityi program will re-

Task Page

General

Mesh

(@]

‘ Scale... ’ | Check

‘ '_‘Report Quality:|

| Display.. |[ unis..

Solver

port the results of the mesh quality in th

Type

Velocity Formulation

@ Pressure-Based ® Absolute
console. Values of cell orthogonality ca Density-Based Relative
vary between 0 and 1, where 0 correspo L
to a very poor cell quality. In general, th lTeSteady
minimum orthogonality should not be bg Transient
low 0.01 with the average hee signifi-
cantly larger. il
Figure E1.8. GeneralTask Page
3. Solver TypeY PressureBasedi proper for lowspeed incompressible to higpeed
compressible flows.
4. SolverVelocity Formulation Y Absolutei proper for cases where majority of the do-

main is norrotational.

5. TimeY Steadyi for a steadystate solution.

B. Setupi Models

Task Page <
The purpose of this flow task is to simulate t Sk ‘§’
laminar flow of a liquid, therefore onliscousY |
Laminar should be selected from the list of avail fEV‘u'tiphasgﬁ- off
nergy - ]

ble models. Open theModels Task Page Viscous=laminar

Radiation - Off
(Fig. EL9) by doubleclick the Modelsin the Out- ?;:ziz‘_“g’;gefﬁff

Discrete Phase - Off
Solidification & Melting - Off
Acoustics - Off

Structure - Off

line View Tree Make sure that theaminarmodel

is selected within th¥iscoustab.

Figure E1.9. ModelsTask Page
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C. Setupi Materials
Open theMaterials Task PagéFig. E110) by doubleclick the Materialsin the Outline
View Tree Default materials arair as a fluid andluminumas solid. The presented simulation

is performed for the water therefore it is necessary to create this material. In this purpose click

Cr e at e buEoh visibke at the bottom of thﬂTaskpage
Materials Task Pagéhat launch a new window teri @)
Create/Edit MaterialgFig. E111a). Waterisamay ...
terial that is available in thAnsys Fluent Data- F'"i:r
base Click on theFluent Databasé on the right. " i
In the new window Kluent DatabaseMaterials,
Fig. E111b) find in the list thewaterliquid
(h20<I>). Select this material and confirm wit
Copy. Material was automatically added to a-
terials lists on theMaterials Task PageYou can
close bothFluent DatabaseMaterials and Cre-
ate/Edit Materialswindows. [createa... etet
Figure E1.10. Materials Task Page

Name Material Type

air fluid

Order Materials by
® Name

Fluent Fluid Materials Chemical Formula

air v
> Fluent Database...

+ | |cranTA MDS D.

Chemical Formula

(user-Defined Database...
Properties
Density [ka/m] constant ~ | Edit
1.225
Viscosity [kg/(m s)] constant v | Edit

1.7894e-05

| change/create | | pelete | | close | | Help

| Material Type
fluid

Fluent Fluid Materials [1/565] =

vinyl-trichlor cl3ch2ch)
hloride (ch2ccl2)
(h2o<i>)

(wood_vol) !

* Order Materials by

® Name
Chemical Formula

water-
wood-v
Copy Materials from Case... | Delete
Properties
Density [kg/m’]| constant ~ | view.
998.2 I
Cp (Specific Heat) [3/(kg K)]| constant bt v
4182
Thermal Conductivity [W/(m K)] constant v | View.
0.6
Viscosty [kg/(m s)] constant v || View.
0.001003

sov) [cors) (T3 (o)

New... | | Edit

Figure E1.11. Adding a new material from thHeluent Database

D. Setupi Cell Zone Conditions

Open theCell Zone Conditions Task PagEig. E112a) by doublelick the Cell Zone
Conditionsin theOutline View TreeFrom theZonelist selectpipeand clickE d i n & new
Fluid window (Fig. E112b) the default material is the air. ChangeNtegerial Namefor the

waterliquid by selecting it from the dropdown list and confirm wipply button. The rest

setting left without change and close Hiaid window.
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Task Page B Fuid x
= | Zone Name
Cell Zone Conditions ‘ O |
— pipe
Zone Filter Text ‘.?| ‘_;| Material Name| air v | |}Edit...|
e water-li uid [
pipe Frame Mot .~ . k ‘Source Terms
Mesh Motion Fixed Values
Phase e D Porous Zone
mixture ¥ || fluid v fil2 Reference Frame mbe: al Multip
|' Edit... ‘ {Copy_‘_ | |vProﬁ|e5,,, ‘ Rotation-Axis Origin Rotation-Axis Direction
( i X [m X
| Parameters... ‘ T T tml'o v 2 v
—_— |»0perat|ng Condmons...‘ Ymla v || ¥[o -
[Dlsplay Mesh... ‘
- Z[mlo v |[Z]1 .
Porous Formulation
fi Velocity - O
m ‘ Close‘ ‘ Help‘

Figure E1.12. Setup of theCell Zone Conditions

E. Setupi BoundaryConditions

Open theBoundary Conditions Task PagEig. E113a) by doublelick the Boundary
Conditionsin theOutline View TreeOn theZonelist there are sections that were created in the
Ansys Meshingi.e. inlet, outletandwall. Also, theinterior-pipe zone was created automati-
cally. For eactZoneit is necessary to define a proper type of a boundary condition. Zoam

list select thewvall name and make sure that the type of boundary condition is setWpllas
(Fig. E113b).

Task Page Task Page
Boundary Conditions I @ | Boundary Conditions I @ |
Zone |Filter Text | ‘_= | Zone |Filter Text N ‘_=|
inlet inlet
interior-pipe interior-pipe
outlet outlet
wall wall
Phase Type D
Phase Type D i \
mixture ¥ lwall >l 7
nixture ¥ 4 -
ALilA 1 — mass-flow-outlet & :
T | (T ‘ Edit... outflow files... |
Edit... ‘lCOpy... I ‘ Profiles... | ———————— gutlet-vent ‘
‘#| = ‘ Parameters overset it |
arameters... | ) — _field itions...
——————— | Operating Conditions... ; freagla le T
‘—’ | P g | ‘.DISP|BY Mesl pressure-inlet
| Display Mesh...| pressure-outlet tions...
Periodic Conditions... symmetry :
—— velocity-inlet lls... ‘
|Perforated Wwalls... ‘ 1 F

Figure E1.13.Boundary ConditiorTask Page and definition of the boundary condition type

With the same procedure set up the remaining boundary conditions as:

1. for theinterior-pipez o n e

ivteribr lb@undary condition,

2. for theoutletz o n e pPressuteautlet boundary condition,
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3. for theinlet z o n e  Velodityindet boundary condition. We also need to enter the
velocity of the fluid at the pipe entrance. In this purpose &icki @né in theVelocity
Inlet dialog box (Fig. E1L4) enter th&/elocity Magnitude [m/sgsw = 0.001005 [m/s]
This value was calculated from the Reynolds number definition for the specified in the
example values of the Reynolds number, pipe diameter and water properties (density

and viscosity, Fig. E11).

. Velocity Inlet X
Zone Name
inlet
Momentum Thermal Radiation Species DPM Multiphase Potential Structure
Velocity Specification Method Magnitude, Normal to Boundary b
Reference Frame Absolute 4
Velocity Magnitude [m/s](0.001005 Q-
Supersonic/Initial Gauge Pressure [Pa] g v
m ‘ Close‘ 1 Help|

Figure E1.14. Velocity Inletdialog box

F. SolutionT Methods
Open theSolutionMethods Task Pag@-ig. EL115) by doubleclick the Methodsin the

Outline View TreeEnsure that the options withif rask page
this page are set up as: Sokatiet Mcthads ;@]
1. SchemeY COUp'E‘d Pressure-Velocity Coupling
. Scheme
2. Flux TypeY Auto Select Coupled .
3. GradientY Least Squares Cell Based EAde Iype
. Rhie-Chow: momentum based ¥ v Auto Select
4. PressureY SecondOrder, e
patial Discretization
5. MomentumY Second Order Upwind S
Least Squares Cell Based ..
6. Other options are disabled. Pressure
Second Order v
Figure E1.15. Solution MethodFask Page | Mome™™ _
Second Order Upwind o

G. Solutioni Monitors
Expand theMonitorstab in theOutline View Tredby c |l i cki ng fApl uso i
of this tab. Then open tHeesidual Monitorglialog box (Fig. E1L6) by doubleclick the Re-
sidualin the Outline View TreeMake sure that all equations are monitored and their conver-
gence is checked, as it is shown in the Figl&1Set allAbsolute Criteriaas 1e13 and close

the window by clicking OK.
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B8 Residual Monitors X
Options Equations
V| Print to Console Residual Monitor Check Convergence Absolute Criteria
V! Plot continuity v v 1e-13
| Curves... ” Axes... ‘ x-velocity v v le-13
Tterations to Plot y-velocity v v 1le-13
£000 B z-velocity v v le-13
Tterations to Store
1000 o
Convergence Conditions...
Show Advanced Options
B3 (vt (conce] e
Figure E1.16. Residual Monitorslialog box
H. SolutionT Initialization
Open theSolution Initialization Task Pagq rask page
(Fig. E117a) by doublelick the Initialization in | ¢, tion mitialization @)
the Outline View TreeHere, the user can cho09g mitiaization Methods
between two types of initialization: il it
Standard Initialization
1. Hybrid InitializationT provides a quick ap-{ * ~
‘_More Settings...| |_Initia|ize_|
proximation of the flow field by solving La- ==
‘atcn...
pl acebs equation t
Reset DPM Sources Reset LWF Reset Statistics
pressure fields.
e e . Task P.
2. Standard Initializatiori sets all mesh cellg = %
Solution Tnitialization @)

to a single starting value. The user shol
enter values of parameters that are closq
the final solutions in order to help the soll
tion converge faster. The optio@®mpute
from inlet takes inlet conditions that wa
defined in the boundary conditions tab ai
applies them to the whole mesh as a start
guess.
In this example we use tistandard Initializa-
tion with enabledCompute from inledption (Fig.
E117b). After selecting the initialization tech

nique, clickinitialize button.

Figure E1.17. Solution InitializationTask Page

Initialization Methods
Hybrid Initialization
® ' Standard Initialization
Compute from
inlet v
Reference Frame
@ Relative to Cell Zone
Absolute

Initial Values
Gauge Pressure [Pa]
0
X Velocity [m/s]

0

Y Velocity [m/s]
0

Z Velocity [m/s]
0.001005

liInitiaIize" |@’ Patch...
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Example 1. Modelling of Laminar Flow of Newtonian Fluid in a Pipe

I. Solutioni Run Calculation

Open theRun Calculation Task Pag&ig. E118) by doubleclick theRun Calculatiorin
theOutline View TreeBefore run calculation press tBeh e ¢ k

rything was set up cor r ec Ndrgcommérmationgchmake latd

this time | t hat means t he

iilHos ® thake sure eve-

Set theNumber of Iterationsis 200 and click
Calculate During the calculations in the main win
dow you will see th&caled Residual®r each of
the equation parameters (in this caeatinuity, x-
velocity, y-velocity, z-velocity) as in Fig. EN9.
The solution will be stopped Bynsys Fluenivhen
all residuals reach their specified values (here
13) or after 200 iterations. After complete the itqg
ation you will see the dialog box with the info

ma t i Galoulation complete .

setup is good.
Task Page <
Run Calculation ‘Q|

‘ Check Case... Update Dynamic Mesh...
Parameters

Number of Iterations Reporting Interval

0 <Jil 1 =

Profile Update Interval
1

4

Solution Processing
Statistics

Data Sampling for Steady Statistics

\ Data File Quantities... [

Solution Advancement

‘ Calculate ‘

Figure E1.18.Run CalculationTask Page

Residuals

continuity
x-velocity 1e+00

y-velocity

z-velocity 1e-02

1e-04

1e-06

vl

1e-08

1e-10

n Calculation complete.

1e-18 T T T

1e-12

1e-14

1e-16

. Scaled Residuals

Ansys

2021R2
STUDENT

X

o

20 40 60

80 100 120 140 160 180 200

Iterations

Figure E1.19. Residuals for the converged solution

get

Since the solution in the above example is convergent we can start displaying the results.

It can be done in botAnsys FluenandCFD Postprograms. Here we will use tiasys Fluent
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1.6.Results

In this example as a results we will show cof & cereus

Contour Name
tours and profiles of fluid velocity. In order to crg «
ate contours of velocity doubtdick the Contours | o vses

in the Outline View TreeA Contoursdialog box | = comourunes

v! Global Range

will open (Fig. E120). The contours of velocity

will be presented at three locations: at the inlet, @ °
let and in the mieplane of the pipe. Two of then|*™

® Smooth

(inlet and outlet) are visible in th@ontoursdialog

\Cobrl\]a p Options... ‘

box Surfacedist. The midplane has to be created

Figure E1.20. Contoursdialog box

V! Auto Range Surfaces |Filter Text

Options Contours of
V! Filled Velocity... v

Velocity Magnitude sl
v Boundary Values
Min N

inlet
outlet
wall

Display State

None v ‘Use Active] "Hew Surface

]‘ Compute ; {Ck)se‘ ‘El

In this purpose from th€ontoursdialog box choosélew
SurfaceY P | a nAePtane Surfaceialog box will open. Here
enter the following settings (Fig. 1.):

1. New Surface Namé mid-plane

2. MethodY YZ Plane

3. XY 0,

4. Surfacesy 1,
and confirm by clickingCreate Note that during creation o

the new plane its shaded view is visible in the main windov

Figure E1.21. Contoursdialog box

B8 Plane Surface X

New Surface Name
mid-plane
Method
YZ Plane ¥

X [m] —
0 Select with Mouse

Surfaces
1

4

[Reset|

= (cose | (e

After complete this operation a new plane will appear orStimeacedist. Come back to

the Contoursdialog box and enter the following settings:
1. Contoursoff Ve | o cYi \telpaity Magnitude
2. SurfacesyY mid-plane
3. ColoringY Smooth

4. Options such aBilled, Node ValuesBoundary ValuesGlobal Range and Auto Range

should be enabled.

Click Save/Displaybutton. A created contours of magnitude velocity in a-pi&he will

appear in the main window. You can set up the proper view usirfgaiheertoolbar (rotate,

pan, zoom options) or by clicking directly on the axes visible in the right bottom corner of main

window. In a similar way create contours of magnitude velocity at the inlet and outlet surfaces.

All these results are presented in Fig.221
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contour-1

Velocity Magnitude  M]jCl -plane

1.72e-08

1.5%-08
13803
1.21e-(8 —

;:T::j Inlet: Outlet;
6.89%-04
5.16e-04
3.44e04
1.72e-04
0.00e+00

Figure E1.22. Contoursof fluid velocity magnitude in the miglane, at the inflow and outflow surfaces

[m's]

In order to create profiles of velocity douldkck the XY Plotin the Outline View Tree
A Solution XY Plotialog box will open. The profiles of velocity will be presented along the
diameter of the pipe at three locations starting from the inlet: 0.5 m, 2.5 m and 4.5 m. They
have to be created by choosiNgw Surfac&/ L i n e / RdikedRéke Surfacdialog box
will open. Here enter the following settings (Fig.ZE3a):

1. New Surface Namé line-0.5,

2. TypeY Rake

3. Number of Pointy¥ 25,

4. End PointsY x0[m]=0, y0[m]=10.25 z0[m]=0.5,

x1[m]=0, yl[m]=0.25 z1[m]=0.5,

and confirm by clickingCreate In analogous way create twe@maining lines with the settings
showed in Figs. E23b, c.

BB Line/Rake Surface X BB Line/Rake Surface X BB Line/Rake Surface X
New Surface Name New Surface Name New Surface Name
line-0.5 line-2.5 line-4.5
Options Number of Points | | Options Number of Points| | Options Number of Points
Line Type 25 S Line Type 25 S Line Type 25 =
Reset| Roke S Reset Rake = Reset| Roke S
End Points End Points End Points
x0[m] 0 x1 [m] 0 x0 [m] 0 xt [m] 0 x0[m] 0 x1 [m] 0
y0 [m] -0.25 y1[m] 0.25 y0 [m] -0.25 y1 [m] 0.25 y0 [m] -0.25 y1[m] 0.25
z0 [m] 0.5 z1 [m] 0.5 z0 [m] 2.5 z1 [m] 2.5 20 [m] 4.5 z1 [m] 4.5
|Select Points with Mouse| ‘Select Points with Mousel |Select Points with Mousel
B2 (o) ) . |CERICES B0 (o) )

Figure E1.23. Settingsof the three line locations neededd¥ Plotcreation

After complete this operation new lines will appear on3begacedist. Come back to the
Solution XY Plotlialog box and enter the following settings (Fig.Z2):

1. Plot DirectionY X=0,Y=1,Z=0.

2. Y Axis FunctiorY V e | o cYi \elpaity Magnitude

3. X Axis FunctiorlY Direction Vector
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4. Surfacesy line-0.5, line2.5, line4.5(in order to select multiple objects press and hold
Ctrl while you click on them
5. Options such allode ValuesPosition on X Axishould be enabled.
Confirm by clickingSave/Plotand close the window. As a result, in the main window you will
see the graph with profiles of velocity magnitude along the diameter in three subsequent loca-
tions (Fig. E125).

B8 solution XY Plot X
XY Plot Name
xy-plot-1
Options Plot Direction Y Axis Function
¥! Node Values X0 Velocity... »
V! Positi X Axi Y1
o N Velocity Magnitude v
Position on Y Axis zo ;
Write to File X fods Fanction

Order Points Direction Vector v

=1 (=) (=2 Surfaces |Filter Text
File Data [0/0] FE) 15—,
[Load File...| inlet -
——  |line-0.5
Free Data | [INE25 I
line-4.5
mid-plane
outlet
nine

‘ New Surface ‘

‘:Axes...“ ‘:Curves...‘ ‘:Close:‘ ‘E‘

Figure E1.24. Settings in th&olution XY Plotialog box

. line-0.5

= line25
1.80e-03 —

line-4.5

1.60e-03 —

1.40e-03 — e .

1.20e-03 —

1.00e-03 —

Velocity 1 . .
Magnitude 8.00e-04 —
[m/s]
6.00e-04 — M

4.00e-04 —

2.00e-04 —

0.00e+00

-0.25 -0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2 0.25
Position [m]

Figure E1.25. Profiles of velocity magnitude along the pipe diameter in three locations
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2.1.Introduction and Objectives

In the previous example we said that internal flows are widespread in all industries and we
analysed a simple laminar flow through a pipe. However, most flows encountered in engineer-
ing practice are turbulent. Turbulent flow, instead of laminar one, dateBomv in parallel
layers but is characterized by random, irregular (chaotic) and rapid movement of particles of
the fluid and, consequently, a significant variation of the flow propentiggace and time. One
of the advantage of the turbulent flow ighily efficient mixing of the fluid. On the other hand,
it is much more complex than the laminar flow, thus the equations derived for the laminar flow
are not sufficient to describe its random nature. In the case of the turbulent flow problem, the
system bequations is supplemented with-called turbulence model. In this example we will
consider the turbulent flow (Re = 10 000) of a Newtonian fluid (water) through a pipe with the
same dimensions as in exercise 1.

The main objectives of this exercise are as follows:

T simulations for the existing geometry of the computational domain and numerical mesh,

T illustrate the setup of the turbulent fluid flow simulation,

T visualization of result$ contours and profiles of fluid velocity, contours of properties

connected with turbulence.

2.2 Problem Description

Details of the analysed flow problem are shown in Figuré&.E2

Direction of <
the flow of the . Re=10 000
water \
| D=05m
1
Inlet ’ Outlet

A
v

Figure E2.1. Problem description

2.3.Geometry and Mesh

Geometry and mesh representing the flow domain in this example are the same like in the
previous example. Therefore, to prepare them follow the steps described in the following sec-
tions of Example 11.3. Geometryand1.4. Meshlf you already did the first example you can

use now the mesh that was generated earlier, for example by creatougptieetors between
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the Meshcell from the module of the previous example andSbripcell from the module of

the present example, as it is shown in the Fig2 E2

v A N B v A b B
2 Geometry v 4 2 @ Geometry Wy 2 Geometry v 4 2 @ Setup &4
O N TN e | [ 1 i T ®
4 @ setup i 4 Transfer A3 4 4 @ setup i 4| @ Resuts P
5 6{3 Solution v 4 5 Qﬁ S n T4 5 S[j Solution v 4 Example 2
6 @ Results v 4 6 @ Results Ea 6 @ Results 4

Example 1 Example 2 Example 1

Figure E2.2. Connectors betwedvieshcell of Example 1 an&etupcell of Example 2.

2.4.Simulations

In general, the flow task presented in this example is very similar to that analysed in the
Example 1. The only difference is that previously we examined the laminar flow, while now
we have the turbulent flow of the water in the pipe since the Reynoldsemwmas increased
from Re= 500 toRe= 10 000. From this reason most of the settings withirAtigys Fluent
will not change and therefore they will not be repeated in details within this section. The user
is obligated to check carefully all the settirfgsm this example by comparing them to the
settings of the Exercise 1. All the new settings will be described with details.

In order to perform numerical simulations, openAmsys FluentEnsure that thBouble
PrecisionandDisplay Mesh After Readirgye enabled and ti&olver Processeas set up as 1.

Run down theDutline View Tredo edit subsequent parameters and variables:

A. Setupi General
1. MeshY Check
2. MeshY Report Quality
3. Solver TypeY PressureBased
4. SolverVelocity Formulation Y Absolute
5. TimeY Steady

B. Setupi Models

Open theModels Task Pagby doubleclick the Modelsin the Outline View TreeNext

doubleclick onViscousmodel from the list of available models. A new dialog box will open,
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that callViscous ModelFor turbulent flow analysis| & viscous vod x
Model Model Constants
there are several models that approximate the s| - mse cmu

Laminar 0.09
tion. In this example we will use theUturbulence e i

. k-omega (2 eqn) _Epsilon
model. Select thé-epsilon (2 egninodel from the | ranston kiromesa Gean gy
. . . . . Teanstion ST (#'eqn) TKE Prandtl Number
model list inViscous Modetlialog box. The dialog| ' Remets stress 7 an) ;

Scale-Adaptive Simulation (SAS)

Detached Eddy Simulation (DES) TDR Prandt! Number

box will expand showing a new options charactq . coy smuioton ey~ 12

k-epsilon Model
®' Standard
RNG

the default Standard from the Realizable

1 Near-Wall Treatment urbulent Viscosi
k-epsilon Modebroup and choosenhanced Wall | stanera wai runcions =

none v

Scalable Wall Functions Prandt Nambers

Treatmentirom theNearWall TreatmentDo not | - ter-Eaulibrium wall Functions e oy yumber

®' Enhanced Wall Treatment none =
Menter-Lechner

Change the Values MOdeI Conmnts CIICk OK to User-Defined Wall Functions 2R Brandu Nymber

none b

istic for chosen turbulence model (Fig..BR2 Use

User-Defined Functions

Enhanced Wall Treatment Options

accept the model settings and close ‘hgcous

Pressure Gradient Effects

Modeldialog box. options

Curvature Correction
Production Kato-Launder
Production Limiter

Figure E2.3. Viscous Modetlialog box with enabled 3 (cancel [Hep)
k-epsilon model ' _

C. Setupi Materials
Open theMaterials Task Pagand addvaterliquid (h20<I>) to the to theMaterialslists.

D. Setupi Cell Zone Conditions

Open theCell Zone Conditions Task Pagad select thevaterliquid as a process fluid
that flows in thepipezone.

E. Setupi BoundaryConditions
Open theBoundary Conditions Task Paged set up the boundary conditions asvrsl
for the outer cylindricalall zone, thanterior for theinterior-pipe zone, thepressureoutlet
for theoutletzone and theelocityinlet for theinlet zone. For the last boundary condition enter
theVelocity Magnitude [m/sasw = 0.0201 [m/s]

F. Solution’ Methods
Open theSolutionMethods Task Pagend ensure that the options within this page are set
up the same as in the previous example, Seliremér Coupled Flux TypeY Auto Select
GradientY Least Squares Cell Bas&®fessureY Secondrder, Momentun¥ Second Order

Upwind, and other options are disabled. Note that comparing to the previous example, here also
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the Turbulent Kinetic Energy k, andTurbulent Dissipation Ratgl] are calculated. For both
these parameters select from the dropdown lisSéwond Order Upwindcheme of spatial

discretization.

G. Solutioni Monitors
Open theResidual Monitorglialog box, make sure that all equations are monitored and
their convergence is checked. Then sef\bHolute Criteriaas 1e13. Note that excegbntinu-
ity andvelocity componentsow we can find here al$oandUi parameters that come from the

turbulence model.

H. SolutionT Initialization
Open theSolution Initialization Task Pagand initialize the calculation selecting th&and-

ard Initializationwith enabledCompute from inlebption.

[. Solutioni Run Calculation
Open theRun Calculation Task Pagad examine your setup selectiddn e c k Coa s e é

should see th€ase ChecHialog box with recommendation to considerrdaizable kepsilon
turbulence modehstead oktandardone (Fig. E24). Nevertheless, the analysed flow problem
is quite simple, without complex structures, rotation, separation or recirculation. Therefore, we
do not apply this recommendation. If there are no other recommendations, you c&todeck
in the dialog box and start the calculation by entering 200 iterations. During the calculations in
the main window you will see thecaled Residual®r each of the six equation parameters.
They are presented in Fig. B2

. Case Check X
Mesh Models Boundaries and Cell Zones Materials
Automatic Implementation

Apply Recommendation

2)

v Consider realizable k-epsilon in lieu of the standard k-epsilon turbulence model.
(Models: Edit Viscous)

9 (cosel e

Figure E2.4. Case ChecHialog box with recommendation
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Residuals
continuity
x-velocity 1e+00 —5
y-velocity 1
z-velocity 1e-02
" 3
epsilon 1e-04 —

1e-06 —
1e-08 —

1e-10

te-12 = | B information X

1e-14 “ Calculation complete.

1e-18

0 20 40 60 80 100 120 140 160 180 200
Iterations

Figure E2.5. Residuals for the converged solution

2.5.Results

In this example results will be presented in the same way like previously, as a contours and
profiles of the fluid velocity. However, here also contours of the turbulent kinetic energy and
turbulent dissipation rate will be presented.

Examine section 1.6 in order to create a-pl@he of the pipe and lines representing the
diameter of the pipe at three locations: 0.5 m, 2.5 m and 4.5 m starting from the pipe inlet. The
velocity magnitude contours and profiles results are presentedsnE26 and EZ7, respec-
tively. You can compare these results with the results from the Example 1.

Contours of the turbulent kinetic energy and turbulent dissipation rate were created in the
same way as velocity contours with such difference that i€tmeoursdialog box thelurbu-
| e n ovaséselected instead of thelocitye  ( F i .8)..NexE om the dropdown list first
the Turbulent Kinetic Energy (k)and then th&urbulent Dissipation Rate (epsilomjere se-
lected. They are presented in a pldne Figure E®.

contour-1

Velocity Magnitude Mld - Iane

230e02

207e02
1.84e-02

161e-02
13802

oty Inlet: Outl
9.20e-(38
6.90e-03
4.680e-(3
230e-03
0.00e+00

Figure E2.6. Contoursof fluid velocity magnitude in the miglane, at the inflow and outflow surfaces

[m's]

120



Part 2. Applications and Practical Guide

- line-0.5

- line-2.5

2.50e-02

. line-4.5

2.25e-02

2.00e-02

1.75e-02

1.50e-02

Velpcity 1.25e-02

Magnitude

[m /5] 1.00e-02
7.50e-03

5.00e-03

2.50e-03

[ERTI SUTTE FENTE AT FRUTE FRTE SNWTl SNREl SRR ARAT
°

0.00e+00 T T T T T T T T T u
0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 02 0.25

Position [m]

S
N
w

Figure E2.7. Profiles of velocity magnitude along the pipe diameter in tloegtions

. Contours X
Contour Name
contour-1
Options Contours of
V! Filled Turbulence... b
V| Node Values
u Turbulent Kinetic Energy (k) b
v! Boundary Values = =
R Min [m/s] Max [m/s]
Contour Lines
0 0.02298999

V! Global Range

V! Auto Range Surfaces |Filter Text
Clip to Range

i
X

ED
()
®

inlet
Draw Profiles line-0.5

Draw Mesh line-2.5

Coloring
Banded wall
® Smooth

None

(ampe) () (1)

[Io—| Display State
Colormap Options... ———
e v {Use Activel New Surface ,|

Figure E2.8. Contoursdialog box set up for the contours of the turbulent kinetic energy

contour-1
Turbulent Kinetic Energy (k) [ m*2s*2]

1.13e06 1.60e-06 2.06e-06 2.53e-06 3.00e-06 3.47e06 3.93e-06 4.40e-06 487006 5.34e-06 5.80e-06

\g—ﬁ—

,———_———_——_—_____

contour-1
Turbulent Dissipation Rate (Epsilon) [ m*2s"3 |

I 0

2.73e09 5.51e-08 1.08e-07 1.60e-07 2.12e-07 265807 3.17e07 3.70e07 4.22e-07 4.74e07 5.27e07

Figure E2.9. Contoursof turbulent kinetic energy and turbulent dissipation rate in the pipehaite
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Example 3.Modelling of Taylori Couette Flow for a Newtonian Fluid

3.1.Introduction and Objectives

The viscosityinduced fluid flow that occurs between two parallel walls while orteerh
is moving and the other remains stationary is called Couette flow. Couette flow can also occur
in more complex geometries, for example between two coaxial cylinders. It is important which
cylinder is rotating. If the outer, laminar flow is much motabte. The high rotational fre-
guency of the inner cylinder can disturb the laminar fluid flow by the acting centrifugal force.
Increasing the rotational speed of the inner cylinder leads to an increase in centrifugal forces
that overcome the viscous forclestween the liquid particles. This causes the formation of
toroidal vortices in the space between two cylinders called Taylor vortices. The fluid flow is
then called the TayldoCouette flow, which will be the object of our interest in this example.
The main objectives of this exercise are as follows:

I create 3D geometry of the flow domain from 2D sketch uBixtgudeoption,

T illustrate the setup of the simulation with wall in motioemploying theRotating Wall

boundary condition,

T visualization of results contours of axial and radial components of fluid velocity.

3.2.Problem Description

Details of the analysed flow problem are shown in Figuré&.E3

Outlet

Stator——p

Rotor

Angular velocity of rotor is
q = 0.02 rad/s

Inlet

Figure E3.1. Problem description
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Part 2. Applications and Practical Guide

3.3.Geometry

OpenAnsysDesignModelein order to draw the geometry of the flow domain. In this ex-
ample, we will first draw a twalimensional sketch, which will be then extruded to create
athreedimensional object. In this purpose changeTiee Outlinethat is used to display and
edit all operations done with 3D objects for Bketching Toolboxdkat are used to draw 2D
sketches. This can be done by pressing#etchingab (Fig. E3?).

File Create Concept Tools Units View Help

21HE | & select: *y Bv | ®
W~ W~ f~ Jiv A A~ fv A T
X¥Plane v = | None || </ Generate

Sketching Toolboxes 1

Draw [

"\ Line

£ Tangent Line

& Line by 2 Tangents

A\ Polyline

(=3Polygon

TlRectangle

S Rectangle by 3 Points
Modify v
Dimensions

Constraints

Settings

Sketching | Modeling

Details View L

Figure E3.2. Sketching Toolboxes

Before we start drawing our geometry, we should setup a proper view. The proper view
means a view that is perpendicular to the plane at which we want to draw (an active plane). The
default active plane is alway§YPlaneand the default view is always an isometric view. In
order to setup a perpendicular view click tlmok At Face/Plane/Sketaton that is visible in
the main menu (Fig. E3). When the view is proper, you can come back toSketching
Toolboxeswhere you can find different tabs, suciDaaw, Modify, DimensionsConstraints
andSettingqFig. E33).

File Create Concept Tools Units View Help
& @ Select |y %~ | W @ SH-AAQARQCEH |+ @9 114?
S Lo v fe fv fio AT {Look At Face/Plane/Sketch|

X1 None v 8 || </ Generate FEParameters | @Edrude @Revolve Qo Sweep  § Skin/Loft

S = 3 [Graphics

P ———————————————— ? — — —_—
Draw }1
Modify
Dimensions
Constraints
Settings

T —

Details View ?

Figure E3.3. Basic view on thé®esignModelewindow with enable®&ketchingab
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Example 3. Modelling of Taylb€ouette Flow for a Newtonian Fluid

In the first step of drawing make sure thato Constraint®ptions are enabled (Fig. B3.

It is important since they allow new sketch entities to automatically sraapadicular location

or orientation. Choos8ketching Toolboxeé ConstraintsY Auto Constraintand if they are

disabled select botlglobalandCursoroptions.

Sketching Toolboxes

Draw
Modify
Dimensions
Constraints

3 Coincident
== Midpoint

% Symmetry

77 Parallel

@ Concentric
7\=Equal Radius
X Equal Length
«Z*Equal Distance

o Auto Constraints

Settings

Global: ¥ Cursor: v

Sketching | Modeling |

Figure E3.4.Auto Constraints

Now go to theDraw tab and seled€ircle. Move the cursor to th&raphicswindow and

click the point where two axes intersect (the origin of the coordinate system). Make sure you

started drawing exactly atthispoint hi s wi

be

Pon d ied @ teerd nbeya rs ubth

of the axes. Move the cursor away from the centre (but still in the fiegBtaghicswindow)

and click again to finish drawing the geometry (Fig. E3.5a). Do not bother with the dimension

of the circle now we will set all the dimensions in the next step. Now draw the second, larger

circle in the samwvay (Fig. E3.5b).

Figure E3.5. The circles drawn in th&raphicswindow
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Part 2. Applications and Practical Guide

Now set up the dimensions of the circles. In this purpose opebithensionsab and
select theGeneraloption that allows you to measure the diameter of the circles. In order to
measure the diameter of the larger circle click on the edge of this circle, move the cursor away
but still in the field ofGraphicswindow and click again. The dimensi@i was added in the
sketch as well as in thH2etailsviewwindow. In the same way measure the smaller cii2B).(

Now in theDetailsviewwindow enter the proper dimensions of the cir¢l€l = 1 m andD2
= 0.8 m (Fig. E®).

Sketching Toolboxes 4+ Graphics

& Angle

% Semi-Automatic
& Edit

1= Move

[ Animate

08 Display

Sketching | Modeling
Details View
=/ Details of Sketch1

-

Figure E3.-6. The circles dimensioning

After dimensioning, the sketch is complete and can be converted to 3D geometry. To do
this, go back to th&lodelingtab. You can change the view for the isometric one by clicking
on the blue sphere near the coordinate system visible in the right bottom corner (Fég. E3
When you unfold th&XYPlanan Tree Outlineand selecBketchlthe sketch view is highlighted
in yellow in theGraphicswindow. This option is not so important here, but it will be very
important for more complex geometries that are drawseveral sketches. When tBketchl
is selected choose form the top ribbon Extrude(Fig. E37Db). In theDetails Viewwindow
(Fig. E37c), you can set the parametersExtrude option. First clickApply to choose the
Sketchlas a geometry to be extruded. Then enteFibg, Depth (>0)as 2 m. After entering
these options in th&raphicswindow you will see a grey wireframe of the geometry to be
extruded (Fig. EFd). In order to generate the geometry, you have to confirm the operation by
clicking Gereratebutton. If everything was done correctly, you will see a grey 3D geometry in

the Graphicswindow (Fig. E37e). You can closAnsys DesignModeler
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Example 3. Modelling of Taylb€ouette Flow for a Newtonian Fluid

a) C)
. | Details View
[=1| Details of Extrude1
Extrude | Extrude?
Apply | Cancel
L S Operation | Add Material
X Direction Vector None (Normal)

Direction Normal
E)der{"(—‘lty';;e Fixed
| FD1, Depth (>0) | 1m

b) As Thin/Surface? | No
Merge Topology? | Yes

. |-/l Geometry Selection: 1
| M | @Revolve @ Sweep § Skin/Loft ! e e

fle Creste Concegt fooks Unts View Hep
AEE | ou sdect " Ny MERER -0

BB~ A fiv Ar A~ Ao A7
a1 - ok sk -

Figure E3.7. Steps of the 3D geometry creating from theskigtch

3.4.Mesh

Open theAnsysMeshing rename the geometry &ylinder, and set up th&laterial as
Fluid. Next, choose th®leshfrom theTree Outline Ensure thatinthB et a i
Physics Preferencis set asCFD and SolverPreferenceas Fluent and confirm by clicking

Generate MeshThe grid is now coarse, therefore from Trap Menuselect theMeshtab and

the Sizingoption in order to improve the grib.et ai | s

under theDutline Treewith several options to set up. Firstly, you need to defin&tmmetry
(highlighted with yellow background). In this purpose from @mphics Toolbarselect the

b Sizingwihdow with agpear

| s

i Mes

Edgeoption that allows you to select particular edges directly from the geometry. Press and

hold theCtrl button from the keyboard and select four circular edges from the cylindrical ge-

ometry of flow domain. When four edges are selected then click once bio thedectiomext

totheGeometryntheDet ai | s

cel. Confirm your choice byApply. Next change th&ypefor theNumber of Divisionand enter

oSizingb&X.iNa selacgoavill change forApplyCan-

the Number of Divisionsgs 180. Yellow markers appear on the geometry to show 180 equal
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Part 2. Applications and Practical Guide

segments. Regenerate the mesh and examiQe#ty andStatistics The subsequent steps of

mesh generation are presented in FIQ8E3

Details of "Sizing" - Sizing v aox
[=]| Scope
Scoping Method ‘ Geometry Selection
Geometry | No Selection
[=I| Definition
Suppressed No
Type Element Size
Element Size Default (0,12247 m)
[=I| Advanced
Defeature Size | Default (6,1237e-004 m)
Behavior Soft
Growth Rate Default (1,2}
Capture Curvature | No
Capture Proximity |No

Details of "Sizing" - Sizing

[=1| Scope
Scoping Method | Geometry Selection
TR | G
[=/| Definition
Suppressed No
Type Element Size
Element Size Default (0,12247 m)
[=I| Advanced
Defeature Size | Default (6,1237e-004 m)
Behavior Soft
Growth Rate Default (1,2)
Capture Curvature | No
Capture Proximity |No

kb

RROREB® ' = & [ECipboard- [Em
Edge (Ctrl+E)
S\ Select or highlight edges on your
. model. Use the Ctrl button or hold the

mouse button to select multiple edges.

(@ Press F1 for help.

Figure E3.8. Steps of the mesh generation.

—

Details of "Edge Sizing" - Sizing

=

Scope

Scoping Method [ Geometry Selection

Geometry |4 Edges

Definition

Suppressed No

Type Number of Divisions
Number of Divisions | 80

Advanced

Behavior Soft
Growth Rate Default (1,2)

Capture Curvature No

Capture Proximity No

Bias Type No Bias

In the next step create thlamed Selectiorgiving them the following namg§ig. E39):

1. outer cylindrical surface stator,

2. inner cylindrical surfacé rotor,

3. bottom annular surfadeinlet,

4. top annular surfaceoutlet

127




Example 3. Modelling of Taylb€ouette Flow for a Newtonian Fluid

Name v | Se tline |V o
T project*
- (8 Model (H3)
/%@ Geometry
H i @ Cylinder
/[ Materials
B3 Coordinate Systems
- v i Global Coordinate System
&,/ Mesh
. i, |® Edge Sizing
Bl {8 Named Selections
/[0 stator
/T rotor
- y/[0) outlet
o /[0 inlet

Figure E3.9. Named Selection

Save the projeand closeAnsysMeshing

3.5.Simulations

In order to perform numerical simulations, open #resys FluentEnsure thaDisplay

Mesh After Readingption is enabled and ti#olver Processes set up as 1. Run down the

Outline View Tredo edit subsequent parameters and variables:

A. Setupi General
1. MeshY Check
2. MeshY Report Quality

3.UnitsY ensur e

velocityis set up asad/s(Fig. E310),

4. Solver TypeY PressureBased

B8 set units

Quantities
acceleration
angle

t h adangularh| e

revmin N
nucleation-rate
concentration Factor 1
contact-resistance
contact-resistance-vol ¥ offset 0

M vist | [ close | | Help |

4
2
8 x

Units

E A (defaue

deg/s

5. SolverVelocity Formulation Y Absolute

6. TimeY Steady
B. Setupi Models

Figure E3.10. Units settings dialog box

Select theViscousY Laminar model from theModels Task Page

C. Setupi Materials

Open theMaterials Task Pagand addvaterliquid (h20<I>) to the to theMaterialslists.
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Part 2. Applications and Practical Guide

D. Setupi Cell Zone Conditions
Open theCell Zone Conditions Task Pagad select thevaterliquid as a process fluid

that flows in the annular zone (hamedcgnder).

E. Setupi BoundaryConditions

Open theBoundary Conditions Task Pagad firstly set up the boundary conditions as the
Wall for the stator androtor, theinterior for theinterior-cylinder zone, theoutflow for the
outletzone and theelocityinlet for theinlet zone.

In this case, we wilhot definethe velocity of the fluid at the inlet zone, since the rotating
inner cylinder is the only factor that drives the flow. Therefore, things we have to change are
the settings of the rotor.

In this purpose select tletor from theZonelist and pres& d i . tA éewWall dialog box
will open. Set up the following parameters as (Fig1ER

1. Wall Motion Y Moving Wall,

2. Motion Y Relative to Adjacent Cell Zone

3. Motion Y Rotational

4. Speed[rad/sy ent er O0XHrad/syv =
(make sure that before entering value y{=="

already changed the type of motion fro|=—

the defaulfTranslationalfor Rotationa), O o)

Figure E3.11. MovingWall dialog box

5. Shear ConditionY No Slip.

After entering the above setup confirm it by clickiagply and close the window. Note
that in theWall dialog box there is also a possibility to define R@tatiorAxis Originand
Direction (Fig. E311). If you draw the flow domain geometry exactly like in this tutorial, left
these values without change. But if the origin of the rotation axis and/or the rotation axis direc-
tion in your geometry are different, you have to enter the proper values bedetlimo correctly
represent the rotation of the computational domain.

F. Solutioni Methods

Open theSolutionMethods Task Pagend ensure that the options within this page are set
up as:SchemeY Coupled Flux TypeY Auto SelectGradientY Least Squares Cell Based
PressureY SecondOrder, MomentumY Second Order Upwindand other options are disa-
bled.
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Example 3. Modelling of Taylb€ouette Flow for a Newtonian Fluid

G. Solutioni Monitors
Open theResidual Monitorglialog box, make sure that all equations are monitored and
their convergence is checked. Then sefAbHolute Criteriaas 1e7.

H. SolutionT Initialization
Open theSolution Initialization Task Pagend initialize the calculation selecting th&nd-
ard Initializationwith enabledCompute from alkonesoption.

[. Solutioni Run Calculation
Open theRun Calculation Task Pagand examine your setup selectidn e c k Yoa s e é
should see the recommendation about flow specification at the inlet boundary. Nevertheless, as
it was explained, left the default O [m/s] value. If there are no other recommendations, you can
start the calculation by entering 350 iterations. Durimgcticulations in the main window you
will observe theScaled Residualdig. E312) that do not fall as much as in Examples 1 and 2

without moving parts.

Residuals I\nsys

continuity 2021 R2
x-velocity 1e+01 —

- y-velocity 1 STUDENT

z-velocity

1e+00

1e-01 o

16-02 o ,

1e-03

R0 o

1e-04

0 50 100 150 200 250 300 350
Iterations

Figure E3.12. Residuals for the convergedlution

3.6.Results

In this example results will be presented as a contours of the axial and radial fluid velocity
components on the rotor surface and in the gap between the inner and outer cylinders (rotor and
stator). The rotor surface is available on $ugfacedists of Contoursdialog box, but surface
representing the gap between two cylinders (a verticalptaide of the flow domain) have to

be created. To do this examine section 1.6 (Example 1).
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Part 2. Applications and Practical Guide

aof

To create contours of the axial components =y X

Contour Name

fluid velocity open th&€ontoursdialog box and en-| ...

Options Contours of

ter the following settings (EB3): “r velocty.. >

1. Contours ofY Ve |l o cYi Axialé/eloc- Zt”{va' i v
o T e’ EEE

2. SurfacesY s e rfoterartdnew plane that| oo _
you created, here it ane4, colring el

3. ColoringY Smooth o p——

4. Options such asFilled, Node Values tone 7
Global Range and Auto Ranghould be EIEZE (compuce (cos] e
enabled. Figure E3.13. Contours dialog box

Click Save/Displayutton. After checking the results create similar one by choosirijtiial

Velocityfrom the dropdown list. The results are presented in FiguslE3

contour-1 contour-1

Axial Velocity Radial Velocity
0.0014 0.0014
0.0011 0.0011
0.0007 0.0008
0.0003 0.0004
-0.0000 0.0001
-0.0004 -0.0002
-0.0007 -0.0006
-0.0011 -0.0009
-0.0014 -0.0012

[ms] [mis]

Figure E3.14. Contoursof axial and radial velocity components
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Example 4.Modelling of Taylori Couette Flow for a nonNewtonian Fluid

4.1.Introduction and Objectives

The previous examples concerned simulations for water, a liquid that obeys Newton's law
of friction. The viscosity of the Newtonian fluid does not depend on the shear rate, i.e. under
certain pressure and temperature conditions it has a constant valteisTagroup of fluids
for which the relationship of shear stress as a function of shear rate cannot be described by a
simple linear Newton equation. The behaviour of these fluids differs significantly from New-
tonian fluids, therefore they are genera#iferred to as nehewtonian fluids. NorNewtonian
fluids include systems with very different rheological properties and are often used as working
media in industry. They do not obey Newton's law of friction and, unlike Newtonian fluids,
their viscosity stongly depends on the shear rate. The complex rheological properties-of non
Newtonian fluids make the flow task more complicated and difficult to analyse. For such flow
tasks, the system of equations has to be supplemented with an appropriate rheolagital mo
describing the fluid viscosity under certain conditions of pressure, temperature and shear rate.
In this example again we will consider Tayl@Gouette flow, however for a complex rdlew-
tonian fluid. The main objectives are as follows:

I define a new material that is not implemented into the Fluent database of materials,

T illustrate the setup of the ndwewtonian fluid flow simulation,

T visualization of result$ contours of axial and radial components of fluid velocity and

contours of viscosity.

4.2.Problem Description

Details of the analysed flow problem are shown in Figuré.E4

. Two levels of angular velocity are teste

1‘..\ I
qi= 0. 02 rxad8radlsand q
\\_// I.

Outlet

Tested fluid: 0.2% Carbopol Ultrez 30 with
= 5.0 that can be described with Hers¢h
Bulkley model with the following values of rh¢
ological parameters:

Stator ————

Rotor

- 1 Consistency Index,%10.7 Pa$
A k 1 Powetrlaw Index, n= 0.459
Inlet T Yield Str eg=slo6mPar ¢
DDR::OI'Smm | Critical Shear Ratg =3.761 &

Figure E4.1. Problemdescription

<
%

Y
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Part 2. Applications and Practical Guide

4.3.Geometry and Mesh
Geometry and mesh representing the flow domain in this example are the same like in the
Example 3. Therefore, to prepare them follow the steps described in the Example 3. You can

also use the previously generaggbmetry/mesh in this Example.

4.4.Simulations

Most of the settings in this example are the same like in the previous one, therefore they
will not be repeated here. In this part of the tutorial only the differences between settings within
these twoexamples are described. The user is therefore obligated to verify the remaining set-

tings with the previous instructions.

A. Setupi Materials
The present simulation will be carried out for a new material that is not availableRéms
Database Therefore, the user has to introduce it into the software. According Rrabéem
Description a new material is a 0.2% Carbopol Ultrez 30 with pH = 5.0 that is a highty non
Newtonian microgel which can be described with the HergBuditley model. In order to add
this liquid into theAnsys Fluenbpen theVia-

[ Create/Edit Materials X
. Name Material Type Order Materials by
terials Task Pageand press<Cr e at e /[« "1 tame

Chemical Formula Fluent Fluid Materials Chemical Formula

water-liquid (h20<I>) |  Fluent Datab:
juent Database.

button. In theCreate/Edit Materialsdialog

+  |6RANTA MDS Database

|user-Defined Database

box (Fig. E42) enter the name of a new mg propertes

Density [ka/m’] constant v | Edit.

998.2

terial ascarbopoland remove th€hemical

Viscosity [kg/(m )] herschel-bulkley v |edit...

Formula (left this place blank). Next from

the Viscositydropdown list select thaer-

schelbulkleymodel.

Figure E4.2. Entering of a nofNewtonian material to thilaterialslist

W Herschel-Bulkiey X

This will open a new dialog bofFig. E43)  [ue

© Shear Rate Dependent Primary Independent Variable

Shear Rate and Temperature Dependent StrainRate [s~-1]

Count | 100

where you have to enter values of tHer-

Consistency Index, k (kg s*n-2 m™]
10.7 Min 300

schel Bulkley model presented in the dg7.: "™’

Yield Stress Threshold [Pa]
19.6

scription of the problem. After entering val c.c s e Sos

3.761

osity [ke/(m 5)]

vi
/

ues of the rheological parameters cli@2K to

close HerschéBulkley dialog box. Then in

the Create/Edit Materialsdialog box press 3 (o] (e

the Change/Create button.

Figure E4.3. Entering values of the rheological parameters of aMewtonian liquid
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Example 4. Modelling of Taylb€ouette Flow for a neiNewtonian Fluid

A new dialog box wild!@ 0 p €mangeyCredate miktireeand ol | o
Overwrite (name of previous materiah)? ( F i4)g If yolechooseres then a new material
will appear on théaterialslist but at the same time the previous material which was there will
be removed. If you choo$¢o, then both materials, old and a new one will be kept and visible
on theMaterials| i st . I n t hiNsO .e xYeoruc i csareatedHdieMaterialSh e
dialog box.

. Question X

0 Change/Create mixture and Overwrite water-liquid?

=)

Figure E4.4. The last stage of creating a new material inAhsys Fluentode

B. Setupi Cell Zone Conditions

Open theCell Zone Conditions Task Pagad select the new created mateiriahrbopol
as a process fluid that flows in the annular zone.

Remember about other settings within Aresys Fluentonnected with the general setup,
models, boundary conditions, methods and monitors of the solution, initialization. When all the
settings will be ready run the calculation entering 350 iterations. As the iterative process will
be completed check the rétsu

4.5.Results
The angul ar speed of the r ot or002rad/stYoue f i r s

should obtain contours of the axial and radial velocity similar to those presented in.big. E4

contour-1 - - - - contour-1 -
Axial Velocity Radial Velocity
0.0007 0.0001
0.0004 l -0.0000
- 0.0002 I -0.0001
- -0.0001 -0.0002
-0.0003 n -0.0003
L -0.0005 -+ -0.0004
-0.0008 -0.0005
-0.0010 -0.0005
-0.0013 -0.0006

[mis] [mis]

E =

Figure E4.5. Contoursof axial and radial velocity components for a fdewtonian flud, q 1 = 0.02 rad/s
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As you can observe from the analysid—af. E45 in the flow domain there is no Taylor
vortices which were observed in the previous example where as a process fluid the water was
chosen. In contrast to the water, the Carbopol microgel is-&eamonian fluid that is charac-
terized by a very high valud apparent viscosity, especially under the low shear forces. Recall
from theFluid mechanicgourse that viscosity describes the internal friction of a moving fluid.

In other words, it is a measure of a fluid's resistance to flow. In our exaneptetating inner
cylinder is the only one factor that induces the flow. The conclusion is that the entered angular
velocity of the rotor is too low to withstand the viscous forces in Carbopol. Therefore, come
back to theboundary conditiorand enter a new value of the angular velocity of the inner cyl-

i nde r="a5srad/gDo not reinitialize the processWhen you change value of the rotor
angular velocity go directly to theun Calculatiortab and run the calculation again entering
another 350 iteratian A warning will appear that the settings have changed. Confirm this in-

f or mat i o nUsedetingsscihanggs fdi current calculationonlyand ©HK. The ki ng
program will continue calculations starting from the previous result. If you reinitialize the pro-
cess, the old results will be deleted and the simulations will start all over again.

Results of the new simulation performed for the increased value of the angular velocity of
the rotor should reveal Taylor vortices in the Tay@ouette flow occurring between two co-
axial cylinders, as it is shown in Fig. B4Nevertheless, since the rheological properties of the
tested Carbopol microgel are completely different than for water, also the vortices in this flow

task have a different shape.

contour-1 contour-1
Axial Velocity Radial Velocity
-
0.2494 0.2937
0.1872 0.2404 -
0.1250 0.1871 -
-
0.0628 0.1339 -
-
0.0006 0.0806
1 0.0616 0.0273 -
-
-0.1238 -0.0260 -
-
-0.1860 -0.0793 -
-
-0.2482 -0.1326
[mis] [mis]

Figure E4.6. Contoursof axial and radial velocity components for a fidewtonian flud, q 1 = 7.5 rad/s
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Example 5.Modelling of Heat Transfer in a T-Junction of Pipes

5.1.Introduction and Objectives

The concept of heat is relevant to understand in many fields of engineering, including civil,
mechanical and chemical engineering. The heat transfer process (heating and cooling) is an
essential part of many industrial processes and plays a key roleniasuects as for example
material selection, machinery efficiency and chemical reaction kinetics. In general, there are
three distinct mechanisms of heat transfer, i.e. conduction (transfer of energy via solid material
by direct contact, without mixing @ny material), convection (transfer of energy by the bulk
mixing, may be natural or forced) and radiation (e.g. light, infrared or ultraviolet which emanate
from a hot body). In this example we will consider a turbulent heat transfer-jaracfion. In
paticular, we will study the interaction between two liquid streams of water with different
temperatures (convection mechanisms) injanttion of circular crossection. The main ob-
jectives of this exercise are as follows:

i create 3D geometry of the flow domain from 2D sketches located in different planes,

T illustrate the setup of the simulation with heat transfer between two stredefising

the temperature of the liquid streams,
T visualization of results contours of fluid velocity and temperature, mean value of tem-

perature at the outflow.

5.2.Problem Description

Details of the analysed flow problem are shown in Figur&.E5

Inlet 2 d=0.3m
“—>

Water
T=283K
Re=50000 ( W/ N
A
h=0.6m
R Y S D=05m
l/r\llletl ‘ i Outlet
ater ’,
T=353K —= :
Re= 50 000  1=0.3m:

v

Figure E5.1. Problem description
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5.3.Geometry

OpenAnsysDesignModeleiin order to draw the geometry of the flow domain and go to
the Sketching Toolboxesnce we will draw a 2D sketch first. Make sure thato Constraints
options are enabled and setup a proper view by clidkiodx At Face/Plane/Sketaton from
the top ribbon. From thBraw ToolboxselectCircle and draw a circle starting in the origin of
the coordinate system. Then measure the diameter of this geometry usheménalor Diam-

eterdimension and set the value as 0.5 m (Fig2E5

Sketching Toolboxes
Draw
“\ Line
& Tangent Line
6 Line by 2 Tangents
A\ Polyline
(=3Polygon
[1Rectangle
{Rectangle by 3 Points
Modify
Dimensions
Constraints
Settings

Sketching | Modeling |

[=1| Details of Sketch1

Sketch

Sketch1

Sketch Visibility

Show Sketch

Show Constraints?

No

|-/ Dimensions: 1

[-)| Edges: 1

Full Circle

[er7

Figure E5.2. First circle drawn in th&XYPlanewith its dimensioning

This circle is a base of the first pipe with bigger ¢
ameter and it was drawn in the defadPlane The
steps of drawing the second circle with smaller diame
are analogous, however it is perpendicular to the fi
one, therefore it has to be drawn in other plane. In o
to change the plane, move the cursor in the area orj
top ribbon where thective plane is indicated and fron
the dropdown list select thXPlane(Fig. ES3).

File Create Concept Tools Units

AEHE | & || Dundo 2r

W~ W~ A~ /S~ S~ A 4

- XYPlane

XYPlane v 3| Sketcht

YZPlane Draw

Figure E5.3. Changing the plane
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/\ Polyline

(=3Polygon
["1Rectangle
{“Rectangle by 3 Points
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Example 5. Modelling of Heat Transfer in allinction of Pipes

After changing the plane, the first circle will disappear fromGhaphicswindow. It does

not mean that it was removed, it is just not visil Tree Outline 1
B @ | e

in this view. If you want to make the first circle vi§ 5,3 X¥Plane
] _ L, 8
ible go to theModelingtab, select th&ketchXrom bz B ZXPlane 184 Always Show Sketch

. . : YZPI Hide Sketch
theTreeOutline cl i ck t he RAUB :é: il [,g e
ways Show Sketth opt i on. | t W 23, Show Dependencies t ¢ h
always visible, even if you will change the activ X Delete

T/’ Generate (F5)

plane. Remember that in this way it is possible db Rename (F2)

see all of the noactive geometries, but you cann

modify them. Any modifications are available fg Sketching wodeiing |

active planes and sketches only. Figure E5.4. Always Show Sketaiption
If you did the operations described above the program automatically changed the active

plane forXY since exactly there the first circle was drawn. Therefore, again change the plane

for ZX and press theook At Face/Plane/Sketaton 2 . Then from thédraw Toolboxselect
theCircle and draw it. Please note that although the first circle started in the origin of the coor-
dinate system, this is not the case for the smaller circle. It does not start in the origin of the
coordinate system therefore draw it in such a way that the certtre oifcle will lie on theX

axis but at the same time it will be moved away from Zhexis by a certain distance
(Fig. E5.5a). Now measure diameter of the circle and then move it in a proper position. In order
to move the circle, measure the distanoenftheZ axis to the circle centre. From tBémen-

sions Toolboxselect theHorizontaltool and click with the LMB on the circle centre (it will be
highlighted with yellow colour), then click on th&axis, and then in any free place of the
Graphicswindow that is moved by a certain distance from your geometry, i.e. in the place
where you want to drop a dimension line (Fig.38). In theDetails Viewwindow enter the
proper values of measured distances, i.e. 0.3 m for the diameter and 0.3 m for thedhorizont

distance. Your 2D sketch is ready.

Figure E5.5. Drawing the second circle with its dimensioning

138



Part 2. Applications and Practical Guide

You can check the view of the 2D geometry (Fig.@tBy clicking the isometric view

(blue sphere in the right bottom corner).

Figure E5.6. View of the 2D geometry

When 2D sketch is ready launch tdedelingtab in order to create 3D geometry. To do
this useExtrudeoption described ikExample 3Here you have to ugextrudetwice, separately
for each pipe in Junction. According to théroblem Descriptiorthe bigger pipe has to be
extruded for 1 m, while the smaller one for 0.6 m. The view of final 3D geometry is shown in

Fig. ER7. You can closénsys DesignModeler

Figure E5.7. 3D geometry representing the flow domain
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