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Overview

Welcome!
A This document contains the lectures for the Computational Fluid

Dynamics (ENGS 150) class that | taught at the Thayer School of
Engineering at Dartmouth College from 2002-2006.

A These lectures are provided i at no charge - for educational and
training purposes only.

A You are welcome to include parts of these lectures in your own
lectures, courses, or trainings, provided that you include this

reference:
Bakker A. (2008) Lectures on Applied Computational

Fluid Dynamics. www.bakker.orqg.



http://www.bakker.org/

About the author

Al received my Doctorate in Applied Physics from Delft University of
Technology in the Netherlands in 1992. In addition, | obtained an
MBA in Technology Management from the University of Phoenix.
From 1991 to 1998 | worked at Chemineer Inc., a leading
manufacturer of fluid mixing equipment. In 1998 | joined Fluent
Inc., the leading developer of computational fluid dynamics
software. Since 2006 | have been with ANSYS, Inc.

A You can find me on the Web:
I LinkedIn: https://lwww.linkedin.com/in/andre-bakker-75384463
I ResearchGate: https://www.researchgate.net/profile/Andre Bakker
I Personal web page: www.bakker.org

André Bakker
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Course materials

A This class uses the book An introduction to

Computational Fluid Dynamics: The Finite pgms
Volume Method by Versteeg and T Finke oameethos
Malalasekera, Longman Scientific &

Technical.

A It also uses the Multimedia Fluid Mechanics
CD-ROM by Homsy et al., Cambridge
University Press.

A These lectures contain some materials from
that book and the CD-ROM.

Al therefore recommend that users of these
lectures purchase those.

A Additional references used in these lectures
are provided below.




Additional recommended reading

A A classic: Album of Fluid Motion by Milton
Van Dyke (1982) showcases photographs of
many different flow fields. These lectures also
Include photographs from this book.

A Turbulent Flows by Stephen B. Pope (2000)
provides a comprehensive, mathematical,
overview of the theory of turbulent flows.

'\» Turbulent

Flows
Stephen B. Pope
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Student Projects (1/3)

A Students completed projects of their choosing as part of this class
using the CFD software package FLUENT.
A These articles highlight some interesting student projects:

I Bakker A. (2003) vy League CFD Simulations, Fluent Newsletter,
Fall 2003, page 38-309.

I Bakker A. (2005) Having Fun While Studying CFD. Fluent
Newsletter, Summer 2005, page 26-27.
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academic news

\Vy League  CFD Simulations

By André Bakker, Fluent Inc. and Dartmouth College, Hanover, NH

e Thayer School of Engineering at Dartmouth College has used FLUENT for many years. Until
recently, its primary use was for research and development projects. For the past two years,
however, a graduate class on applied computational fluid dynamics has been offered. The course

covers the fundamentals of CFD, including numerical methods, turbulence models, mesh gener-
ation, and solution strategies. During the class, the students work on a CFD project of their own
choosing. The projects have led to a number of interesting CFD results. Examples include model-
ing the flow through Antarctic firn (compressed snow) layers, heat transfer and phase change in
a Southpole hot water drill used to collect micrometeorites (cosmic dust) at different depths, flow
in a hydrogen-water separator, free surface flow around boat hulls, shallow water modeling on the
continental slope, flow through nozzles, flow in a beaker with a magnetic stirrer, a radial compressor,
and airflow around an America’s Cup yacht.
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Paper Alrplane Competition

Students Kyle Rick and Burkhard Lewerich each fold-
ed a paper airplane, one that is commonly used in American
classrooms and one that rules the sky in the German Schule.
After ive scientific experi ion, they concluded
that the American design flew farther, but its flight was char-
acterized by a destabilizing wobble. The German design,
on the other hand, did not fly quite as far, but had a smooth
and stable glide. What better way to analyze this than by
using FLUENT?! Both designs were meshed in GAMBIT and
flow field calculations were performed with FLUENT for a
number of different angles of attack. From the flow fields
they extracted drag, lift, and the torque on the plane. They
then used this information to extract the flight path of each
design, reproducing the experimentally found results. After
visualizing the flow with pathlines, they found that the addi-
tional flap on the German folded design increased the drag
(resulting in a shorter flight path), but resulted in a differ-
ent vortex structure that stabilized the flight.

ONERA Wing Modeling

Edward Hopkins took a different perspective to study
airplane flight, by modeling the flow around a three-dimen-
sional transonic airfoil, the ONERA M6 wing. He obtained
the mesh from NASA and the experimental data for three
flight conditions from ONERA (The French National
Aerospace Research Establishment). The three conditions were
for a zero-degree angle of attack at Mach numbers of 0.7
and 0.92, and a six-degree angle of attack at Mach 0.93.
The data consisted of pressure tap data along a cross sec-
tion of the wings at different spanwise locations. He calcu-
lated the flow fields using the coupled implicit solver, second
model. FLUENT predictions for the pressure at the upper
pressure taps for one set of conditions were found to be in
very good agreement with data. Through ccintours of den-
sity, the CFD results were also used to illustrate the various
shocks that form at a six-degree angle of attack and a free
stream Mach number of 0.93.

Frisbee® Aerodynamics

An investigation of another type of flying object was per-
formed was performed by Ross Gortner, who modeled the
flow around a Frisbee. Ultimate Frisbee, or simply Ultimate,
is a fairly recent sport with a long history that dates back
to 1871 when the Frisbee Pie Company was founded. Frisbee
pies became popular at Yale, and the students developed
the habit of playing catch with the empty pie tins. Today,
Frisbees are usually made from plastic resins, and the Ultimate
Players Association organizes college tournaments in which
Dartmouth College teams participate. Ross cut a Frisbee in
half so that he would be able to accurately measure the cross-
section. He then built the geometry and mesh in GAMBIT
and modeled the flow with FLUENT. One interesting aspect
of the flow around a Frisbee that was revealed in the sim-
ulation is that a vortex forms on the inside of the rotating
disk. This recirculation zone may serve to enhance the lift.

SAE Formula Racecar Diffuser

A fourth example relates to an exciting application in land
transport. Dlana Martin and Axel Schmidt used FLUENT
to design a new diffuser for the air intake of Dartmouth College’s
formula racecar. Formula racecars adhere to a certain for-
mula involving design guideline parameters. They are open-
wheeled, open-cockpit, single-seat racecars weighing
between 400 and 500 pounds, with an engine less than 600
cubic centimeters in size, and are raced at the annual Formula
SAE (Society of Automotive Engineers) racecar competition
in Detroit. The rules limit the cross-sectional area of the air
intake, so diffusers are used to get the maximum possible
airflow to (and horsepower from) the engine. Using the cou-
pled implicit solver, the students compared systems with three
different diffuser designs to a system with no diffuser, and
selected the system with the highest pressure recovery coef-
ficient. The CFD results, as well as experiments performed
earlier, indicated that using a diffuser is a lot better than not
using one. The flow in the diffuser is choked, with a peak
Mach number of 1.6. Only one diffuser design was successfully
tested experimentally, but using CFD, the students tested
multiple designs and identified the best one. A diffuser for
this year’s car was already built, but the new design may
be used in next year’s model.

Allin all, the CFD course at D: has been
very successful, and the students have shown a great level
of creativity in applying CFD to situations that are not com-
monly studied. =

Baker Library, Dartmouth College
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Contours of Mach number in one of
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choked flow
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Student Projects (3/3)

ACADEMIC NEWS

Having Fun
While Studying CFD

By André Bakker, Fluent Inc. and Dartmouth College, Hanover, NH

T-lE THAYER SCHOOL OF ENGINEERING at Dartmouth College has offered a graduate class on CFD for
several years now. Students learn about the theory behind fluid flow and heat transfer, turbulence modeling,
and numerical methods. The class ends with the students choosing a research topic of their own interest, and
studying it using CFD. A wide range of topics is usually covered in the projects, and highlights from some
recent projects are summarized below.

A sequence of tumor images shows (from left to right) the fluorsscent image,
the outline of the blood vessels, the computational mesh, and the drug
volume fraction afiera period of time has passed

Contours of static
pressure on the surface
of an inhaler equipped
with a spirometer, the
pressure sensor is
shown in red

26 Fluent News - Summer 2005

Drug diffusion in a tumor

Xlaodong Zhou and Rajeev Kumar studied the diffusion of a drug inside a tumar.
Their objective was to develop a model to better understand the physics behind this
type of drug delivery. In order to obtain a realistic model of a tumor, the students took
fluorescent images of a slice of a frozen mouse tumor to determine the locations of the
blood vessels. These images were converted to contour images in MATLAB®. Edges and
wvertex datawere extracted, and imported into GAMBIT, where a 2D mesh of the tumor
cross-section showing the locations of the blood vessels was created. Transient calcu-
lations of the diffusion of the drug from the blood vessels into the solid part of the
tumarwere then performed using FLUENT. Drugs are active chemicals that are not just
absorbed, but consumed because they are bound by the tumorous cells. The ratio
between the rates of consumption and diffusion determine how deep a drug will pen-
etrate into a tumor. It is important that the drug reach all regions of the tumor, and
this process is controlled by preparing the drug in special ways, such as encapsulating
the active drug in very tiny fat particles. This fat-encapsulated drug is absorbed better
and its distribution to the tumor site is improved. Xiaodong and Rajeev developed
user-defined functions (UDFs) for different consumption models and evaluated their
effect on the distribution of the drug in the tumor. They found that realistic results
could be obtained using a first-order model for the drug consumption.

Pressure in an inhaler with a spirometer

Jordan Desroches analyzed a portable spirometer that is integrated into a standard
medication inhaler. Millions of people suffer from asthma and rely on inhalers to dis-
pense their medication. About 25% of them can not tell when they are becoming
short of breath, however, a condition called “low perception of dyspnea.” Spirometers
allow them to assess how well their lungs are working by measuring the maximum vol-
ume of air that they can exhale. The user blows into the inhaler equipped with a
spirometer; a pressure sensor picks up the resultant pressure pulse and determines the
user’s pulmonary status from this data. The inhaler has gills to vent excess pressure
«during exhalation. Jordan was interested in sizing the gills correctly so that the pres-
sure sensor gives an accurate measure of the pressure pulse. This would allow the
measured pressure to be correlated with the exhalation velocity. Furthermore, he
wanted to prevent recirculation zones or other flow features that might result in
inaccuracies in the pressure pulse measurement. Jordan created the geometry in
Pro/ENGINEER, meshed it with GAMBIT, and performed transient simulations of the
pressure at the sensor as a function of the exhalation velocity of the user with FLUENT.
He found that there was a good correlation between the measured pressure and flow
rate. This information can now be used to calibrate the elactronics in the device.

NL 611 - Copyrighe ® 2005 Fluear Inc.

Pathlines illustrate the complex flow inside

and outside of 2 WIFFLE hall in flight

Ol film lines on the surface of the Empire
State Building, colored by the vertical velocity
component show that when the wind blows
from the left, the airvelocity is directed
upwards along portians of the right side of the
building; in some cases, the upward velocity can
be enough to reverse the fall of raindrops

Tracer concentration field in an impinging jet at a Reynolds number of 1600
as a function of time; the image sequence covers a total of 16.2 seconds

HNL 611 - Copyright ® 2005 Fluent Inc
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WIFFLE" ball

John Gagne and Alex Tee were interested in the flow field through and around a WIF-
FLE ball, a hollow plastic ball with several openings, popular for use in outdoor games.
The ball can be thrown with very strong curves when the user gives it the right spin.
This is thought to be due to the aerodynamic phenomena resulting from the flow
through the spinning holes. John and Alex tried several options to model the flow
around the ball. They found that in order to obtain good results they had to use the
sliding mesh model to include the transient phenomena resulting from the rotation of
the holes. A strong circulation flow was found to exist inside the ball, as well as vor-
tices in the wake. The exact nature of the curved path the ball takes when thrown is
most likely due to the interaction between these different vortex structures.

w

Empire State Building

Exchange students from the University of Aachen in Germany Phillp Engelhardt and
Danlel Wichmann wanted to model an American icon: the Empire State Building
(ESB) in New York. According to popular lore, during rainstorms there are windows in
this building where people claim to see raindrops going up instead of down. Philip and
Daniel concluded that CFD offered an excellent way to test this theory. They studied
maps of New York, aerial photographs, and building drawings to create a GAMBIT
model of both the ESB and the closest surrounding buildings. They also studied mete-
orological data to obtain realistic vertical profiles for the local wind velocity. They stud-
ied a variety of wind conditions and raindrop sizes. They concluded that it is indeed
possible for the upward velocity of the wind flowing over the building walls and win-
daws to exceed the falling velocity of raindrops. So, yes, it is possible that one day you
will find yourself looking out over New York and wondering why the rain seems to be
falling up instead of down!

Impinging jet

Arthur Shaw and Robert Haehnel were interested in studying the flow field of
impinging jets, particularly those in the downwash of helicopter blades. For validation
purposes, they studied the spreading rate of a round jet, and also reproduced an
experimental flow visualization study. In the experiment, the flow field of a pulsed jet
at a Reynolds number of 1600 is visualized by means of fluorescent tracers and a laser
sheet, showing the vortex rings that form, interact, and eventually break up. In the
simulation, a tracer species was used to visualize that same flow field. They performed
a detailed comparison between the experimental images and the FLUENT results, and
concluded that all key flow field features were resolved. Satisfied with the results of the
validation study, they studied the dispersion of dust and sand particles in an imping-
ing jet, as it would occur below a helicopter, which is important because it affects the
pilot’s visibility during take-off and landing.

As always, the students were very creative and showed that CFD is not just a practical
engineering tool but can also be fun to use! =

Fluent News - Summer 2005 27



Lecture 1 - Introduction to CFD

Applied Computational Fluid Dynamics

André Bakker

12



1. Introduction to CFD

Fluid dynamics

A Fluid dynamics is the science of fluid motion.

A Fluid flow is commonly studied in one of three ways:
I Experimental fluid dynamics.
I Theoretical fluid dynamics.
I Numerically: computational fluid dynamics (CFD).

A During this course we will focus on obtaining the knowledge
required to be able to solve practical fluid flow problems using
CFD.

A Topics covered today include:
I A brief review of the history of fluid dynamics.
I An introductory overview of CFD.

13



ntroduction to CFD

Antiquity

A Focus on waterworks: aqueducts,
canals, harbors, bathhouses.

A One key figure was Archimedes -
Greece (287-212 BC). He initiated the
fields of static mechanics,
hydrostatics, and pycnometry (how to
measure densities and volumes of
objects).

AOne of Archi medesd i
water screw, which can be used to lift
and transport water and granular
materials.

Images: Homsy et al. [2] 14



1. Introduction to CFD

| eonardo da Vinci - ltaly (1452-1519)

A Leonardo set out to observe all =t
natural phenomena in the visible =
world, recognizing their form and
structure, and describing them
pictorially exactly as they are.

A He planned and supervised canal and
harbor works over a large part of
middle Italy. In France he designed a
canal that connected the Loire and
Saone.

A His contributions to fluid mechanics

are presented in a nine-part treatise

(Del moto e mipthar a d~ - =27
covers the water surface, movement (i
of water, water waves, eddies, falling k-
water, free jets, interference of waves,
and many other newly observed
phenomena.

15



1. Introduction to CFD

LeonardodaVincin A Gl gant il ¢ E X
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1. Introduction to CFD

Isaac Newton - England (1643-1727)

A One of the most important figures in
science.

A Most well-known for his three laws of
motion.

A His key contributions to fluid mechanics
Include:

I The second law: F=m.a.

I The concept of Newtonian viscosity in
which stress and the rate of strain vary
linearly.

I The reciprocity principle: the force applied
upon a stationary object by a moving fluid
Is equal to the change in momentum of the
fluid as it deflects around the front of the
object.

I Relationship between the speed of waves
at a liquid surface and the wavelength.

Images: Homsy et al. [2] 17



1. Introduction to CFD

18th and 19th century

A During this period, significant work was done trying to
mathematically describe the motion of fluids.

A Daniel Bernoulli (1700-1 782) deri ved Bernoul

A Leonhard Euler (1707-1783) proposed the Euler equations, which
describe conservation of momentum for an inviscid fluid, and
conservation of mass. He also proposed the velocity potential
theory.

A Claude Louis Marie Henry Navier (1785-1836) and George Gabriel
Stokes (1819-1903) introduced viscous transport into the Euler
equations, which resulted in the Navier-Stokes equation. This
forms the basis of modern day CFD.

AOt her key figures were Jea-Denke
Poisson, Joseph Louis Lagrange, Jean Louis Marie Poiseuille,
John William Rayleigh, M. Maurice Couette, and Pierre Simon de

Laplace.
18



1. Introduction to CFD

Osborne Reynolds - England (1842-1912)

A Reynolds was a prolific writer who
published almost 70 papers during his
lifetime on a wide variety of science
and engineering related topics.

A He is most well-known for the
Reynolds number, which is the ratio
between inertial and viscous forces in
a fluid. This governs the transition
from laminar to turbulent flow.

AReynol dsé apparatus consisted of a
could flow at different rates, controlled by a valve at the pipe exit. The state
of the flow was visualized by a streak of dye injected at the entrance to the
pipe. The flow rate was monitored by measuring the rate at which the free
surface of the tank fell during draining. The immersion of the pipe in the
tank provided temperature control due to the large thermal mass of the
fluid.

Image: Homsy et al. [2]
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First part of the 20th century

A Much work was done on refining
theories of boundary layers and
turbulence.

A Ludwig Prandtl (1875-1953):
boundary layer theory, the mixing
length concept, compressible flows,
the Prandtl numbers, and more.

A Theodore von Karman (1881-1963)
analyzed what is now known as the
von Karman vortex street.

A Geoffrey Ingram Taylor (1886-1975):
statistical theory of turbulence and the
Taylor microscale.

A Andrey Nikolaevich Kolmogorov
(1903-1987): the Kolmogorov scales
and the universal energy spectrum.

A George Keith Batchelor (1920-2000):
contributions to the theory of
homogeneous turbulence.

1. Introduction to CFD

20



1. Introduction to CFD

Lewis Fry Richardson (1881-1953)

Aln 1922, Lewis Fry Richardson [6] developed the first numerical
weather prediction system.

I Division of space into grid cells and the finite difference
approxi mations of Bjerknes's "pr

I His own attempt to calculate weather for a single eight-hour period
took six weeks and ended in failure.

A His model's enormous calculation requirements led Richardson to
propose a solution -fhaec tcarlyy.ead t h
I The "factory" would have filled a vast stadium with 64,000 people.

I Each one, armed with a mechanical calculator, would perform part of
the calculation.

I Aleader in the center, using colored signal lights and telegraph
communication, would coordinate the forecast.

21



1. Introduction to CFD

1930s to 1950s

A Earliest numerical solution: for flow past a cylinder (1933).
AA. Thom, 6The Flow Past Circular Cy
Society, Al41, pp. 651-666, London, 1933
A Kawaguti obtains a solution for flow around a cylinder, in 1953 by
using a mechanical desk calculator, working 20 hours per week for
18 months.

AM. Kawaguti, ONumerical Solution o
Around a Circular Cylinder at Reyn
Japan, vol. 8, pp. 747-757, 1953.

22



1. Introduction to CFD

1960s and 1970s

A During the 1960s the theoretical division at Los Alamos contributed many
numerical methods that are still in use today, such as the following methods:

I Particle-In-Cell (PIC).

I Marker-and-Cell (MAC).

I Vorticity-Streamfunction Methods.

I Arbitrary Lagrangian-Eulerian (ALE).
I k-eturbulence model.

A During the 1970s a group working under D. Brian Spalding, at Imperial College,
London, develop:

I Parabolic flow codes (GENMIX). e IR

I Vorticity-Streamfunction based codes.

i The SIMPLE algorithm and the TEACH code. ::g;erical

I The form of the k-e equations that are used today. Transfer

i Upwind differencing. ﬁ';‘:v Fll:uigv,

i 6Eddy -lbpéeasknd Opresumed pdf 6l oocimelust

A 1In 1980 Suhas V. Patankar publishes Numerical Heat Transfer and Fluid Flow,
probably the most influential book on CFD to date.

23



1980s and 1990s

1. Introduction to CFD

A Previously, CFD was performed using academic, research and in-
house codes. When one wanted to perform a CFD calculation, one
had to write a program.

A This is the period during which most commercial CFD codes

originated that are available today:

Fluent (UK and US).
Fidap (US).
Polyflow (Belgium).
Phoenix (UK).

Star CD (UK).
Ansys/CFX (UK).
Flow 3d (US).
ESI/CFDRC (US).
SCRYU (Japan).

and more, see www.cfdreview.com.

24



1. Introduction to CFD

What Is computational fluid dynamics?

A Computational fluid dynamics (CFD) is the science of predicting
fluid flow, heat transfer, mass transfer, chemical reactions, and
related phenomena by solving the mathematical equations which
govern these processes using a numerical process.

A The result of CFD analyses is relevant engineering data used in:

I Conceptual studies of new designs.
I Detailed product development.
I Troubleshooting.
I Redesign.
A CFD analysis complements testing and experimentation.
I Reduces the total effort required in the laboratory.

25



1. Introduction to CFD

CED - how 1t works (1/2)

A Analysis begins with a mathematical
model of a physical problem.

A Conservation of matter, momentum,
and energy must be satisfied
throughout the region of interest.

A Fluid properties are modeled
empirically.

A Simplifying assumptions are made in
order to make the problem tractable
(e.g., steady-state, incompressible,
Inviscid, two-dimensional). Domain for bottle filling

A Provide appropriate initial and provlem.
boundary conditions for the problem.

Filling
Nozzle

26



1. Introduction to CFD

CED - how 1t works (2/2)

A CFD applies numerical methods (called
discretization) to develop approximations of
the governing equations of fluid mechanics in
the fluid region of interest. s

I Governing differential equations: algebraic. il

i The collection of cells is called the grid. — @l

i The set of algebraic equations are solved iy
numerically (on a computer) for the flow field 111, nmmEE
variables at each node or cell. 1 Ay

I System of equations are solved :53; H
simultaneously to provide solution. L1 gyt

A The solution is post-processed to extract

guantities of interest (e.qg., lift, drag, torque, Mesh for bottle filling
heat transfer, separation, pressure loss, etc.). problem.

H_\'L
e
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1. Introduction to CFD

Discretization

A Domain is discretized into a finite set of control volumes
or cel |l s. The discreti zed domalil

A General conservation (transport) equations for mass, momentum,
energy, etc., are discretized into algebraic equations.

A All equations are solved to render flow field.

. - .. o~ ..
Hw av +¢y ¥ @A =f{Df @A +i5.dV
N \% A A \

J J . ~ J \ Y )
unsteady  convection diffusion  generation

Fluid region of
pipe flow
discretized into
finite set of control
volumes (mesh).

control
volume

Ean.
continuity

X-mom.
y-mom.
energy

o< C I
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1. Introduction to CFD

Design and create the grid

A Should you use a quad/hex grid, a tri/tet grid, a hybrid grid, or a
non-conformal grid?

A What degree of grid resolution is required in each region of the
domain?

A How many cells are required for the problem?
A Will you use adaption to add resolution?
A Do you have sufficient computer memory?

tetrahedron pyramid .
triangle

£]..) hexahedron prism or wedge

guadrilateral

29



1. Introduction to CFD

Tri/tet vs. guad/hex meshes

A For simple geometries, quad/hex

: ?ﬂ!ﬂdﬂ!‘ﬂﬂ!ﬁtﬂ!‘!
T

O T

?E
A
I

i
il

meshes can provide high-quality
solutions with fewer cells than a
comparable tri/tet mesh.

A For complex geometries,
guad/hex meshes show no
numerical advantage, and you

30

can save meshing effort by using

a tri/tet mesh.



Hybrid mesh example

A Valve port grid.

A Specific regions can be meshed
with different cell types.

A Both efficiency and accuracy are
enhanced relative to a hexahedral
or tetrahedral mesh alone.

tet mesh

.

Hybrid mesh for an
IC engine valve port

1. Introduction to CFD

\

hex mesh

wedge mesh

31



1. Introduction to CFD

Dinosaur mesh example
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Set up the numerical model

AFor a given problem, you will need to:

Select appropriate physical models.
Turbulence, combustion, multiphase, etc.

Define material properties.
A Fluid.
A Solid.
A Mixture.

Prescribe operating conditions.

Prescribe boundary conditions at all boundary zones.

Provide an initial solution.
Set up solver controls.
Set up convergence monitors.

1. Introduction to CFD
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1. Introduction to CFD

Compute the solution

A The discretized conservation equations are solved iteratively. A
number of iterations are usually required to reach a converged
solution.

A Convergence is reached when:

I Changes in solution variables from one iteration to the next are
negligible.

I Residuals provide a mechanism to help monitor this trend.
I Overall property conservation is achieved.

A The accuracy of a converged solution is dependent upon:
I Appropriateness and accuracy of the physical models.
I Grid resolution and independence.
I Problem setup.

34



1. Introduction to CFD

Examine the results

A Visualization can be used to answer such questions as:

What is the overall flow pattern?

Is there separation?

Where do shocks, shear layers, etc. form?

Are key flow features being resolved?

Are physical models and boundary conditions appropriate?

Numerical reporting tools can be used to calculate quantitative
results, e.g.:

A Lift, drag, and torque.

A Average heat transfer coefficients.

A Surface-averaged quantities.
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1. Introduction to CFD

Velocity vectors around a dinosaur
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1. Introduction to CFD

Velocity magnitude (0-6 m/s) on a dinosaur
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Tools to examine the results

A Graphical tools:
I Grid, contour, and vector plots.
I Pathline and particle trajectory plots.
I XY plots.
I Animations.
A Numerical reporting tools:
I Flux balances.
I Surface and volume integrals and averages.
I Forces and moments.

A The next slides show an example of a CFD analysis for an
amusement park dinosaur.

1. Introduction to CFD
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Pressure field on a dinosaur

1. Introduction to CFD
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1. Introduction to CFD

Forces on the dinosaur

A Drag force: 17.4 N.

A Lift force: 5.5 N.

AWind velocity: 5 m/s.

A Air density: 1.225 kg/m3.

A The dinosaur is 3.2 m tall.

Alt has a projected frontal area of A= 2.91 m2.
A The drag coefficient is:

= 174

LrviA - 05%1.225%25%2.91

C, =

A This is pretty good compared to the average car! The streamlined
back of the dinosaur resulted in a flow pattern with very little
separation.
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1. Introduction to CFD

Consider revisions to the model

A Are physical models appropriate?
I Is flow turbulent?
I Is flow unsteady?
I Are there compressibility effects?
I Are there 3D effects?
I Are boundary conditions correct?
Als the computational domain large enough?
I Are boundary conditions appropriate?
I Are boundary values reasonable?
Als grid adequate?

I Can grid be adapted to improve results?

I Does solution change significantly with adaption, or is the solution
grid independent?

I Does boundary resolution need to be improved?
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1. Introduction to CFD

Applications of CFD

AAplecatlons of CFD are numerous!

Flow and heat transfer in industrial processes (boilers, heat
exchangers, combustion equipment, pumps, blowers, piping, etc.).

Aerodynamics of ground vehicles, aircraft, missiles.

Film coating, thermoforming in material processing applications.
Flow and heat transfer in propulsion and power generation systems.
Ventilation, heating, and cooling flows in buildings.

Chemical vapor deposition (CVD) for integrated circuit
manufacturing.

Heat transfer for electronics packaging applications.
And many, many more!
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1. Introduction to CFD

Advantages of CFD (1/2)

A Relatively low cost.

I Using physical experiments and tests to get essential engineering
data for design can be expensive.

I CFD simulations are relatively inexpensive, and costs are likely to
decrease as computers become more powerful.

A Speed.
I CFD simulations can be executed in a short period of time.

I Quick turnaround means engineering data can be introduced early in
the design process.

A Ability to simulate real conditions.

I Many flow and heat transfer processes cannot be (easily) tested,
e.g., hypersonic flow.

I CFD provides the ability to theoretically simulate any physical
condition.
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1. Introduction to CFD

Advantages of CFED (2/2)

A Ability to simulate ideal conditions.

I CFD allows great control over the physical process and provides the
ability to isolate specific phenomena for study.

I Example: a heat transfer process can be idealized with adiabatic,
constant heat flux, or constant temperature boundaries.

A Comprehensive information.

I Experiments only permit data to be extracted at a limited number of
locations in the system (e.g., pressure and temperature probes, heat
flux gauges, LDV, etc.).

I CFD allows the analyst to examine a large number of locations in the
region of interest and yields a comprehensive set of flow parameters
for examination.
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1. Introduction to CFD

Limitations of CED (1/2)

A Physical models.

I CFD solutions rely upon physical models of real-world processes
(e.qg., turbulence, compressibility, chemistry, multiphase flow, etc.).

I The CFD solutions can only be as accurate as the physical models
on which they are based.

A Numerical errors.

I Solving equations on a computer invariably introduces numerical
errors.

I Round-off error: due to finite word size available on the computer.
Round-off errors will always exist (though they can be small in most
cases).

I Truncation error: due to approximations in the numerical models.
Truncation errors will go to zero as the grid is refined. Mesh
refinement is one way to deal with truncation error.
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1. Introduction to CFD

Limitations of CED (2/2)

A Boundary conditions.

I As with physical models, the accuracy of the CFD solution is only as
good as the initial/lboundary conditions provided to the numerical
model.

I Example: flow in a duct with sudden expansion. If flow is supplied to
domain by a pipe, you should use a fully-developed profile for
velocity rather than assume uniform conditions.

Computational Computational
Domain Domain

/ /

| T JE21 i

Uniform Inlet Fully Developed Inlet
Profile Profile

poor better

b
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1. Introduction to CFD

Summary

A CFD is a method to numerically calculate heat transfer and fluid
flow.

A Currently, its main application is as an engineering method, to
provide data that is complementary to theoretical and experimental
data. This is mainly the domain of commercially available codes
and in-house codes at large companies.

A CFD can also be used for purely scientific studies, e.g., into the
fundamentals of turbulence. This is more common in academic
Institutions and government research laboratories. Codes are
usually developed to specifically study a certain problem.
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Lecture 2 - Flow Fields

Applied Computational Fluid Dynamics

André Bakker
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2. Flow fields

Important variables

A Pressure and fluid velocities are always calculated in conjunction.
Pressure can be used to calculate forces on objects, e.g., for the
prediction of drag of a car. Fluid velocities can be visualized to
show flow structures.

A From the flow field we can derive other variables such as shear
and vorticity. Shear stresses may relate to erosion of solid
surfaces. Deformation of fluid elements is important in mixing
processes. Vorticity describes the rotation of fluid elements.

A In turbulent flows, turbulent kinetic energy and dissipation rate are
Important for such processes as heat transfer and mass transfer in
boundary layers.

A For non-isothermal flows, the temperature field is important. This
may govern evaporation, combustion, and other processes.

AIn some processes, radiation is important.
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Post-processing

A Results are usually reviewed in one of two ways:

graphically or alphanumerically.
A Graphically:

Vector plots.
Contours.
|so-surfaces.
Flowlines.
Animation.

A Alphanumerics:

Integral values.

Drag, lift, torque calculations.
Averages, standard deviations.
Minima, maxima.

Compare with experimental data.

2. Flow fields
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2. Flow fields

A flow field example: the football

A Regulation size American football.
A Perfect throw. Ball is thrown from right to left.
A Flow field relative to the ball is from left to right.

A Shown here are filled contours of velocity magnitude (time
averaged).

4 G0e+01
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4.00e+01
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3.20e+01

2.80e+01

2.40e+01

2.00e+01

1.60e+01

1.20e+01

S.00e+00

4. 00e+00

0.00e+00

Fequlation Size American Foothall - 300 RFM - Mach 0,052 - Perfect Throw
Contours of Welocity Magnitude {mph’
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Football flow field

A Velocity vectors.
AWatch the flow separation behind the leather strips.

2. Flow fields

52



5.30e+01

' 4.86e4+01

4.472e+01

3.98e+01

3.54e+01

3.10e+01

- | 2.66e+01

2.22e+01

1.78e+01

1.34e+01

9.03e+00

4.63e+00

2.31e-01

Vector plot on the grid-nodes. Irregular looking.

2. Flow fields
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Velocity Vectors Golored By Velocity Magnitude {mph)
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! 5.306+01 Vector plot interpolated onto-a regular grid.
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2. Flow fields

Regulation Size American Football - 300 RPM - Mach 0.052 - Perlect Throw
Velocity Vectors Golored By Velocity Magnitude {mph)
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2. Flow fields

Fluid motion

AIn a fluid flow field, each fluid element undergoes three different
effects:

I 1. Translation.
I 2. Deformation.
I 3. Rotation.

1

Translation and deformation

Image: Homsy et al. [2] 55



2. Flow fields

Example: flow around a cylinder - grid
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2. Flow fields

1.65e+00

Flow around a cylinder i _velocity vectors
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1.65e+00 2. Flow fields

Flow around a cvlinder i velocity magnitude
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1.072e405

Flow around a cylinder | _pressure field
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2. Flow fields

Re =1
Contours of Absolute Pressure (pascal)
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2. Flow fields

Pressure

A Pressure can be used to calculate forces (e.g., drag, lift, or torque)
on objects by integrating the pressure over the surface of the
object.

A Pressure consists of three components:

I Hydrostatic pressure r gh.
I Dynamic pressure rv?/2.

I Static pressure p.. This can be further split into an operating
pressure (e.g., atmospheric pressure) and a gauge pressure.

A When static pressure is reported it is usually the gauge pressure
only.

A Total pressure is the static pressure plus the dynamic pressure.
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Methods to show translation

A Translation can be shown by
means of:

I Velocity vectors.

I Flowlines:
A Streamlines.
A Pathlines.
A Streaklines.
A Timelines.
A Oilflow lines.

Images: Homsy et al. [2]

2. Flow fields
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2. Flow fields

Streamlines

A Streamlines are curves that are everywhere tangent to the velocity
vector U.

A The animation shows streamlines for a steady state 3-D flow.

A For 3-D flow fields, instead of streamlines one usually visualizes
streaklines or pathlines, which for steady flow are the same.

AFor2-D fl ow fields, a stream func:

u=. =¥

Ky MX
Aln 2-D, lines of constant stream function

are streamlines. Calculating the stream
function and isolines is a more

efficient way to calculate streamlines
than by integrating particle tracks.

63
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2. Flow fields

Re =1
Gontours of Stream Function (kg/s)
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5.000e+03

Lines of constant stream function

4.000e+03

2. Flow fields
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2. Flow fields

Pathlines

A A pathline is the trajectory followed by an individual particle.

A The pathline depends on the location where the particle was
Injected in the flow field and, in unsteady flows, also on the time
when it was injected.

A In unsteady flows, pathlines may be difficult to follow and not easy
to create experimentally.

A For a known flowfield, an initial location of the particle is specified.
The trajectory can then be calculated by integrating the advection
equation:

% =U(X,t) withinital conditionX(0) =X,
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Pathlines

A Example: pathlines in a static mixer.

2. Flow fields
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2. Flow fields

Pathlines and streaklines - unsteady flow (1/2)

A The animation shows a simple model of an unsteady flow coming from
a smokestack.

A First, there is no wind, and the smoke goes straight up.
A Next there is a strong wind coming from the right.

A The yellow circles show the trajectory of a single particle released at
time 0. The pathline is straight up with a sharp angle to left.

A The grayish smoke shows what happens to a continuous stream. First
It goes straight up, but then

the whole, vertical plume of
smoke moves to the left.

A So, although for steady flows.
pathlines and streaklines are the
same, they are not for unsteady
flows.

68

Image: Homsy et al. [2]



2. Flow fields




2. Flow fields

Streaklines

A This is the flowline formed by a series of particles released
continuously in the flow.

A Experimentally, this can also be done by continuous dye injections.
A In steady flows, streaklines and pathlines coincide.
AIn unsteady flows, they may be very different.

The lines formed by
the continuous
Injection of the green
dye are streaklines.

The trajectories followed
by individual particles
are pathlines.

Image: Homsy et al. [2] 70



2. Flow fields

Timelines

A A timeline is the flow line that arises when we place a marker
along a curve at some Iinitial time and inquire into the shape of this
curve at a later time.

A They are sometimes called material lines.

A Like streaklines they involve the simultaneous positions of many
particles but unlike streaklines the particles of a timeline do not
emanate from a single point but are initially distributed along a
curve.

A They are relatively easy to produce experimentally, by placing
lines of dyes in the flow field at time zero.

A In fluid mixing studies the deformation of material lines is studied
In great detaill.

|32

Image: Homsy et al. [2]
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Qilflow lines

A Oilflow lines are pathlines that are constrained to a surface,
e.g., the lines traced by droplets of water on a car windshield.

2. Flow fields
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2. Flow fields

Deformation - derivatives

A An instantaneous flow field is defined by velocities u(x,y,z),
v(X,Y,z), and w(x,y,z).

A The derivatives are du/dx, du/dy, etc.

au/uX8geu8 °uu/u>< Hu/ py uu/uza
DU—aél/Hyoaé/o—aélV/HX W/ py uv/u20

Rwe0Fe  Fwix pwipy w28

A The tensor Bu is the gradient of the velocity vector.

A Each of the terms by itself is a gradient, e.g., du/dy is the gradient
of the u-velocity component in the y-direction. These may also be
called shear rates.
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2. Flow fields

Decomposition

A For the analysis of incompressible flows, it is common to
decompose the gradient in the velocity vector as follows:

| agy. U, ayl). uU.
=g +w Sj:l%f_l W :l% [l
MX; 2(; j H Zg j M

ASU IS the symmetric rate-of-strain (deformation) tensor.
AVVU- IS the antisymmetric rate-of-rotation tensor.
A The vorticity and the rate of rotation are related by:

— — l - -
w =- W, W, =-e,w e, Isthealternating symbo
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2. Flow fields

Deformation tensor

A The velocity gradients can be used to construct the deformation rate
tensor S:

1auu MU, §

S = J(Pu+(Bu)’ S = g% g

2( ) J 2@)(] |~IX|9
4w ljw g 1au g
e X 2cHy X+ 2¢HZ X
o] ~ [o] ~d
s-J4u wg w14y i
ZC s Wy 26l Wy
g wg LAV wg w0
2z px: 2¢lz Py w9

A This symmetric tensor is also called the rate of strain tensor.
A Instead of the symbol S, the symbols D and E are sometimes used.
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Deformation illustration

Aln an incompressible flow field, a
fluid parcel may become
distorted, but it retains its original
volume.

A The divergence of the velocity
field is zero: divu = 0. This is the
continuity equation.

A De deformation is governed by
the rate of strain tensor.

Images: Homsy et al. [2]

2. Flow fields
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2. Flow fields

Strain rate

A The deformation rate tensor appears in the momentum
conservation equations.

At is common to report the strain rate S(1/s), which is based on the
Euclidian norm of the deformation tensor:

S=./255

A The strain rate may also be called the shear rate.

A The strain rate may be used for various other calculations:
I For non-Newtonian fluids, the viscosity depends on the strain rate.
I In emulsions, droplet size may depend on the strain rate.

I The strain rate may affect particle formation and agglomeration in
pharmaceutical applications.
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2. Flow fields

Re =1
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2. Flow fields

Rotation: vorticity

A As discussed, the motion of each fluid element can be described
as the sum of a translation, rotation, and deformation.

A The animation shows a translation and a rotation.

A Vorticity is a measure of the degree of local rotation in the fluid.
This is a vector. Unit is 1/s.

A For a 2-D flow this vector is always normal to the flow field plane.
A For 2-D flows, vorticity is then usually reported as the scalar:

Lt

IX Ly

A For 2-D flows, a positive vorticity
Indicates a counterclockwise rotation Q
and a negative vorticity a clockwise
rotation.

Image: Homsy et al. [2] 80



2. Flow fields

Vorticity - 3-D

Three- dimensionavelocityvector: u=(u,v,w)

Definition of vorticity: ¥ =b3u=

v
Uz

%

WV
X X

|- OO

U LU
Mz Ly

Rdationshipbetweervorticity and angularvelocity
of a fluid element ¥ =b3 u=2q

Vorticity magnitudes calculatedusingthenorm: wmw(l1/s) = M = W/f + Wj + W
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2. Flow fields

Vortexlines and helicity

A lso-surfaces of vorticity can be used to show vortices in the flow
field.

AVortex lines are lines that are everywhere parallel to the vorticity
vector.

A Vortex cores are lines that are both streamlines and vortexlines.

A The helicity H is the dot product of the vorticity and velocity
vectors: H = v ©

At provides insight into how the vorticity vector and the velocity
vector are aligned. The angle between the vorticity vector and the
velocity vector (which is 0° or 180° in a vortex core) is given by:

a =cos‘(H/(|¥||U))

A Algorithms exist that use helicity to automatically find vortex cores.
In practice this only works on very fine grids with deeply converged
solutions.
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Isosurfaces of vorticity magnitude

Iso-surface of vorticity magnitude colored by velocity magnitude.

2. Flow fields
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Isosurfaces of vorticity magnitude

Iso-surface of vorticity magnitude colored by velocity magnitude.

2. Flow fields
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2. Flow fields

Comparison between strain and vorticity

A Both strain and vorticity contain velocity gradients.
A The difference between the two will be shown based on three
different flow fields:

I A planar shear field: both the strain rate and the vorticity magnitude
are non-zero.

I Asolid body rotation: the strain rate is O(!) and the vorticity reflects
the rotation speed.

I Shear field and solid body rotation combined.
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2. Flow fields
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2. Flow fields
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Shear field and solid body rotation combined
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Flux reports and surface integrals

Alntegral value: f dA = gfi | A |
i=1

1 1n
AArea weighted average:  fdA =~ a7 |A]

C n C
AMass flow rate: i 7 (VJdA = & .7 (V1T A
i=1

2. Flow fields
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2. Flow fields

Quantitative validation - moving locomotive

A Turbulent simulation (using k-e RNG and 170,000 tetrahedral cells) is
used to predict the near-body pressure field.
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2. Flow fields

Flow over a moving locomotive

A Pressure contours show the disturbance of the passing train in the near
field region.

A The figure on the left shows the pressure field over the locomotive.

A Predictions of pressure coefficient alongside the train agree reasonably
well with experimental data.

—FLUENT 5.0
= Experimental

Pressure 0.00
Coefficient

-10 -8 -8 -4 -2 0 2 4 53 8 10
Position (m)
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2. Flow fields

Quantitative validation - NACA airfoll

A The surrounding fluid exerts pressure forces and viscous forces on
the airfoll:

p<0
- m U
—_— —_—
p>0

A The components of the resultant force acting on the object
Immersed in the fluid are the drag force and the lift force. The drag
force D acts in the direction of the motion of the fluid relative to the
object. The lift force L acts normal to the flow direction.

P
e
o — s =

L:CL.A%rUZ D:CD.A%rUZ

Lift Drag

A Lift and drag are obtained by integrating the pressure field and
viscous forces over the surface of the airfolil.
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Quantitative validation - NACA airfoll

A Transonic, compressible flow over
the NACA 0012 airfoil is modeled
using FLUENT.

I Free stream Mach number = 0.7.

I 1.49° angle of attack.

A The realizable k-e turbulence
model with 2-layer zonal model
for near-wall treatment is used.

A Pressure contours.

/

Stagnation point

2. Flow fields
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