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I. Summary/Abstract
During the spring and summer of 2004, I participated in an NSF Research Experience for
Teachers (RET) program led by Professor Andreas Linninger and Michalis Xenos of the
Department of Chemical Engineering at University of Illinios-Chicago.
We used commercial tools (Fluent and Gambit) in order to tackle problems in computational fluid
dynamics (CFD). This was an initial attempt to formulate concepts of fluid mechanics and
develop an understanding of complex systems in ways accessible to students at a high school
level. While maintaining results that are close to reality, the use of CFD allows a more convenient
approach than experiment, as many of the cases considered would be difficult to observe in a
laboratory setting.
This report begins with a development of fluid mechanics at an algebraic level, which is
appropriate for high school students without a mastery of calculus. This also serves as
background material for teachers using this material.
A number of different problems in CFD are examined in more detail. These were chosen to
illustrate useful concepts of fluid mechanics and to be of interest to high school students of
physics. They are simple enough to be accessible, but are not trivial, and give visually interesting
results. The final case, the three-dimensional heat exchanger, is quite complex and illustrates “real
world” uses of CFD.
The first case is Karman vortices, a standard problem, and demonstrates vortex formation from
air slowly flowing past a cylinder. A video of the time dependent case shows oscillations of the
vortices.
The second case considers different forms of airfoils: a rotating cylinder as well as the traditional
geometry tilted at different angles. Higher pressure below the airfoil is noted as well as details of
the air flow around the airfoil in each case.
The third case considers heat transfer between parallel plates as air flows between them.
Temperature profiles and heat flux were found for various speeds of air flow.
The final case of heat exchange models a condenser, considering both two-dimensional and threedimensional cases.
A tutorial for Gambit and Fluent is included as an introduction to teachers for using these
commercial codes. This tutorial illustrates the basic features of these tools and should allow
teachers to be able to create their own case studies in CFD.
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II. Background - Fluids
In this section, I sketch an algebraic approach to fluids and indicate its connections to the fuller
differential approach. The intent is to introduce the fundamental equations which are solved in
numerical simulations alongside with a means of understanding the important features of these
equations at the pre-calculus high school level.
In an incompressible fluid, density (ρ ) is constant throughout the fluid. The conservation of
mass implies that an equal volume must flow through each location, or in other words, if some
fluid flows into a volume, an equal amount of fluid must flow out. If the cross-sectional area of
the flow changes, the velocity of the flow must change to keep the volume of the flow constant.
v1Δt
v 2 Δt

A2

A1
Figure 1 Fluid flowing in a tube of varying cross-section.
The mass in section one, ρA1v1Δt , must equal the mass in section two, ρA2 v 2Δt .

ρA1v1Δt = ρA2 v 2 Δt
A1v1 = A€2v 2 = constant

(1)
€

This relationship is the continuity equation or the conservation of mass. If we treat the problem
with more mathematical rigor, we can write a differential equation for the conservation of mass:
∂ρ
r
+ ∇ ⋅ ( ρq ) = 0 .
∂t

(2)

The second term represents the difference between the mass that flows into and the mass that
flows out from a point, which must balance with the first term which describes the accumulation
€
of mass at that point. If the fluid is incompressible, then density is constant in both location and
time, so the continuity equation becomes
r
∇⋅ q = 0 .

(3)

€
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We can consider the various forces which cause the fluid to flow and use conservation of energy
to find a relationship. Consider a fluid flowing through a pipe as shown below.
Δx2
Area 1
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F2 = P2 A2
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F1 = P1 A1
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Figure 2 Fluid moving in a pipe.
The work done to move the fluid from area 1 to area 2 by each force (ignoring viscosity) is given
by:
Work by Pressure:
Work to move fluid from area 1 W1 = F1 ⋅ Δx1 = P1 A1Δx1 = P1ΔV
Work to move fluid into area 2 W 2 = F2 ⋅ Δx 2 = −P2 A 2Δx 2 = −P2ΔV
Net work done
W net = P1ΔV − P2 ΔV = ΔPΔV

€
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(4)

A key feature to note from the pressure equation (4) is that flow is driven by a difference in
pressure between the points, with the fluid moving from areas of higher pressure to areas of
lower pressure (“favorable pressure difference”).
Work by Gravity:
The mass in each section is given by
m = ρA1Δx1 = ρA2 Δx 2 = ρΔV .

(5)

So the net work to raise the fluid from area 1 to area 2 is
W = −mg (h2 − h1 ) = − ρgΔV (h2 − h1 ) .

(6)

Conservation of energy implies that the change in the kinetic energy of the fluid is equal to the
work done on the fluid,
1
2

ρΔVv12 − 12 ρΔVv 22 = P1ΔV − P2 ΔV + ρgΔV ( h1 − h2 ) .

(7)

Simplifying and rearranging the terms, we have the Bernoulli Equation (for a nonviscous fluid):
1
2

ρv12 + ρgh + P1 = 12 ρv 22 + ρgh 2 + P2 = constant .

(8)

This equation is comparable to the classical Navier-Stokes (N-S) equations. Using Newton’s
Second Law,
r
r
ma = ∑ F ,

(9)

where the forces include external forces (such as gravity, magnetic fields, or any other force we
wish to include), pressure differences and viscous terms, this then becomes
External
forces

Viscosity
term

r
Dq r
r
ρ
= F( gravity, etc.) + ∇P + µ(∇ 2q )
Dt
Acceleration
term

Pressure
gradiant

(10)

€
Comparing with the algebraic approach, the kinetic energy terms of equation (7) correspond with
the acceleration term in equation (10), and both include differences in pressure as well as external
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forces. We can also note the inclusion of viscosity in equation (10), which is analogous to
friction.
Viscosity is a characteristic property of a fluid that describes how the fluid reacts to stresses and
strains. Stress can be understood by considering the reaction of a fluid to a force. If we have a
motionless fluid between two parallel plates and the top plate begins to move at a constant
velocity, u, then the top plate will exert a force on the fluid. The reaction force of the fluid against
the plate is called stress.
u

Figure 3 Fluid velocity profile between a moving top plate and stationary bottom plate.
Strain is the deformation of a fluid under the influence of stress. Imagine a cup of water and a cup
of honey where you press against each fluid with a spoon. The water (lower viscosity) will
quickly flow around the spoon and maintain a level surface, whereas the honey (higher viscosity)
will build into a plateau which will then gradually flow back to return to a level surface.
In order to address difficult problems, or to find solutions to a family of problems, it is
convenient to rewrite the Navier-Stokes equations in dimensionless form. In doing so, it is
necessary introduce a number of “characteristic” quantities, such as

ρ
u
L
µ

density
characteristic velocity (such as inflow)
characteristic length (such as the length of an object in your flow)
viscosity

These quantities combine to give a single characteristic number, the Reynolds Number,
€
Re =

€

ρuL
µ

(11)

which describes broad characteristics of the fluid’s flow. If the Reynolds Number is small, then
the flow will be laminar, meaning that the flow progresses in layers of the fluid with no
8

macroscopic mixing of the layers. If the Reynolds Number is large then the flow will be turbulent,
meaning there will be a mixing of flow layers and the creation of large eddies at the start, breaking
into smaller eddies as time progress. In between these two extremes, the flow is called
transitional. These types of flow are illustrated by the familiar example of cigarette smoke.

Figure 4 Regions of fluid flow.
We can also consider heat transfer within the fluid, or the transfer of heat between the fluid and
its surroundings. The transfer of thermal energy occurs by conduction, convection or radiation. In
the problems considered here, we can ignore radiation. Conduction is the transfer of heat through
diffusion, or the direct interaction of the molecules. Convection is the transfer of heat by mass
transport, such as the flow of air across a warm surface carrying the heat to other locations.
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III. Computational Fluid Dynamics
The equations for fluids are quite complex and can be difficult to solve, especially if the geometry
of a problem is intricate. The equations are nonlinear in the acceleration term (convection term),
have singularities for high Reynolds Numbers (which appears in the N-S equations in the form of
1
), and the pressure difference terms are difficult to solve in combination with the fluid’s
Re
motion. By making use of computers as a computational tool, we can “solve” these equations of
motion in nearly any arbitrary situation. In this particular work, Gambit is used to create the
geometries and the computational grid for the problem. This allows us to move from working
with the fluid as a continuous medium to a discrete approach. Fluent, a finite volume solver, is
used to solve the discrete Navier-Stokes equations. Some of the results of interesting cases are
given below. The computational method allows us to get results quickly (a matter of minutes to
hours depending on the complexity) and visually close to reality. These results can be used to
guide experiments and even as a substitute for preliminary testing in situations where building
prototypes might be prohibitively expensive. The primary factors in deciding which cases to
work with were that these were situations which would be accessible to high school students,
visually interesting, and difficult to observe in detail in a laboratory setting.
A. Karman vortices: Flow around a cylinder
Karman vortices are a standard problem in fluid flows. A fluid flows around a fixed cylinder at
low velocity and vortices are seen to appear experimentally. Vortex formation is more commonly
associated with turbulent flow, while this problem is in the laminar regime.
Boundary Conditions: The cylinder has a radius of 10 cm. Air enters from the left side at a
uniform velocity of 10 cm/s to the right.
Results: A tail of vortices is seen in the wake of the cylinder (Figure 5). The problem was also
solved in the time dependent case and the tail is seen to oscillate. A five second video loop of this
can be seen at http://vienna.che.uic.edu.

10

Figure 5 Karman vortices: Contours of velocity magnitude (m/s).
B. Airfoil
1. Rotating cylinder
A rotating cylinder can act as an airfoil, with higher pressure below the cylinder and lower
pressure above.
Boundary Conditions: The same set-up as in the Karman vortices case, the cylinder has a radius
of 10 cm and air enters from the left side at a uniform velocity of 10 cm/s to the right. The
cylinder is rotated in the clockwise direction at an angular speed of 10 rad/sec.
Results: The velocity field around the cylinder shows flow similar to a standard airfoil (Figure 6).
Note the “backwards” flow of air at the bottom of the cylinder.

Figure 6 Velocity vectors colored by velocity magnitude (m/s).
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Pressure contours show that there is higher pressure below the cylinder and lower pressure
above, causing it to act like an airfoil with the pressure difference providing a lift force (Figure 7).

Figure 7 Contours of total pressure (pascals).
2. Airfoil
Rather than the rotating cylinder, consider a traditional airfoil geometry. The airfoil is
approximately 53 cm long with a maximum width of 6 cm. For comparison, both a horizontal and
a tilted (20º) airfoil are considered.

Figure 8 Tilted airfoil grid.
12

Boundary Conditions: Air enters from the left side at a uniform velocity of 100 m/s to the right.
Results: For the horizontal airfoil, the flow is symmetric (Figure 9).

Figure 9 Horizontal airfoil contours of total pressure (pascals).
The tilted airfoil shows higher pressure below the wing and lower pressure above, the pressure
difference providing the lift force (Figure 10).

Figure 10 Tilted airfoil contours of total pressure (pascals).
Also of interest are the pathlines, which follow the flow of individual fluid elements. The
pathlines show the vortices behind the wing (Figure 11).
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Figure 11 Tilted airfoil pathlines.
C. Heat Exchange: Convection
Air blows from the left between two plates. The entering air and the bottom plate are at the same
temperature while the top plate is at a higher temperature. Heat is transferred from the top plate
into the air and transported across and out the right side of the box.
Boundary Conditions: The box is 10 cm long and 2 cm tall. The top edge held at 400 K and the
bottom edge at 300 K. Air enters at 300 K from the left at a constant velocity to the right.
Results: The temperature profile shown below is created when the air is input at a speed of
10 cm/sec (Figure 12).

Figure 12 Contours of temperature (kelvins).
As the input speed of the air is varied, the shape of the profile changes. As the speed increases,
the changes in temperature are held in a narrow region near the top edge as the air carries the heat
14

off to the right before it can penetrate further. The total amount of heat flux through the right
edge of the box can be found in Fluent. This heat flux increases with increasing air input speed.

Figure 13 Heat flux vs. Input speed
D. Condenser/Heat Exchanger
1. Two-dimensional condenser
Modeling a heat exchanger/condenser is a more complex problem with useful applications. A
two-dimensional approach was initially used to gain insight into the problem before moving onto
a full three-dimensional condenser with numerous cooling tubes and baffles. Experimentation
with various geometries showed that the following grid contained useful features (Figure 14). The
central tube prevents the air from traveling directly from the input pipe to the output pipe,
instead forcing the air to circulate and spend more time being cooled before exiting.
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Figure 14 Two-dimensional condenser grid.
Boundary Conditions: The large exterior circle has a radius of 20 cm with the interior “tubes”
having radii of 3.7 cm or 2.5 cm. The input and output “pipes” have a diameter of 5 cm. Air
enters at the top with a temperature of 375 K and a downwards velocity of 10 m/s and flows out
the bottom. The interior tubes are held at a temperature of 310 K.
Results: The velocity vector field shows that the central tube is important in diverting the flow of
the hot air (Figure 15). Additionally, areas of circulation can be seen and these correspond to the
cooler areas in the temperature contours (Figure 16). There is significant cooling of the air as it
passes through the condenser.
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Figure 15 Velocity vectors colored by magnitude (m/s).

Figure 16 Contours of temperature (kelvin).
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2. Three-dimensional tube counterflow
The first three-dimensional model used was a single cooling tube where the coolant (water)
flowed through the central tube and hot air flowed through the outer tube in the opposite
direction (counterflow). The grid for this is shown below.

Figure 17 Counterflow grid.
Boundary Conditions: The tube was 2.25 m long with an outer radius of 2.63 cm and an inner
radius of 1.94 cm. Water flowed through the inner tube, entering at 285 K and flowing at a rate of
0.76 kg/s. Air flowed through the outer tube in the opposite direction, entering at 370 K and
flowing at a rate of 0.18 kg/s.
Results: This case was considered for its simplicity to verify that Fluent gave reasonable results.
Calculations were done by hand using developed engineering methods and confirmed that the
expected cooling of the air and heating of the water is consistent with the results given by Fluent.
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3. Three-dimensional condenser
In the senior design project, a detailed three-dimensional condenser was developed. This
condenser included 14 cooling tubes and four baffles.

Figure 18 Three-dimensional condenser grid.
Boundary Conditions: Cool water (250 K) entered through the top left input, flowed across
through the upper seven tubes, then returned through the lower seven tubes. Hot air (400 K)
entered through the top right input and flowed across to a lower left output. The air was forced
to flow past the pipes five times by the baffles.
Results: This model gave the following temperature profile for steady state operation (Figure 19).
Note that there is significant cooling of the hot air, as well as a notable warming of the cooling
water.

Figure 19 Three-dimensional condenser contours of temperature (kelvin).
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IV. Conclusions
Through this RET program, I was able to experience research at a professional level. I worked in
depth in the area of computational fluid dynamics, learning techniques and participating in the
research process. I gained insight into how professional science research is done, including the
view of research as an unpredictable and chaotic process so different to its appearance in
textbooks. Although much of the work I participated in was beyond the level I would use in my
high school classroom, the experience can only enrich my teaching and my ability to communicate
excitement about science to my students.
I gained a stronger understanding of elementary fluid mechanics in the process of preparing the
background section of this report and through discussions with Michalis Xenos. The case studies
further developed my understanding and provided concrete materials for use in the classroom.
I was energized by my participation in the RET program through the excitement of learning. At
times, I was in the role of a student, learning about new topics and techniques, and other times I
was a partner in the research. With the completion of this work, I was excited about further
possible studies. I had the opportunity to introduce two of my teaching colleagues, Mike
Schaefer and Xiao Zhang, to the work I had done and to accompany them as they worked
thought the tutorials I wrote and then on new case studies involving fluid flow in porous media.
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V. Gambit/Fluent Tutorial: Driven Cavity
The driven cavity is a standard problem in fluid mechanics and the simulations can readily be
compared with experimental results. In this tutorial, you will create a two-dimensional cavity (a
square box 10 cm on each side) with the top wall moving parallel to the surface. This models a
small side cavity abutting a steady flow.
A. Gambit
Gambit will start with a window as shown below.

Figure A1 Gambit Operation: Geometry
The row of four buttons at the top right control the various Operations.
1. Geometry: Used to create various two- and three-dimensional shapes for your problem.
2. Mesh: Used to mesh your geometry into smaller areas/volumes for use in numerical
solution methods.
3. Zones: Used to define boundary and continuum types.
4. Note that the default units in Gambit are meters.
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5. Make a Square
6. 1. Click the Geometry button under Operations.
This gives a second row of buttons underneath labeled Geometry. The first button defines
points, the second button edges (lines and curves), the third button faces (two-dimensional
shapes), and the fourth button solids.
2. Click the Faces (third) button under Geometry.
This gives a variety of buttons under the label Face.
3. Right-click the second button under Face and choose Rectangle from the menu.
Other options include Circle and Ellipse.
Choosing Rectangle opens the Create Real Rectangular Face window (Figure A1).
4. Define both the width and height of the rectangle as 0.1 m.
Under Label, name this rectangle “box” and click Apply.
The rectangle should now appear on the window, though the image may not be correctly sized
for the screen. Clicking the first large button at the bottom right, under Global Control, will
automatically resize the image to fit the screen.
Mesh the Square
1. Click the Mesh button under Operations.
This gives a second row of buttons underneath labeled Mesh. The first button allows you to
vary the size of the mesh across your geometry, the second button meshes edges, the third
button faces, and the fourth button solids.
2. Click the Faces (third) button under Mesh.
This gives a variety of buttons under the label Face.
3. Click the first button under Face.
This opens the Mesh Faces window (Figure A2).
Choose the face to mesh by clicking the arrow button at the top, next to Faces. This opens
another window listing all available faces in your geometry. Choose “box” (the only face
available in this case). Use the default of a Quad Map and choose the spacing as 0.001 m
(Figure A2). Click Apply. It will take a moment for Gambit to calculate the mesh, then the
mesh will be displayed on the screen.
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Figure A2 Gambit Operation: Mesh
Defining Boundary and Continuum Types
1. Before specifying boundary and continuum types, you must define the solver.
Under the menu Solver are listed various choices. Choose Fluent 5/6 as the solver. Next save
the grid (under the File menu) as “cavity”.
2. Click the Zones button under Operation.
This will give two buttons under Zones. This first button is to define boundaries (walls,
inflows and outflows, etc.), and the second button is for continuums (fluid or solid).
3. Click the Boundaries button.
This opens the Specify Boundary Types window (Figure A3).
Near the bottom of this window is a section labeled Entity. The button allows three choices.
Choose Edges. The click the arrow button, which opens a window listing all available edges.
(Note: These edges probably have default names edge.1, edge.2, etc.) Choose one of the edges
and note that this edge now appears red in the main display window. This allows you to
identify which edge (or any other entity) has been chosen. You will be setting the top edge as
23

moving and the other three edges as stationary. Therefore, you may choose the left, bottom
and right edges all at the same time and define them as a single unit. Choose these three edges
then click the button below Type and choose WALL. Name this “wall_stat” and click apply.
Then choose the top edge and repeat the process, naming it “wall_mov”. (Figure A3)

Figure A3 Gambit Operation: Zones: Boundary
4. Click on the Continuum button.
This opens the Specify Continuum Types window (Figure A4).
Near the bottom of this window is a section labeled Entity. Choose Faces. The click the arrow
button, which opens a window listing all available faces. Choose “box” (the only available
choice in this case). Click the button below Type and choose FLUID. Name this “fluid” and
click Apply.
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Figure A4 Gambit Operation: Zones: Continuum
Finishing Steps
1. Save the grid again, then under the File menu choose Export as a Mesh.
This opens the Export Mesh window with the file already named “cavity.msh”. You must
click the Export 2-D Mesh button for two-dimensional geometries, then click Accept (Figure
A5). This geometry and mesh is now ready to be used in Fluent.

Figure A5 Gambit Export Mesh
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B. Fluent
Starting Up
1. When you start Fluent, you are asked for which version to run:
2d
2ddp
3d
3ddp

two-dimensional
two-dimensional, double precision
three-dimensional
three-dimensional, double precision

Choose 2ddp and then Run. Under the File menu, choose Read: Case and choose your grid
“cavity.msh”.
2. Check the grid. Under the Grid menu choose Check.
For further confirmation, under the Display menu choose Grid. This will open the Grid
Display window. Click on Display and another window will open showing your grid.
Boundary Conditions
1. Define water as the fluid. For a fluid, air is the default in Fluent. In order to use other materials,
you must load them from the Database. Under the Define menu, choose Materials. This will
open the Materials window. Near the top left side, click on the Database button (Figure B1).
This will open the Database Materials window. Scroll through the list of Fluid Materials and
select “water-liquid”, then click Copy, then Close (Figure B1).
2. Under the Define menu, choose Boundary Conditions.
This opens a window listing all the edges and continuums that you defined in Gambit.
Selecting “fluid” will show that it is defined as a Fluid (as set in Gambit). Click on Set, which
opens a Fluid window for “fluid” and change the Material Name from “air” to “water-liquid”,
then click OK. [Note: “air” is the only available option under fluid if you have not loaded any
other materials from the Database.]
3. Still in Boundary Conditions, selecting “wall_mov” will show that it is defined as a Wall.
Click on Set, which opens a Wall window (Figure B2), and click on the Momentum tab. Under
Wall Motion select Moving Wall. This will allow you to define the speed and direction of the
moving wall. Set the speed as 1 m/s and the direction as X=1 and Y=0 (which will move the
wall in the +x direction, so that it is moving parallel to the top wall surface), then click OK
(Figure B2).
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Figure B1 Fluent: Materials

Figure B2 Fluent: Wall
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Solving
1. Initialize
Each time before solving a new problem, you must Initialize. Under the Solve menu, choose
Initialize>Initialize. This opens the Solution Initialization window. Click Init and then Close.
2. Iterate
Under the Solve menu choose Iterate, which opens the Iteration window. For the number of
iterations, choose a conveniently large number, such as 200, and for the reporting interval
choose 10. Fluent will then calculate for 200 iterations before stopping (unless the solution
converges before then) and will show the progress every 10 iterations. If the solution has not
converged by your chosen number of iterations (or if you stop the calculation in progress),
you can iterate again and Fluent will begin at the point it previously stopped. Click on Iterate
and wait for Fluent to finish. This particular case will require about 640 iterations before
converging (for a residual of 10−3 ).
Display Solutions
€
Under the Display menu are a list of choices. Interesting choices include:
1. Contours: Velocity
Under the Display menu, select Contours which opens the Contours window. Under Options,
check the Filled box for nicer looking displays.
Select Contours of Velocity and click Display (Figure B3).
Note: You can also display contours of only the x- or y-component of the velocity by using
the second tab under Contours Of.

Figure B3 Fluent: Velocity Contours
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2. Contours: Pressure
Under the Display menu, select Contours which opens the Contours window. Select Contours
of Pressure and click Display (Figure B4).

Figure B4 Fluent: Pressure Contours
3. Vectors: Velocity
Under the Display menu, select Vectors which opens the Vectors window. Select Vectors of
Velocity and click Display (Figure B5).

Figure B5 Fluent: Velocity Vectors
4. Path Lines
Under the Display menu, select Path Lines. You can choose to see the flow of “individual fluid
particles” released from the various boundaries. This option is not particularly informative in
this case.
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