Tutorial 1. Flow in a Lid-Driven Cavity

Introduction

The purpose of this tutorial is to illustrate the setup and solution of the two-dimensional
laminar fluid flow for a lid-driven cavity.

This tutorial demonstrates how to do the following;:

e Read an existing mesh file in FLUENT.

Verify the grid for dimensions and quality.

Change the material properties.

Carry out solver settings and perform iterations.

Examine the results and compare them with experimental data.

Display and create animation for pathlines.

Prerequisites

This tutorial assumes that you have little experience with FLUENT but are familiar with
the interface.

Problem Description

The lid-driven cavity flow is probably one of the most studied fluid problem in the field
of computational fluid dynamics. Lid-driven cavity flow retains a rich fluid flow physics
manifested by multiple counter rotating recirculating regions on the corners of the cavity
depending on the Reynolds number.

In this tutorial, we consider a square cavity with a height H = 1 m (Figure 1.1). The
top wall is moving with a velocity of 1 m/s in X direction, while bottom and side walls
are stationary. The flow is considered to be flow at Re = 1000.

Preparation

1. Copy the following files cavity.msh, data-uvel.xy and data-vvel.xy to your
working folder.

2. Start the 2D double precision (2ddp) version of FLUENT.
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Left—Wall H Right—Wall

; Bottom

Figure 1.1: Problem Schematic

Setup and Solution
Step 1: Grid

1. Read the mesh file cavity.msh.

| File|—|Read |— Case...

FLUENT will read the mesh file and report the progress in the console window.
2. Check the grid.

—>Check

This procedure checks the integrity of the mesh. Make sure the reported minimum
volume is a positive number.
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3. Scale the grid.

—>Sca|e...

& Scale Grid X

Scale Factors Unit Conversion

b 4P Grid Was Created In |, -
Y Change Length Units

Domain Extents
*min [m] ,37 Xmax [m] ,17
*'min [m] ,37 Y'max [m] ,17

Scale | Unscale| Close | Help |

Check the domain extents to see if they correspond to the actual physical dimensions.
Otherwise the grid has to be scaled with proper units.

4. Display the grid (Figure 1.2).

Display|—Grid...
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& Grid Display

Options Edge Type  Surfaces

™ Nodes v All bottom-wall

v Edges " Feature fizaultl—linterior
[~ Faces " Qutline Iied Fwa

[ Partitions

right-wall

Shrink Factor
o |

Surface Name Pattern Surface Types E|=|

axis ~
M clip-surf =

exhaustfan
fan v

Outline | Interior

Colors...| Close | Help |
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(a) Click Colors... in the Grid Display.

R Grid Colors

x]

Options

>

" Color by Type
* Color by ID

Sample

|<
=l

Reset Colors | Close | Help

i. Enable Color by ID in the Options list.
ii. Close the Grid Colors panel.

(b) Click Display and close the Grid Display panel.

lid

left wall

right wall

bottom wall

Figure 1.2: Grid Display

The grid adjacent to the walls is finer compared to that in the central region.

The purpose of such fine mesh is to capture sharp gradients near the walls
correctly.

Step 2: Models

Do not alter the default settings as the problem is to be solved in steady state with two
dimensional laminar conditions.

Step 3: Materials
—>Materia|s...
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& Materials E'
Name Material Type Order Materials By

|air |f|uid ~| | * Name

Chemical Formula Fluent Fluid Materials * Chemical Formula

| |air j Fluent Database...

User-Defined Database...

Properties

Density [kg/m3) |constant j# 3

|1

Viscosity (kgfm-s] | constant j 4

|a.nu1

iChangejCreate] Delete Close | Help

1. Enter 1 kg/m3 for Density.
2. Enter 0.001 kg/m-s for Viscosity.

3. Click Change/Create and close the Materials panel.

UH

As Reynolds number is defined as Re = p—, velocity will be set to 1 m/s to have
1

Re = 1000.
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Step 4: Boundary Conditions

1. Set the boundary condition for lid.

—>Boundary Conditions...

& Boundary Conditions

Zone Type
bottom-wall inlet-vent -~
default-interiol| | intake-fan
fluid interface
left-wall mass-flow-inlet
outflow
right-wall outlet-vent

pressure-far-field
pressure-inlet
pressure-outlet

symmetry
velocity-inlet
wall__ M
1D

Copy...| Close| Help |

(a) Select lid from Zone list.
(b) Click Set... to open the Wall panel.

& Wall

x)

Zone Name
|lid

Adjacent Cell Zone
|FLuid

Momentum | Thermal | Radiation | Species | DPM | Multiphase | UDS |

Wall Motion Motion
~ .
& f:::;na\rz::all * Relative to Adjacent Cell Zone Speed [m/s)
9 " Absolute |1
Direction

* Tranglational

" Rotational X
" Components v ,07

Shear Condition

* Mo Slip

" Specified Shear
~

~

0K | cancel| Help |

(c) Click the Momentum tab.

(d) Select Moving Wall in the Wall Motion options.
(e) Enter 1 m/s for Speed.

(f) Click OK to close the Wall panel.

2. Close the Boundary Conditions panel.
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Step 5: Solution

1. Set the solution controls.

| Solve |—| Controls |—Solution...

T Solution Controls rg|
Equations 2| =| Under-Relaxation Factors
Pressure ,W -
Density ,1—
Body Forces ,1—
Momentum |g_7
Pressure-Yelocity Coupling Discretization ,— J
|3|MPLEC j Pressure |Standard j -
Skewness Correction . Momentum [ . -
|l] Z‘ |F|rst Order Upwind J
I~
| Default| Cancel | Help |

(a) Select SIMPLEC from the Pressure-Velocity Coupling drop-down list.
(b) Click OK to close the Solution Controls panel.

SIMPLEC is a better option for uncomplicated problems, where convergence de-
pends on pressure-velocity coupling. In SIMPLEC, the pressure-correction under-
relaxation factor is generally set to 1.0, which helps speed up convergence.

2. Initialize the flow.

| Solve |—/ Initialize |—Initialize...

R Solution Initialization

Compute From Reference Frame

j * Relative to Cell Zone
" Absolute

Initial Values

Gauge Pressure [pascal) lﬂi =
XVelocity (mfs)[p.5
Y Velocity (mis) [0.02

I~

| Reset| Apply| Close| Help|

(a) Enter 0.5 m/s for X Velocity.
(b) Enter 0.02 m/s for Y Velocity.
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(c) Click Init and close the Solution Initialization panel.

To have a good convergence, provide an initial estimate for the velocity field. As
the wall is moving with a velocity of 1 m/s, in X direction, X-velocity can be set as
some fraction of this value say, 0.5 m/s. Very low velocities such as 0.02 m/s can

be set in Y direction.

3. Enable the plotting of residuals during the calculation.

| Solve —| Monitors |—Residuals...

& Residual Monitors

Options Storage Plotting
¥ Print Iterations |1888 ) YWindow |g =
W Plot Z‘ Z‘
Normalization lterations |1906 Z‘
[~ Normalize ¥ Scale Axes... | Curves...
Convergence Criterion
|ahso|ute j
Check Absolute J
Residual Monitor Convergence Criteria
continuity W v 8.861
x-velocity W v 8.861
y-velocity v 8.861
Plot | Renorm Cancel| Help |

(a) Enable Plot in the Options list.

(b) Click OK to close the Residual Monitors panel.

4. Save the case file (cavityl.cas.gz).

| File |—| Write |—Case...

Retain the default Write Binary Files option so that you can write a binary file. The
. gz extension will save compressed files on both Windows and UNIX platforms.
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Select File

Lock ir: |Lﬂcavit}l j @ =5 BB~

L‘§ )cys

My Recent
Documents
(L

Desktop

My Documents
My Computer
by Metwork, Caze File |cavity‘| .Cas.0z j

Flaces - :
Filez of type: |Ease Filez ﬂ Cancel

Iv ‘Write Binary Files

5. Start the calculation by requesting 400 iterations.

Solve |—lterate...
R |terate le
Iteration

Number of lterations |yan :‘
Reporting Interval |4 :‘
UDF Profile Update Interval |4 :‘

LALE AL

LA

(a) Enter 400 for the Number of Iterations.
(b) Click Iterate and close the lterate panel.

The solution converges in about 320 iterations, with default convergence criteria.
The residuals plot is shown in Figure 1.5.

Experimental results for X and Y-velocity along the two center lines passing through
the flow domain are available. For comparison purpose, isosurfaces needs to be
created at X=0.5 and Y=0.5.

1-9
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Residuals
—continuity
—x-welocity
—ywelocity

1e+l1 3

1e+00

1e-01

1e-0Z2
1603
1e-04 T T T T T T 1
a a0 100 150 200 280 300 350
lterations

Scaled Residuals
FLUEMNT 6.3 {2d, dp, pbns, lam)

Figure 1.3: Scaled Residuals

6. Create an isosurface.

Surface |—lso-surface...

A& [so-Surface Fz|
Surface of Constant From Surface HE
|Grid... j bottom-wall
default-interior
|X—Coordinate j left-wall
. lid
Min [m] Max [m] right-wall
b i
Iso-Values [m] From Zones EHE
|[1_5 fluid
< =
New Surface Name
[x=8.5
TCreate | Compute | Manage... | Close | Help |

(a) Select Grid... and X-Coordinate from the Surface of Constant drop-down lists.
(b) Enter 0.5 m for the Iso-Values.
(c) Enter x=0.5 for the New Surface Name.
(d) Click Create.

)

(e) Similarly, create an isosurface for Y-coordinate, with the new surface name as
y=0.b.
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(f) Close the Iso Surface panel.

7. Create a plot of X velocity (Figure 1.4).
' Plot | —XY Plot...

& Solution XY Plot

Load File...

Options Plot Direction Y Axis Function
¥ Node Values (g |V3|UC"V--- j
¥ Position on X Axis -
— 1 |X Velocity j
I WWrite to File ,— X Axis Function
r |Direction VYector j
File Data HE! Surfaces = =
[ bottom-wall
Expt¥ vel default-interior
left-wall
lid

right-wall

Free Data |

Plot | Axes...

Help

(a) Click Load File....
This opens the Select File panel.

i. Select files data-uvel.xy, and data-vvel.xy.

ii. Click OK to close the Select File panel.

(b) Select Expt-U-vel in the File Data list.

)
(c) Select x=0.5 from the Surfaces list.
(d)

e)

)

f) Click the Curves... button.

(
(

Enter 0 for X and 1 for Y in the Plot Direction group box.
Select Velocity... and X Velocity from the Y Axis Function drop-down lists.

& Curves - Solution XY Plot

|1

Curve # Line Style Marker Style
lﬂ_ i‘ Pattern Symbol
Sample |— j | j
Color Color
|foregrnund j |foreground j
Yeight Size
0.3
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i. Select line from the Pattern drop-down list.
ii. Select blank from the Symbol drop-down list.

iii. Click Apply and close the Curves - Solution XY Plot panel.
(g) Click Plot.
Expt-u velcai

1.00e+00 -

8.00e-01

G.00e-01 —

4.00e-01 7

H

Velocity  z.o0e01 o

{mis)

0.00e+00 4

-2.00e-01 7

-4.00e-01

T T
u] 0.4 0z 03 0.4 0.5 06 o7 os [uR=] 1

Position (m)

Helocity

FLUENT 6.3 {2d, dp, pbns, lam)

Figure 1.4: Calculated Vs. Experimental Data for X-velocity on x=0.5

8. Create a plot of Y-velocity.

(a) Select Expt-V-vel from the File Data list.

(b) Select y=0.5 from the Surfaces list.

(c) Enter 1 for X and 0 for Y in the Plot Direction group box.

(d)
)

(e) Click Plot and close the Solution XY Plot panel (Figure 1.5).

Select Velocity... and Y Velocity from the Y Axis Function drop-down lists.
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® Euptvveloc
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Figure 1.5: Calculated Vs. Experimental Data for Y-velocity on y=0.5

FLUENT vresults are very different from the experimental data. The results can
be improved by using higher order discretization schemes, which will provide more
accurate flow field.

9. Set the solution parameters.

| Solve |—| Controls |—Solution...

(a) Select Second Order Upwind from the Momentum drop-down list.
(b) Click OK to close the Solution Controls panel.

For a better match of results, the case has to converge till the residuals flatten out.
In this case, convergence criteria can be set as 1e-5 for all equations.

10. Set the convergence criteria for all equations.

| Solve |—| Monitors |—Residual...

(a) Set the Absolute Criteria for continuity, x-velocity and y-velocity to 1e-5.
(b) Click OK to close the Residual Monitors panel.

11. Tterate the case till convergence criteria is met (Figure 1.6).

12. Save the case and data files (cavity2.cas.gz and cavity2.dat.gz).
| File|—| Write|—Case & Data...
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1-14

Residuals
——continuity
—-velocity

N +1
y-yelocity Te+i0
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Scaled Residuals

FLUENT 6.3 (2d, dp, phns, lam)

Figure 1.6: Scaled Residuals

13. Compare the new results again by repeating steps 7 and 8 (Figures 1.7 and 1.8).
Note: Since the experimental data is already read, they can be used.

The results for both the velocities are in very close agreement with the experimental
values.
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*
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Figure 1.7: Calculated Vs. Experimental Data for X-velocity with Higher Order Solution

® Exptyveloc

A
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Figure 1.8: Calculated Vs. Experimental Data for Y-velocity with Higher Order Solution
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Step 6: Postprocessing

1. Display velocity vectors (Figure 1.9).

Display |—Vectors...

a

(
(b

d

Style |arrow - |

Scale [g_py Surfaces El=
; . bottom-wall A
Skip |3 Z‘ default-interior
left-wall
Yector Options... lid
ight-wall
Custom Vegtors...| |, 8" ‘
Surface Name Pattern Surface Types ==
’7 axis >
clip-surf
w exhaust-fan
fan hd

& Vectors g'
Options Vectors of
= |\r‘e|ucity j
v Global Range Color by
W Auto Range :
= |Ve|ot:|ty... j
vV Auto Scale Velocity Magni
gnitude -
[~ Draw Grid | J

Click Vector Options....

Enable Fixed Length from the options.

)
)
(c) Click Apply and close the Velocity Vectors panel.
(d) Enter 0.04 for Scale and 3 for Skip.

)

(e) Click Display and close Vectors panel.

Set the Fixed Length option to display all the vectors with the same length. Increase
the Skip to reduce the number of vectors, so that the display does not have too many
vectors.
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9.80e-01
2.31e-01
8.82e-01
8.33e-01
7.84e-01
7.35e-01
G.86e-01
6.37e-01
5.85e-01
5.39e-01
4.90e-01
I 431 e-01
3.9Ze-01
3.43e-01
2.99e-01
2.45e-01
1.96e-01
1.47e-01
9.80e-02
4.00e-02
71907

Welocity Vectors Colored By Velocity Magnitude (m/fs)

FLUEMT 6.3 {2d, dp, pbns, lam)

Display |—Contours...

Figure 1.9: Velocity Vectors

2. Display stream function (Figure 1.10).

@ Contours rz|
Options Contours of
I~ Filled |Ve|ocily... j
'_ -
¥ Global Range |Stream Function j
W Auto Range
- |
[ Draw Profiles
I Draw Grid Surfaces EHE
ool & bottom-wall -
evels Setup default-interior
28 =N = left-wall
:‘ :‘ lid |
Surface Name Pattern | right-wall v
Surface Types =|=|
axis ~
Match clip-surf =
exhaustfan
fan v
Compute | Close | Help |

(a) Select Velocity... and Stream Function from the Contours of drop-down lists.

(b) Click Display.

Note: Right-click on a point in the domain to display the value of the corresponding
contour in the console window.
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1.19e-01
l 1.13e-01
1.07e-01
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- 5.25e-02
47Ge-02
4 1Ge-02
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2.07e-02
2.38e-02
1.78e-02
1.19e-02
5.05e-03
0.00e+00

Contours of Stream Function ikofs)
FLUEMT 6.3 {2d, dp, pbns, lam)

Figure 1.10: Contours of Stream Function

3. Change the range to view the vortices in the corners.

(a) Deselect Auto Range from the Options list.
(b) Enter 0.111 for the Min.
(c) Click Display (Figure 1.11).

To wvisualize circulation in the cavity, display path lines by releasing from point
surfaces. Create a point surface for doing this.

4. Create point surfaces.

Surface | Point...

& Point Surface

Options Coordinates

[~ Point Tool || %0 [m] g 3267275
Reset v0 (m] [a_792252

—

Select Point with Mouse |

New Surface Name

point-8

Manage...| Close | Help |

(a) Enter 0.3267275 for x0 and 0.792252 for y0.
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1.19e-01
l 1.19e-01
1.18e-01
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1.16Ge-01
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- 1.15e-01
1.14e-01
1.14e-01
1.13e-01
1.13e-01
1.13e-01
1.1Ze-01
1.1Ze-01
1.11e-01
1.11e-01

Contours of Stream Function ikofs)

FLUEMT 6.3 {2d, dp, pbns, lam)

Figure 1.11: Contours of Stream Function with Vortices

(b) Enter point-0 for New Surface Name.

(c) Click Create.

(d) Similarly, create three more points at (x0, y0) = (0.0722, 0.17402), (0.03889,
0.06426), and (0.93554, 0.055343) respectively.

Display these four points by selecting all the point surfaces, under Surfaces and
deselecting default-interior in the Grid Display panel.

5. Display path lines (Figure 1.12).

Display |—Pathlines...

Path Lines [z|
Options Style Color by
[~ Qil Flow |Iine—armws j |Parﬁcle Variables... j
™ Rewverse . .
% Node Values Style Attributes... | |Pa|"t|c|g D j
¥ Auto Range Step Size [m)
[ Draw Grid 6.001 | |
I Accuracy Control .
¥ Relative Pathli Steps Path Skip Rel from Surfaces =| =
[~ %Y Plot 1000 z‘ |o 2 [leftwall
[ %Write to File Path Coarsen
-
Pulse Mode
" Continuous
* Single
Display Pulse Compute Close Help
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a)
b)
(c) Select line-arrows from the Style drop-down lists.
(d) Click the Style Attributes... button.

Select point-0, point-1, point-2 and point-3 from the Release from Surfaces list.
Enter 0.001 m for the Step Size and 4000 for the Steps.

(
(

i. Set parameters in the Path Style Attributes panel as shown in the table:

Parameter Value
Line Width 0.5
Spacing Factor | 4
Scale 0.15

ii. Click OK and close the panel.
(e) Click Display.

3.00e+00
l 2.85e+00
2.70e+00
2.65e+00
2.40e+00
2.25e+00
2.10e+00
1.95e+00
1.80e+00
1.65e+00
1.50e+00
1.35e+00
1.20e+00
1.05e+00
9.00e-01
F.50e-01
6.00e-01

4.50e-01
3.00e-01
1.50e-01
0.00e+00

Pathlines Colored by Particle ID

FLUEMT 6.3 {2d, dp, pbns, lam)

Figure 1.12: Path Lines
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6. Create animations for path lines.

After displaying path lines, create an animation file so that the progress of path
lines can be viewed clearly.

(a) Change the display to have small path lines

Display [—Scene...

ii.
1il.

1v.

& Scene Description

Names £| =| Geometry Attributes Scene Composition
h_“:t“md"l“;a" Type [~ Overlays
Ir:’,%h::ﬁ path [ Draw Frame
lid o Frame Options...
path-7-particle-id ||

Transform...
Dot o vy | Bathiines
Apply| Close| Help |

Select path-7-particle-id from the Names list.

Click Path Lines....

Enter 2 for the Max Steps in the Pathline Attributes panel and click Apply.
Click Apply and close the Scene Description panel.

This will change the display in graphics window, with very small path lines
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7. Display the scene animation.

Display |—Scene Animation...

& Animate

Playback Key Frames

Playback Mode |pjay Once - Frame Keys
[160 ﬁ‘ Key-1
Start Frame Increment End Frame ﬁnﬂ_

[t Efle Zifee ) A

1 Delete
| *l “petete Al
Frame

b I | -l | I L g
WritefRecord Format | Hardcopy Frames - Hardcopy Options...

Write..| Read..| Close | Help |

a) Click Add to create key-1 in the Keys list.

b)

c¢) Enter 100 for Frame and click Add in the Animate panel.
)
)

(
(b) Enter 4000 for Max Steps in the Pathline Attributes panel and click Apply.
(

(d

(e) Click the Hardcopy Options... button.

Select Hardcopy Frames from the Write/Record Format drop-down list.

& Graphics Hardcopy

Format Coloring File Type Resolution
" EPS * Color * Raster  Width [g o
" HPGL " Gray Scale o Z‘
" IRIS Image " Monochrome Height (g i‘
" JPEG .
~ PPM Options
" PostScript ¥ Landscape Orientation
* TIFF ¥ Reverse Foreground/Background
" YRML
‘“ |
Save... | TApply | Preview| Close Help

i. Select TIFF from the Format list.
ii. Select Color from the Coloring list.
iii. Click Apply and close the Graphics Hardcopy panel.
(f) Click the Write... button in the Animate panel.
(g) Enter pic.tif for the file name and click OK to close the Select File panel.
Files pic0001. tif, pic0002. tif, ... , and ptc0100.tif will be written.

Create an animated . gif file with the . tif files using third party animation
tools.
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Summary

Comparison of center-line velocity for the first-order and second-order solution with the
experimental values clearly indicates that second order schemes are essential for capturing
correct flow features. First order scheme is the default scheme in FLUENT, it is a good
practice to use first-order solution as a starting guess for further calculations.
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Exercises/Discussions

What will be the flow pattern in each of following situations:

1. The lid direction is reversed.

2. The bottom wall is given a velocity in same direction of the lid.

3. The bottom wall is given a velocity in opposite direction that of lid.
4. The domain height is increased.

5. What would be the vortex size if the lid speed is increased? Why?

6. How would you model the situation if normal motion is provided to the lid? Will
the flow remain incompressible in that situation?

7. What other situation can be simulated using the same mesh file.

Links for Further Reading

e http://www.cavityflow.com

http://www.csit.fsu.edu/ burkardt/datasets/cavity flow/cavity_flow.html

http://nenes.eas.gatech.edu/CFD/1phase/PCCAV1/PCcav.htm

http://www.unibas.it/utenti/bonfiglioli/node14.html

http://wissrech.iam.uni-bonn.de/research/projects/NaSt3DGP /documentation/
userguide /node35.html
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