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Flat Plate Boundary Layer

Chapter 2 Flat Plate Boundary L ayer

Objectives

e Creating the SolidWorks part needed for the COSM OSH oW orks simulation

e  Setting up FloWorks projects for internal flow

e  Setting up atwo-dimensional flow condition

e Initializing the mesh

e Selecting boundary conditions

o Inserting global goals, point goals and equation goals for the calculations

e Running the calculations

e Using Cut Plotsto visualize the resulting flow field

o Useof XY Plotsfor velocity profiles, boundary layer thickness, displacement thickness,
momentum thickness and friction coefficients

o Useof Excel templatesfor XY Plots

e Comparison of FloWorks results with theories and empirical data

e Cloning of the project

Problem Description

In this chapter, we will use COSM OSF oW orks to study the two-dimensional laminar and
turbulent flow on aflat plate and compare with the theoretical Blasius boundary layer solution
and empirical results. Theinlet velocity for the 1 m long plateis 5 m/s and we will be using air as
the fluid for laminar calculations and water to get a higher Reynolds number for turbulent
boundary layer calculations. We will determine the velocity profiles and plot the profiles using
the well known boundary layer similarity coordinate. The variation of boundary layer thickness,
displacement thickness, momentum thickness and the local friction coefficient will also be
determined. We will start by creating the part needed for this simulation, see figure 2.0.

Inlet section

Lines for velocity profiles

Outlet section

/4 =
Ideal walls

Real wall =

Figure 2.0 SolidwWorks mode for flat plate boundary layer study
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Flat Plate Boundary Layer

Creating the SolidWor ks Part

1. Start by creating anew part in SolidWorks: select File>>New and click on the OK button in the
New SolidWor ks Dacument window. Click on Front Plane in the FeatureM anager design
tree and select Front from the View Orientation drop down menu in the graphics window.

Y (R ED >

gﬂFeatureManager design tree i—

El Annokations
3= Material <nat specifisd >
®
@ Top Plane
@ Right Plane
I_. Crigin
Figure 2.1a) Selection of front plane
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Figure 2.1b) Selection of front view

2. Click on Corner Rectangle from the Sketch tools.

@salidWorks | Fie Edt v

E o \-0-pn-H
Sketch  Smart |D' - .‘:'.?' é%

Dimension ||

| Featurez

Corner Rectangle
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|E& |ﬁ: || |,?% || ﬂ} | Sketches arectangle.

Figure 2.2 Selecting a sketch tool
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3. Click to theleft and below the origin in the graphics window and drag the rectangle to the right
and upward. Fill in the parameters for the rectangle: 1000 mm wide and 100 mm high. Close the

Rectangle dialog box by clicking on ¥ Ri ght click in the graphics window and select
Zoom/Pan/Rotate>>%Zoom to Fit.

Parameters =

"y | -100.00 1=

" [0 =

"y | -100.00 1=

", | 100.00 =

" | 1000.00 |i

MEC =

" | 1000.00 |: v

I,f | 0.00 i “@PE Y
Figure 2.3a) Parameter settings for the rectangle Figure 2.3b) Closing the dialog box

: ZoomPanfRatake 3 '-.ﬂ Zoom ko Fik

Figulre 2.3¢) Zooming in the gr;';phics window

4. Repeat steps 2 and 3 but create a larger rectangle outside of the first rectangle. Dimensions are
shown in Figure 2.4.

=

Parameters

"y |-120.00 |

"y | -20.00

"y | -120.00

"y | 120000
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|
|
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" | 1020.00
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Figure 2.4 Dimensions of second larger rectangle
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5. Click on the Features tab and sdlect Extruded Boss/Base. Check the box for [¥] Direction 2 and
click ¥ OK to exit the Extrude Pr operty Manager.

Ol solidWorks | File  Edit View
|

Extruded
Boss/Base

6?5 Revolved Boss/Base

Extruded Boss/Base

| Extrudes a sketch or selected sketch
conbours in one of bwo direckions to
create a solid Feature,

Figure 2.58) Selection of extrusion feature

g l=NED

I Extruda

o R

Figure 2.5b) Closing the property manager

6. Select Front from the View Orientation drop down menu in the graphics window. Click on
Front Planein the FeatureM anager design tree. Click on the Sketch tab and select the Line
sketch tool.

QpisolidWorks || Fie Edt

& o NJO-~
Sketch  Smart d
Dimension | —| ¥ -8

Line
Sketches a line,

_;’3 [ER=YED
o
T Part3

Annokations
;E Material <not specified =

@
Figure 2.6 Selection of the line sketch tool
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7. Draw avertica linein the Y -direction starting at the lower inner surface of the sketch. Set the

Parameter s and Additional Parametersto the values shown in the figure. Close the dialog &

#»

Parameters

& [ 20,00
[, [ =0.00°

Additional Parameters

x| 200,00
A | 0o

/x | 200,00
v | z0.00

AX |n.an

vy

»

A¥ |2n.nn

Figure 2.7 Parameters for vertical line

8. Repeat step 7 three more times and add three more vertical lines to the sketch, the second line at
X =400 mm with alength of 40 mm, the third lineat X = 600 mm with alength of 60 mm and
the fourth line a X = 800 mm with alength of 80 mm. These lines will be used to plot the
boundary layer velocity profiles at different streamwise positions along the flat plate. Save the
SolidWorks part with the following name: Flat Plate Boundary Layer Study. Rename the
newly created sketch in the FeatureM anager design tree, seefigure 2.8b).

Figure 2.8a) Four vertical lines at different locations and with different lengths

KYEES >
¥ )
Q& Flat Plate Boundary Layer Study

Annotations
3= Material <not specified:>
&3 Fronk Plane

& Top Plane
£ Right Plane

I_. Crigin
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;,ﬂ w=0.2, 0.4, 0.6, 0.8

Figure 2.8b) Renaming the sketch for boundary layer velocity profiles
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9. Repeat step 6 and draw a horizontal line in the X-direction starting at the origin of the lower inner
surface of the sketch. Set the Parameter s and Additional Parameter s to the values shown in the

figure and close the dialog +  Rename the sketch in the FeatureM anager design tree and call
itx=0-09m.

Parameters = A
& [ 900,00
[ [ 0.00°
 additional Parameters & |
A5 | 0o
S [0

/x | 0000
/v |00

AX | 900,00

Y

Y

Ay ||:|.|:|n

Figure 2.9 Adding alinein the X-direction

10. Next, we will create a split line. Repeat step 6 once again but this time select the Top Plane and
draw alinein the Z-direction through the origin of the lower inner surface of the sketch. Set the
Parameter s and Additional Parametersto the values shown in the figure and close the dialog

:

< | T
[, [ 0000
 Additional Parameters & |
Ax | 0o

A | -10.00

/x | 000
v | 10,00

Ax ||:|.|:u3

AY | z0.00 =

Figure 2.10 Drawing aline in the Z-direction
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11. Select Insert>>Curve>>Split Line... from the SolidWorks menu. For Facesto Split, select the

surface where you have drawn your split line, see figure 2.11b). Close the dialog ¥ You have
now finished the part for the flat plate boundary layer. Select File>>Save from the SolidWorks
menul.

O-2-H-5-9-§

Bioss|Ease ¥ lirror Entities

cut * lnear Sketch Pattern - ‘ DistIeEgﬁfI;sl:te ;
IFEETEE ' wve Entities = -
Pattern/Mirrar 4

Fastening Feature 4

Surface L4

Face 4

Curve | |S|3Iit Line...

Figure 2.11a) Creating a split line

% Split Line ?

« R
|Typeofsplit 4]

() silhouette

@ Projection

O Inkersection

[Gelections &
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Face<1>

Faces to Split

[single direction

Reverse direction

Figure 2.11b) Selection of surface for the split line

Figure 2.11c) Finished part for flat plate boundary layer
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Setting Up the FloWorks Pr oj ect

12. If FloWorksis not available in the menu, you have to add it from SolidWorks menu:
Tools>>Add Ins... and check the corresponding COSM OSFloW orks box. Select
Floworks>>Pr oject>>Wizard to create a new Floworks project. Create a new figuration named
“Flat Plate Boundary Layer Study”. Click on the Next > button. Select the default SI (m-kg-s)
unit system and click on the Next> button once again.

Floworks | window #elp @ (1 - (¥ - [l - & - 9 - [§]]
Project D Mew. ..
S Wizard,..

Tricark 2

Figure 2.12a) Starting a new FloWorks project

Wizard - Project Configuration

Configuration =
(¥) Create rew

) Use cunent

Configuration narme: |Flat Flate Boundary Layer Study |
Current configuration: |Default |

Figure 2.12b) Creating a name for the project

13. Use the default Internal Analysistype.

Wizard - Analysis Type

Analyziz type Conzider clozed cavities ¥
(%) Internal Exclude cavibies without flow conditions
) External Exclude intermal space
Physzical Festures alue
Heat conduction in solids |:|
Radiation F
Time-dependent |:|
' Gravity |:|
; Rotation |:|

Figure 2.13 Excluding cavities without flow conditions

14. Select Air from the Gases and add it as Project Fluid. Select Laminar Only from the Flow
Type drop down menu. Click on the Next > button. Use the default Wall Conditions and click
on the Next > button. Insert 5 m/sfor Velocity in X-direction as I nitial Condition and click on
the Next > button. Slide the Result resolution to 8. Click on the Finish button.
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Wizard - Default Fluid

bid

Fluids Path - MHew
=] Gases T

Acetong Pre-Defingdd

Amimonia Pre-Defingd

Argon Pre-Defined 0

Butane Pre-Defined

Carbon dioxice Pre-Definecd

Chlorine Pre-Defined

Ethane Pre-Defined

Ethanol Pre-Defingdd

Ethylens Pre-Defined

Fluaring Pre-Definedd L] Add
Project Fluids Default Fluid Berove
Air [ Gazes )

Flow Characteristic Walle
Latmirar Only

Humidity

[ < Back ] [ Mext » l [ Cancel ] [ Help

Figure 2.14 Selection of fluid for the project and flow type

15. Select FloWorks>>Computational Domain.... Click on the Boundary Condition tab and
select XY -Plane Flow from the drop down menu. Click on the OK button to exit the
Computational Domain window.

FloWorks | Window  Help Ql[‘]-;‘

Project 4

Insert 4
General Settings. ..

units. ..

@ Computational Domain. .

Figure 2.15a) Modifying the computational domain

Computational Domain

Size | Bounday Condition | Color Setting

Computational Domain _ _ i =
Size | Boundary Condition | Calor Setting # mait =

2D plane flowr 7 - Plane Flow w 5
Nons e :

Ak F mirg TZ - Plane Flow g )

2. Pla Fon z

At ¥ max: o Fane o e s
Figure 2.15b) Sdlecting two dimensional flow condition Figure 2.15¢) Size of domain
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16. Select FloWorks>>Initial Mesh.... Uncheck the Automatic setting box at the bottom of the
window. Change both the Number of cells per X: to 300 and the Number of cellsper Y: to 200.
Click on the OK button to exit the I nitial M esh window.

Flo\Works | Window Help 3 | -0

Project 4

Insert 4
General Settings...

Units...
@ Camputational Darmain, ..
| mnitial Mesh...

Figure 2.16a) Modifying the initial mesh

Basic Mesh | Salid/Fluid Interface | Fefining Cells | Narrow Channels
Murnber of cels
Murnber of cells per X 300 :
Mumber of cells per v’ 200 :

Mumber of cells per Z:

Figure 2.16b) Changing the number of cellsin both directions

Selecting Boundary Conditions

17. Sdect the Z£ COSMOSFloWorks analysistree tab, open the Input Data folder by clicking
on the plus sign next to it and right click on Boundary Conditions. Select Insert Boundary
Condition.... Right click in the graphics window and select Zoom/Pan/Rotate>>Rotate View.
Click and drag the mouse so that the inner surface of the left boundary is visible. Right click
again and choose Select. Click on the left inflow boundary surface. Select Inlet Velocity in the
Type portion of the Boundary Condition window and set the velacity to 5 m/sin the Flow
Par ameterswindow. Click OK % to exit the window. Ri ght click in the graphics window and

select Zoom/Pan/Rotate>> ) Zoom to Area and select an area around the left boundary.

SAEENEIED
% Flat Plate Boundary Layer =
508 Input Daka ZoomjPan/Rotate 4, | Zoom ko Fit
@ Camputational Damain qf ’:_'.g Zoom ko Area
n ) ] 604 —
flwd Slubdo_mau:s. x | "—-%I Zoom InfOut
E" Insert Boundary Condition. .. Cance % Rokake Yiew

I lear Selertinnsz

Figure 2.17a) Inserting Boundary condition Figure 2.17b) Modifying the view
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& Boundary Condition ?

o ¥
' Selectior

m Face<l>

[

}fux |Face Coordinate Systemn |
=

Reference axis:

B

| Type

Inlet Mass Flow |
Inlet Wolurne Flow = |

Inlet Mach Mumnber
Outlek Mass Flaw
Cutle Wolume Flow

Cutlet Welocity ol
| Flow Parameters & |

v s a[m

[CJFully developed Flow

Figure 2.17¢) Including a vel ocity boundary condition on the inflow

Flat Plate Boundary Layer

Figure 2.17d) Inlet velocity boundary condition indicated by arrows
Red arrows pointing in the right direction appears indicating the inlet velocity boundary
condition, see figure 2.17d). Right click in the graphics window and select Zoom/Pan/Rotate>>

=l
Zoom to Fit. Right click again in the graphics window and select =*_ Rotate View once
again to rotate the part so that the inner right surface isvisible in the graphics window. Right

click and click on % Select. Right click on H Boundary Conditionsin the
COSMOSFloWorksanalysistree and select I nsert Boundary Condition.... Click on the end
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surface on the outlet boundary. Click on the Pressure Openings button in the Type portion of the
Boundary Condition window and select Static Pressure. If you zoom in on the outlet boundary
you will see blue arrows indicating the static pressure boundary condition, see figure 2.18b).

Click OK % to exit the window.

&) Boundary Condition 7

Face Coordinate Syatem |

Reference axis:

[Type  a

Environment Pressure
Skatic Pressure

Taotal Pressure

Figure 2.18a) Selection of static pressure as boundary condition at the outlet of the flow region

Figure 2.18b) Ouitlet static pressure boundary condition
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19. Enter the following boundary conditions: Ideal Wall for the upper wall and lower wall at the
inflow region, see figures 2.19a) and 2.19b). These will be adiabatic and frictionless walls.

& Boundary Condition 7
¥

Selection

m Face<l>

»

L

:
b

Face Coordinate Systern
Reference axis:

>

Type
BEE
Real 'l ‘ X

Figure 2.19a) Ideal wall boundary condition for upper wall

&) Boundary Condition 7
« R

Selection

m Face<l>

b

r Face Coordinate System
Reference axis:

.
-
:

b

Type

B[S

Reeal Wall

Figure 2.19b) Ideal wall boundary condition for lower wall at the inflow region

20. Thelast boundary condition will be in the form of areal wall. We will study the devel opment of
the boundary layer on thiswall.

% Boundary Condition 7 '

¢ R

Selection B

va Face Coordinate System
Referance axis:

L
<
=
1]
»

Real W all
Ideal Wal

Figure 2.20 Real wall boundary condition for the flat plate
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Inserting Global Goals

21. Right click on Goalsin the COSM OSFloWorks analysistree and select Insert Global
Goals.... Select X — Component of Shear Force asaglobal goal. Exit the Global Goals
window. Right click on Goalsin the COSM OSFloWorks analysistree and select I nsert Point

n
Goals.... Click on the 12 Point Coor dinates button. Enter 0.2 m for X coordinate and 0.02 m

for Y coordinate and click on the Add Point button |£ |. Add three more points with the
coordinates shown in figure 2.21€). Check the Value box for X-Component of Velocity. Exit the
Point Goals window. Rename the point goals as shown in figure 2.21g). Right click on Goalsin
the COSMOSFloWorksanalysistree and select I nsert Equation Goal.... Click on the X-
Component of Ve ocity at x = 0.2 m goal inthe COSM OSFloW orks analysistree, multiply by
0.2 and divide by the kinematic viscosity of air at room temperature (1.516E-5) to get an
expression for the Reynolds number in the Equation Goal window, see figure 2.21h). Select No
units from the dimensionality drop down menu. Rename the equation goal to Reynolds number
at x = 0.2 m. Insert three more equation goals corresponding to the Reynolds numbers at the three
other X locations. For a definition of the Reynolds number, see page 2-19.

[ GlobalGoals 7]
« R
Parameter ]
Parameter Min | A | Max | Bulk fv | s &
J——— Hestfle 0 0]
3l AE3EA Cimel B
- v - Comporent ][] []
% Flat Plate Boundary Laver Study z-comparent (1 1 O
Inout Data Heat Transfer ]
= @ P ) ) % - Companent O
@ Compukational Domain ¥ - Component O
Fluid Subdarnains Z - Component |
i, Mormal Farce O
= Eﬁ Boundary Conditions % - Companent W
] Inlet velacity 1 ¥ - Campanent O
) 7 - Component ]
P Static Pressure 1 Force O
'Eﬁ Ideal Wall 1 % - Component O
f - Component O
Eﬁ Ideal Wall 2 2 - Component W
lEﬁ Real Wall 1 Shear Force i
B o . congonest I NN
I Irsert Global Goals % - Component i L]
= m R METEE te =] el o 7 - Component @l |>< - Component of Shear Forcel

Figure 2.21a) Inserting global goals Figure 2.21b) Selection of X —component of shear force

B0 Insert Global Goals. .. W

Insert Point Goals. .. Bar Force 1

- o XK
g8 b Insert Surface Goals. ..
{ Insert volume Goals.., Selection —
4 Insert Equation Goal... @| [*v|
) _z
] Delete Al *
Figure 2.21c) Inserting point goals Figure 2.21d) Selecting point coordinates
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% Point Goals

R
Selection
@ e
# ¥ [m] ¥ [m] F [m]

0.2 0.0z u]
0.4 0.0z 0
0.6 0.0z 0
0.5 0.0z 0

Figure 2.21e) Coordinates for point goals

= F—' Goals
F—' GG % - Component of Shear Force 1

ﬁ* PG ¥ - Component of Yelocity ak x = 0.2 m
ﬁ* Pia % - Component of Melocity at x = 0.4 m
FE* P13 % - Component of Melocity at x = 0.6 m
ﬁ* Pia % - Component of Melocity at x = 0.8 m

Figure 2.21g) Renaming the point goals

Running the Calculations

Parameter
Parameter Yalue | Use For Convy,
Skatic Pressure D
Takal Pressure L]
Cynamic Pressure D
Temperature of Fluid F
Density D
Velocity F
¥ - Component of Yelocity

Figure 2.21f) Parameter for point goals

Equation Goal

E wprezsion:

|{F'I3 ¥ - Component of Yelocity at x = 0.2 m}0.2/1.516E-5
Figure 2.21h) Entering an equation goal

22. Select Flowor ks>>Solve>>Run to start calculations. Click on the Run button in the Run

window. Click on the goals P button in the Solver window to seethe List of Goals.

dl

_FioWorks | Window  Help Qla'@'ﬁ'ﬁé' <)

Project 4

Insert > SRkZ
General Settings. .. - _
Units. .. Q

Computational Domain. ..
Initial Mesh...

s (8 ([0

Cormponent Contral. ..

i

Calculation Contral Options. ..

Solve [= Run...

Figure 2.22a) Starting cal culations

Startup

Create mesh Fun

(&) New calculation
Solver

Figure 2.22b) Run window
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B Solver: Flat Plate Boundary Layer(Flat Plate Boundary Layer S5tudy.SLDPRT)

File Calculation Wiew Imsert Wwindow Help

> BOR A

-
Message Ikerations Date Parameter Walue

Mesh generation starked 15:59:12 || Fluid cells 51002
Mesh generation normally finished 15:50: 15 [ Partial cells 4354
Preparing data for calculation 15:59:15 || Iterations 254
Calculation started i} 15:59:22 || Last iteration fini...  16:10:34
Refinenment 157 16:05:58 f| CPU time per last... 00:00:04
Refinement 237 16:09:25 || Travels 320796
Calculation has converged since k.., 253 16:10:54 || Iterations per 1 £, 51

Goals are converged 253 Cpu time 0:11:1
Calculation Finished 254 16:10:37 | Calculation time left 0:0:0
Status Solver is finished,

[¥l List of Goals
Current Vaiue | __Averaged valve

5, 06865 m,l’s 5 G138 mfs
PG ¥ - Component of Yelocity at x =0.4m 5.09419 mfs 5.09452 mfs 5 09414 mfs 5,09492 m/s
PG ¥ - Component of Yelocity at x = 0.6 m 5.11537 m/s 5.11524 m/s 511483 mj's 5.1159 m/s
PG ¥ - Compaonent of Yelocity at x = 0.8 5.13267 mfs 513238 mfs 513218 m/s 513277 mfs
Reyvnolds number at x=0.6m 270853 270333 270327 270859
Reynolds number at x=0.6m 202455 202450 202434 202476
Reynolds number at x = 0.4 m 134411 134420 134410 134431
Revnolds nurmber 3t = 0.2 m BA865, 7 668625 66859, 4 BAE69,5

Figure 2.22¢) Solver window

Using Cut Plotsto Visualize the Flow Field

Cut Plotsinthe Z£ COSM OSFloWorksanalysistree and select Insert....

23. Right click on

Select the Front Plane from the " FeatureManager design tree. Click on [ view settings...

Slide the Number of colors: dide bar to 101. Select Pressur e from the Parameter drop down
kK.

menu. Click on [ ] .Click OK # to exit the Cut Plot window. Fi gure 2.233)
shows the high pressure region close to the leading edge of the flat plate. Rename the cut plot to
Pressure. Repeat this step but instead choose X-velocity from the Parameter drop down menu.
Rename the second cut plot to X-velocity. Figures 2.23b) and 2.23c) are showing the velocity
boundary layer closeto thewall.

101327
101326
101326
101326
101326
101326
101326
1013258
1013258
101325

101325
Pressure [Pa]

Figure 2.23a) Pressure distribution along the flat plate.
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514754
463274
4.11803
3.60328
3.08852
2.57377
2.05302
1.54476
1.02951
0.514754

1}
Hvelocity [rnfs]

Figure 2.23b) X-velocity distribution on the flat plate.

N

Figure 2.23c) Close up view of the velocity boundary layer.

Using XY Plotswith Templates

24. Placethefile“xy-plot figure 2.24c¢)” into the L ocal Disk

(C:)/SolidWorks/COSM OSFloW orks/FloWor ks/lﬂg/engl ish/template/XY -Plots folder to
make it available in the Templatelist. Click on the ® Featurem anager design tree. Click on

the sketch x = 0.2, 0.4, 0.6, 0.8 m. Click onthe £ COSMOSFloWorks analysistreetab.
Right click XY Plot and select Insert.... Check the X-velocity box. Open the Resolution portion
of the XY Plot window and slide the Geometry Resolution asfar asit goesto the right. Click on
the Evenly Distribute Output Points button and increase the number of points to 500. Open the
Options portion and check the Display boundary layer box. Select the template “ xy-plot figure
2.24c)” from the drop down menu. Click OK # to exit the XY Plot window. An Excel file will
open with a graph of the velocity in the boundary layer at different streamwise positions, see
figure 2.24c). Rename the inserted xy-plot in the COSM OSFloWorks anaysistree to Laminar
Velocity Boundary Layer.

[w]-welncity

[CJv-velocity

[Cz-velncity

[CImach Mumber

[[IHeat Transfer Coefficient

KYEd[-EIES »
T )

% Flat Plate Eoundary Laver Study (Flak Plate Boundary Laver Study)

[Clshear stress &
[CJsurface Heat Flux

Annotations g.ﬁur Mass Fraction v
3: Material <nok specified |E| |E| |E‘
Q Front Plane
\<§\ Top Plane Resolution Ll
o ~ 3
% Right Plane
1, origin @ [s00 E
@ Extrudel Options s
@ . : Interpolate

E x=0-09m
A srlit Line2

Figure 2.24a) Selecting the sketch for the XY Plot
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Figure 2.24b) Settings for the XY Plot
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6
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u (m/s) 3 i ffffffffff x=0.2m
A ] T x=0.4m
, J A N V1 V0 74 S L x=0.6m
"""""""""""""" x=0.8m
1
0+
0 0002 0004  0.006  0.008 0.01
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Figure 2.24c) Boundary layer velocity profiles on aflat plate at different streamwise positions

Comparison of FloWorks Resultswith Theory and Empirical Data

25. We now want to compare this velacity profile with the theoretical Blasius velocity profile for

26.

laminar flow on aflat plate. First, we have to normalize the steamwise X velocity component
with the free stream vel ocity. Secondly, we have to transform the wall normal coordinate into the
similarity coordinate for comparison with the Blasius profile. The similarity coordinateis
described by

—y L &
1= i

wherey (m) isthe wall normal coordinate, U (m/s) isthe free stream vel ocity, x (m) isthe
distance from the leading edge and v is the kinematic viscosity of the fluid.

Place the file “ xy-plot figure 2.25a)” into the L ocal Disk

(C:)/SolidWorks/COSM OSFloW or ks/FloWor ks/lang/english/template/XY -Plots folder to
make it available in the Template list. Repeat step 24 and select the new template for the XY -
plot. Rename the xy-plot to Comparison with Blasius Profile.
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We seein figure 2.25a) that all profiles at different streamwise positions approximately collapse
on the same Blasius curve when we use the boundary layer similarity coordinate.

0.8 7
,0{//!{/
- /f ********** x=0.2m
wy // ”””” x=0.4m
o Attt T x=0.6m
/'/ """"""""""""""" Xx=0.8m
o —— Theory
0
0 1 2 3 4 5 6
n

Figure 2.25a) Ve ocity profilesin comparison with the theoretical Blasius profile (full line)

The Reynolds number for the flow on aflat plate is defined as
Re, = — 2

The boundary layer thickness is defined as the distance from the wall to the location where the
velocity in the boundary layer has reached 99% of the free stream value. The theoretical
expression for the thickness of the laminar boundary layer is given by

5 _ 491
X

= Tres ®)
and the thickness of the turbulent boundary layer

9 0.16
= Rel” )

From the data of figure 2.24c) we can see that the thickness of the laminar boundary layer is close
to 3.88 mm at Re,. = 66,900 corresponding to x = 0.2 m. The free stream velocity at x = 0.2 mis
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U =5.069 m/s, see figure 2.22c) for list of goalsin solver window, and 99% of thisvalueisUs =
5.018 m/s. The boundary layer thickness from FloWorks was found by finding the y position
corresponding to the U velocity. This value of the boundary layer thickness can be compared
with avalue of 3.80 mm from equation (3). In table 2.1 are comparisons shown between
boundary layer thickness from FlowWorks and theory corresponding to the four different
Reynolds numbers shown in figure 2.24c). The Reynolds number varies between Re,, = 66,900 at
x=0.2mand Re, = 270,900 at x = 0.8 m.

& (mm) & (mm) | Percent (%) Us U m? Re,
Floworks | Theory | Difference (m/s) | (m/s) v (T)
x=02m | 388 3.80 2.1 5.018 5.069 | 0.00001516 | 66,900
x=04m | 541 5.36 0.9 5.044 5.095 | 0.00001516 | 134,400
x=06m | 653 6.55 0.3 5.065 5.116 | 0.00001516 | 202,500
Xx=08m | 748 7.55 0.9 5.082 5.133 | 0.00001516 | 270,900

Table 2.1 Comparison between FloWorks and theory for laminar boundary layer thickness

27. Placethefile®xy-plot figure 2.25b)" into the L ocal Disk
(C:)/SolidWorks/COSM OSFlowWor ks/FloWor ks/lang/english/template/ XY -Plots folder to
make it available in the Templatelist. Repeat step 24 and select the new template for the XY -plot
as shown in figure 2.25b). Rename the xy-plot to Boundary Layer Thickness.

0.1
10(LOO 100000 1004)000
o o e FlowWorks
—— Theory
0.01

Re

X

Figure 2.25b) Comparison between FloWorks and theory on boundary layer thickness

The displacement thickness is defined as the distance that a streamline outside of the boundary
layer is deflected by the boundary layer and is given by the following integral

s =["a- %)dy 5)
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Thetheoretical expression for the displacement thickness of the laminar boundary layer is given

by

g _

X

1.72

= JRey

and the displacement thickness of the turbulent boundary layer

&

0.02

x  Reyt”

(6)

(7)

6" (mm) 6" (mm) | Percent (%) Re,
Floworks | Theory | Difference
x=02m | 13310 1.3303 0.05 66,900
x=04m | 18418 1.8766 1.85 134,400
x=0.6m | 2.2617 2.2936 1.39 202,500
x=0.8m | 2.5858 2.6439 2.20 270,900

Table 2.2 Comparison between FloWorks and theory for laminar displacement thickness

Place thefile* xy-plot figure 2.25¢)” into the L ocal Disk

(C:)/SolidWorks/COSM OSFlowor ks/FloWor kg/lang/english/template/ XY -Plots folder to
make it available in the Templatelist. Repeat step 24 and select the new template for the XY -plot
as shown in figure 2.25¢). Rename the xy-plot to Displacement Thickness.

0.01

104)00 100000 100(1)000

ffffffffff FloWorks

S/x

—— Theory

0.001

Re

X

Figure 2.25c) Comparison between FloWorks and theory on displacement thickness

The momentum thicknessis related to the loss of momentum flux caused by the boundary layer.
The momentum thicknessis defined by an integral smilar to the one for displacement thickness

6= [, 7 (1—)dy 8
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Thetheoretical expression for the momentum thickness of the laminar boundary layer is given by

6 _ 0.664

x ~ JRex 9)
and the momentum thickness of the turbulent boundary layer
6 0.016
x = Rel” (10)
6 (mm) 6 (mm) | Percent (%) Re,
FloWorks | Theory | Difference
x=0.2m | 0.5107 0.5136 0.56 66,900
x=04m | 0.7132 0.7255 1.70 134,400
x=0.6m | 0.8756 0.8854 111 202,500
x=0.8m | 1.0016 1.0207 1.87 270,900

Table 2.3 Comparison between FloWorks and theory for laminar momentum thickness

Placethefile®xy-plot figure 2.25d)" into the L ocal Disk

(C:)/SolidWorks/COSM OSFlowWor ks/FloWor kg/lang/english/template/ XY -Plots folder to
make it available in the Templatelist. Repeat step 24 and select the new template for the XY -plot
as shown in figure 2.25d). Rename the xy-plot to M omentum Thickness.

0.01
10(LOO 100000 100(LOOO

ox | e FloWorks

—— Theory

0.001

Re

X

Figure 2.25d) Comparison between FloWorks and theory on momentum thickness

Finaly, we have the shape factor that is defined as the ratio of the displacement thickness and the
momentum thickness.
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The theoretical value of the shape factor isH = 2.59 for the laminar boundary layer and H = 1.25
for the turbulent boundary layer.

H H Percent (%) Re,
Floworks | Theory | Difference
x=02m | 2.6062 2.59 0.63 66,900
x=04m | 25824 2.59 0.29 134,400
x=06m | 25830 2.59 0.27 202,500
Xx=08m | 25817 2.59 0.32 270,900

Table 2.4 Comparison between FloWorks and theory for laminar shape factor

We now want to study how the local friction coefficient varies along the plate. It is defined as the
local wall shear stress divided by the dynamic pressure;

Tw
Cf'x = %pUZ (12)

Thetheoretical local friction coefficient for laminar flow is given by

0.664
Crx = Tre Re, < 5-10° (23)
and for turbulent flow
Crx = % 5-10° < Re, < 107 (14)

Place the file “ xy-plot figure 2.26” into the Local Disk

(C:)/SolidWorks/COSM OSFlowor ks/FloWor kg/lang/english/template/ XY -Plots folder to
make it available in the Template list. Repeat step 24 but this time choose the sketch x =0 - 0.9
m, uncheck the box for X-Velocity and check the box for Shear Stress. Rename the xy-plot to
Local Friction Coefficient. An Exce file will open with a graph of the local friction coefficient
versus the Reynolds number compared with theoretical values for laminar boundary layer flow.

1(LO 1000 IO(I)OO 100000 100(J)OOO

C 0.01 S FloWorks

——— Theory

0.001

Re

X

Figure 2.26 Local friction coefficient as a function of the Reynolds number
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The average friction coefficient over the whole plate C; is not afunction of the surface roughness
for the laminar boundary layer but a function of the Reynolds number based on the length of the
plate Re_, see figure E3 in Exercise 8 at the end of this chapter. Thisfriction coefficient can be
determined in FloWorks by using the final value of the global goal, the X-component of the Shear
Force F;, seefigure 2.22¢) and dividing it by the dynamic pressure timesthe area A in the X-Z
plane of the computational domain related to the flat plate.

Cf = Fr = 0.000147156N =0.002444 (15)
EpUZA ;1.204kg/m3-52m2/52-1m-0.004m
Re, =YL = _Sm/sim__ _ 33,405 (16)

v 1.516-1075m2/s

The average friction coefficient from FloWorks can be compared with the theoretical value for
laminar boundary layers

1.328
C = 5 = 0002312 Re, <5-10° (17)

Thisisadifference of 5.7 %. For turbulent boundary layers the corresponding expression is

_0.0315
f ™ Re,'”

5-10° < Re, < 107 (18)

If the boundary layer islaminar on one part of the plate and turbulent on the remaining part the
average friction coefficient is determined by

0.0315 1 s
Cr = tei? e (0.0315Re,,7 — 1.328,/Re,,) (19

where Re_,. isthe critical Reynolds number for laminar to turbulent transition.

Cloning of the Proj ect

29. Inthe next step, we will clone the project. Select FloWor ks>>Pr oject>>Clone Project....
Create anew project with the name “Flat Plate Boundary Layer Study Using Water”. Click on
the OK button to exit the Clone Project window. Next, change the fluid to water in order to get
higher Reynolds numbers. Start by selecting Floworks>>General Settings... from the
SolidWorks menu. Click on Fluidsin the Navigator portion and click on the Remove button.
Answer OK to the question if you want to continue. Select Water from the Liquids and Add it as
the Project Fluid. Change the Flow typeto Laminar and Turbulent, seefigure 2.27d). Click
on the OK button to close the General Setting window.
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FloWorks | Windon  Hep @\ [ - (¥ - I - & - 9

Project [ | mew...

| Wizard. .. one Proje E
Insert 4
General Setkings. .. Rebuild (%) Create new
Units. .. E] Automatic Rebuild O.t’-‘«dd o evisting
@ Computational Domain. .. Shows Basic Mesh ) .
N . Configuration nare:
@ Initial Mesh... Basic Mesh Color. .,
18 | Component Contral... Clane Project... |Flat Flate Boundary Lager Study Using 'Water |
Figure 2.27a) Cloning the project Figure 2.27b) Creating a new project

FloWorks | Window  Help Qqu

Project L4

Insert 4
General Settings. ..

Figure 2.27¢) Selection of general settings

General Settings
Fluids Path ”~ M e
Gases " .
= Liquids —ir': Analysiz type
Arcetone Pre-Defined
ATimanis Pre-Defined EE Fluids
Argon Pre-Defined B
Ethane Pre-Defined W Jwiall conditions
Ethanal Pre-Defined
Ethylene Pre-Defined Initial conditions
Methane Pre-Defined
hethanol Pre-Defined
Mitrocen Pre-Defined 9 Add
Project Fluids Defautt Fluid Rermove
wizter [ Liguids )

Replace

Flowe Characteristic “alue
Larninar and Turbulert
Cavitation D

Figure 2.27d) Selection of fluid and flow type

Select FloWorks>>Computational Domain... Set the size of the computational domain to the
values shown in figure 2.28a). Click on the OK button to exit. Select Floworks>>Initial

Mesh... from the SolidWorks menu and change the Number of cells per X: to 400 and the
Number of Cellsper Y: to 200. Also, inthe Control Intervals portion of the window, change
the Ratio for Y 1to -100 and the Ratio for X1 to -5. Thisis done to increase the number of cells
close to the wall where the velocity gradient is high. ). Click on the OK button to exit. Select
FloWorks>>Calculation Control Options... from the SolidWorks menu. Change the
Maximum travels valueto 5 by first changing to Manual from the drop down menu. Travel isa
unit characterizing the duration of the calculation. ). Click on the OK button to exit.
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Computational Domain

‘Size | Boundary Condition | Color Setting
i 012m |
¥ ma: 1.02m |
Y i He05m B
Y maw: 010001 m B
Z min: -0.002m B
Z max: 0002m |

Figure 2.28a) Setting the size of the computational domain

Initial Mesh

Bazic Mash | Solid/Fluid Interface | Fefining Cells | Marow Channels

Murber of cell:
Mumber of cells per ¥ 400 £ Cancel
Murmber of cell: per " 200 :

I
4

Murmber of cell: per 2:

Control interyals

Ifin Idax Mumber of cells| Ratio I Add Plane. .
1 -012m 102m 400 -5
bl -0.0001 m 01001 m 2005100
I -0.002 m 0.002 m 11

Figure 2.28b) Increasing the number of cells and the distribution of cells

_Floorks | Wiindow  Help & Calculation Control QOptions

Praoject
Finish | Fiefinement | Saving | Advanced

Insert
B SRS o Parameter Cnaoft Walle

Units. .. [=] Finizh Conditions If one iz satisfied
@ Computational Domain, . Winimum refinement numiber 2
@ Iritial Mash. .. Maximum iterstions |:|
™8 | Companent Cantral. .. aximurm calculation time L]

Psccimum travels
Calculation Control Options... Goals Convergence
Figure 2.28c¢) Calculation control options Figure 2.28d) Setting maximum travels

Select FloWor ks>>Pr oj ect>>Show Basic M esh from the SolidWorks menu. We can seein
figure 2.28f) that the density of the mesh is much higher close to the flat plate at the bottom wall
in the figure as compared to the region further away from the wall.
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FloWorks | Window telp @ (1 - (¥ - [ - & - 9

Project D Mew, ..
o | ‘Wizard...
Insert L4 ~
General Settings. .. Rebuild
Units... ¥ || Auktomatic Rebuild
@ Caomputational Domain. .. ¥ || Show Basic Mesh

Figure 2.28e) Showing the basic mesh

Figure 2.28f) Mesh distribution in the X-Y plane

31. Right click the Inlet Veocity Boundary Condition inthe COSM OSFloWorks analysistree
and select Edit Definition.... Openthe Boundary L ayer section and select Laminar Boundary
Layer. Click OK % to exit the Boundary Condition window. Right click the Reynolds
number at x = 0.2 m goal and select Edit Definition.... Change the viscosity value in the
Expression to 1.004E-6. Click on the OK button to exit. Change the other three equation goalsin
the same way. Select FloWor ks>>Solve>>Run to start calculations. Check the Create M esh
box and select New Calculation. Click on the Run button in the Run window.

| Boundary Layer
() Turbulent
@ Laminar

Figure 2.29a) Selecting alaminar boundary layer

Equation Goal

Exprezsion:
|{F'I3 # - Component of Yelacity at = = 0.2 mP0.2/1.004E-6

Figure 2.29b) Modifying the equation goals
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Rm 7
Startup
Create mesh [] T ake previous results
(#) New calculation
Cantinue calculation Help

Salver

Figure 2.29¢) Creation of mesh and starting a new calculation

Solver: Flat Plate Boundary Layer Study Using Water(Flat Plate Boundary Layer Study.SLDPRT)

File Calculation  Yiew Insert  Window Help

2 BB W

Message Ikerations Date Parameter Walue

Mesh generation started 09:10:55 | Fluid cells 4960
Mesh generation narmally finished 09:10:59)| Partial cells 3708
Preparing data For calculation 09:11:02 ) Iterations 353
Calculation starked ] 09;11;06[| Last iteration fini... 09:57:53
Refinement 173 09:39:22 | CPU time per last... 00:00:06
Refinemant 260 09:48:25)| Travels 402354
Calculation has converged since £, 352 09:57:53 )| Iterations per 1k, 92

Goals are converged 352 Cpu time 0:46:15
Calculation Finished 353 09:57:53)| Calculation time left 0:0: 0
Status Solver is finished.

[ List of Goals

Goal Name Current Yalue Averaged Yalue IMlinimum alue Maximum Yalue Progress

GG ¥ - Component of Shear Force 1 0.2z2822 M 0.228643 N 0.2z2822 M 0229164 N [ Arhieved (T = sanm
Piz % - Companent of Yelocity at x = 0.2 m S.04186 mfs S.04167 mfs S.04186 mis S.04168 mis [ Achieved (T = Sain
PG ¥ - Component of Yelodty at x = 0.4 m 5.07044 m/s 5.07022 m/s 5.06967 m/s 5.07044 mjs [ Arhieved (= agar
Piz % - Component of Yelocity ab x = 0.6 m 5.09548 m/s 5.09531 mfs 5.09495 mfs 5.09548 mis [ ArhievediIT=saai
PG ¥ - Component of Yelodty at x = 0.8 m 5.12023 m/s 5.12003 m/s 5.11909 m/s 512023 ms [ Arhieved (= aeam
Revrolds number sk 2 =0.8m 4,07987e+005 4,07971e+006 4,078962+006 4.07987=+006 [ Arhieved = saay
Revnolds number at x =0.6m 30451 1e+006 3,04501 e+006 3.04479e+006 30451 1e+008 [ Arhieved T = Saai
Revrolds number sk« =04 m 2,0201e+006 2,02001e+006 2.0197%e+006 2.0201e+006 [ A eved (T = e ]
fRevnolds number at % = 0.2 m 1.00432e 1008 1.00432e+008 1004326008 00432006 e EE

Figure 2.29d) Solver window and goals table for calculations of turbulent boundary layer

Place the file“ xy-plot figure 2.30a)” into the L ocal Disk

(C:)/SolidWorks/COSM OSFloW or ks/FloWor kg/lang/english/template/ XY -Plots folder to
make it available in the Template list. Repeat step 24 and choose the sketch x = 0.2, 0.4, 0.6, 0.8
m and check the box for X-Velocity. Rename the xy-plot to Turbulent Velocity Boundary
Layer. An Excel filewill open with a graph of the streamwise velocity component versus the
wall normal coordinate, see figure 2.30a). We see that the boundary layer thickness is much
higher than the corresponding laminar flow case. Thisis related to higher Reynolds number at the
same streamwise positions as in the laminar case. The higher Reynolds numbers are due to the
selection of water asthe fluid instead of air that has a much higher value of kinematic viscosity
than water.
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Figure 2.30a) Floworks comparison for turbulent boundary layersat Re,, = 10® — 4.1 - 10°

As an example, the turbulent boundary layer thickness from figure 2.30a) is4.45mmat x =0.2m
which can be compared with avalue of 4.44 mm from equation (4), see table 2.2.

& (mm) & (mm) Percent (%) U m? Re,
Floworks | Empirical | Difference | (m/s) v ()
x=02m | 445 4.44 0.1 5.042 | 0.000001004 | 1,004,320
X=04m | 873 8.04 8.6 5.070 | 0.000001004 | 2,020,100
X=06m | 125 114 9.9 5.095 | 0.000001004 | 3,045,110
Xx=08m | 16.0 14.5 9.7 5.120 | 0.000001004 | 4,079,870

Table 2.5 Comparison for FlowWorks and empirical results for turbulent boundary layer thickness

Place the file“ xy-plot figure 2.30b)” into the L ocal Disk

(C:)/SolidWorks/COSM OSFlowor ks/FloWor ks/lang/english/template/ XY -Plots folder to
make it available in the Templatelist. Repeat step 24 and choose the sketch x = 0.2, 0.4, 0.6, 0.8
m and check the box for X-Velocity. Rename the xy-plot to Turbulent Boundary L ayer
Thickness. An Excel file will open with a graph of the boundary layer thickness versus the
Reynolds number, see figure 2.30b).

0.1 J,
S 1000000 10000000 FloWorks

0.01 ——— Empirical Data

Re

X

Figure 2.30b) Boundary layer thickness for turbulent boundary layers at Re,, = 106 — 4.1 - 10°
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33. Placethefile“xy-plot figure 2.31" into the Local Disk
(C:)/SolidWorks/COSM OSFlowWor ks/FloWor ks/lang/english/template/ XY -Plots folder to
make it available in the Templatelist. Repeat step 24 and choose the sketch x = 0.2, 0.4, 0.6, 0.8
m and check the box for X-Velocity. Rename the xy-plot to Comparison with One-Sixth Power
Law. An Excdl filewill open with figure 2.31. In figure 2.31 we compare the results from
FloWorks with the turbulent profile for n = 6. The power Haw turbulent profiles suggested by
Prandtl are given by

5= (20)

It is seen that for the higher Reynolds numbers in figure 2.31, that the velocity profiles resembles
the one-sixth power law.

0.8 Il
RO I 2 A s x=0.2m
U/U ; ’,,// 7777777 Xx=0.4m
o4 ****** x=0.6m
R e e e e x=0.8m
0.2 N6
0
0 0.2 0.4 0.6 0.8 1

y/é

Figure 2.31 Profilesin figure 2.30a) compared with one-sixth power law for turbulent profile.

34. Placethefile“xy-plot figure 2.32" into the Local Disk
(C:)/SolidWorks/COSM OSFlowWor ks/FloWor ks/lang/english/template/ XY -Plots folder to
make it available in the Templatelist. Repeat step 24 and choose the sketchx =0-0.9 m,
uncheck the box for X-Velocity and check the box for Shear Stress. Rename the xy-plot to
Local Friction Coefficient for Laminar and Turbulent Boundary Layer. An Excel file will
open with figure 2.32. Figure 2.32 is showing the FloWorks is able to capture the local friction
coefficient in the laminar region in the Reynolds number range 10,000 — 150,000. At Re =
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150,000 there is an abrupt increase in the friction coefficient caused by laminar to turbulent
transition. In the turbulent region the friction coefficient is decreasing again but the local friction
coefficient from FloWorks is significantly higher than empirical data.

0.1

1000 IO(LOO 100000 100(L000 10000000
0.01
i i 1 FloWorks
—— Theory
0.001
0.0001

Re

X

Figure 2.32 Comparison between FloWorks (dashed line) and theoretical laminar and empirical
turbulent friction coefficients

The average friction coefficient over the whole plate C; is afunction of the surface roughness for
the turbulent boundary layer and also a function of the Reynolds number based on the length of
the plate Re , seefigure E3in Exercise 8. Thisfriction coefficient can be determined in
Floworks by using the final value of the globa goal, the X-component of the Shear Force F; and
dividing it by the dynamic pressure times the area A in the X-Z plane of the computational
domain related to the flat plate, see figure 2.28a) for the size of the computational domain.

Fy 0.22822N

L) =0.00457 (21)
EpUZA E-998kg/m3-52m2/sz-lm-0.004m

Cf:

UL 5m/s-1m
ReL =—= /

_ smfsim . 106
v 1.004-10"6m2/s 4.98-10 (22)
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The variation and final values of the goal can be found in the solver window during or after
calculation by clicking on the associated flag, see figures 2.33 and 2.29d).

EY Solver: Flat Plate Boundary Layer Study(Flat Plate |

File Calculation Wiew Insert  window Help

£ BB A 4

r |Insert Goals Table{CtrI+T)|

Figure 2.33 Obtaining the current value of the global goal

For comparison with Floworks results we use equation (19) with Re.,- = 150,000

00315 1
- ReL1/7 Rej,

6
cr (0.0315Re,,” — 1.328,/Re, ) = 0.0034 (23)

Thisisadifference of 34%.
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Exer cises

1. Change the number of cellsper X and Y (seefigure 2.16b)) for the laminar boundary layer
and plot graphs of the boundary layer thickness, displacement thickness, momentum
thickness and local friction coefficient versus Reynolds number for different combinations of
cellsper X and Y. Compare with theoretical results.

2. Choose one Reynolds number and one value of number of cells per X for the laminar

boundary layer and plot the variation in boundary layer thickness, displacement thickness and
momentum thickness versus number of cells per Y. Compare with theoretical results.
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3. Choose one Reynolds number and one value of number of cells per Y for the laminar
boundary layer and plot the variation in boundary layer thickness, displacement thickness and
momentum thickness versus number of cells per X. Compare with theoretical results.

4. Import the file “Leading Edge of Flat Plate’. Study the air flow around the leading edge at 5
/s free stream vel ocity and determine the laminar velocity boundary layer at different
locations on the upper side of the leading edge and compare with the Blasius solution. Also,
compare the local friction coefficient with figure 2.26. Use different values of the initial mesh
to see how it affects the results.

Figure E1 Leading edge of asymmetric flat plate, see Fransson (2004)

5. Modify the geometry of the flow region used in this chapter by changing the slope of the
upper ideal wall so that it isnot parallel with the lower flat plate. By doing thisyou get a
streamwise pressure gradient in the flow. Use air at 5 m/s and compare your laminar
boundary layer velacity profiles for both accelerating and decelerating free stream flow with
profiles without a streamwise pressure gradient.

Figure E2 Example of geometry for a decelerating outer free stream flow
6. Determine the displacement thickness, momentum thickness and shape factor for the
turbulent boundary layersin figure 2.30a) and determine the percent differences as compared

with empirical data.

7. Change the digtribution of cells using different values of theratiosin the X and Y directions,
see figure 2.28b), for the turbulent boundary layer and plot graphs of the boundary layer
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thickness, displacement thickness, momentum thickness and local friction coefficient versus
Reynolds number for different combinations of ratios. Compare with theoretical results.

8. Usedifferent fluids, surface roughness, free stream velocities and length of the computational
domain to compare the average friction coefficient over the entire flat plate with figure E3.
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Figure E3 Average friction coefficient for flow over smooth and rough plates, White (1999)
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