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19 4. Grid system for cylinder(47,000)

Numerical schemes

Time discretization Implicit backward 2" order

Convective discretization Total Variation Diminishing

Diffusion discretization Central differencing scheme
Convergence criterion 1e-06

3t 2. Numerical schemes used for the simulation



Flow Conditions

Hhoo 1.824 E— 05 Ns/m”
Peo 1.19kg/m’
Reynolds Number 100
U, 0.15m/s
D(Characteristic length) 0.01m
Fluid Air

3t 3. Flow conditions for cylinder

Pressure Velocity
Inlet Zero gradient Fixed value
Outlet Fixed value Zero gradient
Side Zero gradient Fixed value
Cylinder Zero gradient Fixed value

3t 4. Boundary conditions for cylinder

AAEA Jgo] ARG EE 24 AT ERE HAAFYPYL UFE
4o ZHFE AAsGE. HALAAN S 98 Time Resolution
StudyE %38 Time step 0.00025s2 XA A3} o]F ZE &

Agdorx ZU3 Time stepE: 7|§F0 2 A& F3hstg o
AAHA A7 10Z°] 2L Courant Number: 1HTF A AR
3+ T}

Aaba)A o] F=afo] <bA Willamsone] 734 (1989) o] &3}

L

34992 Reynolds numberol] A ¢] Strouhal number$} 9434



A oA WHA3= Von Karman vortex shedding® 7]

&3ttt AM8-® Willamson[2]9] A gL o537 2t

D —3.3265
St=—= +0.1816+0.00016 Re
U, Re, D

Willamson®] A& 93] F3|x A= offjo] xo 2}

Calculation of empirical results

Strouhal Number 0.1643
Reynolds Number 100

Period 0.40565s

Frequency 2.4650s

3 5. Calculation of empirical results
2.1.3.2 Time Resolution Study

HAFEA S Qo] Bgdoz FE5 Time stepd A7)
938 Time Resolution StudyE 33t ch.[22] | A 0.001so] off
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9 5. Velocity oscillations of monitoring

point 0.02m (Two diameters of cylinder)
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Time step2 0.002sHE 0.00025s7+A] W AZ ] wat a4 o
T3 HHE FAA H LA FE ALEAT e F7)
o] 3)23lE Strouhal numbers ot} e F o} 2t

Time step Wake period Frequency St #
Experiment 0.4056 2.4650 0.1643
0.002 Divergence
0.001 0.4293 2.3293 0.1553
0.0005 0.4142 2.4142 0.1609
0.00025 0.4045 2.4716 0.1647

3t 6. Calculated wake periods for each of time steps

E6A E F Yxo] FXHLE Hsto A4 Strouhal
number® Time stepe] 0.00025s & o o] &3 714 <@ A
< AT F YA olF EE G dAdA FLIF Time
step(t=0.00025s)& 7|¥to & A& FP3tA.

2.1.3.3 Grid Resolution Study

Time Resolution Study®} vI7HA 2 FXHo 2 7174 T &4
Q AxE AAstzl AR 3 AR A" diE]  Grid
Resolution StudyE 333t 3/ A"l BEF 4 AT
A AAFE 0.00025sE Time stepl.® F 8393 dFHAY F
W sl tFsE FUE vErd w7kA] AN S FAES
. oot ™I ol AR A2®EE ZkZE 14850, 47000,
1326007 o™ AArE F71= otHY E¢ Zt



Cells Wake period Frequency St #

Experiment 0.4056 2.4650 0.1643
14850 0.3980 2.5123 0.1674
47000 0.4045 2.4716 0.1647
132600 0.4048 2.4303 0.1646

3% 7. Calculated wake periods for grid size variation

Coarse (14850) Standard (47000) Fine (132600)

a9 7. Grid independence study

A dde gEAE % $&l Domain
Independence Study F3+ +33tHth ol#le] BAAM & & Ux
o] 1587} & A4 H 9 Strouhal numberet 71E9] 34 3
oA HAFA o2 FaF goleE & Aot s A
AAIL o] F F& 7|EY A FFeE HAF AARAN2HE 74

Eiteg

Fo{l
o
oX,
Lo
ehu)
o|\
ftjo

Domain size Wake period Frequency St #
Experiment 0.4056 2.4650 0.1643

Standard 0.4045 24716 0.1647
x1.5 times 0.4047 2.4709 0.1647

3% 8. Calculated wake periods for domain size variation



214 Ad@de A5

UM AFAHRE vfg o2 A" Time step, Grid system, L

I Domain Z71E Hlg oz AHgTe] vuENS FP3S

g
o ootdlY FolA B £ Axo] ARFFH FXHA st AY
AX3E AL ST F PP o= T 2 EZ(OpenFOAM)o]
Z1RA o2 ATt U= HEFH 15 WY HFol ¥
Hog o|FojHug ¥ 4+ It
(Re = 100) Strouhal number
Experiment 0.1643
Computation (OpenFOAM) 0.1647

¥ 9. Validation on natural(Unforced) experimental data

2% 10. Computational results of Von Karman vortex
shedding
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19 11. Grid system for wedge



Boundary Conditions

Fixed value (P, T,U)

1% order extrapolation

Slip wall

whl@Rie-Rie=

1% order extrapolation

¥ 10. Boundary conditions for wedge

Flow Conditions

Heo 1.78 E— 05 Ns/m?
T, 288.88 K
P, 101325.58 Pa
M, 2.5
Half Angle Of Wedge 15°
Fluid Air

¥ 11. Flow conditions for wedge
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1% 12. Pressure distribution along the wall
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3.1 Density Based Solver{4]
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18 14. Grid system used for the wedge
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Boundary Conditions

Fixed value (P, T,U)

1% order extrapolation

Slip wall

whl@Rie-Rie=

1% order extrapolation

3 12. Boundary conditions used for the wedge

Flow Conditions

Heo 1.78 E— 05 Ns/m?
T, 288.88 K
P, 101325.58 Pa
M, 2.5
Half Angle Of Wedge 15°
Fluid Air

3t 13. Flow conditions used for the wedge
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Modified OpenFOAM Liniter:Velatakrishiony
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1% 15. Pressure distribution (Original vs. Modified code)



Inviscid and Compressible flow over a wedge
Theory[27] OpenFOAM Error (%)

Density ratio 1.8665 1.8641 0.12
Temp. ratio 1.3219 1.3236 0.13
Pressure ratio 2.4675 2.4655 0.08

3t 14. Comparison between theory and computation
(Modified OpenFOAM code)
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¥ 16. Explicit and Implicit time integration
3.2.2 Implicit LU-SGS
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(D+L+0O)AW"'=—R"
(D+L)D YD+ U)AW'=— R"+ LD 'UA "

(D+L)AW =—R" ; Forward
(D+ O)AW"= DAW' ; Backward

3.2.3 Transonic flow over a Bump in a channel
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19 17. Mach contours of Bump in a channel
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13 18. Convergence history (Current means Implicit)
3.3 Characteristic Boundary Condition (Riemann Invariant)

3.3.1 Riemann Invariant
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19 19. Introduction to Boundary condition
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Flow Conditions

Characteristiclength 1ft
T, 255.5 K
P, 108987.393 Pa
M, 0.729
o 2.31°

3 15. Flow conditions for airfoil
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29" 21. OpenFOAM Free-stream Boundary condition



25 times domain Riemann Condition

OpenFOAM Default (10 times) Riemann Condition (10 times)

OpenFOAM Default (25 times)

2% 23. Convergence history (Free-stream vs. Riemann)
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3.4 Turbulence model validation

3.4.1 RAE-2822 Transonic Airfoil
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Flow Conditions

Characteristiclength 1ft
T, 255.5 K
P, 108987.393 Pa
M, 0.729
o 2.31°

3% 16. Flow conditions used for RAE-2822 airfoil
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19 25. Pressure coefficient on RAE-2822 airfoil
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3.5 Automatic Wall Function

3.5.1 Wall treatment for a turbulence model

43 ¥ THY[19] 2 e FAo] of
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T 11
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_ inner laver suter layer

a9 26. Law of the wall
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3.5.2 k-omega SST Model

duwtdg o2 FLUENT/CFX$ 7L #HAEY HAezzale
L5 A F v 28y

M e
b
i)
£
ox
>
1
e
N
o
>
ofo
Jo
—d
Ll
mor
e

A2 7|Hke] AHAbs|A == 7ol Z (OpenFOAM) el A
Al Hol ok E
B E 98 F798(External Aerodynamics) 3|4 A] 4
AHEE 3 & k-omega SST HHFEE-S A3}
k-omega SST YHEDAL2 dutd o2 Blending®d4 F1
2)3td k-omega HFHFEYE Z k-epsilon GHFELE AFA A
2A Z47te] mde] FHE AFSY A 5ol A FE
3 G734 S 7H53HA Yl k-omega SST WHREDA ot
(Eddy) AL v23 7o) Turbulent kinetic energy$l k¢
Specific dissipation rate] we &F=2 YEld & Qo A

e ges 2.

ks
(e} o =
— T -
 UREY 44 A BEA 9¥de Fu
=
T

tio

M)

_ ph/w
Hy max (1,2 F)/aw]

F, =tanh(arg})

arg, = max(2—— ; 5001/)
g2 0.09w ’ wa

opk 0 ok o,

—+ —|puk— (p+ou ) —|=17,—— *pwk

ot ox, (’mﬂ g Uk'“t)axj) Tij oz Frpw
dpw d ow v oy 9
—+ —|puw—(u+ — =1 +2(1—F
ot ox; (WJw (o) 8:Cj) v, Tii ox; fpw ( ) w  or;0x;

POy dkow




ou; ou; 9 Oy 2
o M 20y 2 s
Tij Mt(axj oxr; 3 oz, ”) 3 P

max

F, =tanh Hmin

Vi 500p | 4000k
009u)y’ pwyz ’ CD

kw
1 8k' ow —920
CDkw = max(?pawz 8—2?] %j, 10

3.5.3 Flat plate turbulent boundary layer
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3% 17. Grids information
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29 27. OpenFOAM default wall treatment
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19 30. Wall shear stress
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4. Applications

2 =FdAMes 4548538 28 2EZF(OpenFOAM)7]%HY]
Ndd Z=9 HASH 2 EAS Eotrr] 93 g3 22 oY
kA EAlel dE dAAA S FdsAT. FXIIHSEE Roe
FDS, LU-SGS7} A€ 52 ™ Limiter= Venkatakrishnan[4]o] A}
| A

4.1 Shock Boundary Layer Interaction

Flow Conditions

Hoo 1.78 E— 05 Ns/m”

T, 288.815 K

P, 101325 Pa

M, 2

a., 340.28m/s
Characteristiclength 2

Re 2.96 < 10

Pr 0.72
Impinging shockAngle 32.585 ¢

Gas Culorically perfect gas

3t 18. Flow conditions used of SWBLI
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13 31. Schematics of Shock B.L. Interaction
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29 32. Grid system used for SWBLI



Boundary Condition

No slip wall

Inlet (1 condition)

Inlet (2 condition)

whl@RiveRied

1st order extrapolation

¥ 19. Boundary conditions used for SWBLI
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Oblique shock relation

P 2
Fl 1.186836216
7,
71 1.050311456
Pa
— 1.129984652
P
M, 1.88915403
Impinging shock angle 32.585

3 20. The results from Oblique shock relation
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1% 33. In-house vs. Modified OpenFOAM(Cp)
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3 21. Flow conditions used for flat plate
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ABSTRACT

A development and verification of density based implicit solver
using LU-SGS(Lower Upper Symmetric Gauss Seidel) algorithm
in OpenFOAM(Open Field Operation And Manipulation) was
performed.

A pressure-based solver in OpenFOAM for solving
incompressible flow was modified to density-based solver for
dealing with compressible flows. It was not only developed
mmplicit LU-SGS algorithm instead of an explicit time integration
in OpenFOAM but also implemented Riemann boundary condition
which has not been developed in OpenFOAM. In addition,
libraries such as wall shear stress dictionary in OpenFOAM were
modified to solve and deal with compressible problems.

To validate the developed code, some validation models which
are widely used were analyzed. Preliminary results showing the
comparison between an experiment/reference and computation

data indicated that our setup in OpenFOAM was correct.

Key Words : OpenFOAM, Open Source, LU-SGS, CFD
Student Number : 2012-20655
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