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Viscoelastic based turbulence model for turbine blade cooling
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Abstract

Project Code: RMUS5380050

Project Title:  Viscoelastic based turbulence model for turbine blade cooling in gas turbine

Investigator:  Associate Professor Dr. Varangrat Juntasaro, Department of Mechanical

Engineering, Faculty of Engineering, Kasetsart Universtiy

E-mail Address: fengvri@ku.ac.th

Project Period: 15 June 2010 14 14 June 2013

A practical simulation of gas turbine blade cooling is crucial for an efficient design and a lifetime
of the turbine blade. Because the characteristics of gas flow in the turbine blade cooling are
complicated due to many combined effects and difficult to predict, there is no turbulence model
at present can predict these combined effects effectively. A new turbulence model is developed
in this work to predict turbine blade cooling. It is found that the present turbulence model can
predict flow field more accurately than the existing Reynolds-averaged Navier-Stokes turbulence

models.

Keywords: Computational Fluid Dynamics (CFD), Turbulence Modeling, Turbine Blade Cooling
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(Cells)
Standard K& : standard wall function 907,137
Standard K€ :non-equilibrium wall function 907,137
Standard K& :enhanced wall treatment 907,137
RNG K¢ :standard wall function 907,137
RNG K<€ :non-equilibrium wall function 907,137
RNG K¢ :enhanced wall treatment 907,137
Realizable K¢ :standard wall function 907,137
Realizable K¢ :non-equilibrium wall function 907,137
Realizable K€ :enhanced wall treatment 907,137
Standard k — 907,137
SST k—o 907,137
Cubic model of Craft et al. 907,137




Present cubic model 907,137
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fals m3ean
Time Steady
Materials Air
Rotation -
Reynolds number 4410
Energy equation Off
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frauily m3sam

Equations Flow Turbulence
Pressure-Velocity Coupling SIMPLE

Under-Relaxation Factors
Pressure 0.3
Density 1
Body Forces 1
Momentum 0.7
Turbulent Kinetic Energy 0.8
Turbulent Dissipation Rate 0.8
Tubulent Viscosity 1
Subgrid Kinetic Energy -

Discretization

Pressure Standard
Momentum Second Order Upwind
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Turbulent Kinetic Energy Second Order Upwind
Turbulent Dissipation Rate Second Order Upwind
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Residual Absolute Criteria

continuity 1.00E-05
x-velocity 1.00E-05
y-velocity 1.00E-05
z-velocity 1.00E-05
k 1.00E-05
epsilon 1.00E-05
nut -
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Numerical Method mmms"lwmmuﬂuﬂmwmmwmmﬁmaﬂummswyu

~ A X U 1 ' Y o A = Aa
AT NN Quﬁﬂmau"lmmauzmmmmmi‘lwmmuﬂuﬂmmumwmmﬁmaﬂwumsmu

¥o ol
inlet Velocity inlet
outlet Pressure outlet
wall Wall

41

M13197 7 uaA9 Grid Independence YouuaaziuusiaosnNnuul uvesns lnanuuiuilu

] 1 Y o d' d' d’d
HIUNDH AR AIUNUNITHYY



y Grid Independence
uum"mmmmﬂuﬂ’m

(Cells)
Standard K¢ : standard wall function 907,137
Standard K€ :non-equilibrium wall function 907,137
Standard K& :enhanced wall treatment 907,137
RNG k¢ :standard wall function 907,137
RNG K<€ :non-equilibrium wall function 907,137
RNG K¢ :enhanced wall treatment 907,137
Realizable K¢ :standard wall function 907,137
Realizable K€ :non-equilibrium wall function 907,137
Realizable K<€ :enhanced wall treatment 907,137
Standard k — o 907,137
SST k—w 907,137
Cubic model of Craft et al. 907,137
Present cubic model 907,137
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Time Steady
Materials Air
Rotation 0.11, 0.055
Reynolds number 4400
Energy equation Off
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Equations Flow Turbulence
Pressure-Velocity Coupling SIMPLE
Under-Relaxation Factors
Pressure 0.3
Density 1
Body Forces 1
Momentum 0.7
Turbulent Kinetic Energy 0.8
Turbulent Dissipation Rate 0.8
Tubulent Viscosity 1
Subgrid Kinetic Energy -
Discretization
Pressure Standard
Momentum Second Order Upwind
Turbulent Kinetic Energy Second Order Upwind
fmils M3
Turbulent Dissipation Rate Second Order Upwind
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Ny
Residual Absolute Criteria
continuity 1.00E-05
x-velocity 1.00E-05
y-velocity 1.00E-05
z-velocity 1.00E-05
k 1.00E-05
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epsilon 1.00E-05
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inlet Velocity inlet
outlet Pressure outlet
wall Wall
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(Cells)
Standard K¢ : standard wall function 17,776
Standard K€ :non-equilibrium wall function 17,776
Standard K& :enhanced wall treatment 17,776
RNG k¢ :standard wall function 17,776
RNG K<€ :non-equilibrium wall function 17,776
RNG K¢ :enhanced wall treatment 17,776
Realizable K¢ :standard wall function 17,776
Realizable K¢ :non-equilibrium wall function 17,776
Realizable K€ :enhanced wall treatment 17,776
Standard k — o 17,776
SST k—o 17,776




Cubic model of Cratft et al.
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Present cubic model
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franils Mseam
Time Steady
Materials Air (Pr=0.71)
Rotation 0
Reynolds number 14,000
Energy equation On
uniform heat flux (W/mz) 280
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amals

MIAIM

Equations

Flow Turbulence

Pressure-Velocity Coupling

SIMPLE

Under-Relaxation Factors

Pressure 0.3
Density 1
Body Forces 1
Momentum 0.7
Turbulent Kinetic Energy 0.8
Turbulent Dissipation Rate 0.8

Tubulent Viscosity

Subgrid Kinetic Energy




Discretization
Pressure Standard
frauily m3sam
Momentum Second Order Upwind
Turbulent Kinetic Energy Second Order Upwind
Turbulent Dissipation Rate Second Order Upwind
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Residual Absolute Criteria

continuity 1.00E-08
x-velocity 1.00E-08
y-velocity 1.00E-08
z-velocity 1.00E-08
k 1.00E-08
epsilon 1.00E-08
nut -
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Grid Independence
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(Cells)
Standard K& : standard wall function 402,930
Standard K€ :non-equilibrium wall function 402,930
Standard K& :enhanced wall treatment 402,930
RNG k¢ :standard wall function 402,930
RNG K<€ :non-equilibrium wall function 402,930
RNG K¢ :enhanced wall treatment 402,930
Realizable K¢ :standard wall function 402,930
Realizable K¢ :non-equilibrium wall function 402,930
Realizable K€ :enhanced wall treatment 402,930
Standard k — o 402,930
SST k—o 402,930
Cubic model of Craft et al. 402,930
Present cubic model 402,930
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fails MR
Time Steady
Materials Air
Rotation 0,0.2
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Reynolds number 100,000
Energy equation Off
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frauily m3sam
Equations Flow Turbulence
Pressure-Velocity Coupling SIMPLE
Under-Relaxation Factors
Pressure 0.3
Density 1
Body Forces 1
Momentum 0.7
Turbulent Kinetic Energy 0.8
Turbulent Dissipation Rate 0.8
Tubulent Viscosity 1
Subgrid Kinetic Energy -
Discretization
Pressure Standard
Momentum Second Order Upwind




Y Y
amals MInIMm

Turbulent Kinetic Energy Second Order Upwind

Turbulent Dissipation Rate Second Order Upwind
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Residual Absolute Criteria

continuity 1.00E-06
x-velocity 1.00E-06
y-velocity 1.00E-06
z-velocity 1.00E-06
k 1.00E-06
epsilon 1.00E-06
nut -

. X 1 ard =] v o o &
Numerical Method ¥94m3 lvauvutiuivvesilaunasduluwanaiunis

A A | a = v v o
ANTWN2 1 lLﬁ?’NN@uhlelléllﬂﬂléuﬁellﬂqﬂ']ivlﬁallﬂﬂﬂuﬂ’lum@\‘]wauﬁa@!ﬂuGlUWﬂﬂ\‘]WUﬂ'lcﬁ

7o Souly
Inlet M Velocity inlet
Inlet P Velocity inlet
Outlet M Pressure outlet
Outlet P Pressure outlet
wall Wall
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y Grid Independence
uuuﬁmmmmﬂuﬂm

(Cells)
Standard K¢ : standard wall function 783,633
Standard K€ :non-equilibrium wall function 783,633
Standard K& :enhanced wall treatment 783,633
RNG k¢ :standard wall function 783,633
RNG K<€ :non-equilibrium wall function 783,633
RNG K¢ :enhanced wall treatment 783,633
Realizable K¢ :standard wall function 783,633
Realizable K¢ :non-equilibrium wall function 783,633
Realizable K€ :enhanced wall treatment 783,633
Standard k — o 783,633
SST k—o 783,633
Cubic model of Craft et al. 783,633
Present cubic model 783,633

A ] X 1 ard ] v v v o
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franils Mseam
Time Steady
Materials Air
Rotation -
Mach number (Main stream) 0.6
Mach number (Plenum) 0
Temperature (Main stream) (K.) 540
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Nl

Temperature (Plenum) (K.) 290
Pressure inlet (Main stream) (Pa.) 100,400
Pressure inlet (Outlet) (Pa.) 68,000
Energy equation On
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famils m3dan
Equations Flow Turbulence
Pressure-Velocity Coupling SIMPLE

Under-Relaxation Factors

Pressure 0.3
Density 1
Body Forces 1
Momentum 0.7
Turbulent Kinetic Energy 0.8
Turbulent Dissipation Rate 0.8
Tubulent Viscosity 1

fuils MIam
Subgrid Kinetic Energy -

Discretization

Pressure Standard
Momentum Second Order Upwind
Turbulent Kinetic Energy Second Order Upwind
Turbulent Dissipation Rate Second Order Upwind
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Residual Absolute Criteria

continuity 1.00E-06
x-velocity 1.00E-06
y-velocity 1.00E-06
z-velocity 1.00E-06
k 1.00E-06
epsilon 1.00E-06
nut -

Numerical Method ¥94m3 A5z N9 inamans vesluwanaiunisy
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ouly

Gas Inlet

Pressure inlet

Air Cooling Inlet

Pressure inlet

Gas Outlet

Pressure outlet

Air Cooling Outlet

Pressure outlet

wall

Wall
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famils MR
Time Steady
Materials Air
Rotation (rpm) 3,000
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Temperature (Gas) (K.) 1,600
Temperature (Air Cooling) (K.) 660
Pressure inlet (Main stream) (Pa.) 100,400
Pressure inlet (Air Cooling) (Pa.) 101,000
Energy equation On
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fmils MIam
Equations Flow Turbulence
Pressure-Velocity Coupling SIMPLE
Under-Relaxation Factors
Pressure 0.3
Density 1
Body Forces 1
Momentum 0.7
Turbulent Kinetic Energy 0.8
Turbulent Dissipation Rate 0.8
Tubulent Viscosity 1
Subgrid Kinetic Energy -
Discretization
Pressure Standard
Momentum Second Order Upwind
Turbulent Kinetic Energy Second Order Upwind
Turbulent Dissipation Rate Second Order Upwind
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Residual Absolute Criteria

continuity 1.00E-03
x-velocity 1.00E-03
y-velocity 1.00E-03
z-velocity 1.00E-03
k 1.00E-03
epsilon 1.00E-03
nut -
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Standard k-¢ : enhanced wall treatment
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RNG k-¢ : non-equilibrium wall function

===+ RNG k-¢ : enhanced wall treatment

= - Redlizable k-¢ : standard wall function

++eee« Realizable k-g:non-equilibrium wall function

=== Redlizable k-¢ : enhanced wall treatment

= = Standard k-o
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RNG k-¢ : non-equilibrium wall function

===+ RNG k-¢ : enhanced wall treatment

== - Redlizable k-¢ : standard wall function

e+« Realizable k-g:non-equilibrium wall function

= == Redlizable k-¢ : enhanced wall treatment

= = Standard k-0

= =SST k-0

e+ eeee Cubic model of Craft et al.

= = = Present cubic model
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Case

1.1

1.2

1.3

3.1

32

Ro

0.055

0.11

0.2

Error percentage = [experimental daFa- computational datal <100 %]
experimental data
A B C D E F G H I J K
19.14 25.5 23.17 18.78 24.8 23.43 15.66 26.08 23.17 24.01 23.84
37.83 35.6 38.02 38.63 35.37 37.92 39.08 35.83 35.03 39.66 39.27
25.15 21.51 25.16 25.75 22.3 25.07 26.36 21.75 25.18 26.34 25.98
14.04 18.23 10.5 16.62 20.36 7.41 13.6 14.78 6.7 21.28 21.21
9.48 9.36 9.39 14.59 14.22 14.59 13.72 14.79 8.69 8.79 14.87
6.42 6.65 6.53 10.43 15.42 3.79 11.89 10.26 13.17 14.31 13.14
10.16 16.15 8.99 16.15 27.35 16.15 15.36 10.98 8.78 13.19 13.7
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1.1 = ms nanvuduihusumenthdadinaon (Ro=0)

12 = m3 lwanuuiuhusmurenihdadimaeniinsmum (Ro=0.055)
13 = m3 lwanvudulhurmuvenihdadimasuiiinmyy Ro=0.11)
2 = ms manvuduthusumenhdedinaousmudadaung

31 = mi"lwmmuffuﬂ’sumu‘viwﬁ'wﬁﬂ?%mﬁﬂugﬂﬁag (Ro=0)

32 = mi"lwmmuﬂuﬂ’sumuviawﬁ'wﬁﬂ?%mﬁﬂugﬂﬁag (Ro=0.2)

4 = ms nanuuifuilhuvesildumanduluiadaiume

A = Standard k-E: standard wall function

B = Standard k- €: non-equilibrium wall function

C = Standard k- €: enhanced wall treatment

D = RNG k- €: standard wall function

E = RNG k- &€: non-equilibrium wall function

F = RNG k- €: enhanced wall treatment

G = Realizable k- €: standard wall function

H = Realizable k- €: non-equilibrium wall function

Realizable k- €: enhanced wall treatment
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Standard k-0
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K SSTk- @

~ v Aa 9 a 1A 9 o % a 4 Y v o o &
f137194N 31 ﬂWﬂ\‘]‘V]ﬂﬁlGﬁGluﬁiJﬂﬁ'G]fuﬂUliJLG]S\Hﬁu frsumsaaserseuuseureanusoululuwaniuna

Type C1 c2 c3 ca C5 C6 c7 Cp
0.3
T
1+0.35(max{S "))
Cubic model of 01 01 026 -10C2y O -5C2u  5C2 -0.36
Craftetal. 1-ep 5~
exp(-O.?Smax@S ))

0.3

1+0.35( max{d ~))1'5 )

Present cubic model -0.1 0.18 0.22 -loc2u 0 -5C2u 5C2u
1-ex -0.36
exp(

-0.75max(®, "))
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~ - 4 A ~Aq ¥ o Aa o a 9 . =1 Y] 1" a 9 .
AT NN 32 L'ﬂE)‘ilclfuﬁmmﬂa1ﬂLﬂa’e)uﬂﬁlﬁnﬂ1iﬂ1uamwimmﬂﬂﬂﬁumiwﬂmu (Realizable k- € ) L‘WEJ‘Uﬂ‘UﬁlJﬂTithLG]NLﬁu (Cubic model of Craft et

al. 118% Present cubic model)

|experimental data - computational data)
Error percentage = - x100%
experimenta data
Case Ro
Realizable k-€ :
Cubic model of Craft et al. Present cubic model
enhanced wall treatment

1.1 0 23.17 21.85 21.09
1.2 0.055 35.03 26.66 26.03
1.3 0.11 25.18 17.55 16.61

2 0 6.7 6.41 6.4
3.1 0 8.69 8.3 6.38
3.2 0.2 13.17 3.73 3.56

4 0 8.78 6.98 6.68
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y ] a1 [ < v v o o

M3 Tnavvvifuiuvesiauvaoduluwanaune

9931M131Y Y (Rotating number)

{ o a o { a (=Y v v o &
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Measured flow Present cubic model
Location Error percentage
(kg/s) (kg/s)
Channel 1 0.041 0.036 12.20
Channel 2 0.045 0.036 20.00

0L



Channel 3

Channel 4 BH.
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0.089

0.032

0.068

33.33

23.60

IL



{ v o o &
NINA 31 a4 Static Pressure Y0452 UUIzUeA1N5oululuwas iy

L



1.06e+02
5.29e+01
0.00e+00

_—

{ < ] v v o &
ﬂ']Wﬁ 32 ua’mﬂ’JWLTJ"II?N%EN?%‘]JTEJ?I’NSJ%}?JN (Inletl)éluslUWﬂﬂdﬁum“]f

€L



~ < ] 9 v v o &
DINN 33 LEAANNLIIUVDIYOITSUIIANINIDU (InletZ)GLuiUWﬂﬂQWuﬂT‘ﬁf

vL



~ < ] 9 v v o &
DINN 34 LEAAANNLIIVDIYOITSUIIANINIDU (Inlet3)(1u(1‘]_|'1/\|ﬂﬂ\1ﬂuﬂ1%

SL



! 5 1 v v o &
ﬂ1Wﬁ 35 LLﬁﬂQﬂ?"lllﬁ')‘U@ﬂ“]5@\1531]18?]3111%/91! (4BH)1H1UWﬂﬂQWHﬂ1“ﬂ

9L



AN 36 1LEA9 Pathlines colored by particle Yo4luWaRaiumes

LL



-4.24e+00
-2.56e+01
-4.70e+01
-6.84e+01
-8.98e+01
-1.11e+02
-1.33e+02

-1.54e+02 v é(
-1.75e+02

4 v v v o
NN 37 AR Static pressure YD IUNANIHUN Y

8L



87

NaNIANY

o ° ¥ 1 ' Y o oA A Ay 1A
Waﬂ'li‘W@Ju'HLCUCUﬂ']a@Qﬂ’nuﬂuﬂ’Juw']ucn@ﬁu']ﬂﬂﬁlﬁaﬂucﬂlluuﬂ'ﬁﬁyu

HamsANET Iaenssiasns InaruneasintnaadaouInsan  Re, = 4410
TagnFoumsunumssnasauzadiay lnensaved Gavrilakis (1992) AWN 12 D4 13 LAAINT

= ] = yaa . . o ]
nﬁiﬂumaugﬂuuummmmaﬂ'limmmmu X  (streamwise Velomty) U AU

o w { o v I a {

y/h=0.1, y/h=0.5 taz y/ h=0.9 sy Tagndwmnis y/ h=0.1 Auisnaned

A { o a o <3 1 <
Indiwniiga nwanmstasuswnaylagase (DNS) sziuldnglunuanuiivesns
o a 2 = d’ ) ]
Haeudwnavlaenss  Inansznuiiiowunanwavesns lvageludumis y/h=01

[ v Y

LAY MNNNA 12 wuNeamsanuuiassnnuutunuads liamwnsainonald
a A A = 1 a K = ) °
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TurlusiaFadu 9100 WN WU LUUTaIvHATUTY Realizable k- € N1 enhanced wall
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Taguuusiaesnnuiuui lausullgadng (Present cubic model) am1snIiIUY

Yt A

walfATiga taznnn i 13 Ao uaaimafeufouguuuanud andelidauny
X @ #uwnis  y/h=05 @i R =4410 wud nuuiraesnnmdduiluiinl$ulyel
(Present cubic model) @ WIsD¥IIEHA lAUG NN Taowan1sT1aeen1s TagsIuwuN
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12. Alawendusidon FLUENT version = 3d = Run

FLUENT Version x|

Yersions

2d
2dd

3ddp
Selection
3d

Mode |Full Simulation ~|

Run Exit |

= g D) s y A
MNHWUINN D12 uﬁmwmumﬂ«wawmni FLUENT YU%N 1
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13. Alawedias FLUENT command Windows

= g ) s ¥ A
MNRNUINT D13 uﬁmmumumﬂ%%ﬂmw FLUENT 9UN 2

14. 1“]95}??15{’@ File 9 Read 9 Case
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~ g ) s o ¥ A
MNFNUINN D14 uﬁmmumumﬂ%«naﬂ@m*ﬁ FLUENT @4UN 3

15. ldAda Open file s-duct_ture.msh

~ 2 ) s o ¥ A
MNRNUINT D15 uﬁmmumumﬂ%«naﬂ@m*ﬁ FLUENT a4UN 4

16. 19613 Grid= Check
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~ 2 ) s o ¥ A
MNHNUINN D16 uﬁmmumumﬂ%«naﬂ@m*ﬁ FLUENT 9UMN 5

17. 1%’ﬁ1§Q Grid% Scale

~ 2 ) s o ¥ A
MNHNUINN D17 uﬁmmumumﬂ%«naﬂmms FLUENT 4UN 6
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18. 1"191)??15\1 Define 9 Models 9 Viscous

= g D) s ¥ A
MNHUINT D18 Llﬁﬂﬂﬂluﬂ@uﬂﬁicﬁ%ﬂwmwi FLUENT @4UN 7

19. 1“]95}?? 1849 Define 9 Material select Fluent Database



~ g ) s o ¥ A
MNHUINN D19 uﬁmmumumﬂ%«naﬂmg’si FLUENT 944N 8

20. 1¥fd4 Define eBoundary Condition

= g ) s ¥ A
MNHUINN D20 uﬁmmumumﬂ%%ﬂmw FLUENT 9UN 9

21. 4 Zone select fluid = Type select fluid —> Click set
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= g ) s ¥ A
MNHUINT D21 uﬁmmumumﬂ%%ﬂmw FLUENT @¥Un 10

22. l4#da Zone select inlet = Type select velocity inlet = Click set

~ 2 ) s o ¥ A
MNHNUINN N22 uﬁmmumumﬂ%%ﬂmns FLUENT 44N 11
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23. l%ﬁ”lgﬂ Solve%Controls%Solution

= g ) s ¥ A
MNHNUINT D23 uﬁmmumumﬂ%%ﬂmw FLUENT @¥UnN 12

24. T¥eda Pressure-velocity coupling set SIMPLE
Discretization; momentum, turbulence kinetic energy and turbulence dissipation

rate set Second Order Upwind
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= g ) s ¥ A
MUHWUINN N24 uﬁmmumumﬂ%%ﬂmw FLUENT 94U 13

25. 1¥f1d3 Solve= Initialize = Initialize

~ 2 ) s o ¥ A
MNRNUINT D25 uﬁmmumumﬂ%%ﬂmns FLUENT a4uUnN 14
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26. 19 Compute Form > inlet

~ g ) s o ¥ A
MNHUINN N26 uﬁmmumumﬂ%«naﬂmrﬁ FLUENT @4UN 15

217. 1%}?71& N| Solve%Monitors—Residual
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= g ) s ¥ A
MNHWUINN D27 uﬁmmumumﬂ%%ﬂmw FLUENT 9UN 16

28. T¥eda Option select Print and Plot

Residualecontinuity Convergence Criterion = 0.000001 Click OK

= g D) s ¥ A
MNHUINT N28 uﬁmmumumﬂ%%ﬂmw FLUENT @9Un 17
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29. 1"191)??15\1 Solve 9 Iterate

~ 2 ) s o ¥ A
MNHUINN N29 uﬁmmumumﬂ%%ﬂmns FLUENT 44N 18

30. 1%} A9 Number of Interation = 10000 Click Interate
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~ g ) s o ¥ A
MNHUINN N30 uﬁmmumumﬂ%%ﬂmns FLUENT @4UN 19

31. OAUBINAINAY converged ILHAAIAIF)

= g D) s % A
MNHNUINT D31 uﬁmmumumﬂ%%ﬂmw FLUENT @4Un 20
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32. 19fdq Surface - Line/Rake%Rake set Number of point 61

= g D) s Y A
MNHWUINN N32 uﬁmmumumﬂ%%ﬂmw FLUENT 94% 21

33. 1%??15{5 3 Define 9 Custom Field function 9 Click define
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= g ) s ¥ A
MNHNUINT N33 uﬁmmumumﬂ%%ﬂmw FLUENT @4Un 22

34. 4fdq Plot XY =2 Custom Field function = u ul

= g D) s ¥ A
MNHWUINN N34 uﬁmmumumﬂ%%ﬂmw FLUENT @4UnN 23
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35. 1uiindeyalaoldmds write = Case&Data

= g D) s ¥ A
MNHNUINT D35 uﬁmmumumﬂ%%ﬂmw FLUENT a4Un 24
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naastunoumsi¥sevlanls SOLIDWORKS uuszuul§jiiims Windows System

1. Gl“lgf}ﬁﬁ% Sketchle Curve 9 Extrudel 9 OK

MUHUINA V] HaAUaoUNS 1FsaWA1I5 SOLIDWORKS a1 1

2. 1fuin Taeldmda File= Save As=> File Name ™ s-duct = Type e.step
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MUHUINT V2 A UaUN3 1FsodA1I5 SOLIDWORKS Wi 2

Using GAMBIT on Windows System

3. WawenduIs GAMBIT startup = Run

A g ) s Y A
DINHUINN U3 uﬂmwmumﬂ%%ﬂmna GAMBIT 91N 1
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4. lawendlri GAMBIT

A g ) s Y A
DINNUINN U4 uﬁmmumumﬂ%%ﬂmws GAMBIT vUnN 2

5. e lnduuyTaelFmda File = Import = STEP = s-duct = Accept

A 2 D) s o Y A
MNAUINN VS uﬁmmumumﬂ%%ﬂmna GAMBIT 9UN 3
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6. l¥mda Operation > Geometry — Volume

A g ) s Y A
DINNUINN V6 uﬁmmumumﬂ%%ﬂmwa GAMBIT 9UN 4

7. 1%;?{1&, 3 Operation —Mesh = Volume = Mesh Volumes= Volume = Select
—Volumel = Elements = Hex > Type - Select =2 Map QSpacing - Select

930 Interval size > Apply
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A g ) s Y A
DINHUINN V7 uﬁmwmumﬂ%%ﬂmna GAMBIT ¥UN 5

8. ¥ Operation > Zones =2 Specify Boundary Types —> Name = Enters =2 inlet

eType - Velocity_inlete Face = face3 > Apply

A 2 D) s o Y A
DMNHUINT U uﬁmmumumﬂ%%ﬂmna GAMBIT 9UN 6
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v
o

9. ldda Operation > Zones > Specify Boundary Types > Name - Enters > outlet

eType - Pressure_outlet% Face = face49Apply

A g ) s Y A
DINHUINN V9 uﬁmmu@mumﬂ%%ﬂmna GAMBIT vuUn 7

10. laeara Operation > Zones =2 Specify Boundary Types — Name = Enters = wall

eType —> wall = Face = face 1,2,5and 6 - Apply
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A g ) s & Y A
DINNUINN V10 memu@l@umﬂ%%Wmni GAMBIT v¥UN 8

11. ﬁwmiﬁuﬁﬂﬁﬁ’ay‘a Save File = Export — Mesh = Browse = RO-duct.mesh =

Accept

A g ) s & Y A
AINNUINN V11 uﬁmmu@@umﬂ%%ﬂmn GAMBIT 941N 9



Juneumsliveldnng FLUENT vuszuuil§iiinis Windows System

12. Alawrendusidon FLUENT version = 3d = Run

FLUENT Version x|

Yersions

2d
2dd

3ddp
Selection
3d

Mode |Fu|| Simulation j

Run Exit |

= g ) s ¥ A
MNHUINN V12 uﬁﬂwumumﬂ“v%wmni FLUENT YUn 1

13. Alawedins FLUENT command Windows

~ g ) s o ¥ A
MNHUINT V13 LLﬁﬂQ%H@]BHﬂﬁT’B%@‘V‘I@HL’Ji FLUENT 44N 2
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v
o

4. 16191} &4 File 9 Read 9 Case

~ g ) s o ¥ A
MNFNUINN V14 LLﬁﬂQ"IJU@]@Hﬂ1§1%%@W@]LL’J§ FLUENT 4UN 3

15. 1¥mda Open file Ro-duct_ture.msh
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A g ) s o ¥ A
MNFNUINT V15 LLﬁﬂQﬁJu@]ﬂuﬂ”ﬁl"ﬁ“ﬁ@Wﬁu?i FLUENT 4UN 4

16. 1913 Grid— Check

~ g ) s o ¥ A
MNHNUINN V16 LLﬁﬂQ"IJU@]@Hﬂ1§1%%@W@]LL’J§ FLUENT 9UN 5

17. 1"]91}??135\1 Grid% Scale
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~ d ) s o ¥ A
MNHUINN V17 !,Laﬂwumumﬂ%%vmg’si FLUENT 9UN 6

18. 16191)?715\1 Define 9 Models 9 Viscous

~ d ) s o ¥ A
MNFNUINT V18 !,Laﬂwumumﬂ%%vmg’si FLUENT a9UN 7
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19. 1"191)?? 169 Define 9 Material select Fluent Database

= g ) s ¥ A
MNHUINN V19 LLﬁﬂ\‘]‘UHﬂfJUﬂﬁi‘B%@V‘ImL'}i FLUENT 94U 8

20. 44 Define=> Boundary Condition
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~ d ) s o ¥ A
MNHUINN V20 !,Laﬂwumumﬂ%%vmg’si FLUENT 44N 9

21. l4#da Zone select fluid = Type select fluid - Click set=> Motion Type select Moving

Reference Frame = Rotational velocity set speed (rad/s) = 0.003535
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~ & ) s o ¥ A
MNHUINT V21 !,Lﬁﬂ\i"l]u@ﬂuﬂ”li‘lclfcﬁ@wmﬂi FLUENT @4UN 10

22. l4#da Zone select inlet = Type select velocity inlet = Click set

= g ) s ¥ A
MNHWUINN V22 !,Lﬁﬂwumumﬂ%%mdmwi FLUENT 94UN 11

23. ‘lﬂgf)f"‘l’”lﬁzﬂ Solve%Controls%Solution
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~ g ) s o ¥ A
MNHNUINT V23 Lmﬂwumumﬂ%«ﬁavmni FLUENT 4N 12

24. T¥ehda Pressure-velocity coupling set SIMPLE
Discretization; momentum, turbulence kinetic energy and turbulence dissipation

rate set Second Order Upwind
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= g ) s ¥ A
MNHUINN V24 !,Lﬁmellumumﬂ%%Wmﬁ FLUENT 94U 13

25. 1¥/1d3 Solve= Initialize = Initialize

~ g ) s o ¥ A
MNFNUINT V25 !,Laﬂwumumﬂ%%vmg’si FLUENT a4UN 14
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26. 19 Compute Form > inlet

= g ) s ¥ A
MNHUINN V26 Llﬁﬂ\‘]‘lluﬂﬂuﬂﬁal“]fcﬁﬂwmwi FLUENT 94U 15

217. 1‘]95}??15{) N| SolveeMonitors—Residual



140

= g ) s ¥ A
MNHWUINN V27 !,Lﬁmellumumﬂ%%Wmﬁ FLUENT 94U 16

28. T¥eda Option select Print and Plot

Residualecontinuity Convergence Criterion = 0.000001 Click OK
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~ g ) s o ¥ A
MNFNUINT V28 !,Laﬂwumumﬂ%cﬁavmni FLUENT @4UnN 17

29. Gl“]?fﬁtgfjﬂ Solveelterate

= g ) s ¥ A
MNHUINN V29 !,Lﬁmellumumﬂ%%Wmﬁ FLUENT 94U 18

30. ‘lﬂgf)f"‘l’”lﬁl Jd Number of Interation = 10000 Click Interate



142

~ g ) s o ¥ A
MNHUINN V30 Lmﬂwumumﬂ%«ﬁavmni FLUENT @4UN 19

31. WOAUBINAINAY converged ILHAAIAIF)

= g ) s % A
MNHUINT V31 Llﬁﬂ\‘]“lluﬂﬂuﬂﬁal“]fcﬁﬂwmwi FLUENT @4Un 20
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32. 19fdq Surface - Line/Rake%Rake set Number of point 61

= g ) s Y A
MNHUINN V32 !,Lﬁﬂwumumﬂ%%vimwi FLUENT YU4% 21

33. 1‘]95}151‘)15{5 3 Define 9 Custom Field function 9 Click define
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= g ) s ¥ A
MNHEUINT V33 !,Lﬁmellumumﬂ%%Wmﬁ FLUENT a4UN 22

34. 14Mdq Plot XY =2 Custom Field function = u ul
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~ g ) s o ¥ A
MNHUINN V34 !,Laﬂwumumﬂ%cﬁavmrﬁ FLUENT @4UN 23

35. 16195}151015{) 3 Select write 9 Case&Data

~ g ) s o ¥ A
MNFNUINT V35 !,Laﬂwumumﬂ%cﬁavmrﬁ FLUENT a4UN 24
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naastunoumsi¥sevlanis SOLIDWORKS uuszuu§jiiims Windows System

1. Lﬂﬂ%ﬁ]?\l@{u’ﬁ GAMBIT startup 9 Run

A g D) s o y A
DMNHUINN Al uﬁmmumumﬂ%mﬂmna GAMBIT 9UN 1

2. lanlagenduns GAMBIT
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A g ) s Y A
DINHUINN 72 uﬁmmu@mumﬂ%%‘tf\lmwi GAMBIT YUN 2

3. l¥mds Operation > Geometry = Vertex = Create Real Vertex =2 Apply —> Create

Straight Edge > Apply —> Create = Face = Apply
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A g ) s o Y A
DMNHUINN A3 LLﬁﬂQﬂlH@]ﬂUﬂTii“ﬂ“ﬁﬂWWl’ﬁ GAMBIT 9¥UN 3

4. 1%??1@%5 3 Operation —>Mesh = Face = Elements = Quad - Type - Select =2 Map

QSpacing = Select =2 1 Interval size = Apply

A g ) s g A
DINNUINN A4 uﬁmmumumﬂ%%ﬂmwa GAMBIT 91N 4

v
o

5. l4edra Operation > Zones > Specify Boundary Types > Name > Enters -

inlet%Type - Velocity_inlet% Face = face8 =2 Apply
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A g ) s g A
DINHUINN AS uﬁmwmumﬂ%%ﬂmna GAMBIT 9¥UN 5

6. Operation > Zones =2 Specify Boundary Types — Name = Enters = outlet

eType - Pressure_outlete Face = face2™> Apply
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A g D) s o y A
DMNNUINN A6 uﬁmmumumﬂ%mﬂmna GAMBIT 91N 6

7. Operation - Zones =2 Specify Boundary Types —> Name = Enters = wall

eType = Wall=> Face = facel ,3,4,5,6 and 7> Apply

A g ) s g A
DINHUINN A7 uﬁmmu@mumﬂ%%ﬂmna GAMBIT vuUn 7

Y]

8. 1uiinIagldmda Save File =2 Export — Mesh = Browse =2 rib.mesh = Accept
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A g D) s o y A
MNHUINN A uﬁmmumumﬂ%%ﬂmna GAMBIT 91N 8

Tunoumsl¥venlanns FLUENT vuszuul§iians Windows System

9. Lﬂﬂ“ﬁ@ﬂﬁu’ﬁlﬁ@ﬂ FLUENT version 9 2d 9 Run
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A 2 D) s o ¥ A
DMNHUINN A9 uﬁmmumumﬂ%%ﬂmna FLUENT 94N 1

10. Lﬂﬂ%@ﬂﬁlmg FLUENT command Windows

= g ) s ¥ A
MUHUINN 710 !,Lﬁmeuumumﬂ%%wmni FLUENT @4UN 2

11. 191 File = Read = Case
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~ g ) s o ¥ A
MNHNUINN ALl !,Laﬂwumumﬂ%cﬁav!mni FLUENT @4UN 3

12. 14613 Grid= Check

= g ) s % A
MUHUINN 712 Llﬁﬂ\‘]“lluﬂﬂuﬂﬁal“]fcﬁﬂwml’li FLUENT 9UN 4
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13. 199 Grid= Scale

= g ) s ¥ A
MNHNUINT 713 LLﬁﬂ\‘]‘lluﬁfJuﬂﬁGl‘]fGﬁ@V‘lml'Ji FLUENT 94U 5

14. 1"]91)?715\1 Define 9 Models 9 Viscous
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~ d ) s o ¥ A
MNHNUINN A4 !,Laﬂwumumﬂ%%vmg’si FLUENT 9UN 6

15. 19f1&4 Define= Models=> Energy

A g ) s % A
MNHNUINT 1S Llﬁﬂ\‘]“lluﬂﬂuﬂﬁal“]fcﬁﬂwmwi FLUENT @4UN 7
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16. 1"191)?? 169 Define 9 Material-select Fluent Database

= g ) s ¥ A
MNHWUINN A6 LLﬁﬂ\‘]‘UHﬂfJUﬂﬁi‘B%@V‘ImL'}i FLUENT 94U 8

17. lddda Define-Boundary Condition
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~ d ) s o ¥ A
MNHNUINN AL7 !,Laﬂwumumﬂ%%vmg’si FLUENT 44N 9

18. 19/1&4 Zone select inlet = Type select velocity inlet = Click set

= g ) s ¥ A
MNHWUINN 718 Llﬁﬂ\‘]“lluﬂﬂuﬂﬁal“]fcﬁﬂwmwi FLUENT @4Un 10



159

19. 1%ﬁ1§ﬂ Solve%Controls%Solution

= 2 v 4 y A
DNNNUINN A19 LLﬁﬂ\‘]‘lluﬁm!ﬂﬁal‘]S%@V‘lml’Ji FLUENT YunN 11
20. T¥eda Pressure-velocity coupling set SIMPLE
Discretization; momentum, turbulence kinetic energy and turbulence dissipation

rate set Second Order Upwind



160

= g ) s ¥ A
MNHUINT 720 !,Lﬁmellumumﬂ%%Wmﬁ FLUENT @4UN 12

21. 1¥/1d3 Solve= Initialize = Initialize

~ g ) s o ¥ A
MNHUINN A21 !,Laﬂwumumﬂ%%vmg’si FLUENT @4UN 13
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22. 1¥fMda Compute Form > inlet

= g ) s Y A
MNHUINN 722 Llﬁﬂ\‘]‘lluﬂﬂuﬂﬁal“]fcﬁﬂwmwi FLUENT @9Un 14

23. 1“]95}?? 184 Solve éMonitors 9 Residual
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= g ) s ¥ A
MNHNUINT 123 !,Lﬁmellumumﬂ%%Wmﬁ FLUENT 94U 15

24. T¥eda Option select Print and Plot

Residual-continuity Convergence Criterion = 0.000000001 Click OK
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~ & ) s o ¥ A
MNHNUINN 124 LLﬁﬂQ“’UU@]ﬂuﬂﬁ‘l%cﬁﬂwml’Ji FLUENT 4UN 16

25. Gl“]?fﬁtgfjﬂ Solveelterate

= g ) s ¥ A
MNHUINT A25 !,Lﬁmellumumﬂ%%Wmﬁ FLUENT @4UN 17

26. ‘lﬂgf)f"‘l’”lﬁl Jd Number of Interation = 10000 Click Interate
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~ g ) s o ¥ A
MNHUINN A26 Lmﬂwumumﬂ%«ﬁavmni FLUENT 44N 18

27. 1ioA1VBINAINAY converged IZANIRIZY

= g ) s % A
MNHWUINN 727 Llﬁﬂ\‘]“lluﬂﬂuﬂﬁal“]fcﬁﬂwmwi FLUENT 94U 19
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28. 1"191)??15 d Define 9 Custom Field function 9 Click define

= 2 D) s Y A
MNHUINN 728 uﬁﬂwumumﬂ%%Wﬁuﬁ FLUENT a4UN 20

29. 161%215{} J Plot XY 9 wall Temperature (inner) surface
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~ g ) s o ¥ A
MNHUINN 729 !,Laﬂwumumﬂ%cﬁavmni FLUENT 94N 21

30. ﬁuﬁﬂﬂi}ﬂy’aiﬂﬂ%}%ﬁi Select write 9 Case & Data

= g ) s ¥ A
MNHUINT 730 Llﬁﬂ\‘]‘lluﬂﬂuﬂﬁal“]fcﬁﬂwmwi FLUENT @4Un 22
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uaavuneumMsliserldnrs SOLIDWORKS uuszuvi§iiims Windows System

1. 1¥#da Sketch1 = Curve = Extrudel = Extrude2—> OK

MNHUINT 91 Haaiuaoums 15 sonain1s SOLIDWORKS 41U 1

Y]

2. 1uin Taglgmaa File%Save As - File Name - u-duct - Type e.step
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MNHUINT 92 LA uauN5 19 5oa5 SOLIDWORKS Wi 2

o v d d a wva .
uanaune UM ST veAnI5 GAMBIT ‘umzuuﬂgvﬂms Windows System

3. Lﬂﬂ%ﬂﬂﬁln% GAMBIT startup 9 Run

A g ) s o ¥ A
DINHUINN 33 !,Lﬁﬂ\i"l]u@i’]uﬂ”li‘l%qlfﬂwmlfﬁ GAMBIT 910 1
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4. lawendni GAMBIT

A g D) s ¢ Y A
DINHUINT 4 LLﬁﬂ\‘]ﬂlH@l@Hﬂﬁi“B%@V‘l@]LL’Ji GAMBIT 91N 2

5. o duuyTaelFf1da File = Import = STEP = u-duct = Accept
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A g ) s & y A
DINHUINN 35 Llﬁﬂﬁﬂluﬂ@uﬂﬁicﬁcﬁﬂwmwi GAMBIT 94N 3

6. l¥mds Operation > Geometry - Volume

A g ) s o ¥ A
DNHUINN 36 !,Laﬂwuﬁaumﬂ%mavmni GAMBIT 91N 4
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7. 1"191}??16% 3 Operation —Mesh = Volume = Mesh Volumes= Volume = Select
—Volumel = Elements = Hex > Type > Select 2 Map QSpacing — Select

=25 Interval size = Apply

A g ) s & % A
DINHUINN 37 !,Lammu@euﬂﬁM%Wmn GAMBIT 9UN 5

8. loda Operation — Zones =2 Specify Boundary Types —> Name =2 Enters =2 inlet

eType - Velocity_inlet% Face = face8—> Apply
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A g ) s & y A
DINHUINN 38 Llﬁﬂﬁﬂluﬂ@uﬂﬁicﬁcﬁﬂwmwi GAMBIT 9¥UN 6

9. l¥mds Operation > Zones =2 Specify Boundary Types —> Name = Enters = outlet

eType - Pressure_outlete Face = face3 > Apply
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A ¥ ) s o ¥ A
DINHUINT 39 !,mﬂwu@aums“l%%Wmnﬁ GAMBIT ¥UN 7

10. laeda Operation > Zones =2 Specify Boundary Types —> Name = Enters =2 wall

eType — Pressure _ Outlet=> Face = facel ,2,4,5,6,7,9and109 Apply

A g ) s ¥ A
AINHUINT 310 uaﬂwumumﬂﬁwewmai GAMBIT ¥UN 8

1. ﬁuﬁﬂﬁﬁ'mga Save File =2 Export — Mesh = Browse =2 u-duct.mesh = Accept
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A £ ) s o ¥ A
MNNUINN 11 Llﬁﬂﬂmu@@uﬂ131%cﬁ@W@Llﬁi GAMBIT 9UN 9

o d d a wva
Tunoumsi¥senanis FLUENT uuszuuil§iianis Windows System

12. Alagendusidon Select FLUENT version = 3d = Run

FLUENT Version x|

Yersions

2d
2dd

3ddp
Selection
3d

Mode |Full Simulation ~|

Run Exit |
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~ g ) s o Y A
MNHUINT 312 LLﬁﬂ\iﬂJH@]@UﬂTiiﬂf%ﬂwmni FLUENT 4UN 1

13. Alawendusidon FLUENT command Windows

= g ) s & Y A
MNHUINT 313 uﬁ@mu@@umﬂ%%“ﬂmni FLUENT 94N 2

14. 1¥f1d4 File = Read =2 Case
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~ 2 ) s o 3 A
MNHEUINN 114 LLﬁﬂ\iﬂlH@]@UﬂTii‘ﬂ"Hﬂwml'Ji FLUENT 9UN 3

15. ldAda Open file u-duct_ture.msh

= g ) s & Y A
MNHUINT 315 uﬁmmu@@umﬂ%%ﬂmn FLUENT 94N 4
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16. 19613 Grid= Check

= g ) s & Y A
MNHWUINN 316 uﬁ@mu@@umﬂ%%“ﬂmni FLUENT YUN 5

17. 1‘]95}??15{5@ Grid% Scale
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= g ) s ¢ Y A
MNHUINT 317 uﬁmmu@@umﬂ%%ﬂmn FLUENT YU% 6

18. 1“]95}??15{’@ Deﬁne%Models%Viseous

= g ) s & Y A
MNHUINT 318 uﬁmmu@@umﬂ%%ﬂmn FLUENT YU 7
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19. 1"191)?? 169 Define 9 Material 9 select Fluent Database

= g ) s & Y A
MNHUINN 319 Lmﬂwu@l@umﬂ%%Wmni FLUENT YU%N 8

20. 1¥fd4 Define eBoundary Condition
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~ g ) s o Y A
MNHUINN 320 LLﬁﬂ\iﬂJH@]@UﬂTii“ﬂ%ﬂwmni FLUENT 941N 9

21. 4 Zone select fluid = Type select fluid —> Click set

= g ) s & Y A
MNFNUINT 321 uﬁmmu@@umﬂ%%ﬂmn FLUENT Y4 10
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22. 19é4 Zone select inlet = Type select velocity inlet — Click set

= g ) s & Y A
MNHUINT 322 uﬁﬂwuﬂ@umﬂ%%“ﬂmni FLUENT Uun 11

23. 1“]95}??15{)@ Solve%Controlse Solution
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~ g ) s o 3 A
MNHNUINT 323 LLﬁﬂ\ﬁlH@]@Uﬂ”ﬁi‘]ﬁb’ﬂwmni FLUENT 9Un 12

24. T¥ehda Pressure-velocity coupling set SIMPLE
Discretization; momentum, turbulence kinetic energy and turbulence dissipation

rate set Second Order Upwind
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= g ) s & Y A
MNHWUINN 324 uﬁmmu@@umﬂ%%ﬂmn FLUENT YUN 13

25. 1¥/1d3 Solve= Initialize = Initialize

~ 2 ) s o Y A
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28. l¥eda Option Select Print and Plot
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35. MUUA plane Z/D=3

= g ) s & Y A
MNHUINT 335 uﬁmmu@@umﬂ%%ﬂmn FLUENT 9Un 24

36. MYUA Iso-Surface =90



192

~ g ) s o 3 A
MNHUINN 136 LLﬁﬂ\ﬁlH@]@Uﬂ”ﬁi‘]ﬁb’ﬂwmni FLUENT 9UN 25

37. MYUA Iso-Surface @=0 and @=180

= g ) s & Y A
MNHUINT 337 uﬁmmu@@umﬂ%%ﬂmn FLUENT YUN 26



193
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14. Lﬂﬂ%@ﬂﬁu’ﬁ FLUENT command Windows
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17. 1913 Grid= Check

A g ) s o y A
DNHNUINN V17 LLﬁﬂ\ﬁlH@]@UﬂTii‘ﬂ%’ﬂN@L!'Ji FLUENT a9Un 17
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Done.

375876 tetrahedral cells, zone 2, binary.

11118 triangular wall faces, zone 5, bip
936 triangular pressure-outlet faces,
332 triangular pressure-outlet faces,
328 triangular pressure-inlet faces, z
934 triangular pressure-far-field faceg

726312 triangular interior faces, zone 11

75746 nodes, binary.

75746 node flags, binary.

F
F

Building...

grid,

materials,

interface,

domains,
nixture

zones,
default-interior
oulet_p
outlet_m

wall_ml

Loading "C:\Fluent.Inc\fluents .2 16\1ib\Ff1_s1119.dmp"

Kill script file is C:\\Documents and Settingsi\UseriiDesktopi\kill-fluent-B8F3_219-1992 bat

> Reading "D:\Thesis\5.film cooling\2.mesh_375876\f1lim_mesh375876.cas™...

31938 triangular wall faces, zone 3, bi i
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Scale Factors Unit Conversion

X[ Grid Was Created In |, -
¥4 Change Length Units
Z[1

Domain Extents
Xmin (m] [-p_1220577  Xmax[m] (a.3779423
Ymin [m] [-p_p15

Y¥max [m] [g_ 75

Zmin [m] [g_p1 Zmax [m] [a_101

Scale | Unscale| Close ‘ Help |

wall _p1
wall
inlet_m
inlet_p
fluid
shell conduction zones,
Done .

Done.

A g ) s ¢
AINNUINN D18 uﬁmmu@@umﬂ%%ﬂmn FLUENT
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32. l9fda Option select Print and Plot

Residual%continuity Convergence Criterion = 0.000001 Click OK
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9 o v v o Y
Present cubic model mmusxumzuwmm%jau“lu“luwmwum%

#include "udf.h"

#include "math.h"

/* Turbulence model constants */

const real C_1=-0.1,;

const real C_2=0.18;

const real C_3=0.22;

const real C_5=0.0;

/I User-defined scalars : Define Reynolds stress
enum

{

uUu,

VvV,

WW,

uv,

uw,

VW

2

// Define source in X momentun equation
DEFINE_SOURCE(u_source, ¢, t, dS, eqn)

{

real source;

dS[eqn]=0.0;

source=- C_R(c,t) * (C_UDSI_G(c,t,Uuu)[0] +
C_UDSI_G(c,t,UuV)[1]+C_UDSI_G(c,t,UW)[2] );
return source;

}

// Define source in y momentun equation
DEFINE_SOURCE(v_source, c, t, dS, egn)
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{

real source;

dS[egn]= 0.0;

source = - C_R(c,t)*(C_UDSI_G(c,t,UV)[0]+ C_UDSI_G(c,t,VV)[1] +
C_UDSI_G(c,t,VW)[2]) ;

return source;

}

/l Define source in z momentun equation

DEFINE_SOURCE(w_source, c, t, dS, egn)

{

real source;

dS[egn]= 0.0;

source= -C_R(c,t)*(C_UDSI_G(c,t,Uuw)[0] + C_UDSI_G(c,t,VW)[1] +
C_UDSI_G(c,t, WW)[2]);

return source;

}

DEFINE_SOURCE(k_source, ¢, t, dS, eqn)

{

real prod,;

dS[egn]=0.0;
prod=-C_R(c,t)*(C_UDSI(c,t,UU)*C_DUDX(c,t)+C_UDSI(c,t,UV)*C_DVDX(c,t)+
C_UDSI(c,t,UW)*C_DWDX(c,t)+C_UDSI(c,t,UV)*C_DUDY (c,t)+C_UDSI(c,t,VV)
*C_DVDY(c,t)+C_UDSI(c,t,VW)*C_DWDY/(c,t)+C_UDSI(c,t,UW)*C_DUDZ(c,t)+
C_UDSI(c,t,VW)*C_DVDZ(c,t) + C_UDSI(c,t WW)*C_DWDZ(c,t));

return prod;

¥

DEFINE_SOURCE(e_source, c, t, dS, eqgn)
{

real prod;

real c_le =1.44;
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real c_2e =1.92;
real k =C_K(c,t);
reale =C_D(c,t);
realu=C_MU_L(c,t);
realp =C_R(c,t);
real v, Ret,fe2,cc;

vV = u/p;

Ret=k*k/(e*v);

dS[egn]= 0.0;

prod=-c_1le*C_D(c,t)/C_K(c,t)* C_R(c,t)

* (C_UDSI(c,t,UU)*C_DUDX(c,t) +
C_UDSI(c,t,UV)*C_DVDX(c,t) + C_UDSI(c,t, UW)*C_DWDX(c,t)+
C_UDSI(c,t,UV)*C_DUDY(c,t)
+ C_UDSI(c,t,VV)*C_DVDY(c,t) + C_UDSI(c,t,VW)*C_DWDY/(c,t)+
C_UDSI(c,t,UW)*C_DUDZ(c,t)
+ C_UDSI(c,t, VW)*C_DVDZ(c,t) + C_UDSI(c,t, WW)*C_DWDZ(c,t)
);

fe2=1.0- 0.3*(exp(-Ret*Ret));

return prod- (c_2e*C_R(c,t)*e*e/k)+ (fe2*c_2e*C_R(c,t)*e*e/k );
}
// Define Eddy viscosity
DEFINE_TURBULENT_VISCOSITY(Craft_Mu_t,c,t)
{
real S,W,c_mu,T,mu_t;
real S11, S12, S13, S21, S22, S23, S31, S32, S33;
real W11, W12, W13, W21, W22, W23, W31, W32, W33;
I/ Define variable
real u = C_MU_L(c,t); //laminar viscosity
realp =C_R(c,t); //density
real v, Ret,fmu;
real k =C_K(c,t); //Turbulent kinetic energy(k)
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reale =C_D(c,t); //Dissipation rate (epsilon)
T=C_K(c,t)/C_D(c,t); /l kle

/I Define stress tensor
S11 = 0.5*( C_DUDX(c,t)+C_DUDX(c,t) );
S12 = 0.5*( C_DUDY/(c,t)+C_DVDX(c,t));
S13 =0.5%(C_DUDZ(c,t)+C_DWDX(c,t) );
S21 =0.5*( C_DVDX(c,t)+C_DUDY(c,t));
S22 = 0.5*( C_DVDY(c,t)+C_DVDY(c,t));
S23 = 0.5*( C_DVDZ(c,t)+C_DWDY(c,t) );
S31 =0.5*( C_DWDX(c,t)+C_DUDZ(c,t) );
S32 = 0.5*( C_DWDY/(c,t)+C_DVDZ(c,t) );
S33 = 0.5*( C_DWDZ(c,t)+C_DWDZ(c,t) );

S=T*sqgrt(

2*(S11*S11+S12*S12+S13*S13+S21*S21+S22*S22+S523*S23+S31*S31+S532*S32

+S33*S33) );

/I Define vorticity tensor
W11 = 0.5*%( C_DUDX(c,t)-C_DUDX(c,t) );
W12 =0.5*%( C_DUDY/(c,t)-C_DVDX(c,t) );
W13 =0.5*%( C_DUDZ(c,t)-C_DWDX(c,t) );
W21 =0.5*%( C_DVDX(c,t)-C_DUDY(c,t) );
W22 = 0.5%( C_DVDY(c,t)-C_DVDY(ct) );
W23 = 0.5*%( C_DVDZ(c,t)-C_DWDY(ct) );
W31 =0.5*%( C_DWDX(c,t)-C_DUDZ(c,t) );
W32 =0.5%( C_DWDY(c,t)-C_DVDZ(c,t) );
W33 =0.5*( C_DWDZ(c,t)-C_DWDZ(c,t) );

W=T*sqrt(

2*(W11*W11+W12*W12+W13*W13+W21*W21+W22*W22+W23*W23+W31*W

31+W32*W32+W33*W33) );

/I Define kinenatic viscosity

v = ulp;

/I Define turbulent Reynolds number



Ret=k*k/(e*v);

/I Define Constant Cmu

c_mu=(0.3/(1.0+(0.35* (MAX(S,W))*0.5)))*(1.0-exp(-0.36/(exp(-0.75* MAX(S,W)
)));

/I Define Damping function of Craft et al.(1996)
fmu=(1.0-exp(-pow((Ret/90.),0.5)-pow((Ret/400.),2) ));

/I Define Eddy viscosity

mu_t=c_mu*T*C_K(c,t);

return mu_t;

}
DEFINE_ADJUST(rsm_adjust,domain)

{

Thread *t;

cell t c;

real X;

real mu_t, c_mu;

real S11, S12, S13, S21, S22, S23, S31, S32, S33;
real W11, W12, W13, W21, W22, W23, W31, W32, W33;
real S, W, Sij, Wij;

realC 4,C 6,C 7,

real P11, P22, P33, Pkk;

real tau_w, u_tauw, u_star, y_star, Gk, u_mag;
real u;

real p;

real v, Ret,fmu;

real k ;

real e;

/* Set the turbulent viscosity */
thread_loop_c(t,domain)

if (FLUID_THREAD_P(t))

{
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begin_c_loop(c,t)

{

I/ Define variable

u= C_MU_L(c,t); //laminar viscosity

p=C_R(c,t); //density

k= C_K(c,t); //Turbulent kinetic energy(Kk)

e= C_D(c,t); //Dissipation rate (epsilon)

X=C_K(c,t)/C_D(c,t); I/ kle

/I Define stress tensor
S11 = 0.5*( C_DUDX(c,t)+C_DUDX(c,t) );
S12 = 0.5*( C_DUDY/(c,t)+C_DVDX(c,t) );
S13 = 0.5*( C_DUDZ(c,t)+C_DWDX(c,t) );
S21 = 0.5*( C_DVDX(c,t)+C_DUDY(c,t));
S22 = 0.5*( C_DVDY(c,t)+C_DVDY(c,t));
S23 =0.5%( C_DVDZ(c,t)+C_DWDY/(c,t) );
S31 = 0.5*( C_DWDX(c,t)+C_DUDZ(c\t) );
S32 = 0.5*( C_DWDY/(c,t)+C_DVDZ(c,t) );
S33 = 0.5*( C_DWDZ(c,t)+C_DWDZ(c,t) );

S=X*sqrt(

2*(S11*S11+S12*S12+S13*S13+S21*S21+S22*S522+S523*S23+S31*S31+S532*S32

+S33*S33) );

/I Define vorticity tensor
W11 =0.5*%( C_DUDX(c,t)-C_DUDX(c,t) );
W12 =0.5*%( C_DUDY/(c,t)-C_DVDX(c,t) );
W13 = 0.5*%( C_DUDZ(c,t)-C_DWDX(c,t) );
W21 = 0.5*%( C_DVDX(c,t)-C_DUDY(c,t) );
W22 =0.5%( C_DVDY/(c,t)-C_DVDY(c,t) );
W23 =0.5%( C_DVDZ(c,t)-C_DWDY(c,t) );
W31 = 0.5*%( C_DWDX(c,t)-C_DUDZ(c t) );
W32 = 0.5%( C_DWDY(c,t)-C_DVDZ(ct) );
W33 =0.5*%( C_DWDZ(c,t)-C_DWDZ(c,t) );



W=X*sqgrt(
2*(W11*W11+W12*W12+W13*W13+W21*W21+W22*W22+W23*W23+W31*W
31+W32*W32+W33*W33) );

/I Define kinenatic viscosity

v = ulp;

/I Define turbulent Reynolds number

Ret=k*k/(e*v);

// Define Constant Cmu

c_mu=(0.3/(1.0+(0.35* (MAX(S,W))*0.5)))*(1.0-exp(-0.36/(exp(-0.75* MAX(S,W)
)

/I Define Damping function of Craft et al.(1996)
fmu=(1.0-exp(-pow((Ret/90.),0.5)-pow((Ret/400.),2) ));

/l Define Eddy viscosity

mu_t=c_mu*fmu*C_K(c,t)*C_K(c,t)*C_D(c,t);

I/ Define constant of Craft et al.(1996)

C_4=-10.0*SQR(c_mu);

C_6=-5.0*SQR(c_mu);

C_7=5.0*SQR(c_mu);

/I Define tensor index = SkISkI
Sij=S11*S11+S12*S12+S13*S13+S21*S21+S22*S22+S23*S23+S31*S31+S32*S32
+S33*S33;

Il Define tensor index = WKIWKI
Wij=W11*W11+W12*W12+W13*W13+W21*W21+W22*W22+W23*W23+W31*
W31+W32*W32+W33*W33;

I isiaisiaiaiaisiaisisiaisisiaialssiaiaisiaiaisiiaisisiaiaissiaiaissiaiaisiaiaisiaiaisisiaiaissiaialsiaiaisiaiaiaisiaieiais
**/]

[[FrFFFxFxFIRERE IMPORTANT define only anisotropy tensor

*******************//

[[FrAFFFFFFFxRFER*E and multiply k in the Reynolds stress

************************//
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[[FFFF I K KgAK KK anisotropy

(]0N0] seleieiaiaiaieiaisiaiaiasiainiaisiiniaisiaiaidsiaiaiaisiaiaiaiaiaiaisiaiaiaiaiatel /1
I isieisiaiiaisiiniaisiaissiiaissiniaisainiaisiaiasiaidsiaiaissiaiaisainissiaissiaiaidsiaiaisiniaisiaiaisiaieiae
*//
Iisieisiaiaiaisaiaiaisiaisisiaiaisiaiaisaiaiaisiaiaisisiaiaissiaialssiaiaisiaiaisiaiaisisiaiaissiaiaisiaiaisiaiaiaisiaieiais
*//
/I Define anisotropy tensor of normal Reynolds stress
C_UDSI(c,t,Uv)=
C_1*mu_t*X* (S11*S11+S12*S12+S13*S13-
1./3.*Sij)
+2.%C_2*mu_t*X* (W12*S12+W13*S13)
+C_3*mu_t*X* (W12*W12+W13*W13-1./3.*Wij)
-2.%C_4*mu_tFX*X*
(W12*(S11*S12+S512*S22+S13*S23)+W13*(S11*S13+512*S23+S513*S33))
+  C_6*mu_t*X*X* (S11*Sij)
+  C_7*mu_t*X*X* (S11*Wij);

C_UDSI(c,t,VV)=
C_1*mu_t*X* (S12*S12+S22*S22+523*S23-

1./3.%Sij)

+24C_2*mu_t*X* (W23*S23-W12*S12)

+ C_3*mU_t*X* (W12*W12+W23*\W23-
1./3.*Wij)

+2.5C_A*mu_tFX*X*
(W12*(S11*S12+812*S522+S13*S23)-W23*(S12*S13+522*S23+523*533))

+ C_6*mU_t*X*X* (S22*Sij)

+ C_TRMU_t*X*X* (S22*Wij);

C_UDSI(c,t, WW)=
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C_1*mu_t*X* (S13*S13+S523*S23+S533*S33-
1./3.*Sij)

- 2.*C_2*mu_t*X* (W13*S13+W23*S23)

+C_3*mu_t*X* (W13*W13+W23*W23-1./3.*Wij)

+2.%C_4*mu_t*X*X*
(W13*(S11*S13+S12*S23+513*S33)+W23*(S12*S13+S22*S23+523*533))
+  C_6*mu_t*X*X* (S33*Sij)
+  C_7*mu_t*X*X* (S33*Wij);
/I Define anisotropy tensor of shear Reynolds stress
C_UDSI(c,t,uV)=
C_1*mu_t*X* (S11*S12+S12*S22+S13*S23)

+ C_2*mu_t*X* (W12*(S22-
S11)+W13*S23+W23*513)

+ C_3*mu_t*X* (W13*W23)

+ C_4*mu_t*X*X* (W12*(S11*S11+S13*S13-
S22*S22-S23*S23)-W13*(S512*S13+S22*S23+S523*S33)-
W23*(S11*S13+S12*S23+S13*S33))

+  C_6*mu_t*X*X* (S12*Sij)

+  C_7*mu_t*X*X* (S12*Wij);

C_UDSI(c,t,UW)=
C_1*mu_t*X* (S11*S13+S12*S23+513*S33)

+ C_2*mu_t*X* (W13*(S33-S11)+W12*S23-
W23*S12)

- C_3*mu_t*X* (W12*W23)

+ C_A*mU_tXFX* (W13%(S11*S11+S12*S12-
$23*523-533*533)-
W12*(S11*S13+522*523+523*533)+W23*(S11*S12+512*522+513*523))

+ C_6*mu_t*X*X* (S13*Sij)

+ C_TEMU_tX*X* (S13*Wij);



C_UDSI(c,t,VW)=
C_1*mu_t*X* (S12*S13+S522*S23+S523*S33)

+ C_2*mu_t*X* (W23*(S33-522)-W12*S13-
W13*S12)

+ C_3*mu_t*X* (W12*W13)

+  C_4*mu_t*X*X* (W23*(S12*S12+S22*S22-
S13*S13-
S33*S33)+W12*(S11*S13+S12*S23+S13*S33)+W13*(S11*S12+S12*S22+S13*S2
3))

+  C_6*mu_t*X*X* (S23*Sij)

+  C_7*mu_t*X*X* (S23*Wij);
/I Define memory Reynolds stress by User defined Memory
e e e e e e e e e e e ek e e e e ek ek e ke
faladed /1
[[FFrFFxFFFFIXFXXIMPORTANT define Linear and Nonlinear
Term**#xxsdkxidksirxx/|

//********************************************************************

**//

C_UDMI(c,t,0)= 2./3.*C_K(c,t) -2.*mu_t*S11 + C_UDSI(c,t,UU);
C_UDMI(c,t,1)= 2./3.*C_K(c,t) -2.*mu_t*S22 + C_UDSI(c,t,VV);
C_UDMI(c,t,2)= 2./3.*C_K(c,t) -2.*mu_t*S33 + C_UDSI(c,t, WW);
C_UDMI(c,t,3)= -2.%mu_t*S12 + C_UDSI(c,t,uV);
C_UDMI(ct,4)=  -2.*mu_t*S13 + C_UDSI(c,t, UW):;
C_UDMI(ct,5)=  -2.*mu_t*S23 + C_UDSI(c,t, VW):;

}

end_c_loop(c,t)

}

¥
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1 Introduction

Marine propeller researchers and designers have made numer-
ous efforts to reduce the effect of cavitation, which degrades pro-
peller performance, erodes blade surfaces, produces noise, and
causes vibration on the ship hull. However, with increasing de-
mand for heavily loaded propellers, the occurrence of cavitation is
unavoidable nowadays. Therefore, the accurate prediction of cavi-
tation is becoming important in the design of propellers to get
good propeller efficiency.

Computational methods for cavitation have been studied for
over decades. The methods can be largely categorized into two
groups: single-phase modeling with cavitation interface tracking
and multiphase modeling with an embedded cavitation interface.
The former approach, i.e., single-phase modeling with cavitation
interface tracking, has been widely adopted for inviscid flow so-
lution methods, such as potential flow boundary element methods
[1] and Euler equation solvers [2]. These methods have evolved
significantly, and many successful application results have been
presented, as reviewed in Kinnas et al. [3]. Still, in many cases,
they require cumbersome iterative procedures and a considerable
amount of preliminary knowledge, such as cavity closure condi-
tions. The latter approach, i.e., multiphase modeling with an em-
bedded cavitation interface, can be adopted for more general vis-
cous flow solution methods, such as the Reynolds-averaged
Navier—Stokes (RANS) equation solvers. Recently, it has become
popular within the cavitation research community. This approach
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cavitation, and multiphase phenomena. There is still currently no turbulence model that
can predict these combined effects satisfactory. The nonlinear turbulence model is there-
fore modified and applied to predict the cavitation on a marine propeller for the first time
in this work. It is found that the nonlinear turbulence model can predict the cavitation
and hence the thrust and torque coefficients much more accurately than the existing
Reynolds-averaged Navier—Stokes turbulence models including the Reynolds-stress
model. [DOI: 10.1115/1.4003564]

Keywords: marine propeller, computational fluid dynamics, nonlinear turbulence model,
turbulent flow, cavitation, multiphase flow

is more general for three-dimensional flows, and it can include the
effect of turbulence within the mixture. The present work there-
fore chooses the mixture multiphase model with the cavitation
model of Singhal et al. [4] to simulate cavitation on a marine
propeller.

In 2005, Rhee et al. [5] used the RANS k-w turbulence model
to simulate cavitation on a marine propeller to predict the thrust
and torque coefficients. Later, Lifante and Frank [6] used the k-
shear-stress transport (SST) turbulence model to simulate the
same case as Rhee et al. They found that their results were more
accurate than the results from Rhee et al. Therefore, it can be seen
that the turbulence model plays an important role on the accuracy
of the flow simulation using computational fluid dynamics (CFD).
The results from Lifante and Frank are, however, not satisfactory
for cavitating hydrodynamic flows. This is because the k-w SST
turbulence model used in their simulation is based on the linear
Reynolds-stress expression. The conventional linear turbulence
model based on the linear Reynolds-stress expression is known to
have less accuracy than the nonlinear turbulence model based on
the nonlinear Reynolds-stress expression especially for complex
flow problems. There are currently many nonlinear turbulence
models in the literature, e.g., Nisizima and Yoshizawa [7], Spe-
ziale [8], Myong and Kasagi [9], Rubinstein and Barton [10], Shih
etal. [11], Lien et al. [12], Craft et al. [13], Apsley and Leschziner
[14], and Abe et al. [15]. Later, Juntasaro et al. [16] found that the
nonlinear turbulence model of Craft et al. was the most suitable
for complex flow problems.

The RANS nonlinear turbulence model becomes more popular
in the past decade. It has been applied to many complex flow
problems successfully, for example, compressible flow through an
S-shaped diffusing duct (Juntasaro et al. [17]) and multiphase re-
circulating free-surface flow over stepped spillways (Tongkratoke
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Table 1 Model constants of the modified nonlinear turbulence model for the cavitation prediction on a marine propeller

Type C, C, Cs C,

Cs Ce C, C.

0.3 (
— == X 1
1 +0.35(max(S,Q))*°

- exp —
exp(=0.75 max(S,Q))

Nonlinear of Craft et al. [13] -0.1 0.1 0.26 -10C? 0 -5C2 5C,
0.3 (
— == X 1
1 +0.35(max(S,))%°
—exp =
Modified nonlinear -0.1 0.19 0.21 -10C?, 0 -5C2 5C;, exp(- 0.75 max(S €))

et al. [18]). It can be seen from the literature that the nonlinear
turbulence model has never been applied to simulate cavitation on
a marine propeller before. Moreover, there are still no suitable
model constants for the cavitation on a marine propeller.

Therefore, the linear k-& turbulence model in the CFD software
FLUENT is modified in this work using the user-defined function
(UDF) by replacing the linear Reynolds-stress term with the non-
linear Reynolds-stress term. The model is called the nonlinear k-&
turbulence model. The present work optimizes the constants in the
nonlinear turbulence model of Craft et al. with the experimental
data of Boswell [19] using the MATLAB program. The performance
in predicting cavitation on a marine propeller of the linear k-&
turbulence models (standard [20], re-normalized group (RNG)
[21], and realizable [22]), combined with the wall function equa-
tions (standard [23], nonequilibrium [24], and enhanced [25]), the
linear k-w turbulence models (standard [26] and SST [27]), the
Reynolds-stress model (RSM) [28], the nonlinear turbulence
model of Craft et al., and the modified nonlinear turbulence
model, is assessed for various conditions. The large eddy simula-
tion (LES) is not considered in this work because the LES cannot
be used with the mixture multiphase model if the cavitation model
is enabled in the CFD software FLUENT.

2 Nonlinear and Modified Nonlinear Turbulence M od-
els

The RANS equations with the mixture multiphase model and
the cavitation model of Singhal et al. [4] are used in the present
work to simulate the cavitation on a marine propeller. The
Reynolds-stress expression in the nonlinear turbulence model of
Craft et al. [13] is written as

- puu] =~ kay; - §pka (1)
where &; is the Kronecker delta (&;=1 if i=j and §;=0 if i #])
and &; (Reynolds-stress anisotropy tensor) is written as

_

1
K S+ C1%<Sk§k‘ 53434‘5.]) + CZ%(Qik$k+ Q5 Sw

aj =
o 1 ik
+ C3;t(Qiijk - §Qk|9k|5ij> + C48_t2(SKiQ|j + S¢Sy

HK

+C
5
&2

2
(QiIQImSmj + S0 — gSQOanﬁij)

K ik
+ Ces_tZSdeSd + C78_tQSijIQkI 2)

where the eddy viscosity (u), the turbulent kinetic energy (k), and
its rate of dissipation (&) are written as

2
= pCyfy @)

031101-2 / Vol. 133, MARCH 2011

J J J Mt)ak]
—(pk) + —(pku)) = — +— | —|+G—-pe+E +E
Py 8Xi(p i) axj[(“ o) 7% k—petEi+E
(4)
J J p) Mt)&s] e
—(pe)+ —(peu) = — || u+— | — | +faCi TG
at(Ps) éxi(PS |) 6XJ[(# o, 6XJ el slk k
82
faZCEZPI +tE+E 5)
—— dU;
Gy TpUL (6)

where Gy is the production term of the turbulent Kinetic energy,
(C41,C,o, 0y, 0,,) are model constants, (f,q, f,,) are damping func-
tions, and (E;,E,) are extra terms (Launder and Sharma [29]).
The C, and the damping function (f,) of Craft et al. [13] are
written as

) 0.3
" 1+0.35max(3 Q))Ls

(19 cors )
x| 1-exp — (7
exp(= 0.75 max(S,Q))

f,=1-exp[- (Re/90)"2 - (Re/400)%] (8)

C

where Re; is the turbulent Reynolds number, Siis the nondimen-

sional strain rate, O is the nondimensional vorticity, S; is the
mean strain rate tensor, {);; is the mean vorticity, () is the rotation
rate of the coordinate system, and e;j is the alternating tensor,

kZ
Re,= 2= 9)
HE
~ k
S=-V1255, (10)
~ Kk —
&
a; ﬂi)
= Z 12
S, <axj I%; (12
au,  Jdu;
ij:(a_x;_g(il)_eijkﬂk (13)

The original model constants of Craft et al. and the modified
model constants in the present work are listed in Table 1. The
modified constants are found using the MATLAB program by opti-
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Fig. 1 Grid divisions for the propeller at advance ratio J=0.5
and cavitation number o=3

mizing the model constants with the experimental data of Boswell
[19].

3 Numerical Method

The computational fluid dynamics software FLUENT is em-
ployed in this work. The governing equations are discretized by
using the finite volume method. The pressure-velocity coupling is
achieved through the simMpLE algorithm. The discretized equations
are solved using pointwise Gauss—Seidel iterations. The technique
of moving reference frame is also employed. The calculation do-
main is divided into discrete control volumes by the unstructured
grid, which has a high flexibility to fit the complex geometry of
the propeller. The grid-independent study is made for all cases.
Figure 1 presents the surface mesh for the propeller at an advance
ratio, J=0.5, and cavitation number, o-=3, to show the fineness of
the grid. The nonlinear turbulence model of Craft et al. and the
modified nonlinear turbulence model are implemented separately
in the FLUENT using the user-defined function.

The parallel performance is indicated by the parallel relative
speed-up S, given by S,=t;/t,, where t, is the time required to
solve the problem using p processors and t; is the time required to
solve the problem using a single processor. The parallel relative
speed-up is approximately 21 using 64 processors.

4 Test Problem Description

4.1 Noncavitation on Marine Propeller. The propeller used
in this work is the DTMBA4382 propeller. The propeller specifica-
tions are presented in Table 2. A wide range of advance ratios, J
=V,/nD, is considered at 0.384=J=1.025. The values of J are
varied by increasing and decreasing V,, while n is kept constant at
7.8 rps, where V is the inflow speed, n is the number of rps, and
D is the diameter of the propeller. The grid independence for this
case is about 500,000 cells. The conditions of the computational
domain are shown in Fig. 2. The inlet is 1.5D upstream and the
exit is 3.5D downstream. The diameter of the domain_inner is
1.2D, and the length is 2.5D. The diameter of the domain_outer is
2.5D, and the length is 5D, where D is the propeller diameter.

Figure 3 shows the thrust coefficient (K,), the torque coefficient

Fig. 2 Computational domain of the propeller

(Kg), and the efficiency of the propeller (7,) at different advance
ratios (J). The results predicted by the linear k-w SST turbulence
model is found to be in good agreement with the experimental
data from the open water. It can be seen that as the advance ratio
(J) increases, the thrust coefficient (K,) and the torque coefficient
(Kg) decrease where the thrust coefficient Ki=thrust/ pn’D*, the
torque coefficient Kg=torque/pn’D°, and the efficiency 7,
=(J/2m)(Ki/Kg). Thrust is the propeller thrust, torque is the pro-
peller torque, p is the fluid density, n is the number of rps, and D
is the diameter of the propeller. It is found that the maximum error
is less than 5% for the thrust coefficient (K;), the torque coeffi-
cient (Kg), and the efficiency (7).

4.2 Cavitation on Marine Propeller. The propeller used in
this case and the conditions of the computational domain are the
same as those in the noncavitation case. The flow specifications
are presented in Table 3. Grid independence for this case is about
2,700,000 cells.

Figures 4 and 5 show the thrust coefficient (K;) and the torque
coefficient (K,) at advance ratio J=0.5 for different cavitation
numbers (0'=(Pw—PU)/0.5pVg), where P, is the pressure far up-
stream, P, is the vapor pressure, p is the fluid density, and V, is
the inflow speed. The results are predicted by various linear tur-

Fig. 3 Thrust coefficient (K), torque coefficient (K,), and effi-
ciency (m,) versus advance ratio (J) for the noncavitation
cases

Table 3 Flow specifications at different cavitation numbers
(o) and advance ratios (J)

Number of

o revolutions

Table 2 Specifications of the DTMB4382 propeller Cases nS;\Qé?;I?Z) Qgggn&i Spee(dm?;‘)flow per(rr;rl:)ute
Model name 4382 1 2 0.5 3.048 1200
Numbers of blade 5 2 2 0.6 3.657 1200
Diameter (mm) 304.8 3 2 0.7 4.267 1200
Hub ratio 0.2 4 3 0.5 3.048 1200
Expanded area ratio 0.725 5 3 0.6 3.657 1200
Skew angles (deg) 36 6 35 0.7 4.267 1200
Section mean line NACA a=0.8 7 5 0.5 3.048 1200
Section thickness distribution NACA 66 (modified) 8 5 0.6 3.657 1200
Design advance coefficient (J) 0.889 9 5 0.7 4.267 1200
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Fig. 4 Thrust coefficient (K,) versus cavitation number (o) at
advance ratio J=0.5 using linear turbulence models

Fig. 5 Torque coefficient (Ky) versus cavitation number (o) at
advance ratio J=0.5 using linear turbulence models

Fig. 6 Thrust coefficient (K,) versus cavitation number (o) at
advance ratio J=0.5 using the modified nonlinear turbulence
model

Fig. 7 Torque coefficient (K) versus cavitation number (o) at
advance ratio J=0.5 using the modified nonlinear turbulence
model

bulence models: the linear k-& turbulence models (standard [20],
RNG [21], and realizable [22]) combined with the wall function
equations (standard [23], nonequilibrium [24], and enhanced [25])
and the linear k-w turbulence models (standard [26] and SST
[27]). 1t is found that the results predicted by the k-w SST turbu-
lence model are the closest to the experimental data from the
cavitation tunnel when compared with the other linear turbulence
models. However, it can also be seen that the predicted thrust
coefficient (Ky) and the torque coefficient (K) are still far from
the experiment.

The effectiveness of the nonlinear turbulence models in predict-
ing the cavitation on a marine propeller is clearly shown in Figs.
6 and 7. The thrust coefficient (K;) and the torque coefficient (K)
predicted by both the nonlinear model of Craft et al. and the
modified nonlinear model show a much higher accurate prediction
than those predicted by the k-w SST turbulence model and also by
those predicted by the RSM [28]. However, there is still a discrep-
ancy between the simulation and the experiment for cavitation
numbers (o) greater than 3.5. The reason for this discrepancy may
be that the real flow characteristic on the propeller is not fully
turbulent. The transition model may be needed to improve the
accuracy of the results.

Tables 4 and 5 show the error percentages of the predicted
thrust coefficient (K,) and the torque coefficient (K) by various
linear turbulence models at different cavitation numbers (o) and
advance ratios (J). It is clearly seen that the k- SST turbulence
model gives the least error percentages. Tables 6 and 7 show the
error percentages of the k-w SST turbulence model, the RSM, the
nonlinear turbulence model of Craft et al. and the modified non-
linear turbulence model. The results predicted by the nonlinear
turbulence model of Craft et al. and the modified nonlinear turbu-
lence model show the error percentages lesser than the k-w SST
and the RSM for every case. The contour of the pressure coeffi-

Table 4 Error percentages of the thrust coefficient (K,) at different cavitation numbers (o) and advance ratios (J) using linear

turbulence models

. (\experimental data— computational data] )
- X 100%
—y experimental data
Error percentage = N
Cavitation Advance
Cases numbers (o) ratios (J) A B C D E F G H | J K
1 2 0.5 26.48 26.93 26.75 27.11 27.02 27.29 2391 27.21 23.73 4.97 5.95
2 2 0.6 27.31 30.19 27.36 26.91 26.91 27.14 27.47 27.37 27.65 25.26 24.41
3 2 0.7 36.09 3734 3612 3821 3625 3551  36.01 39.12 36.03 3847 3431
4 3 0.5 7.34 16.87 6.87 17.67 17.66 16.97 16.76 17.87 17.02 18.01 16.97
5 3 0.6 36.02 36.06 3614 3535 3516 36.14 3561 39.23 3591 3335  27.79
6 35 0.7 35.67 29.73 29.71 29.41 35.56 29.95 35.56 37.59 36.11 40.38 35.85
7 5 0.5 33.02 29.61 32.11 31.93 29.72 29.24 29.98 29.78 29.31 32.47 29.21
8 5 0.6 37.02 38.16 37.41 37.23 37.53 37.95 37.02 37.62 37.27 42.35 34.02
9 5 0.7 36.56 40.12  40.08 39.61  40.01 40.05 39.79 3991 3715 4062 3585
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Table 5 Error percentages of the torque coefficient (K,) at different cavitation numbers (o) and advance ratios (J) using linear
turbulence models

N
(\experimental data — computational datal )
- X 100%
— experimental data
Error percentage = N
Cavitation Advance
Cases numbers (o) ratios (J) A B C D E F G H | J K

1 2 0.5 15.34 15.88 16.15 14.86 15.25 15.84 12.75 12.95 13.41 8.61 8.09
2 2 0.6 28.81 27.57 29.34 26.83 25.81 25.75 23.31 29.93 29.51 25.04 24.58
3 2 0.7 37.31 37.19 36.79 38.73 37.51 38.42 38.18 39.14 38.66 36.69 34.08
4 3 0.5 8.37 20.74 3.01 21.09 20.84 20.63 21.05 20.79 20.85 21.73 20.72
5 3 0.6 34.76 34.71 34.52 35.11 34.81 34.91 37.85 32.43 36.57 34.16 32.39
6 35 0.7 36.61 37.79 35.15 36.12 38.42 39.96 37.57 35.21 36.19 35.85 33.26
7 5 0.5 31.75 32.66 35.54 30.85 30.69 38.38 29.81 29.67 30.58 31.05 29.62
8 5 0.6 32.78 37.11 32.78 33.52 39.37 33.73 33.09 39.35 30.88 32.53 39.23
9 5 0.7 37.76 38.99 35.33 36.26 35.23 36.91 38.08 37.89 36.74 3491 33.22

A=standard k-&: standard wall function
B=standard k-&: nonequilibrium wall function
C=standard k-: enhanced wall treatment
D=RNG k-¢: standard wall function

E=RNG k-&: nonequilibrium wall function
F=RNG k-&: enhanced wall treatment
G=realizable k-&: standard wall function
H=realizable k-e: nonequilibrium wall function
I=realizable k-¢: enhanced wall treatment
J=standard k-»

K=SST k-0
Table 6 Error percentages of the thrust coefficient (K;) at different cavitation numbers (o) and
advance ratios (J) using the modified nonlinear turbulence model
N
<|experimental data — computational data] )
> : X 100%
= experimental data
Error percentage = N
Cavitation ~ Advance
Cases numbers (o) ratios (J)  SST k-w RSM Nonlinear of Craft et al. Modified nonlinear
1 2 0.5 5.95 0.06 0.97 0.86
2 2 0.6 24.21 24.75 7.02 1.86
3 2 0.7 34.31 34.13 20.8 20.17
4 3 0.5 16.97 17.28 7.33 7.33
5 3 0.6 27.79 29.49 15.64 15.15
6 35 0.7 35.85 35.65 29.48 28.47
7 5 0.5 29.21 29.23 28.58 26.81
8 5 0.6 34.02 37.61 27.02 26.18
9 5 0.7 35.85 34.31 29.31 28.31
Table 7 Error percentages of the torque coefficient (K,) at different cavitation numbers (o)
and advance ratios (J) using the modified nonlinear turbulence model
N
<|experimental data - computational data| )
> . X 100%
- experimental data
Error percentage = N
Cavitation ~ Advance
Cases numbers (o) ratios (J)  SST k-w RSM Nonlinear of Craft et al. Modified nonlinear
1 2 0.5 8.09 9.46 8.6 8.6
2 2 0.6 24.58 25.47 15.04 9.81
3 2 0.7 34.08 34.61 26.77 22.41
4 3 0.5 20.72 21.49 3.57 3.57
5 3 0.6 32.39 32.84 26.05 20.43
6 35 0.7 33.26 33.55 27.82 25.76
7 5 0.5 29.62 30.02 26.03 19.69
8 5 0.6 39.23 39.46 31.44 25.82
9 5 0.7 33.22 33.39 27.91 25.66
Journal of Fluids Engineering MARCH 2011, Vol. 133 / 031101-5

Downloaded 12 Mar 2011 to 158.108.240.12. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Fig. 8 Pressure coefficient contour at =3 and J=0.5

Fig. 9 Vapor volume fraction contour at =3 and J=0.5

cient at =3 and J=0.5 is shown in Fig. 8. It is clearly seen that
the cavitation occurs in the tip area where the pressure is very low.
The contour of the vapor volume fraction at ¢=3 and J=0.5 is
shown in Fig. 9. The area of the high vapor volume fraction
closely matches the low pressure area in Fig. 8. The computed
isosurfaces of vapor volume fraction on the tip blade and the
observed cavity shape from the experiment are compared in Fig.
10 at 0=3 and J=0.5 and at 0=3.5 and J=0.7. It is observed that
the cavity shapes on the blade are also in good agreement with the
experiment.

5 Conclusions

The performance of various linear turbulence models, the RSM,
the nonlinear turbulence model of Craft et al., and the modified
nonlinear turbulence model in predicting the combined effects of
turbulence, cavitation, and multiphase phenomena occurring on
the marine propeller at various cavitation numbers and advance
ratios is assessed in detail. It is found that the results predicted by
the k-w SST turbulence model are the closest to the experimental
data compared with the other linear models. However, the nonlin-
ear turbulence models show the much higher accurate prediction
than the linear models. Furthermore, the nonlinear turbulence
models can predict the considered flow closest to the experimental
data than the more complicated RSM. It can be concluded that the
nonlinear turbulence models are the most suitable turbulence
models for the cavitation prediction of a marine propeller.

031101-6 / Vol. 133, MARCH 2011

Fig. 10 (a) Comparison of the cavity shape on the propeller
between the computation and the experiment at =3 and J
=0.5: computation (left-hand); sketch from the experiment
(right-hand). (b) Comparison of the cavity shape on the propel-
ler between the computation and the experiment at ¢=3.5 and
J=0.7: computation (left-hand); sketch from the experiment
(right-hand).
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A practical simulation of gas turbine blade cooling is crucial for
an efficient design and a lifetime of the turbine blade. Because the
characteristics of gas flow in the turbine blade cooling are complicated
due to many combined effects and difficult to predict, there is no
turbulence model at present can predict these combined effects
effectively. Hence, a cubic turbulence model is modified and
implemented as a user-defined function in the computational fluid
dynamics software ANSYS FLUENT to predict turbine blade cooling
in this study. It is found that the modified cubic model can predict flow
field more accurately than the existing Reynolds-averaged Navier-
Stokes turbulence models.

1 Introduction

Gas turbines have played an increasingly important role in the
global industry. While these engines are mostly used for aircraft
propulsion and land-based power generation, they are also employed
in marine propulsion and a variety of other industrial applications.
According to continuously increasing demand for energy, in the form
of power or thrust, engineers have to develop engines to achieve such
demand. Although power output can be increased by raising the
temperature of the gases entering the turbine, the gas temperature must
be raised with caution, because the temperature of the hot mainstream
gas is limited by some turbine components, which are the turbine
blades and vanes, and, the extremely hot gases generate excessive
thermal stress. This can result in premature failure of the blade or
vane, which is harmful to the overall operation of the engine.

Various cooling techniques have been applied to the design of an
engine in order to increase the lifetime of turbine components. Air,
which has not passed through the combustor, is extracted from the
compressor and injected into the blades and vanes of the turbine.
While this coolant air is passing through internal components, it
removes heat from the blade before being expelled out via discrete
holes, so called film cooling holes. This relatively cool air then forms a
protective film on the surface of the blade, which helps protect the
blade from the hot mainstream gas. The coolant air conventionally
flows through a series of channels, which connect to U-channel and
decorated with ribs in order to boost heat transfer. Bending channels
affect physics of the flow; while the turbulators (ribs) further the
effects as they generate complex flow fields, e.g. flow separation,
reattachment, and secondary flow, which vyield high levels of
turbulence leading to high heat transfer coefficients. The rotation of
cooling passages of the turbine blade provides complication to the
analysis. It contributes to the increase of Coriolis and buoyancy forces
that can significantly allow more local heat transfer inside the coolant
passages than those of non-rotating channels.

In 2004, Han [1] simulated gas turbine blade cooling using the
Reynolds-averaged Navier-Stokes (RANS) k-¢ turbulence model.
Then, Silieti et al. [2] simulated the film cooling effectiveness using
the realizable k-¢ model, the SST k—w model, and the V’f turbulence
model. These studies demonstrate that the accuracy of the flow
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simulation using computational fluid dynamics (CFD) depends on
turbulence model. However, Han and Silieti et al do not yield
satisfactory outcomes for gas turbine blade cooling because the
realizable k— ¢ model, the SST k—w model, and the v*— turbulence
model in their simulations are based on the linear Reynolds-stress
expression.

In the present work, the linear k-¢ turbulence model in the CFD
software ANSYS FLUENT is therefore modified by replacing the
linear Reynolds-stress term with the cubic Reynolds-stress term. In
this study, constants in the cubic model of Craft et al. [3] will be
optimized according to the experimental data and DNS data using the
MATLAB program. Finally, the performances of the linear realizable
k-¢ turbulence model [4] with enhanced wall treatment [5], the cubic
model of Craft et al. [3], and the present cubic model will be analyzed
for the gas turbine blade cooling prediction.

2 Cubic Turbulence M odel
The Reynolds-stress expression in the cubic model of Craft
et al. [3] is written as
o 2
-puu, = -kay — gkaU 1)
where J, is the Kronecker delta((iu =7ifi=j and 5, =0 ifi=])

and a (Reynolds stress anisotropy tensor) is written as
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where the eddy viscosity ( 4 ), the turbulent kinetic energy ( k) and its
rate of dissipation (&) are written as
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where G, _ is production term of turbulent Kinetic energy,

(C,.Cq,,g ) are model constants, (f , f ) are damping
functions, and (E ,E)) are extra terms. The C, and the damping

function ( f ) of Craft et al. [3] are written as
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The original model constants of Craft et al. and the modified
model constants used in this study are listed in Table 2. The modified

constants are optimized using the MATLAB program according to the
experimental data and DNS data.

Fig. 1 Grid divisions for the gas turbine blade cooling

3 Numerical Method

In this study, the computational fluid dynamics (CFD) software
ANSYS FLUENT is employed. The calculation domain is divided into
discrete control volumes using the unstructured grid, which possesses
high flexibility to fit the complex geometry of the gas turbine blade
cooling. The grid-independent simulation is implemented for all cases.
Fig. 1 illustrates the surface mesh for the gas turbine blade cooling to
demonstrate the fineness of the grid. The cubic model of Craft et al.
and the present cubic model are implemented separately in the ANSYS
FLUENT using the user-defined function (UDF).

The performance of parallel process is specified by the parallel
relative speed-up S, expressed as S,=ti/t,, where t, is the time required
to solve the problem using p processors and t; is the time required to
solve the problem using a single processor. The parallel relative speed-
up is approximately 20 times for 64 processors.

4 Problem Descriptions

4.1 Fully-developed turbulent flow through a straight square
duct. The predicted results are compared with the DNS data of
Gavrilakis [6] at Reynolds number of 4410 based on the bulk velocity
and the hydraulic diameter with the rotating number of zero. In case of
the fully-developed turbulent flow through a rotating square duct, the
results are compared with the DNS data of Martensson et al. [7] at
Reynolds number of 4400 based on the bulk velocity and the hydraulic
diameter with the rotating numbers of 0.055 and 0.11. Fig. 2 illustrates
the duct along with the three reference axes. The x-axis designates the
streamwise direction. The cross-stream direction is parallel to the y-
axis, while the spanwise direction is parallel to the z-axis.

/'x,u

Presswe side

L e Z,W,Q

Suction side
Fig. 2 Geometry and coordinate system of the fully-developed
turbulent flow through a straight square duct

4.2 Turbulent flow and heat transfer in a rectangular
channel with turbulator. The results are compared with the
experimental data of Acharya et al. [8] at Reynolds number of 14000
based on the bulk velocity and the hydraulic diameter. Fig. 3 illustrates



the geometry of turbulent flow and heat transfer in a rectangular
channel with turbulator. The rib turbulator has width (w) and height (h)
equal to 6.35 mm and 6.35 mm, respectively. The distances between
inlet-to-rib turbulator and rib turbulator-to-outlet are 15h and 30h,
respectively, with uniform heat flux equal to 280 W/n? and the height
of the rectangular channel (H) equal to 61 mm.

Fig. 3 Geometry of turbulent flow and heat transfer in a rectangular
channel with turbulator

4.3 Turbulent flow through stationary and rotating two-pass
rectangular channels. The results are compared with the
experimental data of lacovides et al. [9], where the upstream and
downstream bend lengths are assumed to be 15D and 6D,
respectively. Fig. 4 illustrates the geometrical dimension of a two-pass
rectangular channel. The Reynolds number is 100000 based on the
width of the duct and streamwise bulk velocity. Two rotational cases
are investigated in this study. One is for a positive rotation, where the
rotation axis is the same as the curvature axis, and the other is for a
negative rotation, where the rotation axis is opposite to the curvature
axis. Note that the rotational axis is 4.5D away from the bend axis. The
rotation numbers (Ro =Q*D/Uy) are 0.2 in the positive rotational case
and 0.2 in the negative rotational case, where Q represents the physical
rotational speed of U-duct. The outer wall will be the suction side in
the positive rotational case and the pressure side in the negative
rotational case. Thus, Coriolis and centrifugal forces reinforce each
other in the positive rotational case, and oppose each other in the
negative rotational case. Non-slip boundary conditions are applied for
inner, outer, and lateral walls.

Fig. 4 Geometrical dimension of a two-pass rectangular channel

4.4 Film cooling. The results are compared with the experimental
data of Gritsch and Schulz [10]. The computational domain includes
the coolant supply channel (plenum), the fan-shaped cooling hole, and
the main channel (cross hotflow). Fig. 5 illustrates the geometrical
dimension of computational domain of film cooling and Fig. 6
illustrates the schematic diagram of film cooling. The cross flow test
section is 90 mm in width and 41 mm in height, and plenum cross-
section is 60 mm in width and 20 mm in height. The diameter of the

film cooling hole is 10 mm with an injection angle of 30°. The
metering section is 2D long, while the lateral expansion is 14°
resulting in a hole diameter of 30 mm at the hole exit, and the exit-to-
entry area ratio is 3.0 (areas perpendicular to hole axis). The exit plane
for the cross flow is located along the downstream of the cooling hole
at x/D equal to 30. The boundary conditions are chosen as close as
possible to match the experimental case of Gritsch and Schulz. Total
pressure and total temperature are imposed at the channel inlets, and
static pressure is imposed at the outlet. The total temperature is 540 K
at the primary channel (cross flow) inlet and 290 K at the secondary
channel (plenum) inlet. Thus, the coolant-to-main flow temperature
ratio is 0.54, which can be assumed as a good representative for typical
gas turbine applications. To achieve a blowing ratio of 1.0, the total
pressure in the plenum is set at 109750 Pa, the total pressure at the
main flow inlet is 100400 Pa, and the static pressure at the outlet is
68000 Pa.

Fig. 5 Computational domain of film cooling

Fig. 6 Schematic diagram of film cooling

4.5 Gasturbine blade cooling.

The results are compared with the summary report of F-class
combustion turbine life management (general electric 9FA+e 1% stage
bucket) [11]. Fig. 7 shows the internal passage inside the blade that
can be described as follow: cooling air is supplied via four inlets
through the root, which separate the passage into three independent
channels inside the blade. Firstly, the leading edge channel 1 is a one-
pass straight channel, which is designed to cool the leading edge.
Secondly, another channel 2 is a three-pass serpentine channel, which
cools the region between the leading edge and the mid-chord. The first
two cooling channels become fully separated after the flow passes
through the shank. Thirdly, the channel 3 on the trailing side of the
blade is also a three-pass serpentine channel, which cools the region
between the mid-chord and trailing edge. For the trailing edge side of
the channel 3, the air is branched out along the trailing edge of gas
passage through bleeding holes (channel 4 BH). These bleeding holes
are essential for the cooling of the trailing edge.



Fig. 7 Geometrical dimension of gas turbine blade cooling

5. Results

The results are predicted by the linear realizable k-¢ turbulence
model [4] with enhanced wall treatment [5], the cubic model of Craft
et al. [3], and the present cubic model for all cases.

5.1 Fully-developed turbulent flow through a straight square
duct. Figs. 8 to 10 present the streamwise velocity profile for a straight
square duct and a rotating square duct. The cubic models clearly better
predict the velocity profile than the linear model especially in the case
of a rotating square duct.

O  DNS (Gavrilakis 1992)
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Fig. 8 Dimensionless mean streamwise velocity profiles at y/h=0.5 for
a straight square duct

O DNS (Martensson 2005)
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Fig. 9 Dimensionless mean streamwise velocity profiles at zh=0.5 and
R0=0.055 for a rotating square duct

O DNS (Martensson 2005)
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Fig. 10 Dimensionless mean streamwise velocity profiles at zh=0.5
and Ro=0.11 for a rotating square duct

5.2 Turbulent flow and heat transfer in a rectangular
channel with turbulator. Fig. 11 presents the fluid flow and heat
transfer in a rectangular channel with turbulator. It can be seen that all
models have comparable accuracy in this case.

O DNS (Acharya 1998)
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Fig. 11 Nusselt number in a rectangular channel with turbulator

5.3 Turbulent flow through stationary and rotating two-pass
rectangular channels. Figs. 12 and 13 are used to show the fluid flow



through the stationary and rotating two-pass rectangular channels. The
cubic models show the higher accuracy especially in the case of a
rotating channel.

O Exp. (lacovides 1996)
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Fig. 12 Dimensionless mean streamwise velocity profiles at @=90°,
Ro=0 for a stationary two-pass rectangular channel
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Fig. 13 Dimensionless mean streamwise velocity profiles at @=90°,
Ro=0.2 for a rotating two-pass rectangular channel

5.4 Film cooling. The film cooling effectiveness of gas turbine
is numerically studied by a variety of turbulence models. The
centerline effectiveness of experimental data is used to compare with
the numerical results. The cubic models show the better prediction in
the region near the cooling hole as shown in Fig. 14

0 Exp. (Gritsch 1998)
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B A, =+ =Standard k-¢ : non-equilibrium wall function
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x/d

Fig. 14 Film cooling effectiveness

5.5 Simulation of gasturbine blade cooling.

The predicted and measured mass flow rate on the main outlets
(channel 1, channel 2, channel 3, channel 4 BH) of the gas turbine
blade cooling are compared in Table 3. It can be seen that the
predicted mass flow rate using the present cubic turbulence model is in
reasonable agreement with the experimental data. The pressure
contour of the internal cooling passage is also shown in Fig. 15.

Fig. 15 Pressure contour of the internal cooling passage

In overall, it can be seen for all cases that the results predicted by
the cubic model of Craft et al. and the present cubic model show a
much higher accurate prediction than those predicted by the linear
realizable k—e turbulence model. Table 2 shows the error percentages
of the realizable k— turbulence model, the cubic model of Craft et al.
and the present cubic model. The results predicted by the present cubic
model show the error percentages lesser than the realizable k—
turbulence model and the cubic model of Craft et al. for all cases.

Table 1 Model constants for the cubic model of Craft et al. [3] and the present cubic model for the gas turbine blade cooling

Type CC C G C. G G Cr C.
0.3
X
< -\\L5
1+0.35(max(2S "))
1o -0.36

exp(-O.?Smax@. ~))



Cubic model of

2 2 2
Craft et al. [3] 01 0.1 026  -10C, 0 -5Cy 5C,

0.3

1+035(maxs "> )

Present cubic model 01 018 022 -10C,> 0  -5C,> 5C,*
-0.36

1‘”p[exp<-o-75maxes~>>

Table 2 Error percentages of the predicted results using the linear model, the cubic model of Craft et al. [3], and the present cubic model

experimental data - computational data
Error percentage = [l P - P | x100 %]
Case Ro experimental data
Realizable k-¢ : Cubic model of Present cubic model
enhanced wall treatment Craft et al.
11 0 23.17 21.85 21.09
1.2 0.055 35.03 26.66 26.03
13 0.11 25.18 17.55 16.61
2 0 6.7 6.41 6.4
31 0 8.69 8.3 6.38
3.2 0.2 13.17 3.73 3.56
4 0 8.78 6.98 6.68
where
1.1 = Fully-developed turbulent flow through a straight square duct (Ro=0)
1.2 = Fully-developed turbulent flow through a rotating square duct (Ro=0.055)
1.3 = Fully-developed turbulent flow through a rotating square duct (Ro=0.11)
2 = Turbulent flow and heat transfer in a rectangular channel with turbulator
3.1 = Turbulent flow through a stationary two-pass rectangular channel (Ro=0)
3.2 = Turbulent flow through a rotating two-pass rectangular channel (Ro=0.2)
4 = Film cooling

Table 3 Mass flow rate and error percentage of the gas turbine blade cooling using the present cubic model

Location Measurement [11] Present cubic model Error percentage
(ka/s) (kg/s) P 9
Channel 1 0.041 0.036 12.20

Channel 2 0.045 0.036 20.00



Channel 3 0.048

Channel 4 BH 0.089

0.032 33.33

0.068 23.60

5 Conclusions

The turbulence model performances are assessed in various test
cases related to gas turbine blade cooling for the linear realizable k-¢
model with enhanced wall treatment, the cubic model of Craft et al.,
and the present cubic model. It is found that the results predicted by
the cubic models yield more accurate predictions than those of the
linear model. Furthermore, the present cubic model gives the closest
prediction to the experimental and DNS data for all cases. It can be
concluded that the present cubic model is the most suitable turbulence
model for analyzing the gas turbine blade cooling.
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Abstract
The present work is motivated from the hypothesis of the analogy between the mean
turbulent Newtonian flow and the laminar non-Newtonian flow suggested by Rivlin in 1957.
The main objective of the current work is to apply the second-order Rivlin-Ericksen
viscoelastic model, which was originally derived for the laminar non-Newtonian flow, to
model the mean turbulent Newtonian flow. The mathematical form of the second-order
Rivlin-Ericksen viscoelastic model is investigated using the direct numerical simulation
(DNS) data. It is found that the modified Rivlin-Eriksen constitutive relation can accurately
predict the Reynolds-shear-stress gradient and the mean velocity profiles of the fully-
developed turbulent channel flow over a wide range of Reynolds numbers from 180 to 2000.
Moreover, the proposed constitutive relation is a function of mean velocity gradient only and
hence there is no need to solve any extra transport equation like other existing turbulence

models. This leads to the conclusion that the modeling of the mean turbulent Newtonian flow

via the second-order Rivlin-Ericksen viscoelastic model is promising.

Keywords: turbulence modeling, non-Newtonian model, viscoelastic model, Rivlin-Ericksen

model, constitutive relation



Nomenclature

= velocity gradient matrix
= acceleration gradient matrix
= (n—l)th acceleration gradient matrix

= displacement gradient matrix
= half-height of the channel

= tensor index

= unit matrix, =9,

= tensor index

= tensor index

= pressure

= Reynolds number based on u, and #; Re_=u h/v
= time

= total viscous stress matrix

= mean streamwise velocity

= dimensionless mean streamwise velocity, u/u,

= friction velocity; u, =4/7,,/ p
= Reynolds shear stress

= velocities in tensor notation where 7, j,k are tensor indices; v;, v;, v, =u,v,w

i

ov . o
= —~ where i, j are tensor indices

axj

= wall-normal distance

= wall normal distance expressed in wall units; vy = yu_ /v
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a, = Rivlin-Ericksen model coefficients; n = [ to §
J; = Kronecker delta; 6, =7 if i=j and 6, =0 if i # j
u = dynamic viscosity
v = kinematic viscosity
p = density
T, = wall shear stress
Introduction

Matter in the field of mechanics can be categorized by various parameters such as

chemical content (e.g. H,0, CH,), intermolecular force between molecules (e.g. solid,

liquid, gas), deformation behavior (e.g. solid, fluid), molecular structure (e.g. metal, ceramic,
polymer, composite material), behavior of stress-strain relation (e.g. elasticity, plasticity,
viscoelasticity), and flow pattern (e.g. laminar, turbulent). However, there is always
commonness between each category. In this work, the behavior of the stress-strain relation is
of interest. This is motivated from the hypothesis first proposed by Rivlin [27] suggesting
that there are common characters between the mean turbulent Newtonian flow and the
laminar viscoelastic flow. The shear stress is a nonlinear function of the strain rate in both
viscoelastic flow and turbulent flow. This raises the question whether or not any particular
viscoelastic model or constitutive equation can be applied to model turbulent flow.

There are some evidences reported by quite a few researchers showing the common
physical features between the mean turbulent Newtonian flow and the laminar viscoelastic
flow. The first common physical feature observed is the secondary flow in a straight square
duct. Both mean turbulent flow and laminar viscoelastic flow show the existence of an eight-

vortex secondary-flow structure in a square duct with the opposite directions as reported by



Schlichting [30] and Coleman et al. [2]. Another common physical feature is the viscoelastic
behavior as suggested by Rivlin [27] using the analogy between the mean turbulent
Newtonian flow and the laminar viscoelastic flow. The later works by Moffatt [17], Crow [6]
and Lumley [16] also confirmed the viscoelastic behavior of turbulence.

Rivlin [27] published the pioneering work that used the information of the physical
analogy between the mean turbulent Newtonian flow and the laminar viscoelastic flow to
suggest that the Rivlin-Ericksen viscoelastic model [29] might be used to model turbulent
flow. There has been no further work that evaluates this suggestion seriously. However, it can
be observed that the mathematical form of the existing turbulence models has a similar form
to the Rivlin-Ericksen viscoelastic model as discussed in Table 1. It should be noted from
Table 1 that Speziale [32] and Huang [12] applied the material-frame-indifferent restriction in
their turbulence models. The principle of the material frame indifference was proposed by
Noll [19-21] in the context of continuum mechanics and was first applied to turbulence
modeling by Speziale [32]. However, Speziale [33] stated later that it was not applicable to
the vast majority of turbulent flows. In fact, the principle of the material frame indifference
was proven earlier to give incorrect results sometimes such as the electromagnetic
constitutive equations [28]. Consequently, turbulence models of Speziale [32] and Huang
[12] that were developed using the material-frame-indifferent restriction could break down in
many turbulent flows. Hence, the material frame indifference should not be used as the
restriction to model turbulent flows because it is applicable to some types of turbulent flows
only. Furthermore, it can be seen from Table 1 that none of the existing turbulence models
has really adopted a complete form of the second-order Rivlin-Ericksen viscoelastic model
with its own coefficients.

The main objective of the current work is therefore to adapt the complete form of the

second-order Rivlin-Ericksen viscoelastic model with its own coefficient to model the mean
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turbulent Newtonian flow. The complete form of the second-order Rivlin-Ericksen
viscoelastic model with its own coefficients is investigated here for the first time using the
direct numerical simulation (DNS) data of the fully developed turbulent channel flow over a

wide range of Reynolds numbers from 180 to 2000.

General Rivlin-Ericksen Viscoelastic Model
The model of Rivlin and Ericksen [29] states, if we assume that material of the body is
isotropic in its undeformed state, then the total viscous stress matrix T may be expressed as a

matrix polynomial in the kinematic matrices A, (velocity gradients), A, (acceleration
gradients), ..., and A ((n—1 )™ acceleration gradients). In other words, the components of

stress at time ¢ in an element of material depend only on the gradients of velocity,
acceleration, second acceleration, and higher accelerations in that element at time 7.
For incompressible flow, the total viscous stress in the functional form can be written

according to Criminale et al. [5] as follows:

T=-pl+f(A,...A,) (1)

where

A=(4),=v,+v, 2)
o(4y),

Ay = (AM+1),-J- = L+ (AM ),-j,k Vi t (AM ),-k Vi T (AM )jk Vii 3)

with M =1,...,n—1.



Second-Order Rivlin-Ericksen Viscoelastic Model
For steady viscometric flow, only the first two Rivlin-Ericksen matrices A, and A,

are not zero [26]. The total viscous stress can be written according to Criminale et al. [5] as

follows:

T=-pl+f(A.A,) 4)

It was previously shown in Rivlin [25] that if T is expressible as a polynomial in only
two of the kinematic matrices, then the Hamilton-Cayley theorem can be used to reduce the
expression for T as a matrix polynomial of arbitrary form in these two kinematic matrices to
one of closed form. For incompressible flow, the total viscous stress can be written according

to Criminale et al. [5] as follows:

T=-pl+a,A, +aA, +a,A’ +a,A, +a;,(A A, +AA)+a, (AA, +AA])

()
+a,(A A +AA,)
or, if expressed in tensor notation, Eq. (5) can be written as follows:
T, = _pé;j +a (AJ )u
+a, (Az)‘ +a;(4,), (4, )ki
+a,(4;), (4, )kj ta; [(Az ), (4, )kj +(4,), (4, )kj] (6)

where a, to a, are model coefficients.
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General Rivlin-Ericksen Constitutive Relation for Turbulent Flow
The equation of motion for steady incompressible laminar non-Newtonian flow is

written as

p("/"z/):]::f.j tPE; (7)

Substituting 7; from Eq. (6) into Eq. (7) yields

(
()], (m (4)i(4),),
#on (), (4),) +(as[(4), (), +(), (4), ]) (®)
+(a6 |:(Al )ik (Al )kl (A2 ),l/' +(A2 K J)/
+(a7 |:(A2)ik (Az )kl (Al )1/ +(A1 4 )Z/J)
+p08;
Substituting (4, ). from Eq. (2) into Eq. (8) yields
p(vjvl])— -PD,; +(al(v TV, ))j
H(an(),), +(a (4),(4),),
+(a4<Az ) (4, (), +(4), (4), ), ©)
+(a6[ L (4), +(Az ) ( J),
[(4)

TPE;

The Reynolds-averaged Navier-Stokes (RANS) equation for steady incompressible

mean turbulent Newtonian flow is written as
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p(v‘,vi",») =Pt (l“("i,/ TV )) : +(_PT"})J + /P8, (10)

5J

where — pTv;. is the Reynolds stresses which is unknown and needs modeling.

Comparing the RANS equation for mean turbulent Newtonian flow [Eq. (10)] with

the equation of motion for laminar non-Newtonian flow [Eq. (9)] and specifying the model

coefficient ¢, = u, it is proposed here that the gradient of Reynolds stresses (— pW) in Eq.

(10) can be modeled by the gradient of the non-Newtonian part of the second-order Rivlin-
Ericksen viscoelastic model (the 3™ to the 8™ terms on the right-hand side of Eq. (9)) as

follows:

(—pTv}) - (az (4, )ii

o

)+
(e, (4), (4),) +(a](4),

)

)

S~~—" —

o

j (11)
e [(4), (4),(4), +(4), (4),(4), ])
H(e (), (4), (4),+(4), (4),(4),])
where the model coefficients are written as follows:
o, = _(Mj (12)
B+p



Page 9 of 36

o - _% (16)
a, = _ﬁ%’, (a7)
where

B=KdetE+K'detE’ (18)
B =-KdetE,—K'detE]  (i=12,3,4) (19)
B = —K det E; (20)
B =—K'detE, 1)
B, =K detE; — K'detE; (22)

and



f'=LdetF+ L'detF’

p/=—LdetF, — L'detF/

1

S =—LdetK

Bl =—L detF,

py=—LdetF, — L'detF

where L, L', K and K' are “arbitrary” constants, and E is defined as

rA? rA A,
1rA A, rA,’
rA} rA’A,

E=

oA (AA, +AA) A, (A A, +AA,)

oA (ACA, +AAC) 1A, (ACA + A7) 1A (AA +AAS) r(AA, +AGA)(ASA, +ALA))

trA, trA,

rA (A A, +ALA))

r(AA, +AA, )

Rearranging some components, E can be written as

trA ) rA A, trA’

rA A, trA,’ trA’A,
rA; trA’A, A}
E=l0nAzA, 20AA7 20rAA,
20rA A, 2rAA) 2trA A,
A, rA, A}

(23)
(i=1,2,3,4) (24)
(25)
(26)
27
A} oA, (AA,+AA,) A, (AA, +ALA) A,
1rA A, 1A, (A A, +ALA,) A, (ACA, +AA ) A,
oA} A’ (AA, +AA,) Al (ACA, +AA ) rA 2

(A A, +AA)(AA, +AA0) 2rA A,

2

r(A’A,+AA) 20rA A,
rA 20rA A, 2erA A, 3
(28)
2trA A, 2trA A, trA,
2trA A 2rA A trA,
2trA A, 2trA A, A}
2ir(AA,) +20PA A2 200AA +20PA ALA A, 20A A,
2rAA; +2rAAA A, 2r(ACA,) F20A A 20A A,
2trA A, 2trA A, 3

(29)
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and E, is the matrix obtained by replacing the i, column of E by the following column:

trA, T, oA, T, oA T tr (A A, + ALA ) T, (A A, + A,A7) T, 7T Therefore, E, to E, can

be written as follows:

trA, T trA A, trA ] 2trA A, 2trA A, trA,
trA,T trA;’ rA A, 2trA A’ 2trA A’ A,
trA’T trA A, trA} 2trA A, 2trA A, trA
E r(AA,+AA)T  20A A} 20A0A,  20r(AA,) +20A A 20A A +20A ALA A, 2PA A,
r(A7A,+AA])T 20ACA} 20rAA, 2trA AL +200A ALA A, 2tr(A12A2)2 +20rA A 2rA A,
T A, trA 2trA A, 2trA A, 3
(30)
trA12 trA|T trA13 2trA12Az 2trA13Az trA,
rA A, trA,T trA’A, 2trA A’ 2trA’ A’ trA,
trA; trAT trA’ 2trA A, 2trA A, trA}
E,= 20A A, tr(AA,+AA)T  20ACA,  20(AA,) +20AA 20A A +20A ALACA,  20A A,
2rAVA,  tr(ACA AL T 20rAA, 2tAA, +200A ALA A, 2tr(A12Az)2 +20rA A 20rA A,
trA, T trA} 2trA A, 2trA A, 3
€1y
trA trA A, AT 2trA A, 2trA A, trA,
trA A, trAz2 trA,T 2trA1A22 Zl‘l’Alezz trA,
trA ] trA A, trA’T 2trA A, 2trA A, trA
E; = 20A A, 200A A} r(AA, FAA)T  20r(AA,) +200A A 20rA A +200A ALA A, 20°A A,
2rACA, 2rACA tr(AA+AAL)T 20rACA) +20rAALA A, 2tr(A12A2)2 +20rA A 2erA A,
trA, trA, r'T 2trA A, 2trA A, 3
(32)
A’ trA A, A’ trA|T 2trA A, trA,
trA A, trAz2 t}’Ale2 trA,T 2trA12A22 A,
trAl3 trAle2 trAl4 trAlzT 2trA14A2 trAl2
Ei=lonaA, 20AA 20AA, (A A, +AA)T  20A7A)] +200A AACA, 20A A,
2
2rACA, 20ACA) 20AA, r(ACA, FAAC)T  2r(ACA,) +200A A 20°A A,
A, A, trA? T 2trA A, 3

(33)



A’ trA A, A’ 2trA A, trA, T trA,
rA A, A’ rA’A, 2trA A’ rA,T A,
trAl3 trAle2 trA14 2trA13A2 trAlzT trAl2
ES:2A2A 2rA A, 2trA A 20r(AA,) +20rA A AA,+AA )T 2rAA
IrA A, 2UrAGA, rA; A, tr( 1 2) T2rAA, tr( 18, T A, 1) IraA,
2rAA, 2rACA) 20AA, 20ACA) +20AAACA,  tr(ACA, +AAC)T 20A A,
trA, trA, trAl2 2trA A, T 3
(34)
trA trA A, trA; 2trA A, 2trA A, trA|T
trA A, trA,)’ trA’A, 2trA A’ 2trA AL trA,T
trA trA A, A} 2trA A, 2trA A, trAT
Eo=lonaca, 20AA7 20rA A, 2r(AA, ) +20A A 20A A +20rA ALA A, ir(ALA, +ALA)T
2rACA, 20AA} 20rACA, 20rA AL +20rA ALA A, 2zr(A12A2)2+2erl“Az2 r(A’A, +AAC)T
trA, trA, trA ) 2trA A, 2trA A, tr'T

(35)

and E' is the matrix obtained by replacing the 5 row and 5" column of E by the following

column: A A, trA,’ . irA° A, tr (A A, + A,A ) A, A’ rA,’ . The E' can be written

as
rA}’ irA A, rA;} A (A A, +ALA)
rA A, trA}? trA A, A, (AA, +ALA)
- trA;} rA’A, rA,} A7 (AA,+AA))
A (A A, +AA,) A, (AA, +AA,) A7 (A A, +AA,)  r(AA, +AA,)
trA A’ A} trA A’ r(AA,+AA))A,]
trA, trA, trA,’ 2trA A,

Rearranging some components, E’ can be written as

rA A’ trA,
A} trA,
trAA;’ rA}’
(A A, +AA))A,) 20rA A,
trA,} trA}
trA} 3
(36)
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A’ rA A, trA 2trA A, trA A’ rA,
rA A, trA,’ trA ’A, 2trA A A’ IrA,
- rA’ rA A, trA? 2trA A, rAA} A
20A A, 2trA A} 20rACA, 2tr(AA, )2 +20rA A 20rA A, 20rA A,
trA A’ trA,’ rA’A,’ 2trA A, rA,} trA,’
IrA, IrA, rA’ 2trA A, rA,’ 3
G7)

and E; is the matrix obtained by replacing the i, column of E' by the following column:

AT, orA, T,trA "T,tr (A A, + A,A )T, orA,’T,trT . Therefore, E; to E{ can be written as

follows:

trA,T rA A, rA;’ 2trA A, rA A, trA,

trA, T trA,’ trA A, 2rA A’ trA,’ A,

- trA,’T rA A, A’ 2trA A, trA’A; trA]
‘ r(AA, +AA)T 200AA) 20A0A, 2tr(AA,) +20A A 20rA A, 20rA A,
trA,’T A, wA’A) 2trA A’ trA,’ trA,’

T trA, rA 2trA A, trA,’ 3
(38)

trA rA,T rA;’ 2trA A, rA A, 1A,

trA A, trA, T rA A, 2rA A’ A, A,

- A}’ trA,’T A’ 2trA A, rA’A} A
Pl 2rA A, r(AA,+AA)T 20A7A, 2r(AA,) +20A7A2 20PA A, 2trA (A,
rA A}’ trA,’T rA A} 2trA A, trA,’ rA’

trA, orT trA 2trA A, rA,)’ 3

(39)



trA;?
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trA A, rA, T 2trA A, rA A, A,
rA A, rA’ rA,T 2trA A’ trA,’ trA,
A, rAA, rA,’T 20A A, rA’A} A
200A A, 200A A7 0r(AA,+ALA)T 2ir(AA,) +20A A 2rAA, 20A A,
rA A’ trA; trA,’T 2trA A’ A, trA}’
trA, trA, T 2rA A, trA,’ 3

(40)
2 3 2
IrA, rA A, IrA, trA, T rA A, IrA,
rA A, trA,’ rA A, irA, T trA,’ trA,
trA13 trAle2 trA14 trAlzT trAlez2 trAl2
20A A, 20rA A} 20ACA, r(AA,+AA)T 20A A, 20A A,
rA A} Ay trAA) trA,’T rA,’ trA,’
trA, trA, trA’ trT trA,’ 3
(41)
rA’ rA A, rA’ 2trA A, trA, T rA,
rA A, A, trAA, 2trA A, rA,T trA,
rA,’ rA A, trA} 2trA A, trA’T trA;’
200A A, 20AA} 20ACA, 2r(AA,) +20A A} r(AA, +AA)T 20AA,
rA A A} rACA) 2trA A, trA,’T rA,’
trA, trA, trA;’ 2trA A, T 3
(42)
rA,’ rA A, rA,’ 20°A A, rA,A,’ rA, T
rA A, trAz2 trAle2 ZtrAlAz2 trA23 rA,T
trA’ rA A, rA 2trA A, rA A’ trA'T
2rAA, 20rA A 20rACA, 2r(AA,) +20A A 20AA, tr(AA, FALA)T
rA A A, trAA) 2trA A, rA,} trA,’T
A, IrA, trAl2 2trA A, trA22 T

(43)



Page 15 of 36

The matrices F,F,,F',F are defined as the matrices obtained by interchanging A,

and A, in the matrices E,E,,E', E; respectively. Therefore, the resulting matrices

F,F,F,F are expressed as follows:

A, rA,A, Ay} A, (AA, +AA,) A, (AA +AA,) A,
rALA, Az rAA, oA, (AA, +AA,) A, (AA +A A7) A,
. A’ rAA, oA’ A (AA +AA,) A, (ALA +AA,) A}
rA, (A A, +AA,) A (AA +AA,) A7 (AA +AA,) r(AA, +AA,) r(AA +AA)(ACA +AAS) 24,
2 2 2 2 2 2
oA, (AA +AA]) oA (ACA +AAS) 1A (AA+AAY) (A +AA,)(ACA +AA,) r(AA +A A7) 20rA A,
trA, trA, rA,’ 2trA LA, 2trA A, 3
(44)
Rearranging some components, F can be written as
trAZ2 rA A, trA23 2trA1A22 2trA1A23 rA,
rA A, trA rA A’ 2trA A, 2trA A trA,
trAZ3 trAlAz2 trA24 2trA1A23 21rA1A24 trAz2
F= 2
20A A 20rA A, 20rA A} 2r(AA,) +20rA A} 20rA AGA A 20rA A} 2rA A,
3 24 2 4 2 24 3 2\? 24 4 2
2rA A, 20ACA) 20ALA' 2rA AGA A+ 20A A 2 (AVA)) +20A A 2rA (A,

2trA A’ 3

trA, trA, trA,’ 2trA A,
(45)

and F, is the matrix obtained by replacing the i, column of F by the following column:

trA,T, oA, T, 0rA, T, 1r (A A, + A,A) T.tr (A, A, + A A7) T,0°T . Therefore, F, to F, can

be written as follows:



trA,T rA A, trA,’ 2trA A’ 2trA A} trA,
trA, T trA trA A} 2trA A, 2trA A trA,
trA,’T trA A} rA,’ 2trA A’ 2trA A, trA,’
r(AA, +AA)T  20AA, 20AA,} 20r(AA,) +20PA A 20PA ALA A F20PA A 20AA,
ir(ACA Y AAL)T 2rAA} 2rA A, 20AAA A H20ACAS 2ir(AA]) +20AA, 2irA A
T trA, trA;’ 2trA A, 2trA A’ 3
(46)
trA;’ trA,T trA;’ 2trA A 2trA A} trA,
trA A, AT trA A} 2trA A, 2trA A trA,
trA,)’ trA,’T rA,} 2trA A, 2trA A} trA,’
2rAA (A A, +AA)T  20AA,) 20r(AA,) +20PA A, 200AALAL A+ 20°A A 20A A,
wA A r(AA FAAS)T 2rA A, 20rA AA A F20AA; 2ir(AA) +20rA A, 20AA)
trA, T trA,’ 2trA A, 20rA A 3
(47)
trA;}’ rA A, trA, T 2trA A’ 2trA A} rA,
trA A, trA} AT 2trA A, 2trA A} trA,
trA,’ trA A} trA,"T 2trA A} 2trA A} trA,)’
T|2tAA) 20AA,  tr(AA AT 20r(AA,) +200A A 200A ALA A +20A A, 20A A,
2rAA,) 2rACA) r(ACA +AAC )T 20A AA A +200A A 2tr(AlA22)2 +2rA A 20rA A}
trA, trA, T 2trA A, 2trA A’ 3
(48)
rA,’ rA A, trA,’ trA,T 2trA A’ A,
rA A, rA}? rA A’ trA, T 2trA A’ A,
rA,’ rA, A, rA} trA,’T 2trA A} rA,;
200A A} 20rACA, 20A A r(AAHAADT  200AALAL A +20PA A, 2rA A,
2
urA A, 2rACA 2rA A or(ACA FAA])T 2r(AA]) +20A A 20ALA)
A, A, rA,’ trT 2trA A’ 3

(49)
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trA,’ trA A, trA,’ 2trA A’ trA,T A,
rA A, rA trA A’ 2trA A, trA| T trA,
trA,)’ rA A, rA,’ 2trA A, trA,’T trA,’
F =
ST 20AA 20ACA, 20AA 2r(AAL) +20A A r(AA, FAA)T  20A A,
UrA A, 2rACA 2rA A 2rA AL A A +20rACA,) tr(AVA +AA]) T 2trA A
trA, trA, rA,’ 2trA A, r'T 3
(50)
trA}’ trA A, trA,’ 2trA A’ 2trA A} trA,T
rA A, trA} trA A’ 2trA A, 2trA A trAT
trA,} trA A}’ rA,’ 2trA A} 2trA A trA,’T
F, =

T20AA7 20ACA, 200AA) 20r(AA,) +20A A 20AALA LA +20A A r(AA, +ALA)T
A A, 200ACA) 20A A, 2rAALA A +20A A 2 (AAY )2 +20rA A r(AVA, +AA7)T
trA, trA, rA,’ 2trA A, 2trA A}’ T

C2))

and F’ is the matrix obtained by replacing the 5 row and 5” column of F by the following

column: A °A,,trA’, rA’A,”, ir (A A, + A,A )A”, rA*,irA” . The F' can be written as

rA})} rA,A, A} trA, (AA +AA,) rAA trA,
trALA, A}’ rAA, trA (AA, +AA,) trA,} trA,
- A} rAA, rA} A}’ (AA +AA)) rA A’ trA}
- 1A, (AA +AA,) 1A (AA +AA,) 1A (AA +AA,)  r(AA +AA,)  r(AA FAA)A] 20ALA,
trA, A’ trA;} rA A}’ r(AA +AA)AS trA,’ rA,’
trA, trA, rA,’ 20rAL A, trA,’ 3
(52)

Rearranging some components, F' can be written as
b



trA)’ trA A, trA,’ 2trA A’ rA A,
rA A, rA’  trAA) 2trA A, trA
P A’ rA A’ trA,* 2trA A, trA A’
20rAA 2rA A, 20rAA) 20r(AA,) +20PAPA 2rA A,
rA’A, A trA’A) 2trA A, rA
trA, trA, trA,’ 2trA A, trA

IrA,
IrA,
trA,’
2trA A,
rA’
3

(53)

and F' is the matrix obtained by replacing the i, column of F’ by the following column:

A, T,irA T, trA, T, tr (A A, + A A, ) T,irA "T,&rT . Therefore, F, to F, can be written as

follows:

trA, T rA A, trA,’ 2trA A’ rA’A, 1A,

rA,T rA’ A A} 2trA A, rA}’ trA,

- trA,T rA A, A 2trA A, rA’A; A}
‘ r(AA, +AA,)T 2trAA, 20AA;} 2tr(AA,) +20A A} 20AA, 20rA A,
trA,;’T trA,’ trA’A 2trA A, trA trA’

T A, trA,’ 2trA A, trA’ 3
(54)

rA,’ rA,T trA;’ 2trA A’ rA’A,  trA,

rA A, trA,T trA, A}’ 2trA A, A’ IrA,

B A, trA,’T rA,’ 2trA A’ rA’A} A
P 2rA A r(AA, +AA)T 20AA, 2r(AA,) +20rA A 20PA A, 20rA (A,

rA A, trA’T rA A’ 2trA A, trA? trA}?

IrA, T rA,’ 2trA A, A’ 3

(55)
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rA)’

trA A, trA,T 2trA A’ trA A, trA,
rA A, rA}’ rA,T 2trA A, rA,’ rA,
P rA,’ trA A’ rA,’T 2trA A’ rA’A} A}
Pol2rAAy 20ACA, 0r(AA,+AA)T 2r(AA,) +20A7A) 2rACA, 20°ALA,
rAA, A rA,’T 2trA A, rA, A’
A, rA, T 2trA A, trA;’ 3
(56)
trA,’ trA A, rA,’ trA, T rA’A, WA,
trA A, A trA A} trA,T trA’ trA,
- A, wAA) A trA,’T rA A A}
Yl 2rAA) 2rAA, 2rAA, tr(AA,+ALA)T 20rACA, 20rA A,
rA’A, A’ trAA) rA’T rA trA’
trA, trA, trA,’ trT A’ 3
(57)
rA,’ rA A, trA;) 2trA A rA,T trA,
rA A, trAl2 trA1A22 2z‘rA12A2 trA, T A,
o rA,’ trA, A’ rA,’ 2trA A, trA,’T trA’
Tl 20AA7 20rACA, 20A A, 2ir(AA,) +20ACA; ir(AA,+ALA)T 20rA A,
trA A, rA;’  trAA) 2trA A, trA’T trA
trA, trA, rA,’ 2trA A, T 3
(58)
trA,’ rA A, trA,’ 2trA A’ rA A, trA, T
trA A, A’ trAA) 2trA A, rA,’ AT
- A, wAA; A 2trA A rA’A,’ rA,’T
*l2rA A 2rACA, 20rAA) 2tr(AA,) +20ACA, 20ACA, tr(AA, +ALA,)T
trAle2 trAl3 trAfAz2 21}’A13A2 trA14 trAlzT
trA, trA, trA,’ 2trA A, A’ tr'T

(59)



Modified Rivlin-Ericksen Constitutive Relation for Fully-Developed Turbulent Channel
Flow

For fully-developed turbulent channel flow, the gradient of Reynolds shear stress

modeled by the general Rivlin-Ericksen constitutive relation in Eq. (11) can be simplified

into the following form:
0 —5\ O
2 (—puv)= 5(2% (ns ) +4a, (v, )5) (60)

oy

where o, and o, can also be simplified as

ay=—+ (61)

2 —6L
a, = p(v,) ; (62)
(K+K')-24L(v,) +L’
After substituting Eqgs. (61) and (62) into Eq. (60), the gradient of Reynolds shear stress
obtained is
0 = —6L
—(—puv)z— N(V1,2)+4N(V1,2) (63)

(K+K')=24L(v,) +L’

Eq. (63) can be re-arranged as
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)= 35 (K+K_)2iiL(v) oL ) o
Let

A=-24L (65)
B=K+K'+L (66)

and the coefficient in the square bracket of Eq. (64) can be expressed in terms of 4 and B as

follows:

o Br24(u, )

67
B+A(v,) ©7
Therefore, Eq. (64) is finally expressed as
0 —\ O
5(—pu’v’)=a—y(F'/1(vl!2)) (68)

where in the present work 4 and B are chosen to be equal to »° and 1 respectively.

The direct numerical simulation (DNS) data of the fully-developed turbulent channel
flow published by Kim et al. [14] and Moser et al. [18] at Re, = 180, 395, 590, and del
Alamo and Jimenez [7,8], del Alamo et al. [9] and Hoyas and Jimenez [11] at Re, = 550,

950, 2000 are used to investigate the validity of of Eq. (68). The output values from the left-



hand side (the gradient of Reynolds shear stress) of Eq. (68) and the output values from the
right-hand side (the gradient of non-Newtonian part of the second-order Rivlin-Ericksen
viscoelastic model) of Eq. (68) are compared to examine whether or not they are equal. It is

found that there is good agreement in trend but not in magnitude as shown in Fig. (1) for Re,

= 180. Therefore, the Rivlin-Ericksen constitutive relation is modified in this work to better

predict the gradient of Reynolds shear stress as shown in Fig. (2) by the following expression:

0 — 0

5(—puv):5<F-,u(vL2)+Cy) (69)
where

C= 'u(vll )wull (7())

It is seen from Fig. 2 to Fig. 13 that the modified Rivlin-Ericksen constitutive relation
(Eq. 69) can accurately predict the gradient of Reynolds shear stress and the mean velocity
profile of fully-developed turbulent channel flow at various Reynolds numbers. It is highly
possible that the viscoelastic model of Rivlin and Ericksen [29] can be applied as the
constitutive relation for Reynolds stresses to model more complex turbulent flows that the
existing turbulence models still cannot predict accurately such as turbulence-induced

secondary flows in a non-circular duct.

Conclusions
The second-order Rivlin-Ericksen viscoelastic model with its original coefficients is

adopted to model the mean turbulent Newtonian flow for the first time in this work. It is

Page 22 of 36



Page 23 of 36

found that the modified Rivlin-Ericksen constitutive relation can accurately predict the
gradient of Reynolds shear stress and the mean velocity profile of the fully-developed
turbulent channel flow accurately at various Reynolds numbers. The modified Rivlin-
Ericksen constitutive relation has an advantage over other turbulence constitutive relations in
the sense that the proposed constitutive relation is a function of mean velocity gradient only
and hence there is no need to solve any extra transport equation such as an equation for
turbulent kinetic energy (k) and an equation for the dissipation rate of turbulent kinetic
energy (¢). This leads to the conclusion that modeling the mean turbulent Newtonian flow via

the second-order Rivlin-Ericksen viscoelastic model is promising.
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Table 1 Mathematical commonness between turbulence models and Rivlin-Ericksen

viscoelastic model

Turbulence models

Mathematical commonness to Rivlin-Ericksen model

Linear

Lumley [16]

Pope [22]

Speziale [31]

Huang [12]

The linear turbulence model is recovered by using just the
first-order Rivlin-Ericksen tensor in the Rivlin-Ericksen
model [29]. This simplified form of the Rivlin-Eriksen model
is called the Reiner-Rivlin model [23,24]. The Reiner-Rivlin
model gives rise to isotropic normal stresses contrary to the
experiments. This is analogous to the linear turbulence model
in the sense that they both cannot predict the difference among
normal stresses.

The form of the Lumley model is similar to that of the second-
order fluid model [3] which is obtained from the orderly
truncation of the general theory of simple-fluid model. The
second-order Rivlin-Ericksen viscoelastic model can also be
simplified to the second-order fluid model.

The Pope model is similar to the Lumley model [16], except
that the strain rate and the vorticity are used instead of the
first-order and second-order Rivlin-Ericksen tensors. There
are generally two approaches to find the coefficients of the
model leading to the nonlinear turbulence models and the
explicit algebraic Reynolds-stress models (EARSM). The
coefficients or the model constants in the nonlinear models are
found from the calibration with the experimental and DNS
data while the EARSM are developed from the (implicit)
algebraic Reynolds stress model. The examples of the
nonlinear models are Shih and Lumley [31] and the cubic
model of Craft et al. [4] whereas the examples of the EARSM
are Pope [22], Taulbee [34], Gatski and Speziale [10], Apsley
and Leschziner [1], Jongen and Gatski [13], Wallin and
Johansson [35,36] and Knoell and Taulbee [15].

Speziale derived his nonlinear turbulence model using a
similar approach to the Rivlin-Ericksen model, except that he
selected the Oldroyd derivative, instead of the second-order
Rivlin-Ericksen tensor, with the material-frame-indifferent
restriction. Moreover, the model was truncated to just the
quadratic term and the empirical constants were used in the
model, instead of using the original coefficients of Rivlin and
Ericksen model.

The model was derived using a similar approach to the Rivlin-
Ericksen model, except that the material-frame-indifferent
restriction and the relaxation effect were taken into account in
the model.
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Fig. 1 Gradient of Reynolds shear stress for the fully developed turbulent channel flow at
Re, =180 using the Rivlin-Ericksen constitutive relation
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Fig. 2 Gradient of Reynolds shear stress for the fully developed turbulent channel flow at
Re, =180 using the modified Rivlin-Ericksen constitutive relation
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Fig. 10 Mean velocity profile for the fully developed turbulent channel flow at Re_=550
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