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Plan of Presentation

Characterization of turbulence
e Examples, visualizations.

o Historical perspective. Great achievements.

Governing equations

e RANS

e Modelling strategies

e Asymptotic structure of the boundary layer
e Law of the wall formulations
Experiments

e Hot-wire results

e Laser Doppler results

Numerical simulations

e Two-equation differential models
e RSM

Final remarks
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Flow is from right to left

Flow is from right to left




'\ @) LABORATORD DE
‘ MECANICA DA TURBULENCIA

Turbulence

Leading edge flow Boundary layer flow
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Turbulence
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Chaos
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Historical Perspective to Turbulence

Boussinesq
1877-1890

Osbone Reynolds
1883-1898

Saint-Venant
1830-1845

Prandtl and Ackeret (1904-1930)

G.I. Taylor

1917-1956
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Cronology

e 1840
e 1854
o 1877
e 1883
e 1894

e 1904
e 1916

Barré de St. Venant: (AP ~ AQ + BQ?).

Hagen:

Boussinesq:

Reynolds:
Reynolds:

Prandtl:
Taylor:

first vizualization studies.
eddy viscosity.
Reynolds number.

decomposition of the flow properties
Into mean and fluctuating quantities.

boundary layer theory.
mixing-length, law of the wall.

e 1915-1935 Taylor —von Karman: statistic theories.
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Cronology (continued)

1939
1941
1942
1945
1956
1967

1969, 1972

Presently

Millikan:
Kolmogorov:
Kolmogorov:
Chou:
Clauser,Coles:
Kovasznay:

Yajnik, Mellor:

logarithmic law of the wall.
turbulence cascade, -5/3.
two-equation differential models.
Reynolds stress models (RSM).
law of the wake.

turbulent boundary layer
asymptotic structure.

turbulent boundary layer
asymptotic structure. Matched
asymptotic expensions method.

Differential models, RSM, LES.
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Averaging procedure

Equations of motion

° U:U+u

e Time average, space average,
ensemble average.

Momentum equation

ou; N :
—=0 Continuity equation
oX;

ouj au; 1ap o [ou duj) ° @)

—+U,——=-— + v - u' U’

ot ox,  poxg  oxjlox; ox | o

inertia effects

\

\

viscous effects

turbulent effects

pressure effects
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RANS Equations

Il) k—e model
U K’
7t _ vy = C,u S
yo &

Modelling strategies, eddy
viscosity, k—e model, RSM

Term to be modelled

v

fluctuating quantity,

(ou, ou;) 2 turbulent stresses
T o e TR
i i
6(U‘K)=i{v—‘a—'€]—ﬁs - Turbulent Kinetic Energy
; ox; o, 0x;

i‘f)zi[v_ta_‘g]_i(c LU S, +C,e) Dissipation Rate by Mass Unit
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Reynolds stress models

”I) RSM Transport equation for Reynolds stress tensor elements
62"] ou lej 2 ' 0 Ut aT”
=Pj+—-fodj+—|v+—
Production
— . 0u;
Transportable quantity
ow 6Jka) @ 2 0 U, @ » 1 0Ok Ow
—+ =a;—P. -f0"+—||v+ — |+ (1-F;)
ot OX K OX o3 ) OXy o, OX; OX
Model relies on many empirical constants
k2
o* = 2 a:ﬁ =5/9 B =0.075 k =0.41

B oo(p )
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Two-layered asymptotic structure

Inviscid region

Defect region o =ord(u,.)

Wall region *=ord(v/u)
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Two-layered asymptotic structure
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Changes due to flow separation

STREAMLINES
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Structure near a separation point

=A== .:.'\.: :J'\.:\.:.l.'\.:.l.l.:.:.l.'\-:.l. .:.l. - .:. =0 .:. - .L.: R e e P P R
R .*::!3:::5‘!05!:!'FF!:-'F!:lc5!:!:51"!:::E!:lﬁHE:E-“J?:-'-3?3'-33'5-':?::'-33'-5-3: SR T




LABORATORID DE : : : ®
MECANICA DA TURBULENCIA 0000
L N
L X
®

Law of the wall Formulation

e Mellor (1966)

T =ul/
. 1 u ulu,
u =z +—p z +
z =zu_ lv

pv

42" ) p" =[(v/p)(dp /dx)]/u]

2 1
S )
e e 4y, = 1001 p)(dp 1)1

K K

e Nakayana & Koyama (1984)

T =1+pz”

+

K

el (gs+lg—lJ—|

3¢ — +In + 1/2
{(g 5s) 11 2°=(c, Ip) " zlv

e 0.419 +0.539 p*

+
—_
o

K +
+ 1+p

—u/ _ 1+27°
i g [ 3 J c.(p7)=@+0.074p )"
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Law of the wall Formulation

e Cruz and Silva Freire (1998, 2002)
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Experiments
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Wind Tunnel
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Hot-wire anemometry
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Hot-wire anemometry
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Results: Temperature profiles
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Water tank and hill model .
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Laser Doppler Anemometry
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aser Doppler Anemometry
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Laser Doppler Anemometry
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Results. Upstream region

Mean velocity Turbulent stress
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Results. Downstream region
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Skin-friction results: Upstream region

Linear Law

Log law

Fit3: Through origin . .
. Mean Velocity Mean Velocity Fit1: Linear
- *
Equation Y_0'009_917962466 X - 750 Equation Y = 0.007092380528 * X + 0.01823226578
Number of data points used =7 X =- mm X =-750 mm Number of data points used = 11
Average X =1.60714 X = -300 mm :verage::é.g;;;iaa
# =- e _ verage Y = 0.
Average Y =0.0165143 X =-300 mm Residual sum of squares = 9.18144E-007
Residual sum of squares = 2.01581E-005 + X =-150 mm Regression sum of squares = 0.000135779
Coetof determination, R-squared - 0991285 2 o o 006 — | — @ x=Aasomm | e
Residual mean square, sigma-hat-sq'd = 3.35968E-006 its: rough origin
Fit 2: Through origin
. - Fit1:Linear
Fit 2: Through origin Equation Y = 0.006090583493 * X + 0.0234800236
| Numberofdata points used = 12
Average X = 2.64511
Average Y = 0.0395903
Residual sum of squares = 1.55791E-006
Regression sum of squares = 0.000155525
Coefofdetermination, R-squared = 0.990082
0.04 — Residual mean square, sigma-hat-sq'd = 1.55791E-007
w
<2
£ _
E o]
£ — Fit2: Through origin
o} Equation Y = 0.005863478261 * X
Number of data points used =7 0.02 — Fit1:Linear
Average X = 1.21429 Equation Y = 0.008435472817 * X + 0.01102609473
0.02 A Y =0.0071 Number of data points used = 11
verage Y = 0. Average X =2.91173
Residual sum ofsquares =5.07076E-007 Average Y = 0.0355879
Coefofdetermination, R-squared = 0.998975 ] Ezz‘r"e‘;z:;n“':u: Z‘j‘;:::::ff;z;f;%%
Residual mean square, sigma-hat-sq'd = 8.45127E-008 Coefofdetermination, R-squared = 0.994873
Residual mean square, sigma-hat-sq'd = 1.09977E-007
0
0 ‘ I ‘ ‘ I I
0 40 80 120 160 -2 0 2 4 6
Y [mm] Lny[mm]

Fit2: Through origin

Equation Y = 0.007559565217 * X

Number ofdata points used = 7

Average X =1.21429

Average Y = 0.00959643

Residual sum of squares = 5.64462E-006
Coefofdetermination, R-squared = 0.993176
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Skin-friction
results:
Upstream region

Fit2:2nd degree polynomial

Equation Y = (b*X) + a*(pow(X,2))

b =-0.001067121986
=0.0006934478884

Nymber ofdata points used = 8
Average X = 1.4375
Avekage Y = 0.000475

Residyal sum of squares = 2.11183E-007
Coefofidetermination, R-squared = 0.981443

Fit 1: Thxough origin

Equation Y =-0.0005333333333 * X

Number of\data points used = 4

Average X % 0.625

Average Y =\0.0003875

Residual sum\of squares = 1.74167E-007

Coef of determipation, R-squared = 0.753828

Residual mean §quare, sigma-hat-sq'd = 5.80556E-008

Mean Velocity
Fit 1: Through origin

Equation Y = 0.01608966132 * X
Number of data points used = 8

x=0mm

x=30mm

Average X = 1.4375 ‘
x=75mm
Average Y = 0.0227854 . .
Residual sum of squares = 1.38574E-005 =150 mm . .
Coef of determination, R-squared = 0.997715
Residual mean square, sigma-hat-sq'd = 1.97962E-006 X =250 mm .
x =300 mm

i

Fit 2: 2nd degree polynomial
Fit1: Through origin

Equation Y = -0.0003656084656 * X

Numberofdata points used = 4

Average X = 2.75

Average Y = -0.000991667

Residual sum of squares = 1.12743E-007
Coefofdetermination, R-squared = 0.973922

Residual mean square, sigma-hat-sq'd = 3.75808E-008

Fit 2: 2nd degree polynomial

Fit2:2nd degree polynomial
Equation Y = (b*X) + a*(pow(X,2))
b =-0.0002650931041
a=-5.603251073E-005

Number of data points used = 8
Average X = 4.125
Average Y =-0.00215833

Residual sum of squares = 3.62476E-007
Coefofdetermination, R-squared = 0.976279

K — RI—FK
- I 4 rad Al N
Y
D

S|
N
D

DN

Fit 1: Through origin
Equation Y = -0.002224242424 * X
Number of data points used = 5

0.04 A Average X = 0.8
Average Y = -0.00176
z LA Residual sum of squares = 1.37576E-007
I | Coef of determination, R-squared = 0.993304
= Residual mean square, sigma-hat-sq'd = 3.43939E-008
o] .
A Fit2:2nd degree polynomial
0.02 — Equation Y = (b*X)+a*(pow(X,2))
b =-0.002605635765
A a=0.0003496925827
) E:j;tiTohr:avu-[l;?)lgazgzau?sg'x Number of data points used = 7
1 Number of data'Roints used = 6 Average X =1.21429
DX Average X = 1 Average Y =-0.00241429
0 Average Y = -0.00359167
Residual sum of squakes = 3.60558E-007 Residual sum of squares = 2.80325E-007
Coef of determination, Rysquared = 0.996642 Coefofdetermination, R-squared = 0.977741
Residual mean square, siyma-hat-sq'd = 7.21115E-008
-0.02

Fit 1: Through origin

Equation Y = -0.003842424242 * X

Number of data points used = 5

Average X = 0.8

Average Y = -0.00295

Residual sum of squares = 1.27508E-006
Coef of determination, R-squared = 0.979493

80
Y [mm]

120

Fit2:2nd degree polynomial
Equation Y = (b*X)+a*(pow(X,2))
b =-0.003661513118
a=2.226823592E-005

160

Number ofdata points used = 6
Average X =1

Fit3:2nd degree polynomial Average Y = -0.00359167

Equation Y = (b*X)+a*(pow(X,2))
b =-0.003573726459
a=3.104500517E-005

Residual sum of squares = 3.55985E-007
Coefofdetermination, R-squared = 0.988125

Residual mean square, sigma-hat-sq'd = 3.18769E-007

Number ofdata points used = 8
Average X =1.4375
Average Y =-0.00503125

Residual sum of squares = 2.47696E-006
Coefofdetermination, R-squared = 0.971336
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Skin-friction: Consolidated results

Flow over a hill
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Streamlines
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Kinetic energy and mixing length
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Numerical simulation
Eddy Viscosity, k— Model

RANS Equations

term to be modelled

/
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fluctuating quantity,
turbulent stresses

Turbulent Kinetic Energy

Dissipation Rate by Mass Unit
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Numerical simulation, finite elements, 2D,
Incompressible flow, k—e model
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Numerical simulation: Mean velocity
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Numerical simulation: separation region
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Eddy Viscosity vs RSM

RANS Equations

Term to be modelled
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|) Eddy viscosity hypothesis
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Il) The Reynolds stress transport equation for o based models
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Numerical simulation: eddy viscosity

turbulence models

Standard k-1, model
(Launder and Spalding 1974))

2
K

u,=C, p—

k-+ model (Wilcox (1986) )
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The Shear Stress Transport (SST) k—» Model, accounts for turbulent shear stress
transport by considering

a.K

U, =
max( a,o,SF,)

where F, is a blending function, and S is an invariant measure of the strain rate.

The blending function F, is given by

F, = tanh(arg 22 )

2\/? 5000)

B oy ylo

arg , = max(
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BSL Reynolds Stress Model .

ot OX K K o3 ) OXy o, OX, OX
B 2
o* = 2 a:;— ” )0.5:5/9 B =0.075 k =0.41
o

The blending coefficients are found from a linear interpolation through
the relation

¢:=F ¢+ (1-F) 4,
F = tanh(arg ‘ )

1 ok Ow

O 0 axj axj

K

max{ \/§ 5001)} 4 px )

CD = max| 2 ) )
g B oy yie CDmak_gsz

Ko

- i (
1070 arg = min
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Cluster Configuration

e Front End:

° Intel D875PBZ Motherboard (With on-board
Gigabit Ethernet network interface)

° Pentium 4, 3.0Gz, 1Mb Cache
° 1 Gb DDR400 in dual mode (2 x 512 Mb)
e 200GB SATAHD

e Nodes (4):
° Intel D875PBZ Motherboard (With on-board
Gigabit Ethernet network interface)
o Pentium 4, 3.0Gz, 1Mb Cache
° 1 Gb DDR400 in dual mode (2 x 512 Mb)
e 40GBATAHD

e 3COM Gigabit Ethernet Switch 3C16478

o 2"APC Back-UPS RS 1500” 1500 VA UPS
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Simulation Detalls

e SST (Eddy Viscosity)

400,000 Elements (Hexaedra)
Inlet speed of 0.0482 m/s
Smooth wall

Total run time 5:09:32

e BSL (Reynolds Average)

350,000 Elements (Hexaedra)
Inlet speed of ; yq [ijm%ls
Smooth wall d

Total run time 5:23:02

e SSG (Reynolds Average)

350,000 Elements (Hexaedra)

Inlet speed of o042 [ij m/s
Smooth wall

Total run time 2:23:40
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Longitudinal velocity profiles in the recirculation
region, k-¢ based SST model

120 T T T T I T T T T I T T T
Z(mm) - @ X=0mm ) :
- ® -]
80 [~ : ]
- 4 ]
40 ]
0 0.02 0.04 0.06 0.08
160 1T T 1T T 1T T 1T TTT
| [ [ [ Iea i
zimm) e X =225 mm B
120 [~ -
80 —
- ® 4
- ° .
- o.g. -
40 o —
L %.ﬁ i
0 @
-0.02 0 0.02 0.04 0.06 0.08

U(m/s)

U(m/s)

120

z(mm) :

80

40

0

-0.02 0 0.02 0.04 0.06 0.08
U (m/s)

160
z(mm)
120

80

40

-0.02 0 0.02 0.04 0.06 0.08

lllllllllllllllllll

® X =30mm

T
PN )
1

&?i.qleallq;el.lllll

llllllllllllllllll
[

e Xx=300mm e
®
[

lllllllllllllll
lllllllllllllll

160 1T I LI I LI I LI I LI
L ® 4
z(mm) ® x =150 mm ® B
120 -
80 [~ —
L % 4
.
40 — .ea'e;. —
L . ® 4
0 M
-0.02 0 0.02 0.04 0.06 0.08
160 1T LI LI LI LI
I I I eal
z(mm) ® x=400mm o
®
120 8
9
®

80

40

-0.02 0 0.02 0.04 0.06 0.08
U(m/s)

U(m/s)

lllllllllllllll
lllllllllllllll

lllllllllllll




LABORATARID DE

Longitudinal velocity profiles in the recirculation

MECANICA DA TURBULENCIA

region, BSL Reynolds stress model
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Longitudinal turbulent velocity profiles in the
recirculation region, BSL Reynolds stress model
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Vertical turbulent velocity profiles in the

recirculation region, BSL Reynolds stress model
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Longitudinal velocity profiles in the recirculation
region, SSG model.
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Representative turbulence velocity profiles,
SSG Model
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Final Remarks

1. Present work has shown how different law of the wall formulations can
be used to describe the flow over a step hill.

2. Validation of theory was provided by H-W and LDA measurements over
a model hill.

3. Further numerical simulations of the problem were presented through
two-equation differential models and RSM.

4. Future work will focus on 3d geometries and on the description of the
temperature field.
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