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Scope of the Presentation @M N

« Turbulent drag reduction by dilute addition of high
polymers

* Review of turbulence research

+ Invariant modeling of turbulence

« The limiting state of turbulence at the wall
* Polymer-turbulence interaction

+ Parameterization of polymer-turbulence interaction for
maximum drag reduction effect

* Further examples of turbulent drag reduction and related
flow phenomena

« Turbulent drag reductions by surface-embedded grooves
+ Conclusions and final remarks
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| § A Flow control @M
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Drag Reduction (DR)

separation control (control pressure drag)
minimize drag force <

skin friction control

Long chain polymers in

turbulent wall bounded flows

- turbulent DR up to 80% with a few ppm of polymer

- act in turbulent boundary layer

Application Area:

Transalaska Pipeline: 30% energy savings

Friedrich-Alexander-Universital
Ertanges-Nimberg -~
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The energy dissipation rate «is™m
The average energy dissipation rate @ can be expressed as the work
done against the wall shear stress 7,, per unit mass of fluid:
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A Some historical comments on turbulence LSTM

« 0. Reynolds (1895) « B. . Davidov (1961)

* L. Prandtl (1925) + S. Corrsin (1942 - 1985)
» G. Taylor (1935) + L. G. Kovasznay (1959 - 1980)
* Th. Von Karman (1930) + P. Bradshaw (1965 - )

» H.L.Dryden * F. H. Harlow (1965)

* G. B. Shubauer } (1940) « B. Spalding (1965 - 1975)
* H. K. Skramstad « S. Kline

« A. N. Kolmogorov (1941) * W.C. Reynolds } (1967)

« P.Y.Chou (1945) « W. Rundstadler

+  G.K. Batchelor (1946-1962)| * J- L. Lumley (1967 - )

« A.A Townsend (1947- ) + J. W. Deordorff (1970)

« J. Rotta (1951) + S. A. Orszag (1972)

» E.Hopf (1952) * U. Schumann (1973)

+ R. E. Kraichnan (1953) * R.S. Rogallo (1981)

« J. Laufer (1954)

« P.S. Klebanoff (1955)
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(13 The turbulence closure problem @
Erlangen
Turbulence decomposition suggested by O. Reynolds (1895):
U,=J+u, P=P+p
when applied to the Navier-Stokes equations leads to the closure problem
U, = au, 1P & U — U,
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" TEC Kolmogorov’s model of turbulence (1942) LSTM
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Kolmogorov's two-equation model of turbulence

Dﬂ_i_ 0 ' [
Dt~ om (+")+4Zazj[ (azj 61:,)]

Duw b dw

i Z 52, [;a—
D_b = =fi 4 ££€ + A” E _6_ Iii E] Consm and Kirstler (1954)
Dt 3w 7 Oz; |wdrz; Flow visualisation of small-scale structure

of turbulence at large Re

The missing source term in the @ equation

One of the central unresolved issues in the formulation of the
closure approximations involved in the dynamic equations for
the turbulent dissipation rate is related to the early work on
turbulence theory reported by Kolmogorov (1942). In his
pioneering paper, which nowadays stands as a pattern for the
two-equation model of turbulence, he omitted the production
terms in the equation for the characteristic frequency @ of the
energy-containing range, which served for determination of the TenrEkis Luley ( 192}
turbulent dissipation rate. (a) Isotropic pattern, (b) and (c) are anisotropic patterns

I Friedrich-Alexander-Universitit
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* Turbulence closure proposed by
Chou (1945) LSTM |

Quarterly of Applied Mathematics
Vol. 111, No. 1, 1945

ON VELOCITY CORRELATIONS AND TUE SOLUTIONS OF THE

EQUATIONS OF TURBULENT FLUCTUATLON*
BY

P. ¥. CHODU®*
National Tsing llua University, Kunming, China
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J. L. Lumley and @. R. Newman
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Kolmogorov's two- equation
model of turbulence (k —«)
All realizable turbulence must be inside the triangle: Lumley (1978)
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Cﬁngnn
Referenee Flow Rt'_“ll(il[lﬁ nnmber Reference Flow R(’j’]llbl!th’ nmiber
Rogalle (1981) Homogeneous turbulence  Kim, Mein & :\[U-Sl'!' (1987)  Chamel flow R, ~ 3250
Lee (1985) ~ Autouia ef ol (1992) Chanmel flow R, ~ 7880
Plain strain Gilbert & Kleiser (1991)  Channel flow R, ~ 3830
m‘-’”l_;ﬂmf-mm £y =280 Kasagi ef al. (1990] Clanel flow R, ~ 1710, 2630, 3240
:nu? R - - Moser, Kim Chammel flow R, = 12500
Axisymuwetric eontraction & Mansour (1998)
(CD11.CD12.CD13, Ry~ 1020 HLASULD o . —
CDI4.CD21.CD22, Eggels ¢f al. (1904) Pipe flow It = 6950
CD23 and CD24) Eggels, Boersia Rotating pipe How R, = 5300, 5375, 5860
Shear & Nicuwstadt (1994) N=0. 032 061
(BSHO,BSH10. Ry = 40120 Orlandi & Fatica (1997) Rotating pipe How R = 5000
BSH1 land BSH12) N=0. 05 10, 20
Rotation . . Spalart (1988) Boundary layer Ry = 300, 670, 1410
(REL AT 1S, g e 11N Spalart (1085 Sink flow Ry ~ 380, 115, 600
BI amd BRG) - =
etk - Le & Mein (1994) Backward-facing step R, = 5100
ClIAXATIon to [etropy — S e
(RXIA.RX2IA, Ry~1-2 TRogers & Moser {1904) Plane mixing layer R =20000
RX1C,.... RX2C, Ye ot al. (1996} Rayleigh-Bénard Ry~ 847
RXIIF... . RX24F) conveerion P =~ 0.006-0.7
These databases contain complete three-dimensional random flow fields from which
it is possible to extract any information required for checking physical ideas and
fundamental assumptions that are used in the development of turbulence closure.

Erlangen

Dynamic equations S ™™

The stress equation reads:

2
Pi‘, + ﬂiJP“ + .7'-( P,,ﬁi, ,J) + (C - 2.Ae;.)a,-,- - sf},&,‘j
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The dissipation equation can be approximated as:
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Away from the wall the system resembles the statistical dynamics of
initially isotropic turbulence strained by axisymmetric expansion.

Cis™v
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] ; 1/
j Ress® ( Re =395 \»/ R =180 \L/ Re =150

0 7-

I, + The shading indicates the area

occupied by the stable disturbances:
for such disturbances it is expected
that the laminar regime in the flat plate
boundary layer will persist up to very

¥ B i high Reynolds numbers.

a
¢ Re=395 Antonin ef af (1992)
&
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044
stable for all Re

Re =180 Kim e al {1987)
| : a  Re =150 Kuroda ot af, (1993)
g
Fz 0 Re 100 Kuroda ¢f af. {1993)
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The limiting state of turbulence at the wall  TsTM
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0.30 — » - ———

one CompDI"‘Ient Iimit é Isotropic ku-cuwnnnnt :::
a ® 3 turbulence b1 ]
02s 3 N\ ® Spolart FP-L (1988)
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K 020 3 Sookrt FP-EL (1988) &, E
Isotropic two 3 g T RS A 5
> Homutl OF (1992)  gh ]
component / ;‘5 . W "m“\:h g ::ﬂ;m ]
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E \ -
a1 o i LIa— 0.10 _: Spaiort SF-BL (1838) .\‘ é
. x " Spoiart SF-BL (1985) ® \u 3
Expansion of velocity fluctuations . —— - \\ ;
near the wall: 1 g o " :
E Y gradient Yeat lutt
k) 3 3 boundary layer POy E

W =X, T @K RN Fenss 000 - ——1 %
2 3 0.1 1

% = byx; +b,%, + ... (o)

i g A gt Numerical data bases confirm that & vanishes

: P2+ =20 7 Ra e as the one-component state is approached

« Requesting that %%, and € are statistically axisymmetric we find that

1 (g), e
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— —
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Anisotropy-invariant mappir
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turbulence with drag reductic

<™

Erlangen

P 0
I, I,
[ Y 08
IC limit IC limit
05

04
= - o,
Newtonian fluid 4 Ulnntel ook
oy 1 f Clumelcenucline | Drag reduction x S Drag reduction
7 DR = 0% ' DR = 15%
0,06 a 008 01 0,05 o 0ps (18] 0,75 02 02s Illl):l
[ l:j- Wall
o )
1€ limit
05 4
The trend in the data at the wall
o strongly support the conclusion
s that DR increases as turbulence
d 7 approaches the one component
°\'\ /" [ Drag reduction | limit.
DR = 44%
008 0 0,08 O.‘E 015 02 0. 03

I,
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The polymer molecule in solution at equilibrium

—2 monomer of length / N monomers of length /

R, =N%|
\\ . Fh. Rf'}'

solvent (ramm)pa.‘ kT
B

\

!

/1, -the solvent viscosity
s kg - Bolzmann constant
# T - absolute temperature

The stretched polymer molecule in the near-wall
region of turbulent pipe flow

(!) » = (r)", —————————— statistics of fine scales invariant
el TReg \under rotation about x, axis

- 1 CHNISCHE : =
AP s =

~  Erlangen

%,
solvent | [J
solvent t =<t /' E = = X 9 >
| “ -
v ’ mean flow direction
Ry —
' restructuring
conceptual scenario of small
lla scale
turbulence
05
v

04
~ at the wall )—H—- u
03
w

g " local axisymmetry
g anisotropy in

) turbulent stresses anisotropy in length
’ scales ’

< A %  Ta  *

lm =t
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Theoretical Prediction
2
=1 maxDRfor 1, =t <, e kg =T wealll —
(- [ Ht
[
‘ Deborah number De(DRmx) >4/10
Experimental Results (Durst et al. 1982)
'T=I25olcll”ll I bl TS
50% | Ko //A
E: max. drag
e S mm reduction
3 LSS S A
T + 12 mm Itpo1>1/l—ﬁ;§
DR PAM 3 in 0,05mNaCl
i ¢ = 200ppm //
L . /
1 ) . .
L I 1 L L I L I
0,1 05 1,0 V10 10,0
——

=
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" Directsimulatons of near-wallurbulence  @TsTM

1 Lad .t gl Ll .data1 103l P
10 10
Color contours of the streamwise vorticity in the direct y!
numerical simulations of fully developed channel flow =
[Te}
[3V]
i o
I
a2
39
n
o
=3
o L e
Color shades of the skin friction in the direct numerical 0.0 100 20.0 30.0 40.0 50.0 60.0 70.0 80.0
simulations of fully developed channel flow + '
lmmw !
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Direct simulations of near-wall turbulence LSTM
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Kim, Moin and Moser, Nasa Ames Research Center, 1986 |

The optimum concentration LSTM
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L, ~152=00
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e T T T TTTEL: zzzZ2 Interaction between pOIymer and

i i turbulence in dissipation range (7,):
e G
lg}{ o L 14 o c -
; 3 i
/f_ri, POL ~| Tk RQT => _l
[ 7 77 TZZE 7777 i T I TEETTTETE S 7 A K
Concentration PPM

10—~

g -

B prediction of
7 polymer .

i concentration
7] for max DR




heat exchanger

high accuracy LDA
measurements in the
viscous sublayer,
y=150um

I :hni-eriangen.de
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Anisotropy tensor
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Y b i T T
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[T W
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Ag//g /‘/
I a &0\6‘7"& L ’
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0.3 Ll W
/_g’ ’ //?:‘ Axisymmetric turbulence
e /
os| 4 /
-~ /
F Fd A Mansouret al. Re, =587
4 © u' andw component only
0.2 - r
i, 01

for points in viscous sublayer a; can be
based on u’ and w’ component only
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Drag Reduction DR

T,
DR=1--"2%
T‘H‘
Y
! ox

in viscous sublayer it holds:
y+ - [/+
p =L

measure mean velocity U in
one point of viscous sublayer
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© Hydrogen atom

. Carbon atom in CsH
O Carbon atom in C;>H;,

a~Continuation of main chain

M =~ 25%10% g mol™, Mdodecane = 168.4320 gmol™ !, Moctane = 112.2880 gmol™t, 1 = 2 x 1.54 A,
Yaje — (‘12H2—1,’1C8H:O - 1/3- Nmonomer — )'[polymer/[l'tl/u-\luctmle 4= 11 — r:,l/u)}“fdo-:lt‘:mne]-

Cis™v
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70 5
60 @

o

50 $U
*n
40 14
+

Tap

> : - o 10 ppm
o1 o8 o1 Iy 03 o] e ‘ L

t [min]

degradation of the polymer

/ ‘ Anisotropy decreases with the

o |-10 ppm‘

-0.1 0 0.1 g o3
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cause

: . — — = Newtonlan
increasing DR | | FENE-P, L=1
- B FENE-P.L-‘.!g
7 consequence
0.15 s

0.1

Root Mean Square Streamwise Vorticity Fluctuations

The mechanism responsibl
eduction by high

sV
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=25 = 14’ Concentration PPM —

1.5 I g The polymser molceule in solution st equilibrivm L

+ 12 mm 1 i B=NY — 04
w | PAM3n oosma o e her | ) o0 4

e m 1 e Q,)‘wl.a ] f J aa

I8 ’t ;‘ 3 02

| - r N The stretched palymer nadoeule In the sesr-wall s | i a1
5 l reghon of tarbuleat pipe flo s

oot L] W11 i i
10 nlt 1

L ol ™. *
01 [ 1.0 vio 100 N e On e i [ ] ' 2 3 4 5 [ 7
De ——= y. 3 L, Raynals numer oot
Drag reduction versus a polymer e The optimum concentration of a
time scale Behaviour of a polymer in a solution at equilibrium polymer

and its response to stretching by turbulent motions
at small scales very close to the wall

- 1 a
)’
Newtoman Mud /

Diag reduction \ Divag reduction X _,“" Dirag reduction
DR - (¥4 "'i" DR - 15% Y DR = 44%

1, m, m
Anisotropy invariant mapping of turbulence in a channel flow with drag reduction
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i 100 B e o s Suan thickness
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Schematic drawing of test section facility

Front view of riblets

Computational domain

=

\
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Sketch of the physical configuration

' Flow lamin

Cis™m
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arization ?

Instantaneous streamwise velocity fluctuations

nE il A
E _ v dUu
e 2
E U? dx
E (K),, =3.75x10°
= crit — =°
J:;:: 7% e B Traces of the joint variations of the invariants
o e —-0-— Kmi.§ 10 )
= 2 —e— k=25 10" for a turbulent boundary layer developing
= - K=2.76 10 :
Craa i bt bccc e oo | under favorable pressure gradient
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o Chapman-Kester

~,
= i Y & Coles
. "y ris x Lobb, Winkler, Persh
a
& 0.6 ‘!‘ Dhawan

(=}
td

May
Wall friction coefficient for
compressible flow along a
flat plate at various Mach numbers
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low Reynolds number

g = =0l

v

a

high Reynolds number

Note that transition and breakdown to turbulence is associated with decrease of
anisotropy at the front side of the spot and laminarization process proceeds with
Increase of the anisotropy at the trailing side of the spot.




The origin of turbulence in ‘
wall-bounded flows (1) « s

Mass flow controller Traversing unit

Flow conditioner Hot-wire anemometer

- [ b ~

Brass pipe

Iris diaphragm

1 DAQ interface

=1 i

Hot-wire anemometer electronics
Computer and data evaluation
b. 0
13
1
(1]
(.34
0141
6 T BB
0.0 0.5 10 15 /
Time [s] D05 000 005 010 015 020 “[H 75

Frivdvich-Alexander-Universital
Erlaagen-Nirnberg - =

==

The origin of turbulence in
wall-bounded flows (lIl) @M

Centre for Turbulence
Research, Stanford University

Friedrich-Alexander-Universitdl
Erfangen-Nimderg

—'IIIL-'!’-"‘]




V%ual Channel FM(E sV

Erlangen

) U Channel Flow (Re_=180) with artificial boundary conditions:
Points in the viscous sub layer were modified: u3->u2

—— 7, takes on the following

- 5 DR=1— _ W
(T“_,) unforced
Xz
25 8
— unforced
. .1 point maodified
Uj # ——- 2 point modified
--- 3 point modified
- == 4 point modified
b __ Unforced 2
DR=12% . 1 point modified
5. DR=20% ——. 2 point modified 1
DR =27% --- 3 point modified g
DR=32% -.- 4 point modified 0
0 uquz

0 0.2 0.4 0.6 XQJ'éSv

<™

Erlangen

0.2
— unforced
"a | " DR =12% -~ 1 point modified
£ DR =20% --- 2 point modified
05 DR = 27% --- 3 point modified
DR =32% - 4 point modified
DR = 32%
4 point modified
0.0 : ' ' :

0.0 0.1 Il 120 X, 160

Small variations near the wall lead to significant
drag reduction

WV n.uni-erlangen.de
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a7} Flow  s—

e
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Configuration of the roughness elements mounted at

the walls of a plane channel flow

0.7 4

4 Re 590 Moser atal [15]
& Re-395 Antonia ef ak [10]
4 Re=180 Km eral, [S]

O Re 150 Kuroda etal [11]
2 Re 100 Kuroda efal [11]

unstable for all Re

* 1
025
i

1 .3 F 1
010 015 020

Anisotropy invariant mapping of turbulence
in a plane channel flow at low Reynolds
numbers

TECHNISCHE
FAKULTAT

Rec= 49.42, Re_= 939.98, x{=13.23
FISSTI298128, Ay (.75, 1 =196, $002.11
T T T

B Ay % =123
boe iy X = 20T

Development of turbulence across
the anisotropy invariant map

Isosurface of instantaneous vorticity
at Re =940
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Req= 49.42, Re = 93842, x}= 28.79

115550295128, Ay= T8, p = 753, t=002.11

[ | R
o1 i | 7 e
H e
1 i 3 x ——ll,
14 . e— Ty
W“‘l | B wesew D,
T 4 e S
e ,,a;f" 3 Yo
Wt TR =
Fa e Ly ‘_‘_‘_/':' - g .
- D ™
0.1
0 0 ] » o El

Terms contribuqting to the balance
of the enerav eauation

Isosurface of instantaneous vorticity
at Re = 6600
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0.4

0.3

0.2

01

- unsteble for all Re
—— stable for all Re

— Re = 10¥5

L e 5 L.

L I o =

© Nikole Jovicic, LSTM Erlengen |

To start the video, click on the picture!
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scientific goal and “engineering dream”:
Realize one-component limit at the wall and obtain very high DR

:  one possible technical realization:
channel flow with surface modification

Wwall

L

----------

. «——5 grooves
Pal o
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ou, " oU,
Ox, Ox,

— U, 18P ouu, _aﬁw[aza +52U]\

L, = F—s
‘o, pox, ox, ox ox;  ox;

_+U3 i 7_+

oU, __16P ow} ouu, [T, &T,)
Ox; pox, Ox, Ox, ox:  ox; )

- 00, __10P _ouu,_ow (8T, 2T,
ox; o,

0% pOx;, Ox, Oxy

no secondary motion: U, =U, =0

from last slide, combine equations (2) and (3):

M Lz 2 2 2

0,0, o ox

obvious solution that satisfies boundary conditions:

axisymmetric turbulence, where L

s 3 ‘ B
uy =u;  and uu, =0

i R N
with Uy >u, =1y

For such a configuration of axisymmetric turbulence
the wall is located at the 1C limit!
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Numerical Simulation (I) « is™
Simulation of a turbulent channel flow based on the Lattice Boltzmann Method
Flow Domain Model :
o / I = :d 10
a g..l_ L: 1275 k\
Taf6=1 - x| A
B Plow  e— ) g o /',‘/ 1
3 —= = l"_ g E
:zl..z?:l" 4 5 ‘::’mq\ (r?--ﬁ
L /”;’ ‘\ \\\‘
zaff=—1 /Lg 26 1/ f "'\ ;\\\ 15
H=0 | = : i = Re; —f— =
D3Q19
extremely high resolution with
N, x N, x N; =4096x364x360
grid points possible
- Dr. Peter Lammers,r HLRS Stuttgart
s @ -erlangen.de M
7 Numerical Simulation ()

LSTM
Configurations for simulations with grooved walls:
" ]
:" . P b b e T
T s . S
Ay ;| :
;1 a :
Reynolds resolution resolution a b C
number N1XN2xN3 in wall units | in wall units | in wall units | in wall units
6690 4096x264x240 1.4 8 13 5
6650 4096x264x240 1.4 5 14 5
5230 4096x364x360 0.8 4 15 4
Im.-m =




oy Simulation Results GM

fj L =

MEAN
VELOCITY
PROFILE

ANISOTROPY -
INVARIANT
MAPPING

DISSIPATION RATE

Frindis

s @—I _ B Ist J n Eeﬂangen.de

Simulated DR Effect < s™
Reynolds a b c T
number | in wall units | in wall units | in wall units simulation
6690 8 14 <) 24%
6650 5 14 5 o o18% |
5230 4 15 4 1% |

// // _____ ‘ S PR a1 b a
= "

el L - ™ a+b a+b

: a ; assumptions:
' — DR as in flat channel

— negligible drag
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o flat + grooved, non-polished a = ",
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*  Re=2200 - 2500 1 B
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Re a+
High DR values only in very narrow range
:D around Re = 2200 - 2550 and a* = 1
Kolmogorov scale n,* = 1.6
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High DR is gained, when a* = 0.8
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Kolmogorov Scale n,* = 1.5
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~ Conclusion 3 . ! « sT™
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» Experiments and DNS data show increase in anisotropy with
increasing DR

* DR is highest when 1C state is approached, where (g),,., vanishes

» Trend explained with the scenario that polymers restructure dissipation
range of spectrum (local axisymmetry)

+ Experimental verification of the interaction level through prediction of
optimum polymer concentration and its relaxation time for max DR

+ Engineering use: determine best polymer and optimum concentration
without trial and error

* Numerical simulations and experiments show that surface structuring
can produce large DR effect which is very attractive for engineering
implementation
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