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TECHNISCHE
FAKULTAT Scope of the Presentation LSTM

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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IECHNISCHE
FAKULTAT Flow control LSTM

Drag Reduction (DR)

minimize drag force
separation control (control pressure drag)

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
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TECHNI5CHE
FAKULTAT The energy dissipation rate

The average energy dissipation rate O can be expressed as the work
done against the wall shear stress r,,, per unit mass of fluid:

LSTM
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Some historical comments on turbulence LSTM

• O. Reynolds
• L. Prandtl
• G. Taylor
• Th. Von Karman
• H. L. Dryden
• G. B. Shubauer
• H. K. Skramstad

• A. N. Kolmogorov
• P. Y. Chou
• G. K. Batchelor
• A. A. Townsend
• J. Rotta
• E. Hopf
• R. E. Kraichnan
• J. Laufer
• P. S. Klebanoff

I rriittEh-UiuriBi-JfilTOrclial
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(1895)
(1925)
(1935)
(1930)

(1940)

(1941)
(1945)
(1946-1962)
(1947- )
(1951)
(1952)
(1953)
(1954)
(1955)
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• 6. /. Davidov
• S. Corrsin
• L. G. Kovasznay
• P. Bradshaw
• F. H. Harlow
• B. Spalding
• S. Kline
• W. C. Reynolds
• W. Rundstadler

• J. L. Lumley
• J. w. Deordorff
• S. A. Orszag
• U. Schumann
• R. S. Rogallo

(1961)
(1942-1985)
(1959-1980)
(1965- )
(1965)
(1965-1975)

(1967)

(1967 - )
(1970)
(1972)
(1973)
(1981)

TECHNISCHE
FAKULTAT The turbulence closure problem LSTM

Turbulence decomposition suggested by 0. Reynolds (1895):

U, =&,+«, , P = F+P

when applied to the Navier-Stokes equations leads to the closure problem

cl
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Kolmogorov's model of turbulence (1942) LSTM

Kolmogorov's two-equation model of turbulence

Dii> _ 1 i v a \bdbj

The missing source term in the co 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 m of the
energy-containing range, which served for determination of the
turbulent dissipation rate.

Coirsin and Kirstler [1954)

Flow visualisation of small-scale structure
of turbulence at large Re
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Tennekes and Lumley (19/2)

(a) Isotropic pattern, (b) and (c) are anisotropic patterns
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Turbulence closure proposed b
Chou(1945)

Quarterly of Applied Mathematics

Vol. Ill, No. 1,1945

ON VELOCITY CORRELATIONS AND TUE SOLUTIONS OF THE
EQUATIONS OF TURBULENT FLUCTUATLON*

BY

P. Y. CHOU**

National Tsingllva University, Kunming, China
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FAKULTAT Invariant modelling of turbulence LSTM

E r l n m j i 11

J. L. Ltiml&jf and Q. R. Newman

II = OfjOjf

III = aij an,ajk

: i

One dimensional

Isotropk. Iwo-dimcnsional

-0-3 02 03
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TECHNISCHE
FAKULTAT Invariant theory of Lumley (1977) LSTM

E ' 1,1114] I; M

*U,

n, m o,

Kolmoflorov's two- equation
mod el of turb Li I e ne e (fr -i.-)

All realizable turbulence must be inside the triangle: Lumley (1978)
I FifiAiEh-tli
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Numerical databases used to validate
the turbulence closure LSTM

Reference Flow Reynolds number
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These databases contain complete three-dimensional random flow fields from which
it is possible to extract any infonnation required for checking physical ideas and
fundamental assumptions that are used in the development of turbulence closure.
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Dynamic equations of in homogeneous
anisotropic turbulence

TECHNI5CHE
fAKULTAT LSTM

The stress equation reads:

The dissipation equation can be approximated as:

- + Uk - = -2A h ' k — -^
dt dxfi k I

d TiiUj k2 dk 1

k dxt £>, dxt- 2

C =• [1 - QC-II^ - IIIa)](4.78W •

1 - 9(ill, - III.)

• ( l - 9[|t||IIIn|>V3 - m j } (1.8 - 0.4W), III. > 0

m 2.5 - {l - ^fOJf - n y } (0.7 + Q.5W), III. < 0

A + l (0.00956flJ + 10.185)"2

•• 0.626 j

0.09
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The statistical dynamics of turbulent
stresses in a channel flow LSTM

frl,iinj,-n

The stress equations for a fully developed channel flow:

~ F(-Jpgs - Pn) + (C - ^ k - 7 ^ - ^ J

2 2
3( |

1 î
2" <b%

4- (C -

- P12 - -FPn + (C -
0 1

- ^

Away from the wall the system resembles the statistical dynamics of
initially isotropic turbulence strained by axisymmetric expansion.

I E i i i » g i i i K u r P t E c i .•• .

1 I
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I.-,;.,

V 0 5

Anisotropy invariant mapping of
turbulence in a channel flow

Re-IOC

LSTM
Ell ].:n

< Re-STOHosernol (LW9J

• 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
high Reynolds numbers.

•00S 0 00 005 0 10 0.15 0J0 0 25

111
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The limiting state of turbulence at the wall LSTM

one component limit
\

Isotropic two-
component* .
turbulence

Expansion of velocity fluctuations
near the wall:

U\ =a\X2+ a2X\ + tf*
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Numehcai data bases confirm that E vanishes
as the one-component state is approached

Requesting that uiu, and £tj are statistically axisymmetric we find that

, &2, c,,... an, bn+1, ca ^> 0 and k = - '""' x2, {S)KM = i^a; + c[ }-> u as x 2

L ^ l
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Anisotropy-invariant mapping of
turbulence with drag reduction

I I .

/
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Newtonian iluid

Diag rcduciion

DR - 0%

I I .
M
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t :

r
• \

Wall

y

/

/

y\
X IC limit

Drau rtxkicrioii

DR = 44%

•u.oa p u us o.i

The trend in the data at the wall
strongly support the conclusion
that DR increases as turbulence
approaches the one component
limit.

LSTM
C ' l . i " i j .-• n

I FriiftlEt
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FAKULTAT Polymer-turbulence interaction (I) LSTM

The polymer molecule in solution at equilibrium

—** monomer oflcngth / N monomers of length /

solvent if

> Y1' f, - the solvent viscosity
ks - Bolzmann tziinslanl

T - absolute temperature

Ifi.ctfritfiHenniErjnipprMUl

- 1

a.*
The stretched polymer molecule in the near-wall

region of turbulent pipe flow

___,_„.-— — ̂  statistics of line scales invariani
^<"' """""-s, under rotation about x, axis

%

mean flow direction

www.lstm.uni-erlanqen.de
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FAKULTAT Polymer turbulence interaction (II) LSTM

solvent

I la

.11,1

i , , • ,
l E r t w f n

mean flow direction

conceptual scenario

restructuring
of small
scale

\ / turbulence

at the wall

anisotropy in
turbulent stresses

0J I lk [ i l

local axisymmetry

anisotropy in length

scales j f

www.lstm.uni-erlangen.de
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FAKULTAT Maximum drag reduction LSTM

Theoretical Prediction

max DR for ',„,. = t& < f

Deborah number De(DRin;iK) > yf\0

Experimental Results (Durst etai. 19823

50%

DR

0%

0,1

7-=25°C

o 4 mm

* 8 nun

+ 12 mm

PAM 3 in 0,05mNaC!

c = 200ppm

0,5 1,0

www.Istm.uni-erlanqen.de

"TECHNISCHE
FAKULTAT Direct simulations of near-wall turbulence LSTM

Kim, Moin and Moser, Nasa Ames Research Center, 1986

Color contours of the streamwise vorticity in the direct
numerical simulations of fully developed channel flow

Color shades of the skin friction in the direct numerical
simulations of fully developed channel flow

I ErtMtn.Hiriw

0 0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0
V*



TECHNISCHE
FAKULTAT )irect simulations of near-wall turbulence LSTM

Kim, Moin and Moser, Nasa Ames Research Center, 1986

www.lstm.unj-erlanqen.de
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! , , • . ,

lErtwfn

The optimum concentration

Concentration PPM

1 0 -

LSTM

Interaction between polymer and
turbulence in dissipation range (rjk):

-POL ^ Re
c
V i

DR-etfect

prediction of
polymer
concentration
for max DR

0 ti

I
3 4 5

Reynolds number
1047 Tilli el al. 2003, PAA

www.lstm.uni-erlangen.de



TECHM SCHE
FAKULTAT Experimental Investigation LSTM

refractive index matched pipe flow facility

- vessel

measuring section
vessel

heat exchanger

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

www.lstm.unj-erlanqen.de

Diesel oil
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n.4

0.3

0 15

0.2

Measured quantities

Anisotropy tensor

/
<-

/
/-

/

A
o

/
* - Axisymmetric turbulence

Mansour et al. F e = 567

u1 and w'component orly

3 I

for points in viscous sublayer â  can be
based on u' and w1 component only

I FifiririEh-iUuiittf

LSTM
£ P I r l JUJ I; II

Drag Reduction DR

Dlt = l—-wpol

rdu_
1 dx

in viscous sublayer it holds;

y =C-U

measure mean velocity U in
one point of viscous sublayer

w.lstm. uni-erlangen.de



The molecular structure of
a polymer sample LSTM

Illustration of tlie molecular structure of a FORTUM polymer sample

U W 25X108 S,

l'd/u ~

° Hydrogen atom

O Carbon atom in CsHie,

O Carbon atom in C|3HM

v/sContinualion of main chain

, ne = 10S.4320 gliiol"1 , Moqtane = 112.2«SU gU10l~ l. 1 = 2 X 1.54 A,
o — 1/3. N11O]iomer ~ Mpolymer/[rd/uMoct-ane + (1 ~ l'tl/u)Mdodecane]-

www.lstm.uni-erlanqen.de

Experimental results LSTM

"a

0.5

0.4

0,3

0

0,

-0.1 0 0.1 0.3

70

so

so

40

-30

• 5 ppm
• 10 ppm

100 200 500 • • 600 . • • '_»_ '

t(min]

Anisotropy decreases with the
degradation of the polymer

I.-. ;,
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The chief mechanism responsible
for polymer drag reduction LSTM

cause
increasing DR We,=50 FENE-P.L-10

FENE-P, L=30

consequence

Oir

s
 s increasing DR

50 100 150

www.lstm.uni-erlanqen.de
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The mechanism responsible for turbulent
drag reduction by high polymers LSTM

'P • \tt latvmt tacnut}

I he • -: :. ! |i • i i r r 11 i I . . : I. la 11 i . • i • •.

rc^n l i af ( i - r t n l t f l t pipe Ihiu

Drag reduction versus a polymer
time scale

The optimum concentration of a

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

HI,

Anisotropy invariant mapping of turbulence in a channel flow with drag reduction

I FritAlEh-UuiM
Ens"s«Nurn«Er www.lstm. uni-eriangen.de
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FAKULTAT Turbulent drag reduction by riblets LSTM

Top view of riblets ft

/ \

V

/ /

—S

/ vZ/'t-~—̂/_/

/
¥-—

/ « /
in

U loiitu aid

reducer

hill gf

Schematic drawing of test section facility

Front view of ribiets

I Eriingd'HurntE't

3 1
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TECHNISCHE
FAKULTAT Flow laminarization LSTM

Computational domain

L.I.
\

Sketch of the physical configuration

40

0 50 100 150 200 250 300

Instantaneous streamwise velocity fluctuations

- - - © - - K^I.S 10'
• K=2.5 10'
B K=2,75 fO

i t i i i i I i i i i |

HI,

v dU

K
(*L> 3.75x10-

Traces of the joint variations of the invariants
for a turbulent boundary layer developing
under favorable pressure gradient

IFiltAlEt
W p p i www.lstm.uni-eriangen.de



Compressibility effect in
supersonic wall-bounded flows LSTM

" Chapman-Krater
» Coles
it Lobb, Win tier, Penh
n Dhawan

0 1 2 3 4 5 6 7 8 9

Wall friction coefficient for
compressible flow along a
flat plate at various Mach numbers

IFriBftlEh-UiandBi-UnlrardlJit
Ertipjn^urrtin . '
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The origin of turbulence in
wall-bounded flows (I)

Cantwell, Coles, Dimotakis JFM 87, 1978

low Reynolds number

LSTM
E ' I.KHJ i- n

= 0.15

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.

i; www.lstm. uni-erlangen.de
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The origin of turbulence in
wall-bounded flows (II)

Mass flow controller

Flow conditioner

Traversiii}: unit

Hot-wire anemometer

Iris diaphragm

Computer and data evaluation

IFilB*lEti-JUiDiriBi-Untrar&llal
Ertwgn^hrrtiii .- '

Brass pipe

— ,

Hot-wire anemometer electronics

! " •

| , o -

9-

8-

7-

A

B

LSTM

0.0 W II] ].!

TimcW
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The origin of turbulence in
wall-bounded flows (III)

Centre for Turbulence
Research, Stanford University

LSTM
E ' 1,1 Jl J] i; n

= 0.15
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FAKULTAT Virtual Channel Flow (I)

15

10

LSTM
E 1 I ,1 114] I; II

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

— • rw takes on the following

r
I DR
/ DR
/ DR

/ D R

= 12% ....
= 20% —
= 27%
= 32% -

. - - - 2/_"

Unforced
1 point modified

_. 2 point modified
- 3 point modified
- 4 point modified

unforced
1 point modified
2 point modified
3 point modified
4 point modified

0.2 0.4 0.6 1.0
I EriwfnLlhirrtng ,.-"""•.

' 1

IICHNISCHE
FAKULTAT Virtual Channel Flow (II) LSTM

"a

0.5

0.0

DR = 32%

4 point modified

0.2

0.1

0.0

I

• \

?>%

DR =
DR =
DR =
DR =

12% -—
20%
27% - - -
32%

unforced
1 point modified
2 point modified
3 point modified
4 point modified

40 80 120 x 2
+ 160

I FiMriEh-UiuriBi'Jnkrarsllit

Small variations near the wall lead to significant
drag reduction

www.lstm.uni-eriangen.de



Numerical experiments
on wall turbulence LSTM

E r I,iii4] i; n

0.7-,

I lira

Configuration of the roughness elements mounted at
the walls of a plane channel flow

-0,05 0.00 0.05 0.10 0.15 0.20 0.25

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

1 I www.lstm.uni-erlanqen.de

Rc r= 49.42, Rcc = 939.98, *+« 13.23

Simulation results LSTM

IV .i , ..ii,|:j.n in s ^ ^ i ^ ^ ^

ill 1 1•

Development of turbulence across
the anisotropv invariant map

Isosurface of instantaneous vorticity
at Re = 940

lErtwfn

\ | = 28.79
1 * tt7B.nb-7Sl r-WMl

1 •• 1

f'
I I M T

" • -

• .

™ "

\

— . . .

•r.—

. . . • -

. — . II-IHI. i- • m9

^ - * r ;

• T .

. . . . . .

Terms contributing to the balance
of the enerav eauation

Isosurface of instantaneous vorticity
at Re = 6600
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Numerical simulation
of complex turbulent flows LSTM

Ifin«rn?i.H«unSBr-llniPtrnl*l

-• 1

unstable for all Fie

stable for all Re

He = 1D .S

0.2 -

0.1 -

D 1 - 1

0.2

fr Nikola Jovicic. LSTM Eflangen

To start the video, dick on the picture!

www.lstm.uni-erlanqen.de
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Drag reduction by
surface-embedded grooves LSTM

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

Wall

»l grooves

! , , • . ,

lErtwfn www.lstm.uni-erlangen.de
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E r I,iii4] i; n

Basic equations for fully developed flow in a groove

dx2 dx2

1 dP diLU7 BUM

A x2

X,

x- (D

I dP du;

dx?

d2U,

i dp a%ifc aw,' aJt/,
— ^ +v|

/? 3x3 dx2 dx.

1 I www.lstm.uni-erlanqen.de

dx2, dx2

cbf2 dx:

(2)

(3)

Rotta1972

ItCHNISCHE
FAKULTAT Flow in the Grooves (II) LSTM

no secondary motion: f/, = U, = 0
2 W 3

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

52( u\ -u:) d2n2u, d2u2i

obvious solution that satisfies boundary conditions:
axisymmetric turbulence, where

u2~u2 and
2 M, - 0

with u\ >u\

For such a configuration of axisymmetric turbulence
the wall is located at the 1C limit!

I f- i : : i r -
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FAKULTAT Numerical Simulation (I) LSTM

Simulation of a turbulent channel flow based on the Lattice Boltzmann Method

Flow Domain

r*»>»a F ] o w

S+ = Be,

extremely high resolution with

N{xN2x AT3 = 4096x 364 x 360

grid points possible

' " 1 www.lstm.unj-erlanqen.de

Model
ii

—>

15

D3Q19

Dr. Peter Lainmers, HLRS Stuttgart

UCHNI5.CHE
FAKULTAT Numerical Simulation (II) LSTM

Configurations for simulations with grooved walls:

Reynolds

number

6690

6650

5230

resolution

N1xN2xN3

4096x264x240

4096x264x240

4096x364x360

resolution

in wall units

1.4

1.4

0.8

a

in wall units

8

5

4

b

in wall units

13

14

15

c

in wall units

5

5

4

IFuJiif
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TECHWISCHE
FAKULTAT Simulation Results

GEOMETRY

ANISOTROPY-
IN VARIANT

MAPPING

- v ^

LSTM
E r I.IIHJ ..- n

MEAN
VELOCITY
PROFILE

DISSIPATION RATE
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TECHNISCHE
FAKULTAT Simulated DR Effect LSTM

E ' I.KHJ i- n

Reynolds
number

6690

6650

5230

a
in wall units

8

5

4

b
in wall units

14

14

15

c
in wall units

5

5

4

DR
simulation

24%

18%

16%

b a
a+b a+b

assumptions:

— DR as in flat channel

— negligible drag

www.lstm. uni-erlangen.de



TECHM SCHE
FAKULTAT Experimental Set-up

Hontzsch
pressure transducer

integrating DV
* DISA

55D31

channel

I
ErfMfnLJurHtH| .•

' 1
www.lstm.uni-erlangen.de

pressure
transducer

IICHNISCHE
FAKULTAT Test Plate with Grooves LSTM

non-polished surface

dimensions: 300 urn

120-140um

polished surface

h = 150-180|jm

w.lstm.uni-erlangen.de



TECHNISCHE
FAKULTAT Measurements on Flat Plate LSTM

O.8O q

AP[V]

0,60

0.40

0.20

0.00
0.

Re=I5034

1V=1O mmH;0
slope = 0.241012

00 1.00
x[m]

0.00
3-00 0,00

i r I I i I I j I I I I i I n r

1.00 8.00 , , 3.00
x[m]

Ifin«rn?i.H«unSBr-llniPtrnl*l
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IICHNISCHE
FAKULTAT Measurements on Grooved Plate LSTM

0.16

0.12 -

0.08

0.04 -

0.00

Re=2281

lV=lmmHjO
: 3lopel=0.04B5ail
: BlopeS=0.05d5

DE= 14.01st

\ /

'• / grooved

•

/

/

Jy
r l-

• -

flat :

0.00 1.00 2.00

a.30 -

AP(V) :

0.20 :

0.10 '-

'-

o.oo :

1 ! '

Re=9868

lV l̂DmmHtO
slopel=0.115068
slope£=0.11250

/

/

» flat grooved ;

X(m) 0.00

DR = \-
flat

1.00 2.00

flat

www.lstm.uni-erlangen.de
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"TECHNISCHE
FAKULTAT Experimental Results LSTM

£ r I ,1 IH] I; II

15

10

OH

-5

10

".

° flat + grooved, non-polished
• grooved + flat, non-polished
A grooved + flat, polished

Re = 2200 - 2500

15

10

U.

-10
10000 20000 30000 40000 50000

Re

=1

v

a = 150/OT

6 8
a+

High DR values only in very narrow range
around Re « 2200 - 2550 and a+ ~ 1

Kolmogorov scale rik
+ « 1.6

10 12 14

' 5 i www.lstm.unj-erlanqen.de

IICHNISCHE
FAKULTAT New Experimental Result LSTM

30

DR [%]

20

15

10

5

0

-5

1
X

H=25mm

H=35mm
DR

2000 4000 6000 Re 10000

30

20

15

10

5

0

-5

a

a

) 1

V

= 150/W!

*

•

]

•

I
[

•

• *

*

1

* H=25mm

• H=35mm

•

• • : •
•

a* 10
0.8

High DR is gained, when a+ « 0.8

Kolmogorov Scale nk
+ = 1.5
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TECHNISCHE
FAKULTAT Conclusion LSTM

Experiments and DNS data show increase in anisotropy with
increasing DR

DR is highest when 1C state is approached, where (e)wall 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

I FiliririEli-iLliHriBi-Jfurar&iiil
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LSTM

t am Lehrstuhl fur Stromungsmechanik

CONTACT:

Dr. Jovan Jovanovic jovan@lstm.uni-erlangen.de
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Bettina Maria Frohnapfel

Flow Control of
Near-Wall Turbulence

StromungskontrollewandnaherTufbulenz

SHAKER

CONTACT:

Bettina Maria Frohnapfel
bettina@gmx.de
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