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Turbulence control
Cascade forcing: approaches

Modified TBL
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ULTRASONICALLY ABSORPTIVE COATING (UAC) FOR
HYPERSONIC LAMINAR FLOW CONTROL (NASA)

Transition on the solid surface 1s in the mid station

Flow on porous surface 1s laminar all the way to the cone end

Hypersonic experiments : roughening
of surface , wind tunnel T 326
(ITAM RAS, Novosibirsk) M=5,95
Damping of 500 kHz mode

Previous experiments in the
world: rough coatings are helpful
for the flow control




M. P. Schultz and K. A. Flack
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FiGure 2. Test roughness: (@) surface elevation of roughness; (b) probabili
density function of roughness surface elevations.
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Our new approach
to the turbulent flow control

« Touse In TBL the fractal surface of the
specific granularity.
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« The fractal surfaces of roughness from ~0.5
to ~200 micrometers Is formed by the plasma-

surface interaction in fusion device QSPA-T.

Budaev, Physica A 382 (2007) 359
JETP 2007,104,629
M. Brutyan, V. Budaev, I. Menshov , A.Volkov e a., TSAGI Science Journal, 2013, 4, 16.




Quasistationary plasma accelerator — QSPA, TRINIT]

QSPA plasma parameters:

Heat load

Pulse duration
Plasma jet diameter
lon impact energy
Electron temperature
Plasma density

0.5 +5 MJ/m?
0.6 ms

6 cm

0.1 +1.0 keV

<10eV

1022 - 1023 m-3

Fractal surface
manufacturing
by high
temperature
plasma treatment
of material




Stainless steel after treatment by high temperature plasma
Specific statistics of rough relief- bursty height’s

S e e 200

0 2000 4000 6000 8000 10000
v, MKM

Fractal surface —
fower spectrum rather not flat one




Surface roughness from ~500 nanometers up to ~0,2 mm
after treatment by plasma
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150+
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[ H WD=360mm  PhotoNo.=3828 0 - Time 116:37:13 y, MKM

Roughness level is appropriative for the
flow control and vortices damping



Statistical self-similarity: fractal surface
after plasma treatment
Dilatational symmetry (self-similarity across scales)
probability function (PDF) of profile hights:
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Surface obeys specific non-Gaussian statistics of hights



Traditional roughness - trivial stochastic relief
Abrasive surface : PDF is close to Gaussian law
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Statistical property of the roughness can be changed by
Ifferent plasma treatment.
Appropriative for drag reduction

Plate models -top view




Plasma flow impact on the surface growth
In a process of film deposition

Surface growth is very sensitive to fluctuations (even small) in deposited flow

Budaev,
Physica A 382 (2007) 359
JETP 2007,104,629
h(t,x)

Deposited surface

Turbulent flow from plasma deposited with non-Gaussian statistics X

MT.’ =] Fractal growth with

specific property of
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Fractal growth: competition of spikes growth and relaxation
Kardar-Parisi-Zhang (KPZ) Ea.
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roughness~ X*®(t/x*P)



Fractal surface of metal model after plasma treatment
Probability distribution function of relief heights :

non-Gaussian
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Experiments in wind tunnel T-36I
Comparative study of different roughness:
smooth, trivial roughness, fractal roughness

Model Nel, fractal roughness , plate after high-temperature treatment in QSPA
by heat load 1.5 MJ/m?

Model Ne2, fractal roughness , plate after high-temperature treatment in QSPA
by 1 shot, heat load 1 MJ/m?

Model Ne3, fractal roughness , plate after high-temperature treatment in QSPA
by 4 shots, heat load 1 MJ/m?

Glass model, smooth surface

Abrasive surface, plates PS11 C industrial KLINGSPOR, CSi—P120 u P280
grains of 120 um

Stainless steel plate, industrial rolling, original surface before plasma treatment



Wind tunnel T-361 in Zhukovsky Institute (TSAGI-IIAT'H ),
linear flow type

length 2600 mm, size 500x350 mm.
flow 5-50 m/s (Re; from ~0.2*10° to ~ 4*10°), turbulence level 0.06 %.




Fractal model inside the wind tunnel T-36l

Model: fractal surface plate of 160 x 160 mm , on the bottom bound of

the flow .

Turbulent flow .
Averaged flow velocity U=10,20,30 m/s, Re, =5x10°-3x10°,

Measurements : hot wire, drag coefficient



Turbulent boundary layer thickness in T-36l

x from starting | 10 M/ 20 m/s 30 m/s
point
1515 mm | 2275 mm 2425mm | 23.34mm
5 mm for the
model
1685 mm 27.75 mm 25.50 mm 25.00 mm

5 mm after the

model

2280 MM 38.24 mm 33.34 mm 32.60 mm
600 mm after

the model




Y, mm

velocity <u'> vs. Y, distance to plate
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Fractal surface impact on the TBL velocity profile



Fourier spectrum: reconstruction of TBL by effect of fractal

surface
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TBL velocity spectrum and fractal surface relief spectrum
are identical — power laws

for surface: x axes transformed by V=05 m/s

I W |
Flow
fluctuations

150+ —_— = — — ‘ﬁﬂ'
Fractal Surface U=10 m/s,x=1515 mm,y=0.2 mm %

S o0 P * surface Model#3
= 10 1 abrasive surface [

50

% 2000 4000 6000 8000 10000 1 00 1 02 1 04

s e f, Hz
2

Fractal surface effect on TBL due to the similarity of it’s spectrum
with flow spectrum . Abrasive - does not!



Statistics of TBL velocity and fractal surface relief are identical:
effective interaction and dumping of drag

fluctua

8 10

Fractal Surface
rofile

0 2000 4000 6000 8000 10000
y, MKM 0

2 4 6

-4 2 0
(h-<h >)o,

Fractal surface affects due to the similarity of it’s statistics with flow
spectrum . Abrasive - does not!



A- area, p - density , u flow velocity.
For smooth C,<<1,
For rough C;=>1

Prandtl law for smooth plate in turbulent flow :
C=0.074 (Re)) 1
for 510°<Re<10".



Drug C;for smooth, abrasive and fractal surface
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0.6 + O h
10%% smoot
% rough M32
v HK 280
P O :
Sk | ¥ + % abrasive M 4
) AR *
< ¢ Yy
— O " " v ‘!{;vvvv" ' tractal
o O + + + ****fk/
0.4 o) + * %
smooth O 000 o ees
3OO0

10°

Re x 107°

M. Brutyan, V. Budaev, A.Volkov, I. Menshov e a., TSAGI Science Journal, 2013, 4, 16.
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Experiments in T-36l
Smooth glass, drag Ci~ Re1/>

v smooth model
- fit R 0-19077

__ Von Re5
Karman 7

10 10
Re X 10°



Experiments in T-36l
Drag: Fractal surface M3

0.5 __Von

¢ o 0
*R¥00
w“ooto

100.4_

10 10
Re X 10°

Fractal surface is close to theoretical prediction for smooth plate Cs~
Re-1/5



Experiments in T-36l
Abrasive surface: drag C.~ Re?0-103

0.6

0T | S + abrasive HK280-4__
e fit Re-o.103
_ \on -1/5
Re
oOCD + _ Karman
A 100.5_
>
O‘-l—
10o.4_

Re x 107°
Scaling for abrasive is far from scaling for fractal surface C;



Experiments in T-36l

Index v of drag coefficient scaling C.~Re™
for different plates

\Von

0.25f | 1 . Karman Re'l/5
O smooth
0.2 O % =+ original2
+ * rough M1
~ 0.15} 1 | & rough M2
Y rough M3,
0.1} v
Yyrough M3,
0.05 V¥ abrasive HK 280

10° 10° 10°
roughness, um

scaling index v for fractal surfaces is close to smooth plate C,~ Re'1/®



Fractal surface leads to the
change of Iintermittency in TBL



Intermittency in turbulent boundary layer (TBL)
Experiments in T-36l

0.08 T
ool Non-Gaussian PDF
0.061 u,
0.051 10-
01 02 03 04 05 06 07
0.04 t, S
0.031 -
002 velocity
001t U=20 m/s, y=2,5 mm, x=1515 mm (before plate)
O 6 e 2 e 6 8 10

0 2
(U< U>)io,



Intermittency and multifractality of TBL
Scale invariance: a feature of turbulence

Navier-Stokes equations are invariant with respect to the scale transformation:

t, 7,0 > A" A, A0

A0+ A2 (GV )i + pVp|= vt 2Au

For viscosity v=0: any h.

Forv =0 : each fluctuation h at scale | r oo

IS weighted with a probability 0] 7 TBL jon flux nterball
distribution P, (l) ~ | 3D, oz « oL sctodynamic fow y—1.5 mm
Fractal dimension D(h) of the set >

for which du,~ I .

*gu
*
4 xet
4 x
4 x g
4 xe
%ot
X0
-
%
2%
L

14 16

Multi-scaling (multifractality) . 4’



Approximation of experimental PDF by functions :

very difficult problem
Alternative is to describe a non-homogeneity vs. scale:

moments of PDF (structure functions)
is a mean to investigate turbulence:

Sq(z)=((X(t)=X(t+7)f")

{...) - ensemble averaging. X(I,t) — experimental signal: v, n, B
For a Gaussian ensemble Sq(r)~rq’3 (Kolmogorov’s)
Intermittency Is quantified by S (7)~ — (non-Gaussian)

From symmetry of Navier-Stokes egs. exact result : £{(3)=1



Structure function of fractional Brownian motion —
simulated random signal with Gaussian PDF

; Sq( T) ~ 793
10°¢ ‘ :
Brownian signal 10;_ 8
107;
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~ 10F 4
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Structure tunction
of experimental data - intermittency

(1) =(X(O)-X(t+0)f ) Sy(D~ 799 S (r) = S,(r)"'*
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Neutral fluids
[Frish, 1995]

Intermittency - nonlinear dependence £(q)



Universality of intermittency in neutral fluids and plasma TBLsS

2000 — — : :
=0 1BL In wind tunnel T-36l S —
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Intermittency, multifractality
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JI. M. 3eaensrnii, YOH, 181,9,905, 2011 R B S e e S S e




Fractal surface effect on TBL:
Change of structure function scaling

g —SL log-Poisson | = W ===
U=30 m/ |
- —Velomm T BM log-Poisson Z;WW WW M WW WW’
0.2 xxxxxxxx ----K41 W % ' |
= .................... x pefore model o V Before ]
< after 2280

q
S,(7) =S,(z)"'* Cafer
So(7) = ((S.u(F, 1))~z
S.u(r,t) =[u(r,t) —u(F,t+7)]

Change of intermittency



Numerical simulation of the TBL over the fractal surface

0.01

——e—— fractal surface

— — — - 0.664"Re *(-0.5) - Blasius
0.008 ————— 0.0583*Re,A(-0.2) - von Karman
—O——flat plate

Fractal surface
plate

0.002

—_— .
—_— —
e T

Drag coefficient C;

Experimental observations are in agreement with the numerical simulation of the
TBL over the fractal surface. Numerical simulation based on the 3D Reynolds
equations and the Spalart—Allmaras model solved by the finite volume method
have shown a reduction of the ¢; over the fractal surface as compared with no
reduction for the abrasive surface (with the Gaussian statistics of heights).



SUMMARY

Plans:

Cone with fractal surface will be tested In
hypersonic flow

Cylinder model with fractal surface will be
Investigated in wind tunnel

The numerical simulation of the TBL over the
fractal surface

Problems:
PIV measurements are needed

A-structure dynamics has to be investigated (effect
of fractal surface on large-scale structures)



Thank you!



Plasma edge: Extended Self-Similarity
Generalized Scale Invariance on a scale >1 ms

S,(7)=S,(z)'*

104:

|0=8 ] 10°f
| LHD .» JT-60U /ja=71 | T-10
10 _ _ 103.' 7 .
i =6
=, : »
1 | '
10 _ q=3
10" q=2
10 A  sssemen o o oeew
10" 10° 10" 102 10°
Budaev e a PFR 2008 S.(7) S.(7) S,(7)
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U=20 m/c
Y=14 mm
X=1515 mm




D(h) in TBL

ToomU

30 m/s X=1515 mm before model 1
30 m/s X=2280 mm after model 1

%= U
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5,0~ (/L)

-0'8.8

With probability P, (I) ~ [3-P®



YUK cJIeHHBIN IKCIICPUMEHT:
3a/1a4a 00 00TeKAHUU IMOJOBUHbI UJIMHAPA

CeTka B TPEX U3MEpPEHUAX U TPAHUYHBIE YCJIOBUA
3azaBacMbI€ B pacy€Tax rPaHUYHbBIC YCIOBUS : 3€JIEHOMY LIBETY COOTBETCTBYET I'PAHUYHOE
yCJIOBHE TUIA "MOTOK HA OECKOHEUHOCTH", CHHEMY - "BBIXOA" (AKCTPAMNOJISIIIUs HYJIEBOTO
NOpsiAKa), KEATOMY - "TIIOCKOCTh CHMMETPHUH/CTEHKA C MPOCKAIb3bIBAHUEM'', @ KPACHOMY -
"crenka ¢ npunumnanueM". [Ipu pacuerax C 11€pOXOBATONM BCTABKOM €l COOTBETCTBYET 00J1aCTh
ot 1=76 no 1=103 BxmtounTtensHO U oT 87 10 114 siueiiku . Takum oOpazom, Ha4aIO0
IIEPOXOBATOM BCTABKHU pacrioiaraercs Ha 45° win Ha 66°, mupuHa e€ coctapisieT 45°.
HacTtpanBaeMbIMU B MpOrpaMMe apaMmeTpaMHu, ONMPEACIISIONIMMH Ia30JUHAMUYECKAE BETUYHBI
B HaOerawIieM MoToKe sIBsoTCA uncio Maxa u Re,



YK cJIeHHBIN IKCIICPUMEHT:

3a7a4a 00 00TeKAHUU MOJOBUHBI IMJIMHAPA
/ -~
0.01 4

\ — C,;45 deg.
C, 66 deg.
- — — — C,flat

0.005

-0.005 |-

_ I ! I ] I I
0.01 0 50 100 150

Kosa¢ppuuuent tpenus C; oT yriioBoil nepeMeHHON HUIMHIAPA .

[IIupuHa ¢pakTaIbHON IMIEPOXOBATOM BCTABKU 110 yIy 45°, cepeuHa - npu
OJIOXKEHHUH BCeTaBkU Ha 45° u 66°. M=0,2, Re=5x10°, B 30HaX HaJ BCTaBKOMI
C; yCIOBHO NOKa3aH paBHbIM 0, IyHKTUP — DIAAKAN TUIUHIP.



15 1 05 O x0.5 1 1.5 2 2.5

Pacnipenenenue temreparypbl ¥ IMHUU TOKA; HAYaJI0 BCTaBKHU Ha 45°.
Touka orpsiBa Ha 84.5°.




1.5 2 2.5

Pacrnpenenenue Temiieparypsl M JUHUU TOKA; Ha4aJlo BCTaBKU Ha 66°.
Touxka oTpriBa Ha 90.7°.
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non-Gaussian statistics of edge turbulence :
can deposit porous cauliflower-type surface

#68995 LHD SDC

iy e Budaev e a, Physica A, 2007

n

Levy —flights, H=0.7 g
superdiffusion I — <A

Fig 3. Globular film from 7 -10
vacuum chamber = [HM.

Random walks, H=0.5
classic Brownian diffusion




Comparison: neutral fluids and plasma
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Aggregation—Fragmentation

Processes and Wave Kinetics: g, /311
formal correspondence between the isotropic 5=—=—="-= =
wave kinetic equation and the rate equations for
a non-linear fragmentation—aggregation process

There Is a conceptual analogy between energy transfer between
scales in turbulence and mass transfer between clusters in
aggregation. Concepts and techniques from turbulence have
proven useful in analysing certain aspects of aggregation
problems.

C. Connaughton, R. Rajesh, and O. Zaboronski, PRL (2005)

When sources and sinks of energy, widely separated in frequency, are added

to the wave kinetic equation, it can be shown to have exact stationary solutions
corresponding to a cascade of energy through frequency space from the source
to the

sink. The cascade solution is known as the Kolmogorov-Zakharov (K-2)

cnarcrtriim: 1t Aoacecrriboae an intrimcicrallyr nAarn acdinilihhritim ctata AfF tho wwiaviea finlA



The cluster size distribution of a statistically homogeneous
system evolves according to the Smoluchowski coagulation

equation:
m;+Mm,—m
ON(t o X
E)t( | /o drmy dmp K (m, ma) Niny Nimd (m — my — mp) |1 M, AM +AM,
= 9 / " dmy dmaK(m, 10NN 8(ma — m— ) | ™ = m
0
A J(s(m—mo)
 Collision kernel, Mean K{hmy by, hm) = WEE(my.m.m)
Field Ap_proxmapon : E(my.my.m) ~ }H_J].-I.ﬂ_:.!_;
« Self-similar solutions: urv=_{.

Kolmogorov-Zakharov
spectrum N(m)= © m™E xp=-




IxcnepumenT B AJIT T-36U [1]
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IxcnepumenT B AJIT T-36M [1]
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3HaunTeNbHOE BIMsHUE Ha xapakTepuctuku TIIC BHU3 MO MOTOKY Ha MaciiTadax
0osee 5-6 pa3MepoB MIACTUHBI



time delay, s

Ixcnepument B AT T-361 [1]
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KpocCKOppensaiuoHHOe BpeMs MEKAY MyIbCallUIMH CKOPOCTH
pa3acieHHbIMM 2 MM 10 BBICOTE B 3aBUCUMOCTH OT BbICOTHI y TIIC:
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Habmromaercst yBemMueHUe BPEMEHU MONEPEYHBIX  KOPPEISLUT



Spectrum change in TBL
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Kpocc-koppeasuud HaJ MJI0CKOH MOJEJIbI0
IxcnepuMmenT B AJIT T-36H [1]
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