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Fig. 6: Preliminary DNS results on RDF at contact for

[1] jt@ /]L'J)/E\ ) fCi Zﬁ j/l/\ VO]-° 33, pp'241 -245? (20 14) monodispersed droplets, g;;(x=R;;), with S=0.4. DNS results
[2] j(ﬁl‘ ']L'J)/E\ N %*@*ﬁé% N fcf: 7Z)§ j/L\ VO].. 80, pp. 385- 894, (20 ]_]_) . in literature?®*****%) and model predictions’’***” are also

drawn.
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A. La Porta, G.A. Voth, AM. Crawford, J. Observed patrticle acceleration is up to 1500 times the acceleration of gravity.
Alexander and E. Bodenschatz, Fluid particle

accelerations in fully developed turbulence,

Nature (London) 409, 1017 (2001). P(@)=Cexp {, a’ / (1+ el ol )52 }
Stretched exponential o =0.508 y=1.588 £ =0.539




Acceleration 1n classical turbulence

Lagrangian acceleration of fluid particle is given as

DU ol
=—+

Dt ot

a=

(d-V)i

From the Navier-Stokes equation, Lagrangean acceleration
of fluid particle is written as

a=-V(p/p)+ W3

Acceleration is decomposed into the contribution from pressure
gradient term and viscous force.

For incompressible homogeneous turbulence (Vp-i)=0 so
that the above equation gives

(a-a)=(vp'vp)+v3(Via-via) | p'=(p/p)



Acceleration 1n classical turbulence

10!

o :DNS (Ishihara&Kaneda) |
s :DNS (Bedura&Yeung)

10!

10° 10°

R,

(a-8)=(Vp-Vp)+v3 (ViU - V) ~ (Vp-Vp)

In fully developed turbulence, the viscous dumping term is
small compared with the pressure gradient term.



High acceleration event in classical turbulence
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/Cavitation in a liquid seeded with bubbles is used)
as a new visualization technique to single out the
region of very low pressure of a fully developed

Qurbulent flow. )
FIG. 2. Detail of two successive video images (taken 0.02 s
. . . . apart with an exposure time of 0.001 s) showing a side view of a
SDouady et al’ Direct observation of the |nterm|ttency vorticity filament observed in a turbulent flow at a Reynolds
. .. . . number of 80000. Its length is of the order of 5 cm while its di-
Of the |ntense VOfthlty fl Iaments N tu rbu Ience’ PRL, ameter (enlarged here by the video image) is of the order of 0.1

mm. (a) The filament at its formation; (b) its destabilization to

vol.67, pp.983-986(1991) form kinks.



High acceleration event in classical turbulence
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FIG. 4. Correlation plots for (a) e~|a| and (b) e-{) normalized
by their own ensemble means. Large acceleration is accompanied
by strong dissipation. However, strong dissipation is not always
associated with acceleration of large magnitude. -} plot shows a
similar trend. However, for /{))~ 20, € and Q) is uncorrelated in
comparison with the same acceleration scale in (a).

S. Lee and C. Lee, Intermittency of acceleration in isotropic turbulence, PRE,

vol.71, 056310, (2005)
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BRI 0>0.02(8)

ZENEE :u>35(5F), ut<-3.5(F)
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A

(dpdx)/(dpdx)yms

1000

Conditioned pressure gradient
Re;

-0.5

(dpdx)/(dpdx)ms

(dpdx)/(dpdx)yms = 0.5
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Linear Response Analysis

fffff

disturbance J

\responsel X _

equilibrium state _

J reflects the physics of thermal equilibrium state




Shear effect on pressure

According to the formula presented by Ishihara, Yoshioda and Kaneda
PRL(vol.88,154501,2002), pressure spectrum is defined by

1 = S, o —ik-F
P jdr( p(X+F,t)p(x,t))e

Q,(k,t) =

Q,(k,t) =Q, (k1) + AQ, (K, 1)

~ kk, |, _
AQ,(K) =« lizzek °S,,

Isotropic part (K41)

Q 0 (k) _ K 84/3k_13/3 SlZ = aU/ay Slmple mean shear
p p

Modification due to the

. i existence of mean shear.
Anisotropic part

AQ, (K,t) = Cp (K)P(K)S, + Cyp (K)R(K)S; Sy -+

Cmn (k) :2nd order isotropic tensor Cijk| (K) :4th order isotropic tensor



Shear effect on pressure spectrum

'YK formula is well satisfied in this experiment.

Epp(kg, AX)/AX,"
3
Epp(K1,AXp)/AX;
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K{AX, Tsuji&Kaneda JFM(2012)

Anisotropic part

Epp(kl’ AXZ) 413 7/ \X ki AX, jS/Z
A, (k,AX, )" s (@(31) : a}ﬁlﬁﬁ%“ﬁ(WB)d(kAx)l:( 2 K5’2(k1AX2)}



Shear effect on acceleration

Similar discussion is possible in case of acceleration «, =dp/ox; .

a¢ =
E,o, (K) = Z ‘ JQ (k,t) = Z ‘ JQ o(K, )+ I|<21 AQ, (k1)

| K k=l

Isotroplc part (K41) Anisotropic part

alal (k ) A154/3k o + O/%BSH + C15k1_5/3812812
E,., (k) =Ae"k "+ o// °S,, +Coek S8,

As far as looking for the variance of o, and «, |, thereisno

significant effect by shear.
/ /

(@a)=[" E,,()dk (@a)=[" E,, k) (aa)=]" E,, ()dk



DNS procedures by means of high order accurate Finite Difference Methods

Incompressible Navier-Stokes eqs. & continuity eq.
. ou. ou.
ou; Ly M

Zi_pg _
OX. ot ' ox, pOX.  OX.OX.

Time integration

Fractional step method with

Euler implicit scheme for pressure term, and 2nd
Adams-Bashforth scheme (others)

Flow:

10th order accurate FDM for x & z,
2nd FDM for y on full-staggered grids.

FIG. Configure of turbulent channel flow

2D-FFT + TDMA(tri-diagonal Matrix Algorithm)



Table present DNS conditions

Statistical convergence

stress is less than 0.01.
> we considered that stable

Re. Ax* Ay* Az | T*/Re. | U.*
10th FDM | 1000 11.1 0.3-8.0 8.3 12.0 | 19.92
10th FDM | 2000 11.1 0.3-8.0 8.3 126 | 21.74
10th FDM | 4000 11.1 0.3-8.0 8.3 9.0 | 23.27
10th FDM | 8000 14.8 0.3-8.0 8.3 5.2 24.98
Lee & Moser| 5186 12.7 0.5-10.3 6.4 7.8 24.10
0.02—===Re=g000— .
Re,=4000
| - - -Re,=2000
- — RerzlooOOO
+ + | ° Res=5 |
E,.=1- y' Y —u'v’ - _
ReT dy* 5 Re.=5200, Lee&Moser _
In all cases, residual of total shear Oy .- \
turbulent statistics were obtained in '0'010 zoloo 40|00 Goloo 8000

all cases.

y



Logarithmic variation of mean velocity

von Karman constant

additive constant

y dU Jdy"

- ==YT4000 (x=0.376)
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In ReI=8000,
k= 0.387, B=4.21

between 300 < y* < 1100 (y/h =0.14)




Logarithmic variation of streamwise Reynolds stress

von Karman constant

additive constant
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4o In Re_=8000,
=Yy dy* =—A A1= 1.65, B;=1.23

between 1200(y/h=0.15) < y* < 2000 (y/h =0.25)




Comparison with experimental results

o+
uu =B,-AlIn(y/h)
Present :channel (DNS) at Re ,=8000
A,=1.65, B,=1.23

=0.25)

Marusic et al. JFM(2013)

Facility A B K A
LCC 1.21+008 2204025 0.384" 417
Melbourme 1.26+0.06 230+018 0O3ETH0004 4324020
Soperpipe 123005 1584006 030120004 43440009
SLTEST 1.33+£0.17  2.14+040 0410+0.028 4444183

TABLE 2. Pammeters im (1.1} and (1.2} obtained from least-squames emor carve fit for
data in the region 31'-.‘.:'_! * =+ < 0.15Re,. The uncertainty estimates are based on 95 %
confidence bounds from the curve-fitting procedure. An asiensk denotes values where a
composite formulation was used o determine [V, with these assumed constanis.

between 1200(y/h=0.15) < y* < 2000 (y/h F
S 4| — YT8000C
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=== u =2.30-1.26In( y/h), boundary layers
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The log-region in channel at Re_=8000 is located around

y/h = 0.2. By contrast Hultmark et al. PRL(2012) and

Marusic et al. JFM(2013) reported that the log-regions
are located around y/h = 0.1.




Re.=1000 L

- Outer region; h

N overlap region;

“ y*=200




Outer region; h

Outer = overlap -  Near wall

overlap region; y*=200

Sabe

There are the intermediate scale
structures in inner layer.



High-Reynolds number researches in Japan

Recent high Reynolds number researches in wall-bounded turbulent shear flow are

studied for investigating the universal feature of mean velocity and turbulence
Intensity profiles in canonical shear flows.

Yamamot&Tsuji, Numerical evidence of logarithmic regions in channel flow at Channel flow
Ret = 8000,PRF 3, 012602(R) (2018)

Furuichi et al, Friction factor and mean velocity profile for pipe flow at high Reynolds  pipe flow
numbers, Physics of Fluids 27, 095108 (2015)

Furuichi et al, Further experiments for mean velocity profile of pipe flow at high Reynolds

number, submitting (2018) Boundary layer flow

/Do the mean velocity and turbulence intensity profiles show log-law profile in W
iah- 2 i 2
high-Re number ? Are they universal * ) KSEAEA = 0387 B=4.21

1
U' = ;log(y+)+B Where is log-region? What are the values of « and B ? |
A,=1.65, B;=1.23

“ax] w1~ ] .J

\ (ui )?= A;log(y*)+B; Whereislog-region? What are the values of




Importance of high-Reynolds number flows

1 Turbulent flows with Re_>> O(103)
are of interest because this is the
range of Reynolds number relevant to =R e : _
industrial applications. L N S Urbanbw.am;ye,

~ (AMSTEC) .

| high-Re characteristics in wall-

1

1
1
1
1

bounded flows DNS of channel flow ere
B e o > | N
L . , present studv( Re, 8000)
» Logarithmic variation of mean velocity was Kim et al.{Re ~180), 13987 Lee & fer (Rer—5200), 2015

evident at Re_= 5200, Lee & Moser, JFM(2015),
channel(DNS)

» Appearance of two distinct energy peaks in the
premultiplied streamwise velocity spectra, at Re_ ; CFD analysis JAXA)
>4000, Hutchins et al. JFM(2009), boundary 1 {
layer(exp.) I e ivwiedl s ooouwed o vovoenl 3 overaenl v v iewmn

) 3 7
» k,1law was only evident at Re_ >5250, Nickel et 10 10 10° 10° 10° 10

Friction Reynolds number based on friction

al. PRL(2006)' boundary Iayer(exp.) = velocity and boundary layer thickness
» Logarithmic variation of streamwise Reynolds _ _
stress was evident at Re_ >20000, Marusic et al. FIG.1 Typical Reynolds numbers in wall-turbulence

JFM(2013), exp. applications based in Deck et al. (2014)



