- Earth Simulator Proposed Research Project -

e

22 TE A Pl BLIAT O B KSR & 0D 2E A D i B

R o \
R EW AEBRRERER TR

Bk

VR ORI, R T, W R, RR I, KT

L B, B ORAES, B A, PR I RER
W AERKFRER TFHER, # BUR TR EiER s 7 — # B m— () BN T2 /.
T

ERERSE T OELIT TP RO AR BV CEEREE 2 X727, T4FE, BHREaEOET LV TH
% W ERERRE T OELRIREAEIZRB N T, AEFEICRFICRWVEBREHESEET D Z LWL ESnT.
Z OMEEIIELI O EB) = R L X OKRER S 2 A L TEY, SLIRORBEZBICRE B E RIEFL TWLATEERH 5.
AT, BRHBESZERENRE T ORGSR ORECILMES IR ETHELZ I — V2T 112
L= g SR B LIRS OV TS KRB S 1] & & B IKTETRC s & iE s h, &Lt
ZHRWIEE L MEE b6, Ei, BABBE LI = RV F O 506 E 2 RAT 2 b DD, FRE 7O ELHHE
BT RF - BELABOBIR~DFHI/NS WD ERHLN L R o Te, ZEFERE FIZkW T, SLRATE
DENE ST A ~DIEFEP I S D 2 & TRV AW EIRICIER T 2. & AW 2SS s L TR
HNCHRS 72 % 2 & C, FHEFIRIZRBERBURHNE S T D rlREMEA VR Shiz.

F—U—F B, RERERNE, ELES, 5, T v Ialb—vay

1. #&3
LR B T ORI E e L R

RSB THEERRE Z R+ L MbRTNA.

WHRAEOETVE LT, REBERER OIS
JBOBIEY I 2 L—y 3 UL L ORFREEIZ L v iThi
TE]. %, LERERETOELRESEIZIZKFE
TN EEIZRVWBRBIEASE N FKET D Z L 03RS
nizl2). Z ORI OEE T~ R L F OIHE S & R—AT
LTWAHZELRINTEY, BRAEOREHLTIIEL
IRV T EEREEIZ R L OV D TR B 5.
[FIRR DI 7 ) 7 R SR R | L EL B P A T

WHELRICB W T HEND Z E0HI BTV S [3]. BET
FEDURAL & L E B AL TR L 7 BLIRARE A Bl
2 BRI KRB IE DR A A = X 536 JONELHE D%
B - ERUC IR DB AT 2 2 LIRSS
WTHEHETHD.

AMFSETIL, BRI 0O A B SLIE LB 5
BT 2HENZRALNICTHZEEENE LT, e
ELMOBEHEBEHEST — V2T v Ialb—Ya v
(LES) M L7z, AT, ZEHERE T DELRIR
A LES[A1Z W Tk %,

Density

i

1 LEBEREF OELESE D LES



Annual Report of the Earth Simulator April 2021 - March 2022

2. BEBERBTOIMESEDT —VTT 4 ¥
I=alb—vav

REBERE T CREERT 2EKESRE (K 1)
(5, 6] % LES |\ & 0 fighr L7z, S S#EAUTI3 Boussinesq
Uil Z i L 7= Navier-Stokes HFEAZHAWA. i FH
Zex, ANy, SETIRZzE T 5. IHEITERELIT
IREE T, xB L0y I EHBER G2 LT3R
RN TELEDSFE & & HIHET D, REE EToM
EEB I OEEZEU,, , YBOREEE h T 5.
LES I, ¥ CHMETREZRR A — L pkiy LRS- A X
LAFOY 77 ) KA —)L (SGS: Sub—grid scale) fi%
NI AR L, KA —NVRG T % BT
XA . WELRfORAr—/VES%f, SGS Ry %
fses & T . RAT =D 5 KBl UL
Tokoltkshs.

ou; ouu; 0 0%u;
e L —pss+R, (D)

ot ox; 0x; v 0x;0x; a
ou; 2
?)_F: + B_;Jp =D 621- ;xj

TIT, wIBHEASY ML, plEES, plIEETHD.
72, v, D, g, po | FEIVETVENRLEE, SREbREL, B NmaE,
HAERE T D, A(2), (3) DRy, Ry I TR D SG6S
o EHHTHD.

LA ) IVAHRe, 7T MVEPr, VFv— KV 8K
RIFLLTD LS ICEFZIND.

+R, 3

h, v h
Re=—2 pr== Ri =90 4)
D anO
(Re, Ri) = (2000,0.06),  (40000,0),  (40000,0.02),

(40 0,0.06), (40000,0.1) DIEHDEAEITRS L TR %

Fhi L7z, 7ok, WThOLELPr =1ThHD. ARET

I3Re = 40000(ZXF DIENTHERIZ OV TS, HIHHH

FESH IR A By IR AT D Z & TE

B Uiz, FASOx 51T 130.5U, tanh(22/ hy),

ZOMOITIOFLEEIX 0 TH 5. FIHBEE AL
5p tanh(2z/hy) & L7z,

LES (207 Byl B3 < SfEat i = — R[7, 8,91 &
JAW=, BRSNS I = ORSE Runge—Kutta 5%, 22
BALIZIE, x38 £ Oy 5 AN DR B Se R T 2y
%, z TN YRS SE R R LAy A LTz,
Poisson FFEFORARIZIT Bi-CGSTAB 1:%& V-, F7,
Ry, RplZiF implicit SGS €7/ & LTHINEE m—/32

7 EE RV

FHABEIR O K & S1dx,y, z 5K LT (Ly, Ly, L) =
(448h,84hy, 140hy) & L, KT MO FHH T4 %
3072,576,700 L RE L7z, §HHE =— RIIMPLIZ L D FF)
{LENTWD. BEBIHEOK T A AP/ NEL 725 &
DNz SN AR % V-, SRR, x, y
N JAMIBER A%, 25N B R0 BESE R SR %
LT

3. BEMRR

B 2 12 giE LI ELiR A TEN (Rt = 320h

) DWNITEEuD /i % BARUCDWTRT. IREGTE
HULZIUT DK EWTR O AR D R S TN D, SR
DAY 10.49U, & 72 Dz F AN E L W IRGEIE X8, %
Ko, TOREEKPTRANCEYV R L u> 0B LW
u < 0L 725D D EIEE DR & A — %
RS2 Z EATRETH S, X 2(a, b) T, udMIEADIH
ERFOFEIRDORE SN, LRRRE L 7eo T D —T5,
2(c, d) Tl SOSN8, Ll L TREV. Liz->
T, MROERERE T, s &M sk
TR LRSS A KBTS & L CTIFET 2 2 &R
WeBTE 5. M 2(c, DITBWT, ZOEEDE ST,
10 FEREEEICET 5. FHROMEEDFIEIL, Re = 200014
TOREFERREFOELREA B TR STz [2].
AHFFED LES 1T XY, 29 LIRS ir7atB R it
DEReFMTHoTHAERIND Z NP LN E o7,

B 3 WA ST R ERB DT RV F AT SIVE, (ky)
EENE TNz & x H AR, = 2n/k Cx LT e v
b Ui R AR, 22T, 2R s L ORTTE0,
E kR UIZEEZ T2y M LTz, FT2, (rER LU
RIFEAEE IS, TRIUEIN TV D, BAET LA
T (2/6, < 0.25) TIE, kE T EREIZH LT oD —
7 &R, —OHDOE—7131,/6, = 04IZA LN, Zh
IHRABE S &R DA r — N OEEE#HT 5. =
SHOE—27134,/6, = 10ICR b, K2 TafikEh
TFHEKBEEEEIC L2 b0 TH D, B — 7 R ORMZ
b, HABEMEEORE SNSRI E & bITRT 52
EAvRENIZ[4].

HESPHEEIZOWT, BAHIAEI B DRy & 2
—RAT VB I T DT A S L. B3 I
BWT, ZHODOE—7 OMIZk,E, DR/MEDNBND. =
DR IMEDWEZ 7 4 VB DTy NATIREETH L
T, LS AEf = O + FO DL 5 ITB RS ST



(b)

/h

(©

/h

2 IRAETPINCRT DACERIHN O TN ERE 534 (Rt = 320k
02;(c) Re=40 O,Ri=

Re=40 O,Ri=

KA =I5y (L) &Z DDA — VY (S) 12551
T5. BWERT M b(u,v,w)BLOEEp)»H KA —L
Roy A H L, BLIE= LI X ONEEN & - 28 O E
MER T 7 v 7 A7p E&FINT 5 2 &C, MAHMEE
DReEZ A U7z, BRHRAREIC LD ELE = R~

@%5m@=@#m9ywﬂ»aﬁmf%5.@mﬁ@

- Earth Simulator Proposed Research Project -

) :(a) Re=40 O0,Ri=0;({b)
06;(d) Re =40 O,Ri =0.1;

EEBITHIL, (Re, R DT L > Tide = 320h /U

TF, = 051037 5 2 LR INZ. S bl ElhEk
L OEEOMEHTEELTE 7 7 v 7 2+ 555 %,

Faw = (OO uw), Ep, = (pOw®) /() & i L
7. WTROFREFIZIBN TS, By = 08X 0F,, ~ 0
L0, BRHIEHEE D ERE T M OEIILEIIZ L AL
R QTSN MRSz [4]. £, BLRO=

-5-3



Annual Report of the Earth Simulator April 2021 - March 2022

100
Ax/ 6y

10! 10t

X3 FENSGHEEUDTRLFARY ML (¢ =

320hy /Uy, Re = 40000, Ri = 0.06)

RIFHGRIZ T D RBROMFHTIC L 0, HRBEU%
£ DT R FEED N A — )V DELGRAEENT X 5 ok &
HANTEETE D 2 EBHERSN TN,

WO H R ABELT L ST, REBERSE T OfL
FIRAE T8 AW ORERE R 4 — L ASELIFE D
FEREIA r—/L LD 8. 20728, ELROREET
AIOREZ TR ZT 5. R AR AT —
IR EMIE SN IFE RS E 2 e S5 2
EDFNIBIVTIY [10], FEEFREEE AW K 0 BB
&N e B E R P ORLRIES BN TRIELZ &5
ZAbhb.

3CHR
[1]. Smyth, W. D. & Moum, J. N. (2012). Ocean mixing
by Kelvin-Helmholtz instability. Oceanography,
25(2), 140-149.

Watanabe, T., Riley, J. J., Nagata, K., Matsuda,
K., & Onishi, R.

[2].
(2019). Hairpin vortices and
highly elongated flow structures in a stably
layer. of Fluid

Mechanics, 878, 37-61.

stratified shear Journal

[3]. Hutchins, N. & Marusic, I. (2007). Evidence of

very long meandering features in the

logarithmic region of turbulent boundary layers.

Journal of Fluid Mechanics, 579, 1-28.
[4]. Watanabe, T. & Nagata, K. (2021). Large-scale

[5].

[6].

(7].

[s].

(9].

[10].

-5-4

of stratified

of Fluid

characteristics a stably

turbulent shear layer. Journal

Mechanics, 927, A27.

Watanabe, T., Riley, J. J., & Nagata, K. (2016).
Effects of stable stratification on
turbulent/nonturbulent interfaces in turbulent
mixing layers. Physical Review Fluids, 1(4),
044301.

Watanabe, T., Riley, J. J., & Nagata, K. (2017).
Turbulent  entrainment  across  turbulent—
nonturbulent interfaces in stably stratified
mixing layers. Physical Review Fluids, 2(10),
104803.

Watanabe, T. & Nagata, K. (2016). Mixing model
with multi-particle interactions for Lagrangian
simulations of turbulent mixing. Physics of
Fluids, 28(8), 085103.

Tanaka, S., Watanabe, T., & Nagata, K. (2019).
Multi-particle model of coarse—grained scalar

dissipation rate with volumetric tensor in

turbulence. Journal of Computational Physics,
389, 128-146.
Watanabe, T., Zhang, X., & Nagata, K. (2019).

Direct numerical simulation of incompressible
turbulent boundary layers and planar jets at
high Reynolds numbers initialized with implicit
large eddy simulation. Computers & Fluids, 194,
104314.

M, J.,
Structure of turbulence at high shear rate.

Journal of Fluid Mechanics, 216, 561-583.

Lee, Kim, & Moin, P. (1990).



- Earth Simulator Proposed Research Project -

Generation Mechanism of Extraordinarily Large-Scale Structures in

Stably Stratified Turbulent Flows

Project Representative
Tomoaki Watanabe

Authors

Department of Aerospace Engineering, Nagoya University

Tomoaki Watanabe *!, Koji Nagata *!, Tsukuru Furuta*!, Takumi Akao*', Ryo Onishi*?,
Yuki Yasuda*?, Shaoxiang Qian*3, Xidong Hu*3, Kotaro Nakamura*!

*IDepartment of Aerospace Engineering, Nagoya University, *? Global Scientific Information and Computing Center, Tokyo

Institute of Technology, *3JGC Corporation

Elongated large-scale structures are investigated with large eddy simulations of stably stratified shear layers. Once a turbulent

shear layer develops, elongated large-scale structures (ELSS) are formed at the center of the shear layer. The ELSS is highly

anisotropic and its streamwise length is much larger than the vertical length scale of the flow. The streamwise length of the

ELSS grows with time. Although the ELSS has a large contribution to turbulent kinetic energy, their contributions to vertical

turbulent mixing and kinetic energy dissipation are negligibly small. Comparison with other turbulent shear flows suggests that

the ELSS are generated by the strong influence of mean shear.
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1. Stably stratified shear layers

Turbulent flows with stable density stratification are often
observed in the natural environment. Turbulence can be
generated by the shear of large-scale currents, which leads to the
Kelvin-Helmholtz instability. Therefore, stably stratified shear
layers have been studied as models of ocean mixing layers [1]. A
recent numerical study has revealed that elongated large-scale
structures (ELSS) develop in a stably stratified shear layer [2].
The ELSS possess an important fraction of turbulent kinetic
energy, and they are potentially important in the development of
the stably stratified shear layer. This report summarizes the
results of large eddy simulations (LES), which have been
conducted to investigate the development of ELSS [3].

2. Large eddy simulations

LES is conducted for a temporally developing shear layer in a
stably stratified fluid in Fig. 1 [4]. The governing equations are
the Navier-Stokes equations with Boussinesq approximation.
The flow is periodic in the streamwise (x) and spanwise (z)
directions while the shear layer develops in the y direction with
time. The initial profiles of mean streamwise velocity and density
are given by a hyperbaric tangent function with the velocity
difference U,, the density difference pg, and the initial layer
thickness hg . The Reynolds number, Prandtl number, and
Richardson number are defined as

Uyh, v
0 O,Pr=E,Ri

_ gpoho
anO '

Re =

with the kinematic viscosity v, diffusivity coefficient D,
gravitational acceleration g, constant reference density p,. The

0.5

o —

Mean velocity ~ Mean density

Fig. 1 A stably stratified shear layer.

LES is performed for (Re, Ri) = (2000, 0.06), (40000,0),
(40000,0.02), (40000,0.06), and (40000,0.1) with
Pr=1 . The size of the computational domain is
(Ly) Ly, L;) = (448hg,84hg, 140hy) while the number of
grid points is (N, Ny, N,) = (3072,576,700).

The governing equations are numerically solved with an in-
house LES code based on a fractional step method [5, 6]. Spatial
discretization is based on the fully-conservative central
difference schemes, whose accuracy is 4th order in the horizontal
direction and 2nd-order in the vertical direction. The 3rd-order
Runge-Kutta method is used for time integration. The Poisson
equation for pressure is solved with the biconjugate gradient
stabilized method. A 10th-order low pass filter is adapted as an

implicit model for SGS terms.

3. Development of ELSS

Figure 2 visualizes streamwise velocity u on the horizontal
plane at the center of the shear layer for Ri = 0 and 0.06.
Figure also depicts the size of the shear layer thickness &,,,

which is estimated with the vertical profile of the mean velocity.

-5-5



Annual Report of the Earth Simulator April 2021 - March 2022

z/hg

(@)

Fig. 2 Streamwise velocity profiles u on the horizontal plane at the center of the shear layer: (a) (Re, Ri) =

(40000,0); () (Re, Ri) = (40000,0.06).

Turbulent structures can be identified as regions of u < 0 and
u > 0. For Ri = 0, the horizontal size of the structures is close
to &,. However, the structures for Ri = 0.06 are elongated in
the x direction, and the ELSS appear at the center of the shear
layer. The length of the ELSS for Ri = 0.06 is about 108,,.
The ELSS was observed at low Re [4], and the present LES
further confirms their existence at high Re.

The LES database has been analyzed to investigate the
properties of ELSS [3] as summarized below. The spectral
analysis has confirmed that the streamwise length of ELSS
increases with time. The ELSS are investigated by extracting
velocity and density fluctuations associated with the ELSS. Here,
the decomposition of velocity and density is performed with a
low-pass filter whose cutoff length is determined based on the
length of the ELSS. We have shown that the ELSS hardly
contribute to the vertical transfer of momentum and density and
the kinetic energy dissipation while they possess a large amount
of turbulent kinetic energy. When the ELSS develops in the
stably stratified mixing layer, the shear time scale tends to be
smaller than the time scale of turbulence, suggesting that the flow
behavior is strongly dominated by the mean shear effect [2]. The
rapid distortion theory (RDT) of turbulent shear flows suggests
that streaky flow structures develop under the influence of strong
mean shear. Comparison between stably stratified shear layers
and the RDT implies that the ELSS develops due to the mean
shear effects, which become stronger in the stably stratified shear
layers than in turbulent free shear flows.
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