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DoOKYyCHPOBKA BOJIH

POKyCUpPOBKA BOJIH B 30HE
MIEPECEUECHHUS JIyUEH OT
KaXJIOM CEKLIMU TOpa

B cnyudae He3aMKHYTOro 00beKTa Takke (POKyCUpOBKa
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@®OKYCHPOBKA BOJIH TOPU30HTAJIbHBIMH KOJIEOAHUSIMH TOPA

Peliz & Le Cann (2009)

Tore Seamount as an example
of meteorite crater with torus
shape.

The fluid column within the
crater is well mixed possibly
due to wave breaking in the
zone of wave focusing
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Vlasenko et al. (2016)

Amplification of the internal wave amplitude in fjords
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Biihler & Muller (2007)

Theoretical calculations of internal wave focusing —
amplitude amplification in the focal zone



DoKYyCHPOBKA BOJH NOPU30HTAJIbHBIMU KOJICOAHUAMHU TOPA
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visualization PIV, data treatment PI\VLab (cross-correlation algorithm)
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Linear theory Voisin (2011, 2016, corrections: 2020)

Oscillating body is represented as a source of mass releasing the volume
V- u=qge ‘@t

of fluid per unit volume per unit time, with u the velocity

The source satisfies q(x,y,z) = 0 for |z| > a, with body vertical size 2a

(tin, vo, W) et
2T

«— cosf .
(w,v,w) = 52 ey @t d¢ [sin 6 cos(¢y, — @), sin O sin(¢p;, — ¢), cos O sgn z]
0

X j dk kq(ko, Ly, mg) exp (_
0

(rn, ¢, 2) — cylindrical coordinates, q(k,l,m) = [[[ q(x,y, z)e~'0*™m2) dxdydz - source spectrum with wave vector components

. . iBr3sgnz v . . .
ko = Kk cos O cos ¢y ,ly = kcos B sin ¢py,my = —k sinfsgn z + B—g; B = , v-Kinematic viscosity
cos 6 2wqg tan 0

X

k>|z|

cos @

) exp{ik[ry cos 8 cos(¢py, — ¢) — |z| sin 6]}

b
€ ZE» 1, Ke« 1,5t > 1

Each section of the torus behaves as the section of a horizontal circular cylinder, with representation given in

\oisin (JFM, 2020).
Using the wide separation between the local scale a of a single section and the global scale b of the whole

torus we obtain the spectrum
qk,1,m) = —4in21vabAei<9-@>  (aVkZ + 12 + m?) k/w

Jn - Bessel function of order n — _
the interface between sections individual section
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Theory: Voisin (2016); corrections: Shmakova et al. (2021)

X,Y,Z2) =(x,y,2)/a, (U, V,W)=wv,w)/(Aw), T = wyt,® =m/2
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» Excellent qualitative comparison



Experimental and theoretical profiles along Z
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» Excellent comparison for small St or small Ke

» For St = 1800 reflection at the surface perturbs wave focusing in the upper focal zone; nonlinear
stratification — shift of the lower focal zone upwards with respect to the theoretical prediction

» Amplitude saturation for moderate and high St, possible explanation — triadic resonance instability,
generation of wave turbulence

6 cm, St=1000
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a=8 cm, St=1800



Energy spectra — to wave turbulence

2D PIV none cxopoctu u(x, z, t) u w(x, z, t) Metoxa: Yarom & Sharon (Nature Physics 2014)
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» With increase of Stokes number less energy needs to be introduced to the system to observe TRI
» At large St and Ke lots of internal waves at different frequencies (‘continuous’ spectrum) — wave turbulence



Triadic resonance

®uneTp 10 yacToraM M BoJaHOBEIM BekTopaM (Mercier et al. 2009)

W, T\ 0.6, k<0, m>0 W, /N=0.39, k<0, m>0 w,/N=0.21, k>0, m<0

=

1 )

T -

—;

Beprukanbnas
KOMITOHEHTA
CKOpOCTH

da3zoBas
CKOpPOCTb

Into the dispersion relation

V=
N—sm

YcioBust TpUaJHOTO pe30Hché; Wy = W1 + wWy; EO = El + k,
s, |k1/ko s, |1 —ky/ko
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St =1000
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Triad for large Ke and St numbers:
bimodal waves
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» Triadic resonant instability for the first time in 3d Shmakova & Flor, JFM 2019



With the ‘torus’ geometry

» Kelvin—Helmholtz instability in the focal zone —
quick overturning at low St

(b)

Ermanyuk et al. 2017

» Triadic resonant instability to wave turbulence — slow mixing at large St

a =38 cm, St = 1800
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Shmakova et al. 2023 (prep)



DOKYyCHPOBKA BOJIH

®oKycHpOBKa BOJIH B 30HE
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Wang G., Zheng Q., Lin M., Qiao
F. Three dimensional simulation
of internal wave attractors in the
Luzon strait // Acta Oceanol.
Sinica. 2015. V. 34, N 11. P. 14—
21.
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KBa3uaBymepHasi 10CTAaHOBKA

1 — notok; 2 — pama BOJTHONPOIYKTOPA; 3 — IJIaCTHHA
BOJIHOTIPOJTYKTOpPA; 4 — IIarOBbIN JABUTATENb; 5 — KPUBOIIUIT; 6 —
matyH; 7 — moBonok; 14 — peduexrop; 15 — kamepa, 16 — sxpan
nuMpeHa, 17 — nasep, 18 — 3epkaio.

Sutherland et al 1999
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Instability development
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» Higher the amplitude — earlier the nonlinearity
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Time — frequency spectrum

A=0.76 mm
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» Wave turbulence development due to TRI
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Inertia waves

Bun arpakTopa B IMHEMHOM PEKUME TIPU

Bo3mylienue ¢ moMousro
pPa3HBbIX YaCTOTaX.

MPELECCUU KPBIIIKU

50 80
skcnepuMenT B Ilepmu
| &
=
[JERNNIEEEERE _‘_
/ 8 n=-1.39 "
r 03 05 rR,
R _
= «OQHCPI'UA»
Q.
- (a) b=10.73 mm 14 Q ; b) b=1.17 mm y (’(c) h=2.01 mm . ((d) bh=246 m_m
VIR, VIR, ,\:'R:/",‘ \
Kapruna Teuenus o\ ~ o\ g
o ‘) “wr, 10 s 0 WR 10 o705 0wk 1o ”Iu%u ‘;Rf_“'
_(]5_ﬁ m; -1.0 0 gQ,, 1.0 Lo 0 &gQ, 10 L0 0 H0. 10
e} 18 0 ) i Iu
Cpennee a3uMyTalbHOE e 3
TCUCHUC :
v I
YacToTHBIN CIIEKTP g

(Kam] 2

[IpocTpaHCTBEHHBIN CIEKTP
B pa3BUTOM PEXKUAME

* g [E




Triadic resonance instability, b = 0.73 mm
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Wave turbulence to vortex clusters
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Scolan et al 2013

> Trladlc resonant mstablllty to wave turbulence — slow mixing and vortex cluster development
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Henasuue oTkpbiTus B 00/1acTH ruagpoauHaMuk CostHoa: I
DxBaTtopuanbHbie BosiHb Poccou: Loptien et al (Nature Astronomy 2018), 05
KonBekTuBHBIH cioit CosiHIla — OJTHA sUeiKa B Kax1oM moayiiapuu: Gizon et

al (Science 2020) B
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WuepunoHHbIe BOTHBI B KOHBeKTHBHOM citoe Connra: Gizon et al (A&A, o8 0
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Buri et al. 2021
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