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Prague flow channels for the study of counter-flow, super- and co-flow. S and N stand for super-fluid

and normal components. Counter-flow is produced thermally by a heater. Super-flow and co-flow are

driven mechanically by a bellows.



Prague data for the VLD decay L£(t)/L(0) in the co-flow, D = 7mm,

T =1.35K
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Quantum t~!-fits — green dashed lines, classical +~3/2_fits — black dash-dotted lines.
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Coexistence of the classical (grey) and quantum (cyan) turbulence in co-flow
. . K41 _5/3
Classical energy spectrum consists of ~ cascade part &, (k) o« k
and  thermodynamic equilibrium part SSTD(/f) ox k?

Quantum energy spectrum of random tangle has 1/k large k-asymptotics




Prague data for the VLD decay £(t)/L£(0), T = 1.45K D = 10 mm,
Counter-flow: Quantum ¢~ '-fits — green dashed lines, classical t~3/2-fits — black dash-dotted lines.
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Superflow demonstrates behavior |} very similar to that of counter-flow )

1.2x10% \ 4
— 1.04x10° ol ——1.2x10
——1.13x10° 10 \

—— 1.04x10°
——1.13x10°

L,

~ .
~
-~
~
-
-

0 5 10 15 20 25 30 o
t[s]

t[s]

A way to understand “bump” is to assume delay in the classical-energy supply of quantum tangle
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Normal- (blue) & super-fluid (red) eddies swept by the mean normal- & super-fluid velocities U,, & U,
(a) Co-flow, t = —7 (b) Co-flow, t =0 (c) Co-flow, t =7

Time 7 >~ Ry /U,y is of the order of overlapping time of the middle-scale Ry-eddies.
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Stationary energy spectra of counter- and pure super-flow turbulence
as a consequence of mutual-friction suppression due to
Counterflow decoupling of the normal- and super-fluid velocities

— Interaction (overlapping) time of scale R-eddies: Tyt = R/U,s (Uys — Counter-flow velocity)

— Mutual friction coupling time:

kind of the HVBK egs: a(;;s + ~ arl [Uy + un(r, t) — un(r, t)] (1)
a(;:;n FRS —a%ﬁz U + un(r, t) — un(r, )], (2)
Uy = Uy — Uy, me = %"'{L ’ agtns +... X _me [Uns + uns(ra t)} . (3)

(4)

. kU
— Counterflow decoupling parameter ((R) = 1/TintQme = (k) =

mk
Analytical theory of the coupling-decoupling processes, developed in Ref.[2] results in the equation for

the dimensionless decoupling function D(k), which depends on k via decoupling parameter ((k):
Ens(ka Ul’lS) _ arCtan[C(k)] <5>
Bne (£, 0) 0

Here Fys(k, Uns) = (ug(k) - uy(k)) is cross-correlation function of the normal- and superfluid velocities

D(k) = D[¢(k)]

in Fourier k-representation.
2

D(C):l—%,forg<<1, D(Cx):%,forgx%l D(()=—, for(>1. (6)
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k-dependence of the decoupling function D (k)

Cinax = ((Kkmax) at the highest value of £,
Fmax == /1.

With ¢ >~ 1/v/L >~ 1/(~,U,) this gives a
simple U,s-independent estimate of (j.x:

Estimate:

Dyin = D(Cmax) =~ 0°O47

max

~ 20,

X
0 2 4 6 8 10 12 14 for T = 1.45K.




OE.(k, 1)

SN, = anL[Eulk,t) = E(k1)] ~ —arLE(k,1)[1 - D(K)]. 7o)
—aggg’” +NL, = O"pr sk, t) — Ealk, t)] = —O";f’p &k, )[1—D(k)] . (7h)

Here NL;,, are nonlinear terms which we do not specified at this stage of the research. For k > k.,
D(k) < 1 and situation become similar to the equation for & for the superfluid turbulence in *He,
where mutual friction drastically suppresses the energy spectrum &(k). Instead of classical Kolmogorov

spectrum &(k) o< k~°/3 Lvov, Nazarenko and Volovik (LNV) (JETP Letters, 2004) found the spectra
1

Es(k) x 5, critical: o< k7%, ke — 00, subcrititical (with —), supercritical (+).
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Sketch of the superfluid turbulent energy spectra

Counter- & super-flow stationary spectra Late time asymptotics
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After switching off the counter- or super-flow the stationary energy spectrum of super-/counter-flow
(left panel) evolve to the spectrum, shown in right panel, switching on the energy flux toward quantum

vortex tangle after some delay.
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Numerical simulations of the classical turbulence decay by Sabra-shell model
After ensemble averaging over 10* realizations we got time dependence of
Left: total energy (with =2 asymptotics) Right: Energy flux toward large k (with ¢~ asymptotics)
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For K41 initial condition (IC) — solid blue lines there are no
delay in the energy dissipation. For LNV critical (red line)
and sub-critical (blue dashed line) there is clear delay with
sharp switching on, while for weakly localized IC (“exper-

imental” k2 spectrum (green) and LNV super-critical IC

orange dashed lines) there is smooth switching on.
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Classical source function 7,(t) and delay function Fj()

Fit of decay from K41 IC by classi-

cal source function is given by the

K41

classical source function
2

al(t) = k%(t — T2)°

Introduce delay function
Faar(t, Tae1) = fr(ts Tae) »
t’l’L
(" + 7))

and delayed source function:

Nel,del(t) = Fael(t, Tael) Me1(t+Tder) -

ncl

102 -

.fn (ta Tdel) —

103 L,

Fit of the decays from k=2 and LNV supercritical spectra is given by the delayed source
t" D?

(t" + 1) K2(t + Tagel — T2)3

with n = 1, while fit for the well localized (LNV critical and subcritical) IC with n = 6.

Nel,del(t) =
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Basic and improved models of VLD decay

e Basic model vs co-flow decay experiment

dc  2(dD)* ak .,
E N /€2(t—7'2)3 B d1£ = El(t)

_ b1 Lo| 7]

t—Tl

by Lo|T2|*?
. Lo(t) = : 8
2( ) (t_7_2)3/2 ( )
Here £y = L(t = 0), ds, by and by are dimensionless phenomenological parameters. 71 and 75 — virtual

origin times for the quantum £, and classical £5 asymptotics. Approximate solution:

Lon(t) = La(t) coth [f:j((i’))} . )
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Red solid lines, Prague co-flow delay data with 7" = 1.35K, £y ~ 10°cm™2,

Blue dotted lines — basic model L;,4(t) prediction with 7 = 0.5s, 75 = 1's and by = 0.075.
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e Improved model vs super-flow decay experiment

dLl 2 (dyD)? akK
i Fael(t, Tael) (4:D) —

: 10
Rt + Tge — T2)°  dy (10)
Approximate solution:

Lim(t) = fn(t, Tae1) L2(t + Tge1) coth Fn(t; Tae1) £2(0)

. (11)
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Red solid lines, Prague super-flow delay data with 7" = 1.45K, £y ~ 10°cm~2.
Blue dotted lines — improved model L;,,(t) with n =2, 71 = 0.015s, 75 = 0.1s and by = 0.22.
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1 Summary and perspectives

Based on good agreement between the experimental observations and the analytical predictions

we conclude that

the basic and improved models adequately reflect the underlying physical processes responsible for the

decay of superfluid *He turbulence, including

— partial decoupling of the normal- and super-fluid velocities in super- and counter-flowing turbulence;
— resulting suppression of energy spectra in these flows;
— time-delay in the energy flux in the energy flux from classical to quantum parts of super-fluid turbu-

lence.

Nevertheless much more experimental, numerical and analytical work is required to formulate really
advanced model of decaying superfluid turbulence, which will account in details for the interplay of

coexisting classical and quantum forms of superfluid turbulent energy. This requires, for example,

— inclusion into the model the real stationary energy spectrum of counter- and super-flowing *He and
its evolution after the switching off the flow,
— accounting for the energy flux to the quantum tangle from the classical thermal bath, and

— analysis of the affect of spatial inhomogeneity on the turbulence decay and its time evolution.
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