Downloaded from https://royal societypublishing.org/ on 31 January 2022

PHILOSOPHICAL
TRANSACTIONS A

royalsocietypublishing.org/journal/rsta

L)

Research

updates

Cite this article: L'vov VS, Lvov YV,
Nazarenko S, Pomyalov A. 2022 Theory of
anisotropic superfluid *He counterflow
turbulence. Phil. Trans. R. Soc. A 380: 20210094.
https://doi.org/10.1098/rsta.2021.0094

Received: 11 June 2021
Accepted: 21 July 2021

One contribution of 14 to a theme issue
‘Scaling the turbulence edifice (part 2)'.

Subject Areas:
low-temperature physics, statistical physics

Keywords:
liquid “He, superfluid turbulence, anisotropic
energy spectra, thermal counterflow

Author for correspondence:
Anna Pomyalov
e-mail: anna.pomyalov@weizmann.ac.il

THE ROYAL SOCIETY

PUBLISHING

Theory of anisotropic
superfluid “He counterflow
turbulence

Victor S. L'vov', Yuri V. Lvov?, Sergey Nazarenko® and

Anna Pomyalov'

"Department of Chemical and Biological Physics, Weizmann
Institute of Science, Rehovot, Israel

2Rensselaer Polytechnic Institute, Troy, NY 12180, USA

3nstitut de Physique de Nice, Université Cote d’Azur, CNRS, Nice,
France

AP, 0000-0002-8463-024X

We develop a theory of strong anisotropy of the
energy spectra in the thermally driven turbulent
counterflow of superfluid He. The key ingredients
of the theory are the three-dimensional differential
closure for the vector of the energy flux and the
anisotropy of the mutual friction force. We suggest
an approximate analytic solution of the resulting
energy-rate equation, which is fully supported by
our numerical solution. The two-dimensional energy
spectrum is strongly confined in the direction of
the counterflow velocity. In agreement with the
experiments, the energy spectra in the direction
orthogonal to the counterflow exhibit two scaling
ranges: a near-classical non-universal cascade
dominated range and a universal critical regime
at large wavenumbers. The theory predicts the
dependence of various details of the spectra and the
transition to the universal critical regime on the flow
parameters.

This article is part of the theme issue ‘Scaling the
turbulence edifice (part 2)".

1. Introduction

Most universal properties of turbulence are only revealed
in flows with very high Reynolds number. Typically, such
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conditions are found in atmospheric turbulence or in very large wind tunnels. Liquid helium
has very low kinematic viscosity and, therefore, becomes an ideal test-bed for high-Reynolds
number turbulence even in a relatively small experimental facility. The liquid helium viscosity
decreases with temperature and below the Bose-Einstein condensation temperature Tj ~2.17K
“He becomes superfluid. In this state, it can be described as a two-component fluid in which a
viscous normal-fluid and an inviscid superfluid components interact via a mutual friction force
[1-10].

Various ways of turbulence generation in superfluid He produce flows with very different
properties. Mechanically driven superfluid He with two components flowing in the same
direction and coupled by the mutual friction almost at all scales has long been considered similar
[7-9] to the classical flows [11]. The similarity included the behaviour of the structure functions
and scaling of the turbulent energy spectra close to k=5/319,12-18].

The two-fluid nature of the superfluid *He allows generation of turbulence by thermal
gradient [2,5,8,19-22]. In such a flow that has no classical analogy, the two fluid components
flow in opposite directions: the normal fluid carries the heat flux away from the heat source
with the mean velocity U, while the superfluid flows towards the heater with the mean
velocity Us. The mutual friction force that couples the components leads to both the energy
exchange and additional dissipation by mutual friction that are scale-dependent [23,24]. Since
all relevant fluid parameters [25] are strongly temperature-dependent, the statistical properties
of such a counterflow are not universal. Instead, the statistics of the counterflow depends on
the temperature and on the relative velocity U,s = U, — Us [24,26-30]. Recent flow visualization
experiments [27,28,31-33] stimulated theoretical and numerical investigations of the energy
spectra of the counterflow turbulence. It was shown [23,24,30,34,35] that besides the dependence
on flow parameters, the energy spectra are sensitive to the angle with respect to the direction
of the counterflow velocity. As a result, the energy spectra in the counterflow turbulence are
anisotropic and strongly suppressed in the direction of Ujs.

Although such a spectral anisotropy was predicted theoretically and confirmed numerically
[29,30], the experimental investigations of the energy spectra for the time being are limited to
the plane, orthogonal to the direction of the counterflow velocity [28,33], while the theory of
counterflow turbulence [24] was developed assuming spectral isotropy. In this paper, we relax
this assumption and offer a theoretical description of the spectral anisotropy of the energy spectra
of the counterflow turbulence in superfluid *He.

The paper is organized as follows. In §2, we develop the theory of anisotropic turbulence.
Similar to our previous studies of superfluid turbulence [14,23,24,36,37], we describe the large-
scale turbulence in superfluid *He by the coarse-grained Navier-Stokes equation (2.1) coupled
by the mutual friction force. These equations are detailed in §2a. In §2b, we introduce various
statistical characteristics of anisotropic turbulence, used in our paper. In the focal §2c, we
suggest the energy rate equation (2.10) for the axially symmetric counterflow turbulence. The
key element [§2(c,ii)] in the resulting energy rate equation (2.10) is the coupling function D(ky)),
which depends only on k||, according to equation (2.6b). In §1(c,iii), we introduce a vector energy
flux e(k) = {¢)|(k), ¢ L (k)}, which depends on the position in the plane k = {k}, k. }, formed by the
components k|| and k| of the wavevector k, parallel and orthogonal to the counterflow velocity
U5, respectively. We analyse the resulting energy rate equation analytically in §3 and numerically
in §4. Finally, in §5, we summarize our findings.

2. Atheory of anisotropic counterflow turbulence

The superfluid phase of liquid He is characterized by quantized vorticity that is constrained to
vortex-line singularities of core radius ag ~ 10~8 cm and fixed circulation « =h/M, where & is
Planck’s constant and M is the mass of the *He atom [3]. The superfluid turbulence is manifested
as a complex tangle of these vortex lines with a typical inter-vortex distance [5] £ ~ 10~*~10~2 cm.

Large-scale hydrodynamics of such a system is usually described by a two-fluid model,
interpreting *He as a mixture of two coupled fluid components: an inviscid superfluid and a
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viscous normal fluid. The temperature-dependent densities of the normal-fluid and superfluid
components ps, py : ps + pn = p define their contributions to the mixture. Here, p is the density of
“He. The fluid components are coupled by the mutual friction force, mediated by the tangle of
quantum vortexes [1,5,6,9,19-22].

(a) Coarse-grained equations for counterflow He-4 turbulence

Similar to [30], our approach to the problems of counterflow turbulence with the scales
much larger than the intervortex distance [23,24,36] is based on the coarse-grained equations
[14,24,36,37] of the incompressible superfluid turbulence. These equations, often called Hall-
Vinen-Bekarevich-Khalatnikov equations (HVBK) [38,39], have a form of two Navier-Stokes
equations (NSE) for the turbulent velocity fluctuations of the normal fluid and superfluid
components u,(r,t) and us(r,t) in the presence of space-homogeneous mean normal and
superfluid velocities U, and Us

ou 1
371’5 + [(us + Us) - V]us — ;Vps = vsAug +fnsr fns >~ Qq(uy — us) (2.1a)
S
and
ou 1
"4 [+ Uy) - Vg — —Vpy = veAuy — 2f, 2 =a(T)KL, (2.1b)
ot Pn Pn

coupled by the mutual friction force f,, in the form (2.1a) and complemented by the
incompressibility conditions

V-u,=0 and V-u,=0. (2.1c)

The mutual friction force involves the temperature dependent dimensionless dissipative mutual
friction parameter «(T) and the superfluid vorticity « £. Here, £ is the vortex line density (VLD).
Furthermore, the partial densities of the normal and superfluid components are p,, and ps, the
pressure of the normal and the superfluid components are

pnz%[p+%|llns+un—us|2] and ps=%|:}7—%|uns+un_us|2]' (2.1d)

The kinematic viscosity of normal fluid component v, = 1/ p, with 1 being the dynamical viscosity
[25] of normal *He component and the Vinen's effective superfluid viscosity [5] vs, which accounts
[36] for the energy dissipation at the intervortex scale £ due to vortex reconnections, the energy
transfer to Kelvin waves and other dissipation mechanisms.

We consider here the planar heat source, typically used in the channel counterflow.

(b) Statistical characteristics of anisotropic turbulence

The general description of the homogeneous superfluid 4He turbulence at the level of the second-
order statistics can be done in terms of the three-dimensional correlation functions of the normal-
fluid and superfluid turbulent velocity fluctuations in the k-representation

@rP8 k- K)FL o = (ot 0P (K)), Fylo= Y FEo. (2.2)

a=xy,z

Here, }']a P (k) = f;’ﬂ (k), 83(k — k') is three-dimensional Dirac’s delta function and

vj(k) = J uj(r)exp(ik - r)dr and u;(r) = J vj(k) exp(—ik - r) dk (2.3)

@y

The subscripts ; ; in Eq (2.2) denote the normal (i, j = 1) or the superfluid (i, j = s) fluid components
and * stands for complex conjugation. The three-dimensional correlation function F;;(k) and the
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Fourier transform (2.3) are defined such that the kinetic energy density per unit mass E; (with the
dimension [E] = cm? s~2) reads
a3k
(@m)*
Due to the presence of the preferred direction, defined by the counterflow velocity Uy, the
counterflow turbulence has an axial symmetry around that direction. In this case, fgﬁ (k) depends

Ei= 5 {mR) = 5 [ 70

only on two projections k| and k, of the wave-vector k: k| = Ups(k - Uys) /U2, and k) = (k — ky)),
being independent of the angle ¢ in the L-plane, orthogonal to U;: EZ.'B (k)= E?]‘.’g k1, k).

In the case of axial symmetry, a two-dimensional object E?‘.ﬂ (ky, k1) still contains all
the information about second-order statistics of the counterflow turbulence: E;(kj, ki) =
(kL /4n2)]:j(k‘|,k 1). Now the total kinetic energy density per unit mass can be found as E; =
Jo° dk, dk Ej(kyj, k1). In the fully isotropic case, Ej(kj|, k1) depends only on k = /kﬁ + k% and we
can introduce traditional one-dimensional energy spectrum

E;(k) = 2kE;(ky, k). (2.4)

(c) Enerqy rate equations for counterflow turbulence

(i) General form of the energy rate equation in axial symmetry

A theory of space-homogeneous counterflow turbulence [24], developed under simplifying
assumption of the spectral isotropy of the flow, is based on the stationary balance equations for
the one-dimensional energy spectra Ej(k), (2.4). Here, we relax the assumption of the isotropy,
and derive an energy rate equation for the two-dimensional energy spectra Ej(k), k1) of the
counterflow turbulence with axial symmetry around kj|. To this end, we, following [24], eliminate
the pressure terms using the incompressibility conditions, Fourier transform and multiply them
by the complex conjugates of the corresponding velocities. After ensemble averaging, we get the
equations for the three-dimensional spectra Fj(k), defined by (2.2), and average them only over
the azimuth angle ¢ in the plane orthogonal to k||. Finally, we get

JEj(k, t)
ot

+ divi[ej(k)] = 2j[Ens(k) — Ej(k)] — 2vK°Ej(k), 2= Q;”S ) (2.5)

Here, k={kj,k.} is a two-dimensional wavevector, ej(k) = {8]“, (k), s].J- (k)} is the vector of the
energy flux. The cross-correlation function Ej; is discussed in the next section and the derivation
of the vector energy flux is detailed in §2c(iii).

(ii) Cross-correlation function in counterflow turbulence

In our analysis, we use the model of the anisotropic cross-correlation function Es(k), k1),
introduced by equation (13) of [23]:

A(K)$2ns

Eps(k) = —/————,
"S( ) Qr%s + (klluns)2

A(k) = 2sEp(k) + 2nEs(k),  Q2ps = 2 + $25. (2.6a)

Further simplifications [24] allow one to rewrite (2.6a) for E;s(k) in the following form:

Ens(k) =E;j(k)D(k;), D(k )—L o, = S2ns (2.6b)
ns 7 1) Il (ki —f—kﬁ), X uns~ .

Note that while substituting E (k) into the rate (2.5), we should take in (2.6b) j = 1 in the equation
for the normal component, and j = s for the superfluid component.

The physical meaning of the two-dimensional coupling function D(kjj) in (2.6b) is the same as
in the spherical case: it describes the level of decorrelation of the normal-fluid and superfluid
velocity components by the counterflow velocity. For k < kx, normal-fluid and superfluid
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velocities are almost fully coupled. In this case, the mutual friction only in Eq (2.2) weakly
affects the energy balance. The energy spectrum in the inertial interval of scales is determined by
the step-by-step cascade energy transfer. Accordingly, this range of wavenumbers can be called
‘cascade-dominated’ [24]. For large k||, D(k)|) < 1 and the velocities of fluid components are almost
decoupled. In this ‘mutual-friction dominated range’, the energy dissipation by mutual friction
strongly suppresses the energy spectra.

(iii) The energy transfer term

The energy transfer term divk[e;(k)] in (2.5) originates from the nonlinear terms in the coupled
NSE equation (2.1) and has the same form [40—42] as in the classical turbulence

]()

d3
divi[e; (k)] = 2Ref Jv%‘ﬂy(k 4, PEP (k. 0, p)5(Kk + 4+ p) 4 g

@) 2.7)

and Véﬂy(k, q,p) = i(ﬁggr — %)(kﬁag 1y + k7 8gr f;)
Here, 8.5’3 V(k, q,p) is the simultaneous triple-correlation function of turbulent (normal or
superfluid) velocity fluctuations in the k-representation, that we will not specify here and
VEBY (k, g, p) is the interaction vertex in the NSE. Importantly, the right-hand side of (2.7) conserves
the total turbulent kinetic energy (i.e. the integral of E;(k) over entire k-space) and therefore can
be written in the divergent form as divg[e;(k)].

A simple algebraic closure approximation for the energy flux (k) in isotropic turbulence
follows from the dimensional reasoning in the framework of the Kolmogorov 1941 (K41)
hypothesis [11]

(k) = CKO2E32 (k). (2.84)

Here, C is a dimensionless constant of the order of unity and ¢ is the energy flux in the inertial
interval of scales. Equation (2.8a) immediately gives the celebrated ——law EK41 (k)= CK41§2/ 3573
with Cyy = C—2/3. The experimental value [43] of the constant Cxy 2~ 0.5. In the two-dimensional
case with axial symmetry along the counterflow direction, the situation is more involved. Now,
the two-dimensional vector & with the dimensions [¢] = (cm s 1) is the flux of two-dimensional-
energy density E(k) per unit mass per square of unit k with the dimensions [E] = cm?*s~2. The
dimensional reasoning, similar to that leading to (2.8a) gives

e ~ CREY2(k), k=K k1), (2.8b)

with C=C/v2r ~1.1.

Unfortunately, the dimensional reasoning does not allow us to reconstruct the direction of
the vector e. It is natural to assume that € is oriented in the direction of the steepest descent of
the three-dimensional energy spectrum, i.e. along Vi[E(k)/k] or, if this gradient is zero, ¢ =0.
Note that this allows us to satisfy an additional physical requirement that the energy flux
vanishes in the thermodynamic equilibrium with equipartition of energy, when E(k) oc k [44,45].
Thus, requiring the Kolmogorov-type scaling properties, we choose the energy flux in the form
e o Vi [E(k) /K2 Reconstructing the prefactor according to (2.8b), one finds

e(k) = —C1k'1/2y

[E(k)]3/2 v =4 (2.9a)

’ k:a/

with some new dimensionless coefficient C; ~2C/112~0.2. The numerical factor is chosen
such that closures (2.8b) and (2.9a) coincide for K41 spectrum E(k) k=8/3. In the isotropic
two-dimensional case, £(k) o< 1/k. This gives E(k) o k=873 as required.

It was shown previously [24,27-30,33] that the energy spectra in the counterflow do not have a
simple power-law form in the inertial interval. To account for that it was proposed [24] to replace
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C1 by a function C;(k) that depends on the local slope of the spectrum. Here, we use the same
approach and introduce the coefficient

4Cy
3[4 — m(k)l’

that depends self-consistently on the local slope m(k) of the energy spectra in the steepest descent
direction. The function C;(k) increases when m approaches the critical value m =4, at which the
energy transfer over scales looses its locality and, formally, £ — oo.

For m > 4, the energy flux in a range from some k to k 3> k becomes non-local (similar to *He)
and requires a more sophisticated closure [37].

Ci(k) = m(k) = —k - Vi InE(k), (2.9b)

(iv) Final form of the enerqgy rate equation
Combining equation (2.5) with equations (2.6b), (2.9a) and (2.9b) and neglecting the viscosity
term, in the stationary case we finally have
OE;(
ot

QiE;(k) ki

Vi [yt k12w <">]3/2}_ e
Il x

, k=, kL) (2.10)

Recall that 25 = ax L, 2, = 2505/ pn and 2,5 = 250/ pn- The crossed term with time derivative
is preserved here (and in some equations below) to stress that this is a continuity equation for
the energy spectrum. In theoretical analysis, we will use only the stationary version of this (and
similar) equations, while numerically we consider its full version and look for its stationary
solutions by numerically integrating continuity equation from appropriate initial conditions.

To simplify the appearance of the energy rate equation (2.10) and to open a way to its numerical
solution, we introduce a new function ¥(g, t) instead of E;(k, t)

E(k) =E(k))¥*(q)7 %3, q=Kk/ko, (2.11)

such that the fast K41 dependence of E(k) is explicitly accounted for: with K41 scaling ¥ (gq) =
const. Here, E(kp) is the energy spectrum at some k=kq (i.e. for 4=1) in the energy containing
interval.

Now, equations (2.10) and (2.11) give

S22
0 8/3 3 2,31 2Y _d
Z)ZJrc(q)q [q -V — V7w = e V=g
2Cy ~ 2 t |2 d d

7 2= 7 T=—F—, q
243(q-Vo¥ [GER)  \[BER) dg " dg’

where g, = §25/(koUns) and we neglected the g-derivative of slow function C(g) and took into
account that in two-dimensional V; - (g/ qz) = 0. Here, for the brevity we skip the index j, keeping
in mind that this equation is valid for both the superfluid (with j =s) and for the normal-fluid
component (with j =n). After explicit differentiation and division of the resulting equation by ¥
we get

(2.12)

and C(g) =

Q~‘L’ 2

oY 8/3[ 11¥ 2 2 gl
C g VW — UV PY 2V = .

287: +3C(q)q [Zqz (q-Vyq) IVyql 2\Va¥| ] qﬁ qzx

(2.13)

We see that the gradient of function ¥(q) is present in each term in the square brackets in the
left-hand side of (2.13). Therefore, for zero right-hand side (RHS), this equation admits a solution
¥ (q) = const.

The dimensionless parameters 2 and g» quantify the mutual friction force. In typical
laboratory experiments [28,33], g« belongs to the interval g, €[1,8], while 2, €[3,12]. In DNS
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[29,30], gx =~ 1.3, 2 ~3. Having in mind comparison of these results with ours we will analyse
(2.13) in the following range of parameters:

g« €[1, 25], 2,€[2,15], Cie[0.1, 0.5 (2.14)

For T~1.87K, we approach the so-called symmetric case with p, ~ ps. Furthermore, we can
reasonably assume that both components are equally forced, E; (ko) = Es(ko). In this case, we can
putj =s =mn, considering one equation E(k) = E;; (k) = Es(k) instead of two equations for E; (k) and
Es(k) separately.

3. Qualitative analysis of anisotropic two-dimensional energy rate equation

The presence of the mutual friction term in the RHS of (2.13) leads to decay of the function ¥.
As a result, E(k) decays even faster than in the K41 regime E(q) ocg~%/3, being very far from the
thermodynamic equilibrium with E(k) o k. In this regime, we can use a simpler algebraic closure
for the energy flux (2.8a) instead of the differential closure (2.9a). This is equivalent to neglecting
two last terms in the square brackets of (2.13). After division of the resulting equation by ¥ we
get the simplified version of the energy rate (2.13)

2§qﬁ

@ VY@=
! 33C13253(q% + 42)

(3.1)
Here, we took for simplicity C(q) =Cy.

For very small g, « gx, in a zero-order approximation we can neglect the mutual friction term
in the RHS of (3.1). Then ¥(q);,91) = ¥(0.0) = const. Note that ¥(g,4.) is even function of g,
and therefore has an extremum (presumably maximum) for g; = 0. This allows us to hope that
¥(q),9.) can be roughly factorized as ¥ (0, 4.1 ) = ¥)|(0)¥1 (7.) with ¥};(0) = 1. In a more extended
region, say, up to q;| < qx, the mutual friction term becomes important and ¥} () decays fast with
increasing g)|. As we show below, a significant (or complete) decay of E(g),4.) takes place in a
narrow, compared to g, range of gj. Therefore, in this case, we can interpret this phenomenon as
a one-dimensional problem along g, in which g, and ¥, (g, ) can be considered as parameters.
From the formal viewpoint, it means that we can accept (as a reasonable approximation) a
factorization

(@,q9.L) = ¥ (q)¥L@L), (3.2)
neglect g -derivative and approximate g as g . All these simplify (3.1) as follows:
dw(q) _ _ 202 . (3.3)
dgy 33C1¥, (q.1)47° (a5 +9%)

To specify the boundary conditions, we introduce some g, in the beginning of the inertial interval
(not necessarily equal to unity). Then, the solution of (3.3) with ¥j;(gx) =1 is

28In[(2 +4%)/ @ +42)]
33C1¥. (EIL)QZL/3

We see that both ¥ (g) and £(g) x ¥ (q)) vanish for some g =gcr, for which 282 In[1 +
(Ger/9x)?1=33C1¥1 (g l)qi/g’ and the RHS of (3.4) vanishes. This regime corresponds to so-called
‘super-critical regime’, first predicted in [46], studied in more details in [47] and numerically
discovered in 3He in [37]. It was shown that the super-critical regime appears for small g, and
very large 2. In this range of parameters, the mutual friction dominates over step-by-step cascade
and the energy transfer loses its locality. This means that the energy flows directly from the small-
wavenumber range into all larger g4 and is dissipated by the mutual friction at the same g4. In
this regime, the simple algebraic closure (2.8a) and its differential self-consistent improvement
(2.9a) and (2.9b) become invalid even qualitatively and should be replaced, for example, by the
non-local closure, suggested in [37]. DNS of superfluid turbulence in 3He, [37] and in *He [14]

Yilg)=1- (3.4)
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shows that the energy spectrum in the super-critical regime remains scale-invariant but with the
exponent m > 4 (up to m ~ 10).

Probably, the most straightforward way to understand the behaviour of ¥, (g.) is to return
back to (2.10) and to integrate it over kj for fixed ki . Then, the flux term in k) direction o

d[...]/0k, responsible for the energy redistribution over k|| vanishes and we get the rate equation
for tE(k,) = [ E(ky, k1)dky,

3 E(ks; d
7&5[’&_ m J { e }dkLz_UJdls J_E(kl, t), (3.5a)

with the same expression in {...} as in (2.10). The choice of the effective frequency wgjis,
responsible for the dissipation by mutual friction of the energy LE(k.,t) in the RHS of (3.5a),
is very delicate. If we assume that the loss of the energy LE(k_,t) at some given k is due to the
mutual friction at the same k| and all k)|, then

o =B, B = & [ WR(q)ah dqn /(@ + q%)
By By ,
s J i @ndg

However, the main part of the energy “E(k,t) is localized in the range of relatively small kj,
and the energy outflux from this region is suppressed in our model by the symmetry, because
Vi---=0 for k={0,k;} and small for small k. It is then reasonable to assume that 0.5 <
wdis/Bgis < 1. In its turn, the ratio &g/ in the range of parameters (2.14) is close to unity.
Therefore, considering wgjs as a phenomenological parameter, we expect that 0.5 < (wgjs/ §) <1

Analysing equation (3.5) in the same manner as we did for (2.10), we arrive at the following
equations for ¥ (q.), similar to (3.3) for ¥j;(q))):

(3.5b)

d¥i(qL) 204 (3.60)
- 5/3° :
dg 33C1q7)/
Its solution with the boundary condition ¥, (7+) =1 is
—2/3  -2/3
dwgis (‘7* —q, )
v =1- 3.6
L) soc. (3.60)

This equation, together with equations (2.11), (3.2) and (3.4), results in the semi-quantitative
representation of the anisotropic two-dimensional energy spectrum of the unbounded
counterflow turbulence with the axial symmetry:

E a0~ 20 22In[(g2 + %)/ + v/ﬁ)]]z[l dogis(g T - q12/3)]2
' 3 33C1¥ L (lh)qi/s 9C

The explicit form (3.7) for the anisotropic energy spectra of counterflow turbulence is the main
analytical result of our paper.

To explore the form of the two-dimensional-energy spectrum (3.7), we plot in figure 1 the cross-
sections of the K41-compensated spectra in direction of the counterflow, kﬁ/ 3¢ (ky, 0) = lI/H2 (qn)
((3.4), dashed lines) and in the orthogonal direction ki/ 3¢ 0,k1)= 'IIJZ_(q 1) ((3.6b), solid lines). The
log-linear scales in figure 1a expose the details of kfj_/aé’ (0, k1), while the log-logs scale in figure 1b

(3.7)

emphasize the strongly suppressed kﬁ/ 3¢ (kj;,0). We see that the spectra in the counterflow
direction experience fast decay and sharp cut-off, corresponding to the super-critical regime in
the approximation of the algebraic closure (2.8). On the other hand, the spectra in the orthogonal
direction decay much slower, corresponding to the so-called ‘sub-critical regime’ [37,46,47] with
the local (step-by-step cascade) energy transfer over scales. It consists of two K41 scaling laws:
in the range of small g it has the energy flux gy equal to the rate of the energy pumping, while
for large g it has smaller energy flux e« < 9. The difference gy — e« is dissipated on the way to
large g due to mutual friction. At larger g, the dissipation by mutual friction is no longer efficient
because scale-independent large-q asymptotic of the mutual friction frequency 2 becomes finally
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Figure 1. The K41-compensated spectra in direction of the counterflow (3.4), qﬁ/ e (k, 0) = lI/ﬁ(q| ) (dashed lines) and in the

orthogonal direction, (3.6b), qgffj 0,k))= lI/j (g) (solid lines). The parameters of the spectra ¢« = 20, wgis = 0722

and g, = 4. Three sets of lines from top to bottom correspond to Q=2 (blue lines), Q=5 (red lines) and Q=" (green
lines). Note the log-linear scales in () and the log-log scalesin (b). Vertical black dot-dashed line denotes the g, = 20. (Online
version in colour.)

smaller than the K41 energy transfer frequency y(g) >~ 8%3L]2/ 3. A similar effect of vanishing of the
mutual friction effect at small scales was originally observed in an isotropic system in [46].

We conclude that from the viewpoint of the qualitative analysis of the energy rate (2.13), the
energy spectrum of counterflow turbulence has a pancake form around the counterflow direction
qy- It is strongly confined in the g); direction due to the special anisotropic form of the mutual
friction force, effective only for k)| # 0. In the next section, we consider the numerical solution of
the model (2.13) and compare the results with the qualitative predictions.

4. Numerical solution of energy rate equation and discussion

The equation (2.13) (with the replacement g — k) was solved numerically as a time evolution
on the 5002-grid with the self-consistent form of Ci(k) given by (2.12). We used the initial
condition ¥ (k, 0) =1 for all k. To reach the stationary solution, we added a forcing term with small
amplitude fy = 0.005, acting in first four modes k =, / kﬁ + k% <k« =4 and an artificial exponential
dumping term, acting at the edges of the grid. After a short transient period, a steady-state
solution for ¥ (k), k1 ) was obtained. We have verified that this solution is insensitive to the details
of forcing and artificial dumping, as long as the stationary solution is reached.

The contour plots of the two-dimensional energy spectra for several sets of parameters of
the problems, 2 and ky, are shown in figure 2. The spectra are clearly confined along k|, more
strongly with increasing 2 and decreasing k. Indeed, according to (2.12), larger 2 enhances
the mutual friction, while smaller g, increases the range in k-space where the mutual friction is
important.

The cross-sections of the two-dimensional compensated energy spectrum K33E(k) = | (k)|?
are shown in figure 3a,b for kx =100 and in figure 3c,d for k. = 20. The spectra £(k|,0) along k|,
are shown by dashed lines and £(0, k) along k|, by solid lines. Similar to figure 1, we plot the
spectra both in the log-linear scales to emphasize the details of the orthogonal spectra, and in the
more conventional log-log scales.

We see that spectra along the counterflow direction experience fast decay, while the energy
cross-sections in the orthogonal direction decay much slower. For k, = 100, the orthogonal spectra
have some interval of the cascade-dominated range with near-K41 scaling that is shorter for
larger £2. The spectra along k|| do not have such an interval for these parameters. For k >k,
all spectra have similar power-law behaviour, which we discuss below. For ky =20, the spectra
quickly saturate with increasing 2 and are almost completely in the mutual-friction-dominated
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Ffivgure 2. The K41-compensated two-dimensional energy spectra KE (k). (a,b) The spectraare calculated for k., =100and
§2 =2, 5, respectively. (c,d) The spectra are calculated for k. = 20 and the same values of £2. Note logarithmic scale of the
colour-bars. The contour levels are spaced by 0.1in (a,b) and by 0.2 in (¢,d). (Online version in colour.)

range. However, due to self-consistent closure for the energy flux, the spectra do not become
super-critical, as in the analytic solution.

An additional result of principle importance is the universality of the scaling exponent x¢r =4
of both longitudinal and transverse cross-sections of the energy spectra, £(k, 0) o kﬁx“, £(0,k1) o
k™ shown in figure 3b,d by thick black dashed lines. The exponent x¢; = 4 in two-dimensional
energy spectra manifests itself in the so-called critical energy spectra, appearing in the regimes
with strong enough mutual friction. The critical energy spectrum separates the sub-critical and the
super-critical energy spectra with local and non-local energy transfer over scales [37], respectively.
In the critical regime, the fraction of the energy loss due to mutual friction at each scale is about
the fraction of the energy transferred down to smaller scales.

In our theory, the critical regime appears asymptotically in the range of parameters g, and £2,
for which the dissipation by mutual friction becomes dominant. To compensate for the increasing
loss of energy at each g, the energy flux (2.9) self-consistently adjusts the effective slope m of
the two-dimensional spectra (2.9b) towards its critical value m =4, where the energy flux (2.9a)
formally becomes infinite. Consequently, in our theory, the critical regime is reached for k > kx
in the wide range of the flow parameters. This conclusion is supported experimentally: in [33],
the critical regime was observed in 4He counterflow for T =1.65,1.85,2.00K and T =2.10K. In
this paper, the normal-fluid component of the counterflow is probed by He} molecular tracer-
line tracking technique, allowing to measure one-dimensional plane-averaged energy spectrum
LE(k ), connected to studied here two-dimensional-spectra E(k|, k) as follows:

LYE@K) =JE(kH,kL)dk”. 4.1)

I 0 S i oD
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Figure 3. Numerical solution of (2.13). The K41-compensated spectra along kﬁ/ ‘e (|, 0) (dashed lines) and normal to the

counterflow direction ki/3£(0, k) (solid lines). The values of 2 are indicated in the figure. In (a,b) k.. =100, in (c,d)
k. = 20. The reference case £2 = 0 (no mutual friction) is plotted in all panels by a black dotted line. Vertical dot-dashed
lines denote the position of the crossover wavenumber k.. Black thick dashed lines in (b,d) denote £ oc k—* and serve to
guide the eye only. Note the log-linear scales in (a,b) and the log-log scales in (c,d). (Online version in colour.)
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Figure 4. Comparison of the theoretical and experimental K41-compensated one-dimensional plane-averaged energy spectra
£k L)ksf. (a) The theoretical spectra (4.1), for 2 = 5and two cross-over wavenumbers. (b) Experimental spectra measured
by molecular-racer velocimetry [33], at T = 2.0 K and two heat fluxes. The vertical dot-dashed lines of matching colours in
both panels denote the position of the corresponding k.. Black dashed lines denote critical scaling (k. ) o kf. (Online
version in colour.)

To compare our theory and experiment [33], we plotted in figure 4a the K41-compensated spectra
ki/?’ LEy k1), for 2 =5 and two different ky. In figure 4b, we plotted the experimental spectra
k”j’_/3 lEexp(k 1), measured for T =2.00K and two heat fluxes. In both theoretical and experimental
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spectra, we clearly see the two regimes with different apparent scalings: (i) in the region of small
ki (roughly below and about k,)—non-universal apparent exponents that depend on the flow
parameters and are close to the K41 scaling (almost horizontal lines for K41 compensated spectra)
and (ii) the universal scaling with exponents, close to the critical value X¢r =3 for k| > k. Note
that one-dimensional exponents differ by unity from their two-dimensional counterparts, e.g. in
one dimension, the K41 scaling exponent ¥xy; =5/3 and Xr = 3, while in two dimensions, yxy =
8/3 and x.r = 4. We, therefore, infer that our theory reproduces two scaling ranges, previously
found in laboratory experiments [33]: the cascade-dominated range in the range of small k with
scaling “E(k, ) o kly, close to the K41 exponents y > % and the mutual-friction dominated range
with the critical scaling “E (k) o kls.

5. Summary

We developed a theory of energy spectra in the thermally driven turbulent counterflow of
superfluid *He, which generalizes the L'vov-Pomyalov theory of counterflow turbulence [24]
to the strongly anisotropic case. The theory is based on the gradually damped [30] coarse-grained
equation (2.1) of the incompressible superfluid turbulence [14,36,37] and the novel anisotropic,
self-consistent differential closure (2.9) for the vector of the turbulent energy flux & (k). This closure
combines the Kolmogorov-1941 dimensional reasoning [11], the Leigth-1968 differential form
[44,45] to account for the possibility of the thermodynamic equilibrium and L’vov-Pomyalov-
2018 self-consistent closure for the energy flux [24] that accounts for the dependence of the energy
flux on the local slope of the energy spectrum in the window of its locality. In addition, the
suggested closure prescribes the orientation of the vector of the energy flux e(k) in the steepest-
decent direction of three-dimensional turbulent energy spectra F(k) towards its thermodynamic
equilibrium: e(k)||VF(k).

Similar to previous theories [23,24], the important element of our theory is the anisotropic
cross-correlation function (2.6) between the superfluid and normal-fluid velocity components.
This function determines the rate of energy dissipation by the mutual friction in the final energy
rate equation (2.10).

Detailed analysis of (2.10) leads to the analytic solution (3.7) for the energy spectrum that
describes its strong suppression with respect to the classical fluid counterpart. The spectra are
non-scale-invariant, and strongly depend on the temperature and the counterflow velocity in the
wide range of these parameters. The resulting energy spectra of the normal-fluid and superfluid
components are strongly confined in the direction of the counterflow velocity. This conclusion
is supported by the numerical solution of the energy-rate (2.10) and by the direct numerical
simulation of the coarse-grained equation (2.1) for the counterflow turbulence [29,30]. Our theory
explains the critical scaling behaviour with the exponent X = 3 atk > k, found in the experiment
[33] that is insensitive to the flow parameters.

We, therefore, hope that the suggested theory captures the basic physics of the counterflow
turbulence and describes the dependence of the anisotropic energy spectra on the main flow
parameters.
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