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1. Introduction

Turbulence is almost the rule in the flow of classical fluids. It is a complex nonlinear
phenomenon for which the development of a satisfactory theoretical framework is still
incomplete. Turbulence is often found in the flow of quantum fluids, especially superfluid
Helium 4, known as liquid helium II (Donnelly, 1991), (Nemirovskii & Fiszdon, 1995),
(Barenghi et al., 2001), (Vinen & Niemela, 2002).

In recent years there has been growing interest in superfluid turbulence, because of its unique
quantum peculiarities and of its similarity with classical turbulence to which it provides
a wide range of new experimental possibilities at very high Reynolds numbers (Vinen,
2000), (Barenghi, 1999), and because of their influence in some practical applications, as
in refrigeration by means of superfluid helium. We will consider here the turbulence in
superfluid *He, for which many detailed experimental techniques have been developed.

The behavior of liquid helium, below the lambda point (T, ~ 2.17 K), is very different from that
of ordinary fluids. One example of non-classical behavior is the possibility to propagate the
second sound, a wave motion in which temperature and entropy oscillate. A second example
of non-classical behavior is heat transfer in counterflow experiments. Using an ordinary fluid
(such as helium I), a temperature gradient can be measured along the channel, which indicates
the existence of a finite thermal conductivity. If helium II is used, and the heat flux inside the
channel is not too high, the temperature gradient is so small that it cannot be measured, so
indicating that the liquid has an extremely high thermal conductivity (three million times
larger than that of helium I). This is confirmed by the fact that helium II is unable to boil. This
effect explains the remarkable ability of helium II to remove heat and makes it important in
engineering applications.

The most known phenomenological model, accounting for many of the properties of He
I, given by Tisza and Landau (Tisza, 1938), (Landau, 1941) is called the two-fluid model.
The basic assumption is that the liquid behaves as a mixture of two fluids: the normal
component with density p, and velocity v;, and the superfluid component with density ps
and velocity vs, with total mass density p and barycentric velocity v defined by p = ps + px
and pv = psVs + pn vy, The second component is related to the quantum coherent ground
state and it is an ideal fluid, which does not experience dissipation neither carries entropy:.
The superfluid component, which is absent above the lambda transition temperature, was
originally considered to be composed by particles in the Bose-Einstein state and is an ideal
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234 Thermodynamics

fluid, and the normal component by particles in the excited state (phonons and rotons) and is
a classical Navier-Stokes viscous fluid.

The two-fluid model explains the experiment described above in the following way: in the
absence of mass flux (0, v, + psvs = 0 and v, and vs averaged on a small mesoscopic volume
A), in helium II the heat is carried toward the bath by the normal fluid only, and q = psTvy,
where s is the entropy per unit mass and T the temperature. Being the net mass flux zero,
there is superfluid motion toward the heater (vs = —p, v,/ ps), hence there is a net internal
counterflow Vs = v, — vs = q/(pssT) which is proportional to the applied heat flux q.

An alternative model of superfluid helium is the one-fluid model (Lebon & Jou, 1979),
(Mongiovi, 1993), (Mongiovi, 2001) based on extended thermodynamics (Miiller & Ruggeri,
1998), (Jouetal, 2001), (Lebonetal., 2008). Extended Thermodynamics (E.T.) is a
thermodynamic formalism proposed in the last decades, which offers a natural framework for
the macroscopic description of liquid helium II. The basic idea underlying E.T. is to consider
the physical fluxes as independent variables. In previous papers, the E.T. has been applied to
formulate a non-standard one-fluid model of liquid helium II, for laminar flows. This model is
recalled in Section 2, in the absence of vortices (laminar flow) and in Section 3both in rotating
containers and in counterflow situations.

Quantum turbulence is described as a chaotic tangle of quantized vortices of equal circulation

K:fus-dl (1)

(us microscopic velocity of the superfluid component) called quantum of vorticity and results
k = h/my, with I the Planck constant, and n1; the mass of *He atom: x ~ 9.97 10~%cm?/s.
Since the vorticity is quantized, the increase of turbulence is manifested as an increase of the
total length of the vortex lines, rather than with a faster spinning of the vortices. Thus, the
dynamics of the vortex length is a central aspect of quantum turbulence.

A preliminary study of these interesting phenomena was made in (Jou et al., 2002), where
the presence of vortices was modeled through a pressure tensor P, for which a constitutive
relation was written. In homogeneous situations, the vortex tangle is described by introducing
a scalar quantity L, the average vortex line length per unit volume (briefly called vortex
line density). The evolution equation for L in counterflow superfluid turbulence has been
formulated by Vinen (Vinen, 1958), (Donnelly, 1991), (Barenghi et al., 2001)

% . avVnsL?’/z - ﬁvKLZ/ (2)
with Vj;s the modulus of the counterflow velocity Vs = v, — vs, which is proportional to the
heat flux q, and &, and B, dimensionless parameters. This equation assumes homogeneous
turbulence, i.e. that the value of L is the same everywhere in the system. In fact, homogeneity
may be expected if the average distance between the vortex filaments, of the order of L~1/2,
is much smaller than the size of the system.

Recent experiments show the formation of a new type of superfluid turbulence, which has
some analogies with classical one, as for instance using towed or oscillating grids, or stirring
liquid helium by means of propellers. In this situation, which has been called co-flow,
both components, normal and superfluid, flow along the same direction. To describe these
experiments it is necessary to build up a hydrodynamic model of quantum turbulence, in
which the interactions between both fields can be studied and the role of inhomogeneities is
explicitly taken into account.
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Our aim in this review is to show hydrodynamical models for turbulent superfluids, both in
linear and in non linear regimes. To this purpose, in Section 4 we will choose as fundamental
fields the density p, the velocity v, the internal energy density E, in addition to the heat flux
q, and the averaged vortex line density L (Mongiovi & Jou, 2007), (Ardizzone & Gaeta, 2009).
We will write general balance equations for the basic variables and we will determine the
constitutive equations for the fluxes; the nonlinear relations which constrain the constitutive
quantities will be deduced from the second law of thermodynamics, using the Liu method of
Lagrange multipliers (Liu, 1972). The physical meaning of the Lagrange multipliers both near
and far from equilibrium will be also investigated. Under the hypothesis of homogeneity in
the vortex tangle, the propagation of second sound in counterflow is studied, with the aim to
determine the influence of the vortex tangle on the velocity and attenuation of this wave.

In this model the diffusion flux of vortices JE is considered as a dependent variable, collinear
with the heat flux q. But, in general, this feature is not strictly verified because the vortices
move with a velocity vy, which is not collinear with the counterflow velocity. For this
reason, a more detailed model of superfluid turbulence would be necessary, by choosing as
fundamental fields, in addition to the fields previously used, also the velocity of the vortex
line v;. In Section 5we aim to study the interaction between second sound and vortex density
wave, a model which choose as field variables, the internal energy density E, the line density
L, and the vortex line velocity v}, (Sciacca et al, 2008).

The paper is the first general review of the hydrodynamical models of superfluid turbulence
inferred using the procedures of E.T. Furthermore, the text is not exclusively a review of
already published results, but it contains some new interpretations and proposals which are
formulated in it for the first time.

2. The one-fluid model of liquid helium Il derived by extended thermodynamics

Extended Thermodynamics (E.T.) is a macroscopic theory of non-equilibrium processes,
which has been formulated in various ways in the last decades (Miiller & Ruggeri,
1998), (Jouetal., 2001), (Lebonetal.,, 2008). The main difference between the ordinary
thermodynamics and the E.T. is that the latter uses dissipative fluxes, besides the traditional
variables, as independent fields. As a consequence, the assumption of local equilibrium is
abandoned in such a theory. In the study of non equilibrium thermodynamic processes, an
extended approach is required when one is interested in sufficiently rapid phenomena, or
else when the relaxation times of the fluxes are long; in such cases, a constitutive description
of these fluxes in terms of the traditional field variables is impossible, so that they must be
treated as independent fields of the thermodynamic process.

From a macroscopic point of view, an extended approach to thermodynamics is required in
helium II because the relaxation time of heat flux is comparable with the evolution times of the
other variables; this is confirmed by the fact that the thermal conductivity of helium II cannot
be measured. As a consequence, this field cannot be expressed by means of a constitutive
equation as a dependent variable, but an evolution equation for it must be formulated.

From a microscopic point of view, E.T. offers a natural framework for the (macroscopic)
description of liquid helium II: indeed, as in low temperature crystals, using E.T., the
dynamics of the relative motion of the excitations is well described by the dynamics of the
heat flux.

The conceptual advantage of the one-fluid model is that, in fact, from the purely macroscopic
point of view one sees only a single fluid, rather than two physically different fluids. Indeed
the variables v and q used in E.T. are directly measurable, whereas the variables v, and v,

www.intechopen.com



236 Thermodynamics

are only indirectly measured, usually from the measurements of q and v. The internal degree
of freedom arising from the relative motion of the two fluids is here taken into account by the
heat flux, whose relaxation time is very long. However, the two-fluid model provides a very
appealing image of the microscopic helium behavior, and therefore is the most widely known.

2.1 Laminar flows

A non standard one-fluid model of liquid helium II deduced by E.T. was formulated in
(Mongiovi, 1991). The model chooses as fundamental fields the mass density p, the velocity
v, the absolute temperature T and the heat flux density q. Neglecting, at moment, dissipative
phenomena (mechanical and thermal), the linearized evolution equations for these fields are:

(p+pV-v=0,
pv+ Vp* =0,

©)
pé+V-q+pV-v=0,

q+IVT=0.

In these equations, the quantity € is the specific internal energy per unit mass, p the
thermostatic pressure, and { = Ay /7, being T the relaxation time of the heat flux and A4
the thermal conductivity. As it will be shown, coefficient { characterizes the second sound
velocity, and therefore it is a measurable quantity. Upper dot denotes the material time
derivative.

Equations (3) describe the propagation in liquid helium II of two waves, whose speeds w are
the solutions of the following characteristic equation:

<w2 - Vf) <w2 - V22> Wy Waul =0, )
where
Tpr
V2 =1p,, - & w, = PT w, = T 5
L= Pe 2 pcv ! % 2 pcv ©)

and with cy = de/dT the constant volume specific heat and pr = dp/dT and p, = dp/dp.
Neglecting thermal expansion (W; = 0, W, = 0) equation (4) admits the solutions wq , = £V}
and ws4 = £V, corresponding to the two sounds typical of helium II: w = £V} implies
vibration of only density and velocity; while w = £V, implies vibration of only temperature
and heat flux. This agrees with the experimental observations. The coefficient { can be
determined by the second equation in 5, once the expression of the second sound velocity
is known.

Finally, we observe that the Gibbs equation for helium II can be written as

p 1
Tds =de — “5dp — —=q -dq, 6
2% Lrrdad 6)

where s is the specific entropy.
2.2 The viscous pressure tensor

It is experimentally known that dissipative effects both of mechanical and thermal origin
are present in the propagation of the two sounds in liquid helium II, also in the absence of
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vortices. To take into account of these effects, a symmetric dissipative pressure tensor Pk
must be introduced:

[Plik = p<ik> + pv ik )
In (Mongiovi, 1993) for the two fields p;;~. and py, respectively deviator and trace of the
stress tensor, the following constitutive relations were determined:

=\ A %_f_ﬁ/"[)\% (8)
pV —\ Oax] Oaxj/
v dq<;
s = — . 9

In these equations Ay and A, are the bulk and the shear viscosity, while  and ' are coefficients
appearing in the general expression of the entropy flux in E.T. and take into account of the
dissipation of thermal origin.

Equations (8)—(9) contain, in addition to terms proportional to the gradient of velocity (the
classical viscous terms), terms depending on the gradient of the heat flux (which take into
account of the dissipation of thermal origin). The first terms in (8)—(9) allow us to explain the
attenuation of the first sound, the latter the attenuation of the second sound.

In the presence of dissipative phenomena, the field equations (3) are modified in:

(p+pV-v=0,

v+ Vp+  Vpy + 5 Vpeis =0,
(10)
T4+ 0y . vy Lv.q=0,

pcv ocy

q+¢VT —BT*¢Vpy + BT*(Vpji~ = 0.

The propagation of small amplitude waves was studied in (Mongiovi, 1993). Supposing zero
thermal expansion under the hypothesis of small dissipative losses (viscous and thermal)
approximation, one sees that in helium II two waves propagate (the first and the second
sound), whose velocities are identical to that found in the absence of dissipation, and the
attenuation coefficients are found to be:

& 4 w?T3¢ 4
K= ¢ (/\ —A), K2 — (/\ 24 2 2). 11
s 20073 0+3 2 5 23 0B +3 2B (11)

2.3 Comparison with the two-fluid model

Comparing these results with the results of the two-fluid model (Mongiovi, 1993), we observe
that the expression of the attenuation coefficient kgl) of the first sound is identical to the
one inferred by Landau and Khalatnikov, using the two-fluid model (Khalatnikov, 1965).
The attenuation coefficient of the second sound appears different from the one obtained in
(Khalatnikov, 1965). However, it contains a term proportional to the square of the frequency
w, in agreement with the experimental results.

The main difference between the results of the one-fluid theory and the two-fluid model is
that, while in the latter the thermal dissipation (needed to explain the attenuation of the
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second sound) is due to a dissipative term of a Fourier type, in the extended model it is a
consequence of terms dependent on the gradient of the heat flux q; (which are present in the
expressions of the trace and the deviator of non equilibrium stress, besides the traditional
viscous terms).

3. Vortices in liquid helium Il

From the historical and conceptual perspectives, the first observations of the peculiar aspects
of rotation in superfluids arose in the late 1950’s, when it was realized that vorticity may
appear inside superfluids and that it is quantized, its quantum x being x = h/my, with h
the Planck constant and 14 the mass of the particles. According to the two-fluid model of
Tisza and Landau (Tisza, 1938), (Landau, 1941), the superfluid component cannot participate
to a rigid rotation, owing to its irrotationality. Consequently, owing to the temperature
dependence of the normal component fraction, different forms of the liquid free surface
should be observed at different temperatures. In order to check this prediction, Osborne
(Osborne, 1950) put in rotation a cylindrical vessel containing helium II, but no dependence
of the form of the free surface of temperature was observed. Feynman (Feynman, 1955) gave
an explanation of the rigid rotation of helium II without renouncing to the hypothesis of the
irrotationality of the velocity of the superfluid. Following the suggestion of the quantization of
circulation by Onsager (Onsager, 1949), he supposed that the superfluid component, although
irrotational at the microscopic level, creates quantized vortices at an intermediate level; these
vortices yield a non-zero value for the curl of the macroscopic velocity of the superfluid
component.

Another interesting experiment was performed by Hall and Vinen (Hall & Vinen,, 1956),
(Hall & Vinen,, 1956) about propagation of second sound in rotating systems. A resonant
cavity is placed inside a vessel containing He II, and the whole setting rotates at constant
angular velocity (3. When the second sound propagates at right angles with respect to the
rotation axis, it suffers an extra attenuation compared to a non-rotating vessel of an amount
proportional to the angular velocity. On the other hand, a negligible attenuation of the second
sound is found when the direction of propagation is parallel to the axis of rotation. The large
increase of the attenuation observed by Hall and Vinen when the liquid is rotated can be
explained by the mutual friction, which finds its origin in the interaction between the flow
of excitations (phonons and rotons) and the array of straight quantized vortex filaments in
helium II. Indeed, such vortices have been directly observed and quantitatively studied.

In fact, vortices are always characterized by the same quantum of vorticity, in such a way that
for higher rotation rates the total length of the vortices increases. The vortices are seen to form
a regular array of almost parallel lines. This has strong similarities with electrical current
vortex lines appearing in superconductors submitted to a high enough external magnetic
field. In fact, this analogy has fostered the interest in vortices in superfluids, which allow
one to get a better understanding of the practically relevant vortices in superconductors
(Fazio & van der Zant, 2001).

The situation we have just mentioned would scarcely be recognized as “turbulence”, because
its highly ordered character seems very far from the geometrical complexities of usual
turbulence. In fact, it only shares with it the relevance of vorticity, but it is useful to refer
to it, as it provides a specially clear understanding of the quantization of vorticity.

The interest in truly turbulent situations was aroused in the 1960’s in counterflow experiments
(Vinen, 1957), (Vinen, 1958). In these experiments a random array of vortex filaments appears,
which produces a damping force: the mutual friction force. The measurements of vortex
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lines are described as giving a macroscopic average of the vortex line density L. There
are essentially two methods to measure L in superfluid He: observations of temperature
gradients in the channel and of changes in the attenuation of the second-sound waves
(Donnelly, 1991), (Barenghi et al., 2001).

In the present section, our attention is focused on the study of the action of vortices on second
sound propagation in liquid helium II. This will be achieved by using the one-fluid model of
liquid helium II derived in the framework of E.T., modified in order to take into account of
the presence of vortices.

3.1 The vorticity tensor
To take into account the dissipation due to vortices, a dissipative pressure tensor P, can be
introduced in equations (3) (Jou et al., 2002)

P=Px+ Py, (12)

where Pk designates the kinetic pressure tensor introduced in the previous section (equation
(7)). In contrast with Pg (a symmetric tensor), P, is in general nonsymmetric. The
decomposition (12) is analogous to the one performed in real gases and in polymer solutions,
where particle interaction or conformational contributions are respectively included as
additional terms in the pressure tensor (Jou et al., 2001).

As in the description of the one-fluid model of liquid helium II made in Section?2 (see
also (Mongiovi, 1991), (Mongiovi, 1993)), the relative motion of the excitations may still be
described by the dynamics of the heat flux, but now the presence of the vortices modifies the
evolution equation for heat flux. For the moment, we will restrict our attention to stationary
situations, in which the vortex filaments are supposed fixed, and we focus our attention on
their action on the second sound propagation. In other terms, in this section, we do not
assume that P, is itself governed by an evolution equation, but that it is given by a constitutive
relation. Furthermore, we neglect Px as compared to P, because the mutual friction effects
are much greater than bulk and shear forces acting inside the superfluid.

Let us now reformulate the evolution equation for the heat flux q. The experimental data
show that the extra attenuation due to the vortices is independent of the frequency. Therefore,
a rather natural generalization of the last equation in system (3) for the time evolution of the
heat flux q is the following:

q+20xq+IVT=-Py,-q. (13)

This relation is written in a noninertial system, rotating at uniform velocity ); the influence
of the vortices on the dynamics of the heat flux is modeled by the last term in the rh.s. of
(13). In this equation all the non linear terms have been neglected, with the exception of the
production term 77,1 = —P, - q, which takes into account the interaction between vortex lines
and heat flux.

To close the set of equations, we need a constitutive relation for the tensor P,,. The presence
of quantized vortices leads to a interaction force with the excitations in the superfluid known
as mutual friction. From a microscopic point of view, the major source of mutual friction
results from the collision of rotons with the cores of vortex lines: the quasiparticles scatter off
the vortex filaments and transfer momentum to them. The collision cross-section is clearly
a strong function of the direction of the roton drift velocity relative to the vortex line: it is a
maximum when the roton is travelling perpendicular to this line and a minimum (in fact zero)
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when the roton moves parallel to the line. The microscopic mechanism is the same in rotating
helium IT and in superfluid turbulence.
We are therefore led to take:

w=A<w><U—-8®s >4V <w><W-s >, (14)

where brackets denote (spatial and temporal) macroscopic averages. The unspecified
quantities introduced in (14) are the following: @ is the microscopic vorticity vector, w = |d|;
A=A(p,T) and A = A'(p, T) are coefficients relating the internal energy of the liquid to the
microscopic vorticity (Khalatnikov, 1965), s’ is a unit vector tangent to the vortices, U the unit
second order tensor and W the Ricci tensor, an antisymmetric third order tensor such that
W s’ - q = —s’ x q. Finally, the quantity < w > depends on the average vortex line length
per unit volume L. Neglecting the bulk and shear viscosity and under the hypothesis of small
thermal dilation (which in helium II are very small), the linearized system of field equations
for liquid helium II, in a non inertial frame and in absence of external force, is (Jou et al., 2002):

X av;

P%+§—£+i?+ZP(QAV)i=0/
(15)

ot

or | 1 9q; _
+ pcv dx; 0,

9, 5
\Ti+gg_£+2<QAq)i: (UQ)i:_(Pw"I)ir

where i’ + 20 (Q A v); stands for the inertial force.

In this section we consider the three most characteristic situations: the wave propagation in
a rotating frame, the wave propagation in a cylindrical tube in presence of stationary thermal
counterflow (no mass flux), and the wave propagation in the combined situation of rotation
and thermal counterflow.

3.2 Rotating frame
Rotating helium II is characterized by straight vortex filaments, parallel to the rotation
axis, when the angular velocity exceeds a critical value. The amount of these vortices is

proportional to the absolute value of the angular velocity () of the cylinder by the Feynman’s
rule: Lgr = 2|Q)|/«. Therefore

<w >=«kL=2[|Q)]. (16)

In this situation the averaged unit vector tangent to the vortices is < s’ >= Q/Q.

But, the state with all the vortex lines parallel to the rotation axis will not be reached, because
the vortex lines will always exhibit minuscule deviations with respect to the straight line, and
such deviations produce a mutual friction force parallel to the rotation axis. Indeed, in an
another experiment (Snyder & Putney, 1966) the component of the mutual friction along the
rotational axis was studied, and their result shows that this component is very small compared
with the orthogonal components but not exactly zero. In this subsection, in order to include
the axial component of the mutual friction force, the following more general expression for
vorticity tensor Py, is used:
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1 A A A A A
PR = Sxlp [(B—B") (U~ 000)+BW-Q+28"O0 00, (17)
where B and B’ are the Hall-Vinen coefficients (Hall & Vinen,, 1956) describing the orthogonal
dissipative and non dissipative contributions while B” is the friction coefficient along

the rotational axis. The production term in (15d) can be expressed as (Donnelly, 1991),
(Jou & Mongiovi, 2005), (Jou & Mongiovi, 2006):

— 1 A A A 3 A
R~ xlg [(B —BMAA (Q A q) +BAOAq-2B"QAx0- OA} : (18)

Assuming the rotation axis as first axis, the vorticity tensor (17) can be written as:

1 2b 0 0 0 0 O
P, = EBKL 0 1-0» 0 +10 0 ¢ . (19)
0 0 1-b 0 —c 0

where we have put b = B”/B and ¢ = B’/B. Comparing (19) with (14): if B” = 0 then
B=2A, B =2\, < (sf,)*> >=1and < (s},)? >=< (s,,)* >= 0; if B” # 0 then the previous
identification is not possible but it results < (s}, )2 >=1—2B"/Band < (s},)? >=< (s},)? >=
2B" /B.

3.2.1 Wave propagation in a rotating frame

In the following we assume that () is small, so that the term ip in (15b) can be neglected.
Substituting the expression (18) into the system (15) and choosing Q = (0,0,0), the system
assumes the following form:

(0 99 _
90 4 9 4 2000, Wyj; =0
Pt T o T APV =Y
(20)
T | 1 99; _
94,
\ FATE A+ (20 - %B’KLR> qiWji = kLR [(B — B") (—q; + q161) — 2B"9151],
where J;; is the unit tensor and Wy;; the Ricci tensor.
It is easily observed that a stationary solution of this system is:
© = Po, VZOI T:TOI qZO (21)

In order to study the propagation of plane harmonic waves of small amplitude (Whitham,
1974), we linearize system (20) in terms of the fieldsI' = (p,v;, T, 4;), and we look for solutions
of the form:

I-v — rO + fei(Kﬂ/Xj—wt), (22)
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where Ty = (00,0, Tp,0) denotes the unperturbed state, I' = (§,9;,T,§;) are small amplitudes
whose products can be neglected, K = k; + iks is the wavenumber, w = w; + iws the frequency
and n = (n;) the unit vector orthogonal to the wave front. For the sake of simplicity, the
subscript 0, which denotes quantities referring to the unperturbed state I'y, will be dropped
out.

First case: n parallel to Q).

Assuming that the unit vector n orthogonal to the wave front is parallel to the rotating axis
(x1 —axis), it follows that longitudinal and transversal modes evolve independently. The study
of the longitudinal modes (g, 1, T and ;) furnishes the existence of two waves: the first sound
(or pressure wave) in which density and velocity vibrate with velocity V; := wk—lf = /Pp W
real), and the second sound (or temperature wave) in which temperature and heat flux vibrate
with velocity

2 12,12 "
B""“xL B"xL
w2:<£> :VZZ— 55 FoR > and k5=7w KQR, (23)

k, 4V5ks + B”2KLR 2V3
where V22 = chV is the velocity of the second sound in the absence of vortices and k; is the
attenuation. The longitudinal modes are

4ViKs

a)llz = :l:krV1 (U3,4 = :l:\/4V22k%+ZB”2KL%

p=1 p=0

¥ = :I:%lp ¥ =0

~0 =0 T= Toy

s N AVEKS

1 =0 1 = EpevToy | quraipm ¥

Therefore, as observed in (Snyder & Putney, 1966), when the wave is propagated parallel to
the rotation axis, the longitudinal modes are influenced by the rotation only through the axial
component of the mutual friction (B” coefficient).

On the contrary, the transversal modes (@, 73, §» and §3) are influenced by the rotation. In
fact, the ones of velocity v admit nontrivial solutions if and only if ws ¢ = £2|Q)|, while the
ones related to q require the following dispersion relation:

1 .
w78 =+(20 — SKkLgB') — %KLR(B —B"). (24)

These transversal modes are influenced from both dissipative and nondissipative
contributions B, B’ and B” in the interaction between quasi-particles and vortex lines
(Peruzza & Sciacca, 2007).

Second case: n orthogonal to .

In the case in which the direction of propagation of the waves (for instance along x;) is
orthogonal to the rotation axis (along x7), the longitudinal and transversal modes do not
evolve independently. The first sound is coupled with one of the two transversal modes in
which velocity vibrates, whereas fields v1, T and g do not vibrate.
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‘ wp =0 ‘ wo 3~ £KV; +0(Q?) ‘
p=y pP=v
5=0 7=y
. .KV2 . j
03 =iy, 03:—2;—1(21/1

Second sound is coupled with a transversal mode in which T, g, and g3 vibrate. Neglecting
the second-order terms in (), the dispersion relation becomes:

<—w — %KLR(B A B”)) {—w <—w + éxLR(B £ B”)) — KZVZZ} = 0.

(25)

For w € i and K = k; + iks complex, one gets the solution w4 = 0, which represents a stationary
mode; and two solutions which furnish the following phase velocity and attenuation
coefficient of the temperature wave (approximated with respect to (B — B )xLr /w):

(B _ B”)zKZL%{ (B _ B”)4K4L%
w~+V, (1 — 7 +0 — , (26)
B — B")xL B — B")33L3
ks:(4v2>R+o<( w; R 27)

The corresponding modes are p = §; = 07 = 0y = 03 =0 and

B*B” 2K2L2 B*BN 3K3L3
w4—0 a)5’6:j:krV2 (1—%) —f—O(%)
= i(20—1xLgB’) =
T'=- z;ZK y | T=Toyp
_ ~ To@ (B_B//)ZKZLZ
72=0 p= 1 (1-
. B_B/"2212,
) ) 1(20—%KLRB’)TO§(1—7( . R)
q3 - 110 q3 = [ (B*B”)ZKZLZ X 1 lp
Vo |k, Vo[ 1— o) R —é(B—B”)KLR

We note that in the mode of frequency w4 = 0, only the transversal component of the heat flux

is involved.

For w = wy + iws complex and K € R, the first solution of the dispersion relation (25)

becomes wy = —5

(B — B")xLg. This first mode corresponds to an extremely slow relaxation

phenomenon involving the temperature and the transversal component of the heat flux

| wy=—4(B—B")xLg |
p=01 =0y =0, =3 =0
= i(20—3xLg B’

T=— g21< R P
G2=0

J3=19¢

which, when () — 0, converges to a stationary mode.
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3.3 Counterflow in a cylindrical tube
Here we apply the model proposed in Section 2 to study the superfluid turbulence, in a
cylindrical channel filled with helium II and submitted to a longitudinal stationary heat flux;
for simplicity we suppose that the vortex distribution is described as an isotropic tangle. This
allows us to suppose that the microscopic vorticity @& (hence the unit vector s’) is isotropically
distributed, so that

<U-s®s >= %U. (28)
while < w > depends on the average vortex line length L per unit volume, through the simple
proportionality law < w >=«xL and A = B/2, AM=0. As a consequence, the pressure tensor
(14) takes the simplified form

2
Po=AxLZU = o) = —KqLq, (29)

where K| = %KB.

3.3.1 Wave propagation in presence of thermal counterflow

Consider a cylindrical channel filled with helium II, submitted to a longitudinal heat
flux qp, exceeding the critical value q.,. We refer now to the experimental device
(Donnelly & Swanson, 1986), (Donnelly, 1991) in which second sound is excited transversally
with respect to the channel. In this case, the heat flux q can be written as q = qo + q’, with
q’ the contribution to the heat flux, orthogonal to qq, due to the temperature wave. Suppose
that the longitudinal heat flux qg down the channel is much greater than the perturbation q'.
Under these hypotheses, neglecting second order terms in q’, the production term is linear in
the perturbation q'.

To study the second sound attenuation in the experiment described above, we use simplified
field equations, where all the nonlinear contributions are neglected. Under the above
hypotheses, omitting also the thermal dilation, the linearized set of field equations read as

(% 4 90 _
W—i—pa—xj—o,

Jv; dip _
03¢ + o, =0,

(30)
oT | 1 94; _
99
\ 871 + gg—;: = _%KBLqi'
A stationary solution of the system (30) is (Jou et al., 2002):
) kBL
p=po, v=0, T=T(x1)=Tp— 37 0% 4= o 31)

where x; is the direction of the heat flux q = q. In order to study the propagation of harmonic
plane waves in the channel, we look for solutions of the system (30) of the form (22) with
T'o = (p0,0,T(x1),q0)- The longitudinal modes are obtained projecting the vectorial equations
for the small amplitudes of velocity and heat flux on the direction orthogonal to the wave
front. It is observed that the first sound is not influenced by the thermal counterflow, while
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the velocity and the attenuation of the second sound are influenced by the presence of the
vortex tangle. The results are (Peruzza & Sciacca, 2007):

w12 = £/Pp,
with p, standing for dp/dp and:

-1
k2v2 V2 1
w3y =1V, (1 + ;22 ) ~ 4V, (1 4 kgﬁ , ks =¢xBLuw. (32)

The transversal modes are obtained projecting the vectorial equations for the small amplitudes
of velocity and heat flux on the wave front. The solutions of this equation are: ws = 0 and
we = 5xkBL. The mode ws = 0 is a stationary mode.

3.4 Combined situation of rotating counterflow

The combined situation of rotation and heat flux, is a relatively new area of research
(Jou & Mongiovi, 2004), (Mongiovi & Jou, 2005), (Tsubota et al., 2004). The first motivation
of this interest is that from the experimental observations one deduces that the two effects are
not merely additive; in particular, for q or Q) high, the measured values of L are always less
than Ly + Lg (Swanson et al., 1983).

Under the simultaneous influence of heat flux q and rotation speed (), rotation produces an
ordered array of vortex lines parallel to rotation axis, whereas counterflow velocity causes
a disordered tangle. In this way the total vortex line is given by the superposition of both
contributions so that the vortex tangle is anisotropic. Therefore, assuming that the rotation
is along the x; direction Q = (0,0,0) and isotropy in the transversal (x; — x3) plane, for the
vorticity tensor P, in combined situation of counterflow and rotation, the following explicit
expression is taken

B 2 B” A A B’ A B" . A
Po=kLs(1-DU+D|(1- =) (U-Qe0)+-W-0+2—-000, @9
2 3 B B B
where D is a parameter between 0 and 1 related to the anisotropy of vortex lines, describing
the relative weight of the array of vortex lines parallel to () and the disordered tangle of
counterflow (when D = 0 we recover an isotropic tangle — right hand side of Eq. (30d) —,
whereas when D = 1 the ordered array — Eq. (17)). Assuming b = %(1 —-D)+ DTB” and ¢ = Bl;D ,
the vorticity tensor (33) can be written as:

B 2b 0 0 0 0 O
P, = EKL 0 1-0p 0 +10 0 ¢ . (34)
0 0 1-b 0 — 0

Note that the isotropy in the x; — x3 plane may only be assumed when both ) and Vs are
directed along the x; axis. A more general situations was studied in (Jou & Mongiovi, 2006).

3.4.1 Wave propagation with simultaneous rotation and counterflow
Substituting the expression (34) into the linearized set of field equations (15), it becomes
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¢ dp 00v; o
Jv;
P57+ a” +20Q0jWyj; =0,

94
LG+ O 5 +2Q0;Waji = — FxL{2bg181; + [(1— b) g2+ cq3] 63i + [(1 — b) 43 — cq2] &3},
(35)
A stationary solution of this system is:

. BxL
p=po, v=0, q=q0=1(q0,0,0), T=T(x;) =Tp—2 27 b%511x1

In order to study the propagation of harmonic plane waves, we look for solutions of (35) of
the form (22), with Ty = (pp, 0, T(x;), qo)-

Now, we investigate two different cases: n parallel to Q) and n orthogonal to ); the latter is
the only case for which experimental data exist (Swanson et al., 1983).

First case: n parallel to Q).

Let x1 be the direction of the rotation axis and of the unit vector n orthogonal to the wave front.
In this case the longitudinal and transversal modes evolve independently. In particular, we

can observe that the first sound is not influenced by the presence of the vortex tangle kgl) =0
and T=0,q=0

| wllz = iker ‘
ﬁzlPV
01=,¢

whereas the second sound suffers an extra attenuation due to the vortex tangle. This is
confirmed by the approximate solutions of the dispersion relation

B2x21.2b2 B4x*L4p*
3,3731,3
kgz) - BxLb o B°x°L°b . (37)
2V2 8w?

where w is assumed real and K = k; + iks complex. When (2 = 0 and b = 1/3 the results of the
Section 3.3 are obtained again.

Now, we study the transversal modes, corresponding to ws ¢ = +2|Q)|; in this case g = T =
L71 ZQQZQCJ,:ZH =0and
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‘ CL)5,6 = i2|Q| ‘
3 =19
¥y = it

They correspond to extremely slow phenomena, which, when (3 — 0, tend to stationary
modes. Finally, the dispersion relation

wyg == (20 — ngc> — ngL (1-0) (38)

corresponds to the vibration of only these fields

wrg =+ (20— BrLe) —ibxL(1-b)

=19
Jo = *iy

From (36), (37) and (38) one may obtain the following quantities L, b and c:

[ Twsw A ViZks . VZks L Twrw 420w (39)
xwB/2 —wsw + V2ks' —wsw + VZks'

where we have put wy; = w; + iws.
The results of this section imply that measurement in a single direction are enough to give
information on all the variables describing the vortex tangle.
Second case: n orthogonal to ).
Now we assume that the direction of propagation of the waves is orthogonal to the rotation
axis (axis x1), i.e. for example, n = (0,1,0). In this case the longitudinal and the transversal
modes do not evolve independently. In particular, the first sound is coupled with one of the
two transversal modes in which velocity vibrates, while the second sound is coupled with a
transversal mode in which heat flux vibrates.
Fields p, 9, 03 have the same solutions and the same dispersion relation to the case of pure
rotation

—w [wz 40 - szp} —0. (40)

The dispersion relation of fields T, g2, 43 is instead:

2
(—w — i’)/gKL(l — b)> {w (—w — ngL(l — b)> + KZVf} +w (21‘0 — ngLc> =0. (41)
Assuming w € R and K = k, + iks and in the hypothesis of small dissipation (k? > k2), one

obtains: , )
2w- — V.
ke = ng(l—b) (wz> (42)
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5 1
(20— BxLc)?
" W24 (B/2)22L2(1-D)?

(43)

- 2 -
where A = — [(20 — g;ch) - BTzichZ(l —b)?| and B = —BTZKZLZ(l —b)2.

We can remark that the coefficients A and B are negative and that w? > V22 because w? + A <
w? — B and, in particular, w? = V3 for Q = %.

Now, studying the transversal modes, i.e. that ones corresponding to non zero ¢, and 41, we
obtain wy = 0, which corresponds to a stationary mode, and

wg = —iBkLb. (44)

Summarizing, also in this case measurements in a single direction are enough to given
information on all the variables describing the vortex tangle, namely L, b and ¢, from equations
(42), (43) and (44)

 4kswVE — ws (2w — VZ) w2 - VE)
B (2w? — V) Bk  dkswVE — ws (2w — V3)'

4

40207 — V3) — /(1= V3) (4K (2w? — V3)2 + 16K2V3)
dkswV3 — ws(2w? — V)

- , (45)

where we have put wg = iws and ws = —«xLbB.

In this subsection we have analyzed wave propagation in the combined situation of rotation
and counterflow with the direction n orthogonal to (). In (Swanson et al., 1983) authors
experimented the same situation, but they didn’t represent the attenuation neither the speed
of the second sound but only the vortex line density L as function of (2 and Vj;s. Therefore,
it is unknown how they plotted these graphics, which hypothesis they made and what the
anisotropy considered. Instead, the results of these two subsections allow to know the spatial
distribution of the vortex tangle simply by performing experiments on waves propagating
orthogonally to () (equations (39)) or parallelly to Q) (equations (45)).

From the physical point of view it is interesting to note that our detailed analysis in this
subsection shows that, in contrast to which one could intuitively expect, measurements in
a single direction are enough to give information on all the variables describing the vortex
tangle, namely L, b and ¢, for instance, from one of (36)-(37) and (38) or of (42)-(43) and (44).
This is not an immediate intuitive result.

3.5 Comparison with the two-fluid model
To compare the one-fluid model of liquid helium II in a non-inertial frame with the two-fluid
one, we recall that in (Mongiovi, 1991), (Mongiovi, 1993) it is shown that the linearized field

equations (3) can be identified with those of the two-fluid non dissipative model if we define

(= p& Ts?, (46)
On
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and we make the following change of variables:

q = pPsT5Vys, (47)
v=Ly Py, (48)
P P

where, we recall, v, and v are the mesoscopic velocities of the normal and superfluid
components and Vs = v, — vs is the counterflow velocity.

If we perform in the field equations (15) the change of variables (47-48), we check immediately
that the first three equations are identical to the ones of the two-fluid model for heliumII, even
in non-inertial frame (Peruzza & Sciacca, 2007). We concentrate therefore on the field equation
for the heat flux. To the first order approximation with respect to the relative velocity V;s and
the derivatives of the field variables, we obtain:

aVnS g 1 —
T+20 X Vyg = —— 4

where 7, stands for ff{f in rotation case, ?7,? in counterflow case and ?TL’;{R in rotating

counterflow. We multiply equation (49) by p,/p and add it to the balance equation (15 b).
Making use of the result vg = v — (p,/p) Vs, we find

ov; 1,
- PR 7y =0. (50)

In virtue of equation dy = (1/p)dp — sdT, which relates the chemical potential y =€ — Ts +
(p/p) to the equilibrium variables, the field equation for the superfluid velocity takes the form

VT—F:—)VP—FZQXVS—F‘O;

Jvs

1.
Ps 5, +ps Vi + 2050 X v g3 =0. (61)

Pn L
p Ts
Expression (51) is identical to the corresponding field equation for v, obtained in the two-fluid
model. Of course in the pure counterflow case (2 has to be set zero in (51). This result is a
confirmation of the results derived in the framework of the one-fluid model based on E.T..
In counterflow experiments, equation (51) can be written as:
ov E E 1

s 50 +psVu=F,  where  F = g%mzv,%svns (52)
and relation L = 9?V?2, has been used.
To interpret the experimental results on stationary helium flow through channels using
the two-fluid model, Gorter and Mellink (Gorter & Mellink, 1949) and Vinen (Vinen, 1957)
postulate the existence, in the field equation for the superfluid component, of a dissipative
term proportional to the cube of the relative velocity V;:

GM z
F;gs ) = PsPnAV;%sVns/ (53)

A being a temperature dependent coefficient. It is interesting to note that, setting A =
xkBy?*/(3p) in (52b), and using (47), the results of the present work are in full agreement with
those of Gorter and Mellink.
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4. Hydrodynamical model of inhomogeneous superfluid turbulence

In Section 3 a first model of superfluid turbulence was presented, where the vortices were
modeled through the pressure tensor P, for which a constitutive relation was written.
Experiments (Vinen, 2000), (Vinen & Niemela, 2002), show the formation of a new type of
superfluid turbulence, which has some analogies with classical one, as for instance using
towed or oscillating grids, or stirring liquid helium by means of propellers. In this situation
(named co-flow) both components, normal and superfluid, flow along the same direction. To
describe these experiments it is necessary to build up a hydrodynamic model of quantum
turbulence, in which the interactions between both fields can be studied and the role of
inhomogeneities is explicitly taken into account (Mongiovi & Jou, 2007), (Ardizzone & Gaeta,
2009).

In a more complete hydrodynamic model of superfluid turbulence the line density L acquires
field properties: it depends on the coordinates, it has a drift velocity v;, and it has associated
a diffusion flux. These features are becoming increasingly relevant, as the local vortex
density may be measured with higher precision, and the relative motion of vortices is
observed and simulated. Thus it is important to describe situations going beyond the usual
description of the vortex line density averaged over the volume. Our aim, in this Section, is
to formulate a hydrodynamical framework sufficiently general to encompass vortex diffusion
and to describe the interactions between the second sound waves and the vortices, instead of
considering the latter as a rigid framework where such waves are simply dissipated. This is
important because second sound provides the standard method of measuring the vortex line
density L, and the mentioned dynamical mutual interplay between second sound and vortex
lines may modify the standard results.

4.1 The line density and Vinen’s equation

The most well known equation in the field of superfluid turbulence is Vinen’s equation (Vinen,
1958), which describes the evolution of L, the total length of vortex lines per unit volume, in
counterflow situations characterized by a heat flux q. Vinen suggested that in homogeneous
counterflow turbulence there is a balance between generation and decay processes, which
leads to a steady state of quantum turbulence in the form of a self-maintained vortex tangle.
The Vinen’s equation (2), written in terms of the variable g, is:

dL
o = ug|q|L3/% — B,L2, (54)
with ay = aypssT and B, = xBy.

Vinen considered homogeneous superfluid turbulence and assumed that the time derivative
dL/dt is composed of two terms:
dL { dL ] [ dL }
e R (55)
dat dt | ¢ at |,

the first is responsible for the growth of L, the second for its decay. Vinen assumes that the
production term [dL/dt] f depends linearly on the instantaneous value of L and the force f

between the vortex line and the normal component, which is linked to the modulus |g| of the
heat flux, and he obtained:

dL
[dt} = wyk Vs L3/ = aqlq\L3/2. (56)
f
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The form of the term responsible for the vortex decay was determined assuming Feynman’s
model of vortex breakup, analogous to Kolmogorov’s cascade in classical turbulence
dL

thus obtaining equation (54). A microscopic derivation of this equation was made by Schwarz
(Schwarz, 1988).

The stationary solutions of this equation are L = 0 and L!/2 = (aq/Bq)|q|. The non-zero
solution is proportional to the square of the heat flux and describes well the full developed
turbulence.

4.2 Derivation of the hydrodynamical model

The starting point here is to formulate a theory for a turbulent superfluid, which uses the
averaged vortex line density L in addition to the fields p, v, E and q, used in Sections 2and 3.
Because we want to formulate a general nonlinear theory, we will suppose that the dynamics
of the excitations is described by a vector field m;, which must be considered as an internal
variable, linked to the heat flux g; through a constitutive relation, but not identical to it.

We consider for the fields p, v, E and m and L the following balance equations written in terms
of the non-convective terms (Ardizzone & Gaeta, 2009):

( a‘Uk .

p—l_paxk
Pvz+ azk —
E+EJ% + g 4 2 20—, (58)

axk

ovr | 9"k _ _m
1 +m18xk+ Bxkl =0

I

axk axk

where ]1?]. is the stress tensor, ]Z? the flux of the field m;, and ]Z-L the flux of vortex lines; Ul-m and

ol are terms describing the net production of the field m; characterizing the dynamics of the

excitations and the production of vortices. Dot denotes the material time derivative.

Since in the system (58) there are more unknowns than equations it is necessary to complete
it by adding constitutive equations, relating the variables m;, [ e and ]L to the independent
fields p, E, q; and L. As a consequence of the material ob]ect1v1ty pr1nc1ple the constitutive
equations can be expressed in the form:

=a(p,E, 4% L)g;,
v =p(0,E,.q% L)oy + alp,E,q% L) <ifk>,
59)
"= B(p,E,q%, L)6ik +v(0, E, 4%, L) <iffk>,

JF =v(p,E,4% L)g;.
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where «, B, a, p, 7y, v are scalar functions, J; is the Kronecker symbol and gk~ = qiqx —
%qzéik is the deviatoric part of the diadic product g;4;.

4.2.1 Restrictions imposed by the entropy principle

Further restrictions on these constitutive relations are deduced from the second law of
thermodynamics. Accordingly, there exists a convex function S = S(p, E,qz,L), the entropy
per unit volume, and a vector function J? = ¢(p, E, %, L)qy, the entropy flux density, such that

the rate of production of entropy ¢ is non-negative

avk 8] ]f
o, + o > 0. (60)
Note that this inequality does not hold for any value of the fundamental variables, but only for
the thermodynamic processes, i.e. only for those values which are solution of the system (58).
This means that we can consider the equations (58) as constraints for the entropy inequality
to hold. A way to take these constraints into account was proposed by Liu (Liu, 1972): he
showed that the entropy inequality becomes totally arbitrary provided that we complement
it by the evolution equations for the fields p, v;, E, m; and L affected by Lagrange multipliers:
Ap = Np(p,E,q% L), A? = Ao(p,E,q%, L)gi, Ap = Ap(p,E,q% L), AT = A(p,E, ¢ L)g;, AL =
Ar(p,E,q% L). One obtains the following inequality, which is satisfied for arbitrary values of
the field variables:

°=5+S

R ) L ., 19
9% . Tk A Tk A? g4 = ik
S+Saxk+axk p[erpaxk] ’ [UﬂLpaxk}

o Oqg » 90;
Eaxk 8xk * ikaxk

al)k o
_ m ) YK ik  _m
A [mZerl oxg  oxg ! }
dop Ay
— Ap|L+L=—% > 0. 1
L|LHlg e >0 (61)

Imposing that the coefficients of the time derivatives of p, v;, E, g; and L vanish, one gets:
Ay =0and

ds = Apdp + ApdE + ApdL + A:n dm;, (62)

Imposing that the coefficients of space derivatives of p, E, g; and L vanish, one finds:

dJd = A"d]™ + ArdJE + Apdgy. (63)

From these relations in (Ardizzone et al., 2009) we have found:

Ay =0, a=0, (64)
dS = Apdp + ApdE + Aqid(aq;) + ArdL, (65)
S—pAp — Ap(E+p) — Aag? — ALL =0, (66)
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dp = A (dﬁ + é’ydqz + §q2d7> + Apdv, (67)
¢ =Ag+ )qu + Apv. (68)

We note that all the relations (65)-(68) are exact, because no approximation has been used for
their determination and maintain their validity also far from equilibrium.
It remains the following residual inequality for the entropy production:

o® = Ao + Aol > 0. (69)

Introducing the specific internal energy € = E/p, substituting the constitutive equations (59)
in system (58) and the restriction a = 0, the following system of field equations is obtained:

(p+pg =0
0Y; + BP =0,
pé + §Z§ +p5e =0, (70)
Mlz + g o az’] [ﬁ5ik+é';j<i4k>] — oM,
R

Observe that in these equations there are the unknown quantities «, p, €, B, v and v, which are
not independent, because they must satisfy relations (65)-(68), and the productions 7" and ol
which must satisfy inequality (69).

In (Ardizzone et al., 2009) it is shown that, using a Legendre transformation, the constitutive
theory is determined by the choice of only two scalar functions S’ and ¢’ of the intrinsic
Lagrange multipliers, defined as:

S'= =S+ Npp+ AgE+ A L+ A'm;, (71)
= Al = —J7 + Apqe+ ALJE+ AT, (72)

Furthermore, if one chooses as state variables the fields

1 . ~ -
Ap = Ap + ZAEU Av = AEvi/ Ami = Am,'/ AE = AE/ AL = AL/ (73)

the system of field equation (58) assumes the form of a symmetric hyperbolic system and,
therefore, for it the Cauchy problem is well posed, i.e. the existence, uniqueness and
continuous dependence of its solutions by the initial data is assured.

4.2.2 Physical interpretation of the constitutive quantities and of the Lagrange multipliers

As shown, the use of the Lagrange multipliers as independent variables results very useful
from a mathematical point of view. In order to single out the physical meaning of the
constitutive quantities and of the Lagrange multipliers, we analyze now in detail the relations
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obtained in the previous section. First we will determine the equilibrium values for these
multipliers. Denoting with Y any of the scalar quantities «, i, ¢, p, B, v, v, Ap, Ag, A, A and
making the position

Yo(e,E,q% L) =Yo(p,E,L) +O(q%), (74)
the following relations are obtained:

dSy = Afdp + AEdE + AbdL,

So — pAfy — AE(E+ po) — AFL =0,
(75)
dpo = ModBo + Afdvy,

(PO = Ag + A(% o.
Introduce now a ”“generalized temperature” as the reciprocal of the first-order part of the
Lagrange multiplier of the energy

S 1
AL = {—0] == (76)
0 OF |,p T

and observe that, in the laminar regime (when L = 0), A§ reduces to the absolute temperature
of thermostatics. In the presence of a vortex tangle the quantity (76) depends also on the line
density L. Writing equations (75a) and (75b) as

dE = TdSy — TAfdp — TAGdL, (77)
E LTAL
_raf=Lor0 A 79)
P P P
and defining the quantity —Ag /AE = —TAS as the “mass chemical potential” in turbulent
superfluid
9So
—TAP =T [—} = ub, (79)
0 9 |Er ¢
and the quantity —Aé / Ag = —TA[% as the ”chemical potential of vortex lines”, which is
denoted with ),
S
_mAL_ _ 7920 _ L

one can write equations (77) and (78) in the following form:

1 1 1
= —dE — —uPdp — —ukdL 1
dSy Td Tyodp Tptod , (81)
PG + Lug = E — Thy + po. (82)
Indeed, in absence of vortices (L = 0) equation (77) is just Gibbs equation of thermostatics and
the quantity (79) is the equilibrium chemical potential. The presence of vortices modifies the
energy density E, and introduce a new chemical potential.
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Consider now the consequences of equations (75¢) and (75d) which concern the expressions
of the fluxes. Using definitions (76) and (80), we get:

L
/\Odﬁozd(%) —vod (”%) (83)

From this equation, recalling that in (Mongiovi & Jou, 2007) it has shown that uf depends
only on T and L, one obtains dfy/dp = 0 and

B _ 29 (Mg PBo _ v g
oT 1+V0T8T<T / oL 0T TTa, oL (84)

In (Mongiovi & Jou, 2007) it was shown also that it results Ay <0, (o >0, vgp < 0and xo < 0.

Co =

T T2)g

4.2.3 The constitutive relations far from equilibrium

Finally, we analyze the complete mathematical expressions far from equilibrium of the
constitutive functions and of the Lagrange multipliers.

Non-equilibrium temperature. First, we introduce the following quantity:

1
Ae(o,E Lg%)
which, near equilibrium (L = 0, g; = 0) can be identified with the local equilibrium
absolute temperature. In agreement with (Jou et al., 2001), we will call & “non-equilibrium
temperature”, a topic which is receiving much attention in current non-equilibrium
Thermodynamics (Casas-Vazquez & Jou, 2003).
Using this quantity, the scalar potential S’ is expressed as:

0 (85)

r__P
§=-5. (86)

Non-equilibrium Chemical Potentials. As we have seen, at equilibrium the quantities —A,/Af
and —Ap/Af can be interpreted as the equilibrium mass chemical potential and the
equilibrium vortex line density chemical potential. Therefore, we define as non-equilibrium
chemical potentials the quantities:

Ho=—-— and UL = ——. (87)

Generalized Gibbs equation.  Using equations (65) and (66) and defining s = S/p the
non-equilibrium specific entropy, one obtains

0d(ps) = dE — ppdp — prdL + 0Aq;d(ag;), (88)
L p, 0 -
+ —pup=€—0s+ "~ + —aAg”-. (89)
Ho 0 KL 0 o q
One gets also:
dp = pdyp + Lduy, + psdf — ag;d(6Aq;). (90)

For the interested reader, in (Ardizzone & Gaeta, 2009), the complete constitutive theory can
be found.
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Non-equilibrium Entropy Flux. The theory developed here furnishes also the complete
non-equilibrium expression of the entropy flux ],f . Remembering relation (68), we can write:

1 1
P = (5 +VAL+ Mff) 7i=73 (qi —ulf + 977&612511-) : (1)

This equation shows that, in a nonlinear theory of Superfluid Turbulence, the entropy flux is
different from the product of the reciprocal non-equilibrium temperature and the heat flux,
but it contains additional terms depending on the flux of heat flux and on the flux of line
density.

4.3 Linearized field equations

Now we will apply the general set of equations derived to the analysis of two specific
situations: vortex diffusion and wave propagation. First of all, we note that, substituting in
(70) the constitutive expressions obtained in Subsection 4.2.2, and neglecting nonlinear terms
in the fluxes, the following system is obtained (Mongiovi & Jou, 2007):

p+pV-v=0,
pv+ Vpy=0,
pe+V - q+ poV v =0, (92)

q+¢VT+ xoVL =01,

L+LV-v+V-(q) =0k,

with {y and x( defined by (84) and satisfying (vp/xo) = —(T/\gL /€v).
The total pressure of the turbulent superfluid has the form (Mongiovi & Jou, 2007):

Po = p* + €VL/ (93)

p* being the pressure of the bulk superfluid and ey L the contribution of the tangle, with ey
the energy per unit length of the vortices (Donnelly, 1991).
For the production terms ¢4 and o, we will take

09 =—K;Lq ot = —BoL% + ag|q|L%?, (94)

where K; = %KB. In this approximation, the unknown coefficients, which must be determined
from experimental data, are the specific energy e, the pressure pp, and the three coefficients
Co, Xo and vp, which are functions only of T and L. Here, we will focus a special attention on
the coefficients xo and vy, which are the new ones appearing in the present formulation, as
compared with the formulation presented in (58).

4.3.1 The drift velocity of the tangle
As observed, in a hydrodynamical model of turbulent superfluids, the line density L acquires
field properties and its rate of change must obey a balance equation of the general form:

oL

5TV (Lvt) = ot (95)
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with vt the drift velocity of the tangle. If we now observe that the last equation of system (92)
can be written:

oL
= + V- (Lv+oq) =ol, (96)

we conclude that the drift velocity of the tangle, with respect to the container, is given by

vi=v+ V—Loq. (97)

Note that the velocity v does not coincide with the microscopic velocity of the vortex line
element, but represents an averaged macroscopic velocity of this quantity. It is to make
attention to the fact that often in the literature the microscopic velocity $§ is denoted with
A\

Observing that in counterflow experiments (v = 0) results vl = 19q/L, and recalling that
measurements (in developed superfluid turbulence) show that the vortex tangle drifts as a
whole toward the heater, we conclude that vy < 0. The measurement of the drift velocity vl
of the vortex tangle, together with the measurement of q and L, would allow one to obtain
quantitative values for the coefficient 1. In the following section we will propose a way to
measure the coefficient x too.

Another possibility is to interpret vgq = J* as the diffusion flux of vortices, which since vy <0,
would be opposite to the direction of q. Note that, in this model, if q = 0, J* is also zero.

4.3.2 Vortex diffusion

An interesting physical consequence from the generalized equations (92) is the description of
vortex diffusion. A diffusion equation for the vortex line density was proposed for the first
time by van Beelen et al. (van Beelen et al., 1988), in an analysis of vorticity in capillary flow
of superfluid helium, in situations with a step change in L arising when the tube is divided
in a region with laminar flow and another one with turbulent flow. Assume, for the sake
of simplicity, that T = constant and that q varies very slowly, in such a way that § may be
neglected. We find from (92d) and (94a) that

X0
=—-"—VL.
9= "},L \ (98)
Introducing this expression in equation (92e), we find:
dL VX0 VLY | _ 2 3/2
dt+LV \4 K \Y <L>—0' = —PBgL” +a4qL"’ 7, (99)
where g denotes the modulus of (98). Equation (99) can be written (if VL # 0)
AL | g .y YoXoap o (VX0 ()2 gL, (100)
dt KiL KiL2

Then, we have for L a reaction-diffusion equation, which generalizes the usual Vinen’s
equation (54) to inhomogeneous situations. The diffusivity coefficient is (Mongiovi & Jou,
2007)

Since Ky > 0, it turns out that Dy;¢r > 0, as it is expected. Thus, the vortices will diffuse from
regions of higher L to those of lower L. Note that Dy; s must have dimensions (len gth)?/time,

www.intechopen.com



258 Thermodynamics

the same dimensions as . Then, a dimensional ansatz could be Dy;sr o . Indeed, Tsubota et
al. (Tsubota et al., 2003b) have studied numerically the spatial vortex diffusion in a localized
initial tangle allowed to diffuse freely, and they found for Dy;¢s at very low temperatures
(when there is practically no normal fluid), a value Dy;s¢ ~ (0.1 & 0.05)x.

If v vanishes, or if its divergence vanishes, equation (99), neglecting also the term in (VL)z,
yields

L =—B4L% + agqL3'* 4 DyiffAL. (102)

Equation (102) indicates two temporal scales for the evolution of L: one of them is due to the
production-destruction term (7y,,) and another one to the diffusion

X2
Difr’
where X is the size of the system. For large values of L, Tj,,, will be much shorter and the
production-destruction dynamics will dominate over diffusion; for small L, instead, diffusion
processes may be dominant. This may be also understood from a microscopic perspective
because the mean free path of vortex motion is of the order of intervortex spacing, of the
order of L=1/2, and therefore it increases for low values of L.

A more general situation for the vortex diffusion flux is to keep the temperature gradient in
(92d). In this more general case, q is not more parallel to VL but results

Tdecay R [511L - aqul/Z]—ll Tdiff ~ (103)

X0 Co
=Ny 2 yr 104
=gVl Vh (104)
in which case, it is:
L_ _ o

J =1Vq = _DdiffVL — Ddiff%v,r' (105)

Thus, if VL =0, (105) will yield
Q= AV, (106)

with an effective thermal conductivity A.¢f = %{fo > (0. As in the case of the diffusion
coefficient Dy;¢r, Aoy is expected to be positive. Note that A,¢¢ > 0 implies again xovp > 0.
The second term in (105) plays a role analogous to thermal diffusion — or Soret effect — in

usual diffusion of particles. In this case, equation (99) modifies as

dL VoXo 1/OCO I
+ LYV -v— ——=AL — —2—AT=0". 107
dt KiL KqL ( )

This kind of situations have not been studied enough in the context of vortex tangles, but they
would arise in a natural way when trying to understand the behavior of quantum turbulence
in the presence of a temperature gradient.

Expression (105) yields a coupling between the heat flux and an inhomogeneity in L; in other
terms, it means that a heat flux may influence the vortex line density. In view of (104), we
have

—xoVL=K{Lq+ {oVT. (108)
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From here, it follows that there should be a slight inhomogeneity in L in such a way that
VL points in the same direction as K1Lq + (oVT. It follows, in contrast with the standard
assumption that the vortex line density is longitudinally homogeneous in counterflow
experiments, that the vortex tangle would be slightly inhomogeneous. Thus, an experiment
suggested by our formalism would be to carefully measure the longitudinal profile of L along
the heat flux, to check whether there is a slight increase in L. Furthermore, equation (108)
would allow one to measure the coefficient x, in the linear approximation.

Since below (97) we have mentioned a way to measure vy, it turns out that the new coefficients
vp and o could be measured independently of each other.

4.3.3 Propagation of plane harmonic waves

Here, we will study wave propagation in counterflow vortex tangles, assuming that only
tields T, q and L are involved. The equations for these fields, expressing the energy in terms
of T and L, are simply:

pcyT+pe L+ V-q=0,
q+60VT+xoVL=—KLq, (109)

L+ V- (vq) = —BgL? +agqL?>.

where cy = de/dT is the specific heat at constant volume, €; = de/dL ~ ey.

These equations are enough for the discussion of the physical effects of the coupling of
second-sound and the distortion of the vortex tangle (represented by the inhomogeneities
in L), which must be taken into account in an analysis of the vortex tangle by means of second
sound. In fact, some of the previous hydrodynamical analyses of turbulent superfluids had
this problem as one of their main motivations (Tsubota et al., 2003a), (Tsubota et al., 2003b).
As we can easily see, a stationary solution of system (109) is:

"‘% 2 «  KiLogio
q=q0 = (410,0,0), L=Lo= ?[qm] , T=To(x)=T" - Txl' (110)
q

with q10 > 0.
To study the wave propagation in a neighborhood of this solution, we substitute ¢4 and ¢
with

09~ —Kq [Loq + qo(L — Lo)], (111)
3 L
ol o~ — 1241 — E“qfhoLl/z (L — Lo) + agL3*G0 - (4 — qo), (112)
obtaining:
pcvSF +peL 3+ V- q=0,
% 4 {oVT + xoVL = —K1 [Loq + qo(L — Lo)], (113)

L yyV.-q=— [zﬁqLO - %"‘q‘hoLl/z} (L Lo) + &Ly *q0 - (q — qo)-
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Consider the propagation of harmonic plane waves, seeking for solutions of equations (109)
of the form

T="T (X) + Tei(knxfwt), q=qo+ qei(kn-xfwt), L=Lg+ iei(knxfwt), (114)

where K = k; + iks is the complex wave number, w the real frequency and n the unit vector
in the direction of the wave propagation. Furthermore, we suppose that the oversigned
quantities denote small amplitudes, whose products can be neglected. Inserting (114) in the
linearized field equations (109), and making the positions:

3
Ni=KiLo, N»=2pgLo— 50qLy"*q10, N3=Kquo, Na=uagquol§’?,  (115)

we obtained in (Mongiovi & Jou, 2007), when the wave is collinear with the heat flux q, the
following dispersion relation:

w? =K? [sz(l — pervg) + 1/0)(()} +
. K%, . ’
—iw(Ny + Np) + Z;Vz Np —iK [(XO + Viper )Ny — VoNg} , (116)

while, when the wave is orthogonal with the heat flux q, we obtained

N3Ny

, K2
W = K [VE(1 = pevo) + o] + NNy — oMy + No) 17 VF (M= S0

) . (117)

We compare these results with the result obtained in Section 3 (see also (Jou et al., 2002)), where
we supposed L a fixed quantity, and the term vy was assumed to vanish, eliminating in this
way the effects of the oscillations of q on the vortex line density L of the tangle. Assuming
Vo = Np = Ny = 0 in (116) and (117), the same dispersion relation for the second sound is
obtained

w? = VK% — iwK Ly,. (118)

Comparison of (116) and (117) with (118) shows that the distortion of the vortex tangle
under the action of the heat wave, and its corresponding back reaction on the latter, implies
remarkable changes in the velocity and the attenuation of the second sound, the latter effect
depending on the relative direction between qg and n.

4.3.4 High-frequency waves
In the hypothesis of high-frequency waves, which means w > Nj, w > N; and |K| >

3/2
max (%, %) , the dispersion relation (n parallel or orthogonal to the initial heat flux)

is

w? = V22(1 — voper) + v2,, (119)
where w = w/k, is the speed of the wave, V7 = {y/pcy is the second sound speed in the
absence of vortices and

V% = Xovo (120)
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is the speed of the vortex density wave, which was found in (Jou et al., 2007).

If we try to read the relation (119) in terms of the second sound, we note that the vortex
vibrations modify this second sound speed through the two contributions —VZvgpeL and v,
the latter due to the presence of the vortex density waves and the former due to the reciprocal
existence of two waves. The correction for the speed of the second sound is not important,
because V, is of the order of 20 m/s near 1,7 K, whereas, for Ly = 10°cm 2, the speed of
vortex density waves would be of the order 0,25 cm/s, much lower than V; (Jou et al., 2007).

To obtain approximate solutions of equations (116) and (117), we assume that the quantities
N1, Np, N3 and Ny are coefficients small enough to assume them as perturbations of the
physical system. This is reasonable at high-frequencies, since we have assumed that w > Nj,
w > Np and |K| > max (%, Aq%fg/z

Therefore, let assume that the speed of the wave has the following expression

o=""—wis, (121)
&

for which substituting it in the equations (116) and (117), we obtain at the lowest order the
relation (119) for the speed w. From the next order follows that § = 0, that is the perturbations
due to the coefficients Ni, N, N3 and Ny do not modify the speed of the wave while they
modify the coefficients ks related to the attenuation in the form, which in the parallel case is

Ny (w? — V) + w (pe NyVZ + Niw + N3vp — Nyxo)

I _
ks = S . (122)
and in the orthogonal case is
Ny (w? — V) + Nyw?
g = Do V) N, (123)
2w
From a comparison between the two relations of ks, (122) and (123), one may note that
VZ —x0) Ny + N;

= gt 4 (PeV2 = Xo) Na Noo, (124)

2w?

Anyway, the modification of the attenuation coefficients, due to N;, will be small because w? —
V22 is small and the coefficients N; are also small in the considered situation. This is in contrast
with what happens at low frequency, or when the vortex tangle is assumed as perfectly rigid,
not affected by the second sound, in which case the relative motion of the normal fluid with
respect to the vortex lines yields an attenuation which allows to determine the vortex line
density L of the tangle. However, the wave character of vortex density perturbations at high
frequency makes that vortex lines and the second sound become two simultaneous waves
with a low joint dissipation, in the first-order approach. Thus, from the practical point of
view, it seems that, at high frequency, second sound will not provide much information on
the vortex tangle because the influence of the average vortex line density L is small both in the
speed as in the attenuation. In the next section we will propose an extended hydrodynamical
model which includes flux of vortices as independent variable in order to study vortex density
waves.

5. The flux of line density L as new independent variable, vortex density waves

The vortex lines and their evolution are investigated by second sound waves, so that it is
necessary to analyze in depth their mutual interactions. In particular, high-frequency second
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sound may be of special interest to probe small length scales in the tangle, which is necessary
in order to explore, for instance, the statistical properties of the vortex loops of several sizes.
In fact, the reduction of the size of space averaging is one of the active frontiers in second
sound techniques applied to turbulence, but at high-frequencies, the response of the tangle
to the second sound is expected to be qualitatively different than at low frequencies, as its
perturbations may change from diffusive to propagative behavior (Mongiovi & Jou, 2007),
(Nemirovskii & Lebedev, 1983), (Yamada et al, 1989), (Jou et al., 2007).

In Section 4 and in the paper (Mongiovi& Jou, 2007) a thermodynamical model of
inhomogeneous superfluid turbulence was built up with the fundamental fields: density p,
velocity v, internal energy density E, heat flux q and average vortex line length per unit
volume L. In (Jou et al., 2007), starting from this model, a semiquantitative expression for
the vortex diffusion coefficient was obtained and the interaction between second sound and
the tangle in the high-frequency regime was studied. In both these works the diffusion flux
of vortices J] was considered as a dependent variable, collinear with the heat flux q, which is
proportional to the counterflow velocity V5. But, in general, this feature is not strictly verified
because the vortices move with a velocity v, which is not collinear with the counterflow
velocity (for more detail see paper (Sciacca et al, 2008)).

5.1 Balance equations and constitutive theory

In this section we build up a thermodynamical model of inhomogeneous counterflow
superfluid turbulence, which chooses as fundamental fields the energy density E, the heat flux
q, the averaged vortex line length per unit volume L, and the vortex diffusion flux J. Because
experiments in counterflow superfluid turbulence in the linear regime are characterized by a
zero value of the barycentric velocity v, in this paper one does not consider v as independent
variable. In a more complete model v and p will be also fundamental fields.

Consider the following balance equations

.
a_E_,_%:O

ot dxg
% ' % B U? (125)
g+ g ot

| 3=

where E is the specific energy per unit volume of the superfluid component plus the normal
component plus the vortex lines, ]iqj the flux of the heat flux, J; the flux of vortex lines (which

was denoted with ]l-L in the previous Section), and F;; the flux of the flux of vortex lines; (7;7 ,

o, and (TiJ are the respective production terms. Since here one is interested to study the linear
propagation of the second sound and vortex density waves, the convective terms have been
neglected.

If one supposes that the fluid is isotropic, the constitutive equations for the fluxes ]1‘7]. and Fj;,
to the first order in q; and J;, can be expressed in the form

]?k =p1 (E/L)éik;

Fix = 1 (E,L)dj-

(126)
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Restrictions on these relations are obtained, as in Section 4, imposing the validity of the second
law of thermodynamics, applying Liu’s procedure.

In order to make the theory internally consistent, one must consider for entropy density S and
entropy flux density | ,f approximate constitutive relations to second order in g; and J;

S=So(E,L) + S1(E,L)g* + So(E,L)J* + S3(E,L)qil;,  Ji = ¢7(E,L)qx + ¢’ (E,L)Ji. (127)

The quantities AF, A?, Al and AZI are Lagrange multipliers, which are also objective functions
of E, q;, L and J;; in particular, one sets

AP =AR(E,Lq;,)i) = AG(E,L) + AT (E,L)q* + A7 (E,L)J* + A5 (E,L)qil;,

A= AM(E L,q; Ji) = A (E,L) + AT (E,L)g* + AF (E,L)J* + AS(E,L)qil;,

Al =A11g;+M2J; and A{ = Ao19; + A2 i (128)

with Ay = Ay (E,L). Imposing that the coefficients of the time derivatives are zero, one
obtains

dS = AFdE + AT dg; + ALdL + AldJ;. (129)
In the same way, imposing that the coefficients of space derivatives vanish, one finds
dJg = AEdg + ATdTl + ALdJ + AldFy. (130)
Substituting now (126), (127) and (128) in (129-130), one gets
1 1
S1= M1, S52= 5 A2, S3 = A2 = An, (131)
o7 =Af, ¢) = Af, (132)
dSy = ALdE + AbdL, dS; = AFdE + ALdL, (133)
dS, = ALdE + ALdL, dSy = ALdE + ALdL, (134)
g7 = A11dBy + Andiy, dgl = M1pdPy + Appdipy. (135)

In particular, one obtains to the second order in q and J the following expressions for the
entropy and for the entropy flux

1 1
§=So+ Ang’ + 5 Anl* + gl = Agqe+ Agl (136)
It remains the following residual inequality for the entropy production

o = Aol + Alop + Alo] > 0. (137)

Now, the obtained relations are analyzed in detail. As in Section 4 we first introduce a
generalized temperature as the reciprocal of the first-order part of the Lagrange multiplier
of the energy:
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oE T

and the chemical potential of vortex lines (near equilibrium):

AS = [aso} _— (138)
L

— TAL = ut. (139)

Neglecting in (129) second order terms in q and J, and using relations (131), (138) and (139),
the following expression for the entropy density S is obtained

1 L
dS = dE — VT dL + A1qidq; + Aoz Jid]i + M2 (Jidq; + qid];). (140)
Consider now equations (135), which one rewrites using (132) and (139) as
1 yL
d T)= M1dBy + Aodyy, d —F )= M2dB1 + Axndipy. (141)

After some calculations (Sciacca et al, 2008), we find:

_9_ 1) 1 o Ky _ 9B _ 1 0pg
gl_aT_N[T2/\22+A128T<T o NT T rN oo U

M _ o (1 _ oy 1A dg
=37 N[TZAlz A“an*( oMT T TN oL 8

where N = A1 — App2. A physical meaning for the coefficient Ay; was furnished in
(Sciacca et al, 2008). Finally, one obtains for the entropy flux

1 L
Ji= 2o — (144)

which is analogous to the usual expression of the entropy flux in the presence of a mass
flux and heat flux, but with the second term related to vortex transport rather than to mass
transport.

Substituting the constitutive equations (126) in system (125), using the relations (142-143),
and expressing the energy E in terms of T and L, the following system of field equations is
obtained

pcv 9F + peL ¢ + aq] =0

9q;
17 +€18x +X18x _Uzq

(145)
9;
an

JoL _ L
ﬁ—f‘ =0

9 _
] +171 ax +1/1 ax U]’

\

where cy is the specific heat at constant volume and e = dE/JdL. The coefficients x; and 7,
describe cross effects linking the dynamics of q and J with L and T, respectively. Thus, they
are expected to settle an interaction between heat waves and vortex density waves. These
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equations are analogous to those proposed in Section 4 (Mongiovi & Jou, 2007) except for
the choice of J;: in fact here J; is assumed to be an independent field whereas in Section 4
(Mongiovi & Jou, 2007) J; was assumed as dependent on g;. However, at high frequency, J;
will become dominant and will play a relevant role, as shown in the following.

The production terms ¢ must also be specified. Regarding O'Z.q and ¢, since only counterflow
situation is considering, as in Section 4, we assume

09 =—KLq, ot = —BoL? + ag|q|L3/?, (146)

where K; = %KB. For the production term of vortex line diffusion, one assumes the following
relaxational expression:

i =3I = g, (147)
T

where 11 is a positive coefficient which can depend on the temperature T (Sciacca et al, 2008).
Note that in (146) one has assumed that the production terms of q and J depend on q and J,
respectively, but not on both variables. In more general terms, one could assume that both
production terms depend on the two fields q and J simultaneously.

In order to determine the physical meaning of the coefficients appearing in equations
(145)—(147), concentrate first the attention on the equations for L and J. Supposing that J
varies very slowly, one obtains (Sciacca et al, 2008)

J M o2 - L
—L=—"—V*T+ ——V*“L . 14
Gl = VT VL te (148)

It is then seen that the coefficient 71’;1{]‘ =
mn —_—7n

xL = D2 may be interpreted as a thermodiffusion coefficient of vortices because
it links the temperature gradient to vortex diffusion. In other terms, this implies a drift of the
vortex tangle. Detailed measurements have indeed shown [(Donnelly, 1991), pag.216] a slow
drift of the tangle towards the heater; this indicates that 7; < 0 and small. The hypothesis
171 = 0 corresponds to Dy = 0, i.e. the vortices do not diffuse in response to a temperature
gradient.

D, represents the diffusion coefficient of vortices.

Coefficient

5.2 Interaction of second sound and vortex density waves

In this Section wave propagation in counterflow vortex tangles is studied, with the aim to
discuss the physical effects of the interaction between high-frequency second sound and
vortex density waves. A stationary solution of the system (145), with the expressions of the
production terms (146-147), is

2
o
q=9do0 = (EIOIIOIO)/ L:LO = ’86215131; (149)
q
1 xB 1 «B
T=Ty(x)=T"— =—L X1, :<—— ,0,0), 150
0(x) 37, Lodorf Jo 3 e 1 (150)

with gg; > 0.
Consider the propagation of harmonic plane waves of the four fields of the equation (145) in
the following form
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(T — To(x) + Tel(Kn-x—wt)

q=qo+ qei(Kn~x—wt)
(151)
L=1Ly+ I pi(Kn-x—wt)

J=TJo+ jei(Kn-xfwt)

where K = k; + iks is the wave number, w the real frequency, n the unit vector along the
direction of the wave propagation.

Substituting (151) in the system (145), and linearizing the quantities (146), and (147) around
the stationary solutions, the following equations for the small amplitudes are obtained

( —wlocy]oT — wlper]oL + Kq-n=0
[—w — %KBLQ} q-+ {10KTn — (—XloKn + %KBCIO> L=0

(152)
[—w—i(2ByLo = 3041201 ) | L+ KT - m+ i L3/ %1 = 0

(| (—w —iv1xLo)J + mioKnT + (v190Kn —i71xJo) L =0

Note that the subscript 0 refers to the unperturbed state; in what follows, this subscript will
be dropped out to simplify the notation.

First case: n parallel to qp.

Now, impose the condition that the direction of the wave propagation n is parallel to the heat
flux qo, namely n = (1,0,0). Through these conditions the system (152) becomes

4

—wpcyT + Kgy — wpe L =0
01KT — (w + %KBL) g1 — <—X1K + iKgm) L=0
ingL3/ 2y — (w +it ) L+ K]y =0
mKT + (1K —iyixf1) L+ (—w —iyxL) J; =0
(153)

N
where 7, 1 = (2ﬁqL - %aqu/qu).

Note that the transversal modes, those corresponding to the four latter equations, evolve
independently with respect to the longitudinal ones, corresponding to the four former
equations.

One will limit the study to the case in which w and the modulus of the wave number K assume
values high enough to make considerable simplification in the system. Indeed, it is for high

values of the frequency that the wave behavior of the vortex tangle can be evidenced because
the first term in (145c) will become relevant. Note that the assumption |K| = |k, + iks| large
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| wip =%V, w34 =+/11 |
Ty T= g (i) v
- . V-
T=+Vapeyy | =+
L=0 L=y
= J1=+t/ny

Table 1. Modes corresponding to second sound velocity and vortex density waves,
respectively.

refers to a large value of its real part k,, which is related to the speed of the vortex density
wave, whereas the imaginary part ks, corresponding to the attenuation factor of the wave,
will be assumed small.

This problem is studied into two steps: first assuming |K| and w extremely high to neglect
all terms which do not depend on them. Then, the solution so obtained is perturbed in
order to evaluate the influence of the neglected terms on the velocity and the attenuation
of high-frequency waves.

Denoting with w = w/k, the speed of the wave, and assuming |K| and w large, the following
dispersion relation is obtained:

wt — [sz +v — n (peL — ﬁ)] w? + V221/1 =0, (154)
pcy "
where V5, = (—/\22 szcV) /2 is the second sound speed in the absence of vortex tangle (see

previous sections) and from (142b) it is related to the coefficient {; by the relation {; = V22 ocy —
A12111/ Aq1. Further, if one assumes that the coefficient #; is zero

_ My 00 (B 25 xa
m=0 = U\ 1)T s T (155)
then the dispersion relation (154) has the solutions
w1p =%V,  w34=E\/11, (156)

to which correspond the propagation modes shown in Table 1.

As one sees from the first column of Table 1, under the hypothesis (155) the high-frequency
wave of velocity wy, = £V, is a temperature wave (i.e. the second sound) in which the
two quantities L and J; are zero, whereas in the second column the high-frequency wave
of velocity w3 4 = £,/v1 is a wave in which all fields vibrate. The latter result is logic because
when the vortex density wave is propagated in the superfluid helium, temperature T and
heat flux g1 cannot remain constant. This behavior is different from that obtained in Section
4, because using that model in the second sound also the line density L vibrates. In fact, there
the flux of vortices J was chosen proportional to q, so that vibrations in the heat flux (second
sound) produce vibrations in the vortex tangle. Experiments on high-frequency second sound
are needed to confirm this new result.

Now we consider all the neglected terms of the system (153) and the coefficient #; as small
perturbations of the velocity w of the wave and of the attenuation term ks of the wave number
K. Substituting the following assumptions
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w:kﬂ:qud and K=k, + ik
T

in the system (153), one find the expression (156), at the zeroth order in ¢ and ks, whereas at
the first order in ¢ and ks, one obtains

wﬂ/z =|1- ;71 . (peL — X—;) w1, (157)
20cy (wm — w3,4) W3 4

al, = 1+ ;71 - (peL < X—;) w34, (158)
20cy (wl,z — w3’4) W3 4

and

3/2 2
(12) _ kLB gL / <w1,296L _X1>

- , (159)
6w1,2 2 (w% 2~ w% 4)
N 3/2(..2 B
S - .
2w3 4 2 (w%z — w% 4) 2”’%,4

Observe that in this approximation all thermodynamical fields vibrate simultaneously and
the attenuation coefficients ks are influenced by the choice of J as independent variable, as one
easily sees by comparing expressions (159-160) with those obtained in Section 4 (Jou et al.,
2007). Looking at these results, in particular the two speeds (157-158), one sees that these
velocities are not modified when one makes the simplified hypothesis that the coefficient 7,
is equal to zero. In Section 4 (Jou et al., 2007) it was observed that the second sound velocity
is much higher than that of the vortex density waves, so that the small quantity 7; should
influence the two velocities (157-158) in a different way: negligible for the second sound
velocity but relevant for the vortex density waves. Regarding the attenuation coefficients
(159-160), one sees that the first term in (159) is identical to that obtained in (Jou et al., 2002),
when the vortices are considered fixed. The new term, proportional to a;, comes from the

interaction between second sound and vortex density waves.

Note that the second term of the dissipative coefficient k§1'2) is the same as the third term of

k§3’4), but with an opposite sign. This means that this term contributes to the attenuation of the

two waves in opposite ways; and its contribution depends also on whether the propagation of

forward waves or of backward waves is considered. The first term of k£3’4) produces always

an attenuation of the wave, while the behavior of the third term is analogous to the first one.
Second case: n orthogonal to qg

In order to make a more detailed comparison with the model studied in Section 4
(Mongiovi & Jou, 2007), (Jou et al., 2007), one proceeds to analyze another situation, in which
the direction of the wave propagation is perpendicular to the heat flux, that is, for example,
assuming n = (0,0,1). This choice simplifies the system (152) in the following form
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—wpcy T + Kgz — wpe L =0
<—w - %KBL) g1 — kB L =0
;KT — (a) n %KBL) Gy + x1KL =0
ingL3/2g; — (a) + iTEl) L+K[z=0
MmKT + KL+ (~w —inkL) J3 =0 (161)
<—w - %KBL) G =0
—imikh L+ (~w —inkL) J; =0
| (~w—irkLl) 2 =0
Note that, in contrast with what was seen before, but in agreement with the corresponding
situation of the model described in Section 4, here the transversal and the longitudinal modes
in general do not evolve independently, as shown from the first five equations. However, one
will see that this is the case if high-frequency waves are considered.
As in the previous situation, we assume that the values of the frequencies w and of the real
part of the wave number, k;, are high enough, such that the system (161) may be easily solved.
The other terms will be considered as perturbations to w = w/k, and ks. Note that in this

special case, as in the previous case and in (Jou et al., 2007), only the longitudinal modes are
present, so that the dispersion relation assumes the form

w<w4— [V22+V1—£ <P€L+m>}w2+vzzvl> =0, (162)
pcy M1

which is similar to equation (154).
Assuming the same hypothesis (155), the dispersion relation (162) takes the form

w(w? —vp)(w? — V3) =0, (163)

where V; is the second sound velocity and /v is the velocity of the vortex density waves
in helium II. The conclusions which one achieves here are the same to those of the previous
situation. Indeed, wy = 0 corresponds to §; = Y and T = g3 = L = J3 = 0; while w1, = £V»
and w3 4 = £,/v; correspond to those in Table 1.

Now, as in the previous case, we assume that all the neglected terms in (161) modify w and K
by small quantities ¢ and ks, that is

w:kg:w—ké and K=k, + iks.
T

Substituting them in the dispersion relation of the system (161), one finds the relation (163), at
the zeroth order in § and ks, and the following two expressions at the first order in é and ks

o, =), (164)
Dy =D}, (165)
and
LB
K12 = =2 166
0 = (166)
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k(3'4) o TL_l -+ KL’)/l
S —_ - - .

167
ZZU3,4 ( 6 )

As regards the expression (166) for the dissipative term kgl’Z) , note that it is the same

as the expression obtained when the vortices are assumed fixed (Jou & Mongiovi, 2006),

(Peruzza & Sciacca, 2007), whereas the attenuation term k§3’4) is the same as the second term

of k£3’4) of the first case (n parallel to qp). As in (Mongiovi & Jou, 2007), (Jou et al., 2007),
in this case one has the propagation of two kinds of waves, namely heat waves and vortex
density waves, which cannot be considered as propagating independently from each other. In
fact, the uncoupled situation (equation (156)), in which the propagation of the second sound
is not influenced by the fluctuations of the vortices, is no more the case when the quantities
Ny = 1xBL, Np = 1xBgqy, N3 = AL3/2, Ny = y1x]J;, N5 = 11xL, Til and 71, are considered.
Indeed, from (157-158) and from the results of (Jou et al., 2007) one makes in evidence that
heat and vortex density waves cannot be considered separately, that is as two different waves,
but as two different features of the same phenomena. Of course, the results obtained here are
more exhaustive than those of Section 4 in fact, comparing the velocities at the first order of
approximation in both models, one deduces that the expressions (157-158) depend not only on
the velocities of heat waves and vortex density waves, as in (Mongiovi & Jou, 2007), (Jou et al.,
2007), but also on the coefficient 771, which comes from the equation (145d) of the vortex flux J,
and whose physical meaning is a thermodiffusion coefficient of vortices. The fourth equation
of the system (153) shows that the vortex flux J; is not proportional to the heat flux, as it
was assumed in Sections 2 and 4, but it satisfies an equation in which also the fields Land T,
through 71, are present.

It is to note that the attenuation of the second sound depends on the relative direction of
the wave with respect to the heat flux: in some experiments this dependence was shown
for parallel and orthogonal directions (Awschalom et al, 1984). These results were explained
assuming an anisotropy of the tangle of vortices. But, looking at the expressions (159) and
(166) of the attenuation of the second sound in the high-frequency regime, one notes that
these expressions are not equal. In particular, the term

och3/2 (wizpq — Xl)
2 2
2 (w1,2 - w3,4)

in (159) causes a dependence of the attenuation depending on whether the wave direction
agrees with the direction of the heat flux q or not. This term is absent if the wave
propagates orthogonal to the heat flux. In (Sciacca et al, 2008) vortex tangle was assumed

to be anysotropic. The result was that wlL,2,3,4 = ) 55, and that the behavior of speed of
propagation is isotropic and does not depend on the isotropy or anisotropy of the tangle.

In conclusion, it could be that an anisotropy of the behavior of high-frequency second sound
does not necessarily imply an actual anisotropy of the tangle in pure counterflow regime, but
only a different behavior of the second sound due to the interaction with the vortex density
waves. This may be of interest if one wants to explore the degree of isotropy at small spatial
scales. Of course, some more experiments are needed in order to establish the presence and
the sign of these additional terms.

(168)
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6. Conclusions and perspectives

Helium behaves in a very strange way when temperature is dropped down below the lambda
line, different to any classical fluid. This review is a first attempt to put together some of our
results concerning the application of the Extended Thermodynamics to superfluid helium,
both in laminar and turbulent flows.

In Section 2 a one-fluid model for superfluid helium in absence of vortices is shown, which
chooses heat flux as an independent variable, and a comparison between this non-standard
model and the more well-known two-fluid model is faced. The main part of the review
is devoted to the macroscopic description of the interesting behaviour of this liquid in the
presence of quantized vortex lines. They are very thin dynamical defects of superfluid helium,
which are usually sketched by geometrical lines, representing the quantized vorticity of the
superfluid motion. The amount of quantized vortices is high enough in turbulent superfluid
helium, so they are usually expressed by means of the line length per unit volume L. Different
hydrodynamical models of superfluids in the presence of vortices are dealt with, that have
more detailed successive descriptions. First, in Section 3 the one-fluid model for laminar flow
(no presence of vortices) is extended introducing a vorticity tensor (in the heat flux equation),
which takes into account the presence of vortices as a fixed structure. The influence of vortices
to the main fields is studied, mainly in the three experimental situations: rotating helium
(vortices are basically straight lines parallel to the rotating axis), pure counterflow (an enough
high heat flux, without mass flux, which causes an almost isotropic vortex tangle), and then
the combined situation of rotating counterflow turbulence.

Since vortex lines density may experimentally be detected by means of the second sound
(temperature waves), the propagation of harmonic waves is investigated in all the situations
above mentioned. Section4 is devoted to build up a new model in which the line density
L acquires field properties: it depends on the coordinates, it has a drift velocity, and it
has associated a diffusion flux. These features are becoming increasingly relevant today, as
the local vortex density may be measured with higher precision, and the relative motion
of vortices is observed and simulated. The hydrodynamical model built in this section is
sufficiently general to encompass vortex diffusion and to describe the interactions between the
usual waves and the vortices, which in Section 3 were simply considered as a rigid framework
where second sound waves are dissipated. A hint about vortex density waves is also shown,
which is then better considered in Section 5. In this section we further generalize the model,
in order to include the velocity of the vortex tangle as a new independent variable. This is
motivated by the fact that this velocity (or the flux of the vortex line density) is not always
properly parallel to the heat flux, so it needs an own evolution equation. Also this model
is formulated using Extended Thermodynamics, determining the restrictions imposed by the
second law of Thermodynamics by means of the Liu’s procedure. One of the results of this
section is that when the high frequency harmonic plane waves are considered, vortex density
waves are found out. The interesting thing is that heat waves and vortex density waves cannot
be considered separately, that is as two different waves, but as two different features of the
same phenomena. Another interesting result is that attenuation of the second sound depends
on the relative direction of the wave with respect to the heat flux: it seems that the anisotropy
in the behavior of high-frequency second sound does not mean anisotropy in the tangle in
counterflow regime.

These results are important because second sound provides the standard methods of
measuring the vortex line density L, and we have shown that the dynamical mutual interplay
between second sound and vortex lines modifies the standard results. In the case when there
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is a net motion of the mass, the model is useful to study Couette and Poiseuille flow, where the
bulk motion of the system contribute to the production of new vortex lines (Jou et al., 2008).
The renewed interest in superfluid turbulence lies on the fact that at some length scales it
appears similar to classical hydrodynamic turbulence, and therefore a better understanding
of it can throw new light on problems in classical turbulence. Our results are relevant also to
modelize the influence of the bulk motion on the vortex production in Couette and Poiseuille
flows, and in towed or oscillating grids, including the important application of superfluid
helium as a coolant for superconducting devices.
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