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Abstract

We consider heat rectification in radial flows of turbulent helium II, where heat flux is not described by Fourier’s law,
but by a more general law. This is different from previous analyses of heat rectification, based on such law. In our simplified
analysis we show that the coupling between heat flux and the gradient of vortex line density plays a decisive role in such
rectification. Such rectification will be low at low and high values of the heat rate, but it may exhibit a very high value at an
intermediate value of the heat rate. In particular, for a given range of values for the incoming heat flow, the outgoing heat
flow corresponding to the exchange of internal and external temperatures would be very small. This would imply difficulties
in heat removal in a given range of temperature gradients.
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1. Introduction

Heat rectification has become a very active topic of research in the so-called phononics [1-4]. The
phenomenon of rectification consists of a difference in the value of the heat flux when a same temperature
gradient, but in opposite directions, is imposed on a system. This phenomenon is observed in inhomoge-
neous systems (inhomogeneities of composition or of geometry), and it is characterized by the value of
the rectification coefficient R = qr/qp (with ¢p and gr the respective absolute values of the heat flux in
two opposite directions, usually called direct and reverse directions). Alternatively, it may manifest itself
as a different temperature gradient for the same absolute value of the heat flux for opposite directions of
the flux. Thermal rectification has been studied in many systems [5-16], but we are not aware of similar
analyses in superfluid helium (He II), which is known to have a very peculiar behaviour in heat transfer.

Helium II has a very interesting behaviour, due to its quantum nature. The most remarkable aspects
are its vanishingly small viscosity, and its extremely high thermal conductivity, several order of magnitude
larger than high-conductivity liquids or solids. Further, He II is unable to boil and temperature waves can
propagate in it. One of the most typical effects in liquid helium II is the so-called counterflow superfluid
turbulence, whose physical picture is a tangle of vortices of equal circulation x = h/m, with h the Planck
constant and m the mass of helium atom [17]. This kind of turbulence is generated thermally, applying
a heat flux, exceeding a critical value ¢. [18-20].

In usual materials and for a given value of heat flux, the temperature distribution is obtained by
integrating Fourier’s law

dT

1 =-\T(2),X(z)]—
(1) (=) = AT (2), X ()]
where ¢(z) is the heat flux, A the thermal conductivity, 7' the temperature, and X may be a composition

of geometry parameters which changes along the length of the system, whose position along it is described

© 2018 Lidia Saluto,David Jou,Maria Stella Mongiovi, licensee De Gruyter Open.

This work is licensed under the Creative Commons Attribution-NonCommercial-NoDerivs 3.0 License.


mailto: lidia.saluto@unipa.it
http://www.ams.org/mathscinet/msc/msc2010.html
http://creativecommons.org/licenses/by-nc-nd/3.0/

D. Jou, M.S. Mongiovi, L. Saluto

by the value of z. In one-dimensional problems and in steady state Q(z) is constant, with Q(z) being
the total heat flow across the system at position z, namely Q(z) = q(z)A(z), with A(z) the transverse
area at position z. If A depends only on 7', no rectification is found, but if it depends also on some other
variable, rectification may be achieved in principle.

The interest of exploring heat rectification in superfluid He II goes beyond a relatively trivial extension
of previous works because, in difference to solids, the behaviour of heat transport in He II is much richer
and complex. In particular, heat flux does not follow Fourier’s law (1), but more complicated expressions
which will be commented in Section 2. Further, in this quantum fluid a new type of turbulence takes place,
the so-called counterflow superfluid turbulence, that is due to the formation of quantized vortex lines in
the superfluid. The simplest way to describe the vortex tangle is in terms of a single scalar quantity L,
the total length of vortex lines per unit volume (vortex line density, for short). There are different kinds
of turbulence, depending on the intensity of the heat flux and on the form and dimension of the channel.
As illustrated in [21] the presence of a superfluid vortex tangle modifies the effective heat conductivity
of this fluid. This suggests to explore the possibility of rectification in heat transport in tubes filled with
turbulent superfluid helium.

A new aspect of our analysis is the cylindrical geometry with radial heat flux, in contrast to usual
analyses related to heat flow along a channel. After presenting in Section 2 the starting equation for our
analysis, describing the heat flux in He II, which was derived in previous papers, in Section 3 we apply
it for the first time to the study of heat rectification. In the concluding remarks we discuss the several
contributions to the rectification.

2. Heat transport in laminar and turbulent He II.

Heat transport in superfluid He II is not described by Fourier’s law but it requires a much more
general law, considering the long relaxation time 73 of the heat flux q (first term of Equation (2)),
nonlocal effects (fourth term of Equation (2)) related to the long coherent length of the superfluid (a
macroscopic quantum coherence), and nonlinear effects (third term and last term of Equation (2)) related
to quantized vortices forming a turbulent tangle of lines described by the vortex length per unit volume
L [22-24]. Such generalized equation takes the form [24,25]:

ldq X 593 1 KL
2 —— T+ =VL - p“T =——q— —
(2) (dt+v +<V B°T°V=q Alq Cq

where § = —1 /(ST?), with S the entropy per unit volume and T the absolute temperature, ¢ = \; /71,
with A; the intrinsic thermal conductivity of the superfluid, and 7 the relaxation time of the heat flux,
X a coupling parameter between q and VL, and K the mutual friction coefficient between the vortex
lines and the heat carriers, mainly phonons and rotons, through their corresponding collisions. Equations
like (2) may be analyzed in general by using extended thermodynamics [26—28] and have been applied
to the description of heat transport in several concrete situations [21,29,30]. A detailed discussion on
the sign of coefficient y was made in [22]. We have seen that both thermodynamical considerations and
diffusion effects lead to x < 0. Note that Equation (2) would reduce to Fourier’s law (1) if the terms in
L, in 71 and in S disappear.

The coefficients A\; and 7 are very high, but the ratio = A1 /7 is finite, and it is related to the speed
of the second sound through Vi = pc% (of the order of 20 m/s at 1.5 K [18]), with p the mass density
and cy the specific heat per unit mass [26,27]. L is the vortex line density of the quantized vortex tangle
which is formed when the heat flux exceeds some critical values, and it must be described by means of
its own evolution equation. The term q/\; in Equation (2) may usually be neglected as compared to
(B%T3V2q) and to (KL/¢)q. Indeed, in a cylindrical channel of radius R the first of these two latter
terms is of the order of (S?TR?)~!q; the inequality A\; > S?TR? is widely satisfied at low 7' and small
R; furthermore, referring to the friction term, A; > {/(K L) for sufficiently high values of L.
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For inhomogeneous systems we have for the evolution equation of L [19,20,24].

dL
(3) — = —BrL*+ [aovm —w

/B
dt d

} L3? + DV2L

where k = h/m is the quantum of circulation (9.9 * 1078 m?/s), 8, ap and w’ parameters depending on
T, with 8 (of the order of 0.16 at 1.5 K [31]) and ag (of the order of 3.2 % 107% at 1.5 K [32]) describing
the rate of vortex destruction and vortex generation per unit volume, and w’ describing the influence
of the walls on the vortex generation and d the channel diameter. D is the vortex diffusion coefficient
describing the flow of vortex lines from zones of higher L to zones of lower L, and whose value is of the
order of £ (times a numerical factor between 1 and 5), depending on temperature, but which is not yet
known in detail. According to [33] D = 2.2k cm?/s at T = 1.5K. In Equation (3), wall effects are simply
described by the term in x/d in the right hand side. However, more detailed recent analyses indicate the
rich and complex behaviour of the superfluid in boundary layers close to the walls [34,35].

Vos = | < v —vs > | =|q|/(pssT) is the so-called counterflow velocity (here |q| is the modulus of
the heat flux), and v,, and v, are normal fluid and superfluid velocity, ps is the density of the superfluid
component and s the specific entropy [24]. For w’ = 0 and D = 0 Equation (3) reduces to the usual Vinen
equation [19,20,36], which describes fully developed turbulence in homogeneous wide channels.

For small enough V5 the flow is laminar (L = 0). For quantum Reynolds number Rey = V"Tsd such
that Rey > jﬁ% in (3), the L = 0 solution becomes unstable and turbulence TI appears (a mild form of

turbulence with relatively low vortex line density). This happens for Rey = V"Tsd > 127 (T'=15K) or
96 (T'=1.7 K). For Rey = V"Tsd >219 (T'=1.5K) or 186 (T = 1.7 K), appears TII turbulence, namely
a stronger form of turbulence, with considerably higher values of L. The stable solution of (3) becomes:

(4) LV24 = %Rey -

thus yielding L # 0, and increasing with Rey = (pg%ﬁ. Note that expression (4) for L is valid both in the
TI and in the TII regimes, but with different values of ap and w’ [21,22]. In our analysis in Section 3 we
will assume high values of Rey, so that w’ will be neglected. In wide channels may yet appear an additional
form of turbulence, dubbed as TIII turbulence, in high—aspect ratio channels with an accumulation of
vortices, which cannot be fully grasped by the present simple approximation.

When these results are introduced in (2), one obtains equations relating q to VT', VL and L, which

are strongly nonlinear and considerably different from Fourier’s law.

3. Heat rectification in radial turbulent flow.

Normally, heat flow in He II is considered in longitudinal tubes with constant cross section. However,
we have also focused a part of our analyses in inhomogeneous situations where L changes with posi-
tion [37]. An especially, relevant and simple situation is that of cylindrical radial flows [29,30,37], which
is relevant, for instance, in the cooling of cylindrical systems through superfluid helium.

In a previous paper on inhomogeneous vortex tangles [30] we considered a radial counterflow from
a cylindrical wall of radius Ry at temperature Ty to another concentric cylinder of radius Ry > Ry
at temperature 77 < Ty, or viceversa. In this situation, the behavior of L is no longer homogeneous
because it depends on the radial distance r to the central axis. The origin of inhomogeneity of vortex
line density is the inhomogeneity of the heat flux itself according to (4). Because of the geometry of
the flow, the heat flux is maximum near the center and decreases towards the external wall, as the
total heat flow Q is constant. The source of vortices is everywhere (corresponding to the source term
of the local Vinen’s equation), but more intense in the inner region. In particular, in [30] we found
the possibility of hysteresis, namely, a different behaviour of q for increasing and decreasing (in time)
radial temperature gradients. Here we consider steady—state situations and compare the behaviour of the
system for outwards and inwards temperature gradients (or heat flows), instead of the behaviour for time
increasing and decreasing temperature gradients.
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Figure 1. The heat flux q can flow from the inner cylinder at temperature T to the outer cylinder at lower temperature
Ty, or viceversa, if the temperatures Ty and T of the inner and outer cylinders are mutually exchanged. Heat rectification
means that the corresponding inwards and outwards heat flows have different absolute values.

In the steady case the heat flux goes from one to the other cylinder as the inverse of the radius
r, namely ¢, = 2%, with @ being the total heat flowing radially per unit time and unit length of the
cylinder; then the vortex line density also depends on r, because the source of vortices is related to the
heat flux. Note that here we have assumed q = ¢.#. The form ¢, ~ r~!' comes from the steady-state
condition V - q = 0, applied to cylindrical geometry.

If we consider the heat flux going from the inner cylinder to the outer we have Q > 0, ¢, > 0 and
% < 0, (viceversa if the heat flux goes from the external cylinder to the inner we have Q <0,q <0

and % < 0).

The heat transport Equation (2) in steady-state after neglecting the term q/A;, and recalling that y
is a negative coefficient [22], reduces to:

oT |x|0L K_ Q 120 [ dq
(5) — =Lt — =L =4+ ——|r
or ¢ or ( 2mr ror| Or

with {2 = 3273,
Neglecting w’ in (4) (or, equivalently, assuming that Rey is high enough, as in well developed TII

turbulent regime), the expression for the vortex line density is L = 7’2%2, with 7/ = ag/(4723). Then we
obtain

or 1 X 22, K /2@3 2Q
6 — =—= 2= —yt = ==
(6) or 7’3[C7Q+CW27T 2
If one neglects for simplicity the temperature dependence of y, ¢, 7' and K, and one considers a
steady—state situation with ) constant in time, Equation (6) may be written as %—z = —3, with « the

corresponding quantity in parentheses in the right-hand side of (6). By integrating (6) we obtain:

a1l 1
) T(R) ~T(R) =5 |7~ 7]
If we consider the same total absolute value of heat flux |Q| but in opposite directions we obtain
different values of the temperature gradient, i. e. for the difference T'(R1) — T'(Ry).
An interesting consequence of this kind of flow is heat rectification, i. e. the value Qout of the outwards
heat flow for Ty = T'(Ryp), 71 = T(R1) may be compared with the value Qin when the temperatures Tp,
Ty are applied to the outer and the inner cylinders, respectively.
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e For Q > 0 (outgoing flux) we have:
oyt | 1 1
T -7 —Zout |~
(8) (Fa) =T(Ro) = =5 [R% R%]

with T(Rl) < T(Ro) and
Aoyt = %L|Qout|3 + 2|X| ,2|Qou |2 27T|Qout|'

e For Q < 0 (ingoing flux) we have:
(6777 1 1
9 T(Ry) — T(Ro) = 2in | = — —

with T(Rl) 2> T(Rp), and
! . . 2 .
Qip = _%%’Q'an + 2%7,2|Qin|2 + 217|an|

Note that the signs of the terms in odd powers of |Q| have been changed, in difference to the sign of
the term in |Q|?.

For a same absolute value of Q, i.e. for [Qou| = |Qin| = |Q|, the effective temperature gradients
(T(R1) — T(Rp)) /(R1 — Ryp) in the outward direction and in the inner direction are related as:

(T(R1) = T(Ro)) gt /(B1 — Ro) _ K|Q*v* + 47|x|n"|Q| — I*¢
(T(R1) = T(Ro)), /(B1 — Ro) K|Q[*4 — 4r|x|n?|Q| - 12¢
This result is obtained by taking the ratio of (8) and (9), and taking into account that the ratio of
2
% is the same as the ratio of W, and considering small the difference (R; — Ryp).

Note that when y = 0, the second member of (10) becomes —1, which corresponds indeed to the
mutual exchange of the values of T'(R1) and T'(Rp) in the inner and outward situations.

According to (10), the absolute value of the quantity % is close to 1 when Q is zero or oo,
instead it has very high values (in fact, it diverges) when the denominator is zero. Then, it is seen that
rectification disappears for very high or very small values of |@Q|, but that it may be very high for |Q|
close to:

(10)

(11) Q| = +1

27| x| . 12CK
K 4W2X27/2

For high values of |Q| expression (10) may be approximated as:

010 _ [, o1 1]

The limit of small values of |Q| may also be mathematically considered, but if |Q| is too small the system
will be in laminar state, without quantized vortices. Since here we are paying special attention to the
influence of vortices, we will not consider this limit.

It would also be possible to obtain the more usual rectification coefficient R = [Qout|/|Qin| (note that
this definition is more suitable than qr/qp for inhomogeneous flows) by imposing a same temperature
gradient in modulus |07'/0r| but going outwards and inwards.

: : : (T(R1)=T(Ro))ys/(Ba—Ro) _ o
In this way, if we impose that i 1, i.e., from (8) and (9), aput = —in, We

(12)

¢ (I'(R1)—T(Ro)); —Ro)
ge
K A" X ?
C o ’Qout’g + 2|<| /2|Qout|2 7_[_|Qout| -
K7/2 3 |X‘ 2174, 12 ?
(13) C or |Qm| C - ‘an‘ - %’an’
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For a given ]Qout\ this equation yields the corresponding ]Qm] and the rectification coefficient R may be
found. .
Then, dividing (13) by |Qin|, we get for R the following equation

(14) |Qin|2 K7 R? — 47|x|7?|Qin| R* — P(R = |Qin|* K + 47 |X|7?|Qin| — 1°C.

For a given |Q;,| (14) yields the value of the rectification coefficient R. If x = 0, one obtains from (14)
R =1, and there is no rectification, as already mentioned in the paragraphs below Equation (10).
For the value of |Q;y| for which the right-hand side of (14) is 0 we have the solution R = 0 and

T
(15) po VIt amer —1
2
1+ i + 1

which tend to 1 (no rectification) when xy — 0. There is also a negative solution without physical
meaning. The values of R close to zero indicate a very high rectification, because exchanging the internal
and external temperatures, the value of the heat flux is very different. In particular, |Qout| becomes much
smaller that the corresponding ]Qm] However, for too small values of the heat flux the system will not
be turbulent, and the contributions in L should be cancelled, thus modifying Equation (5). This makes
that in our analysis in the present paper, the solution R = 0 should not be taken into account as a
truly physical solution, because it does not correspond to the hypothesis of a turbulent system, so that
solution (15) is the physical solution.

4. Concluding remarks.

Our analysis of heat rectification in Section 3 has started from an equation for the heat flux more
general than Fourier’s equation, namely Equation (2); this is an original aspect of this paper, because
previous analyses of heat rectification in the literature always start from Fourier’s equation.

Our analysis has shown that the rectification depends on the coefficient x coupling the heat flux to
the gradient in L, as seen in Equation (10); note however that our analysis has been simplified in that we
have neglected the temperature dependence of the coefficients. However, despite this simplification (that
will be removed in future analyses), this has been sufficient to show rectification in this situation, thus
pointing a proof of concept of interest of this system.

In expression (10) it has been seen that rectification arises in this case because of the coupling between
the heat flux and the gradient of L. Indeed the terms in q and Lq change sign when q is reversed but
since L depends on q?, VL does not change sign under such reversal. For an homogeneous system,
with L constant, one would not have rectification because such term would be zero, but in our radial
case L changes with the position. Therefore, this situation may be compared to that arising in so-called
"graded systems” in solid systems [38]. Such systems are characterized by a composition depending on
the position, for instance Ge,Si1_,, with the stoichiometric index x changing with position z along the
system. In our case, what is changing with the radial position is the value of the vortex line density L.
This analogy should not make us forget that the starting equation for heat transport in our case was not
Fourier’s equation, but a more general one.

A particularly interesting result is that the rectification ratio (10) may be very high close to value of
|Q| given by (11). Analogously, the usual rectification coefficient R becomes close to zero for values of
|Qm\ close to the value given by (11). In this case ]Qout\ becomes much smaller than ]Qm] This could
have deep conseguences in cooling a cylinder by a radial heat flow through superfluid helium, because
|Qout| small means that the heat removal would be very low, in contrast to predictions based on Fourier’s
theory. This does not mean that in usual practical situations the value of (10) is high or the value of R
is low. The most relevant point is that considering rectification is a stimulus for a deeper understanding
of the several nonlinear factors contributing to inwards and outwards heat flow, which are of natural
interest in cryogenic.
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Other situations worth of analysis would be a) to explore heat rectification for relatively small values
of the quantum Reynolds numbers, in such a way that turbulence is not completely developed; b) to
consider heat rectification in longitudinal channels with varying cross section; or c) to analyze heat
rectification in longitudinal flows in troncoconical channels by considering the reversal heat transport
regimes (laminar, turbulent, laminar—to—turbulent, laminar—to—ballistic).
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