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Sixty years of phonon hydrodynamics 04 July
10:00

David Jou

Universitat Autònoma de Barcelona, Spain
Institut d’Estudis Catalans, Barcelona, Spain

david.jou.mirabent@gmail.com

First, we will present an overview of the historical development of phonon hy-
drodynamics since in its formulation in 1963 by Sussman and Thellung [1] to some
of its recent results. Second, we will briefly discuss eight open and active current
lines of phonon hydrodynamics, namely microscopic derivations, experiments, ther-
modynamic derivations, boundary conditions, nonlinear effects, generalizations to
complex systems, applications to phononic devices, and transitions to other trans-
port regimes (normal conduction, ballistic transport, second sound . . . ). Third, we
will present two particular recent proposals in nonlinear phonon hydrodynamics, re-
garding the possible appearance of a spatial distribution of heat vortices analogous
to the von Karman street of hydrodynamic vortices [2], due to nonlinear convec-
tive terms, and a nonlinear formulation of phonon hydrodynamics analogous to the
power-law model in rheology in usual fluids [3].

References

[1] J. A. Sussmann and A. Thellung, “Thermal conductivity of perfect dielectric crystals
in absence of Umklapp collisions”, Proc. Phys. Soc. 81 (1963) 1122

[2] M. Sykora, M. Pavelka, L. Restuccia, D. Jou, “Multiscale heat transport with inertia
and thermal vortices”, Physica Scripta 98 (2023) 105234

[3] M. Sciacca and D. Jou, “A power-law model for non-linear phonon hydrodynamics”
ZAMP (Z Angew Math Phys) 75 (2024) 70 (12 pages)

Higher-grade elastic solids with heat conduction and
viscosity 04 July

10:30
Vito Antonio Cimmelli

Università della Basilicata, Italy
vito.cimmelli@unibas.it

A generalized Coleman-Noll procedure is applied to analyze thermoviscoelastic
solids of grade N, namely, solids with constitutive equations depending on the Nth
spatial gradient of the deformation. Some new forms of stress tensor and specific
entropy are obtained. For onedimensional elastic solids in the presence of small
deformations, it is proved that the relaxation of the heat flux does not ensure the
hyperbolicity of the system of balance laws. For onedimensional viscoelastic solids
of grade 3, the equilibrium problem is studied An explicit form of the displacement
is calculated. Comparison is made with the equilibrium theory of Korteweg fluids.
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Large-scale behaviour of starting vortices in superfluid
helium-404 July

11:30
Marco La Mantia

Charles University, Prague, Czech Republic
marco.la-mantia@mff.cuni.cz

Co-authors: J. Blaha and M. Rotter

We study experimentally the starting vortices shed by relatively large objects,
accelerating uniformly from rest in superfluid helium-4, at various values of temper-
ature and acceleration. The flow-induced motions of relatively small solid particles,
suspended in the liquid and illuminated by a laser sheet, are captured by a digital
camera. The trajectories and relative strengths of the shed vortices are estimated
from the particle positions and velocities. The experimental results are also com-
pared with a self-similar scaling theory, derived for an inviscid fluid. We find that
the starting vortex trajectories do not depend appreciably on the liquid tempera-
ture, while their strengths are influenced significantly by the imposed acceleration.
Additionally, the visualized vortices move considerably faster than predicted by the
theory and, apart from a relatively short initial period, they do not appear to follow
the scaling laws obtained analytically. Overall, the outcome can be attributed to
viscosity, i.e. the study supports, once more, the idea that large-scale turbulent
flows of superfluid helium-4 can be similar to analogous flows of Newtonian fluids,
especially when thermal effects can be neglected.

We thank P. Dabnichki for providing the plastic objects used in this study; we
acknowledge financial support from the Ministry of Education, Youth and Sports of
the Czech Republic under grant no. LL2326.

Wigner equations for phonon transport
and quantum heat flux04 July

12:00
Vittorio Romano

Università degli Studi di Catania, Italy
romano@dmi.unict.it

Co-authors: V.D. Camiola and G. Vitanza

The enhanced miniaturization of electron and mechanical devices makes the ther-
mal effects increasingly relevant [1–3] requiring the use of physically accurate mod-
els. At kinetic level a good description is that based on the semiclassical Peierls-
Boltzmann equation for each phonon branch. However, for typical lengths smaller
than the phonon mean-free path also quantum effects must be considered (see [4]).
TheWigner equation is a natural approach that better reveal the wave nature of
phonons in such circumstances, gives the Peierls-Boltzmann equation as semiclassi-
cal limit and still keeps the structure of a kinetic formulation. In this work, the focus
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is on the acoustic and optical phonons dynamics with a general dispersion relation.
Starting from the quantum Liouville equation for the density operator and applying
the Weyl quantization, Wigner equations for the longitudinal and transversal optical
and acoustic phonons are deduced. The equations are valid for any solid, including
2D crystals like graphene. With the use of Moyal’s calculus [5] and its properties
the pseudo-differential operators are expanded up to the second order in ¯h. The
phonon-phonon collision operators are modelled in a BGK form and describe the
relaxation of the Wigner functions to a local equilibrium function, depending on a
local equilibrium temperature which is definite according to [1]. An energy transport
model is obtained by using the moment method with closures based on a quantum
version of the Maximum Entropy Principle [6–12]. An explicit form of the thermal
conductivity with quantum correction is obtained under a suitable scaling.

References

[1] G. Mascali and V. Romano, Charge Transport In Graphene Including Thermal
Effects, SIAM J. APPL. MATH, Vol. 77, No. 2, pp. 593-613 (2017).

[2] G. Mascali and V. Romano, A hierarchy of macroscopic models for phonon transport
in graphene, Physica A, 548,124489 (2020).

[3] V. D. Camiola, G. Mascali and V. Romano, Charge Transport in Low Dimensional
Semiconductor Structures, The Maximum Entropy Approach’, Springer (2020).

[4] V. D. Camiola, V. Romano and G. Vitanza,Wigner equations for phonons transport
and quantum heat flux, Journal of Nonlinear Science (2024) 34:10.

[5] L. Barletti and C. Cintolesi, Derivation of Isothermal Quantum Fluid Equations
with Fermi-Dirac and Bose-Einstein Statistics, J Stat Phys 148,353–386 (2012).

[6] V. Romano, Quantum corrections to the semiclassical hydrodynamical model of
semiconductors based on the maximum entropy principle, J. Math. Phys. 48,
123504 (2007).

[7] E. T. Jaynes, Information Theory and Statistical Mechanics, Phys. Rev. 106, 620-
630 (1957).

[8] E. T. Jaynes, Information Theory and Statistical Mechanics.II, Phys. Rev. 108,
171-190 (1957).

[9] P. Degond and C. Ringhofer, Quantum Moment Hydrodynamics and the Entropy
Principle, Journal of Statistical Physics, Vol. 112, Nos. 3/4, 587-628 (2003).

[10] P. Degond, F. M´ehats and C. Ringhofer, Quantum Energy-Transport and Drift-
Diffusion Models, Journal of Statistical Physics, Vol. 118, Nos. 3/4, 625-667 (2005).

[11] L. Barletti, Hydrodynamic equations for electrons in graphene obtained from the
maximum entropy principle, J. Math. Phys., 55, 083303, 21 pp (2014).

[12] L. Luca and V. Romano, Quantum corrected hydrodynamic models for charge trans-
port in graphene, Annals of Physics, Volume 406, pp. 30-53 (2019).
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Dynamics of Quantum Vortices in Exciton-Polariton
Superfluids04 July

12:30
Dario Ballarini

CNR NANOTEC, Lecce, Italy
dario.ballarini@gmail.com

Low energy excitations of quantum gases and fluids are of fundamental interest
and have widespread applications, with significant results being obtained in super-
fluid helium and Bose-Einstein condensates of ultracold atoms. Light propagation
in nonlinear media can be seen as a gas of interacting photons, exhibiting, under
suitable conditions, intriguing many-body behaviors such as Bose-Einstein conden-
sation and superfluidity. Based on this concept, several groups have focused on
investigating quantum fluids of light over the last two decades, particularly in the
paradigmatic example of exciton polaritons in semiconductor microcavities [1,2].
One of the main advantages of optical systems is the ability to directly measure
both the phase and density of quantum fluids.

Here, we present our latest results on vortex hydrodynamics in exciton-polariton
quantum fluids. We focus on the Bogoliubov dispersion of polariton superfluids,
highlighting the consequences of the out-of-equilibrium nature of these many-body
systems, where the steady state results from a balance between pumping and dissi-
pation [3,4]. We also demonstrate precise control over vortex dynamics, particularly
showcasing the onset of vortex clustering and the build-up of the inverse energy
cascade in 2D exciton-polariton superfluids [5,6,7].

References

[1] Bose–Einstein condensation of exciton polaritons, Nature 443, 409–414 (2006)

[2] Quantum fluids of light, Rev. Mod. Phys. 85, 299 (2013)

[3] Topological order and thermal equilibrium in polariton condensates, Nature Mate-
rials 17, 145–151 (2018)

[4] Directional Goldstone waves in polariton condensates close to equilibrium, Nature
Communications 11, 217 (2020)

[5] Conformal invariance of 2D quantum turbulence in an exciton– polariton fluid of
light, Appl. Phys. Rev. 10, 041418 (2023)

[6] Onset of vortex clustering and inverse energy cascade in dissipative quantum fluids,
Nature Photonics 17, 451–456 (2023)

[7] Dynamics of Onsager vortex clustering in decaying turbulent polariton quantum
fluids, 10.48550/arXiv.2402.01637, (2024) 02/07/
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Non-Fourier Heat Transport in Nanostructures 04 July
15:00

Davide Donadio

University of California Davis, USA
ddonadio@ucdavis.edu

One of the most intriguing results from the first computer simulations of dy-
namical systems was the discovery of non-Fourier heat transport in low-dimensional
models, such as the Fermi-Pasta-Ulam-Tsingou model. While this phenomenon is
now widely accepted, the occurrence of anomalous heat transport in real nanoscale
systems is still a matter of both theoretical and experimental investigations [1].
In this talk, I will discuss recent progress on anomalous lattice thermal transport
in nanostructures from atomistic simulations. Our approach combines molecular
dynamics simulations and anharmonic lattice dynamics calculations, to obtain a
comprehensive understanding of phonon transport in lowdimensional and confined
systems including both classical and quantum mechanical statistics. This talk ad-
dresses the lengthdependent thermal conductivity of carbon nanotubes [2], and the
effect of thickness and layer spacing on the cross-plane thermal conductivity of lay-
ered materials and heterostructures [3, 4].

References

[1] Benenti, G.; Donadio, D.; Lepri, S.; Livi, R. Non-Fourier Heat Transport in Nanosys-
tems. Riv. Nuovo Cim. 2023, 46 (3), 105– 161.
https://doi.org/10.1007/s40766-023-00041-w.

[2] Barbalinardo, G.; Chen, Z.; Dong, H.; Fan, Z.; Donadio, D. Ultrahigh Convergent
Thermal Conductivity of Carbon Nanotubes from Comprehensive Atomistic Mod-
eling. Phys. Rev. Lett. 2021, 127 (2), 025902.
https://doi.org/10.1103/ PhysRevLett.127.025902.

[3] Sood, A.; Xiong, F.; Chen, S.; Cheaito, R.; Lian, F.; Asheghi, M.; Cui, Y.; Donadio,
D.; Goodson, K. E.; Pop, E. Quasi-Ballistic Thermal Transport Across MoS 2 Thin
Films. Nano Lett. 2019, 19 (4), 2434–2442.
https://doi.org/10.1021/acs.nanolett.8b05174.

[4] Sood, A.; Sievers, C.; Shin, Y. C.; Chen, V.; Chen, S.; Smithe, K. K. H.; Chat-
terjee, S.; Donadio, D.; Goodson, K. E.; Pop, E. Engineering Thermal Trans-
port across Layered Graphene–MoS2 Superlattices. ACS Nano 2021, 15, 19503.
https://doi.org/10.1021/acsnano.1c06299.
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Constructed evolution: Extended Thermodynamics and
Internal Variables for heat conduction04 July

15:30
Peter Van

University of Technology and Economics, Budapest, Hungary
van.peter@wigner.hu

In nonequilibrium thermodynamics there are several methods to construct con-
stitutive evolution equations. For example, in Extended Thermodynamics, the dis-
sipative fluxes are independent fields and their evolution equations are constructed
constitutively using the Second Law of Thermodynamics. There are two test meth-
ods that can be used to check the viability of the theories: compatibility with
the moment series expansion of the Boltzmann equation, and stability of the ther-
modynamic equilibrium. However, there are some generalisations of Fourier heat
conduction that are theoretically plausible and compatible with the Second Law,
but do not fit into extended thermodynamics. These are, for example, the Burgers
type or Quintanilla equations. It is shown that these equations can be treated by
introducing internal variables but not as dissipative fluxes and by generalising the
entropy flow. The stability properties are convincing in the sense that the linear sta-
bility of homogeneous thermodynamic equilibrium is satisfied without any further
conditions beyond thermodynamics.

A kinetic approach to study the thermal effects in
monolayer graphene simulated by a deterministic method04 July

16:30
Giovanni Nastasi

University of Catania, Italy
giovanni.nastasi@unict.it

Co-author: V. Romano

Under the action of an electric field, charge carriers generate an electric current in
a semiconductor material. In turn, the energy gained from the electrons is released
to the lattice with a heating effect. For applications in the industry, it is crucial
to accurately model both the electric current and the crystal heating. Graphene
is one of the materials that has recently garnered significant attention for future
applications in nanoelectronic devices due to its excellent mechanical properties and
its outstanding ability to conduct heat and electricity [1]. In particular, graphene
has a very high thermal conductivity due to its unique lattice structure, making it a
promising candidate for thermal management applications in nanoelectronic circuits.
An accurate way to model electrical and thermal properties is represented by the
semiclassical Boltzmann equations for electrons and phonons [2-3]. If the lattice is
at a thermal bath then several methods have been developed to solve numerically
the transport equations for electrons. Coupling them with the phonon transport
equations and numerically solving the system is a hard task. With some physical
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approximations, the simulation of electron-phonon coupling and heating dynamics
in suspended monolayer graphene has been tackled by Direct Simulation Monte
Carlo analysis (DSMC)[4-5]. In DSMC the phonon energy density production term
is usually determined by counting the number of emission and absorption scatterings
multiplied by the correct physical weight [6-7]. In this work, we propose a kinetic
version of the energy density production term derived directly from the collisional
operator. In this case, numerical solutions can be obtained with a deterministic
approach. A comparison of the simulation results demonstrates the equivalence of
the two approaches.

References

[1] A.H. Castro Neto, F. Guinea, N.M.R. Peres, K.S. Novoselov, A.K. Geim, The elec-
tronic properties of graphene, Rev. Modern Phys., Vol. 81 (2009).

[2] G. Mascali, V. Romano, A hierarchy of macroscopic models for phonon transport in
graphene, Physica A: Statistical Mechanics and its Applications, Vol. 548 (2020).

[3] V. D. Camiola, G. Mascali, V. Romano, Charge Transport in Low Dimensional Semi-
conductor Structures. The Maximum Entropy Approach, Mathematics in Industry,
Springer Cham (2020).

[4] M. Coco, V. Romano, Simulation of Electron–Phonon Coupling and Heating Dy-
namics in Suspended Monolayer Graphene Including All the Phonon Branches, Jour-
nal of Heat Transfer, Vol. 140 (2018).

[5] M. Coco, G. Mascali, V. Romano, Monte Carlo Analysis of Thermal Effects in
Monolayer Graphene, Journal of Computational and Theoretical Transport, Vol.
45, No. 7, pp. 540-553 (2016).

[6] E. Pop, S. Sinha, K.E. Goodson, Heat Generation and Transport in Nanometer-
Scale Transistors, Proc. IEEE, Vol. 94, No. (8), pp. 1587–1601 (2006).

[7] O. Muscato, V. Di Stefano, W. Wagner, A Variance-Reduced Electrothermal Monte
Carlo Method for Semiconductor Device Simulation, Comput. Math. Appl., Vol.
65, No. 3, pp. 520–527 (2013).
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Analysis of nonlinear genera-lizations of the
Maxwell-Cattaneo equation in heat pulse propagation04 July

17:00
Patrizia Rogolino

Università di Messina, Italy
patrizia.rogolino@unime.it

The nonlinear terms resulting from temperature dependence of thermal conduc-
tivity and relaxation time are not negligible when studying applications to nanosys-
tems. Two nonlinear generalizations of the Maxwell-Cattaneo-Vernotte equation
for thermal transport with relaxation effects are introduced. A comparison of the
consequences of these different nonlinear Cattaneo type equations on thermal pulse
propagation is obtained and discussed. The differences in the corresponding ve-
locities and in the corresponding heights of the perturbation peaks turn out to be
significant and could be experimentally detected.

[1] V.A. Cimmelli, Different Thermodynamic Theories and Different Heat Con-
duction Laws, Journal of Non-Equilibrium Thermodynamics, 34(4), pp. 299–
333, 2009.

[2] G. Lebon, Heat conduction at micro and nanoscales: a review through the
prism of extended irreversible thermodynamics Journal of Non-Equilibrium
Thermodynamics, 39(1), pp. 35–39, 2014.

[3] G. Chen, Non-Fourier phonon heat conduction at the microscale and nanoscale,
Nature Reviews Physics, 3(8), pp. 555–569, 2021.

[4] A. Sellitto, V.A. Cimmelli, D. Jou, Mesoscopic theories of heat transport in
nanosystems, Springer, Berlin, 2016.

[5] R. Kovács, P. Ván, Generalized heat conduction in heat pulse experiments,
International Journal of Heat and Mass Transfer, 83, pp. 613–620, 2015.

[6] M. Di Domenico, D. Jou, A. Sellitto, Nonlinear heat waves and some analogies
with nonlinear optics, International Journal of Heat and Mass Transfer, 156,
pp. 119888, 2020.

[7] R. Kovács, P. Rogolino, Numerical treatment of nonlinear Fourier and Maxwell-
Cattaneo-Vernotte heat transport equations, International Journal of Heat and
Mass Transfer, 150, pp. 119281, 2020.

[8] D. Jou, J. Casas-Vázquez, G. Lebon, Extended irreversible thermodynamics,
Springer, Berlin, 2010 (fourth edition).
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Analysis of the whirling heat current density in the
Guyer-Krumhansl equation 04 July

17:30
Carmelo F. Munafò

Università di Messina, Italy
carmelofilippo.munafo@unime.it

Co-authors: R. Kovács and M. Szücs

Among the numerous heat conduction models, the Guyer-Krumhansl equation
[1] has a special role. Besides its various application possibilities in nanotechnology,
cryotechnology, and even in case of modeling heterogeneous materials [2–4], it poses
additional mathematical challenges compared to the Fourier or Cattaneo equations.
Furthermore, the Guyer-Krumhansl equation is the first heat conduction model,
which includes the curl of the heat flux density in the evolution equation [5]. Here,
we place our focus on the consequences of the existence of such whirling heat current
density by solving the two-dimensional Guyer-Krumhansl equation with a space and
time-dependent heat pulse boundary conditions.

The discretization poses further challenges in regard to the boundary conditions
for which we propose a particular extrapolation method. Furthermore, with the help
of the Helmholtz decomposition, we show the analogy with the linearized acoustics
of Newtonian fluids, which reveals how the heat flux density plays the role of the
velocity field. Our solutions also reveal an unexpected temperature evolution caused
by the whirling heat flux density, namely, the temperature can locally be decreased
for a short time in a case when the curl of the heat flux density dominates the heat
conduction process.

References
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characteristics of metal foam/paraffin composite PCMs in large cavities: Effects of
material types and heating congurations. Applied Energy, 325, pp. 119790, 2022.
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Microstructure-induced finite speed heat propagation in
polarizable ceramics05 July

09:00
Daniele La Pegna

Scuola Normale Superiore, Pisa, Italy
daniele.lapegna@sns.it

Co-author: P.M. Mariano

Fourier’s law that links heat flux q and temperature gradient through the con-
ductivity k, here assumed to be constant, namely q = −k∇θ, reduces in rigid
conductors the balance of energy to the classical parabolic equation cvθ̇ = k∆θ,
where cv is the specific heat at constant volume. The scheme foresees heat prop-
agation with infinite speed, which contradicts the everyday experience of heating
bodies. Attempts to overcome this physical inconsistency rest on different but not
necessarily mutually excluding viewpoints:

1. As a constitutive equation implied by the Clausius–Duhem inequality, Fourier’s
law is insufficient. Non–equilibrium states require a refined description.

2. The relation between heat flux and temperature is, instead, a balance law, not
a constitutive structure, and should be derived as such.

3. The way we describe the conductor (even when it is considered to be rigid) is
insufficient. In other words, the physical evidence that temperature variations
propagate at finite speed is consequent to the presence of material microstruc-
ture in real bodies.

The present talk focuses on the third item. To account for ”independent” mi-
crostructural events at a low spatial scale, which influence the global behavior, we
consider phase fields ν describing the microstructural morphology. Pertinent bulk
and contact actions are defined by the power that they perform in the time rate of
ν and satisfy appropriate balance equations. When we presume a generic internal
constraint linking ν to the temperature θ, neglect macroscopic strain and make a few
special assumptions, although accepting Fourier’s law, the local form of the energy
balance reduces to

ζ · ∇θ̇ − k∆θ + (cv + δ)θ̇ + ξ · ∇θ + (γ̂ − r) = 0, (1)

where the coefficients are in general state functions [1]. We focus first on equation
(1). Primary and tertiary pyroelectric effects in Strontium–titanate ceramics – the
class Ba1−xSrxTiO3 – fall within the assumptions leading to equation (1). For them
ν represents at x and t a temperature–induced polarization. First we show simu-
lations in two-dimensional setting of temperature time variations and the pertinent
time rate as governed by equation (1). Numerical results are a clear indication
towards experiments. Thus, we consider deformations and introduce a theory of
pyroelectricity in large strain regime. It is based on invariance requirements and ac-
counts even for the possible presence of external electric fields determining potential
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switching phenomena in the case of points groups 1 and 10. The pertinent results
refine and generalize the 2017 analysis [1] leading to equation (1).

References

[1] Mariano P. M. (2017), Finite-speed heat propagation as a consequence of microstruc-
tural events, Cont. Mech. Thermodyn., 29, 1241-1248.

[2] La Pegna D., Mariano P. M. (2024), Finite speed heat propagation in polarizable
ceramics, preprint.

Hydrodynamic experimental observations in bulk
semiconductors 05 July

09:30
F. Xavier Alvarez

Universitat Autònoma de Barcelona, Spain
xavier.alvarez@uab.cat

A large number of experimental observations incompatible with the classical
Fourier description of thermal transport at the nanometer and in the picosecond
scales has been reported in the last decade [1,2]. Despite the theoretical efforts done
in the topic, a model able to describe the gathered data at all length and time scales
is still not available.

Two different descriptions have been proposed. Phonon hydrodynamics has been
used as a framework to model thermal transport in materials where momentum con-
servation in phonon-phonon collisions is important. For other situations, a kinetic
description based on the propagation of independent phonons, in what is called
quasiballistic description, has been developed. The fundamental difference between
them is in the number of length or time scales required to describe the observations.
While in the hydrodynamic approach, a single scale is enough, in the quasiballistic
description, the full set of phonon scales is necessary. For graphene and other 2D
materials, the hydrodynamic approach has been the traditional main stream, while
the quasiballistic approach has been more used for classical bulk semiconductors.

In the last years, some experiments and theoretical descriptions seems to be
challenging this traditional splitting. On the one side, some predictions of the hy-
drodynamic regime for 2D materials like the second sound velocity have put on
doubt the standard approach. On the other side, collective phonon behavior like
the use of a single time scale to describe thermal decay in a silicon substrate [3]
or the observation of second sound in germanium [4] seem to indicate that the hy-
drodynamic description could be used in these semiconductors. This could be an
indication that a more unified framework could be proposed.

The talk will cover some of the most recent evidences in the theoretical and exper-
imental research on thermal transport and we will analyze them in the framework
of the Kinetic/Collective model (KCM) [5], developed to give a more generalized
framework to describe thermal experiments.
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Internal tensorial variables and heat transport equation
with inertial, thermal viscosity and vorticity terms05 July
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Co-author: D. Jou

Taking into account some results obtained within the framework of non-equilibrium
thermodynamics with internal variables (NET-IV) in a previous paper [1], where
generalized Guyer-Krumhansl evolution equations for the heat flux were derived by
the help of non-local vectorial internal variables, in this paper we obtain a heat con-
duction equation where beside the conductive behaviours of phonons also viscous
motions and vortical motions of phonons [2],[3],[4] are described. For the description
of thermal vortices of phonons by the GENERIC approach we refer the reader to the
Reference [5], where the appearance of a set of vortices analogous to the von Karman
vortices in viscous fluids around a cylinder is explored on theoretical grounds. This
possibility -as well as some other analogous possibilities- emphasizes the interest of
exploring the interactions between the average heat flow and the heat vortices.
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Phonon-boundary scatterings and boundary conditions:
Application to the heat transfer in thin nano-wires 05 July
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At nano-scale several conceptual questions still remain unanswered; some of them
are sometimes fervently debated. It is however currently well-known that in nano-
systems the phonons always undergo to different scattering mechanisms during the
heat propagation. The particular regime of heat transfer, instead, strictly depends
on the ratio between the phonon mean-free path and the characteristic size of the
system, i.e., the so-called Knudsen number. Among the aforementioned open ques-
tions, the role played by the phonon-boundary scatterings, for different values of
the Knudsen number, in particular is an interesting research playground. In this
talk, therefore, it will be proposed an enhanced model of boundary conditions in or-
der to suitably address the problem of the correct tackling of the phonon-boundary
scatterings when heat is flowing in a thin nano-wire.

13
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We study how the thermal conductivity of semiconductors is affected by embed-
ding in them nanoparticles, which act as extrinsic phonon scattering centers. The
study is based on a new formula for thermal conductivity, which has recently been
found on the basis of Extended Thermodynamics. All the other main interactions
of phonons among themselves, with isotopes and boundaries are taken into account.
Numerical results are shown for the case of germanium nanoparticles embedded in
a Si0.7Ge0.3 alloy crystal.

Wave propagation at nano-scale in coupled transport
phenomena: Application to thermoelectricity05 July
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Co-authors: V.A. Cimmelli and I. Carlomagno

The analysis of coupled transport phenomena is one of the most outstanding
aspects of non-equilibrium thermodynamics. In this paper the attention is put on
thermoelectricity, i.e., the coupling of heat and electricity. We propose a theoretical
model which goes beyond the usual relations employed at macro-scale to describe
thermoelectric effects. It introduces the non-local effects which should be taken into
account in view of the possible applications of thermoelectric effects at nanoscale.
The proposed model is here employed to investigate how nonlocal effects may influ-
ence the propagation of waves.
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Phonon hydrodynamics of short channels in superfluids and
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In this talk we present some results on the effective thermal conductivity of thin
and short channels filled with superfluid helium between two helium reservoirs at
slightly different temperatures in the context of phonon hydrodynamics [1]. Further
we propose an expression for the heat transfer in solids in narrow and short chan-
nels, based on the analogy with heat transport in suerfluid helium. The channels
communicate two thermal reservoirs of the same material than the channel, so that
there are no interfaces at the longitudinal boundaries of the channel, but only an
abrupt change in the width of the system.
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