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PLAN

Generalized heat transport equations inCOI‘ﬁ?lorating non-
vanishing collision time and mean-free pat

nanowires (silicon nanowires and metallic nanowires, size-
dependent thermal conductivity)

plane sheets (silicon layers and graphene sheets, radial heat
transfer from a central heat source).

a) influence of boundary conditions (smooth or rough walls);
b) phonon and electron heat transfer in metallic nanowires;
¢) compatibility with the second law;

d) thermal wave propagation.



SIZE DEPENDENCE OF HEAT
CONDUCTIVITY

10°
n = Bulk m = 37nm NW
® 115nm NW m m Z22nm NW
10° o= 30RM NW
I-. ..
= 10° .- N
_E -
= e
102 "
u = U CLLCI e,
.#.ﬁ
107 | L
i .l:FFPﬂ
l..':'
.
0 o
mm‘ 101 10° 10?




ELEMENTARY KINETIC THEORY
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KINETIC THEORY
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TRANSPORT EQUATIONS AND SECOND LAW

* Current technology requires generalized transport
equations with memory and nonlocal effects, e.g.

g r%= ~(g+IVT)+12V2q

» This describes experiments but is not compatible with
local equilibrium, entropy and entropy flux must be
generalized

Classical Theory
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Tq+q=—wpVIT+ igﬁlg.




PHONON HYDRODYNAMICS AND HEAT

TRANSPORT IN NANOWIRES
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TABLE L. Bulk thermal conductivity thdmm—ﬁmepnﬂllufphmuminsi&mnmnuﬁmfmﬂifﬂﬂm
values of temperature. These values are taken from experimental data.™

T-1S0K T-100K T-80K T-60K T=50K T=40K T=30K

wg (W/mK) 409 B84 1340 2110 2680 3530 4810
1 (nm) 181 557 1432 IRIT G681 11517 16354




THERMAL CONDUCTIVITY OF SMOOTH
NANOWIRES

TABLE II. Expenmental values of the effective thermal conductivity in silicon nanowires with different radii R

and at several values of temperature in the absence of backscattering (A=0 nm). The experimental data have
been inferred from Ref. 29.

=150 K =100 K T=3%0 K =60 K =50 K =40 K =30 K

R Kol Kaf Kait Koait Kaif Kai L
{nm) (W/mK) (W/mK) (W/mK) (W/mK) (W/mK) (W/mK) (W/mK)
115 46 45 40 27 19 13 5

36 28 23 21 16 11 T 3

37 17 14 11 B & 4 1.7

TABLE IV. Theoretical predictions for the value of the effective thermal conductivity 1n silicon nanowires with

different radii R and at several valuves of temperature in the absence of backscattering (A=0 nm). The values
are obtained by using the model described by Egs. (5), (6a), (6b), and (7).

=150 K =100 K T=R0 K =60 K =50 Kk =40 K =30 K

R Hoad] K Ko L) K Kaff KT
(nm} (W/mK) (W/mK) (W/mK ) (W/mK) {W/mK) {W/mK) (W/mK)
15 683 45.5 40.3 27.6 9.0 11.7 6.4
56 28.1 209 9.4 3.4 a2 5.7 3.1
37 17.5 13.6 [ 2.7 B.R Al 3B 2.1




THERMAL CONDUCTIVITY OF ROUGH
NANOWIRES

TABLE Ill. Experimental values of the effective thermal conductivity in sificon nanowires with different radii
R and at several values of temperature in the presence of backscattenng (A=3 nm and L=6 nm). The expen-
mental data have been inferred from Refs. 14 and 15.

T=150 K T=100 K T=80 K T=60 K T=50 K =40 K =30 K

R it Kalf Kol Ky HafF KfF HoafF
{nm} (W/imK) {W/mK) (Wimk) {WimK) {WimK) (WimK) (W/mK)

[15 7.8 5.7 49 33 25 1.8 .3

o7 5.3 L. 3.2 2.1 1.7 1.2 (.9

TABLE V. Theoretical predictions for the value of the effective thermal conductivity in silicon nanowires with
different radn R and at several values of temperature in the presence of backscattening (A=3 nm and L
=6 nm). The values are obtained by using the model described by Egs. (3), (6a), (6b), and (7).

=150 K =100 K T=80 K r=60 K =50 K =40 K r=30 K

H HoafT Koagy HoafF K Koagy Hoasf L
{nm) (W/mK) (W/mK) (W/mK) (W/mK) (W/mK) (W/mK) (W/mK)
115 15.1 6.9 6.5 4.2 3 .3 2.0

4
a7 5.4 24 3.1 2.0 (.8 04 1.5




THERMAL AND ELECTRICAL CONDUCTIVITY

IN

STALLIC NANOWIRES. WIEDEMANN-

FRANZ
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THERMAL CONDUCTIVITY OF POROUS SI
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Porosity (%) radius (nm) Ksﬁ-“-"_lll—lK'l Eq (6) Standard

40 1.5 1.2 1 | 32

40 100 31.2 29.6 32

50 10 3.9 5.9 18.5

60 10 2.5 4.0 9.5

APPLIED PHYSICS LETTERS 97, 033103 (2010)

Pore-size dependence of the thermal conductivity of porous silicon:
A phonon hydrodynamic approach

F. X. Alvarez,"” D. Jou,'*” and A. Sellitto®®



PHONONICS:
THERMAL DIODES, THERMAL TRANSISTORS
THERMAL RECTIFICATION IN BULK-POROUS SI
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Phoysics Letters A 376 (2012) 1641-1644

Theoretical analysis of thermal rectification in a bulk Si/nanoporous Si device

M. Criado-Sancho?, L.E. del Castillo?, J. Casas-Vazquez ¢, D. Jou ©*



RADIAL HEAT TRANSPORT IN PLANE LAYERS:

NANOREFRIGERATION
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TEMPERATURE PROFILE AND SECOND LAW
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Non-local effects in radial heat transport in silicon
thin layers and graphene sheets

A. Sellitto, D. Jou and J. Bafaluy

Proc. R. Soc. A published online 30 November 2011
doi: 10.1098/rspa.2011.0584



FREQUENCY-DEPENDENT THERMAL CONDUCTIVITY

)] . 1
Kl = ————. M+ aq= —x TT+F?|[T‘ + 2¥V - }
) =T q+4q 0 4 q),
T=|5Mf , T=100K T=i50K
1.5 T T —————
.I o 1=t = Tu.-:!:- | o ':w=‘|::_]
. 3 5
Ill'.l 2.5 4
\ W i
\E\ E 2 B_E 3
\. B B
15 2
\&1‘-\.
~
e —_ I 1
i 2 4 0 % 10 19 2 4 6 8 10 03y 2 4 I3 8 10 % 2 4 & 8 0
mT T T [Xi8

JOURNAL OF APPLIED PHYSICS 109, 064317 (2011)

Phonon-wall interactions and frequency-dependent thermal conductivity
in nanowires

A. Sellito,"* F. X. Alvarez,** and D. Jou®*
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CONTINUED-FRACTION EXPANSIONS OF
TRANSPORT COEFFICIENTS
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(1) depending of the number of nonvanishing [, values. The difference be-
tween even and odd order approximations and the asymptotic behavior is




ASYMPTOTIC EXPRESSION OF THE
CONDUCTIVITY
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FIG. 1. Effective-thermal conductivity (\) in W/(m K) given by Eq. (8) in
terms of the width of the layer (L) in nm. The values used in the graph are
120 W/{cm K) for the asymptotic conductivity Ag and 40 nm for [, The
points correspond to the experimental data in layers with different thick-
nesses (see Refs. 16 and 17).




CONCLUSIONS

Non-local effects may be relevant 1n heat transport 1n
nanosystems

Generalized transport equations require generalized
entropy and entropy flux

Non-local effects are not always equivalent to
Fourier’s law with an effective thermal conductivity

Several possibles descriptions: a) Effective relaxation
time, b) Non-local effects + heat slip along the walls;
c) Asymptotic many-fluxes expressions



SOME BOOKS

D Jou, J. Casas-Vazquez, G Lebon, Extended irreversible thermodynamics,
Springer, Berlin, 2010 (fourth edition)

G Lebon, D Jou and J Casas-Vazquez, Understanding non-equilibrium
thermodynamics, Springer, Berlin, 2011

D Jou, J Casas-Vazquez and M Criado-Sancho, Thermodynamics of fluids
under flow, Springer, Berlin, 2011 (second edition)

S Volz (ed), Microscale and nanoscale heat transfer (Topics in applied
physics, 107), Springer, Berlin, 2007

D Y Tzou, Macro-to-microscale heat transfer. The lagging behaviour,
Taylor and Francis, New York, 1997

Z M Zhang, Nano/microscale heat transfer, McGraw Hill, New York, 2007

G Chen, Nanoscale energy transport and conversion, Oxford University
Press, Oxford, 2005



