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Fig. 1. Schematic diagram of a multi-constrained system.
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strained by the y-directional boundaries.
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Fig. 3. Comparisons between the thermal conductivity

models and the Monte Carlo simulations.
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Abstract

The rapid development of nanotechnology makes it possible to further understand nanoscale heat conduction.
Theoretical analysis and experimental measurement have demonstrated the size-dependence of thermal conductivity on
a nanoscale. As dielectric material (such as silicon), phonons are the predominant carriers of heat transport. Phonon
ballistic transport and boundary scattering lead to the significant reduction of thermal conductivity. Various models, in
which only one geometrical constraint of phonon transport is considered, have been proposed. In engineering situations
the phonon transport can be influenced by multiple geometrical constraints, especially for material with long intrinsic
phonon mean free path. However, at present a phonon thermal conductivity model in which the multiple geometrical
constraints of phonon transport are taken into account, is still lacking. In the present paper, a multi-constrained
phonon thermal conductivity model is obtained by using the phonon Boltzmann transport equation and modifying the
phonon mean free path. The geometrical constraints are dealt with separately, and the effects of these constraints
on thermal conductivity are then combined by the Matthiessen’s rules. Different boundary conditions can lead to
different influences on the phonon transport, so different methods should be used for different boundary constraints. The
differential approximation method is utilized for the constraint in the direction of heat flux, while phonon scatterings
on side surfaces are characterized by modifying the phonon mean free path. The model which characterizes various
nanostructures including nanofilms(in-plane and cross-plane) and finite length rectangular nanowires, can well agree
with the Monte Carlo simulations of different Knudsen numbers. The model with the Knudsen number Kn, equal to 0
can well predict the experimental data for the in-plane thermal conductivity of nanofilm. When the Knudsen numbers
Kny and Kn, vanish, the model corresponds to the cross-plane thermal conductivity of nanofilm. Moreover, with
Kny = 0 and Kny = Kn., the model corresponds to the square nanowires of infinite length, and the similar slopes

between the model and the experimental data of nanowires can be achieved.

Keywords: nanostructures, phonon thermal conductivity, size effect, Boltzmann transport equation
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