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1. Introduction
1.1. Micro- and nanoscale heat transport

Heat transport science is an old discipline dated back to the classical work by J. Fourier who proposed the constitutive
law termed after his name in his masterpiece [1]. Accurate description and understanding of heat transport hereafter
becomes vital not only in theoretical developments of thermodynamics [2-4] and statistical mechanics [5-7], but also in
wide engineering applications for chemical processes [8,9], energy and building [10,11], power production [12,13] and so
on. In terms of the physical mechanism of heat transport, different kinds of heat carriers have been proposed to explain
the process [ 14]: molecule, electron, photon and phonon. In the present work, we focus on the heat transport mediated by
phonon, which was first introduced to describe the heat conduction in dielectric solid by Peierls [15] and then refined and
expanded by subsequent researchers [ 16-20].

Near the end of last century, with the rapid development of micro- and nanofabrication [21] and nanotechnology [22],
as the size of systems drastically shrank down, Fourier’s law is considered no longer valid for heat transport due to the sub-
continuum effects. Therefore, it became crucial to develop substitutes in theory on micro- and nanoscale heat transport, to
tackle the related thermal phenomena in nanosystems, such as the intractable microelectronics cooling problems [23,24]
emerging in 1980s. Pioneering investigations were conducted in a systematical way by the group of C.L. Tien and coworkers,
and have been thoroughly summarized in Refs. [25,26], leading to the gradual establishment of the field of microscale
thermophysical engineering [27]. In recent years, there are increasing and urgent demands on deeper understanding
of the fundamental issues in this field, motivated by diverse technology applications such as the thermoelectric energy
conversion [28,29], micro- and nanoelectronics and optoelectronics [30], micro- and nanoelectromechanical systems [21],
functional nanomaterials [31]. These activities and progresses are summarized in some comprehensive reviews [32-36]
and several monographs [14,37-40]. Note that micro- and nanoscale denotes both the temporal aspect when the process
characteristic time is comparable to or smaller than the relaxation times of the heat carriers such as in short-pulse laser
heating process [41,42], and the spatial aspect when the system characteristic size becoming comparable to or smaller than
the mean free paths of the heat carriers such as in thin film heat conduction [43,44]. More detailed discussions of heat
transport regimes at micro- and nanoscale could be found in Refs. [25,45-47].

1.2. Overview of current methods

To treat heat transport at micro- and nanoscale, there are logically two categories of methods: theoretical and exper-
imental ones. In this work, we are focusing only on the theoretical methods. In the early stage of developments in this
field, kinetic modeling based on the phonon Boltzmann equation [41-44] and simplified molecular dynamics simulations
[48-50] were the major tools. With the advancements of molecular dynamic techniques [51-53], density functional pertur-
bation theory [54,55] and high performance computing [56], it becomes possible to perform large-scale simulations using
molecular dynamics and first-principle calculations to predict thermal transport properties of bulk- and nanostructures in
recent years [34]. Monte Carlo (or lattice Boltzmann method, etc.) solutions of the phonon Boltzmann equation supple-
mented with information from first-principle calculation, molecular dynamics or lattice dynamics simulation are currently
the main trend [53,57-60] in multi-scale modeling of micro- and nanoscale heat transport. Even though the first-principle
calculations or molecular dynamics simulations are able to explain what happens at microscale, and the kinetic theory based
modeling can capture the statistical behavior of phonons at the mesoscopic scale, people have never faltered in the quest
for macroscopic description of phonon transport which has the capability to provide a clear and intuitive physical picture
for a better understanding. In summary, there are mainly four macroscopic methods available for nanoscale heat transport
in the literature: phonon hydrodynamic model [61,62], dual-phase-lag model [63,64], ballistic-diffusive model [65,66] and
thermon gas model [67,68].

All of these macroscopic, mesoscopic and microscopic methods are summarized in Fig. 1. Here the terms ‘microscopic’,
‘mesoscopic’ and ‘macroscopic’ represent modeling the nanoscale heat transport at three different levels of descriptions.
‘Microscopic’ method provides atomic-scale information, while ‘mesoscopic’ method produces statistical information such
as the particle distribution function, and ‘macroscopic’ method uses only several state variables for continuum media
(i.e. moments of the particle distribution function). In the present work, we aim to clarify the significance of macroscopic
methods and focus on the phonon hydrodynamic model, which has never been addressed in the previous reviews
[32-34,36].

1.2.1. Microscopic methods

The main idea of microscopic method is through direct simulations of the motion and interactions of atoms in solids
by numerically solving the fundamental dynamic equations. In the framework of classical mechanics, Newton’s equation is
solved, as the foundation of molecular dynamics simulation method. Whereas in the quantum mechanical framework, the
Schrédinger equation is solved, corresponding to the first-principle method.

Classical molecular dynamics simulation usually includes two branches [69]: the Green-Kubo (equilibrium) method
based on fluctuation-dissipation theorem [70], and direct (non-equilibrium) method by calculating the induced heat flux



4 Y. Guo, M. Wang / Physics Reports 595 (2015) 1-44
|First-principle method|
|Mo]ccular dynamics simulation|
| [Theoretical @ Phum.m Boltzmann ‘IMI&I
methods equation (or EPRT) Lattice Boltzmann

Phonon hydrodynamics model |

@ Dual-Phase-Lag model |

Ballistic-diffusive modell

Experimental

methods Thermon gas model

Micro- and nanoscale heat transport science

Fig. 1. Current methods in micro- and nanoscale heat transport science.

(or temperature gradient) from the applied temperature gradient (or heat flux). The information of positions and velocities
of all the atoms need be stored at each step of the simulation, thus being very time- and computational-source-consuming.
To alleviate this situation, combination of molecular dynamics and lattice dynamics simulations has been proposed to obtain
the phonon information (dispersion relation, relaxation time) as inputs to the solution of phonon Boltzmann equation and
worked well in predicting lattice thermal conductivity [53,69]. Nevertheless, the results of molecular dynamics simulation
much depend on the developments of accurate inter-atomic potential functions and usually limit to high-temperature
circumstance [60,69].

Therefore, the first-principle method emerges [7 1], aiming at parameter-free predictions of thermal transport properties
over a wide range of temperature. Based on density functional perturbation theory, it obtains the harmonic (second-order)
and anharmonic (third-order) interaction force instants for the pairs of atoms and triplets of atoms respectively as inputs to
the solution of phonon Boltzmann equation [71]. It worked well in predicting thermal conductivity of diverse categories of
bulk materials [71,72] and showed promising potential for nanostructures as well [73].

1.2.2. Mesoscopic methods

Mesoscopic methods refer to the kinetic modeling based on phonon Boltzmann equation or its derivatives (such as the
Equation of Phonon Radiative Transport, EPRT [44]). Solution of Boltzmann equation is not easy because of its complex
collision term [74]. There are usually two trains of thought: a full solution and a single mode relaxation time (SMRT)
approximation [14,38]. The full solution needs complicated numerical iteration [71] or ab initio variational approach [75].
The SMRT approximation is more preferred [53,58,59,76,77] because of its simplicity although empirical parameters
have been utilized, which are often adjusted from experimental data. Monte Carlo method has been used to solve the
phonon Boltzmann equation [78], especially for micro- and nanoscale heat transport [60]. Lattice Boltzmann method is
an alternative [79] yet still in its infancy [80], which will be further discussed later.

1.2.3. Macroscopic methods

In parallel to the developments of microscopic and mesoscopic methods, fruitful efforts have also been put on the
macroscopic method for micro- and nanoscale heat transport. The macroscopic approach is based on generalized heat
transport equations which are able to describe heat transport in a wide range of scales, including not only the conventional
diffusive regime where Fourier’s law is valid, but also the so-called ballistic regime and the so-called phonon hydrodynamic
regime. Among the available macroscopic methods, one spreading over a large span of time is the phonon hydrodynamics
model [62]. Note that the denomination “phonon hydrodynamics” is found in the literature with two slightly different but
related meanings. In line of phonon kinetic theory, “phonon hydrodynamics” refers to a particular phonon flow regime
with the dominant effect of normal phonon-phonon collisions over resistive collisions, and termed as “classical phonon
hydrodynamics” as in Section 3; in macroscopic non-equilibrium thermodynamics, it refers to the use of transport equations
analogous to classical hydrodynamic equations, with the heat flux and temperature gradient playing the roles of velocity
and pressure gradient respectively, and termed as “phenomenological phonon hydrodynamics” as in Section 4. The details
of them will be elucidated soon below. Phonon hydrodynamics was first proposed at the mid-period of last century for
studying heat waves in dielectric solid at low temperature [61,81]. Numerous subsequent theoretical work [82-86] was
followed by mathematical physicists to refine, develop and extend the original model. The substantial bridging between
phonon hydrodynamics and nanoscale heat transport was accomplished recently in the landmark work by Jou and his
coworkers [62], based on a heuristic analogy between nanoscale phonon gas flow and rarefied gas flow. It opens up a new
field in applying the hydrodynamic approach to analyze nanoscale heat transport, thus simplified the problem and showed
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an intuitive and clear physical picture consistent with the existing knowledge about hydrodynamics. Many applications are
extensively studied, such as the prediction of thermal conductivity of nanostructures [62,87].
The Dual-Phase-Lag (DPL) model [63,64] (or the so-called Jeffrey’s type model [88]) was proposed in the end of last

century. Its starting point is Fourier’s law q = —A VT, which indicates an unphysical instantaneous response between heat
flux and temperature gradient [89]. The DPL model proposed new causal response through adding two phase lags into the
Fourier’s law thus achieving q (r, t+ rq) = —AVT (r, t + 7r), which allows both heat flux as the cause of temperature

gradient when 7,<7r, and temperature gradient as the cause of heat flux when 7, > 77 [37]. This is a unified model
trying to incorporate many different situations of heat transport at different scales by grasping the common feature.
From our perspective, the DPL model usually captures well the behavior of heat transport mediated by two (or multi-)
carriers (or media), such as the electron-phonon interactions in the laser-heating process in metal [90], superfluid and
normal components induced heat wave propagation in superfluid liquid helium [90], multi-phase induced nonhomogeneous
heating response in porous media [91] and amorphous media [92]. Another characteristic of DPL model is that the two phase
lags have usually to be determined by adjusting to the experimental data of thermal response.

Ballistic-diffusive model [65,66] is an another attempt to transit from mesoscopic kinetic theory to macroscopic equations
to describe nanoscale heat transport. It divides the phonon distribution function at a given point into two parts [65]: one
from the inside of medium (diffusive part), the other from the boundary of medium (ballistic part). By integrating the phonon
Boltzmann equation, two evolution equations are obtained for the internal energy (or heat flux) of the diffusive and ballistic
phonons respectively. This model contributes more to the conceptual aspect with only simple 1D and 2D heat conduction
benchmarks studied [93-95] rather than to practical applications. Note that the ballistic-diffusive model strictly belongs to
a mixed macroscopic-mesoscopic method [96] since the heat flux of ballistic phonons has to be calculated from the kinetic
theory.

The thermon gas model, with a history of nearly ten years [67], was to describe heat transport through the classical
fluid mechanics equations for heat by introducing a so-called thermomass defined as the equivalent mass of thermal energy
based on Einstein’s mass-energy equivalence [68]. In this model, heat conductions can be treated as thermon gas flows in
media driven by a temperature gradient. Thermon is defined as a unit quasi-particle carrying thermal energy. For solids, the
thermon gas is the phonon gas for crystals, attached on the electron gas for pure metals, or just between both for most of
other solids. Although predictions based on this model of effective thermal conductivity of nanomaterials have gained good
agreements with experimental data [97-99], the theoretical gap between physical picture and constitutive equations has
not been perfectly fulfilled. This model was evaluated consistent with the phonon hydrodynamic model, and never beyond
the theoretical framework of the phonon hydrodynamics [100,101].

All these major macroscopic models are available to describe or capture the nonlocal effect of the heat flux and the
temperature gradient between different locations [ 102]. Besides, it is worth mentioning that some other similar macroscopic
models are also proposed, such as the C-F heat conduction model [ 103], the stochastic heat equation [104] and so on.

Although the subsequent studies for these macroscopic models have claimed that they all have fundamental bases on the
phonon Boltzmann equation [65,100,105], the phonon hydrodynamic model is the most natural and direct production from
the phonon Boltzmann equation. The macroscopic constitutive equations of phonon hydrodynamics can be derived directly
from the phonon Boltzmann equation, which avoids empirical parameters or pure mathematical terms in other models.
Therefore it can provide a clear and intuitive physical picture, and thus converts the abstract and ambiguous heat transport
process into a concrete and evident phonon gas flow process, which help us better understand the indiscernible mechanism.
In the present work, we focus on reviewing and expatiating the microscopic and mesoscopic physical and mathematical
foundations for the phonon hydrodynamic model. Only in this way is it possible to capture the main essences and key
features of nanoscale heat transport applications yet still using simple formulations.

1.3. Objectives and structure of this review

Therefore, the objectives of the present review include the following aspects: (1) to provide a solid conceptual foundation
for phonon hydrodynamics in view of descriptions of phonon systems at different levels; (2) to examine the existing theoret-
ical methods in developing phonon hydrodynamic models from phonon Boltzmann equation, and establish a unified kinetic
framework for these models, thus bridging the mesoscopic physics and macroscopic approaches; (3) to summarize the fun-
damentals and procedures in implementing phonon hydrodynamics to nanoscale heat transport with actual application
cases; (4) to give possible perspectives and future trends by revisiting the current status of phonon hydrodynamic model.

This review is organized as: in Section 2, the concepts of phonon, phonon kinetic theory and phonon hydrodynamics
are introduced in a systematical way, from the perspective of microscopic, mesoscopic and macroscopic descriptions
respectively. Then a unified kinetic framework is established for phonon hydrodynamic model in Section 3 through an
asymptotic solution to phonon Boltzmann equation, with also a summary of previous models by diverse methods that could
be included as different orders of specific solutions. These theoretical foundations pave the road for actual applications of the
phonon hydrodynamics in predicting the thermal transport properties of nanostructures—the main contents in Section 4,
where other essential fundamentals for applications including the heat flux boundary and its thermodynamic foundations
are introduced as well. Finally, in Section 5 we discuss some open questions and possible perspectives of the phonon
hydrodynamic model, after which concluding remarks are made in Section 6.
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Fig. 2. One-dimensional monoatomic lattice chain.

2. Concepts and foundations

2.1. Phonon

The concept of phonon was first introduced by Einstein [ 106] and Debye [107] in dealing with the specific heat capacity
of dielectric solid. This phonon model is used to describe the equilibrium properties of solid. It was Peierls [15] who
generalized the equilibrium phonon model to nonequilibrium heat transport, and proposed the Peierls-Boltzmann transport
equation [ 16] for phonons, inspired from kinetic theory of gases [108].

Phonon is defined as wave packet [14,109] from the perspective of classical mechanics, or minimum energy quantum
[38,39,110] from the perspective of quantum mechanics. Therefore we consider the description of phonons in two aspects:
classical and quantum mechanical pictures. For simplicity, a one-dimensional monoatomic lattice chain, shown in Fig. 2, is
taken to represent the realistic three-dimensional lattice structure in dielectric solid. The interacting atoms are treated as
a spring-mass system, with an identical atom mass m, a spring constant « and a spacing a between the atomic equilibrium
positions. N is the total number of atoms, the position of each termed as x;, with s = 1, 2, ..., N. Harmonic interaction is
assumed between adjacent atoms.

2.1.1. Classical mechanical picture
Based on Newton'’s equation in classical mechanics, the dynamic relation for lattice vibration is:
d?x,
maz =K (Xsg1 + X1 — 2Xs) . (1

Defining the displacement from corresponding equilibrium position as u; = x; — x?, we obtain the equation for lattice
displacement:

d?u;
m@ =k (Usy1 + Us—1 — 2Uy) , (2)
the solution of which has the following form [38]:
u; = Aexp [—i (wt — ksa)], (3)

with A, w, k denoting respectively the amplitude, frequency and wave number of lattice vibration, i being the imaginary unit.
Substitution of Eq. (3) into Eq. (2) gives rise to the dispersion relation for the wave propagation of lattice vibration:

[k
w=2/—
m

which is a periodic function of k with a period 27 /a. Mathematically, only one period is sufficient to account: (—x /a, 7 /a),
known as the first Brillouin zone. Any wave number beyond the first Brillouin zone can be shifted into this domain by integer
times of periods [ 110]. Physically, the wave number cannot be larger than 7 /a because the wave length (A = 27 /k) cannot
be smaller than twice the atomic spacing [38].

The plane harmonic wave described by Eq. (3) does not convey any signal or energy actually. Based on the dispersion
relation Eq. (4), the concept of “localized wave packet” is introduced, which is the essential energy or signal carrier. Two
plane harmonic waves with slight wave number difference (Ak) around k, are described respectively by:

us; = Aexp|—i ((wg — Aw) t — (kg — Ak) sa)], (5a)
Uy = Aexp|[—i((wg + Aw) t — (ko + Ak) sa)]. (5b)

Combination of these two waves results in the propagation of a wave packet:

. ka
sin —
2

; (4)

Us = Ugp + Uy = Acos (wot — kosa) , (6)

with the combinational amplitude A =2Acos (Awt — Aksa). The localized wave packet is exactly the classical mechanical
picture of phonon. Distinct from the phase speed (v, = wo/ko) of lattice vibration, the propagating speed of the wave packet
or phonon is termed as group speed:

_Aa)_aa)

_ Ae oo 7
e T Ak T ok @)
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2.1.2. Quantum mechanical picture

Schrédinger equation is the fundamental equation in quantum mechanics, which needs the Hamiltonian of the
monoatomic lattice chain:

1 1
H= —mi 4 =k (X1 — %52 8
23: |:2 s 2 (X511 s) (8)
Eq. (8) indicates that the monoatomic lattice chain is a coupling interaction system, thus a solution of Schrédinger equation

becomes complicated. To decouple the atomic interaction, phonon coordinate is introduced based on a Fourier transforma-
tion of the atomic coordinate [110]:

Qy=N"12 sz exp (—iksa) . 9)

In this way, Eq (8) turns into a summation ()fillde])elldellt harmonic oscillators:
H E 1 kaQ ! m 2Ql Q (10)
= kTt w k|,
P’ 2 k 2 ek

with the dispersion relation obtained:

K
w = 2,} -
m

Eq. (11) is identical to Eq. (4) got from the classical mechanics. Combination of Eq. (10) and Schrédinger equation leads to
the kinematic equation for each harmonic oscillator [110]:

O + w2 Q =0, (12)

which gives the discrete energy eigenvalue [111]:

in X (11)
sin —| .
2

1
Ex = <nk+5> hw, (n=0,1,2,...). (13)

The minimum energy quantum #wy in Eq. (13), in analogy to the definition of photon, is termed as a phonon, being
exactly the quantum mechanical picture. n is the energy level of the harmonic oscillator or average number of phonons in
the mode (k, wy), and obeys the Bose-Einstein statistics. Moreover, a phonon can be treated as a quasi-particle possessing a
quasi-momentum p = h/A = hk based on the wave-particle duality in quantum mechanics.

2.2. Phonon kinetic theory

2.2.1. Phonon Boltzmann equation

Analogous to the transport equation proposed by Boltzmann [6,112] for rarefied gas transport, the phonon Boltzmann
equation is in prior introduced to phonon transport by Peierls [ 16]:

a

T ovvi=co), (14
where the phonon distribution function is f = f(x, t, k), with f(x, t, k)dxdk denoting the number of phonons around
spatial interval (x, X + dx) and wave vector interval (k, k + dK) at certain time t. K is the wave vector as an extension of
wave number k, related to phonon quasi-momentum (crystal momentum) through p = 7K. v is the phonon group velocity,
and can be computed from:

Vg = ka (]5)

asan extension of Eq. (7). C(f) is the phonon collision term evaluating the effect of phonon scattering processes. Thus phonon
Boltzmann equation describes a balance between variation, advection and scattering processes of phonons, adopting the
same form of classical balance laws in transport processes [8].

2.2.2. Phonon scattering

Understanding phonon scatterings is crucial to specify the collision term C(f) in Eq. (14). They are usually grouped into
two categories [16,109,113]: normal (N) process and resistive (R) process. R process mainly includes three-phonon Umklapp
(U) process, phonon-imperfection and phonon-boundary scatterings. In terms of their conservation properties, the number
of phonons is not conserved as they can be created or annihilated, such as in three-phonon scattering where two phonons
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First Brillouin zone

a

Fig. 3. Three-phonon N process (a) and U process (b) [38].

Table 1
Classification and properties of phonon scatterings.
Phonon scattering Momentum Energy Effect
N process Normal process Conserved Conserved Indirect resistance
Umklapp process Not conserved Conserved Direct resistance
R process Imperfection scattering Not conserved Conserved Direct resistance
Boundary scattering Not conserved Conserved Direct resistance

combine into one or one divides into two; N process conserves phonon quasi-momentum while R process does not; the
energy of phonons is always conserved in any kind of scattering processes. These features are much different from the
conventional conservation laws of molecular number, momentum and energy assumed in rarefied gas transport, in that
phonon is a virtual particle whereas molecule is a real particle.

Three-phonon N process and U process make up the main scattering mechanisms in dielectric solid, as shown in Fig. 3.
Mathematically they result from additional perturbative third-order terms besides the harmonic terms in Eqs. (1) and (8),
and physically they originate in the non-harmonic lattice interaction. The energy and momentum balance equations for
them are respectively:

hu)] + ha)z = ha)3, (16)
7iky + 7k, = 7iks + G, (17)

where G is the reciprocal lattice vector, and G = 0 corresponds to N process whereas G # 0 corresponds to U process.

In terms of the effect of N and R processes, both of them will introduce thermal resistance to phonon heat transport,
resulting in finite lattice thermal conductivity. R process causes a direct thermal resistance by destroying the phonon quasi-
momentum, while N process causes an indirect one by redistributing the phonon frequency spectrum. The effect of N process
is often neglected and not satisfactorily treated in modeling lattice thermal conductivity [114]. Merely recently in first-
principle method [115] or phenomenological models [116,117] is there a little attention paid on it. Appropriate treatment
of R process and N process will be further discussed below.

The portion of different kinds of phonon scatterings varies with the temperature in dielectric solid. At extremely low
temperature, the lattice vibrations are in low energy level and small quantities of phonons are produced, which result in
scarce scattering rate and long mean free path. Therefore, phonon-boundary interaction becomes the dominant scattering
in this regime. With the temperature elevating, both the phonon quantity and three-phonon scattering rate increases. In
this regime, N process dominates over R process because the lattice energy level is still low to make the combination of
two phonons go beyond the first Brillouin zone, as is shown in Fig. 3(a). When the temperature elevates further to a higher
value, the combination of two phonons easily goes outside the first Brillouin zone, as is shown in Fig. 3(b), which fosters the
dominance of R process over N process in this regime. Finally, the classification and properties of different kinds of phonon
scatterings are summarized in Table 1.

2.2.3. Callaway'’s relaxation approximation
The full collision term in phonon Boltzmann equation is difficult to tackle because of the complex nature of phonon
scatterings [ 16,17], similar to the molecular collision term in Boltzmann equation for rarefied gas [ 108]. Therefore, inspired
by the linear BGK relaxation approximation [74] to molecular collision term, Callaway proposed the dual relaxation
approximation to the phonon collision term [113]:
—f fog

Cf)=-——R 1 N (18)

TR N
In Eq. (18), TR, Ty are the relaxation times for R and N processes respectively, and the equilibrium distribution functions for
R and N processes are respectively the Planck distribution [113] (i.e. Bose-Einstein distribution [38]):
1

eq _
k= exp (hw/kgT) — 1 (19)
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Table 2

Relaxation time expressions of N and R processes.
Work ' 7" 7! 7,
Callaway [113] By?T3 B,?T? Aw? vg/L

By 1?T? By, i/ sinh (iw/kyT) .

Holland [118] By 1T (i=LT) Aw vg/FL
Morelli et al. [123] B1,iw’T exp (—60p;/3T) (i =L, T) By 1?T? ByrwT* Aw*(i=LT) v, i/Letr (i=L,T)
Mingo [76,119] Neglected Bw?T exp (—C/T) Aw? vg/FL
Chantrenne et al. [120] Neglected BLw?T'5 BrwT* Aw? vg/FL
Ward and Broido [124] B1w?T [1 — exp (—3T/6p)] BT [1 — exp (—3T/6p)] - -
Maldovan [122] Neglected Biw?Texp (—C/T)(i=L,T) Aw? -

Notes: a The subscripts i, b denote imperfection and boundary respectively; b The subscripts L, T denote longitudinal and transverse respectively; ¢
F denotes the geometrical factor, with L the geometrical characteristic dimension; d A, B, C are empirical coefficients obtained through fitting the
experimental data; e 6p denotes the Debye temperature; f In Ref. [122], the phonon-boundary scattering is incorporated through a reduced mean free
path rather than the relaxation time; g In Ref [ 124], only the normal process and Umklapp process are studied.

and the displaced Planck distribution [38,113]:

0= !

N exp[(hw — hk - u) /kgT] — 1’
with kg denoting the Boltzmann constant, T the thermodynamic temperature, # = h/2x the reduced Planck constant, and
u the drift velocity of phonons. The drift velocity u is distinct from the group velocity v, and is a space- and time-dependent
macroscopic velocity related intimately to heat flux, as to be shown below. As is pointed out in Refs. [116,117], a crucial
difference between the R and N processes is that in the former ones the phonons exchange momentum in such a way that
each mode tends towards a true (Planck) equilibrium distribution whereas the latter ones result in collective effects leading
to displaced Planck distribution.

The relaxation times for N and R processes usually depend on phonon frequency and crystal temperature as tr(w, T),
w(w, T). However, unified mathematical expressions are still lacking for them to date [114]. Previous work [76,113,118-
122] have to adjust empirical coefficients in their relaxation time expressions to fit the experimental data of bulk lattice
thermal conductivity. Nevertheless, Callaway’s approximation much simplified the collision term and non-doubtfully acts
as a milestone in the development of phonon heat transport models. For convenience to future explorations, most of the
achieved expressions of relaxation times for N and R processes are summarized in Table 2. It is seen that the main difference
of relaxation time expressions lies in the N process and Umklapp process, while those of imperfection and boundary
scatterings have nearly consistent forms.

(20)

2.3. Phonon hydrodynamics

In classical transport theory, hydrodynamics represents the macroscopic level of description for fluid systems [125].
Similarly, phonon hydrodynamics denotes the same level of descriptions for phonon systems. In this section, firstly a brief
introduction is given to the description of fluid systems at different levels. Then a consistent conceptual framework is
established for phonon systems, and the role of phonon hydrodynamics in phonon transport theory is thus highlighted.

2.3.1. Description of fluid systems at different levels

A fluid system could be described at three different levels, to different extent of details with different amount of
information [125]. At the microscopic dynamic level, the kinematic details (velocities and positions) of all the particles
are known; and at the mesoscopic kinetic level, only the distribution function of a single representative particle is given;
while at macroscopic hydrodynamic level, several average variables of many particles such as the mass density and velocity
(moments of the single-particle distribution function) are specified. In terms of the dimension of temporal and spatial scales,
the dynamic level usually corresponds to the period of particle vibration and force distance between particles, the kinetic
level corresponding to the collision relaxation time and mean free path, whereas the macroscopic level corresponds to the
flow time and characteristic length of fluid system [126].

Different levels of descriptions for fluid systems need different governing equations. At the dynamic level, all the particles
are described by Newton’s equation (or Hamiltonian equation) in classical mechanics [127], or by Liouville equation in
statistical mechanics [128]; at the kinetic level, Boltzmann transport equation is the evolution equation for the single-
particle distribution function; at the hydrodynamic level, the fluid behavior is often determined by the Navier-Stokes
equations. The governing equations at different levels are correlated intimately: Boltzmann transport equation could be
derived through the BBGKY hierarchy [126] from Liouville equation, while Navier-Stokes equations could be derived
through a Chapman-Enskog solution [108] to Boltzmann transport equation. This intimate mathematical connection
originates in the physical correlation between them: the macroscopic behavior of fluids is shown based on the mesoscopic
statistics of fluid particle mixture, which are ultimately determined by the microscopic dynamics of fluid particles. The
relationship between different levels of descriptions of fluid flow system is summarized in Fig. 4(a).
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(a) For fluid flow system.
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10000

(b) For phonon transport system.

Fig. 4. Hierarchical descriptions for (a) fluid flow and (b) phonon transport systems at different levels.

2.3.2. Hydrodynamic description of phonon systems

The study on phonon hydrodynamics began in the exploration of heat waves [88,129,130] (second sound). Landau [131]
and Tisza [132] independently predicted the existence of wavelike propagation of thermal energy (termed as second sound
first by Landau [ 131] in contrast to pressure wave as the first sound) in liquid Helium Il based on their two-fluid superfluidity
theory [133]. Later, Lifshitz [ 134] suggested a method for exploring second sound, which was first detected in experiments
by Peshkov [135]. These work in liquid Helium motivated the seeking of heat waves in dielectric solid [136,137], because
of the same elementary excitations (i.e. phonons) [133]. The early attempt [138] to detect the second sound in quartz
and sapphire crystal failed, due to insufficient purity and large anisotropy of crystalline sample [138] on one hand, and
ambiguous theoretical foundation [ 109,139] on the other hand. The first experimental observation of second sound in solid
helium [140] was not achieved before the systematical theoretical investigations by the group of Krumhansl [61,81,141,
142]. Their work [61,81] derived the Guyer-Krumhansl (G-K) equation and gave a window condition for the occurrence of
second sound, through a solution of linearized phonon Boltzmann equation by Eigen-value analysis method. Based on their
results, it is merely feasible to detect the second sound in the hydrodynamic region or phonon Poiseuille flow [ 143] region,
where N process dominates over R process.

The G-K equation is a macroscopic heat transport equation, playing the same role as Navier-Stokes equation in hydro-
dynamics, and corresponds to the hydrodynamic description of phonon systems. It can be derived from phonon Boltzmann
equation at mesoscopic kinetic level based on many different methods as will be summarized in the following section.
Section 2.1 actually corresponds to the microscopic description of phonons. The relationship between different levels of
descriptions for phonon transport system is summarized in Fig. 4(b).

Finally it is possible to give an intuitive physical picture of the hydrodynamic behavior of phonon systems. As is shown
in Section 2.2, phonon quasi-momentum does not destroy in N process. When N process is dominant over R process and its
mean free path is much smaller than the dimension of crystalline sample, the momentum conservation is ensured during
scattering events just as in gas transport. Thus the local equilibrium can be reached in each small element of the crystalline
sample [144], and the macroscopic behavior of phonons resembles that of the classical viscous fluid.

3. Classical phonon hydrodynamics

The field of phonon hydrodynamics was gradually established since the fundamental work by Guyer and Krumhansl
[61,81]. Hereafter, further theoretical advances [82,145,146] are achieved by the Eigen-value analysis method applied in
Refs. [61,81], with also credible applications in modeling lattice thermal conductivity [ 147,148]. Other approaches were also
proposed such as the approximate method [ 149], microscopic dynamics method [ 150] and Green function method [151], and
were summarized thoroughly in a review article [ 152]. In recent years, motivated by the extensive models [108,153-155] for
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gas transport, several new methods are developed to obtain phonon hydrodynamic models, including the maximum entropy
moment method [156,157], Grad’s type moment method [84] and Chapman-Enskog method [86,158]. In this section, a brief
overview is firstly given to the three classical methods: Eigen-value analysis method, Chapman-Enskog method and moment
method. Then a unified kinetic framework is established through a solution to phonon Boltzmann equation with Callaway’s
relaxation approximation by Chapman-Enskog method. It will be shown that most of previous phonon hydrodynamic
models can be included in the present framework as special cases.

3.1. Diverse branches and methods

3.1.1. Eigen-value analysis method

The Eigen-value analysis method was initially suggested by Peierls [15] and later developed in Ref. [159] to solve the
phonon Boltzmann equation in the presence of sole N process. It was first applied to investigate the phonon hydrodynamic
behaviors in Refs. [61,81]. In the frame of this method, (14) is cast into an instructive form [61,81,82]:

D'f = (R* + N¥)f, (21)

with D* the drift operator containing transient and advection terms, R* and N* being the collision operators for R and N
processes respectively. In extremely low temperature case where R* <« N*, the solution of Eq. (21) is obtained in terms
of the eigenvectors of N* operator. The eigenvectors are grouped into two categories: those having zero eigenvalue and
those having nonzero one. The former make up the null space of N* operator, where there are merely four eigenvectors:
[M0), IM1x)» I1m2x) and |nsx), which are related intimately to the phonon energy density (E) and the components (qx, gy, q,) of
heat flux vector respectively. Thus the solution is expressed as a linear combination of the eigenvectors of N* operator:

F=)an &0 lm). (22)
m
Substituting Eq. (22) into Eq. (21), they finally got the energy balance equation and the G-K equation [61]:
aq 1, 5
rWJrqHVT:gvger[v q+2V(V-q], (23)

with A the bulk thermal conductivity, and a coefficient ‘2’ before the gradient of divergence of heat flux, slightly distinct
from ‘1/3’ got in Ref. [82] by the same method. Note that Eq. (23) has a similar form to Navier-Stokes equation [ 133]:

p[z‘t’—i—(v-V)v]=—Vp+uV2v+(§+;M)V(V-v), (24)
where p, v and p are the mass density, mass velocity and pressure of fluid, respectively, i and ¢ are the shear and bulk
viscosity, respectively. This similarity lays a mathematical foundation for the phonon hydrodynamics model, although some
tiny differences still exist because of the heat flux term in Eq. (23) while lacking in Eq. (24), and the advection term in
Eq. (24) while lacking in Eq. (23). The difference is attributed to some difference between phonons and fluids, as will be
explained based on the kinetic framework developed below. Note that a more general equation analogous to Eq. (23), but
with different interpretation of the several coefficients, may be found in turbulent superfluid helium [ 160-163]. We will not
enter into this specialized topic, but anyway it is interesting to know about the possibility that the range of an equation of
the form as (23) may be more general than for phonons in solids. In fact, an equation analogous to Eq. (23) has been derived
from a more general setting by means of a non-equilibrium maximum entropy operator method, not only for phonons,
but also for electrons, although the particular range of its application is different for both systems, and more restricted for
electrons [164].

3.1.2. Chapman-Enskog method

Chapman-Enskog method for the solution of phonon Boltzmann equation includes two derivatives: (1) the continuous
asymptotic expansion; (2) the discrete lattice Boltzmann scheme. The latter is taken into account because of two aspects: (1)
the lattice Boltzmann equation can be derived from Boltzmann transport equation as a special discretized form [165-167];
(2) the hydrodynamic equations can be recovered from lattice Boltzmann equation by Chapman-Enskog method [155,168].
Thus it is possible to obtain the hydrodynamic description for phonons by the lattice Boltzmann scheme.

I. Continuous form: asymptotic expansion

Chapman-Enskog method was developed along Hilbert expansion [169]—the first perturbative approach to solve the
Boltzmann equation, independently by Enskog [170] and Chapman [171] in dealing with rarefied gas transport. Early trace
of the application of this method to phonon transport is the aforementioned approximate method [ 143,149], which assigned
the solution by the displaced Planck distribution. The approximate method could be actually treated as a special case of
zeroth-order Chapman-Enskog expansion. The closure and stability problems were then discussed by mathematicians for
the moment equations of phonon Boltzmann equation in the line of Chapman-Enskog method [172-174]. Substantial
progress is not made before the work by Banach and Larecki [86], where Chapman-Enskog expansion was conducted
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around the displaced Planck distribution and macroscopic heat transport equations were derived within different orders
of approximations. Subsequently, they made a solution to the infinite system of moment equations of phonon Boltzmann
equation [175] by the same method and analyzed the stability [175,176] of different orders of solutions. These works
constitute a solid theoretical foundation for phonon hydrodynamics modeling. However, there is still a distance away from
credible applications of the hydrodynamic heat transport equations obtained in Refs. [86,175,176].

IL. Discrete form: lattice Boltzmann scheme

Shortly after the lattice Boltzmann scheme was proposed in Refs. [177,178], Guyer [158] applied it to simulate the
phonon gas hydrodynamics. Merely N processes of transverse and longitudinal phonons were considered and the isotropic
D2Q7 lattice without center-point component was applied, with 2 denoting the dimension and 7 denoting the number
of directional components [158]. There are no advances until Jiaung and Ho [179] made a Chapman-Enskog expansion
solution to phonon lattice Boltzmann equation under Callaway’s relaxation approximation, and achieved a macroscopic
heat transport equation similar to G-K equation. It is a milestone in the development of lattice Boltzmann modeling
of phonon hydrodynamics, in that this work first bridged the mesoscopic numerical scheme and macroscopic phonon
hydrodynamics. On the other hand, it takes into account both N process and R process thus being more credible than merely
considering N process in Ref. [ 158]. Though, the conventional D2Q9 lattice is used, assuming a fictitious larger phonon speed
in the diagonal direction than in the straight direction [179]. In the frame of the scheme proposed in Ref. [179], Lee et al.
[180,181] devised a novel interfacial boundary collision rule for the simulation of multiphase phonon hydrodynamics to
tackle the heat transport between dissimilar materials. In spite of these pioneering work, the lattice Boltzmann modeling is
still in its fancy due to the following aspects: (1) dimensionless variables are taken in all of these simulations [158,179-181]
with parameters still far away from realistic values of engineering materials; (2) a reasonable lattice structure is still lacking
to accurately describe the microscopic dynamics of phonons; (3) treating the frequency spectral characteristic of phonons
remains an open question.

There are several other reports [58,79,80,182-184] on lattice Boltzmann modeling of phonon transport in both bulk and
nanostructured materials in the last several years. They are not introduced here because from a point of view of the classical
phonon hydrodynamics where the N process dominates the phonon transport, their schemes of lattice Boltzmann model deal
with only the R process, which is beyond the classical phonon hydrodynamics. Therefore a concept of generalized phonon
hydrodynamics and the corresponding lattice Boltzmann implementation will be introduced and discussed in Section 5.

3.1.3. Moment method

Moment method is proposed by Grad [153] as an alternative approach to solve the Boltzmann equation in addition
to Chapman-Enskog method. Its basic idea is to construct for high-order moments (the viscous stress and heat flux, etc.)
balance equations involving the fluxes of them. To obtain closed expressions for these fluxes and thus a determined system
of differential equations, the distribution function is expanded around the equilibrium distribution in Hermite polynomials
truncated at a specific order. In the developments of phonon hydrodynamics models, there are mainly two derivatives
of moment methods: Grad’s type moment method as a kinetic approach, and maximum entropy moment method as a
variational approach, as to be introduced respectively.

I. Grad’s type moment method

In the spirit of Grad’s idea, a modified moment method is proposed to derive the nine-moment phonon hydrodynamics
through a closure procedure for the fluxes of high-order moments. The phonon distribution function is expanded around the
Planck distribution in early work [ 185] and around the displaced Planck distribution in subsequent work [84]. The expansion
around the displaced Planck distribution in subsequent work hold the advantage that the heat flux is incorporated into the
heat transport model in a non-perturbative manner [84,86,175], which is thus still valid for a large value of heat flux in
nonlinear problems. Though, to avoid mathematical intricacies without losing physical interpretation, both linear phonon
dispersion relation and isotropic gray approximation are assumed in their derivations [84,185]. In a series of work [186]
the one-dimensional rotationally symmetric reduction of the nine-moment phonon hydrodynamics was demonstrated
to adopt a symmetric hyperbolic form. Symmetric hyperbolicity has at least three benefits for mathematical physicists
[186,187]: (1) it guarantees finite propagating speed of disturbances; (2) it ensures well-posedness of Cauchy problems;
(3) it allows for the propagation of wave fronts.

Although some fundamental theoretical works have been done, the moment phonon hydrodynamic model is still far
away from actual applications. This situation was not remedied until recently the boundary conditions are derived for the
macroscopic moment equations [188]. The derivation is based on a Grad’s closure by expanding the phonon distribution
function around Planck distribution. Three types of boundary conditions have been applied [188]: isotropic scattering,
specular scattering and thermalization. The 4-, 9-, 16-, and 25-moment phonon hydrodynamics equations are solved for 1D
steady-state heat transfer and 2D phonon Poiseuille flow, with the profiles of both temperature and heat flux distributions
obtained. Nevertheless, comparison of theoretical predictions to experimental results is still lacking due to too many
simplified assumptions.

Finally, an interesting aspect is noted that nine-moment phonon hydrodynamic model corresponds to the classical
thirteen-moment model in hydrodynamics [153,154]. Both of them truncate the moment systems up to third order in
the frame of Grad’s method. However, the former lacks the zeroth-order moment due to the non-conservation of phonon
number. On the other hand, under the linear gray approximations, the phonon momentum density is proportional to heat
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flux. Therefore another three moments are reduced in phonon hydrodynamics. This explain why at the same level only
nine moments exist in phonon hydrodynamics whereas thirteen moments in classical hydrodynamics, and indicates some
difference between kinetic theories of phonons and fluids.

1. Maximum-entropy moment method

Maximum entropy method [189] is another closure approach to the moment systems of phonon Boltzmann equation.
Based on this method, four-moment [83,156] and nine-moment [85,109,185] phonon hydrodynamics were derived
successively. Its basic tenet is to acquire the phonon distribution function by maximizing the phonon entropy density under
the constraints of prescribed state variables (energy, quasi-momentum, momentum flux, etc.) with a Lagrange multiplier
method [ 190]. Thus a closed set of balance equations are obtained for all the phonon state variables and Lagrange multipliers,
and have been demonstrated [85,157] to admit symmetric hyperbolic form. The linear isotropic phonon dispersion relation
is usually assumed in early work [83,85,156,157,185], as in Grad’s type moment method. Only recently the influence
of nonlinear dispersion is studied on the relation of phonon hydrodynamics to phenomenological theories with internal
vector [191] and the propagating speed of weak discontinuity [ 192] in the frame of four-moment models.

Finally, note that moment phonon hydrodynamic model derived by maximum entropy method was demonstrated
[83,109,185] to be consistent with that obtained by extended thermodynamics method, which was proposed [193,194]
based on classical kinetic theory of gases.

3.2. A unified kinetic framework

In this subsection, phonon hydrodynamic models will be derived through solving the phonon Boltzmann equation
under Callaway’s relaxation approximation (18) with Chapman-Enskog method. Therefore a unified kinetic framework is
established, which sums up most of previous models derived by different methods. The present derivation is based on the
approach proposed in Ref. [86], however, with several differences:

(1) Dimensional variables are used, in contrast to non-dimensional ones in Ref. [86];

(2) Two temporal scales and one spatial scale as in classical hydrodynamics [ 155] are used, in contrast to infinite temporal
and spatial scales in Ref. [86];

(3) Sub-order (sub-first-order and sub-second-order) approximations are also considered of the full zeroth- and first-order
expansions in Ref. [86].

3.2.1. Assumptions
As in previous study on deriving the phonon hydrodynamic models, the following approximations are made [84,86,188]:

(1) Debye approximation: the linear phonon dispersion relation introduced by Debye [107]: @ = v,k is adopted, with the
phonon group velocity (15) reducing to:
v
Vg = fl(. (25)
(2) Isotropic approximation: the phonon properties in one crystalline direction are representative of that in the whole
wave vector space, and thus three identical acoustic phonon branches are considered with the contribution from optical
phonon branches neglected.
(3) Gray approximation: a representative phonon branch is considered with constant relaxation times g, ty. Although 3,
Ty are usually dependent on phonon frequency and crystal temperature, we treat the simple gray case for mathematical
simplicity without losing physical interpretation.

3.2.2. Macroscopic variables definitions

Phonon transport is described by several macroscopic state variables [16,109] at the hydrodynamic level. Based on the
principles in statistical physics [125], they are obtained by integrating the product of phonon distribution function and
corresponding microscopic variables: the energy density of phonons:

3dk

E= | hof ——s, (26)
(2m)

where 3 represents the number of acoustic phonon branches and 27 results from the elemental volume in the wave vector

space, the momentum density of phonons:

k
P= / hkf% (27)
b4
and the heat flux:
3dk

Substitution of Eq. (25) into Eq. (28) gives rise to the relation between heat flux and phonon momentum density:

q=vZP. (29)
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The flux of heat flux Q is defined based on the balance equation of heat flux as in extended thermodynamics [40,187]:

3dk
Q= / vgvgﬁwfw. (30)
It is a second-order symmetric tensor (Q = Q') which could be split into a trace part and a deviatoric (traceless) part as:
1, 3dk
Qj = §ng(S'j + / vg,<ivg,j>ha)fw, (31)

with §; the unit tensor, and () denoting the deviatoric part.

3.2.3. Conservation laws and balance equations
Both N and R processes ensure energy conservation, yielding the following relations under gray approximation:

/ hwf / (2 )3’ / f (2 ) / 3dk (32)

Merely N process ensures momentum conservation thus yielding:

3dk
1k 33
/ lf / I @n)* (33)

The balance equatlons of phonon energy and momentum densities are obtained through an integration of the product of
phonon Boltzmann equation and microscopic variables #iw and #k respectively:

oE
P 1y.e=_F (35)
ot 2 TR

g
Substitution of Eq. (29) into Eq. (35) gives rise to the balance equation for heat flux (heat transport equation):

d
4 +V.Q= _ﬂ (36a)
ot 'KR

or rewritten as when combined with Eq. (31):
0
j+, VE+V.QO:_£. (36b)
ot TR

The deviatoric part of Q is denoted by Q.

In order to obtain the heat transport equation as an explicit relation between heat flux and temperature (or energy
density) gradient, we have to acquire the phonon distribution function in terms of phonon energy density and heat flux.
Thus a solution of phonon Boltzmann equation is needed. An exact analytical one is difficult although many approximations
have been made. Therefore, a multiscale asymptotic expansion is conducted for the phonon distribution function. Sub-order
approximations to each order of expansions are considered to further simplify the solution in the following.

3.2.4. Multiscale expansion
Two temporal scales and one spatial scale are applied, with their relations to the normal temporal and spatial scales [ 155]:

9 _ 0 a0

=¢ € , (37)
ot oty oty

0 0

— = , (38)
8X,’ aX“‘

where t; and t,, x1; (i = 1, 2, 3) are the multiscale temporal and spatial variables, and ¢ is a small parameter which will be
explained below. The phonon distribution function is expanded asymptotically as:

f=fotefi+efh+---, (39)

with fo, fi and f, denoting the zeroth-, first- and second-order approximate components respectively.

The small parameter ¢ usually denotes Kn number (the ratio of mean free path to the characteristic size of fluid system)
in classical hydrodynamics [ 154,155]. Navier-Stokes equation is thus derived through a solution of the Boltzmann equation
by Chapman-Enskog expansion up to first order in Kn. In contrast, the small parameter here will not be the same because
the definitions of mean free path and Kn become ambiguous due to two categories of phonon scatterings. Therefore, as in
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previous work, the small parameter is assumed as the ratio of the relaxation time of N process to that of R process [86,175]:

e= N (40)
TR
In this way, we consider the situation where the relaxation time of N process is much smaller than that of R process. Small
relaxation time means frequent scatterings whereas large one denotes scarce scatterings. This is reasonable because N
process dominates over R process in classical phonon hydrodynamics.
Substituting Eqs. (37)-(39) into Eq. (14), and combining the terms in each order of the small parameter ¢, we achieve the
approximate components of phonon distribution function respectively:

fO = ]\?q5 (4])
afo afo
_ c o) a2
fl N — TN (a[_1 + ng 8x1,- ( )
dafo  dfc 9fi o afi
_pea_ygeay o (o % 0K Oy 43
Lr=h' = h <8t1 o ot oxn  Hoxy (43)

Note that in previous work [86,175], it was assumed in prior to expand the phonon distribution function around displaced
Planck distribution, which in contrast is obtained naturally in Eq. (41) in the present framework.

Substituting Eq. (39) into the kinetic definitions Eqgs. (26)-(30), we can expand the macroscopic variables in several
approximate components similarly:

E=Fy+¢eE +&*E; + -, withE, _fmufn(z )3, (44a)
3dk
P=Py+¢cP +82P2+-~- s Wltth :\/hkfnﬁv (458)
(2m)
2 . 3dk
a=qo+eq: +&e°q+---, withq, = vgﬁwan, (46a)
b4
3dk
Q=Q +6Q +&Q+---, withQ,= /Vg"ghwan (47)
b4
Combined with the conservation relations Eqs. (32), (33), (44a) and (45a) reduce to:

3dk 3dk
E=E = [ hofy'—:, E:/hw —— =0, forn>1, 44b
. / Ko B frop > (44b)

3dk 3dk
P:Pozfﬁlf Pn:/ﬁkfnﬁzo, forn > 1. (45b)

@m)* (2m)

Taking into account the relation between heat flux and phonon momentum density in Eq. (29), we get from Eq. (45b):
3dk 3dk

=qo = | Vghofy'—, / ha, =0, forn>1. 46b
q 9o / g fN (27_[)3 q, = g fn (2 ) - ( )

Only the zeroth-order approximate component of phonon distribution function contributes to the phonon energy density,
momentum density and heat flux, while the higher-order approximate components contribute solely to the flux of heat flux.

Finally, substitution of Eqs. (43)-(47) into the energy and momentum balance equations (34) and (36) gives rise to the
following equations at different order of approximations:

oE

- =0, (48a)
3f1 Bxﬁ

oE

— =0, (48b)
oty

dai + ion'i = —lfh, (49a)
8t1 ale N

Bq,- ad

_— 4+ — == 0. 49b
oty axy Qi (49b)

3.2.5. Zeroth-order expansion solution
The zeroth-order approximate component f; is taken into account in this part, and the zeroth-order expansion solution
will be obtained. The kinetic expression of the flux of heat flux becomes:

3dk

Q=Q = /vgvghwfo( ) (50)
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Therefore all the macroscopic variables become dependent merely on fo. We will achieve the explicit forms of them and the
heat transport equation by substituting Eq. (41) into the kinetic definitions of them. However, the drift velocity in displaced
Planck distribution Eq. (20) makes the integration in Eqs. (44b)-(46b) and Eq. (50) difficult. Thus in this part, we firstly
consider the approximations of Eq. (20) up to first and second order respectively, globally corresponding to sub-first-order
and sub-second-order approximations of zeroth-order expansion, and finally the full zeroth-order expansion.

I. Sub-first-order approximation
If the drift velocity term is assumed to be small, then a Taylor expansion of Eq. (20) around Planck distribution Eq. (19)
up to first order becomes:

FR R A, Gy
with the sub-first-order term fg = fg% (1+f3?) ik - u/kgT. This expansion is valid at |—7k - w/kT| > hw/ksT,
inferring “u > v;” when combined with the linear dispersion relation. Substituting Eq. (51) into Eqs. (44b), (46b) and

(50) respectively and conducting integrations in the whole wave vector space (the details of computation are shown in
Appendix A), we achieve the expressions of the phonon energy density:

47> (kgT)*
Ee 7> (kgT)

(52)
5 (hvg)3
the heat flux:
1675 (kT)* 4
— an;u — ,Eu! (53)
15 (hvg) 3
and the flux of heat flux:
1,

The limit of integration extends from the first Brillouin zone to the whole wave vector space (—oo, +00) which makes
the integration much simpler. This simplification is appropriate because heat transport in low temperature dielectric
crystals is contributed dominantly by phonons at low energy levels with short wave vectors [83,156]. Eq. (52) shows that
phonon energy density is proportional to the quartic power of the temperature, which is quantitatively consistent with
previous results obtained by Grad’s type moment method [84,186,188], maximum entropy moment method [83,109,156]
and Chapman-Enskog method [86,175].

Substitution of Eqs. (52) and (54) into Eqgs. (34) and (36) gives rise to the energy balance equation and heat transport
equation respectively:

oT

Cy—+V.-q=0, 55

var TV (59)
aq

TRE +q=—AVT, (56)

with the thermal conductivity A = CVTRvé /3 and the heat capacity per unit volume (got from dE = C,dT) Gy =

167°kgT> /5 (hvg)3. Eq. (56) is exactly the Cattaneo-Vernotte (C-V) equation [89,195] which adds the thermo inertia effect

[40,88,187] into the classical Fourier’s law. They are also consistent with the four-field equations obtained in moment

phonon hydrodynamics [109,188]. In a word, the celebrated C-V model is achieved through the sub-first-order

approximation of zeroth-order expansion solution. Finally note that heat flux is rel3ated intimately to drift velocity of
q

phonons in Eq. (53), inferring that the drift velocity is proportional to heat flux asu = 3 7.

II. Sub-second-order approximation
If the Taylor expansion of Eq. (20) around Planck distribution is truncated at second order, we get f® = Re 94 fﬁ? + ,sg
with the sub-second-order term:

w1 (Hew)E N [ (1 1| [exp (22 1l (57)
e =TT Pl ) | P T PlieT '

Through similar procedures as in sub-first-order approximation, we achieve the expressions of the phonon energy density:

47> (kgT)* 10
o A 3) (1+—x2>, (58)
S(hvg) 3
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with the ratio of phonon drift speed to group speed x = u/vg, the heat flux same as Eq. (53) since Eq. (57) contributes
nothing to heat flux:

167 (kgT)*

(59)
15 (hvg)’
and the flux of heat flux:
47> (kgT)* 87> (kgT)* 1675 (kT)*
Q= (B)ngl—l— (B)gu21+ (‘33) uu. (60)
15 (hvg) 15 (hvg) 15 (hvg)
The flux of heat flux is reformulated in terms of phonon energy density and heat flux by combining (58)-(60):
1 3v
Q= S0l + i (qq)- (61
2vgE + , /4vzE? — 30¢?
Substituting Eq. (61) into Eq. (36), we acquire the heat transport equation:
aq 1, 3vg(qq) q
— + -v;VE+ V- =——. 62
IR A (62)

2vgE + , /4v2E? — 30¢? R

Previous work [100] tried to derive the heat transport equation in thermon gas model from phonon Boltzmann
equation with Callaway’s relaxation approximation. It approximated the phonon distribution function by displaced Planck
distribution within second-order Taylor expansion, and is exactly equivalent to the sub-second-order approximation of
zeroth-order expansion in the present work. The heat flux expression Egs. (53) or (59) achieved here is consistent with that
obtained in Ref. [100].

III. Full zeroth-order expansion

Finally, the full zeroth-order expansion is considered without any approximations to the displaced Planck distribution.
Through similar procedures in sub-first-order and sub-second-order approximations, we achieve the expressions of phonon
energy density, heat flux and the flux of heat flux respectively (the details of computation are shown in Appendix B):

e 475 (kgT)* x2+3
15 (hvg) (1= x2)°

167> (kgT)* 1
q= 7> (kgT) u (64)

15 (hog)® (1—x2)°
,4m% (k) 1 . 167° (ke T)* 1

f15(hy)’ (1—-x2)  15(hy)’ (1—x2)
Eqs. (63)-(65) in one-dimensional forms are consistent with the corresponding expressions obtained in four-moment
nonlinear phonon hydrodynamics [ 149]. It considered a one-dimensional steady-state heat conduction through a cylindrical
dielectric solid, with the phonon distribution function approximated by displaced Planck distribution [ 149].
Combination of Eqs. (63)-(65) gives rise to the expressions of drift velocity and the flux of heat flux respectively in terms
of phonon energy density and heat flux:

Suu (65)

3
u= Ded : (66)
2vgE + , [4vZE? — 3¢?
1 3
Q= v+ e (9) (67)

2vgE + | /4v2E? — 3¢?

For a small heat flux, Eq. (66) reduces to a linear dependence of drift velocity on heat flux obtained in sub-first-order
approximation. Thus it is a generalized relation between u and q in the region far from equilibrium state, and is consistent
with the result of three-dimensional case in Refs. [86,175]. Substituting Eq. (67) into Eq. (36a), we acquire the heat transport
equation:

1 3
A 2VELY. ve (49) -3 (68)

g
at 3 206E + [4v2E? — 3¢? w®

Eq. (68) is consistent with the phonon hydrodynamic models obtained by maximum entropy moment method [83,85,156],
Grad’s type moment method [84,186], and Chapman-Enskog method at three dimensional case [86,175]. It is seen that the
present order of expansion sum up many previous models derived by different approaches.
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3.2.6. First-order expansion solution

In this part, the first-order approximate component f; is also taken into account, and the first-order expansion solution
will be got. It is obtained by substituting Eq. (41) into Eq. (42):

afy afy
I A A e ) (69

oty & 0X1;

The following differential relations are got based on the chain rule:

afsy  ofYaus  oft AT
fN fN ﬂ + fN -, (70)
8t1 8uj 8t1 oT 8['1

afl\?q _ afl\?q ou; af:;q oT
0X1; - aLlj 0X1; oT 3)(11‘.

(71)

The partial differentials with respect to t; (du;/dt;, 9T /dt;) in Eq. (70) are related to the partial differentials with respect
to x1; through Eqs. (48a) and (49a) when combined with Eqgs. (63) and (64). Therefore we will achieve f; in terms of phonon
energy density, heat flux and their spatial gradients by substituting the displaced Planck distribution Eq. (20) into Egs. (69)-
(71). Then the explicit forms of the flux of heat flux and heat transport equation will be acquired. However, the displaced
Planck distribution makes the full first-order expansion become extremely complicated and lose its physical indication. The
corresponding heat transport equation will be too complex for actual applications, as is shown in previous work [86,175].
Therefore, in the spirit of zeroth-order expansion solution in Section 3.2.5, merely the sub-first-order approximation to the
first-order expansion is considered. The full first-order expansion could be referred in Refs. [86,175] and not introduced here
due to its lengthy process and lacking of physical interpretation.

I. Sub-first-order approximation

Taylor expansion truncated at first order is assumed for the displaced Planck distribution, as in part I of Section 3.2.5.
Thus the expressions of approximate phonon distribution, phonon energy density and heat flux remains the same, and are
rewritten here for the sake of convenience:

RO R4, 51
47> (kpT)*

F= 777 (kp 3) (52)
5 (hvg)

1675 (kT)* 4
=————u=_Eu (53)
15 (hvg) 3

The zeroth-order component of the flux of heat flux becomes:

1 2
Q= §ngl. (54)

The first-order component of the flux of heat flux will be obtained once the first-order phonon distribution function f; is
determined.

Substitution of Eq.(51) into Eqs. (69)-(71), supplemented with Egs. (52)-(54), (48a) and (49a), gives rise to the expression
Off]l

2
Tik; ;q(l"‘ ]:q) Vg O _,_E%_ 3q;
kBT 4E 3X]1 E 3X]j 4E 1y
hvgk
eq 1 eq 7g
1 9g; R ( th )I<BT2
Cy 0xyj ea (1 eqy gk 2fed 4 1 ﬁk.u_ ea (1 eqy 7K - U
_ ikeu He' (VA7) o QR+ 1) = — R (4R s
fi=— PR (72)
B Vg ikiKj _eq (1 _’_feq)i 0 (@)
k I(BT R R 48)(11' E
hvgk
eq eq) Vg
vg, OT fe (1+fR)kBT2
+ ki hugk pk - u hk-u
Koo g (1+f§q)ﬁiz(2fneq+1)k7— k(1 +fr<eq)kBT
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Putting Eq. (72) into Eq. (47), we get the following integration because the terms from the odd function part of the integrand

vanish:
1 9Gj | ,eq hwgk
Cy 8X]j |:f ( +f ) kBT2
vkk v hkiki 3 9 i 3dk
Q= —hvg/ - © o 4R 5 (ﬂ) — (73)
k k kB 4 Bxl, E (277)

vg 0T eqy Mgk /_ eq k- u eq eqy K- 1
k— 1 2 1 — 1 —_—
R g () e - R ()

which could be divided into three parts:

Qi =Qu1+ Qi+ Qum (74a)

with each part respectively resulting in finally (the details of computation are seen in Appendix C):

1 2 aql
Qu),, = gvgmmamn, (74b)
1, (g 9 (T, 9 (Gm
= ——v’E ( )5 <7) (7) ’ "
(Q—”l)mn SUg w |:8 X1i mn + 8X1m E + 8Xln E ( C)
(Q ) 4 v ™ BT KL oT . aT (74d)
Ly = ~5 T 3 P q”a X1m LY 0X1n

If the nonlinear effects resulting from the product of heat flux and temperature gradient are negligible, then Eq. (74d)
vanishes and Eq. (74c) reduces to:

1 aq; gy 0qm
[q q+q]

2
= —-u;T
(QLH)'“" 58N X1i 0X1m  0X1p

The first part Eq. (74b) of the flux of heat flux resembles the bulk viscous term in classical hydrodynamics [133]. If it is
neglected as the bulk viscosity usually not considered in fluid dynamics, the expression of the flux of heat flux is achieved
by combining Egs. (54) and (75):

(75)

Qun = %UéEamn - ;vém [gz:c?mn + 23:1 + ?ii:] . (76)
Substituting Eq. (76) into Eq. (36a), we achieve the heat transport equation:
2
R%-i-%-l-l ;TR% = %véthR [%-FZ% (%)], (77a)
or in vector form:
aq 1, 5
IRE—i—q—F)»VT: S Ve TNTR [Vq+2V (V- q)]. (77b)

Eq. (77) is exactly the G-K equation (23) obtained by solution of linearized phonon Boltzmann equation with Eigen-value
analysis method. If the “bulk viscous term” Eq. (74b) of the flux of heat flux is also taken into account, then the expression
of the flux of heat flux is achieved by combining Eqs. (54), (74b) and (75):

o = 3§t oo | 5+ 5 = o) £
Substituting Eq. (78) into Eq. (36a), we achieve the heat transport equation:
2
a;lt" +qn + ; grRaa—E = %vgmm [8)?”1;;,,1 + %Bin (gzz)] , (79a)
or in vector form:
aq 1, 5 1
rRE—Fq—I—AVT:gvngrR |:V q-+ 3V(V-q):|. (79b)

Eq. (79) is a revised G-K equation obtained in Ref. [82] with also the Eigen-value analysis method, and recently obtained
in moment phonon hydrodynamics by Grad’s type method [188]. From our perspective, the slight difference between Egs.
(77) and (79) is attributed to different treatments of the “bulk viscous term” Eq. (74b) in the flux of heat flux. Note that the
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Table 3
Correlations between present kinetic framework and previous phonon hydrodynamic models.
Present kinetic framework Previous work and methods
[149] Approximate method
Full expansion [83,85,156] Maximum entropy moment method
P [84,186] Grad’s type moment method
Zeroth-order expansion [86,175] Chapman-Enskog method
Sub-first-order [89,195] Phenomenological
Approximations Sub-first-order [109] Maximum entropy moment method
Sub-second-order [100] Approximate method
Full expansion [86,175] Chapman-Enskog method
Sub-first-order [ 143] Approximate method
First-order expansion Sub-first-order [61,81,82] Eigen-value analysis method
Approximations Sub-first-order [196] Phenomenological
Sub-first-order [158,179] Lattice Boltzmann scheme
Sub-first-order [ 188] Grad’s type moment method

revised G-K equation (79) has almost the same form as Navier-Stokes equation (24) at negligible advection term and bulk
viscosity ¢, except the heat flux term resulting from R process (as shown in the derivation of Eq. (35)). Actually previous work
studied phonon hydrodynamic phenomena in very pure alkali-halide crystals by directly applying Navier-Stokes equation
to phonon gas flow [ 196], thus could be included in the present order of approximation.

Recently, a lattice Boltzmann scheme is proposed for phonon hydrodynamics based on a first-order Chapman-Enskog
expansion around a truncated displaced Planck distribution within first order [ 179], which is actually identical to the present
sub-first-order approximation. However, an additional term of temperature second-order spatial partial derivative in the
energy balance equation is obtained in Ref. [ 179], and results in an additional four-order spatial partial derivative term in
the temperature differential equation. Based on our detailed analysis, this additional term results from the fictitious larger
phonon speed in diagonal direction of D2Q9 lattice used in Ref. [179] and will vanish under the isotropic approximation.
Thus the lattice Boltzmann scheme is consistent with the present order of expansion.

Therefore, the celebrated G-K equation is derived through a sub-first-order approximation to first-order expansion
solution. The present work provides a much more intuitive and simpler way to derive it from phonon kinetic theory, in
contrast to the Eigen-value analysis method in previous work [61,81] with obscure mathematics. Finally, the heat flux term
in Eq. (77) will vanish in the absence of R process (tg — 00), where the G-K equation reduces to:

1
— + =i VT = gugm [V’q+2V(V-q)]. (80)
Eq. (80) is consistent with the heat transport equations obtained in previous work [143,158] where only N process is
considered.

3.3. Summary: incorporation of previous models

A unified kinetic framework is established through a Chapman-Enskog expansion solution to phonon Boltzmann
equation in Section 3.2. Different sub-order approximations to zeroth-order and first-order expansions respectively give rise
to different heat transport equations obtained in previous phonon hydrodynamic models, which thus could be incorporated
into the present theoretical formalism as special cases. The correlations are thoroughly summarized between the present
kinetic framework and previous models in Table 3.

4. Phenomenological phonon hydrodynamics

The discussions in Section 3 mainly focus on the derivation of heat transport equations from phonon Boltzmann equation,
with actual applications less considered. In last few years, inspired by the progress in microscale gas flow by analytical and
experimental method [197-201], DSMC [202-204] and lattice Boltzmann simulations [205-207], people began to apply
the hydrodynamic approach to study micro- and nanoscale heat transport [62,98,208,209]. In modeling nanoscale phonon
transport, the nonlocal effect plays a relevant role [62], which could be understood from two aspects: (1) physically it comes
from the confinement of phonon-boundary scattering; (2) mathematically it may be described by a gradient term of the
heat flux. The cross-section heat flux distribution of in-plane phonon transport through a thin film at different Knudsen
numbers [38] shown in Fig. 5 is a good manifest of the nonlocal effect. It is seen that at high Kn (for instance, Kn = 1) in
nanoscale, the heat flux distribution deviates from the usual uniform profile (Kn = 0.001 in the diffusive regime) determined
by the classical Fourier’s law. The non-uniform heat flux distribution resembles much the velocity distribution in micro-
channel gas flow, both of them having a non-vanishing value at the boundary. Based on this kind of similarity, the phonon
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Fig. 5. Analytical solution of cross-section heat flux distribution of in-plane phonon transport through a silicon thin film with diffuse lateral walls; the
properties of silicon at 300 K are used; for all the Knudsen numbers, the same temperature gradient of 0.01 K per mean free path is applied.

hydrodynamic model is proposed [62] for nanoscale heat transport. To cover the non-local phonon transport behavior, a
G-K like equation with gradient terms of heat flux is applied in prior [62,210]:

9
rRa—?+q+wr=lz [V’a+2V (V- 9], (81)

with [ the phonon mean free path. Since the application of G-K equation at elevated temperature (such as room temperature)
seems lacking of a solid foundation, we use the denomination “phenomenological phonon hydrodynamics” throughout this
section, as is already explained at the beginning of Section 1.2.3. Actually, Eq. (81) is slightly different from the original G-K
equation (77); but for convenience, we still use the name of “G-K equation” for Eq. (8 1) hereafter. Though logically a rigorous
connection is lost to the kinetic theory discussed in Section 3, historically the phenomenological phonon hydrodynamics
provides a simple approach to understand the nanoscale heat transport, which is reasonable in views of both physical picture
and mathematical description. To remedy this situation, an extended concept “generalized phonon hydrodynamics” will be
proposed and discussed in Section 5. The G-K equation becomes the macroscopic governing equation, acting the same role as
the Navier-Stokes equation for gas flow. Thus heat flux boundary condition has also been developed for microscale phonon
gas flow, analogous to the velocity slip boundary for microscale gas flow [62].

In this section, firstly an overview is given to the velocity slip boundary for microscale gas flow and heat flux boundary
for microscale phonon gas flow. Then the thermodynamic foundations for both G-K equation and heat flux boundary
are introduced in the line of extended irreversible thermodynamics [40]. These laid a solid foundation for credible
applications of phonon hydrodynamics in predicting the thermal transport properties of nanostructures, as summarized in
Section 4.3. Finally, a revisit is made of the difference between phonon and gas flows, and the relationship between phonon
hydrodynamics and thermon gas models.

4.1. Origin and fundamentals

4.1.1. Velocity slip boundary in microscale gas flow

In microscale gas flow, the Knudsen number (Kn) is defined as the ratio of molecular mean free path A to the characteristic
dimension L of gas flow (such as the height of a channel, or the diameter of a pipe) [154]: Kn = A/L. Based on the range
of Kn, gas flow is usually grouped into four regimes [198,211]: Kn < 0.001, continuum flow regime; 0.001 < Kn < 0.1,
slip flow regime; 0.1 < Kn < 10, transitional flow regime; Kn > 10, free molecular flow regime. The Navier-Stokes
equation is derived from Boltzmann equation in the limit of small Kn [125,212], being rigorously valid in continuum flow
regime. Therefore the gas flows in other regimes have to be treated through a solution of the Boltzmann equation, which is
often intractable and time-consuming. The inefficient kinetic method fosters simple treatment: Navier-Stokes equation is
assumed to be still effective for gas flow within slip regime, when supplemented with velocity slip boundary.

The first velocity slip boundary is proposed by Maxwell [213], and adopts the following expression for isothermal gas
flow between stationary parallel plates:

ov

Vy =CA—, (82)
on
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with v,, the slip velocity of gases at the wall, n denoting the unit normal direction of the wall and C the slip coefficient
determined by the surface properties of the plates. Eq. (82) is a first-order boundary, which is later generalized to second-
order by Cercignani [214,215]:

9%v
an?’
with Cy, G slip coefficients determined from the solution of Boltzmann equation or experimental measurements.

Subsequently, many other velocity slip models were also proposed, which have been summarized thoroughly in the review
article [216] and will not be deeply explored here.

av 2
Vyw = C]A% —GA (83)

4.1.2. Heat flux boundary in phonon hydrodynamics

The heat flux boundary is developed in a heuristic way based on the similarity between phonon and gas flows in two
aspects: governing equations and physical pictures. For steady-state phonon heat transport in nanostructures, the G-K
equation (81) reduces to [62,87,210]:

AVT = PV2q. (84)

The divergence of heat flux has been vanished at the steady state based on Eq. (34), whereas the heat flux term is negligible
in comparison to the Laplacian term of heat flux in nanostructures where [ is much larger than the system dimension
[62,87,210]. Eq. (84) resembles the steady-state Navier-Stokes equation with negligible nonlinear advection term:

Vp = uViv, (85)

which is applied to describe the Stokes flows at low Reynolds number or parallel flows (such as the Poiseuille flow and
Couette flow). In the case of fully-developed Poiseuille flow in a cylindrical pipe or between parallel plates, Eq. (85) gives
rise to a parabolic velocity distribution across the flow section. Therefore, Eq. (84) infers a similar behavior of phonon gas
Poiseuille flow with a parabolic heat flux distribution across the heat flow section. In analogy to the velocity slip boundary
Eq. (82) for microscale gas flow, the heat flux boundary is assumed [62]:

qw = Cl—, (86)
on
with q,, the phonon heat flux at the boundary, n denoting the unit normal direction of the boundary and C the boundary
coefficient. Subsequently, the first-order boundary Eq. (86) is generalized to a second-order one in the framework of
extended irreversible thermodynamics [210]:

d
qu =23 o229 (87)
n n

with « an additional boundary coefficient to describe the phonon backscattering effect because of boundary roughness [210].
Note that although the present derivation is under simplified circumstance, the heat flux boundary is still valid for more
extensive situations. In a recent work [217], the heat flux boundary condition Eq. (86) is also derived from the discrete
Boltzmann transport equation based on a decomposition of the particle distribution function into an equilibrium part and
a nonequilibrium part, the gradients of which give rise to the heat flux in the bulk region and heat flux at the boundary
respectively. This theoretical study provides a primary microscopic foundation for the heat flux boundary condition Eq.
(86); on the other hand, further explorations on the physical nature of boundary heat flux in the future are thus motivated
since the derivation in Ref. [217] is mainly from the mathematical perspective.

4.2. Thermodynamic foundations

Thermodynamics has a close relation to heat transport science since its early debating on the nature of heat as a form
of substance (caloric) or energy [218]. The kinetic (energy) viewpoint finally won and gave rise to the rigorous statement
of second law by Clausius and Thomson [218]. Afterwards, the classical irreversible thermodynamics [219] was established
independently by Onsager [220,221], Eckart [222,223], Meixner [224] and Prigogine [225] for the near-equilibrium heat
transport described by Fourier’s law. In recent years, the rapid progress in micro- and nanoscale heat transport induces
generalized heat transport equations, which foster the development of irreversible thermodynamic theories [226,227] such
as rational thermodynamics [228], rational extended thermodynamics [187], extended irreversible thermodynamics [40],
weakly nonlocal thermodynamics [229] and GENERIC [230]. G-K equation is actually a generalized heat transport equation
beyond Fourier’s law by including the relaxation (memory) and nonlocal effects [46]. Thus Jou and his co-workers have
established a solid thermodynamic foundation for G-K equation and phonon hydrodynamics widely applied in micro- and
nanoscale heat transport.

In this subsection, a summary is made of the thermodynamic foundations for both the G-K equation and the
heat flux boundary. Different branches of thermodynamic theories have been proposed, but the extended irreversible
thermodynamics is the main line, with a brief introduction to other formalisms in the following.
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4.2.1. Thermodynamic derivation of G-K equation

In classical irreversible thermodynamics for heat transport in rigid solid, the specific energy e is the basic state variable
and Fourier’s law is a deduction from the linear thermodynamic flux-force relation. To recover the relaxation and nonlocal
terms in G-K equation, both the heat flux q and the flux of heat flux Q are elevated as additional state variables, being
the main idea of extended irreversible thermodynamics. Thus G-K equation was derived [35,231-233] in the extended
state variable space based on the generalized second law in extended irreversible thermodynamics. Moreover, the G-K
equation was also obtained by the dynamical nonequilibrium temperature method [234,235], weakly nonlocal irreversible
thermodynamics [236,237] and minimum entropy production variational principle [238,239]. From our perspective, these
thermodynamic formalisms are similar to extended irreversible thermodynamics, and are actually different derivatives of
extended thermodynamics [240,241]. As a result, we focused on the derivation of G-K equation in extended irreversible
thermodynamics.

We follow the general lines taking e, q, Q, and Q as the basic state variables. Q is the trace of the flux of heat flux. The
present derivation is slightly different from previous work [231] where e, q and Q are taken as state variables, and also
different from Refs. [232,233] where the evolution equations are assumed in prior for state variables. The specific entropy
is dependent on the state variables as s = s(e, q, Q,, Q) with the generalized Gibbs equation:

ds = 6~ 'de — va1q - dq — va2Q, : dQ, — veeQdQ, (88)

with 6 the nonequilibrium absolute temperature, v the specific volume, o, @1 and «; coefficients to be explained below.
Combined with the energy balance equation (34) (E = pe), Eq. (88) becomes:

ps=—6"'V.q—aq-q—Q : Q —xQQ, (89)
where the dot denotes time derivatives. Comparing Eq. (89) to the local entropy balance equation [219]:

ps=—V -JF+o°, (90)
with the expression of entropy flux postulated as [40]:

q

J= ) + £1Q, - 4+ B2Q4q, (91)
we achieve the expression of entropy production rate:

o =q- [~ @+ VO )+ BV -Q+ Ve +Q : [-02Q + 1 (VO] +Q (—2eQ + B2V - q) . (92)

In Eq. (92), 81 and B, are coefficients to be identified below, and (Vq)$ is the symmetric deviatoric part of the tensor Vq.
To ensure a non-negative entropy production rate restricted by the second law, linear flux-force relations are assumed:

g =—01q+ VO ")+ V- Q+VQ
12Qo = —a2Qs + B1 (V) (93a)
#oQ = —aQ + 5V - q

with o, ;1, and p, phenomenological coefficients. Eq. (93a) is reformulated as:
1q=—(q+1V0)+V-Q

©Q, = —Q, + 28" (VQ)} (93b)
0 =-Q+p'V-q

with the identifications of parameters:

1 71 /3 ‘B
= —, o1 = —_—, = =
M1 202 1 202 1 2 = M1 (04)
M o = T2 _ M o = To
12%) 2'3,,, 2 72)»92}3”’ Mo ,8” 0 7)»925’.

Usually it is assumed that the relaxation time of the flux of heat flux is negligibly smaller than that of the heat flux,
i.e. o & 0, tg ~ 0. Therefore the heat transport equation is obtained by eliminating the flux of heat flux in Eq. (93b):

ot
In comparison to the G-K equation (77), the unknown coefficients and parameters in (95) are identified as:

tlaj = —(q+1V0) + B'Viq+ (/3' + ?> V(V-q). (95)

ﬂ/zlf‘r v? ﬂ”zlrr v? =7 (96)
3 RONVg: 5 TRTNVg 1= T

Thus the G-K equation is exactly derived. In some theories, instead, it has been assumed that the relaxation time of the flux
of heat flux is of the same order as that of the heat flux. In such a case, it has been proposed to take as independent variables



24 Y. Guo, M. Wang / Physics Reports 595 (2015) 1-44

all the higher-order fluxes of heat flux (respectively related to higher-order moments of phonon distribution function), thus
leading to a hierarchy of coupled equations for the higher-order fluxes [40,109]. This formalism leads to a continued-fraction
expression for the thermal conductivity in terms of the wave vector times the mean free path (or in terms of the Knudsen
number) [40]. Under some simplifying assumptions about the relaxation times of the higher-order fluxes (for instance,
assuming that all of them are equal, or depend mildly on the tensorial order of the corresponding fluxes) one may get an
effective thermal conductivity qualitatively describing the transition from the diffusive to the so-called ballistic regimes of
heat transport [46].

Finally, a brief introduction is given to the derivation of the steady-state G-K equation by the minimum entropy
production variational principle. Its main idea is to obtain the heat transport equation by minimizing the following
functional [238,239]:

1=/05dv+/yquv, (97)
v Vv

with y a Lagrange multiplier for the steady-state constraint (V - q = 0), and the entropy production rate for G-K equation
obtained in extended irreversible thermodynamics is [238,239]:

1
o = 5 {a-a+P[Va: (Vo' +2(V-97]}. »

4.2.2. Thermodynamic derivation of heat flux boundary

The heat flux boundary is derived through similar procedures in the line of extended irreversible thermodynamics. Based
on the definitions of specific energy and entropy at the boundary, the heat flux and the flux of heat flux at the boundary, the
generalized Gibbs equation becomes [242]:

dsw = 6,,'dey — variqy - dqy — va5Qy : dQy, (99)

with the subscript “w” denoting quantities at the boundary, and the apostrophe to distinguish the coefficients from those
used in previous derivation of G-K equation. The entropy balance equation is still the same as Eq. (90), but only with
subscripts “w”. The entropy flux is supposed to assume the following form [242]:
-n -n
gon=22 30, 5q, quen, (100)
0o Ow

with 6, the environment temperature, zr a constant, n being the unit normal vector of the wall. Combination of Egs. (90),
(99) and (100) gives rise to the expression of entropy production rate:

1 1 . ’ .
g\fV:qw~|:<9—9>n+wQJN~n—a/1qw:|—asz:Qm. (101)

To ensure non-negative entropy production rate restricted from the second law, linear flux-force relations at the
boundary are also assumed:

1 1 .
KiGw=|-————|n+@Qu n—aiG
0o Ow
15Qu = —a)Qu-
Combined with Eqgs. (102), and (93) based on the continuity of the flux of heat flux, the tangential boundary heat flux is
derived finally:

(102)

d
Gue = Cler, (103)
on

with the slip coefficient C = ;l, Z—; Eq. (103) is exactly the first-order heat flux boundary Eq. (86). Note that the second-
1

order heat flux boundary condition Eq. (87) can be also obtained by introducing higher-order flux of heat flux into the state
variable space [239,242].

Finally, we introduce the main idea of deriving heat flux boundary in another way: the minimum entropy production
variational principle. In contrast to Egs. (97) and (98) in deriving the steady-state G-K equation, additional terms related to
the heat flux at the boundary are included into the entropy production rate [239]:

!
1:/(aS+yV-q)dv+/—2(qw-qw)dA. (104)
v 4 M02C

Minimizing the functional equation (104) will result in the first-order heat flux boundary equation (86). Similarly, the
second-order heat flux boundary could be obtained by introducing higher-order fluxes.
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Fig. 6. Phonon gas flow through nano thin film.
4.3. Applications: thermal conductivity predictions of nanostructures

For heat transport in nanostructures, the heat flux distribution can be obtained by a solution of the G-K equation
with heat flux boundary. Integration of the heat flux distribution in a cross section of the nanostructure gives rise to the
effective thermal conductivity, which usually deviates from the bulk value and decreases with the reduction of nanostructure
size [38]. In this subsection, the credible application of phonon hydrodynamics is presented to model the size-dependent
thermal conductivity of typical nanostructures: nano thin films and nanowires [62,243-248]. Furthermore, the effect of wall
roughness in nanostructures on thermal conductivity is considered by including it into the phonon hydrodynamic model.

4.3.1. Nano thin films

Heat transport through a nano thin film is modeled by phonon gas flow between two parallel plates as is shown in
Fig. 6. The length and height of the channel is L and h respectively, whereas the width is much larger than the height with
only a unit width is accounted. The temperature difference between the inlet and outlet of the channel is AT. Therefore
it becomes a two-dimensional temperature-difference driven phonon gas flow, exhibiting a similar physical picture of
pressure-difference driven gas Poiseuille flow between parallel plates.

The heat flux through the nano thin film consists of two parts: q = q, + q., with q, the bulk part and q,, the boundary
part, which are assumed additive independently [62,87,210]. The bulk part is obtained by an analytical solution of Eq. (84)
with the conventional boundary condition:

_MT (B>, (105)
S=2e\a V)
The boundary part is obtained by putting Eq. (105) into the first-order heat flux boundary equation (86):
a a hAAT
q = a2® _ % _ AT (106)
on ay 2IL
Summation of Eqs. (105) and (106) gives the total heat flux:
_MT (R, +ChAAT (107)
=220\ 77 2L
Integration of Eq. (107) across a section of the channel results in the total heat flow rate:
Qn = v dy = MEAT +C (108)
LT T e ’
which gives an effective thermal conductivity based on Fourier’s law:
et = Gl _ M 1+ GIC (109)
T hAT T 12 ho)

Eq. (109) indicates a size dependence of the thermal conductivity of nano thin film.

This derivation is simple but heuristic for physical interpretation. In realistic situation, the heat flux term should be added
to Eq. (84) since it is not negligibly small because the lateral size (h) of thin film spreads from nanoscale to microscale.
Through similar procedures, an effective thermal conductivity is derived [62]:

lef = A |1 2—ltanh ﬁ + C tanh ﬁ (110)
o = h 21 21) |

The comparison of the predictions by Eq. (110) with several different boundary coefficients C to experimental results
[249-252]is shown in Fig. 7. Note that in microscale gas flow, the velocity slip coefficient depends on the surface properties
of the wall. Similarly, the heat flux boundary coefficients will depend on the properties of the boundary. As scarce work
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Fig. 7. Effective thermal conductivity of nano thin films modeled by phonon hydrodynamic model (solid lines), Fuchs-Sondheimer model (dash or dot or
dash-dot lines) and obtained in experiments (marks).

Fig. 8. Phonon gas flow through a nanowire.

has discussed this kind of dependence, several empirical values are adopted for the moment. Further work is needed to
understand the relation between the boundary properties and heat flux boundary coefficients in the future. The silicon
nano thin film at 300 K is modeled, with bulk thermal conductivity A = 148 W/(m.K) and bulk mean free path | = 40 nm.
It is seen that the phonon hydrodynamic model displays a good performance in predicting the size-dependent thermal
conductivity of nano thin films. In addition, a comparison is made between the phonon hydrodynamic model and the
classical Fuchs-Sondheimer model [253,254]:

Aeft 3(1—y) /1 5 1—exp(—=§/p)
_— =1 ——7 1— — """ do. 111
) 2 ) T ep e ()

Eq.(111)is obtained through a solution of phonon Boltzmann equation under gray SMRT approximation, with & denoting the
inverse of Knudsen number (Kn = I/h), s being the specularity parameter [38]. The average mean free path for bulk silicon
at 300 K under gray approximation is still inconclusive in the literature, thus three different proposed values | = 40 nm,
I =210 nmand ! = 260 nm are adopted respectively. Fully-diffuse wall of the thin film is assumed, thus s = 0. Although the
Fuchs-Sondheimer model (with [ = 210 nm or [ = 260 nm) gives rise to comparable results to the phonon hydrodynamic
model as is shown in Fig. 7, the phonon hydrodynamic model holds the following several advantages: (1) Eq. (111) assumes
anintegral form, which is much more complex than Eq. (110), therefore it is easier to make a qualitative analysis (for instance,
the asymptotic analysis) to obtain a physical interpretation based on Eq. (110); (2) Eq. (111) is obtained through a solution
of phonon Boltzmann equation, which is only feasible for simple geometries such as the parallel thin film, while phonon
hydrodynamics is a macroscopic model and easier to be extended to complex geometries, as to be discussed below.

4.3.2. Nanowires

Heat transport through a nanowire is modeled by phonon gas flow through a circular pipe, as is shown in Fig. 8. The
radius and length of the pipe is respectively R and L. The temperature difference between the inlet and outlet of the pipe is
AT. Therefore it is a two-dimensional temperature-difference driven phonon gas flow, exhibiting a similar physical picture
of pressure-difference driven gas Poiseuille flow in a circular pipe.

Through a similar process to the derivations of Egs. (109) and (110), the steady-state G-K equation (with the heat flux
term kept) supplemented with the first-order heat flux boundary equation (86) finally gives rise to an effective thermal
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Fig. 9. Effective thermal conductivity of nanowires modeled by phonon hydrodynamic model (solid lines) and obtained in experiments (marks).

conductivity for the nanowire [87,247]:

Ik (i/Kn)T [10 (i/Knm) C]
Jo (i/Kny | Lif (i/Kn) ’

where Kn = [/R, and Jo, J; are zeroth-order and first-order Bessel functions of the first kind respectively. The comparison of
the prediction by Eq. (112) with several boundary coefficients C to experimental results [255] is shown in Fig. 9, with the
diameter of the nanowire d = 2R. The silicon nanowire at 300 K is modeled, with the bulk properties the same as that used
for nano thin film. It is seen that the phonon hydrodynamic model displays a good performance again in predicting the size-
dependent thermal conductivity of nanowires. Note that the data of d = 22 nm in Ref. [255] is not adopted here. This result
cannot be explained well even by phonon kinetic theory [76,119], thus is not included into the present hydrodynamic model.
Quantum effect is expected to become relevant at such a small size, but it is not within the present theoretical framework,
therefore not investigated here.

In a series of work, the phonon hydrodynamic model is also applied to analyze the size-dependent thermal conductivity
of elliptical nanowires, which has the following expression [247]:

AT 1
Aef = —— | =———— 4 CS|. 113
7 2Kn |:2Kn1+(b/a)2 * } (113)

In Eq. (113), @, b are respectively the length of semi-long and semi-short axis of the ellipse, Kn = I/b, and S is a numerical
correction factor for heat flux at the walls adopted from analytical solution of microscale gas flow through elliptical tube
and givenby S = 1 —0.6976 [(b/a)*> — 1] /[1.951 (b/a)® + 1] [256].

Moreover, other hydrodynamic methods have been proposed to model the size-dependent thermal conductivity of
nano thin films and nanowires. One is the thermon gas model, which treats the heat transport process as an equivalent
thermon gas flow. To model the nanoscale heat transport, corrections of the gas-surface confinement effect [97,98] and
ends effect [99] are added into the original model, based on the results for the gas flow in micro-channels. The modified
thermon gas model gives pretty good predictions of thermal conductivities of nano thin films [98], nanowires [98,99] and
nanotubes [97,98] in comparison to the results obtained in experiments or by molecular dynamics simulation. Recently,
in the conceptual frame of rarefied gas dynamics, the size-dependent viscosity of thermon gas is extracted from the
experimental data of thermal conductivities of nanostructures and substituted into the phonon gas model [257], whence
the thermal conductivities of both nano thin films and nanowires have been asserted to be explained well. Another similar
model is developed in Ref. [208], where the steady-state G-K equation is analytically solved with the non-dimensional
boundary heat flux correlated to a size-dependent effective phonon mean free path.

(112)

Aeff=k{1—2Kn|:

4.3.3. Roughness effect

The applications discussed above cover the predictions of thermal conductivity of nanostructures with smooth walls.
However, in actual engineering, there may be roughness in nanostructures such as the rough nanowires as enhanced
thermoelectric materials [258,259]. Because of the clear physical picture of phonon hydrodynamics, it is credible to extend
the smooth wall case to the rough one. The second-order heat flux boundary equation (87) is used, with the boundary
coefficient o to describe the effect of wall roughness on phonon gas flow [210]. Combined with the correlations between
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boundary coefficients and geometry parameters (C = C' (1 — A/D), a = o’ A/D), the effective thermal conductivity of
rough nanowire is achieved [243,245]:

A =L(1+4c/1<n)—i 4 (C'+ o'Kn) (114)
T 8Kn? 2kn \ D '

In Eq. (114), Kn = I/R, A and D denotes respectively the root-mean-square value of the roughness fluctuations and the
average distance between adjacent roughness peaks on the wall. It has been reported that the predictions by Eq. (114) agree
well with experimental results in a wide range of nanowire diameters and ambient temperatures [243,245].

A similar situation to rough nanowire is the porous nanostructures [260-263], where the roughness (pores) stay inside
the structures rather than at the boundary. Based on the abundant models in gas flow through porous media [264], phonon
hydrodynamics has been applied to study the influences of porosity and pore size on the effective thermal conductivity of
porous silicon, exhibiting good agreement between theoretical predictions and experimental results [209,265]. For instance,
the resistance force exerted by a sphere of radius a in viscous fluid flow is given by the Stokes formula F = 67 av, with v
the relative velocity between the sphere and fluid. In phonon hydrodynamics, Eq. (84) has an identical form to the Stokes
equation for fluid flow, with the temperature gradient playing the same role of pressure gradient, the coefficient /A the
role of dynamic viscosity. As the average resistance force (per sphere) exerted by a random array of spheres in viscous fluid

b7 (1 + %ﬁ) v, the thermal resistance of N randomly-distributed pores to the heat flow is

1+A/ (A/a)

flow is given by F =
thus written as [209]:

2
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where A’ is a numerical function of Kn, and A is the cross-section area of the heat conductor, ¢ being the porosity. Through
adding Eq. (115) to the normal diffusive thermal resistance [f (¢) A]7! Qn = AVT with f (¢) = (1 — ¢)>, the effective
thermal conductivity of porous nanostructure dependent on both the porosity and pore size is obtained [209]:

1
1 9, (/a)? 3 '
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Moreover, the frequency dependence of the effective thermal conductivity of nanowires is studied [246] by adding a
relaxation term to the heat flux boundary [244,246]. Here we do not go into the details of these applications because they
follow almost the same line as in modeling the nano thin films and nanowires with smooth walls. The reader could refer to
the comprehensive review [87] about them.

The extensive practical applications in nano thin films, nanowires and porous nanostructures indicate that the phonon
hydrodynamic model is a promising tool in modeling thermal transport properties of nanostructures. This method holds at
least three advantages: clear physical picture of phonon gas flow; relatively small amount of computation in comparison to
the kinetic modeling approach; its implementation can adopt the existing models in classical hydrodynamics.

Aeff = A (116)

4.4. Difference between phonon and fluid flow

The developments and applications of phonon hydrodynamics are mainly inspired by the similarity between phonon and
fluid flows. Nevertheless, there are still some differences between them, which are the focus in this part. In the continuum
regime, fluid flow is governed by Navier-Stokes equation with non-slip boundary while heat transport is described by
Fourier’s law. Thus fluid flow between two parallel plates under a pressure gradient will have a parabolic velocity distribution
as is shown in Fig. 10(a). In contrast, phonon gas flow under a temperature gradient has a uniform heat flux distribution
as is shown in Fig. 10(c). In the slip regime, velocity slip occurs at the wall and the velocity distribution in the bulk stream
smoothens, as is shown in Fig. 10(b). In contrast, in phonon gas flow, boundary confinement makes the heat flux distribution
depart from a uniform profile to a non-uniform one, as is shown in Fig. 10(d). These are actually distinct features of phonon
gas and fluid flows: different trends of variation of the flux profile versus Kn from continuum regime to slip regime. This
distinction may be caused by R process which destroys the quasi-momentum in phonon transport. The velocity distribution
of microscale gas flow have been extensively studied, while there is only few work [266-268] on the heat flux distribution
in nanoscale phonon gas flow. Further investigations should be made about this topic in the future.

4.5. Comparison of phonon hydrodynamics to thermon gas model

The principles of thermon gas model have been introduced in Sections 1.2.3 and 4.3.2. When Newton's equation is capable
of describing the dynamics of thermon gas flow, the heat transport equation is derived [68,100]:

9
rTa—ctl+q+AVT: —rTv-(c'Eﬂ), (117)
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Fig. 10. Comparison between fluid and phonon gas flow.

Table 4
Comparison between phonon hydrodynamics and thermon gas model.

Quantities Phonon hydrodynamic model Thermon gas model
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Note: c is the speed of light.

where 71 denotes the relaxation time of thermon gas with tr = eré /6ycyT, y being the Griineisen constant of dielectric
solid, ¢y being the specific heat capacity. Eq. (117) is a generalized heat transport equation beyond Fourier’s law and bears
similarity to the G-K equation, Eq. (77), except a slight difference on the spatial non-local term of heat flux. Meanwhile,
the thermodynamic foundation of the thermon gas model was developed, which [269,270] had no-surprisingly very similar
forms to those in extended irreversible thermodynamics for G-K equation [271-273]. The similarities in both mathematical
and physical aspects of the two hydrodynamic approaches deserve a further comparison.

The phonon hydrodynamic formalism used in Refs. [196,274] is adopted to make a comparison with the thermon gas
model. Many quantities including the pressure, mass density, drift velocity, momentum density, resistance force term and
relaxation time of phonon and thermon gas are compared carefully, as is summarized in Table 4. For determination of the
relaxation time in both models, the kinetic expression of thermal conductivity > = CVeré /3 is used. The heat transport
equation in phonon hydrodynamics is a generalized one beyond the G-K equation with an additional nonlinear term usually
neglected. Similarity between thermon gas model and phonon hydrodynamic model is explicit. Furthermore, there is usually
aratio between the quantities in the two models, such as v?/c? between mass densities and between momentum densities.
The current analysis contributes to deeper understanding of both models and their relationship.

5. Discussions and perspectives

5.1. Current limitations and possible extensions

All the phonon hydrodynamic models developed based on the kinetic theory are limited to low temperature situation,
where N process dominates over R process. Only under this circumstance, could the limit of integration be extended to the
whole wave vector space in obtaining the explicit expressions of the macroscopic variables. On the other hand, it is feasible
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to use the ratio of relaxation times of N process and R process as the small parameter in the Chapman-Enskog solution in
Section 3. From the historical perspective, the classical phonon hydrodynamics is originated in seeking second sound, which
is possible to be detected only at extremely low temperature and in very pure crystals [81,145]. However, from a physical
perspective, the concept of phonon hydrodynamics can be extended beyond its classical definition. In the framework of
transport theory shown in Fig. 4(b), phonon hydrodynamics represents more accurately the macroscopic level of description
for phonon systems, whereas the G-K equation is merely a special case of hydrodynamic descriptions when N process
is the dominated phonon scattering. Another special case is Fourier’s law, which is indeed a macroscopic heat transport
equation when Umklapp-type R process is dominant. That is to say, there is still a large room for hydrodynamic descriptions
in cases where neither N process nor Umklapp-type R process dominates, such as in cases where N process is comparable to
Umklapp-type R process, and in nanoscale heat transport where interfacial phonon scattering occurs mainly [38]. We term
all these macroscopic models, besides the G-K equation and Fourier’s law, as generalized phonon hydrodynamics. Under such
a new framework, a truly universal hydrodynamic model can be established, and of course, there remains a lot to be done
towards that goal. One challenging problem for instance is the integration in a finite range of wave vector space instead
of the aforementioned infinite one. Also, a more accurate and detailed understanding and modeling of interfacial phonon
transport in nanoscale [34,60] is crucial.

Another limitation in developing phonon hydrodynamic models is the linear approximation. In deriving the G-K
equation, nonlinear terms such as the product of heat flux and temperature gradient are neglected. However, nonlinear
effects are expected to be very important in nanoscale cases where the heat flux could be extremely high due to the
miniature heat flow passage, or in cases under high temperature gradient where the flux-limiter behaviors [275,276] may
take place. Some theoretical attempts have been made to investigate the nonlinear effects; for instance, a nonlinear phonon
hydrodynamic model [235,277] was developed based on nonequilibrium thermodynamic method, and an exploration was
done of the physical consequences of nonlinear terms in a generalized heat transport equation [278]. Nevertheless, to our
best knowledge, successful realistic applications of nonlinear phonon hydrodynamics in nanoscale heat transport are seldom
reported, and a systematical kinetic derivation of a more general nonlinear theory is still lacking.

5.2. Analysis of N and R process in phonon transport

In modeling micro- and nanoscale phonon transport, the kinetic expression of thermal conductivity tensor is usually
given as [14,38,39]:

dared dk
A= Z/r (@) ﬁwﬁvg () Vg (@) o (118)

with v denoting the phonon branch. Eq. (118) could be derived from phonon Boltzmann equation (14) with SMRT
approximation which valued the collision term by C (f) = (f — f]fq) /T (). In the neighborhood of equilibrium, phonon

distribution function is obtained approximately as f ~ fg — 7 () (dfg"/dT) vg (@) - VT. Substitution of this approximate
solution into the kinetic expression of heat flux (such as Eq. (28) in the isotropic case) gives rise to Fourier’s law and the
thermal conductivity expression Eq. (118). To resolve the thermal conductivity, both phonon group velocity and relaxation
time must be provided for Eq. (118). The former is computed from the dispersion relation based on (15), whereas the latter
is usually obtained in two ways. The popular way is through empirical expressions shown in Table 2, where the empirical
parameters are adjusted to fit the bulk thermal conductivity of materials. Different categories of phonon scattering are
treated independently and the total relaxation time is derived using the Matthiessen rule [ 14,44,279]:

1 _ 1 n 1 " 1
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(119)

where ‘a’ denotes the anharmonic phonon scattering [58,121,280,281] (or Umklapp three-phonon scattering process
[76,119,120,122]). The other way is through ab initio calculation, such as lattice dynamic simulation [58,59] and computing
phonon scattering rates from Fermi’s golden rule in the first-principle method [71,124].

In summary: (1) the current attempts in modeling size-dependent thermal conductivity of nanostructures are still within
the framework of classical Fourier’s law, through incorporating the boundary scattering effect by adding an independent
contribution to the total relaxation time; (2) there are no unified expressions for the frequency-dependent relaxation times
of different kinds of phonon scatterings; (3) N process is often neglected in kinetic modeling of nanoscale phonon transport,
or is inappropriately treated as having the same role as R process, as shown in Eqs. (118) and (119).

The treatment of N process is further emphasized because more and more attention is drawn on this issue in last
few years. A kinetic-collective model is proposed [114,116,117] to predict lattice thermal conductivity in a wide range of
temperature and size. This model is based on two distinct phonon behaviors in kinetic regime at low temperature and
in collective regime at elevated temperature, dominated by R process and N process respectively. From our perspective,
it is questionable to categorize the collective regime at high temperature where in fact N process is usually scarce in
most materials. In microscopic methods: N process and R process are simultaneously taken into account naturally when
computing phonon scattering rates by the first-principle calculation [71,72,124]; in lattice dynamics [282] and in molecular
dynamics simulation [283], N process is treated as an additional origin of thermal resistance from altering the phonon
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frequency spectrum. Recent reports [284,285] based on first principle calculations and iterative solutions of linearized
phonon Boltzmann equation indicate the dominance of N process and occurrence of hydrodynamic phonon transport
even at room temperature in two-dimensional nanomaterials (graphene and so on). This particular phenomenon is mainly
attributed to the extremely large anharmonicity and densities of states of long-wavelength phonons characterized by
the two-dimensional materials [284], which leads to strong and dominant normal phonon scatterings in a wide range
of temperature. An updated review [34] on nanoscale thermal transport also indicated the necessity to go beyond the
SMRT approximation and to deal with N process in an appropriate way. As a result of still ambiguous understanding in
microscopic and mesoscopic aspects, there is still lacking a widely applicable hydrodynamic model which considers both N
and R processes. A rational treatment of N process will be a key point for the advance of generalized phonon hydrodynamics.

5.3. LBM implementation of phonon hydrodynamics

Lattice Boltzmann method (LBM) is widely applied in classical hydrodynamics mainly because of its advantages
[155,168]: (1) its natural kinetic foundation based on Boltzmann transport equation; (2) its local computational
characteristics making it easy to realize parallelization; (3) its simple treatment of complex boundary conditions. With
these advantages, LBM will be a promising solver for generalized phonon hydrodynamics in tackling the nanoscale phonon
transport problems. Because such problems usually involve multiscale interfaces and complex geometries as in porous
nanostructures [260-263] and nano-polycrystalline [286,287] which are potential thermoelectric and thermal barrier
materials [288].

Hitherto there are mainly two branches of lattice Boltzmann schemes for phonon transport: one is for the solution of
phonon Boltzmann equation with Callaway’s relaxation approximation [ 179] corresponding to hydrodynamics governed by
G-K equation; the other is for the solution of phonon Boltzmann equation with SMRT approximation [79,80] corresponding
to Fourier’s law. The two branches could be unified in the generalized phonon hydrodynamics since the SMRT approximation
is a special case of Callaway’s relaxation approximation in the limit of 7y — 0. By giving different magnitude of relative
values to Ty and tg, LBM will display its robustness in modeling a wide range of phenomena, including those G-K equation
and Fourier’s law could deal with, and the cases where N process is comparable to R process.

To illustrate the LBM implementation of phonon hydrodynamics, here a brief introduction is given to the LBM scheme for
the phonon Boltzmann equation with SMRT approximation. For convenience, the phonon Boltzmann equation is rewritten
as the energy density form [79]:

oE E —E®
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with E = f fhwD (w) dw, and E®? = f fReqth (w) dw, D(w) being the phonon state density function. Thus the phonon
lattice Boltzmann equation is obtained as a discrete form of Eq. (120):
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In Eq. (121), the non-dimensional relaxation time is T = 1/ At, At being the time step, and the subscripts “i” denote the
directional components of a specific lattice structure (for instance D2Q9), with ¢; the lattice velocities in each direction.
In this way, phonon transport could be analyzed through an iterative solution of Eq. (121) based on a streaming process
and a relaxation process. The macroscopic field variables (temperature, heat flux, etc.) are then obtained through a discrete
statistical averaging of the energy density distribution solution E;.

The field of lattice Boltzmann modeling of phonon transport is still not fully developed. The related fundamental work
to be done includes the following aspects: (1) a systematical derivation of the lattice Boltzmann formulation with realistic
dimension and clear physical meaning, by bridging the mesoscopic numerical scheme and the macroscopic hydrodynamics;
(2) development of practical lattice structures for 2D and 3D cases to avoid the paradox of fictitious phonon speed by
capturing more accurately the phonon dynamics; (3) to seek a relatively simple and economic approach to deal with the
phonon dispersion spectrum and frequency-dependent relaxation time; (4) to devise proper schemes to treat the interfacial
phonon transport, though some attempts were made in Refs. [ 180,181] but no realistic applications have been reported.

5.4. Perspectives and open questions

5.4.1. Thermal rectification in phononics

Thermal rectification is an interesting phenomenon where the thermal transport behaviors depend on the sign of
temperature gradient [289], viz. the magnitude of heat flux in one direction is different from that in reversed direction.
Although such directionality actually exists in conventional heat transport process if we rigorously consider the temperature
dependent thermal conductivity of a medium. However, this effect is usually small in macroscale and thus often neglected.
With rapidly increasing focus on nanoscale heat transport and artificial manipulation of phononic material properties [290],
thermal rectification becomes a hot topic due to its appreciable effect and potential applications in thermal management of
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micro- and nanoelectronics [289], and in nanoscale phononic devices including thermal diodes, thermal transistors, thermal
logic gates and thermal memories potentially used in information processing [291,292]. Actually, thermal rectification holds
the similar idea to the current developing field of thermal control by means of heat metamaterials [293], where many
interesting phenomena could be designed and applied such as the thermal cloaking [294,295] and thermal camouflage [296].

The usual mechanisms responsible for nanoscale thermal rectification include: nonlinear (anharmonic) lattice chain
[297,298], asymmetric nanostructures (such as the graphene [299,300] and silicon [301] ribbons with variable widths,
the carbon nano-cone [302]), surface roughness at contacts and interfaces, and hetero-junctions [303]. Different physical
explanations have been proposed in literature, such as the overlapping of phonon state density in nonlinear lattice
[297,298], phonon lateral confinement effect [300] and phonon transmission characteristic [301] in asymmetric nano
ribbons. A sufficient understanding is still lacking though. From our perspective, the generalized phonon hydrodynamics
provides an alternative to offer an intuitive explanation. For instance, in heat transport through asymmetric nano ribbons,
phonon gas flow, from a hydrodynamic viewpoint, will endure different resistance from the confined boundary in converse
directions. Similar analysis can be applied to study the effect of wall roughness or internal pores on the rectification efficiency
of nanostructures. It opens a new outlook for investigating the thermal rectification phenomena, and lots of explorations to
be done in the future.

5.4.2. Heat waves in temporal microscale
If G-K equation (77) is combined with the energy balance equation (55), a temperature differential equation is obtained:
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When N process dominates and R process is negligible (ty — 0, tr — o) in low temperature dielectric solid, Eq. (122)
reduces to a pure wave equation:

v2 3 9°T
v? 9t

(123)

Eq. (123) predicts a wave propagation of temperature disturbance (the second sound) with the speed of v,/ /3. Such an
ideal heat wave without damping has never been observed in actual experiments. Instead, the observation window for the
second sound is [81,109]: ty < 1/w K tR, with w the frequency of external heat pulse. Within this window, N process and R
process coexist with few R processes but sufficient N processes. Therefore, heat waves in low temperature crystal are mainly
attributed to N process. Another similar case is the second sound in superfluid helium made up of a viscous normal fluid
and an inviscid superfluid. Its propagating speed is \/Ts? ps/c,p [133], where s is the entropy function, p is the total mass
density and p; is the mass density of superfluid. The second sound speed vanishes when p; = 0 at the so-called A-phase
transition point [133] where all the superfluid transforms into normal fluid. In contrast, at lower temperature below the
A-phase transition point when the superfluid dominates, the second sound with rare damping propagates with a speed
about vg/ +/3 [133]. Thus the heat waves in low temperature superfluid helium are mainly attributed to the superfluid
component.

Moreover, a hot topic has been extensively reported about heat waves in temporal microscale at ambient tempera-
ture [88,304-306], when the characteristic time of heat transport is comparable to or smaller than the carrier relaxation
time. The C-V equation is a typical model which tries to capture this heat wave behavior by adding a relaxation term of
heat flux into Fourier’s law. Combination of C-V equation with energy balance equation results in a hyperbolic temperature
differential equation, which in turn predicts a propagation of damping temperature wave. However, numerical simulations
by MD [307-309] and LBM [310] demonstrate that the C-V equation is unable to describe the short-pulsed laser heating
process both in bulk materials and nanostructures (carbon nanotube in Ref. [308] and graphene in Ref. [309]). Experimental
attempt [311,312] to seek such heat waves and verify the C-V equation in inhomogeneous medium fails as well, and subse-
quently, more accurate experiments [313-315] show that Fourier’s law could actually explain the results. By contrast, the
temporal microscale temperature response behaviors obtained in experiments [305,316] and MD simulation [308,309] fit-
ted reasonably well to the DPL model by adjusting the two phase lags 7, and 7. In spite of this success, the DPL model gives
rise to a parabolic temperature differential equation [37], with no supportive evidence of heat waves in temporal microscale.

To sum up, besides the second sound observed in superfluid system and in dielectric solid at low temperature, no
experimental reports have been made about the heat waves in temporal microscale at ambient temperature. In fact, the
situations are different at low temperature and at ambient temperature, where the key point lies in the local equilibrium
hypothesis [219] from a thermodynamic perspective. In the former situation, such as during heat wave propagation in
dielectric solid, the mean free path of N process is much smaller than the sample dimension. Thus there are sufficient phonon
normal scatterings through the solid from the hot side to the cold side [139], which ensures the local thermal equilibrium.
As is also shown in Section 3, the local equilibrium hypothesis is implicitly valid in the derivation of G-K equation, which
can explain the heat waves satisfactorily. In the latter situation, the characteristic time is too short to allow sufficient time
for heat exchange and thermalization between phonons. Thus the local equilibrium hypothesis is no longer valid [39]. As
C-V equation is derived from the phonon Boltzmann equation under local equilibrium, it fails to describe the temporal
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Fig. 11. Theoretical systems of fluid transport (a) and phonon transport (b).

microscale heat transport [317,318]. The existing strong thermal nonequilibrium makes it difficult to find an appropriate
macroscopic model to describe the heat transport behavior in this situation.

Finally, from our perspective, the above divergence could be taken as two extreme cases in the generalized phonon
hydrodynamics. The second sound observed in low temperature corresponds to N process dominated situation; whereas
heat transport in temporal microscale at ambient temperature corresponds to R process dominated one. Further
investigation is highly desirable about the temporal microscale phonon heat transport, where a macroscopic model is needed
to describe the temperature response behavior. The important question remains to be answered: whether heat waves exist
in very short time scale.

5.4.3. Compatible irreversible thermodynamics

Classical irreversible thermodynamics (CIT) has been well developed under the local equilibrium hypothesis. The
linear phenomenological thermodynamic force-flux relation ensuring non-negative entropy production gives rise to
Newton’s shear law. Substitution of the shear law into the momentum balance equation results in the Navier-Stokes
equation [219]. That is, CIT provides a solid thermodynamic framework for classical hydrodynamics. In addition, the first-
order Chapman-Enskog expansion to Boltzmann transport equation can also yield the Navier-Stokes equation [154]; the
entropy balance equation and expressions of entropy flux in CIT can be derived from the kinetic theory of gases [40,219].
Therefore, the gas kinetic theory forms a mesoscopic foundation for both the thermodynamic theory and hydrodynamics.
The theoretical system of fluid transport is summarized in Fig. 11(a).

In comparison, compatible irreversible thermodynamics for generalized phonon hydrodynamics is not fully accom-
plished yet. Although the two extreme cases of Fourier's law and G-K equation have been derived from CIT and extended
irreversible thermodynamics (EIT) respectively, they have not essentially gone beyond the near-equilibrium region. It is still
an open challenge to establish a thermodynamic formalism valid for far-from-equilibrium region. For processes where the
local equilibrium hypothesis is no longer valid, usually the case in nanoscale heat transport such as the heat waves in tem-
poral microscale, the theoretical system of phonon transport shown in Fig. 11(b) provides a future solution, to be finished
through further work on both the phonon hydrodynamic models and the thermodynamic formulations.

6. Conclusions

Understanding the laws of heat transport and conversion is a critical task since most of human'’s activities are pertinent
to thermal energy utilization. Heat transport theory is a relatively abstract and obscure branch in physical science because
heat could only be felt rather than directly observed. This situation especially worsens when it comes to microscale and
nanoscale, where traditional concepts and laws may not be valid. The phonon hydrodynamics provides a potential avenue
for heat transport modeling due to its simple and intuitive nature and solid statistical physical roots. A comprehensive
introduction is provided in the present work regarding the theoretical foundation and credible application of this model.

A phonon can be treated as a quasi-particle by applying the Boltzmann transport equation a priori, and the coarse
graining of the phonon distribution function governed by the Boltzmann equation results in the hydrodynamic heat
transport equations. This constitutes a formal theoretical frame for phonon transport in view of microscopic, mesoscopic
and macroscopic descriptions. A unified kinetic framework is established through a Chapman-Enskog solution to the
phonon Boltzmann equation with Callaway’s relaxation approximation. Different orders of expansions and sub-order
approximations give rise to different levels of heat transport equations, including both the well-known C-V equation and
G-K equation. Previous hydrodynamic models obtained by Eigen-value analysis method, Chapman-Enskog method and
moment method can be incorporated into our present framework as special cases. In terms of applications, the essential
heat flux boundary is originated from a heuristic analogy to velocity slip boundary in microscale gas flows. In the line
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of extended irreversible thermodynamics, the hydrodynamic equation and heat flux boundary can also be derived as the
constitutive relations in the bulk and boundary region, respectively. In modeling the size-dependent thermal conductivity of
nanostructures, the phonon hydrodynamics displays not only a clear qualitative physical picture, but also good quantitative
predictions in agreement with experimental results.

Finally, a novel concept of generalized phonon hydrodynamics is proposed, covering the G-K equation and Fourier’s law
as two extreme cases. In this extended conceptual framework, possible advances are discussed in dealing with phonon N
process, developing phonon lattice Boltzmann schemes and exploring the thermal rectification phenomena in micro/nano-
phononics. Novel viewpoints are also given to a few open questions including whether the heat waves exist in extremely
short time scales at ambient temperature, and the compatible irreversible thermodynamic formulation. Many original
references are given throughout this work to reveal the historical logic and the indication for future development. Therefore
the authors hope the present work would contribute to the knowledge base about the nanoscale heat transport and its
macroscopic modeling.
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Appendix A. The sub-first-order approximation of zeroth-order expansion

A.1. Phonon energy density

fﬁ oo 3dk A1)
@n)* '

Substitution of Eq. (51) into Eq. (A.1) results in:

k- u 3dk
E = hofsd + B (1 =
/[wfR +w)kBT e ( +R)](2n)3

3dk K- eqy 3dk
/h‘”f @n)? +fh“’ ot % 1R 55 (A2)

The second term in Eq. (A.2) vanishes because the integrand is an odd function of wave vector k. Thus Eq. (A.2) reduces

to:
E / hofs 3dk /h [X <fw)>_1:|'1 3dk (A3)
= (2 ) P IBT 7(2”)3. .

Combined with the linear dispersion relation (@ = vgk), Eq. (A.3) becomes:

3 (™ fivgh !
E= W/. hvgk [exp ( kng<> — 1] 4k’ dk
T 0

3 e hvgk !
= —h —1| Kdk. A4
et [ (oo () 1] war =
With the well-known Bose integral:
% 1,
———dx = —n*, (A5)
o exp(x) —1 15

Eq. (A.4) finally gives rise to:
4’ (ksT)*

A6
5(hvg)3 (A8)
A.2. Heat flux
a= [ wror > (A7)
10) . .
@n)?
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Substitution of Eq. (51) into Eq. (A.7) results in:

Pk -u 3dk
= [ |vghofg® + vgho———f* (1 + f!
q /|: ghofy” + Vgho keT R ( +fR) 1)}
3dk nk-u 3dk
= [ viho +/vﬁw—"q1+“‘ . A8
/g f(z) ¢ kBTfR( R)(271)3 (A8)
Combined with Egs. (25), (A.8) becomes after eliminating the phonon group velocity:
2
3dk (ﬁvg) 3dk
=m? | k u- | Kkf? (1 +f . A9
a=? [+ S [ (145 2 (A9)

The first term in Eq. (A.9) vanishes for the equilibrium distribution contributes nothing to the heat flux. Thus Eq. (A.9)

reduces to:
(vg)? 3dk

_ . eq eq
q= T u /kkfR (1+£Y) an (A.10)

Based on the parity of the integrand, Eq. (A.10) becomes:

()’ 1 [ e eq 3dk
q= kaT u- gl/kfk (1 +fx ) 2r)?
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1 (hvg) /00 Je

= u K (1 + £59) ak?dk
@n)® kT Jo R (145)
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With the following integral:
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Eq. (A.11) finally gives rise to:

_ 167° (ksT)*

(A.13)
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A.3. The flux of heat flux
q 3dk
Q= [ vyvhofy? )3 . (A.14)
Substitution of Eq. (5 1) into Eq. (A.14), combined with Eq. (25), results in:
kk kk 7K - u 3dk
— md Meq | BB e (1 4 fFea
Q wg[[k R T k(R @n)’
kl( q 3dk hu KKk . eqy 3dK
= i} +— | — R+ T . A.15
R s e [ R R o (a15)
The second term in Eq. (A.15) vanishes because the integrand is an odd function of wave vector k. Thus Eq. (A.15) reduces
to:
kk 3dk
= hv] . . A.16
Q= | R G (A.16)

Based on the parity characteristic and combined with Egs. (A.3), (A.16) reduces to:

1 3 k? oq 3dk o 3dk 1,
Q= 3hwgl i n3—3g 3—3g51 (A17)
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Fig. B.1. Spherical coordinate in wave vector space.
Appendix B. The full zeroth-order expansion

The following integration is conducted in the framework of a spherical coordinate shown in Fig. B.1.
The relations between the spherical coordinate variables and wave vector components are:

ky = ksin¢ cos 6, (B.18a)
k, = ksingsinf, (B.18b)
k, = kcos ¢. (B.18¢)

The differential volume element is:

dk = k? sin pdpdkdo. (B.19)

B.1. Phonon energy density

The expression of phonon energy density in the whole zeroth-order expansion is:

E—/ﬁw[ (ﬁw—ﬁk-u) ]i|'1 3dk (8.20)
= exp “wr ) 7(271)3. .

For the sake of simplicity, the drift velocity is set to be parallel to the k, axis as shown in Fig. B.1, since the integration is
invariable under the rotation operation of the coordinates. In this way, Eq. (B.20) reduces to:

2 ﬁ fivgk — hiku cos ¢ 1 3 .
vg [ ex — 1| k’sing@dedkd6. (B.21)
(27‘[) kBT

Variable transformations are assumed:

_ hvgk — hku cos ¢

kT , (B.22)
X = COS @. (B.23)
With Eqgs. (B.22) and (B.23), Eq. (B.21) simplifies into:
3 Y m? ! 1
N Wﬁvg (o) /0 exp (m) — 1dm /_1 (Fvg — hux)4dx’ (524
which finally results in:
_ 475 (kgT)* x2+3 (B.25)

15 (hvg) (1= x2)°
with the ratio of phonon drift speed to group speed x = u/v,.
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B.2. Heat flux

The expression of heat flux in the whole zeroth-order expansion is:

q= /vghw |:exp <M) — 1]1 ﬂ (B.26)
ksT @n)?
Eq. (B.26) simplifies into the following components through variable transformations Eqgs. (B.22) and (B.23):
gx =0, (B.27a)
q =0, (B.27b)
a4 = %huz (kBT)“/oo m3dm/] Y i (B27¢)
@m)* ® o exp(m)—1 -1 (hvg — hux)4

Combined with Egs. (A.5), (B.27c) becomes:

_167° (kgT)* 1

u. (B.28)
15 (hvg)” (1—x2)°
Thus the heat flux finally becomes:
167° (kyT)* 1
_ 167° (kg 3) “u. (B.29)
15 (hvg) (1 - x?)
B.3. The flux of heat flux
The expression of the flux of heat flux in the whole zeroth-order expansion is:
0 /vvh [ex <hw—ﬁk~u> ]}1 3dk (B.30)
= 10} _ | - —_— . .
sVg p ksT 2r)?
Eq. (B.30) simplifies into the following components through variable transformations Eqgs. (B.22) and (B.23):
Qj =0, fori#j, (B.31a)
3 3 4 00 m3 1 1— X2
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Combined with Eq. (A.5), Eq. (B.31b) and Eq. (B.31c) becomes respectively:
4’ (keT)* 1
Qu=Qy =v; (ksT) : (B.32a)

15 (hvg) (1= x2)°
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Q= ey 143 (B.32b)
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Thus the flux of heat flux finally becomes:
1 00 0 0 O
Q=0Qx|0 1 0)+0Q,|0 O O
0 0O 0 0 1
= Qul + (sz - Qxx) aa (B-33)
with @ denoting a unit vector parallel to u. Substitution of Egs. (B.32a) and (B.32b) into Eq. (B.33) finally gives rise to:
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Appendix C. The sub-first-order approximation of first-order expansion

C.1. Derivation of Qq
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Combined with Egs. (A.12), (C.35) results in:
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C.2. Derivation of Qq
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The following integration is performed:
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Substitution of Eq. (C.38) into Eq. (C.37), combined with Egs. (C.35) and (A.12), results in:
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The second term in Eq. (C.40) is resolved when combined with Eq. (C.38):
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The first term in Eq. (C.40) is simplified into:
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where the following integration becomes:

K5 hvgk
00 00 exp( ) exp( >+1
f (147 (2 + 1) dk = / dk. (C43)
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The following integral is conducted through integrating by parts:
/°° x> exp (x) [exp (x) + 1] 4 ,
0

[exp (x) — 1] de = 37 (C.44)

Substitution of Eq. (C.43) supplemented with Eq. (C.44), into Eq. (C.42), gives rise to the first term in Eq. (C.40):
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Finally, substitution of Egs. (C.41) and (C.45) into Eq. (C.40) results in:
(@), = 4viTy AT - aT N oT (C.46)
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