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Local immobilization of particles in mass transfer described by a Jeffreys-type equation
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We consider the Jeffreys-type equation as the foundation in three different models of mass transfer, namely,
the Jeffreys-type and two-phase models and the D, approximation to the linear Boltzmann equation. We study
two classic (1 4 1)-dimensional problems in the framework of each model. The first problem is the transfer of a
substance initially confined at a point. The second problem is the transfer of a substance from a stationary point
source. We calculate the mean-square displacement (MSD) for the solutions of the first problem. The temporal
behavior of the MSD in the framework of the first and third models is found to be the same as that in the Brownian
motion described by the standard Langevin equation. In addition, we find a remarkable phenomenon when a

portion of the substance does not move.
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I. INTRODUCTION

The classic diffusion equation, based on Fick’s law, is
widely used for the approximate description of nonanomalous
diffusion (dispersion of a substance or species) [1,2] and
Brownian motion [3-5]. However, Fick’s law neglects the
mass (inertia) of moving particles (molecules) and therefore
the diffusion equation gives an appropriate and accurate model
for diffusion phenomena only in weakly inhomogeneous
media and/or for slow processes when relaxation time is
short compared to a characteristic time scale. Otherwise, the
description of diffusion by the diffusion equation may fail [6].
Many biological media, e.g., cellular cytoplasm, are strongly
inhomogeneous, therefore, diffusion in them is not Fickian and
its description by the diffusion equation is questionable.

Note that the counterpart of Fick’s law is Fourier’s law in
the theory of heat conduction [1,2,7]. The latter leads to the
heat equation, similar to the diffusion equation. Fick’s law was
postulated by analogy with Fourier’s law, which was proposed
first [2].

The simplest modification of Fick’s law, taking into account
the inertia of moving particles, is Cattaneo’s equation [8—10].
Strictly speaking, Cattaneo’s equation modifies Fourier’s law
since Cattaneo considered heat conduction; however, one
can apply this to mass transfer as well. The modification
leads to the telegraph equation, providing the finite speed of
propagation [8,9,11-14]. The telegraph equation was proposed
to be a substitute for the diffusion and heat equations. However,
both two- and three-dimensional telegraph equations meet
formal obstacles since solutions to the initial-value problem
for them may become negative [15,16].

Long before Cattaneo, Jeffreys proposed a relation for the
rheological description of the earth’s core [17,18] that can be
considered as a combination of Fick’s (or Fourier’s) law and
Cattaneo’s equation. We define this law (relation) as being
of the Jeffreys type. This law leads to a partial differential
equation of third order, called a Jeffreys-type equation [8,9],
also known as the simplest equation of the dual-phase-lag
model of heat conduction [10,19,20]. We call this a Jeffreys-
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type model. This model was used to describe viscoelastic
fluids [8,21,22], Taylor dispersion [22,23], and heat transfer
[8-10,14,19,20,24-28].

There is another two-temperature [10,14,19,20,24] or two-
phase [29—32] model that also leads to a Jeffreys-type equation.
This model is qualitatively different from the Jeffreys-type
one. Nevertheless, there is no clear distinction between cases
when the Jeffreys-type equation describes the Jeffreys-type
model and the two-temperature (two-phase) model [14,20,24].
Moreover, in Ref. [24] the behavior of the two-temperature
model is illustrated by that of the Jeffreys-type model. In
Ref. [33] the authors erroneously state that the two models
are equivalent.

The diffusion equation is known to be the simplest approx-
imation to the linear Boltzmann equation [34] and the latter
can be considered as a mesoscopic model of the former. It is
notable that the telegraph equation is the P; approximation
(the next after the diffusion one) to the linear Boltzmann
equation [34]. Recently, Dy approximations to the linear
Boltzmann equation were proposed [35]. They generalize the
classic diffusion approximation, which corresponds to N = 0.
We have found that the Dy_; approximation (the next after
the telegraph one) leads to the Jeffreys-type equation, the
model being qualitatively different from both the Jeffreys
type and two-phase ones. Note that this model is similar to
the one of Guyer and Krumhansl in the theory of second
sound [10,14,36,37].

The primary motivation of this study was to investigate
the Jeffreys-type equation as a substitute for the diffusion
equation instead of the telegraph one for the description of
mass transfer. We study and compare eventually the three
models (the Jeffreys-type and two-phase models and the Dy —;
approximation to the linear Boltzmann equation) as models
of mass transfer. We study two classic (1 + 1)-dimensional
problems, typical for mass transfer, in the framework of each
model, where studies of the problems are lacking. The first
problem is the transfer of a substance initially confined to
a point. The second problem is the transfer of a substance
from a stationary point source. We calculate the mean-square
displacement (MSD) for the solutions of the first problem
because the MSD is an integral quantity whose temporal
dependence characterizes diffusion and Brownian motion. The
temporal behavior of the MSD in the framework of the first and
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third models is found to be the same as that in the Brownian
motion described by the standard Langevin equation. We recall
here that the behavior of the MSD in the framework of the
diffusion equation is wrong for short times, where it must be
ballistic. Further, we find a remarkable phenomenon when a
portion of the substance does not move.

The rest of the paper is organized as follows. In Sec. II we
briefly recall the phenomenological derivation of the diffusion
equation. In Sec. III we briefly recall some facts about the
telegraph equation. In Sec. IV we describe the models of mass
transfer related to the Jeffreys-type equation. In Sec. V we
study the diffusion of a substance initially confined at a point
in the framework of the three models. In Sec. VI we calculate
the mean-square displacement for the solutions of the problems
considered in Sec. V. In Sec. VII we study the diffusion of a
substance from a stationary point source also in the framework
of the three models. Section VIII contains concluding remarks.

II. DIFFUSION EQUATION

The macroscopic law of mass balance for a substance is
expressed by the continuity equation [38]

ou
Jt

where u = u(x,t) is the concentration of the substance, x =
(x1,%2,x3) is a point, ¢ is time, J = J(x,t) is the flux of the
substance, and f = f(x,f,u) is the net rate of production
or absorption (degradation) of the substance. In the simplest
approximation the flux is related to the concentration by Fick’s
phenomenological (first) law [1,2,38]

+divJ = f, 2.1

J =—DVu, (2.2)

where D is the diffusion coefficient. The continuity equation
(2.1) and Fick’s law lead to the reaction diffusion equation
ou DA f
_— = u=7/J.
ot '
To determine a unique solution of the diffusion equation one
imposes the initial condition

(2.3)

u|i—o = uo, 2.4)

where ug = ug(x) is the distribution of the concentration
at time ¢t = 0. Note that the diffusion equation is the sim-
plest approximation to the linear Boltzmann equation [34]
[see Eq. (A4)].

III. TELEGRAPH EQUATION

Fick’s law neglects the inertia of moving particles. Catta-
neo’s equation [8—10]
aJ
T— +J =—DVu,
ot
where t is the relaxation time, modifies Fick’s law, taking
the inertia into account. Indeed, Cattaneo’s equation can be
written in the equivalent integral form

@3.1)

D [! /
J= __/ e TN y(x,t)dt + e T, (3.2)
T Jo
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where Jo = Jo(x) is the distribution of flux at time ¢ = 0.
Equation (3.2) shows that Cattaneo’s equation takes into
account the prehistory of a process since flux depends on the
gradient of the concentration at earlier time, the dependence
being exponentially decreasing with time. If the relaxation
time t in Cattaneo’s equation tends to zero, one obtains in the
limit Fick’s law.

The continuity equations (2.1) and (3.2) lead to the integro-
differential equation

ou D

t
e T Ay(x,t)dt 4+ e div Sy = f.
at T Jo

This equation, with the initial condition (2.4), is equivalent to
the reaction telegraph (or damped wave) equation [39,40]

9%u af \ ou of
— l—-17—)— —DAu = -, 33
T3t2+< T8u> or u=frrge G
with the initial conditions
ou .
ulo =ug, —| =—divJo+ fo, 3.4
a1 |,_g

where fo = fo(x,uo) = fl;=o is the distribution of sources at
time t = 0. If T = 0, the telegraph equation (3.3) becomes
the diffusion equation (2.3). The telegraph equation can also
be obtained as the P; approximation to the linear Boltzmann
equation [34] [see Eq. (A6)].

The telegraph equation is hyperbolic, providing the finite
speed of signal propagation, and was proposed to be a
substitute for the parabolic diffusion and heat equations
[8,9,12—14]. However, two- and three-dimensional telegraph
equations have a formal flaw since their solutions may take
negative values even if the initial values are positive [15,16].
Besides, the applicability of the telegraph equation to the
description of heat transfer is doubtful [16,41,42].

IV. JEFFREYS-TYPE EQUATION

A. Jeffreys-type model

The relation combining Fick’s law and Cattaneo’s equation
has the form [8,9]
aJ oVu

- = —1tDi—— — (D D,V
Tat-l-J D — (D1 + D2)Vu

oVu
=—(D+ Dz)[fzw + Vui|, 4.1

where D; > 0, D; + D, > 0, and
_ 'L'D]
" Di+D,

is another relaxation time or, equivalently, the integro-
differential form

%)

D, [! ,
J=—-DVu— —2/ e =T y(x,1)dt
T Jo

+e7 (D Vug + Jo), 4.2)

where ug = uo(x) and Jo = Jo(x) are the distributions of the
concentration and flux, respectively, at time ¢ = 0. We call
relations (4.1) and (4.2) the Jeffreys-type law after Jeffreys,
who proposed similar relations for the rheological description
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of the earth’s core [17,18]. Fick’s law and Cattaneo’s equation
are particular cases of the Jeffreys-type law. Indeed, if T in
Egs. (4.1) and (4.2) tends to zero, one obtains in the limit Fick’s
law with D = D; + D,, while D; = 0 leads to Cattaneo’s
equation.

The Jeffreys-type law (4.1) includes two different cases,
T > 15 and T < 13, depending on whether the relaxation time
7 is higher or lower than 7,. Both cases are considered in the
literature; see, e.g., [19,25-27]. The first inequality T > 1, is
equivalent to D, > 0. In this case the relation (4.2) means that
flux is determined by the concentration gradient both at the
same moment and preceding time, the dependence on the past
being exponentially decreased. The second inequality T < 1,
is equivalent to D, < 0. In this case the Jeffreys-type law can
be written in the equivalent form

1 D,
Vu = -J+—

t
—(t—t)/n ’ ’
= — e J(x,t")dt
D1 ‘[D] 0 ( )

+e7™(D Vg + Jo)i|, (4.3)
which means that the gradient of the concentration is deter-
mined by flux both at the same moment and preceding time,
the dependence on the past being exponentially decreased.
Note that the relation (4.3) can be used for setting boundary
conditions for u if mass transfer is considered in a finite
domain.

The continuity equation (2.1) and the Jeffreys-type
integro-differential law (4.2) lead to the integro-differential
equation

ou D2
— — D Au— —
ot T 0

+e (D Aug + div Jo) = f.

t
e~ Ay(x,t))drt

This equation with the initial condition (2.4) is equivalent to
the equation of third order

0%u 4 (1 af \ du D 0Au (D) + DA
T— -1 )=—-7 — u
312 au ) ot "ot e

af

=f+r o

with the initial conditions (3.4). We call Eq. (4.4) the

Jeffreys-type equation [8]. The diffusion equation (2.3) and

the telegraph equation (3.3) are particular cases of the Jeffreys-
type equation for r = 0 and D; = 0, respectively.

Equation (4.1) can also be derived formally in the frame-
work of the dual-phase-lag model [10,19,20]. The model
applies heat transfer and Fourier’s law, however, one can
extend this to mass transfer and Fick’s law as well. In this
framework Fick’s law is replaced by the relation

(4.4)

J(x,t +17) = —DVu(x,t + ), 4.5)

where T and 1, are the time lags of the flux and the gradient of
the concentration, respectively. Both sides of the relation are
expanded with the use of Taylor’s formula. If only terms up to
first order are retained one obtains the relation

oJ

oVu
tT—+J=-D|n +Vu),
at at
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which is nothing but Eq. (4.1) with D; + D, = D. Note that if
7, = 0 one obtains the single-phase-lag model and Cattaneo’s
equation.

However, Eq. (4.5) (for both 7, > 0 and 7, = 0) together
with the continuity equation yields delay equations leading
to ill-posed initial-value problems (with unstable solutions)
[43,44]. Therefore, the phase-lag models cannot be considered
as sensible physical ones. At the same time the formal
approximations to the phase-lag models lead to well-posed
initial-value problems.

B. Two-phase (two-temperature) model

In this model two phases of a substance (or species) are
considered: free (mobile) and bound (immobile) (see, e.g.,
[29-32]). The concentrations of these substances are denoted
by u = u(x,t) and v = v(x,t), respectively, and satisfy the
reaction diffusion system

0
a—b: — DyAu+ Kkt — kv = f, (4.62)
0
8—'; + ko — kju = 0, (4.6b)
with the initial conditions
uli—o = ug, vl|=o = vo, 4.7

where D, is the diffusion coefficient of the free substance,
ki and k, are the coefficients of interphase mass transfer,
f = f(x,t,u) is the net rate of production and absorption
(degradation) of the free substance, and vy = vo(x) is the the
distribution of the concentration of the immobile substance at
time ¢ = 0. The coefficients k| and k, are evidently positive in
this model.

The concentration v can be expressed through u from
Eq. (4.6b) by

t
v = k1/ e Ry (x,1)dt + e F .
0

Then Eq. (4.6a) leads to the equation
ou ! o (t—t) N,
5 — Di{Au + kyu — kik, e u(x,t')dt
0
— kgé‘_kztvo = f
This equation, with the first of the conditions (4.7), is
equivalent to the Jeffreys-type equation

a2 a ] aA
AL <k1+k2——f> 2 p kDA

ot? ou ) ot ot
af
=k -, 4.8
2of + a7 (4.8
with the initial conditions
u
ul—o = uo, m = D1Aug — kiug + kovg + fo.  (4.9)
1=0
The equation for v is
82U+(k k2,22 pia
— — — D — — v
0r2 ! > ot "ot 2
1 /dv
=k g, — | — +k , 4.10
g (5 ) “.10)
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which is different from Eq. (4.8), if f # 0. The initial
conditions for v are

av
9 =0

The counterpart of the two-phase model in the field of heat
transfer is the two-temperature model [19,24,41,45].

V|;=0 = vo, = kiug — kavo. “4.11)

C. Relation between the coefficients of the two models

If sources and sinks (absorption) are absent, i.e., f =0,
then the Jeffreys-type equations (4.4) and (4.8) are identical
and the coefficients are related by

! D g
T=—, =
ki + ko : :

kit ko
or, vice versa,
Y R
T Dy T [ T D, T
(4.12b)

(4.12a)

the diffusion coefficient D; being the same in the two models.
At the same time, the initial conditions (3.4) and (4.9) for
the equations concerning the time derivative are different. In
Sec. V it will be shown that this leads to qualitatively different
behavior of the solutions to the initial-value problems for the
Jeffreys-type equations.

Itis necessary to emphasize here that the positive coefficient
ki in the two-phase model (4.6) corresponds to the negative
coefficient D in the Jeffreys-type law (4.1)—(4.3). Conversely,
the positive coefficient D, corresponds to the negative coeffi-
cient k.

D. The Dy_; approximation to the linear Boltzmann equation

We consider here an approximation to the linear Boltzmann
equation (also referred to as the linear transport or radiative
transfer equation) [34,46,47], which describes, e.g., neutron
transport and radiative heat transfer (transport of thermal
energy by photons) (see Appendix A 3). We use the notation
Dy~ instead of D; since the latter stands for the coefficient.

Consider the monoenergetic (one-speed) linear Boltzmann
equation

oy

E-FCQ-V’#-{-(K-}-G)W

1
= a/ K- Q)W(x,Q,ndR + —F, (4.13)
S? 4

where ¥ = ¥ (x,R,t) is the particle phase space density, i.e.,
the density of particles at the point x and at time ¢ moving
along the direction € S?, S? is the unit sphere in R?, ¢ is the
velocity of particles, « and o are the absorption and scattering
rates, respectively, K is the collision (or scattering) kernel, and
F = F(x,t) is the source density (due to isotropic sources for
simplicity).

Integration of the linear Boltzmann equation over the unit
sphere, together with the normalization sz K- -2)de =1,
gives the continuity equation

ou

+divJ +ku=F,
at

(4.14)
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where
u(x,t) = /Sz Y(x,R,1)dR (4.15)
is the particle density and
J(x,t) = c/S2 Qyr(x,R2,1)d2 (4.16)

is flux. In the Dy_; approximation [35] the particle density
and flux are related by Eq. (A7), which can be written as

oJ ©D .
tT—+J=—(Dy+ Dy)Vu+ T(SAJ + Vdiv J),

ot
4.17)
where

1 4c2

T= D= ———,
15(k + 07)

Kk+o,

b 1 4 c?
= — -, =K

: k+o1 Sk+oy)] 3 v

(see Appendix A) (the parameter y will be used elsewhere).

The continuity equation (4.14) and relation (4.17) imply

that the particle density satisfies the Jeffreys-type equation
dAu

"o

—[(14+ty)Dy + Dy]Au + yu

9%u

B R LS
— — -1
0t? v ot

oF
= F—i—TW—TDlAF, (4.18)
which is the same as Eq. (A8). The initial conditions for this
equation are
ou

ul;—o = uo, = —yuy —div Jo + Fo,

- 4.19
| (4.19)

where Fy = Fy(x) = F|,— is the distribution of sources at

time ¢ = 0. In the absence of sources and absorption, i.e., if

F =0and k =y =0, Eq. (4.18) takes the form
Pu ou O DyAu=0

T— + — —1D;—— — u=0,

0tz ot "ot : ?

which is the same as Eq. (4.4) with f = 0. In a steady state

the relation (4.17) takes the form

(4.20)

J = —(Dy + D)Vu + TTDl(SAJ +VdivJ]), (4.21)

which differs qualitatively from Fick’s law.

It is necessary to emphasize that the relation (4.17) is
similar to but not the same as the equation of Guyer and
Krumbhansl (B4). The reason is that Guyer and Krumhansl
considered the linearized Boltzmann equation rather than the
linear one; the difference is explained in Ref. [46].

V. INITIAL-VALUE PROBLEMS FOR THE
HOMOGENEOUS JEFFREYS-TYPE
EQUATION WITH ABSORPTION

In this section we study the classic one-dimensional
transport problem for a substance initially confined at a
point. We suppose that sources are absent and the substance
is absorbed (degraded); therefore, we set f = —yu, where
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y is the absorption (degradation) rate. The study reveals a
remarkable phenomenon when a finite portion of the substance
does not move, though this portion diminishes exponentially
with time.

There is also a qualitative difference between the two cases
D, > 0 and D, < 0. In the first case the solution is wavelike
because the characteristic values take complex values. In the
second case the characteristic values are real and hence the
solution is not wavelike.

A. Jeffreys-type model

In the one-dimensional case the problem (3.4) and (4.4)
with f = —ypu takes the form
Buje 83Mje

’ ot axtor

821/”6 +(1 n )
T
or? v

82
~(Di+ D) +yme =0, xeR, 1>0, (51
BuJe aJO
o = U, = —yug— 22 (52
Ugeli=0 = uo o |, Yio = == (5.2)

The one-dimensional continuity equation (2.1) implies that if
and only if y = 0, i.e., absorption is absent, mass is conserved:
[ uge(x,t)dx = [ uop(x)dx = const.

Consider the particular initial conditions

uo(x) =68(x), Jo(x)=0. (5.3)
The Fourier transform of the problem (5.1)—(5.3) yields
32.7:14]5 ) Bfuje
1 D —_—
T (D )]
+[(D; 4 D)E> + y1Fuie =0, £€R, >0, (54)
oF
Fulo =1, =221 =y, (5.5)
I =0

where
FuE,) = / u(x, e dx

defines the Fourier transform. The solution to the original
problem is therefore given by

1 o0 »
e = o [ Fuee
27 J_oo
The characteristic values of Eq. (5.4) are
1
h2E) = =1+ 7(D1§” + )]

+[1 — ©(D1E2 + )2 — 4t DrE%),  (5.6)

where the plus sign corresponds to A;. Note that if —D; <
D, < 0, the characteristic values are real; otherwise, if D, >
0, there are two intervals on the real line, symmetric with
respect to the origin, where the characteristic values are
complex conjugate.

The solution to the problem (5.4) and (5.5) is

Fuse(§.1) = {[M1(E)e®" — ay(E)e™ @]

AE) — A2(8)

— [ _ ey,

(5.7)
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The asymptotic behavior of the characteristic values is de-

scribed by
N 1 ! D, 0 1
-t 2)of3)
=—ky + 0(5—12> , (5.8a)
M@ =D+ 2y yoflk
26) = —Di§ D 14 <§—2)
= —(DiE" + ki +y)+ o(;) (5.8b)

as & — +o00, where we have used the relations (4.13) between
the coefficients of the two models. Therefore, the asymptotic
behavior of the Fourier transform (5.7) with respect to & is

Fuse(E,t) = e ™ + 0(;2) as & — Foo. (5.9

This means that the solution uj. has the form

use(x,t) = uy(x,1) + up(x,1), (5.10)

where

uly(x,1) = e 8(x) (5.11)

is the singular term, while the regular term u}, is a continuous
function [48]. The presence of the singular term means that in
the Jeffreys-type model a finite portion of the substance does
not move, though this portion diminishes exponentially with
time.

If ty < 1 the asymptotic behavior of the regular term with
respect to ¢ is

eV’fu§e<%,t) S e D ag s doo,
with

D,
1—1y’

DJe =D 1+
which leads to the asymptotic behavior

1 x2
e’ ' tuh (Vix,t) — exp(—
Vi = 3 p( 4DJC>

as t — +oo. This means that if 7y < 1 the solution uj
behaves asymptotically as t — 400 as the solution

1 x2
upg(x,t) = ————exp | — — yt 5.12
pE(X,1) s /rDii P( 4Dt V) (5.12)

of the diffusion equation

Oupg 3%upE
o 92y +yupg =0, xeR, >0,

with the initial condition

UpEli=0 = 8(x). (5.13)

Figures 1-3 show two solutions uj.. In both cases ab-
sorption is absent, i.e., y = 0, and therefore the mass of the
substance is conserved. The solution, shown in Figs. 1 and 2,
is obtained with the parameters t = 1, D; = 1, and D, = 4.
The solution, shown in Fig. 3, is obtained with the parameters
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05F 0.3F
0.4+
eny r 0.2
+ 0.3F
B L
S 0.2 0.1k
0.1+
0.0 0.0
T T 0.04 r T T
010 t=4 t=30
— 0.08 0.03
= [
£ 0.06 ‘ 0.02 ‘
3 0.04 I I
0.02 1 : 0.01 : B
'\ L T 1 0.00 " 1 " 1 n 1 n
-20 0 —-60-40-20 0 20 40 60
€T x

FIG. 1. (Color online) Solution uy. to the problem (5.1)-(5.3) with r = 1, D; = 1, D, =4, and y = 0 in comparison with those of the
diffusion and telegraph equations (see the text). The vertical lines stand for the singular terms u7g and uj,. The portions of the regular term are
S 5 (x,0.02)dx ~ 0.10, [ u} (x,0.2)dx ~ 0.63, [ u],(x,0.6)dx ~ 0.95, and [ u}.(x,2)dx ~ 1.0000.

t =1, D) =1, and D, = —0.5 (which corresponds to k; = is the singular term and
0.5 and k, = 0.5). The solution, shown in Fig. 1, is wavelike
because the characteristic values (5.6) take complex values W (et = e—1/27 1 1K
due to D, > 0. In the second case D, < 0, therefore the TEA™ 20 27| °\2¢ v2
characteristic values are real and for this reason the solution, -1 | 3
shown in Fig. 3, is not wavelike. All the figures show also +t( 2 x_) 11<_ 2 x_)]
the diffusion asymptotics (5.12) with y =0, in this case v 2t v?
Dy. = Dy + D;,. |x|
Figure 1 shows also the solution of the telegraph equation x H| <t - 7)
. O ute + dute — (D + D2)82“TE —0 xeR. >0 is the regular term, where v = /(D 4+ D;)/t is the velocity,
912 ot 9x? ’ ’ Iy and I, are the modified Bessel functions, and H(-) is the
[this is Eq. (5.1) with 8y u5e = 0 and y = 0] with the initial Heaviside step function. The regular term is discontinuous at
conditions x =t . . L
The solution (5.7) and the one-dimensional continuity
U1Eli—o = 8(x) duTg _ equation (2.1) with f = 0 imply that the Fourier transform
TEIr=0 A |, of flux is
This solution is given by [11,12] FIE, 1) = Z_Mkmé)z _ ekz(&)t].

£ 11(8) — A2(8)

The asymptotic behavior of the Fourier transform of flux is
where described by

—t/2t
urg(x,t) = ¢ |:8<)—C —t> +8<£+t>:| (]:ﬂ)(g,t)z —iEFJ(E,1) = kpe ™!
v v 0x

utg(x,t) = upg(x,t) + urg(x,1),

2v
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FIG. 2. (Color online) Spatiotemporal images of solutions upg and u}, as in Fig. 1 with ¢ € [0.02,4].
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0.04 |
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FIG. 3. (Color online) Solution u, to the problem (5.1)—~(5.3) with t = 1, D; = 1, D, = —0.5, and y = 0 in comparison with that of the
diffusion equation (see the text). The vertical lines stand for the singular term u;,. The portions of the regular term are f fzo uy(x,0.1)dx ~ 0.05,

I uh(x, Ddx ~ 0.39, and [ u},(x,10)dx ~ 0.99.

as & — doo, which means that flux J(x,t) has a finite
discontinuity at x = 0, equal to kye ', which tends to zero as
t — +o00. Note that flux J(x,?) is an odd function with respect
to x.

B. Two-phase model

Here we study the behavior of the net concentration wp =
utp + vrp, where utp and vtp are the concentrations of the free
and bound phases, respectively. In the one-dimensional case
the problem (4.8) and (4.9) and the problem (4.10) and (4.11)
with f = —yu lead to the problem

d%wp owrp 33 wrp 32 wrp
—_— k k - D —k)D
oz TRty Vox2ar P Tox2
thoywp =0, xeR, >0, (5.14)
| T 3pr 321/!0 (5 15)
Wrp|i—0 = Uo + vo, =D ——. .
P li=0 o+ vo o |, 15

The total mass of the free and bound phases is conserved if and

only if y =0, i.e., absorption is absent: ffooo wrp(x,)dx =

J22 Tuo(x) + vo(x)]dx = const. Indeed, Egs. (4.7) imply that

the total mass obeys the equation d, wrp — Dy Autp = —yurp,

or in Fourier space 9, Fwrp + £2D1 Furp = —y Furp.
Consider the particular initial conditions

vo(x) = (1 — a)d(x),
The Fourier transform of the problem (5.14)—(5.16) yields

82]:pr 3.7:pr
d12 ot
+ka(D1E* + ) Fuwrp =0, & €R,

up(x) = ad(x), 0<a<l1. (5.16)

+ (ki + ko +y + Di&?)

t>0, (5.17)

Fuwrplzo = 1, @ = —aDiE2. (5.18)
The characteristic values of Eq. (5.17) are
M2E) = 3[—(ki + ko + ¥ + D1&?)
(ki — ko +y + DiE2P +dkiko],  (5.19)

where the plus sign corresponds to A;. These values differ
from the characteristic values (5.6) if y # 0, however, their
asymptotic behavior is the same [see (5.8)].

The solution to the problem (5.17) and (5.18) is

— ha®) _ e
Fuwrp(§,1) = A](E)_M(E){[M(S)e Aa(§)e™ 7]

— M@ — elz(g)l]Dlsz}‘ (5.20)

Taking into account the asymptotic behavior of the character-
istic values, one can conclude that the asymptotic behavior of
the Fourier transform of the solution is

£2
[cf. with the asymptotics (5.9)]. This means that the solution
wrp has the form

FwrpE,1) = (1 —a)e ™™ + 0<L> as & — Foo

wrp(x,t) = wip(x,1) + wip(x,1), (5.21)

where

wip(x,1) = (1 — a)e ™ §(x) (5.22)

is the singular term, while the regular term w?,, is a continuous
function [48]. The presence of the singular term means that if
o < 1 in the two-phase model a finite portion of the substance
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does not move, though this portion diminishes exponentially
with time.

The asymptotic behavior of the Fourier transform (5.20)
with respect to 7 is

1 k
e}’“’z}"w%(%,t) — E(l + %) ¢~ Pré’

ast — +o00, where

D _1 1 k_ D _k+_s
TP—2 B 1, Yrp= D) s

ki =k +ytky, s=,/k>+dkk,.

This means that as t+ — +o0o the solution utp behaves
asymptotically as

wop = %(1 + ks—+> upg(x,t), (5.23)
where
1 x?
Upg(x,t) = SN exp <—m - VTPl‘>
is the solution of the diffusion equation
2
31;1;15 — DTpaal;l—xDE + yrpupe =0, xeR, t>0,
with the initial condition (5.13). If y = 0 then k. = s and
Drp = ka Dy = Dy + D;.
ki + ko

Figure 4 shows the solution wp witha = 1,1.e., uy = §(x)
and vy = 0. The parameters are Dy = 1, k; = 0.5, kp = 0.5
(which corresponds to T = 1 and D, = —0.5; cf. Fig. 3), and
y = 0. The total mass of wrp is conserved. The figure shows

14 F
12 F
1.0
0.8
0.6
0.4
0.2

w(z,t)

0.0 4

0.14
0.12 |
0.10 |
0.08 |
0.06 |
0.04 |
0.02 |

w(z,t)

0.00 L
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also the diffusion asymptotics (5.23) with y = 0, which is the
same as the asymptotics (5.12) with y = 0. For comparison the
figure shows the solution uJ) to the problem for the diffusion
equation (4.6a) with k; = k, =0, f = —yu, and the initial
condition uy = §(x), i.e., this would be the concentration of
the free substance if interphase mass transfer were absent. Note
that the solution wrp with @ = 0, i.e., ug = 0 and vy = 8(x),
is the same as the solution uj, to the problem (5.1)—(5.3) with
the same parameters (see Fig. 3).

C. The Dy_, approximation to the linear Boltzmann equation

In the one-dimensional case Eq. (4.18) with F' = 0 takes
the form

oug, 83l'tBo

T
ar Vox2ar

821430
or?

T + (1 +7y)

0%u
~(Di+ D)=+ yupo =0, xR, >0,

with D} = D, + ty D;. The initial conditions (4.19) in this
case are
81430 3.]0

= —yup — ——

UBoli=0 = Uo .
BT 0x

This problem is similar to the problem (5.1) and (5.2) in the
framework of the Jeffreys-type model.

VI. MEAN-SQUARE DISPLACEMENT

The MSD is an integral quantity whose temporal depen-
dence characterizes diffusion and Brownian motion. It is of
interest to calculate the MSD in the framework of each model
for comparison with that in diffusion and Brownian motion.
This comparison is of particular interest for small ¢ since the
asymptotics of the above solutions for large ¢ is diffusive.

FIG. 4. (Color online) Solution wrp to the problem (5.14)—(5.16) with D; = 1, k; = 0.5, k; = 0.5, ¥y =0, and « = 1 in comparison with
that of the diffusion equation and the diffusion asymptotics wgp (5.23) with y = O (see the text).
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In this section we calculate the MSD, defined by (x%(¢)) =
f_oooo x2u(x,t)dx, for the solutions of the problems, considered
in the previous section, with the initial condition u|;,—y = §(x).
The solution u(-,t) is to be a probability distribution function
for any ¢ >0, i.e., the necessary condition is ffooo u(x,Ndx=1.
Therefore, absorption is necessarily absent, i.e., y = 0.

Concerning the diffusion equation, it is well known that the
MSD for the solution to the problem

dupg d%upg
ot 9%x
UDE|;=0 = 8(x)

=0, xeR, t>0,

linearly depends on time and is equal to
(xpe®)=2Dt, t>0.

However, this temporal behavior of the MSD is wrong at short
times, where it must be ballistic.

The MSD in the framework of the Jeffreys-type model is
defined through the solution uj. to the problem (5.1)—(5.3)
with y = 0. Therefore, the MSD is the solution to the problem

td—z(xz)—i— i(xz) =2(D1+ Dy), t>0
dtz Je dt Je ’ ’
d

<xJ28)|z:O =0, E(xfeﬂz:o =0.
Hence, the MSD is equal to

(x2(6)) = 2Dy + Do)lt — 7(1 — /)]

D D
ngtz as t—0 ©.1)

T
2(Dy+ Dyt as t — oo.

The MSD in the framework of the Dy_; approximation to the
linear Boltzmann equation with y = 0 is the same.

The temporal behavior of the MSD given by Eq. (6.1) is the
same as that in the Brownian motion described by the standard
Langevin equation with initial velocities having Maxwellian
distribution [3-5]: It is ballistic as r — 0 and diffusive as
t — 00. Therefore, the behavior of the MSD in the two models
is consistent with that in the normal diffusion and Brownian
motion.

The MSD in the framework of the two-phase model is
defined through the solution wrp to the problem (5.14)—(5.16)
with y = 0. Therefore, the MSD is the solution to the problem

d? d
IW(X%P) + E<X%P) =2(D1 4+ D), t>0,

d
<x%P)‘t:0 =0, _<x%p)}t:0 =2aD,.
dt

Hence the MSD is equal to

(x7p(®)) = 2{(Dy + D[t — T(1 —e™"/)]
+aDit(l =€), 120,

where D, and t are given by the relations (4.12a). This differs
from the behavior (6.1) if & > 0.

PHYSICAL REVIEW E 88, 062116 (2013)

VII. INITIAL-VALUE PROBLEMS FOR THE
JEFFREYS-TYPE EQUATION WITH ABSORPTION
AND A STATIONARY POINT SOURCE

In this section we study the classic problem of the diffusion
of a substance from a stationary point source. We suppose that
the substance is absorbed (degraded), therefore, we set f =
—yu + 6(x). We suppose also that the initial concentrations
and flux are equal to zero.

The study reveals that in the model described by the Dy—;
approximation to the linear Boltzmann equation a finite portion
of the substance does not move and this portion increases with
time, approaching a limit. Alternatively, in the Jeffreys-type
and two-phase models the substance always moves.

A. Jeffreys-type model

In the one-dimensional case the problem (3.4) and (4.4)
with f = —yu 4 §(x), ugp = 0, and Jy = 0 takes the form

82“]6 ++ )auJe 83MJe
T T - —
or2 Sy lx2or
82uJe
—(D1 + D») 532 +yure=06(x), xeR, t>0,(7.1)
ou
welimo =0, —=| =3 712)
ot t=0
The Fourier transform of this problem yields
82.7:1416 Bfuje
1 D, &2 —_—
T D+ )
+ (D1 + D)E* + y1Fuse =1, £€R, >0,
1 1 TeM®r 1 et _ 1
Fuye(§,1) = {— [ - }
¢ ME) =) T L M@) (&)

M@ — ems)r]}’

where A » are the characteristic values, given by Eq. (5.6). The
asymptotic behavior (5.8) of the characteristic values leads to
the asymptotic behavior

Fuye(€,1) = 0(;—2) as & — Zoo.

Hence the solution uj, is a continuous function of x [48].
The mass of the substance is equal at any time to that in
similar problems for the diffusion and telegraph equations

/ upg(x,t)dx =/ uTE(x,t)dx=/ uje(x,t)dx

o0 o0 —oQ

1—e

= >0 (7.3)

14
where upg is the solution of the diffusion equation
dupg 32upg
— (D D
Y (D1 + D) x

+yupg =68(x), x e R, >0,
with the initial condition

upgl;=o0 =0,
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FIG. 5. (Color online) Solution uy. to the problem (7.1) and (7.2) witht = 1, D; = 1, D, = 4, and y = 1 in comparison with those of the

diffusion and telegraph equations (see the text).

and utg is the solution of the telegraph equation

azuTE ouTg 82MTE

T 1+1 — (D D
o + (1 +7y) o1 (D1 + Dy) 92y
+yurg =68(x), xeR, t>0,
with the initial conditions
JuTg

=0, = §(x).
UTE|1=0 o | (x)

Note that the mass does not depend on .

Fig. 5 shows the solution uj., obtained with the parameters
t=1,D; =1, Dy =4 and y = 1. The figure shows also the
steady state solution u$? of the equation (7.1).

For comparison the figure shows also the solutions upg
and utg. One can see the vertical front of the solution urtg.
The solution uj. is intermediate between the solutions of the
diffusion and telegraph equations.

B. Two-phase model

Here we study the behavior of the net concentration wyp =
utp + vrp, where utp and vtp are the concentrations of the free
and bound phases, respectively. In the one-dimensional case
the problem (4.8) and (4.9) and the problem (4.10) and (4.11)
with f = —yu + 6(x), up = 0, and vy = 0 lead to the problem

3> wrp dwTp 33 wrp 3> wrp
ki +k -D — kD
oz Tkt ty)—=r VoxZar 2P Tox2
+hkywrp = (ki +k)é(x), xeR, >0, (7.4)
Jw
wrplico =0, ——| = 8(x). (1.5)
L P

Note that Eq. (7.4), expressed through the parameters t, Dy,
and D,, takes the form

d 2 wTp d wTp d 3 wWTp
T 1471 —1tD
oz TUFTI= Vox2or
(D+D)82w“°+1+D2 5(x)
_ — wrp = 8(x
1 252 D, Y wrp

[cf. with Eq. (7.1); the difference is in the last term on the
left-hand side].
The Fourier transform of the problem (7.4) and (7.5) yields

82]-'pr 8.7:pr
——— (ki +k D, &?
e R R
+ko(DiE* + ) Fwrp = ki +hka, E€R, >0,
aoF
Fwrpli=o = 0, i =1.
L P
The solution to this problem is
Fwrp(§,1)
1 eM® 1 emEr _q
T e
r1(§) — 22(8) r1(8) 22(8)

+ [e)»l(é)t _ e)»z(f)t]}’

where A, are the characteristic values, given by Eq. (5.19).
The asymptotic behavior (5.8) of the characteristic values
leads to the asymptotic behavior

Fwrp(§,t) = 0(?) as & — +oo.

This means that the solution wrp is a continuous function of
x [48].
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FIG. 6. (Color online) Solution wrp to the problem (7.4) and (7.5) with D; = 1, k; = 0.5, k; = 0.5, and y = 1 in comparison with that of

the diffusion equation (see the text).

Figure 6 shows the solution wrp, obtained with the
parameters Dy = 1, k; = 0.5, k, = 0.5 (which corresponds
tot =1 and D, = —0.5), and y = 1. The figure shows also
the steady state solution w3y of Eq. (7.4). For comparison the
figure shows the solution uODE to the problem for Eq. (4.6a)
with ky =k, =0, f = —yu + 8(x), and the homogeneous
initial condition, i.e., this would be the concentration of the
free substance if the interphase mass transfer were absent.

C. The Dy—, approximation to the linear Boltzmann equation

In the one-dimensional case the problem (4.18) and (4.19)
with F = 8(x), up = 0, and Jy = O takes the form

dug, 83uBo

T [
3t ax2ar

BZMBO
or?

T ++1y)

’ 32MBO
—(Dy + DQ)F + YuBo

928
=48(x) — ‘L’D]ﬂ, xeR, t>0, (7.6)
ax2
8MBO
Ugoli=0 = 0, = §(x), )
LA P

with D, = D, + ty D;. The Fourier transform of this problem

yields
BzfuBO 8.7-"1430
1 D, £> -
Ly +[1+ (D& + y)] Py
+ (D1 + DYE* + y1Fup,
=14+1tDE*, E€R, t>0,
afuBo

ot |,_

Fupoli=0 =0, =1

and leads to the following solution:

Fugo(§,1)

_;{<1+D$2)[exl(s>t_1_
T @ -n@E\ M (E)

4 [ell(é)t _ ekz(é)t]}’

M@ _ 1
Ara(8) i|

where A » are the characteristic values, given by Eq. (5.6) with
D), instead of D,.

The asymptotic behavior (5.8) of the characteristic values
leads to the asymptotic behavior

1 —e k! 1
T + 0(@) as S — :l:OO,

where k), is given by the relation (4.12b) for k, with D) instead

of Dy, i.e.,
1 D)
Ky=—(1+=22).
2 T ( + D])

Therefore, the solution ug, has the form

Fupo(§,1) =

Upo(x,1) = upy(x,1) + upg,(x,1),

where

’
_ Lk

! 8(x)
Ko

upy(x,t) =
is the singular term, while the regular term uy is a continuous
function. The presence of the singular term means that in this
model a finite portion of the substance does not move and this
portion increases with time up to the value 1/k} as t — oo.
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FIG. 7. (Color online) Solution ug, to the problem (7.6) and (7.7) witht = 1, D; = 1, D, = 0.25, and y = 0.5 in comparison with those
of the diffusion and telegraph equations (see the text). The vertical lines stand for the singular term ug,,.

The steady state solution of Eq. (7.6) satisfies the equation
BO 328(x)

—(D1+D) + yug, =8(x) — 1D ——— FPCRE
x € R. The Fourier transform of the steady state solution is
14 'L'D1§2
Fugy(§) =

(Dy+ D)§* +y
1 D+ D
S ]
D + D, (D) + D)E* +y

Therefore, the steady state solution is

Upe(X) = Upo(x) + Upy(X), (7.8)
where
Up,(x) = Dt D, —8(x) = k—,s(x) (7.9)
is the singular term and
Dy + D,

, 14
ugo(x) = Xp( \/ D+ D] IXI> (7.10)
is the regular (continuous) term.

Figure 7 shows the solution up,, obtained with the param-
eters ¢ = ,/15/4, k = 0.5, 0 = 0.5, isotropic scattering, i.e.,
K = (4n)~! (therefore, o; = 0 and 0, = o), and F = §(x)
(which correspondstot = 1, D; = 1, D, = 0.25, D; = 0.75,
and y = 0.5). All the figures show also the steady state solution
ug., given by Eqgs. (7.8)—(7.10).

For comparison the figure shows also the diffusion approx-
imation upg to the Boltzmann equation, given by Eq. (A4)
with the first of the initial conditions (7.7), and the telegraph
approximation utg, given by Eq. (A6) with the initial condi-

(D1 + D))}y

tions (7.7). The figure shows also the steady state diffusion
approximation uy.

There are two qualitative peculiarities that distinguish the
Dy—, approximation from the diffusion and the telegraph
ones. First, a finite portion of the substance in the Dy_;
approximation does not move. Second, the steady state
distribution for the Dy_; approximation is different from that
for the diffusion and telegraph approximations. Nevertheless,
the mass of the substance in all these approximations is the
same at any time:

/ upg(x,t)dx =/ uTE(x,t)dx=/ ugo(x,t)dx

oo o0 —0Q

1—e
= 120
4
[cf. with the same relation (7.3) in the Jeffreys-type model].

VIII. CONCLUSION

We have considered three models of nonanomalous mass
transfer, leading to the Jeffreys-type equation. In the frame-
work of the Jeffreys-type model this equation combines the
diffusion and telegraph ones through the Jeffreys-type law,
which combines in turn Fick’s law and Cattaneo’s equation.
In the framework of the two-phase model the Jeffreys-type
equation describes the concentrations of the free (mobile)
and bound (immobile) phases of a substance as well as the
net concentration. The Jeffreys-type equation in the form
of the Dy_; approximation ranks after the diffusion and
telegraph equations in the hierarchy of the spherical harmonics
approximations to the linear Boltzmann equation.

Solutions of the Jeffreys-type equation show qualitatively
different behavior in all these models. The two-phase model
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shows nothing unusual, while the Jeffreys-type model and the
Dy—) approximation to the linear Boltzmann equation exhibit
distinctive features.

The first problem we studied is the transfer of a substance
initially confined at a point. In this case the Jeffreys-type model
and Dy—; approximation coincide. The study has revealed
that in these models a finite portion of the substance does not
move, though this portion diminishes exponentially with time.
In addition, we have calculated the mean-square displacement
for the solutions of the first problem. The temporal behavior
of the MSD in the Jeffreys-type model and in the Dy_,
approximation is found to be the same as that in the Brownian
motion described by the standard Langevin equation, i.e., it is
ballistic as ¢+ — 0 and diffusive as t — o0.

The second problem we have studied is the transfer of
a substance from a stationary point source. The study has
revealed that in the Dy—; approximation a finite portion of the
substance does not move and this portion increases with time
up to a value as t — oo.

A tentative interpretation of the local immobilization
phenomena is that in a dense crowd inner particles have no
space to move, but when the crowd is scattered the particles
become mobile.

The two problems we have studied are one dimensional.
An important question requires further consideration: Are the
solutions of the three-dimensional problems for the Jeffreys-
type equation left non-negative?
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APPENDIX A: APPROXIMATIONS TO THE LINEAR
BOLTZMANN EQUATION IN THE FRAMEWORK
OF THE SPHERICAL HARMONICS METHOD

One of the methods to obtain approximate solutions of the
linear Boltzmann equation (4.13) is the spherical harmonics
method [34,47]. In this method the particle phase space density
is expanded into the generalized Fourier series

YEQN=) D Yl EHR),

n=0 m=—n

(AL)

where Y are the spherical harmonics [49] and the coefficients
are expressed by

I/f,T(x,t)zf Y(x,2,0)Y"(R)dLR,
S2

where the overline means the complex conjugate. Note that the
expansion (A1) can be expressed through the particle density
u (4.15) and flux J (4.16). Indeed, note that

Vx,nY? = iu(x )
OFDHIR0 T gy
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and

3
47 c?

1
>y =

m=-—1

J(x,1)- Q.

Therefore, the expansion (A1) takes the form

3
47 c?

+Y ) U DY (R).

n=2 m=—n

U(x,R,1) = Lu(x,t) + J(x,t) -2
4

The collision kernel is also expanded into the spherical
harmonics:

K(Q Q)= il(n Z Y (2)Y(R),

n=0 m=—n

(A2)

where

1
K, =27 / K(0) Pa(u)d,
-1

P, are the Legendre polynomials, with Ky =1 due to the
normalization sz K(R - R)d® = 1, which is equivalent to
fll K(u)du = (2m)~'. The expansions (A1) and (A2) are
substituted into the linear Boltzmann equation. Due to orthogo-
nality of the spherical harmonics this leads to an infinite system
of coupled partial differential equations for the functions .

The first equation of the infinite system is the continuity
equation (4.14). The second (vector) equation can be obtained
with the help of integrating the linear Boltzmann equation,
multiplied by 2, over the unit sphere. The second equation
relates the gradient of the particle density Vu, flux J, its time
derivative 0.J /9¢, and coefficients ¥}’

1. Diffusion approximation

The classic diffusion approximation is obtained if the co-
efficients v, n > 1, in the expansion (A1) are negligible and
the coefficients " are quasistationary. The latter condition
is equivalent to quasistationarity of flux J, i.e., dJ/dt =~ 0.
In this case the particle density and flux are related by the
(truncated second) equation

2

(K+(71)J+%Vu=0, (A3)

where

o,=0(1—-K,), n=12,...;

clearly, o, > 0. Note that Eq. (A3) is identical to Fick’s
law (2.2). The continuity equation (4.14) and Eq. (A3) imply
that the particle density satisfies the diffusion equation

ou c?

— — ——Au+«ku=F.
Jt 3(k +o1)

(A4)

2. The Py approximations

The classic Py approximations are obtained if the coeffi-
cients ¥, n > N > 1, in the expansion (Al) are negligible.
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Particularly in the P; approximation the particle density and
flux are related by the (truncated second) equation

2

d
_J+(K+01)J+%Vu=0, (A5)

at
which is an extension of Eq. (A3). Note that Eq. (AS) is similar
to Cattaneo’s equation (3.1). The continuity equation (4.14)
and Eq. (AS5) imply that the particle density satisfies the
telegraph equation

3%u 2

d
e + (2« +Gl)8_t“ — %Au + k(k +o)u
oF

= kK+4+o)F+—.

” (A6)

3. The Dy approximations

Recently, Dy approximations were proposed [35]. They
generalize the diffusion approximation, which can be consid-
ered as the Dy approximation. The Dy approximations are ob-
tained if the coefficients ¥, ,n > N + 1, in the expansion (A1)
are negligible and the coefficients ¥y, are quasistationary.
The coefficients ¥y, can be expressed through vy and the
Dy approximation is described by ¥,', n =0,...,N. In the
case N = 1 the coefficients 7" can be expressed through flux
J. As aresult, in the Dy_; approximation the particle density

and flux are related by the equation

2

o trong+ SV
ot ! 3 "

2

= — % BAJ+Vdiv)),

15(k + 02) (A7)

which is a generalization of Eq. (A5). (We used the notation
Dy—_, instead of D; since the latter stands for the coefficient.)
The continuity equation (4.14) and (A7) imply that the particle
density satisfies the Jeffreys-type equation

9%u

ou
v + 2k + 01)5 —
c? 4c?
B [? ECETS

4¢r dAu
15(k + 03) 0t

/c:| Au + k(k + op)u

oF 4¢?
= (K +o)F + =

— —AF. (AB)
ot 15(k + o2)
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APPENDIX B: GUYER-KRUMHANSL MODEL

In this section we consider heat transfer. The energy
equation without sources and sinks has the form

oT )
CE +divg =0, (B1)

where T = T(x,t) is temperature, ¢ = ¢g(x,?) is heat flux, and
C is the volumetric heat capacity. The equation of Guyer and
Krumbhansl relating heat flux and temperature is [8,10,36]
2 2

9 L SO+ N (Ag+2vVdivg), (B2)

at TR 3 5
where c is the average speed of phonons, ty is arelaxation time
for momentum-conserving collisions (normal process), and T
is a relaxation time for momentum-nonconserving collisions
(umklapp process) in the phonon gas. An equivalent equation
was obtained in the framework of extended irreversible
thermodynamics [14].

The energy equation (B1) and the equation of Guyer and
Krumbhansl imply that temperature satisfies the homogeneous
Jeffreys-type equation

9T 1 0T 3tyc? AT (2
-t —— - ———— — —AT =0. (B3)
9tz tg Ot 5 ot 3
This equation is related to Eq. (4.20) by t =1, D =
3rNc2/5, and D, = (tp/3 — 3‘L'N/5)C2; in addition, the in-
equalities D, 2 0 are equivalent to 5tg 2 9ty. The initial
conditions for Eq. (B3) are
7| T aT 1 di
-0 = , _— = —— Jd1Vv .
1=0 0 or |, C 90
where Ty = Ty(x) and g, = q,(x) are the initial temperature
and heat flux, respectively. These are the same as the initial
conditions (4.19) with F =0 and y = 0.
The equation of Guyer and Krumhansl (B2), written
through 7, Dy, and D,, has the form

dq D) .
Ty +q=—(D1+ Dy)CVT + T(Aq + 2V divg),
(B4)

which differs from the similar equation (4.17) in the frame-
work of the Dy_; approximation to the linear Boltzmann
equation. In a steady state Eq. (B4) takes the
form

tD .
q=—(Dy+ Dy))CVT + Tl(Aq +2V divg),

which differs qualitatively from Fourier’s law.
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