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Abstract

This article proposes a time fractional dual-phase-lagging (DPL) heat conduction model
in a double-layered nanoscale thin film with the temperature-jump boundary condition and
a thermal lagging effect interfacial condition between layers. The model is proved to be
well-posed. A finite difference scheme with second-order spatial convergence accuracy in
maximum norm is then presented for solving the fractional DPL model. Unconditional sta-
bility and convergence of the scheme are proved by using the discrete energy method. A
numerical example without exact solution is given to verify the accuracy of the scheme.
Finally, we show the applicability of the time fractional DPL model by predicting the tem-
perature rise in a double-layered nanoscale thin film, where a gold layer is on a chromium
padding layer exposed to an ultrashort-pulsed laser heating.
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1 Introduction

When dealing with micro/nano scale heat conduction, such as thin film exposed to ultrashort-
pulsed laser heating or thermal analysis in nanoscale metal-oxide-semiconductor field-effect-
transistor (MOSFET) in the semiconductor industry, the dual-phase-lagging (DPL) model,

pep(Ty + 14 Ti) (x, 1) = k(T + 10 T)xx (x, 1) + f(x, 1), ey

is one of excellent candidates for solving micro/nanoscale heat transfer problems [1-9]. The
DPL model was derived based on the non-Fourier’s law

q(x.1) +14q1(x, 1) = =k (T + 17T)c (x, 1), (@)
coupled with the energy equation
pCpTi(x, 1) = —qx(x, 1) + S(x, 1). 3)

Here, « is the conductivity, 7,, Tr are the phase lags of the heat flux ¢ and temperature
gradient VT, respectively, p and ¢, denote the density and the specific heat of the material,
respectively, and f(x,1) = S(x, 1) + 745, (x, 1), where S(x, t) is a source term.

Fractional calculus has been successfully used to modulate several models in heat con-
duction and other media and has gained importance in heat conduction and thermoelastic
problems [10]. Sherief et al. [11] have proposed the fractional non-Fourier law as g + 1,
CDf‘q = —«Ty,0<a <1, where g D¢ is the Caputo-type time-fractional derivative such

Lwl(s)
07 Jy Gy
show a good agreement with experimental data when using fractional derivatives for descrip-
tion of viscoelastic materials [11]. Youssef [13] has assumed another form for the nonlocal
non-Fourier law as g + 7,9, = —« 1 @=IT., 0 < a < 2, where % is the Riemann-Louisville
u(s)

s)u—n-H

that CD u(t)= ds,0< o< 1, I'(-) is the gamma function [12]. Results

fractional integral such that I%u(t) = F(n ) dt,, f - ds,n—1<a < n, as given

in [14]. When o > 1, it indicates the strong conducthlty [14]. Yu et al. [15] has applied
the fractional-order generalized DPL model for nanoscale heat transfer in electro-magneto-
thermoelastic media. It has been reported that there is larger heat conductivity for nanos-
tructured carbon materials [16,17]. Thus, the fractional-order generalized DPL model that
includes the concept of non-locality [18] can be an excellent candidate for such a nanoscale
heat transfer. Recently, we [19] have studied a time-fractional DPL heat conduction equation

() ¢ et ) _ (r7)* _Cpa
oC) (T,+ T+ ) o DT T ) (x,t) =x(T + T o DT (x,t)+ f(x,1).
)

XX

Here, k = pcp|v| 63 where £ ¢ is the phonon mean free path, |v| is the heat carrier group
velocity and |[v] = =L, f(x,1) = S(x, 1) + F((qula)g Df S(x,t) and the Caputo fractional
derivatives [20] are deﬁned by

1 " To(x,
§ DT (x,1) = b S)ds, t>0, 0<a<l,
I —a)Jo (r—s5)"
1 ! Tes (x,
tha+lT(X,t): s (x S)ds, t>0 O<a<l.

rd—a)Jo (2—9*
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We chose the Caputo fractional definition for two reasons. One is that the Caputo deriva-
tive allows the utilization of physically interpretable initial conditions [20]. The other is that
L1 approximation for the Caputo derivative is well-developed, which we will use for the
development of the numerical scheme in this study.

By introducing these non-dimensional parameters:

_T—To

T
u = -

1t
, Lh=[A+a®)]e—, x,=—, K,=—-—, B=—,
T [I'( )] = L. "= =

where L. is the characteristic length, and K, is the Knudsen number, we obtained a fractional
DPL model in dimensionless form as follows (without asterisk):

Kq

C na+l
1 D )=
w1 o D0 D = S e

(u + B ~gD§"u> 0+ Fn ()

XX

with the temperature-jump boundary conditions
— Y Kpux(0,0) +u(0,1) = ¢1(1), yKnpux(L, 1) +u(L,t) = ¢a(7), (©)

and the initial condition

u(x,0) =), u(x,0) =9 x). )

In [19], we further proposed an accurate and unconditionally stable finite difference scheme
for solving the above fractional DPL model. By changing K, and fractional order o, we
applied the fractional DPL model to simulate a simple nanoscale semiconductor silicon
device. Results indicate that our model can be an excellent candidate for analyzing the
temperature instability appearing in electronic [21].

It is noted that layered structures have appeared in many engineering systems such
as biological tissues, micro-electronic devices, thin films, reactor walls, thermoelectric
power conversion, thermal coating, metal oxide semiconductors, and thermal processing of
DNA origami nanostructures [4,22—25]. In particular, the multi-layered metal thin-films, for
example, gold-coated metal mirrors, are often used in high-power infrared-laser systems to
avoid thermal damage at the front surface of a single layer film caused by the high-power
laser energy [26]. Furthermore, to achieve high thermoelectric efficiency, a low thermal con-
ductivity is required. Low thermal conductivity is often realized by nano-structuring with
the introduction of a high density of materials [24]. All semiconductor devices possess metal
contacts and hence the study of heat transport through metal-semiconductor interfaces is a
technologically relevant problem [27]. Thus, analyzing heat transfer in layered structures is
of crucial importance for the design and operation of nano-devices and the optimization of
thermal processing of nano-materials.

For this purpose, we extend our study to the multilayered structure case and propose a
time fractional DPL heat conduction model in a double-layered nanoscale thin film, as shown
in Fig. 1. We then develop a second-order finite difference scheme for solving the fractional
DPL model. The rest of the article is organized as follows: In Sect. 2, we propose a fractional
DPL heat conduction model for nanoscale heat conduction in a double-layered thin film with
the temperature-jump boundary condition and a thermal lagging effect interfacial condition
between layers. In Sect. 3, we obtain an energy estimate for ensuring the mathematical model
to be well-posed. Some useful notations and lemmas are presented in Sect. 4. After that,
we construct a finite difference scheme for solving the mathematical model. In Sect. 5, the
unconditional stability and convergence of the scheme are rigorously analyzed. In Sect. 6, we
provide a numerical example to support the theoretical analysis and then apply the numerical
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Fig. 1 Double-layered structure (above) and the mesh for numerical schemes (below)

scheme to the thermal analysis for a gold thin layer on a chromium padding layer irradiated
by an ultrashort-pulsed laser. Finally, we summarize the major results of this work in Sect. 7.

2 Time Fractional DPL Heat Conduction Model

Consider the time fractional DPL heat conduction equations in a double-layered nanoscale
thin film as follows:

T, 1)% B
pic) (Tz + %CD"‘J”T) (x, 1) = K <T + ﬂchT) (x, 1)
XX

ra+a’™ ra+p°
+ fitx,0), x €(0,1), t € (0, L], (®)
2 (7g.2)* ¢ Jati ) ( (tr2)f ¢ >
|\ T+ ———¢ D" T)x,t) =12\ T+ ———=¢D;, T X, t
pzp(, P DT )0 =T+ ZHTEEPIT) @
+ fax, 1), x e (I, LY), 1 €0, L], ©))
where 0 < «, 8 < 1. Introducing several non-dimensional parameters:
T - T t Ly i
u=70» * = > x*=i» ni — f,l’ Bi= R s l=1,2
Ty g1+ 792 L. L, T+ 740

where £y ; and L. are the phonon free path length and the characteristic length in different
layer nanoscale thin films, respectively.
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Letn = and ny = . We can express the governing equations (8) and

Ty 1+r 2 7:,, 1+‘L’ 2"
(9)ina dimensionless form by omitting the subscripts of the non-dimensional parameters x,

and ¢, as follows,

not Kzl Bﬂ
u;(x, 1) + 71CD°‘+1u(x 1) = -2 (u + 1 CD’3 > (x,1)
rd+a)’ 3m ra+p)° x

+ Fi(x,t), x € (0,1), t € (0, L], (10)

not K22 Bﬁ
w (e t) + —2—EDru(x, 1) = = (u+ 2__Cply ) (x,1)
'+ ) 3772 F(1+,3) XX

+ Fa(x, 1), x € (Ix, Lyx), t € (0, L], (11)

with the source terms

q1+ q2

Fi(x, 1) = S0, x € (0,1, te(0, L],

ql"’ 42

Fr(x,t) = fHx,t), xe, Ly, te(,L]

Based on the assumption of the perfect thermal contact between double layers, we propose
the interfacial conditions at x = [, below

ully —0,1) = uly +0,1), te€l0, L], (12)
K2 B
“’1<u+ L6 Dfu ) (Ix =0.1)
m ra+p°
K32< B ﬂ)
= “\u+ ————-D (I, +0,1), tel0,L], (13)
m ra+p° o !

which ensures that the normalized fractional DPL model is well-posed. In order to catch the
effects of boundary phonon scattering inside a nano-size geometry, the temperature-jump
boundary conditions [19,28] are introduced as follows,

—y1Kn1ux (0, 1) +u(0,1) = ¢1(r), 1€ (0, L¢], (14)
V2Knoux(Ly, 1) +u(Ly, 1) = ¢a(1), 1€ (0, L], 5)

together with the initial conditions
u(x,0) =), u;(x,0)=v(x), xe€l0,L,] (16)

It should be pointed out that from Egs. (8) to (9), we can see that when « = 8 = 0, the
fractional DPL heat conduction equation reduces to the traditional heat conduction equation,
and on the other hand, when « = f = 1, it reduces to the DPL heat conduction equation
with integer order derivatives. To see how the temperature changes from the traditional heat
conduction equation to the DPL heat conduction equation with integer order derivatives, we
consider only the case when O < o, 8 < 1. This may be considered as some type of sub-DPL
heat conduction behavior.
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3 Well Posedness of the Fractional DPL Model

In our recent work [19], an energy estimation for the time fractional DPL in a single nanoscale
thin film with the fractional order @ = S, i.e.,

na C o+l KI% BDl C no
i ——5 D )= — —5 D 1
D+ o P =5 <“+F<1+a)° ’”>xx(x )

+ F(x,t), xe€(0,Ly), te(0,L], a7)

was deduced by introducing an intermediate variable

v(x, 1) = u(x t)+37a -5 DYu(x, 1) (18)
T N Py O
This transform brings in an inevitable restriction on the initial condition u;(x, 0) = 0 when
exchanging the first-order differential operator D; and the Caputo fractional operator g Dy .
The commutativity of the two operators is needed in the proof of Theorem 2.3 in [19]. To
detour this restrictive condition, in this section, we do not introduce an intermediate variable
like (18), but flexibly utilize the corresponding properties of the Caputo fractional derivative
ng‘ (0 < @ < 1) to verify that the time fractional DPL system in a double-layered nanoscale
thin films (10)-(16) is well-posed. This will ensure that the presented energy function can
be effectively controlled by the initial values and the source terms.

We now present several useful lemmas with respect to the Caputo fractional derivative
operator ng‘ (0 < a < 1), which will be used for obtaining an energy estimation of
the governing model (10)—(16). We firstly introduce the Riemann-Liouville (RL) fractional
integral of order « [20],

t
RL =ty () = ) YEOME a0, (19)

L@ Jo =8

and the RL fractional derivative of order « ,

i/' y(§)dé
rd—a)dt Jo (t—E&)*

Lemma 1 For any function y(t) € clqo, Ty, if 0 <a < 1, it holds that

REDYy (1) = t>0, 0<a<l. (20)

, ) 1d gy wrca

y(t)'ng y(I)ZEER(I)‘Dt (ng )’(t))z
L—a ([ (5 (GD5ym) 1 2

*ar ) (L) Goarte @] gogete) - re@m o<esi @

Proof For simplicity, denote

o« rdg o\
bl =r0"a (z—s)l—Of(/o (r—n)ad"> :

Alikhanov [29] proved thatif 0 <« < 1,

1
Y@ §DFy(0) = 55D y* (1) + Glyle, 1), (22)

We further notice the fact g Dfy(t)|;=0 = 0 and use the relation (22). The detailed process
is shown as follows,
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y(@)-§D¥y(t) = ReD! = (RE D=y (1)) - § Dy (1)
= REpI=* D2y 1)) - § DXy (1)
=D (§ Dy () - § Dy (1)

]
— Spl- “((CDf‘y(z))z)—i—G[ng‘y](l—a,t)

= 50
— 1RL l1—a( (C na 2 C e
=560l (E o)) + GIE D] — )
1d )
= Sk (D)) + 6§ DEY]a - e,
Hence, the conclusion holds. q

Lemma 2 Let the function y(t) € clqo, ). If 0 <« < 1, then it holds that
11—«

t
C e _ RL pa—1 _t
| pevear =iy - 25—y

Proof According to the property of the semigroup of the RL fractional integral, we obtain
t
/(; gD;)ly(s)ds — D—] (RLD(X ly/(t)) RLDOt ](RLD—I /(t))

= KLpe=ty@) — Rk Da=1y(0)
11—«

= 5Dy — Gy O @3)

]
For the solution u(x, ¢) of the normalized fractional DPL equations in a double-layered

nanoscale thin film (10)—(16), we have an energy estimation as shown in the following
theorem. For simplicity, we first define an energy function

2 st RL =B (C nB 2
(u ©0.1) + ——RLD= (S pPu(0, 1)) )

E =
= K T+ p)
I B! )
+/0 ( (x, 1) + mRLD;ﬂ(ngux(x,t)) )dx, 0<t<L,.
1 ﬂ RL =B (C 1B 2
Ex0) = 2( (Lx,t)+m LD P (SDPu(Ly, 1) )
Bﬁ 2
/ (x t)+mRLDt_ﬁ(gD;3ux(x,t)) )dx, O<t§L[
2
E@t) = K, 0<t<0L,.
677

Theorem 1 Let u(x, t) be the solution of the normalized time fractional DPL model (10)—
(16), subject to the homogeneous boundary conditions, i.e., ¢1(t) = 0 and ¢»(t) = 0. Then,
it holds that

11—« o Iy o
E(t) < E(0) + — )-< i Y2 (x)dx + —2

Ly
’ 2
22— \rd+a Jo ra+e ), %(x)dx)
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1 [t L Ly
+ Z/ (/ F12(x,s)dx +/ F22(x, s)dx)ds, 0<t=<L,. (24)
0 0 lx

Proof Multiplying (10) by u,(x, t) and integrating the result with respect to the variable x
from O to /., we have
Iy noz Iy
f utz(x, t)dx + 1 u(x, 1) - D‘”lu(x t)dx
0

I'l+aw) Jy
Koy [ BF C b
= - , 1 R E—— D ,Hd
oy Jy 0t gt ), 0
Iy
+/ u;(x,t)- Fi(x,t)dx, 0<t <L, (25)
0

By virtue of the relation (22), we obtain the inequality

Iy 1 Iy
/ w(x1) - § D U, dx > gD“</ u(x, Ndx). (26)
0 2 0

Applying the integration by parts, then noticing the boundary condition (14) and Lemma 1,
it holds that

b Bl ¢ B
/(; M[(X,f)'(ll‘f‘m D u)xx(x,t)dx

_ Bl . 4
_<”"(”+F<1+ﬂ> br )>(x L

L B
—f Mm(x,f)‘<u+7cD“3 ) (x, )dx
0

10

r(1+p"°
Bl g 14
fut(lX—O,t)-<u T )(lx—O,t)—EaEl(t). 27)

Substituting (26)—(27) into (25) and using the Cauchy—Schwarz inequality with a suitable
parameter yield

2

o Iy K d
7 goa(/ uPe, ndx) + 2L 2By ()
0

2r(l4+a)’ ' 61 dt
K2 B’S
< "'lu,(lx—(),t)~<u 4L _Cphy ) (L, —0.1)
3m ra+p)

1 [k
+Z/ Fi(x,t)dx, 0<t1<L,. (28)
0
Similarly, multiplying (11) by u, (x, #) and integrating the result with respect to the variable
x from [, to L, we get

o Ly
5 "

C na+l
_— ,t)-oD ,d
Fita ), ur(x,t) - g D u(x, t)dx

Ly
/ u?(x, t)ydx +
Ix

Kr%2 La Bﬁ C B
= — Jt —— Dy ,1d
3 /Ix u(x )(u—l— F(l—l—ﬂ) ) X(x )dx

Ly
+/ u(x,t)- Fp(x,t)dx, 0<t <L, (29)
Ix
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Using the similar argument as (26) and (27) gives

2
¢ a</LX 2 ) Ki»d
_n__cp Y
TR LAY ) Ry

KZ, BY
- __M l O,t-< 2z CDﬂ l 0,1
< =l + 0.0 - (ot s 60fu) @+0.0
1 [k
+Zf F}(x,ndx, 0<r1<L,. (30)
Iy

Adding (28) and (30) and using the interfacial conditions (12) and (13) yield

Ly
C Ot

I, Ly
- dit(t) = [/ Ff(x,t)dx—i—/[ Fzz(x,t)dx]. (31)

Replacing the variable ¢ with s on both sides of (31), integrating the result with respect to
the variable s from O to 7, and then using Lemma 2, we arrive at

RL nya—1 2

tlfoz Ly
= F(2—a)(2F(1 +a) / VIO e 2r(1 g / Vi)
t -l L.
FEO) + 3/ [/ F2(x, s)dx +f Fzz(x,s)dx]ds. (32)
4Jo LJo Iy
Hence, the conclusion holds. O

4 Numerical Method for the Fractional DPL Model
4.1 Discrete Approximations
Divide the interval [0, L] into N-subintervals with T = % and 1, = k1, 0 < k < N.

Suppose that u = @O ul, -, uN)bea grid function defined on 2, = {f; | 0 < k < N}.
For simplicity, we denote a difference quotient operator and an average operator in time,

1 1
S,uk’% =~k — kY, uk—1 = 5(uk +uk ),
T

and some fractional numerical differentiation operators (called L1 formula [30]) for the
Caputo fractional derivatives as follows,

-8
k 3 B k ® ® ®)
8fu =m[ 0o W~ E :(“k b1~ alZpu — a” 1”] (33)
! LA = ® o ®
sPuk—2 = 7[a uk_f E (a )u[_f a uo], (34)
T F(z _ ﬂ) 0 p k—e—1 k—1
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— k—1
-1 T -1 -1
ALt 2 ) = s |a sk = 3@~ aPpsnt "t —aPg]. 69)
=1

where ¢ is a given value, and the coefficients
a =@+ -t >0, 0<c=a,B<1. (36)

From the above definition, it is obvious that {aég) 172 is a nonnegative and descending series,
1.€e.,
a?>0 €=0; a¥ —aP <0 €=1.

We then list the truncation errors of the L1 formulas in the following lemma.

Lemma 3 [30] Suppose f(t) € C?[0, t,] and 0 < o, B < 1. We have

%[OCfo(tk) +(§fo(fk—1)] = Sffk*% + 0P,

and

1
EI:((J:D?-i_lf(tk) + ngH_lf(tk_l)] = A‘;‘(&fk_%, f/(O)) 4 0(.[2—(1),

where f = (f°, 1, f2,---, fN) and each component f* = f(1), 0 <k < N.

For the numerical approximation of the first order temporal derivative, alemma is prepared
below.

Lemma4 [31] Suppose f(t) € C3[tx_1, 1] and denote h_1= %(tk,l + t), then it holds

2

1., y fw) — f-n) > 'r., T
Sls (rk>+f(rk71)]=%+ﬁfo [+ 20)

+ () - %9)](1 — 0%)ds.

Next, we introduce some discrete notations in space. Take two positive integers m and

M(m<M).Leth1:%, w={i10<i<m}, 24 =1{x;|x; =ihy, i € w}and

hy =kl o = {i|m<i<M), 2, =1{x|% =2+ —mhy, i € as
shown in Fig. 1. Let %4, = {u | u = (uo, u1, - - - , upr)} be the grid function space defined on

2p = 2,1 U 2y . For any u, v € %,, we have

Svu 1 = %(ui —ui-1), iew\{0f by 1= i(ui —uj-1), i€ w\{m}
1 m—1 1
(u,v) = h1<5uovo + > wivi + Eumvm) lully = /G, wyi;
i=1
1 M=l 1
(u, v), = hz(iumvm + > wvi + 5quM>, luell, = v/ (u, w5
i=m+1

-2

m
@i, 85 = h1 ) (Sut;_1)8xv, 1. N8l = V/(xu. S
i=1
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M
@, 85 = hy ) (Sau;_1)8xv; 1, [Ssully = V/(6ru, 810

-2
i=m+1

lulll,oo = max |u;|, |lullrco = max |u;l.
O0<i<m m<i<M

For any u € %),, we denote

2 _ 1 P
Szui — h]l (8)(”% yll<n,1'40)7 ! 0’ (37)
* H(qui_;,_% - Sx“i_%)y l<i<m-1,
and
1 .
—(6u, 1 —86xu, 1), m+1l1<i<M-—1,
Swp=1" T T . (38)

E(_Van.QuM_sx”Mf%)’ i=M.

Lemma5 Let c and h be two given constants and h > 0.

(D Suppose g(x) € C3[e, ¢ + h], then it holds that

2T _ ] 1
¢ =5 | SERED o | n [ roma—oras,

(I) Suppose g(x) € C3[c — h, c), then it holds that

_ A 1
_ g(C) i(c h) + h/ gW(C _ 9/’!)(1 _ 9)2d9,
_ 0

" _2 /
g(C)—ﬁ g ()

(I1)  Suppose g(x) € C*c — h, ¢ + hl, then it holds that
1
g'(e) = ;3 [g(c+ ) = 2g(c) + g(c = h)]
Ly s @ 3
3 [¢7(c—0h)+ g7 (c+0h)](1 —0)°de.
0

Proof The conclusions (I)—(IIT) are easy to achieve by applying the Taylor expansion with
the integral remainder term for the smooth function g(x). O

4.2 Finite Difference Scheme

From now on, we will construct a discretization scheme for the problem (10)-(16). The
derivation of the scheme adopts the tactic that the semi-discretization of the spatial derivative
is prior to the approximation of the temporal derivative. Let u(x, t) be the solution of (10)—
(16). Denote the discrete functions by

Ui(t) =ulx;, 1), i €y Uawp; (F1)i(t) = Fi(x;, 1), i € w; (F2)i(t)
=F(xi, 1), i €w; 0<t <Ly
Ul-k u(x;, tx), i € wpUawy; (Fl)i'{ = Fi(xi, ), | € wy; (Fz)f'(
=R, ), i cw; 0<k<N;

and ¢; = @(x;), Vi =¥ (x;), i € v Uowy.
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For the sake of brevity in writing the scheme, we firstly introduce several functions with
respect to the variable ¢, i.e.,

8
S (01004 8 DPr0) 5 . =0
(Gi(r) = (Fl)l(t) I1<i<m-—1, (39)
h1+h2 (FOm(0), i =m;

m(Fﬂm(t), i=m,

(Gr)i(t) = { @), m+1= i; M—1, (40)
2Ky B, .
12 (62) + v DE62(0) + (Fw (o), i = M
k2, ! Bf ;
3,“‘/0 (u+ rg DIu)  (xo+0m1.0(1—0)%d0, i =0,
1 Ko ][<u+ B cpBy ) Gi=6hi0)
R & y T+8)0 e 1)
+(ul+ roks$ Dl u )” (xi +9h1,t)](1 —0)%d0, 1<i<m—1,
Kq Bf B 2 ;
| (u+ 7§ Dfu)  Gon—Oh10)(1 = 0)%d6, i =m:
and
k2, ! B .
- 3;2/0 (u+ miﬂ)CDﬁ u) G+ Oho, (1= 0)%d0, i =m,
1 Ko /1[<u+ §Dfu) (i = 0ha1)
6 i — 2,
5; (t) _ 63, 0 I"(1+ﬁ) - i (42)

+<u+ 2 C Dl W) A0 ] -6Pde, m+1<i<M-1,
2

B
2 By, cnB _ 2 s
o /O (u+m+ﬂ) D! )m(xM Ohy, (1 — 6)2d6, i= M.

Let us begin by considering (10) at (x;, #) € {£25./\xm} x (0, L;]. According to Lemma
5 and the left boundary condition (14), a semi-discretization scheme reads

iUo(r) + LCD““U (1) = Kg’ISZ(Uo(t) + 37{3 PPy (t))

dr r'i+a)’ 3 ra+p o770
+(G1)o(t) +hy-ro(t), i=0, (43)
iU~(r)+”71CD°‘+‘U(z) K§152<U (r)+7ﬁ CDﬁU‘(t))

dr I'(l+a)’ ~ 3m ra+p ° 7

+ (GO +h ri(0), 1<i<m-—1. (44)

We then move on to consider (11) at (x;, t) € {2 ,\x;} x (0, L;]. A similar technique with
(43) and (44) yields the following semi-discretization scheme:

d M €t
dU(t)—i—iF(l_i_ S0t Ui
Kr%,Z Bg C B
= 2(vio) + Fias S0 (1)) + (G2 (1)
+h}sit), m+l<i<M-—1, (45)
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i LC a+1
UM+ FP D U
K2 B c B
=3 (UM(I)+7F(1+ﬂ) ¢ p!f UM(t)>+(Gz)M(t)+h2~sM(t), i=M.

(46)

Next, a semi-discretization scheme on the interface is considered. Using Lemma 5 for (10)
at (x,, — 0, r) and for (11) at (x,, + 0, ¢), respectively, and noticing the interfacial condition
(12), we can obtain

d M ¢ et i Bf C b _
G Un®+ 6D Un(0) = = [( +F(1+ﬁ)oD,u)x<xm 0,1)
-5 ( l(t)juiB{3 pfu () }+(F) ) + hy - (D) (47)
x\Ym-1 ra +‘3) m,, 1)m 1 Ftm\l),
4 Lc ot _ ki, 2 B .
G Un O+ D U = 322 — (u I ) (Xt +0.,1)
s 73,3 ¢pfu F h 48
+ X(Um+%(z>+ F(1+,3)0 m+%<r>)}+( D)+ 2 5 (0. (48)

Multiplying (47) by h and (48) by T + h , respectively, and then adding the results and
noticing the mterfamal condmon (13), we deduce

moord
hl-i—lh [dt ”‘()Jrr(lnir )CDHIU’"(”]
hy d 1 Cpatl
Iy + ho [d: m()+r(1+ y0 D U (’)]

2 Kﬁ,z Bf Cpfu
‘M[ e (Ui O % T PP U ©)

Kr%,l Bﬁ .Cpb
~ MU O+ g o § D Um,%m)}

+ (G (@) + (G (t) + hy () +

2
h +h2 hy + h

Further, considering (43)—(46) and (49) at t = #_; and ¢t = 1, respectively, averaging
the results and then using Lemmas 3 and 4, we have

hy - sy (2). (49)

) f
k—1 n‘lx k—1 Knl 2 k—1 Bl k—1 k—1
s U T AesUf 2 y) = ’8<U.2 ] WY, 2) G2
i +F(l+a) (B %) 3 T\ +F(l+ﬁ) T + (G,
_1 _1
FRY TR, icwo\(m), 1<k<N, (50)

k
hi k=1 nt k=14

sUS T4 T peg itz )

h]+/’l2(t m +F(]+O{) r(t m l/fm)

- (s Uy B ety ))
h1+h21m F(l—i—()l)rtm s ¥Ym

2 K2 - B 1
- ﬁ(gx(Uk 2 syt 21)
3(hi +hy) | m m+; '+ p) m+y

Nl—=
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K2, a B’ 1
_ Dl (U P L by 2)]
m N mey DL+ p) T med

F GO Gl R+ R
+ hl’fhz (SN2 + (SO0 1<k<w, 1)
s 4 )
= [;’3’22 H mBi Ul ) + G
+ (S’)f_% + (S")f_%, i €w\{m}, 1<k<N. (52)

Here the truncation errors satisfy, for 1 <k < N,

k—1 . k—1 .
[(RD); 7] < cor™ 2P i (8T 7] < cor™ P i (53)

1 (1) + 1 (1
(RO = 1| IO < it e (0, m: (54)
-1 i (7 i (T—
(RO | = | PO i 0, m, (55)
k=1 o 8i (te) + i (te—1) ) .
(57| = P < cond i e o\, M): (56)
. (1) + s (1
93| = o MO i, (57)
and, forl <k <N —1,
1 _1
‘(RX)erz _ (Rx)f 2
T
h i (¢ —r; (1 i (L) — ri(tr—
:71 rz(k+l)T rz(k)+r1(k) Trz(k 1) < cohr. i< {0.m): (58)
(9572 — s
i B i
—
h i (¢ — s5; (1 i (L) — 8i(t—
:72 si (k1) — i (1) +Sz(k) si(tk—1) < cohy. i€ {m. M), (59)
T T

where ¢ is a positive constant number independent of 7, i1 and h5.
Noticing the initial condition,

U =¢(xi), i€wUwy, (60)

and dropping small terms in (50)—(52), respectively, we obtain a finite difference scheme for
the problem (10)—(16) as follows

2 B

k—1 r](lx k—1 Knl 2 k—1 Bl k—1 k—1
8 . 2 7A018 . 27 L) — s ( 2 78/3 X 2) G . 2’
M F e A0 ) = 3 T gt T) + (G

i €w\{m}, 1<k=<N, (61)

hy k=1 n¢ k=3

(S 2 1 AO[ (S 27 )

hy +h2< i F gy A7 Grten % ¥m)
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+ (5 L B B A (ST g, ))
/’l1+l’l tUm F(1+(X) t\OtUm s Vm
2 K? 1 B’ _1
- ngx( k l +7255uk 21)
3(hi +hy) | m m+s (14 B) m+3
K2 1 Bﬁ |
- n’13x<uk 24+ =L BEuk 21>:|
n F(l +8) 2
k—1L 1
+ (G * + (Gz)m 2, 1<k=<N, (62)
2 B
! ns ! Ko 5/ k-1 B -1 =)
8,2 7Aa8~2,': <'2 785 ) G~2
1u; +F(1+a) T(tul 1//1) 3 U +F(1+/3)T ; + (G2);
iew\{m), 1<k<N, (63)
u?zfﬂi, i €wUuwy. (64)
Letu" = (ug, uf, -, ut, - uly, )T 0" = @, v, ot v Lo
n=20,1,---, N. The scheme (61)—(64) can be written in the following matrix form:

n=12---,N. (65)

AVt = Z;‘;} An—jp1v/ + Bu" ' 4+ b",
u = un—l + 7",

The coefficient matrix A is strictly diagonally dominant. Hence, the presented scheme (61)—
(64) has a unique solution and can be easily solved using the Thomas algorithm.

5 Stability and Convergence of the Scheme

In this section, we will analyze the stability and convergence of the presented scheme (61)—
(64) for the normalized time fractional DPL equations in a double-layered nanoscale thin film

(10)—(16). Prior to this, some useful lemmas will be listed in preparation for the theoretical
analysis.

Lemma6 Let AY (8,yk_% , q) be defined in (35). Then we have
_1 _1
(A2 2, @) - 8y 2

1 (o) -1 (o) —1\2
[2F(2 Za 8y 72)? _2r(2 Zak G

> —

1 T ¢ 1 T ¢

(o) k—— (C()
+(z—€)=——a® - ,
(2 G)I 2 - )ak 10y ) 4e I'(2 — ) lq

where ) < € <

B—

Proof Animmediate application of the Cauchy—Schwarz inequality for the fractional numer-
ical differentiation operator A% (8; yk_%, q) leads to the following estimate
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_1 _1
(A%(8y 7, 9)) - 8y 2

_ k—1
T @g k=1t (@) (@) \s b=
“Te-w |:“0 Sy 2 — Z(ak b1~ @)y
=1

D=

1
a}i )1‘]:| -&yk 2

_ k—1 k—1.2 -2
¢ 1 @y 72)" + 6y 2)
@ 5 k—102 @ g @
= |00 = Sl el ;

— (e + }qz)]

1 —1
[zr(z Zak AOSAE)) 2”2_ Za,i“)l (@ 2)2]

+(3-¢) = O kR S
- e)— 4 - — ,
2 ") T a1 O 4TC—a)™ i
where € is a positive constant and € < % Hence, the conclusion holds. O

Lemma7 Let (Sfyk_% be defined in (34). Then we have

N
Y 3Ey2) 5y 1 2 0.

k=1

Proof According to the definition of the fractional numerical differentiation operator 8’,3 yk_ 2
we point out [19]

_ 8% yk +6fy"‘1 ir < Za(m 5yt
2 re-p ¢ '

A T -1
+ a 8ty _i].
1"(2—/3) ZX: k—1—¢

Then, from [32], it holds that

s

N k
2(5’3 k= 2) vk 7=2F(2 ﬁ)[zza 5ty -3 tyk_%

k=1 £=1
N

k—1
_1 _
+Zza;@1,551)’e 2 'atyk
k=1 (=1

Hence, the conclusion holds. O

Nl—=
—_
v
e

Lemma 8 Suppose that u € %, then for any € > 0, it holds that
lullf o < 1+ euf + (14 )l I8ull?.
1 2
Il oo < (1 +eujy + (1+ 6)(Lx — L) I8xully,

where € is an any positive constant.
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Proof Notice

i i
wi=uo+ Y (uj—uj1) =uo+hiy Su;_ 1. 0<i<m, (66)
j=1 j=1

M
wp=uy — Y (j—uj)=uy —hy Y Sy g, m<i<M.  (67)
Jj=i+1 j=i+1

Squaring both sides of (66) and using the Cauchy—Schwarz inequality, we have

i 2
Ltlz = (u()+h1 Zéxuj—%>
j=1
1 i 2
= (+eud+(1+2)(m Y du,_y)
j=1

2 1 2 .
< (1+6)u0+<1+g>1x||6xu||l, 0<i<m. (68)
Similarly, it follows from (67) that
u? < (1 +6)uM+(1+ )(L —I)8ul?, m<i<M. (69)
Hence, the conclusion holds. O

As sufficient preparatory works, the above lemmas assist us proving the following discrete
energy estimation of the difference scheme (61)—(64). Assume {uf [0<i<M,0<k<N}
is the solution of the scheme (61)—(64). For simplicity, we firstly define a discrete energy
function, i.e.,

1— k o
_1 n _1
Ek S ¢ 2 S =512
e ZE [1‘(1+ )II (i ||1 7]"(1—{—0{)” 21y

K2 K2
,1 k2 k 2
+ = [IIS ut |l + (u ) ] [II(S I:+
o L 0 612

Koo M

Theorem 2 The solution {uic |0 <i <M, 0<k < N} ofthe scheme (61)-(64) satisfies

o, 1 B i 2 L
E<E +21"(2—oz)[1"(1+05)”w”1 r(1+ )W”]
T s—1 s—1
+ZZ(”(G)1 741G, 2D, 1<k <N. (71)

s=1

_1

Proof Multlplylng (61) by '8,145 fori = 0 and h15,u 2forl <i <m~—1,(62)

k
by h‘+h28,um , (63) by h28,u Zform+1<i<M-=1and hzétuM 2 fori = M,
respectively, and then summing up the results, we obtain
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1

_1 n{ P il
SukTr 4+ — L AYGuF T2 ), suf 2
(tu +F(1—|—a) 7 (Bu ¥), du l

o
+ <5tuk*% SR R CTE W RV s,uk*%)
o r

rad+aw
K2 [h k=3 Bf k— k=4
. 752( 2 YY) ) L
3771 |:2 X MO + F(1+ﬂ) T 0 tu()
m—1 B
k=% B 3

N\'—‘

k—1 k—
DI Ol e S RLT
B
k-1 B; k— k—
—5( LA W )5
X um—*+1"(1+,8) u, Um

K? _1 B -1
n,2 2 B k=
1) ( 2 ——=——0F ) St
+ |: X um+% + I_,(l +,8) M 24

4 2f k=1 Bﬂ Bk~ k=1
e 30 9T gyt ) o

B
2 k—1 BZ k— k—1L
0 gyl ) -y
F (G2, 85Ty + (GF 2, 8k ), 1<k <N. (72)

For the first term on the right hand side of (72), by virtue of the definition (37), the
summation by parts and the Cauchy—Schwarz inequality, we have

K2 Th il B’ il l
n‘ll:—182(u0 2 1 5/3”0 2)-8;140 2

3 2 F ra+pr
m—1
2 k=1 Bl k k—1L
+ hy E (Sx(ui 2+F(l+ﬂ) /131 2) 81ui 2

B
k—1 B k,l k—1
—5( L+ L —sf ) Sittm
X um + 1_,(1 +ﬂ) u tUm

Bl3 1
B k4 !
F(l+f3)8 PRCT ”);
i k=1 k=1
me(” +F(1+ﬁ)65 0 >'5’”° ]

17 K3 1( k i k=12 U k=12
= ——| 22 (nseu i + uf)?) = (18 1P + ——uf)?)
T|:6771 R ‘o om N Y onkKan 0

K31 Bf} 1
3m I'(A+p)

|
w
S|
—
Y
>
><
N\

[(55(5xu"—%),5t(5xu"—%))l+ @Puy” s 2]. (73)

y1Kn,1

Similarly, for the second term on the right hand side of (72), we get
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K? _1 B 1 1
.2 |:8x<uk 242 Bt ) Sk

3m m+} ra+p°" !
i hzz:éls%(”f% i r(lB{me’f’uf%) sk
< _i[ﬁ;(llaxukllf + J/zTn,z(u];W)z) — 16(:)2’22<”5Xuk—1”3 — (u l )]
. 13(5;2p(f{ﬁ)[(55(5xuk‘5),5,(5xuk—;)) i yanz(‘Sﬂ”Mz) 7 M%j|- (74)

Using the Cauchy—Schwarz inequality again for the last two terms on the right hand side of
(72), we have

(GOF 2, 8,uk=2), + ((Go)* 2, 8k~ 7, < 18,k 2|2 + |18,uh 7 )12

+ Z(II(G)1_7||12 + II(G)Z_EIIE)- (75)

Inserting (73)—(75) into (72), replacing the superscript k with s and summing up s from
1 to k on both sides of the result, then using Lemma 6 with € = % and Lemma 7, we get the
conclusion. ]

From Lemma 8, we have an estimate

K 1 1
n,l[ k2 kN2
b7 ] + [||5u||+ — ]
611 o Kn 1 0 M
l v1Kn1
:cl[ X u’5>2+<1+ l“ )lxnsxuku%}
X
L V2 Knp2
+62[(1 )( Wk + (1 (L lx)uaxu"u%]
VZ X
201||uk||12,00+62||u 12 oo (76)
K2, K2,
where ¢1 = g g gy and @ = Gom R ST

Theorem 2 and the estimate (76) indicate the following stability conclusion.

Corollary 1 (Stability) The scheme (61)—(64) is unconditionally stable with respect to the
initial values and the source terms, i.e.,

K2
0
ctllu! I oo + c2llu 17 o < om [I|5 Il +

K2, 1
+ 2262 + ——wp?]
m L KM

1 % ny 2 4 2
| W1+ 72— v 2]

2re-—-olrd+ow F(1+ )

k
T _1 _1
+Z§ G, 2112 + 116y 21, 1<k <N.
s=1
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Assume u(x, t) is the solution of (10)-(16) and {ué‘ |0 <i <M, 0<k< N}isthe
solution of the scheme (61)—(64). We denote the errors

¢ =uxit)—uf, 0<i<M, 0<k=<N. an

Subtracting (61)—(64) from (50)- (52) and (60), respectively, we can easily get the following
error equations

2 B
k=1 ny k-1 Kiy o7 k=1 B k-1
S, e. 2 7A0!8 A 2’0 — (S( 2 75/3 2)
@t Rt 10 =5 e T g
k—1L k—1
+(RY; P+ (RY; 7,
icw\{m}, 1<k=<N, (78)

hy k—1 ny k-1

(s + L AY(ie 2, 0))

hl+h2<tem +1_,(1+ ) f(tem )
nO{

ha
hy + hs r'(l+a)

2 K? BY
=< |Dn2s (ek —|—728’fek )
3(h1 + h2) m+ C(1+p) " mts

K2 1 B 1
_ "’I(Sx(ek 2 +7151ﬁ€k 2])
m ot T A

_|_

(a,em Ty A% (8,en, 1,0))

R! 2 R*
+h1+h2<( )m +( )m )
St : S* , 1<k<N, 79
+h1+h2<( T ) <k< 9
8ek_%+7n2 A (S ek_% 0) = KI%ZSZ e %—l-iBg (Sﬁek_%
i F(l+a) TV 7 3y ra+p
k—1 k—1L
+(SH; 2+ (859, 2,
iew\{m}, 1<k<N, (30)
e?:O, i €wUwy. (81)

An immediate application of Theorem 2 deduces that the convergence order in space
of the scheme (61)—(64) is 0(h3/ 2o 2) In fact, the spatial convergence accuracy of the
scheme in this paper is higher than the order of 3/2, which can be confirmed in the subse-
quent simulations. In the next theorem, we will give the theoretical analysis of convergence
accuracies. We omit some processes which are similar to those in Theorem 2.

Theorem 3 (Convergence) The finite difference scheme (61)—(64) for the fractional DPL
model (10)—(16) admits

e oo < 3 (@227 4 pt 4 h3), 0 <k <N, (82)
where c3 is a positive constant independent of T, hy and h».
Proof Multlplylng (78) by '8t60 : fori = 0 and h18te for 1 <i<m-—1,(9)
by h1+h28 em 2, (80) by h28,e 2form+1<i<M-—1and h28teM : fori = M,

respectlvely, and then summing up the results, we obtain
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st 1 a5kt 0y, 5,6k
t T+’ T t ,0), 0¢ 1

o
+—<&ek**-+—;;ﬁ%AA—A?(&ek*%,o>,&ek*%>

r(l+a) ,
B
hi o k- B k— k=1
- 5 ( L B, ).5 2
%1[2* “ Hrappo )
m—1 B
k—1 B k—1 -1
h 82( T2 713/3 ! 2) . S.e. 2
Tl rgtes ) b
B
k—% Bj p k=% k-1
SX(m %+F(1+ﬂ)8f6m 1) Srem
K2 1 Bﬁ N
n,2 k k— k
> 8 ( 2 78/3 ) . (S 2
+3m[*em AR rem
M—1 I
of k=4 B, k—1
+h2 Z 6x<ei 2 +m5§€ ) Btei 2
i=m+1
B
hy o (k=% B, k— k=1
+ 50 + Tt >"3""M2]
k=1 xyk—1 k—1 k=1 xyk—1 k=1
+ (R 72 + (RM* 72, 8:6572) 4+ ((SH 72 + (8972, 8,872),, 1<k <N.

(83)

According to (73) and (74), for the first two terms on the right hand side of (83), we have

Kr%l hi k—1 Bﬁ k—1 k—1
: 752( 1,1 4B 2)8 2
31}1 |: 2 X eO + I—v(l + ,3) ‘EeO [60

B
k—1 B k—1 1
h 82< 2 1 8/3 2)8 T2
+1121:x Ct Faep €]
B
_1 B 1 _1
—6x<ek +78ﬁei l) SIeI,; 2]
2

ra+p -t
1 Kfl( ko2 2 Ky k=112 1 k—1.2

e e (R e?) = (181 + ——(eh™)?)
f[6ﬂ1 o 0 6m \' P yiKny 0

k— 1

(ﬁ 2)&02} (84)

_ Ko B
3 I+ B)

[(af(sxek*%>,6t<a 1)), +

18/n,

and

K2 1 BY 1 1
.2 [ax( =2 +7aﬂe" 2 ) Sen 2
312 m+y (1 +/3)

N okt BY Bk k=3
h ) ( . — 2 5B )8 .
i 21’:/”2;1)‘6' +F(1+/3)T’ i
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Table 1 Maximum errors and spatial convergence orders for Example 1 (v =

)

(a, B) h Kn.1 = Kn2=0.1 Ky =Kno=1 Kn1=Kn2=10
Error; (h) Ordery (h)  Errory (h) Order; (h)  Errory (h) Order; (h)
(0.9,0.1) 1/80 2.995e—04 6.920e—06 4.886e—07
1/160  7.438e—05 2.0 1.729e—06 2.0 1.222e—07 2.0
17320 1.858e—05 2.0 4.323e—07 2.0 3.054e—08 2.0
(0.5,0.5) 1/80 2.679e—04 6.987¢e—06 3.790e—07
1/160  6.710e—05 2.0 1.747e—06 2.0 9.474e—08 2.0
17320 1.678e—05 2.0 4.367e—07 2.0 2.368e—08 2.0
(0.1,0.9)  1/80 2.757e—04 7.217e—06 3.895e—07
17160  6.940e—05 2.0 1.804e—06 2.0 9.737e—08 2.0
17320 1.738e—05 2.0 4.511e—07 2.0 2.434e—08 2.0

Table 2 Maximum errors and temporal convergence orders for Example 1 (h = ﬁ)

(a, B) T Kn,1 = Kn2=0.1 Kni1=Knp=1 Kn 1=Ky =10
Errory, (1) Ordery, (1) Errory, (t) Ordery, (1) Errory, (7) Ordery, (t)
(0.9,0.1) 1/200  1.828e—04 8.653e—05 7.874e—05
1/400  8.542e—05 1.1 4.062e—05 1.1 3.751e—05 1.1
1/800  3.989¢—05 1.1 1.900e—05 1.1 1.771e—05 1.1
(0.5,0.5) 1/200  6.492¢—06 1.605e—06 5.333e—07
1/400  2.312¢e—-06 1.5 5.728e—07 1.5 1.951e—07 1.5
1/800  8.214e—07 1.5 2.039¢e—-07 1.5 7.071e—08 1.5
(0.1,0.3)  1/200  1.516e—07 3.444e—07 1.616e—07
17400  4.697e—08 1.7 1.088¢e—07 1.7 4.535e—08 1.7
1/800  1.458e—08 1.7 3.430e—08 1.7 1.329¢—08 1.7

Table 3 Properties of gold and

chromium Property Gold Chromium
74 (ps) 8.5 0.136
7 (ps) 90 7.86
k (W/mK) 315 94
cp (J/kgK) 129 449
o (kg/m?) 19,300 7160
Table 4 Maximum errors and spatial convergence orders for Example 2 (t = 240
(a, B) h G =0.1 G=1 G =10
Error; (h) Order; (k)  Errory (h) Order; (h)  Errory (h) Order; (h)
(0.7,03)  Lyx/20  2.452e—04 2.448e—04 2.448e—04
Ly/40  6.129e—05 2.0 6.121e-05 2.0 6.120e—05 2.0
Ly/80  1.532e—05 2.0 1.530e—05 2.0 1.530e—05 2.0
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Table 5 Maximum errors and temporal convergence orders for Example 2 (h = %)

(@, B) T G=0.1 G=1 G=10
Errory, (1) Ordery, (r)  Errory (1) Ordery, (tr)  Errory (1) Ordery, (t)
(0.7,0.3)  1/500 2.909¢—06 1.987e—06 1.894e—06
1/1000  1.173e—06 1.3 7.935¢—07 1.3 7.533e—07 1.3
1/2000  4.693e—07 1.3 3.175¢e—-07 1.3 3.049¢e—-07 1.3
1/4000 1.916e—07 1.3 1.285e—-07 1.3 1.224e—07 1.3
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Fig.2 Temperature profiles at t = 0.2 (ps), 0.25 (ps), 0.5 (ps), 2 (ps) for (o, B) = (0.1, 0.1)

B
Fa+p)

S k

o (I8t

_ Kr%,Z 3'28
32 T+ P)

ho

k—1
+ 75)%(% 24
2

n,2

1TK
< —_
<

k—

SfeM

1 k—1
)]
2
_ Kn,2
6m2

2
p

1 k \2
+ ——(eh)?)
y2Knp M

[(85 (8eek 1), 8,8, )), +

Denote

1
y2Kn 2

_ 1 _
(1317 + el ‘)2)]

_1 _1
@Pek ) sl 2]. (85)

@ Springer



1790 Journal of Scientific Computing (2019) 81:1767-1800

312 . . . 320.5
311.8 3204 |
3116
320.3
—~ 3114 —
X X 3202}
S 3112 >
320.1 |
311
3108 320 |
310.6 319.9
0 0.5 1 1.5 2 0 0.5 1 15 2
-6
x(mm) x10 x(mm) x10
(a) 1 =0.2(ps) (b) 1 =0.25(ps)
323.01 322.39
323 322.385 |
322.38 |
322.99
— —~ 322375}
X 32298 X
=} >
32237 |
32297 |—~—G=10 & 1 . G=1
322.365 | ——G=10
322.96 1 322.36 1
0 0.5 1 15 2 0 0.5 1 15 2
-6 -6
x(mm) x10 x(mm) x10
(¢) t=0.5(ps) (d) r=2(ps)

Fig.3 Temperature profiles at r = 0.2 (ps), 0.25 (ps), 0.5 (ps), 2 (ps) for (&, B) = (0.5, 0.1)

1— k o
_1 Ub) _1
FF = zSeZ — 2 |5€" ]
TP 2; [Fa+_)n, 207 + FU*_)HI 2|12

2

K K2,
1 k 2 2
el R TRt o e [ DO
on L VIK 0

I
e, 2], 1 <k<N.
Kn,2

Inserting (84) and (85) into (83), replacing the superscript k& with s and summing up s
from 1 to k on both sides of the result, then using Lemma 6 with € = % and Lemma 7, we
get
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Fig.4 Temperature profiles at r = 0.2 (ps), 0.25 (ps), 0.5 (ps), 2 (ps) for (o, B) = (0.9, 0.1)
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For the first two terms on the right hand side of (87), by using the Cauchy—Schwarz inequality,
we have

k 1
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e (R e ), e SR el
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k k m—1 1
<t IS+ S D0 IR T 4 Y (R ] @®)
s=1 s=1 i=1

Similarly, applying the Cauchy—Schwarz inequality for the fourth term and fifth term on the
right hand side of (87) leads to
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To provide convergence order in space, we adopt a strategy different from (88), specifically,
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where ¢| and ¢, are defined in (76). Here, we have used the fact e? =0,i€wVUaw,.
Inserting the above estimations (88)—(91) into (87), and noticing the truncation errors
(53)-(59) and F* > ¢1||e¥ ||12.OO + o lek ||f’oo, we have
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Fig.7 Temperature profiles at r = 0.2 (ps), 0.25 (ps), 0.5 (ps), 2 (ps) for (&, B) = (0.9, 0.5)

where ¢4 is a positive constant independent of t, 4 and h;.
From the Gronwall inequality, the conclusion holds. O

6 Numerical Experiments

In this section, we carry out some numerical experiments to study the performance and the
convergence accuracy of the present numerical scheme. Then, we illustrate the applicability
of the model (10)—(16) by predicting the temperature in a double-layered nanoscale thin
film, where a gold layer is on a chromium padding layer exposed to an ultrashort-pulsed
laser heating. All numerical computations were carried out by using MATLAB. And we
exploit the Thomas algorithm to obtain the numerical results.

For simplicity, we set the space step sizes h; = hy = h. Since the analytical solution is
not available for the general case, we use

3

Error,(t) = max ufv(h, T) — u%N (h, E)
0<i<M 2
Error; (h) = max
0<i<

h
X, u{v(h,r) —u% <§,‘E>‘

to measure the numerical errors in time and in space, respectively, where u lN (h, T) denotes
the numerical solution at grids (x;, #x). The corresponding temporal and spatial convergence
orders are defined by
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Fig.8 Temperature profiles at ¢t = 0.2 (ps), 0.25 (ps), 0.5 (ps), 2 (ps) for (o, B) = (0.1,0.9)

Error, (27) Error; (2h)

Ordery, (7) = log Order: (h) =logy 7 =0
T

2 Errory(7)
Example 1 Consider (10)—(16) with ¥rj(x) = 0, ¥2(x) = 0, ¢1(¢) = 0, ¢2(¢) = 0, and the
source term

filx,t) =sinx, 0<x <05,
fr(x, 1) =cosx, 05<x<1.

In this numerical experiment, the parameters are chosen as follows: L; = 1, [, = 0.5,
Ly=1B=1LB=1ln=Lnpn=Lyn=1Ln=L1L

We use the scheme (61)—(64) to obtain the numerical solution. Fixing t = ﬁ, Table
1 shows the numerical errors and the spatial convergence accuracy of the scheme for the
Knudsen numbers K, 1 = K2 = 0.1, 1, 10, respectively. It should be pointed out that when
the mean free path is constant, the larger the Knudsen number is, the smaller the characteristic
length is. From Table 1, we see that the scheme achieves second-order convergence accuracy
in space. Let h = ﬁ. Table 2 presents the corresponding numerical results in the temporal
direction. As expected, our scheme gives the convergence accuracy of order min{2 —¢, 2— 8}
in time.

Example 2 We considered the 1D time fractional DPL heat conduction equation in a double-
layered nanoscale thin film where a gold layer is on a chromium padding layer exposed
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Fig.9 Temperature profiles at ¢+ = 0.2 (ps), 0.25 (ps), 0.5 (ps), 2 (ps) for (o, B) = (0.5,0.9)

to an ultrashort-pulsed laser heating. Each thickness of the gold layer and the chromium
layer is 1(nm), implying that L, = 2(nm), /, = 1(nm). The thermal properties of gold and
chromium used in the analysis are listed in Table 3.

The heat source for both layers was given as

2
P tp

2
I-R X t—2tp
S(x,1) =0.94J exp | —= —2.77
tp8 8

where J = 13.7(J/m2), 8 = 15.3(nm), 1, = 0.1(ps) and R = 0.93. The initial temperature
was chosen to be Ty = 300(K). In this case, we chose fi (x. 1) = S(x, 1)+ 141256 DES(x. 1)
and fo(x.1) = S, 1) + 12-E DES(x, 1) as given in (4). For simplicity, we fixed the
following boundary conditions and initial conditions

—GTy(0,1) +T,t) =Ty, GTy(Ly,t)+T(Ly,t)=Ty, 0<t < L;,
T(x,00=Tp, T;(x,0)=0, 0=<x<Ly.
We used the scheme (61)—(64) to compute the numerical solution of this example. And
here, we only considered the parameters («, ) = (0.7, 0.3) and the computational accuracy

attime L; = 1 to check the convergence orders. We fixed the number of subintervals N = 500
and varied the space step size /& to test the convergence order in space. On the other hand, in
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Fig. 10 Temperature profiles at = 0.2 (ps), 0.25 (ps), 0.5 (ps), 2 (ps) for («, B) = (0.9, 0.9)

order to verify the convergence order in time, we used an adequately small space step size
h = ﬁ with different time step sizes. The numerical results in Table 4 and Table 5 indicate
that the scheme (61)—(64) guarantees second-order accuracy in space and min{2 — «, 2 — S}
order accuracy in time which coincide with the theoretical results in Theorem 3.

Figures 2, 3,4,5,6,7, 8,9 and 10 show the temperature profiles along the spatial direction
for G = 0.1, 1, 10, at £ = 0.2 (ps), 0.25 (ps), 0.5 (ps), 2(ps), respectively, with various pair
(o, B). Numerical results were computed by using the time increment 0.025 (ps) and 40
grid points in space. From those figures, one can distinguish the temperature difference at
the interface between these two layers at the beginning since thermal properties of gold and
chromium are different. At + = 2(ps), the temperature reaches the steady-state due to the
nanoscale thickness. Furthermore, we see that the temperature level for G = 10 is highest,
the temperature level for G = 1.0 is next, and the lowest one is for G = 0.1. This is because
when G is larger, the boundary condition tends to be insulated, on the other hand, when G
is smaller, the boundary condition tends to be the Dirichlet boundary condition. Fixing the
fractional order 8 = 0.1 and varying o = 0.1, 0.5, 0.9, we see that the temperature level
heightens slightly as « increases. Similar results can be seen for 8 = 0.5, 0.9 cases.
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Fig. 11 Temperature profiles at x = 0 (nm) for different parameters («, f) and G

Based on the same mesh girds of the above figures, Fig. 11 shows the temperature pro-
files along the temporal direction for all (¢, 8) = (0, 0), (0.1, 0.1), (0.5, 0.5), (0.9, 0.9),
(0.1,0.9), (0.9, 0.1), (0.99,0.99), (1, 1) and G = 0.1, 1, 10 at x = O(nm). From this figure,

@ Springer



Journal of Scientific Computing (2019) 81:1767-1800 1799

we see that the temperature changes from the traditional heat conduction equation to the DPL
heat conduction equation with integer order derivatives. This vividly explains that the new
model (10)—(16) may be used for modeling some type of sub-DPL heat conduction behavior.
In addition, from Fig. 11, one may see that the temperature rises and reaches quickly the
steady-state within 0 < ¢ < 0.3(ps), because of the very thin film. The maximum tempera-
ture is round about 324(K) when o = B = 0.99 and G = 10, which are close to the integer
order derivatives and the insulated boundary condition. The maximum temperature is almost
identical to that obtained in [2], where the DPL equation has not fractional order derivatives.

7 Conclusion

We have developed a well-posed time fractional dual-phase-lagging (DPL) heat conduc-
tion equation in a double-layered nanoscale thin film with the temperature-jump boundary
condition. An accurate finite difference scheme has been presented for solving this model.
Unconditional stability and convergence of the scheme are proved in the maximum norm.
Numerical results support the theoretical analysis and show the applicability to the nanoscale
heat transfer in a double-layered thin film. Further research will focus on the development
of high order accurate numerical schemes for the fractional DPL model in a double layered
thin film, where the challenge lies in the interface. As such, one may obtain a reasonably
accurate solution using a relatively coarse mesh. This is particularly interesting for thermal
analysis in nanoscale heat conduction.
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