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SECOND-ORDER TWO-SCALE ANALYSIS METHOD FOR
DYNAMIC THERMO-MECHANICAL PROBLEMS OF
COMPOSITE STRUCTURES WITH CYLINDRICAL
PERIODICITY

HAO DONGY*, YUFENG NIE2, JUNZHI CUI3, ZIHAO YANGZ2, AND ZIQIANG WANG*

Abstract. In this paper, a novel second-order two-scale (SOTS) analysis method and corre-
sponding numerical algorithm is developed for dynamic thermo-mechanical problems of composite
structures with cylindrical periodicity. The formal SOTS solutions are successfully constructed by
the multiscale asymptotic analysis. Then we theoretically explain the necessity of developing the
SOTS solutions by the error analysis in the pointwise sense. Futhermore, the convergence result
with an explicit rate for the SOTS solutions is obtained. In addition, a SOTS numerical algorith-
m is presented to effectively solve these multiscale problems. Finally, some numerical examples
verify the feasibility and validity of the SOTS numerical algorithm we proposed. This study offers
a unified multiscale framework that enables the simulation and analysis of thermo-mechanical
coupled behavior of composite structures with cylindrical periodicity.

Key words. Dynamic thermo-mechanical problem, multiscale asymptotic analysis, composite
structure, cylindrical periodicity, SOTS numerical algorithm.

1. Introduction

In the past decades, composite materials have been widely used in engineering
applications owing to their attractive physical and mechanical properties. With the
appearance of various complex and extreme environments, composite materials usu-
ally served under multi-physics coupled circumstances, such as electro-mechanical,
thermo-electrical, thermo-mechanical and magneto-electro-thermo-elastic, etc. Due
to a great application prospect, the thermo-mechanical performances of composite
materials have been a research hotspot of scientists and engineers. To the best of
our knowledge, some studies have performed on dynamic thermo-mechanical prob-
lems of composites. However, most of these studies focused on one-way thermo-
mechanical coupled problems [1-5], namely only the thermal effects affect the me-
chanical field. Besides, some researchers devoted to the two-way thermo-mechanical
coupled problems which are fully coupled hyperbolic and parabolic systems, but
their researches were based on the cartesian coordinate system [6-10]. To the best
of our knowledge, the structures made of the composites with cylindrical peri-
odic configurations have a great application value in practical engineering, such
as composite shells, composite cylinder, composite tube, etc. In recent years,
some research results for composite structures with cylindrical periodicity have
appeared [5,11-15]. However, up to now there is a lack of adequate research on
dynamic thermo-mechanical problems of composite structures with cylindrical pe-
riodicity.

The subject of this paper is to develop a SOTS analysis method and associ-
ated numerical algorithm for dynamic thermo-mechanical problems of composite
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structures with cylindrical periodicity. In such cases, the direct numerical compu-
tation of these multiscale problems needs a tremendous amount of computational
resources to capture the micro-scale behaviors due to large heterogeneities (caused
by inclusions or holes) in composite structures. Furthermore, the stability of nu-
merical scheme for these coupled systems with cylindrical periodic configurations
is also a difficult problem to handle. From the point of view of theoretical analy-
sis, the error estimate of SOTS solutions with an explicit convergence rate is hard
to gain due to lack of a prior estimate for wave equations with nonhomogeneous
boundary condition. In order to deal with these difficulties, we develop a SOT-
S method to overcome numerical difficulties based on asymptotic homogenization
method (AHM), finite element method (FEM) and finite difference method (FDM).
On the other hand, we impose the homogeneous Dirichlet condition on auxiliary
cell problems. At this case, the explicit convergence rate of SOTS solutions is eas-
ily obtained because the SOTS solutions will satisfy automatically the boundary
condition of governing equations under some assumptions.

This paper is organized as follows. In Sections 2, the detailed construction of the
SOTS solutions for dynamic thermo-mechanical problems of composite structures
with cylindrical periodicity is given by multiscale asymptotic analysis. Moreover,
the error analysis in the pointwise sense of first-order two-scale (FOTS) solutions
and SOTS solutions is obtained, respectively. Through the above analysis, we
theoretically explain the importance of developing the SOTS solutions in capturing
micro-scale information. In Section 3, an explicit convergence rate for the SOTS
solutions are derived under some hypotheses. In Section 4, a SOTS numerical
algorithm based on FEM and FDM is presented to solve these multiscale problems
effectively. In Section 5, some numerical results are given to verify the feasibility
and validity of our SOTS algorithm. Finally, some conclusions are given in Section
6.

For convenience, we use the Einstein summation convention on repeated indices
in this paper. Besides, the notation d;; is the Kronecker symbol, and if i = j,
5ij = 1, or 5ij =0.

2. The multiscale asymptotic analysis of governing equations

Consider governing equations for dynamic thermo-mechanical problems of com-
posite structures with cylindrical periodicity as follows

62 Oo;, 100:, Oo:

_ - rz 057‘ - 059 _ .
/ 3t2 ( or + r 00 + 0z + r ) fr i (0,71,
552“9 Oo;g | 100gy Doy Trg .
2 —( ar - 20 D2 + 2= )—f@ in QX(O,T],
L 0%us 0o%,. 1005, 0Oot, oir .
o 7o Gt T ) = x0T,
. OTF 0¢c  10q; 0¢ ¢ o5
pec 8t+((’“)r+_%+f) + )+Tﬂwa =h in Qx(0,7],
u®(x,t) = u(x,1t), Ta(x t) =T(x,t) on 09 x (0,77,
ou®(x,t)

u®(x,0) =u’, =u'(x), T°(x,0)=T in Q.

ot ‘t 0
where Q is a bounded convex domain (0 < r < 0o) in R?® with a boundary d€2; The
us, ug, ug and T° in (1) are undetermined displacement and temperature fields;

U(x,t), T(x,t) and u'(x) are known functions with macro-coordinates x = (r, 0, z);
€ represents the characteristic periodic unit cell size; p* and ¢ are the mass density
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and specific heat; f., fo, f» and h are the the body forces in three directions and
internal heat source; u® is the initial displacement field; T is the initial temper-
ature when the composites are stress-free. In this paper, each constituent of the
composites is assumed to exhibit linear thermo-mechanical coupled response. For
governing equations, the strains e° are given in terms of the displacement field u®
as follows

ous 1, 0uj 1,10u:  Ouy u§
e TR el I Nt 1 v e gl
(2) o ou _1(6u5+13u§) - _l(ﬁui aui)

=70z T2V 9z a8 TP 2% or 0z

1
If we apply the substitutions: 1 — r,2 — 6,3 — z and ¢, = g,d;z = —%,1/)3 =
r r

0
— to simplify the notations in our paper, the constitutive laws of problem (1) are

0z

given by

(3) Uz'sj = ijsziz - ﬁfj(Ts - T)
and

(4) q; = —ki;;(T°)

where {Cf};,} is the fourth order elastic tensor, {f;} is the second order ther-

mal modulus tensor and {kf;} is the second order thermal conductivity tensor
(i7j’ k? l:]"273)'

(DRSS

Now, let us set y = X (
€
unit cell Y = (0,1)®. Then material parameters p°(x), ¢*(x), Cgjp, (%), k5;(x) and
f35;(x) can be rewritten as p(y), c(y), Cijri(y), kij(y) and Bi;(y). Additionally, the
operators 1; for the macro-scale and 1/31 for the micro-scale are defined as follows
0 10 0

™=

z L . . o
,—) = (7,0, %) as micro-coordinates of periodic
€

)

<+
1

5 1/)1257 V2 = o0 1/)325
= 52 5_2
Yo TP rag 0 0z
Hence, the chain rule of AHM for original problem (1) can be expressed as
(6) bi = ¥ + e

For obtaining the convergence result in this paper, we make the following hy-
potheses [7,18,19]
Ciir Biys iy € L>(Q),
ijkz = ijlk = C/izijv ij = f‘ia kfj = kf‘ia
(A) Fy0, 71 > 0,%mi5mi5 < Coipaignee < Yimighig, V{miz} € R¥3,
Y0l€1* < B5;6i&5 < €% 0l€? < k568 < M€, VE = (61,6, &) € R?,
Ciir» Bi; and k; are 1 — periodic functions in y.
p87 Ca 6 LOO(Q),
(B) 0<p®<p®, 0<c <cf, where p° and ¥ are constants,
p° and ¢ are 1 — periodic functions in y.
(C) fi e L2(Q % (0,T)), h e L2 x (0,T)), u(x,t) € (L2(2 x (0,T)))3, f(x,t) €
L?2(Q x (0,T)), u! € (L?(Q))3.
In this section, we firstly give the specific construction process of first-order two-
scale (FOTS) solutions and second-order two-scale (SOTS) solutions to problem
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(1). After that, the error analysis in the pointwise sense of FOTS solutions and
SOTS solutions is given which neatly illustrates the extreme necessity of developing
SOTS solutions. On the other hand, it will give the residual equations which are
of vital significance for us to prove the main convergence theorem in Section 3.

2.1. Second-order two-scale analysis for governing equations. To the o-
riginal problem (1), we suppose that u$(x,t) and T¢(x,t) can be expressed as the
following asymptotic expansion forms

) L) =yt +ent ey, 0) + u? (0, 1) + O(E),
T*(x,t) = TO(x,y,t) + TV (x,y,t) + T® (x,y,1) + O(?).

It is worth stressing that SOTS analysis in cylindrical coordinates is quite different
from that of cartesian coordinates [7,8]. Due to lack of a consistent form of &5, (x, ?)
in cylindrical coordinates, the SOTS analysis in cylindrical coordinates should start
from the basic physical quantities €5;(x, ), of;(x,t) and ¢ (x,t). Using (2) and (7),
the basic quantities 5 (x t) can be expanded as the following forms

(8) e5;(x,t) =¢e7! eV (x,y, ) + %0 )(x,y,t) + 5165;)(x,y, t) + O(e?).

U

where

1 s ) S
“i d¢ﬂ%+%<%%%’ L (Bl 4 B Y)),

s 1 S S (S) S)*
el = 5(#’2(“5))4—1/)1(“5))— ui ) 33) = P3(uy”),

S 1 S S S S
" = S (W(us?) + o)), 23" = S (1) + s ).

And then, we assume that o7;(x,?) and ¢;(x,t) have the detailed asymptotic ex-
pansion forms as below

1

aoy | ot =etol Vioy ) 4l ey t) 4 elel (v, ) + O(E),
qﬂxw:s—é”%xy,»+aékxy,y+e¢kxy,»%(8)

By virtue of (9), and constitutive laws (3) and (4), the specific expressions of each
asymptotic expansion term in (10) can be derived as follows

oY = ijkﬂZk( (0)), Ug-)) = kalEkl + ngkﬂbk( ) Bi; (T —T),

w7 |
—kalfkl +ngkl1/)k( 2y — T,

Tij
and
(12) g7 = kb (T™), ¢ = —kijap (T)) — kijaby(TCTY), 5 =0, 1.

Then substituting (7), (8) and (10) into original problem (1), expanding the deriva-
tives and matching terms with the same order of small periodic parameter ¢, we
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can immediately obtain

924\ o~ (—1)_0( 1)
P (f%; =€ 21/}3'0'&’1)—"_E (1/}301J1)+1/}3 (O) r = )
=, ot — o
(w.]alj + Yoy +f+fl)+o(5)a
82u(0) o7 (—1 _ -1, 7 (0 iy
P atg :a2¢jaéj)+a 1(1/13‘U§j)+1/13 ()+2 12 )
e §g)
(13) (%023 + Yoy +2—= + f2) +O(e),
13
924 ® o~ (4 . 0 (—1)
P atg =€ 21/)j0’§j )+E (1/}303] )+1/JJ §)+ , )
= ) §?)
(wJUBJ + vjo 3 T —— +f3)+0(€),
oT©® o - - _ q( 1) 35( 1)
pe—g— = ¢ 2iqi " — e gl + ig” —5
(o) 35(0)
—€ [1/) © +7/qu(1) +Tﬁu 5t }+O( )-

From (13), a series of equations with the same order of small parameter £ are
derived as follows according to the classical procedure of AHM [20,21]

- (-1 _
(14) (=) {Z By
1qz =
NEIRNEC)
1/)Jalgl)+1/); 10)+ T—UQQ =0,

- PG
%023 1)+w.7 23)+2 L :Oa

(15) O™
-1, 7. (0 U§I :
1/)j0'3j + 1/)j0'3j + T = O,
gV 9tV
( 1) (0) T . L — O
Pig " + g -+ Bij 5 .
524 - © _ 0
p ({%; *1/1301J + 9 11)+f22+f1’
32u( 0 ~ 0,(0)
y O/e p 8t§ :Q/Jjaéj)'f‘?/’jaéj)"’Q%‘f'f%
( ) (5 ) (9211,(0) © _— U(?)
P at;’ :7/13'0'3]‘ +7/)j03j +L+f3a
a7 ~ ¢® 9= (0)
pe—gr— = —big” —ig") = F— —Tpij— + .

Now, we start to recursively solve the asymptotic expansion terms of u§ and T°.
From the equations with order O(¢~2), the following equations can be obtained by
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substituting (11) and (12) into (14)

wj[ kY (U ))} =0,
w { Bl -

Subsequently, it follows by virtue of the periodicity of the ul(-o) and T, and the
linearity in the micro-scale of (17) that

(18) u”(x,y,t) = ul” (x,£), TO(x,y,1) = TO(x,1).

That is, u(o) and T are independent of micro-scale variable y. Hence, it can be

concluded that 01(3 Y — 0. Due to this property, (15) can be further simplified as

the following equations by using (11) and (12)

(19) { %[ z]kl'l/fk ] —w][ Uklgkl By, (T (0)_1:)]7
wl[ 105 (T )] = —wz[ 0 (TO)].

After that, we construct

{ ul) = NP y)elo = Pary) (T = 1),

(20)
T(l) = Mm(r7 Y)wm( (O))’ m,n = 1’ 2’ 3.

where N;*", P; and M,, are the first-order auxiliary cell functions defined in unit
cell Y.

Remark 1 It is important to mention that the first-order auxiliary cell func-
tions are quasi-periodic functions which all depend on the macro-coordinate r. This
is a significant difference compared to classical composites with micro-scale period-
icity in cartesian coordinates.

Now substituting (20) into (19), the following equations with homogeneous
Dirichlet boundary condition are obtained after simplification and calculation

(21) {1/13[ zgkﬂ/fk( ")) = 1/1J( Cijmn), YEY
Nl ( Yy ) = O, y € oY
(22) b [Cin(P)] = —1;(B;),  yeY
Pl(’f‘,y):O, yeay
(23) { %[’%%(Mm)] = —Qi(kim), yEY
m(r,y) =0, y €9Y

Then, one can obtain the following equations by making the volume integral and
using the Green’s formula on (16) inspired by Refs. [7,8,10,12]

92 (0) (0) (0)

) D = o) + A=) gy
9240 S0

T8~ o) 12102y g,

(24)

T T <0§2)>
or© o @) ~9(Byey)

{pc) 5 =Yg ) -~ —-T TR
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where the different operators in (24) are defined as follows

(60) = 57 | S0V (0l =~ + i 05 (M) )T,

< z( )> — < ijmn + Oljkl1/}k(N[mn)>5mn - <ﬁz; + Olgk”/)k B > 0) -
(Bisely) = (Bis + Bun¥u(NF))ely™ = (Bigy (P))(T© - T).

(25)

Thus, the homogenized mass density p, elasticity coefficients C’ijmn, thermal modu-
lus Bij and ﬂ*

i, specific heat capacity S and thermal conductivity I;ij can be defined
as follows

pi < > ézymn (7‘) = <Cz_]mn + ngklz/]k( )>7
(26) ﬁAz] (’f‘ < i + Czyklwk (H)> ﬁ:}( ) <ﬁz] + ﬁmnwn(NU»
S(r) = < Tﬂlﬂ/’]( )>, w( ) = <kw "’kzm‘/)m( )>

Remark 2 It is easy to prove that Bij = ij for any fixed macro-coordinate r
according to Refs. [7,8,10].

Further, one can define the homogenized problems attached with the same initial-
boundary value condition as the original problem (1)

P g0y D) a0,
/58281:% = ¢J< >—|— 2(09) + f2 in Qx (0,77,

@7 ﬁa;zé = (o) + @rn + f3 in Qx (0,7,
5’820) = —ilg”) - @ —TBy 66((: (0,77,
u®(x,t) =t(x,t), TO(x,t)=T(x,t) on 9 x (0,T],
u®(x,0) = u’, %h:o =ul(x), TO(x,0)=T in Q.

Next, we start to solve the vital second-order auxiliary cell functions. Firstly, the
following equations are obtained by subtracting (16) from (27)

(0) (0) (0)
1/’;‘71]) =(p-p) (91;2 + {0y )> - 1/’;"752) + 710~ ’ (922)
0 0
Ugl) — 052)
T’ b)
N: (0) (0) O
1/’JU2J) =(p—p) 2 + 1/}J< > Yjo 20) + 2<Ul2 ) —2712 ,

(28) ? " (oﬁ <o>r
~ 0°u o o
biol) = (p—p) atQ 50Dy — 0 1 1%31) §}>— =L
~ . T

dig” = (S — pe) 5 +¢i(<q§0)> —q\”)+

( (0)> (0) 90 90

a1 a1 T(A. . ] A @
4 T(By—— — By ).




SOTS ANALYSIS METHOD FOR DYNAMIC THERMO-MECHANICAL PROBLEMS 841

Secondly, the following equations can be easily gotten by combining (9) and (20)
together

ﬁijgz(' [Bzg +ﬁmn¢n(NU)} Bzy"b]( )( 0)—T),
Cijuhi(uf) = ijkﬂzjk( >s£225 — Cijuthe(P)(T™ = T),

(29) Ejl)* _-Dwmnff(o)%< [Nm"¢]( 0)*) Nmnwz( 0)*)]

— B (T —T) - = [Pﬂ/;j (T —T) + Py, (T — T)],

kijthi (TM)) = kijiby (M, mm(T(O ).

where D;jy, and E;; are defined as follows

mn

N-
Ditmn = P1(NT™), Dagmn = 12(NJ™") + ; ,
Nmn

D12mn - §[¢2(N1mn) +1/}1(N£nn) - ] D33mn — 1/)3(N§nn),

(30)  Dosmn = %[ws(NS”") +92(NJ™)], Digmn = 5 [wl(zvgm) + (N7,
En = 1(P1), By = o(P2) + %7 Eqy = [¢2(P1) +P1(Pe) — %]
E33 = 1)3(P3), Ez3 = 1[@ZJ3(P2) + h2(Ps)], E13 = 5 [¢1(P3) +3(P1)].

Then, we replace the terms O'(Jl), qz( ), (o (0)>, <q§0)> and 55?) in (28) with (11), (12),

i
(25), (26) and (29). After computation, (28) can be rewritten as the following two

equations

_ _ _ 92u (0
03 [Copmathn (uf)] = 65 (81 M) (TO) + (p = ) =55

|:1/}j( z]mn) U)J( 1jkl1/}k(Nl )) 1/’;( 1gleklmn):| 5(0)*
[éljmn - z]mn - Oljkl¢k(Nm ) 1Z)k( ’ijl )} 1/’; (6(0 )
Y;

+ [ (CogpaBu(P) = 5 (Biy) + 5 (Cogua Bu)| (T<0> )
+ [Bij + Cijran (P) — Bij + Un(Cart P) ] o5(T® = T)
+ 2 [Cutnn = Crtomn — Crunal (V™) 2

(31) + [B11 — Bur + Cruw (P (T — T)}

S (oA ~ )
- 71{ [Co2mn — Coamn — Coartou(N™)] ')
+ [Baz — Bas + C22kl1Zk(Pz)] (T — T)}

251 ~ "
7“2 { [012mn — Ci2mn — Olzkﬂ/fk(Nl"m)]ﬁgg%

+ [B12 — Bra + ClszZk(Pz)] (T — T)}
+ 5—{ [031mn = Cs1mn — C31kl1/)k( "] {0

+ [Bs1 — Ba1 + CSlkl{/)vk(Pl)] (T — T)}
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~ ~ . JU o7
Vi [k (T(z))] = =[S — pe+TBijv(P)] o1

= [0 (ki g (M) = i) + 1 (g (M) | (T)
(32) - [kmn - ]%mn'f'kmj'@/[;j (Mn) + "Zj(kmgMn)] '@[men (T(O))

ol

_T[an _ﬁmn _ﬁl]JJ(NZnn)} ot
[kt = krmtka 0 (M) | (T©)

r

According to (31) and (32), we construct
(0)

9%u;

ul® = NIy E00) + H () (1) + B (1, y) =2
+ M (r, y)el D + Qi(ry) (T —T),

(33) Pa0)
T® = S(r, Y)T + R (1, y)m (T)
e
+ an (T, y>1/)m1/)n (T(O)) + Gmn(rv Y) 7

where N/ H?, F/, M, Q;, S, Rm, My, and Gy, are the second-order
auxiliary cell functions defined in unit cell Y. Substituting (33) into (31) and (32),
a series of equations, which are attached with the homogeneous Dirichlet boundary
condition, are derived as follows

/{Ep [Cipquzk (Nl]mn)} = éijmn - Cijmn
(34) — Cijrathr (N[ = ¢y, (Cirt N™),  y €Y
Nljmn(r, y) =0, y € 0Y

Uy [Cipkl{/;k(Hlj)] = Bij + Cijutn (P)

(35) — Bij + r (Ciju P) + x (B M;), yey
Hlj(r,y):O, y €90Y
(36) Up [Copmn(F))] = 85 (p—p), y€EY
F{(r,y) =0, y €9Y
1;3' [Cijklik(Mzm")} =1 (éijmn) — P [Cijkl'le (szn)]
e 51 A - mn
— 9 (Cijkt Ditmn) + 71{ [Crimn — Ciimn — Crakithr (N™™) ]
- [022mn - C22mn - CZZkl'le (Nlmn) ]}
(37) . .
+ ;2 [Ci2mn — Cramn — Crarhe (N™")]
62‘ A s mn
+ TS [C31mn — Ca1mn — Carathe (N™")], yevy
Mlmn(rv y) = 07 y € Y
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5 [Ciimr(Q1)] = ¥ (Cizrtn(P1)) — ¥ (Biz) + ¥ (Cigra Err)
+ %{[511 — ,311 + C11kz7;/;k(PL)} — [522 — Bzz + OQQMQZk(H)]}

(38) 20; Y
+ TZZ [Bi2 — Brz + Crarti (P)] + %3 [Ba1 — Ba1 + Caiiby (P) ], yevy
Qu(r,y) =0, y €0Y
(39) o [ku{/)vj(sﬂ = S+ pc—TBHiji(P), yeY
S(T7y):07 ye@Y
i [kij{/;j(Rmﬂ = _7/)i(kij{/)vj(Mm)) + i (kim)
- Kim — kim + k g M,
(40) — i (ki (Mm)) — [k : —: 159, (M) ., YEY
Rm(ruy)zou y€8Y

(41) "Zz [kw{/;g(anﬂ = _kmn + ]%mn_kmj{/;j (Mn) - "Zj (kijn)a y € Y
an(T,Y) :Oa yG 8Y

Gmn(T;y):O, yan

where p = 1,2, 3.

Remark 3 According to Lax-Milgram theorem and the hypotheses (A)-(C),
it is easy to prove that problems (21)-(23) and (34)-(42) have a unique solution for
any fixed macro-coordinate r.

In conclusion, the following theorem is obtained based on SOTS analysis for
multiscale problem (1).

Theorem 1. The dynamic thermo-mechanical problems of composite structures
with cylindrical periodicity have SOTS asymptotic expansion solutions as follows

us (x,8) 2 ul” + e [N (r, y)e O — Pi(r, y)(T© — T)]

| | N0
(43) + R[N () (S0 + HY (r y )y (TO) + F (r,y) =25

+ M y)eF 4+ Qilr, y) (T — T)]

T¢(x,t) = TO + eM,y, (r, y) Y (T0) + €2 [ My (7, 7)o 0 (T?)

(44) o1 85(0)*

where uz(-o) and T are the solutions of the homogenized problem (27), and NP
and M,, are the first-order auxiliary cell functions defined by (21)-(23), N/™", H/,

FZ] , M, Qi S, Ry, My, and Gy, are the second-order auxiliary cell functions
defined by (34)-(42).
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2.2. Error analysis in the pointwise sense. In this subsection, the specific
error analysis of FOTS solutions and SOTS solutions in the pointwise sense is
given. Firstly, the FOTS solutions ul(-la) and 719, and SOTS solutions u§28) and
T2 for original problem (1) are defined as below

w19 — O 4 D pe) _ ) 4 ()

[ u [
u

(0) + sul(.l) + 52u§2), 7(22) _ (0) + cT + 2272

2

(45) W) —

Furthermore, the error functions of the FOTS solutions and SOTS solutions are
defined as follows

p 89—t - 409, 7609 e 00
( ) Ugf) _ uf . Ul(-%), TéQE) — e _ ()

Before giving the detailed results of error analysis, some assumptions about
original problem (1) need to be presented. Suppose that  is composed of the
entire periodic cells, i.e. Q = Uyer.e(z + Y), where the index set T. = {z =
(21,20,23) € Z%,e(z+Y) € Q}. Besides, let E, = ¢(z + Y) and OF, be the
boundary of F,.

To compare uz(-ls) and T19) with the exact solutions u; and T, we substitute
u(Alf) and Tga) into original problem (1), and obtain the following residual equations
of the FOTS solutions

82 (15) e (1e) Tls _ € (1e) T(la)
p A o5, (ull9), 7(09) 45 (P20 S TA) — oln LT )
1 1 1 1
P U B TILL )
r
- SOi(Xayat) + ESli(X,y,t) in Q x (OuT]a
T(ls) € T(ls) N a&f u(la)
P+ [wigf (TA) + 4 - ) +T5; JfatA )} = Fo(x,y,1)
47
47) +eFi(x,y,t) in Qx (0,7,
u(Ala)(X,t) =0, Tga)(x,t) =0 on 90 x (0,T],
u(Alf) (x,0) = —eN™e(0) (u(o) (x,0)) = €1Z1i(x),
oD o) o
o lio = TN g lio T e P g = evu),
T (x,0) = —e Myt (T (x,0)) = eb3(x) in Q.

where the operators of; (u(Als),Tgs)) = ijklgil(ugs)) - %Tgs) and qig(Tgs)) =
1
_kfjwj(Té E))'
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Analogously, substituting u(zf) and Tfs) into original problem (1), we derive the

following residual equations of the SOTS solutions

(48)
82“58) (2e) n(2e) Ull(u(A ? T(%)) 052(11(55) TSS))
p*—AL — o5l TLY) + 0 | :
g~ ;
20°¢ (2¢) T(25) e (2¢) T(25)
+ diz AEILN " ) + 5i3031(UAr7 = )} =eH;(x,y,t) in Q x (0,77,
o172 7(22) ‘951 (u(QE))
pee aAt + [1igf (TE7) + ailfs ) +T85- atA -]

=eG(x,y,t) in Qx (0,T],
(25)(x t) =0, Tgs)(x t)=0 on 90 x (0,7T],

(0)% (11(0) .
uff) (x,0) = —sN-’”"agmni(u) ‘t:O - EQ{me"wj [55221* (u(o) (x, O))]

’ ot
_ 2u(0) _
+ Hly; (T (x,0)) + F/ —2— at2 + M™"e <0>*(u<0>(x,0))} = etp1i(x),
3u(26) D (u©@) oT®
im0 = E[Ni ot o = P o1 |\ 0}
o (0) u(0>( ) (0 9u (0
g2d Ny J[ ( )} 4+ 2T )\_ + F/ ]
' ot TR S R v
mn 655221* (u(o)) o7 ~
+ M; T‘t:O+Qi ot ’t 0} = e¢hai(x),

oT©
ot ’t:O +

90 (u(© = .
3755)’75—0} =eth3(x) in Q.

where the detailed expressions of Sy;, S1;, Fy, F1 and H;, G are not given in this

paper because they are tediously long. However, it is easy to get their specific

forms and worth noting that the highest order terms of H;(x,y,t) and G(x,y,t)
o*u ) T<0>

are ¥t pth(u®), ETra %%WW(T(O)) and

Now we can give a conclusion about the error analys1s in the pointwise sense.
From the residual equation (47), one can easily find that the residual of FOTS
solutions is order O(1) in the pointwise sense due to the terms Sp;(x,y,t) and
Fo(x,y,t). In addition, it is clear to see that the residual of SOTS solutions is
order O(e) in the pointwise sense from the residual equation (48). This means that
the SOTS solutions can satisfy the original equation (1) in the pointwise sense.
Thus even € is a small constant, the SOTS solutions can still provide the required
accuracy of engineering application and capture the micro-scale oscillating behavior
of composite materials. This is the main reason and motivation to develop the SOTS
solutions.

T (x,0) =~ Moo (T (x,0)) - 2[5 Rt (T (x,0))

+ Mypnhm¥n (T (x,0)) + Ginn

3. Main convergence theorem and its proof

In this section, the specific proof of the explicit convergence rate of the SOTS
solutions in the integral sense is presented. It is known to all that the classical
auxiliary cell functions are defined with periodic boundary condition [7,12,20,21].
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At this case, the auxiliary cell functions have enough regularity on the boundary
of unit cell Y. However, the auxiliary cell functions in this paper are all imposed
with homogeneous Dirichlet boundary condition. For this kind of auxiliary cell
functions, the normal derivatives only are continuous on the boundary of unit cell
Y under the geometric symmetry and regularity assumptions of material property
parameters. So we firstly give some hypotheses similar to literatures [3,6,22-24] as
follows

(1) p(y), Cijui(y), Bij(y), c(y) and k;;(y) are the functions with piecewise con-
stants in Y.

(i) Let Aj...Ajs be the middle hyperplanes of the reference cell Y = (0, 1)3. Assume
that p(y), Cijij (y), ﬂu( ), ¢(y) , kii(y) are symmetric with respect to Ay ... Ag
and Cijki(y), Bij(y), kij(y) are anti-symmetric with respect to Ay ...Ag in
Y.

Lemma 1. Denote the operators oy (x) = njCijkl(y)E,(Jl)(x) and ory($) =
nikij (y)1/~)j (¢), where ny = 1 - ny., no = ng and ng = r-n,. Then under assump-
tions (A)-(C) and (i)-(ii), the normal derivatives o;y (N™"), oy (P), o5y (NI™?),
O'iy(Hj), O'iy(F), O'iy(an), O'iy(Q) and O'Ty(Mm), O'Ty(S), O'Ty(Rm), O'Ty(an),

o1y (Gmn) can be proved to be continuous on the boundary of unit cell Y by using

the same method in Refs. [6,23, 24].

Lemma 2. In [16-18], the following Korn’s inequality holds for curvilinear coor-
dinates

[N

Il g ) < C{Z leqjj;(u) |i2(ﬂ)}

4,J

where e;);(0) represents the strain in curvilinear coordinate system. Then it is easy
to know that this inequality still holds for cylindrical coordinates because cylindrical
coordinate is a special curvilinear coordinate.

Theorem 2. Suppose that Q C R? is the union of entire periodic cells, i.e. 1 =
Uger.(z +Y), where the index set T. = {z € Z3,e(z +Y) € Q}. Let u®(x,t),
Te(x,t) and u9 (x,t), TO)(x,t) be the weak solutions of model problem (1) and
associated homogenized problem (27), respectively. The specific expressions of SOTS
solutions are defined in Theorem 1. Under the assumptions (A)-(C), (i)-(ii), Lem-

ma 1 and 2, if u® € L=(0, T; (H*(Q))?), Ou” (o T; (H3(Q))%), 82‘;;0) c
3 4
(. @), 8 e peo @), L8 e e 0.7 (@),
oT©) 82

T® e L=(0,T; H4()), € L“(O,T;HQ(Q)),T € L>™(0,T; HY(Q));

then we have the following error estimate of SOTS solutions

H 3u(§8)(x, t) H Hu@s) H
(49) ot Lo (0,T5(L2(0))3) A Lo (0,T5(H§ (92))?)
+ HTEE) HL°°(0 T;L2()) + HTAZS X t ||L2 0,T;H} () < C(T)E
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where C(T) is a constant independent of ¢, but dependent of T'.
Proof : Firstly, the following two equalities can be obtained from (43) and (44)

Uz‘(u(%)) = ”jcfjkl (x)ef (u(za))

=n;Ciju(y ){ Yo (u”) + [ 0 (u ) +@Zk(“z(1))}
e[ )+ )]}

_ njcijkl (y){EO [51(3)*(11(0 ) + 1/} (Nmn 0)* PI(T(O) _ f))}

+81[€£%>*(Nm"a£22*—P<T<0>— T)) + e (N7 0 (e50) + H vy (T)

02 (0) B
e 4 QU - ))}}
(50) = "Cijki (Y){ [e,ﬁﬂ (W) + g (™)l — 4 (P) (T — f)}

+¢et [a,gll)* (N —P(T© — T)) + oy (N{™") 405 (90)
2u(0)

6t2 + d]k ( )57(7?21*

+ 4 (HY ) (TO) + e (F)) =2
+ P (Qu) (T - TV)} }

=1 Cign(y) |efy " (@) + eley" (N Q) — (T — T))}
+ oy (Nl — o3y (PY T — T) + eaiy (NI ) (e400)
9?u®

ot?

+ oy (H? )3 (T + eoiy (F) + eoiy (M) 0)*

+eoiy (Q)(T® —T)

or(TP)) = njks; (%), (T39)

(0)
= nikig () (05 + 7 95) [T+ eM™ (1, ) (T) + 28 (r, y>‘3‘§t
(0)*
R YV (1) + M 1,y o (TO) + G (r, ) S0
(0)
1) = ki ()i [T + eM™ (T 0>)+g25% + 2Ry (T)
(0)*
S5 (T0) 4 67 T o [y (M) T)
(0)
teorv(s) 2 (R™ (7))
85522,*
+ oy (M) hn(TO) + cory (G —- D ]

These two formulas will be used in the following proof process.
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Secondly, we use the residual equation (48) to complete the error estimate. Since
(2¢) (25)

(’“)Ati is in L°°(0,T; L?(2)), BAtZ cannot be directly used as test function for

residual equation (48). To overcome this difficulty, we use the density argument
[21,22]. In order to simplify the process of proof, this process is omitted. We assume

that r € [ry,rs], where 71 and ro denote the inner and outer radius of composite
(25)

8

(48) and integrating on €, the following equations are derived
(52)

0% )8u(28) .
/ 4 815%1 rdf? = / w] 5l 1¢)
Q

+5i1[011(u(A ) T(QE)) a5 (up N T(zs))

r and Tfs)r on both sides of

structures, respectively. Then, multiplying by

- 1
2 2 2
2‘712(‘12 g T( 8)) ) 0'31(‘1(A ? T( 8)) 3“2?
r i3 ot
(2¢)

Oun;
—‘/QaHi(x,y,t) 5t rdQ

(2¢) e n(2€) 9e (u'2®
/ oA r@aq / (g (1) + AL | e Pt ) )}TSS)MQ
Q ot r ot

+ di2 rdS)

= /EG(X, Y, t)TfE)TdQ
Q

Using the Green’s formula and integrating by parts on (52), the above identity can
be simplified as follows

(53)
L2l 9ul) 2
| AT [ [Coueif?) - 85787 < (Fgamrae
b (2¢) b (2¢)
_ / A, / o, A0yt
o Ot User 0B, Ot
8 25) : u(28)
/Qp £ 8A T25 rd€) — / 25 "/’z T(QE))TdQ—i—/Tﬁ %Tgs) dQ
- / eG(x,y, )T rdQ + / eT rdry
Q Uzer, OF,

where ®; and ¢ result from using the Green’s formula on 0F,.
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Combining (50), (51) and Lemma 1 together, we can obtain

(54)
p) (2¢) (9 b (2¢)
(@, T >:/ “AZ rdl'y = Z/ 20) Z0AL_gpy
6t uzeTEBEz OF, 8
--¥ / () 3% dTy =0
zcT, OF;
[ g~ [ o ronga
Uzere OFx zeT,
S / NTEdry, =0
zcT, O,

Afterwards, it is easy to derive the following two identities by combining (53)
and (54)

10 _oulE) . .
__|:/ P ( ) ’f‘dQ-i—/ Czyklgkl(u(A )) zg( (2 ))TdQ

20t 8t
(55) W) o, )
/Q cHi=pgyrd0+ | g TEes ( 2 )rd)
10 c e
sor || Fe@EIrnan) - [ g8 g i
(56) 5‘ 25))

_ / eG(x,y, )T rd — / T3 ke NRPL/ OIS
Q

Then, the following equation is obtained by taking the sum of (56) and the product
of (55) and initial temperature T'

19 . oulE) (2) (2)
5&[ Qp( ot )T S + Ozyklakl(uA )EU(UA )T’I”dQ
@
O+ / pF e (T57)rag)] — / (Jf(TﬁE))wi(Tf” rdS) = / 7,2 AL g
Q

eGT) rd)
Q

Subsequently, we integrate both sides of (57) from 0 to ¢ (0 < ¢t < T') and it follows
that

(58)
(2¢)

[ [ o@D Tran [ gl (x 0)es (8 (. 0)Fras
Q ot

eef (T3 (x r — 2€)x7' i 2€)x7'r T

+/Q (T8 (. 1)) Prd)] 2// (T2 (x, 7)) s (T (%, 7))rdd

(2¢)
=2 / / cTH, wrdﬂd7+2 / / cGT ) (x, 7)rdQdr

or
8u( £) x,t . . -
+| / p (%!M) TrdQ + / Cei (S (x,0))e5; (ul (x,0)Trd®2

+/ pacg(Tfs)(x,O))%dQ}
Q
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Substituting the initial conditions and boundary conditions of residual equation
(48) into the above identity (58), the following equality is derived

Al (x,t . -
[ [ a2y Tran + [ Chueh ) x0)ef, ) o) Trao
T dQ —2 (T2 ( (T3 dQd
—|—/ & ( (x,1))%r //Q (%, 7))i( (x,7))rdQdr
o)
(59) o / /Q i, 208 5T 1640 1o / /Q eGT) (x, 7)rdQdr
[ [ et Tran + / © aEEa (21 (%)) 25 (24 (x)) T
+/stcs(a1/~)3(x))2rd9}

Until now, the vital identity (59) for Theorem 2 are gained. Starting from here, we
will get the final proof.

Owing to (A) and (B), and using Poincaré-Friedrichs inequality in curvilinear
coordinates [16-18], Lemma 2 and r € [ry, 2], it is easy to acquire the following
inequality by transforming left side of equation (59)

(60)

au(QE) x,t < € o
/p (%) TTdQ+/ Ozgklakl(uf )(X t))e u(“(AQ )( 1)) Trdf2

+/p c( (2) (x t)) rdQ—2/ /qZ T(2E) (x,7 )¢z( ( ,T))rdQdr

(’QuA (x, t)

> T H + Ty Ju fH
=pan ot (L2(Q))3 e uA (x (HE ()3
+ %y HT(2E) +7‘102/ HT(2E) dr
L2Q Hj(Q)
6uA (2¢) H (2¢) /t 20)||?
: 2,0
(H ot H(m(sz H Hl(sz))3+ A L2(Q)+ 0 A HL(®) g

where C7 and C result from Korn’s inequality and Poincaré-Friedrichs inequality
in curvilinear coordinates respectively, Ay = min(pOTrl, TriCy, p°clr1, 7 Cs).
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After that, using Schwarz’s inequality and Young’s inequality, we obtain the
following inequality by transforming the right side of equation (59)
(61)

t - (2¢)
2 / / ETHZ-%A’TEX’T)TdeT

t ~
+ 2/0 /Q EGTE‘E)(X, T)rdQddT + /Q p° (e (x))2TrdS)
+/ ij’”sil(Eq’;l(x))‘gfj(ﬂ;l(x)ﬁm@+/ P (s (x))*rdQ2
Q A

8’U,A,L

TH t 2 4 ((2)y2
< Z ETHD)” + C5) joar 1 COr TN ) jodr + ¢
0 JQ 2

ou'Z) 1 1[0 (12
clze? 4+ = HT( €) dr| + Ce?
/ H L2 (Q))? }+ {25 + /0 Az T} tee
<cetcl / H% / [z i [ reo],
L2 sz))'f (HL(Q))? | I (T

// HT(%) dsdr]
H(Q)

where C' will denote a positive generic constant and have different values in different
places in this paper.

0
Denote C' = C/ A1, without loss of generality and setting O(t) = H UA H(L2 Q)3 +

[l (H(@))s T [ra e ||i2(9) +/ HTfs)Hi{;(Q)dT’ then we have G(t) < Ce* +
0

t

C/ ©(7)dr by combining (60) and (61) together. It follows from Gronwall’s in-
0

equality [21,22] that ©(t) < C(T)e?. Subsequently, there holds the following result

(62)

oul® 2 2 2 k 2
[Z5, s+ 18 gy 178 gy + [ T8 gyt < O

b 2112 L 214 2
Then using the AM-GM inequality ot ZC +d < @t 1— o to the left

side of (62) and squaring root on both sides of the inequality (62), the following
1nequahty is obtained

Bu
H > HW 08 gy + 1787 gy + 1782 66Ol sy

)5

With the arbitrariness of time ¢, we get the final convergence result as follows

ou'? (x,1) (22)
(64) H ot HL“’(O T3(L2(2))3) + Hu; t>HL°°<01T;(H1(Q>>3)
+ HTEE) HLw(o T;L2(Q)) + HTAZS X t ||L2 0,T;H} () S C(T)E

where C(T') is a constant independent of ¢, but dependent of T
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4. Second-order two-scale numerical algorithm

In this section, we present the SOTS numerical algorithm for the multiscale
problem (1). The detailed procedures of the SOTS numerical algorithm for two-
dimensional and three-dimensional multiscale problem (1) are listed as follows

(1)

Define the geometric structure of the unit cell Y = (0, 1) (N = 2,3) and
homogenized macroscopic region Q in RV, and verify the material param-
eters of composite materials. Then, generate the triangular finite element
mesh in R? and tetrahedral mesh in R?, and define the linear conforming
finite element spaces Vj,, (Y) and V3, (2) for the above two regions respec-
tively, where hy and hg represent the finite element mesh sizes of unit cell
Y and homogenized macroscopic region 2.

Solve the first-order auxiliary cell functions defined by (21)-(23) on V4, (Y)
corresponding to different representative macro-coordinate parameters r°! €
[r1,72], where s; = 1,2,---, L. The specific FEM scheme for solving aux-
iliary cell function defined by (23) is given as follows

—/ kijij(Mm)Ji(uhl)dY:/ kimb; (0"1)dY, Yol € Vi, (V).
Y Y

Other first-order auxiliary cell functions can be solved similarly. And then,
the homogenized material parameters p, C’ijmn, Bij, S and l%ij are evaluat-
ed by making integral of (26) corresponding to different macro-coordinate
parameters 7. After that, the homogenized material coefficients can be
computed by interpolation method on each nodes of V3, (£2).

Using the uniform time step At = % to discretize time-domain (0,7) as
0=ty <ti1 < <ty =T and ty = NA{(N = 0,--- , M), we denote
& = fi(x,ty). Then, the homogenized problem (27) is solved by coupled
FDM-FEM method in a coarse mesh and with a large time step on the
whole domain € x (0, 7). The concrete hybrid FDM-FEM scheme is given
as follows

/ A'UJZ('O)JV +1 2u§0),1\i UEO)7N71 . .
V. Or
Q P (At)z ’

+/ C’ijkzsgg)*(u(o)’NH)az(-?)*(uhU)rdQ

Q

_/Bij(T(O),N-H_T)El(g)*(yho)TdQ
Q

— / fiNJrll/f“rdQ, voho e (VhO(Q))N,
Q

. T(),N+1 _ p(0),N
S
J

50 1 d0)
At L

4 / oty (TN, (570 )2
Q
(0) . (0),N+1y _ (0)x/ (0),N
~aA~ E:. u E: . u
+/m-j”( ) — e O
Q

510 d0)
At LA

= /Q RNTIG o rdQ, YEho € Vi, ().
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It is easy to know that the dynamic system (27) is a strongly coupled
hyperbolic and parabolic system. In order to maintain the unconditional
stability of our SOTS numerical algorithm, the implicit FDM scheme is
employed in time domain of hybrid FDM-FEM scheme (66).

Using the same mesh as first-order auxiliary cell functions, the second-order

auxiliary cell functions defined by (34)-(42), which correspond to different
macro-coordinate parameters r°! | are solved by the similar FEM scheme to

(65) on V4, (Y), respectively.

For arbitrary point (x,t) € Qx[0,T], we use the interpolation method to get

the corresponding values of first-order auxiliary cell functions, second-order
auxiliary cell functions and homogenized solutions. The spatial derivatives

(0)«

Emn , Y5

(55221*), U (TO) and 1,10, (T) in Theorem 1 are evaluated by

the average technique on relative elements [25,26], and the temporal deriva-

9l

aT© 82u1(-0)

, 12 and

tives

in Theorem 1 are evaluated by using the

hybrid FDM-FEM schemes (66) at every time steps. Then, the displace-
ment field u®?)(x, t) and temperature field 7¢) (x, t) can be solved by the

formulas (43) and (44).

Moreover, we can further use the higher-order

interpolation method to gain the high-precision SOTS solutions [22].

5. Numerical examples and discussion

In this section, three numerical examples are given to verify the validity and
feasibility of the SOTS numerical algorithm we developed. Since it is difficult to
find the analytic solutions for the two-way coupled system (1), we replace u®(x,t)
and T°(x,t) with u.(x,t) and T.(x,t) which are precise FEM solutions for original
problem (1) on a very fine mesh. Without confusion, some notations are introduced

as follows
(67)
Te — T(O) Te _ T(ls)
Terror0 = w, Terrorl = u
17e]z 17Tz
(68)
Te — T(O) Te _ T(ls)
TError0 = g,TETTOTl = g
|T‘€|I‘I1 |Te|H1
(69)
—u®©® _ (1e)
uerrorQ) = M7 uerrorl = M
[[ue]| 2 [
(70)
_ 10 _ 14(1e)
uFbrrorQ) = M, uErrorl = M

|u€|H1

& :
(3 [festue —u®)]],.)"
1,j=1

|ue|H1

where [u, — u®| ;1

, Terror2 =

,TError2 =

,aerror2 =

,uFbrror2 =

1Te — T e
ITellz

|T. — T |
|Te| g1 ’

|[ue — 11(25)||L2

[luel[ 2

lue — u®) |

|ue|H1

5.1. Example 1: The planar dynamic thermo-mechanical problem. In
this example, a fiber reinforced cylinder shell with periodicity in radial and hoop
directions is considered. The macrostructure €2 and unit cell Y are shown in Fig.

1, where Q = (r,0) = [r,37/2] x [0, 7] and € = 7/10.

The non-dimensional material property parameters of this example are listed in

Table 1.
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/ material 2

material 1

r ' ©

FIGURE 1. Example 1: (a) Actual physical area; (b) Computa-
tional domain £2; (c) Unit cell Y.

TABLE 1. Material property parameters.

Property Matrix Inclusion
Young’s modulus E=3.0x10" E=1.5x10%
Poisson’s ratio v=0.3 v=0.25
Mass density p=10.0 p=1.0
Specific heat c=1.0 c=0.1

Thermal modulus  $;;=50.0(i=j) or 0  B;;=1.0(i=j) or 0
Thermal conductivity — k;;=3.3(i=j) or 0  k;;=0.01(i=j) or 0

The data in original problem (1) of this example are given as follows
Fi(x,t) = —2000, fa(x,t) = —2000, h(x,t) = 200,
(71) a(x,t) =0, T'(x,t) = 20.0 in 99,
w =0, ul(x) =0, T=20.0 in Q.
Now, we implement the triangular mesh generation to original problem (1), aux-

iliary cell problems and corresponding homogenized problem (27). Then, the com-
putational cost of FEM elements and nodes is listed in Table 2.

TABLE 2. Comparison of computational cost (At=0.002, t € [0,1]).

Original equation Cell problem Homogenized equation
number of elements 33500 854 3600
number of nodes 17021 468 1891

The SOTS algorithm is implemented for this example. After numerical compu-
tation, Fig. 2 and Fig. 3 show the numerical results for different types of solutions
7O 70e) 7)) T¢ and uéo), uéla), ué%), u§ at t = 1.0, respectively.

The evolutive relative errors of temperature and displacement fields are shown
in Fig. 4.

From Table 2, one can easily see that the computational cost of SOTS algorithm
is much less than that of precise FEM. It means that SOTS solutions can greatly
save computer memory, which is meaningful and important to practical engineering
computation. From Fig. 2 and Fig. 3, one can see that only SOTS solutions, which
are almost the same as the precise FEM solutions, can accurately capture the micro-
scale fluctuation information due to the heterogeneities of composite materials. The
homogenized and FOTS solutions are far from enough to provide a high accuracy
solution. Besides, it is clear to see that the accuracy of SOTS solutions is much
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FIGURE 2. Example 1: (a) T©); (b) T(9); (c) T?9); (d) T° at t = 1.0.

better than homogenized and FOTS solutions from Fig. 4 whether it is the relative
errors of temperature or displacement fields. From Fig. 4, we can also find that
our SOTS numerical algorithm is stable and effective after long-time numerical
computation.

5.2. Example 2: The axisymmetric dynamic thermo-mechanical prob-
lem. This example studies the axisymmetric dynamic thermo-mechanical problem
with periodicity in axial and radial directions. The macrostructure {2 and unit cell
Y are shown in Fig. 5, where Q = (r,z) = [1,1.5] x [0,1] and ¢ = 1/12. It is
worth noting that the computational domain €2 of this axisymmetric problem is a
cross-section of actual physical area Fig. 5(a) because there is no need to carry out
the geometric transformation for axisymmetric problem.

The non-dimensional material property parameters of this example are listed in
Table 3.

TABLE 3. Material property parameters.

Property Matrix Inclusion
Young’s modulus E=3.0x10° E=1.5x10"
Poisson’s ratio v=0.3 v=0.25
Mass density p=10.0 p=1.0
Specific heat c=1.0 c=0.1

Thermal modulus ~ $;;=50.0(i=j) or 0  B;;=1.0(i=j) or 0
Thermal conductivity — k;;=3.3(i=j) or 0  k;;=0.01(i=j) or 0
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FIGURE 5. Example 2: (a) Actual physical area; (b) Computa-
tional domain £2; (c¢) Unit cell Y.

The data in problem (1) of this example are given as follows

fi1(x,t) = —2000, f3(x,t) = —2000, h(x,t) = 500,
(72) a(x,t) =0, T(x,t) = 10.0 in 09,
u’ =0, ul(x) =0, T=10.0 in Q.
Moreover, the computational cost of FEM elements and nodes is listed in Table
4 after mesh generation.

TABLE 4. Comparison of computational cost (At=0.002, t € [0,1]).

Original equation Cell problem Homogenized equation
number of elements 65088 904 3600
number of nodes 32905 493 1891

Next, the SOTS algorithm is adopted for computing and simulating this example.
After numerical computation, Fig. 6 and Fig. 7 depict the numerical results for
different types of solutions 7, T(e) 7<) T and ugo), ugla), ugza), u§ at t = 1.0,
respectively.

Then, we show the evolutive relative errors of temperature and displacement
fields in Fig. 8.

From Table 4, we can conclude that the SOTS numerical algorithm consumes
less computational resources compared to precise FEM method, which is of great
significance for engineering computation. Fig. 6 and Fig. 7 demonstrate that on-
ly SOTS solutions are in good agreement with the precise FEM solutions both in
temperature and displacement fields. The homogenized solutions and FOST so-
lutions can not accurately capture the thermo-mechanical responses in composite
structures. Furthermore, it is easy to find that only the SOTS solutions can pro-
vide enough accuracy for engineering applications from Fig. 8. The accuracy of
homogenized solutions and FOTS solutions is far from enough especially for the
H' semi-norm. Hence, it is of great practical value to develop the SOTS solutions
for multiscale problem (1).

5.3. Example 3: Example 2 with a large number of inclusions. In order to
further validate the stability and effectiveness of our SOTS algorithms, this example
continues to discuss Example 2 with a large number of inclusions. In this example,
we define Q = (r,z) = [1,1.5] x [0,1] and € = 1/24. The total number of unit cells
in this example is four times as Example 2.
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FIGURE 6. Example 2: (a) T(); (b) T(9): (c) T?9); (d) T° at t = 1.0.

Then, the triangular mesh generation is implemented to original problem (1),
auxiliary cell problems and corresponding homogenized problem (27). The detailed
information of FEM elements and nodes is listed in Table 5.

TABLE 5. Comparison of computational cost (At=0.002, t € [0,1]).

Original equation Cell problem Homogenized equation
number of elements 260352 904 3600
number of nodes 130897 493 1891

The SOTS algorithm is implemented to this example with a large number of
inclusions. After numerical computation, Fig. 9 exhibits the numerical results for
solutions T(2¢) | T, ug%), ug, u§2s) and u3 at ¢ = 1.0, respectively.

In addition, the evolutive relative errors of temperature and displacement fields
are shown in Fig. 10.

By analyzing the mesh data in Table 5, we can find that our SOTS method is
very cheap to simulate original problem (1) compared to precise FEM, which can
greatly save computer memory without reducing numerical precision. According
to the numerical result in Fig. 9, it concludes that the SOTS solutions of temper-
ature and displacement fields agree well with precise FEM solutions. From Fig.
10, it is easy to see that only SOTS solutions can provide enough numerical ac-
curacy not only in L? norm but also in H' semi-norm. It means that our SOTS
algorithm is stable and effective for composite structures with a large number of
inclusions. Furthermore, it can be easily seen that the SOTS solutions own the
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FIGURE 9. Example 3: (a) T9; (b) T¢; (¢) u\*; (d) uS; (e)
uéQs); (f) u§ at t = 1.0.

highest numerical accuracy compare with the homogenized solutions and FOST
solutions especially in the H' semi-norm. In practical applications, engineers are
more concerned about the gradients of temperature and displacement fields, which
represent the heat flux and strain fields. Therefore, developing the SOTS solutions
for simulating the thermo-mechanical behaviors of composite structures is of great
importance in engineering application.

6. Conclusions

In this paper, we develop a novel SOTS analysis method and corresponding
numerical algorithm for dynamic thermo-mechanical problems of composite struc-
tures with cylindrical periodicity. The new contributions of this paper are the SOTS
analysis, the convergence result with an explicit rate for the SOTS solutions, and
corresponding SOTS numerical algorithm. Numerical experiments show that the
SOTS numerical method we proposed is stable and effective for multiscale problem
(1). Furthermore, numerical results show that only SOTS solutions can accurate-
ly capture the micro-scale oscillating information and provide enough numerical
accuracy for engineering applications, which support the theoretical results of this
paper. It also should be underlined that, in order to verify the validity of our SOTS
method, we use precise FEM solutions of the original problem (1) in a very fine
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mesh as reference solutions. In the actual engineering applications, we do not need
to numerically solve the original problem (1) in a very fine mesh. Sometimes it is
scarcely possible to obtain FEM reference solutions for large-scale engineering prob-
lems. However, we can analyze and compute these complex large-scale problems by
using the SOTS method we proposed. Moreover, the high-accuracy solutions pro-
vided by our SOTS method encourage the application of proposed SOTS method
to deal with the thermal deformation and failure analysis of complicated compos-
ite structures. The unified multiscale framework developed in this paper can be
extended to other multi-physics coupled problems.
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