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TRANSIENT THERMAL STRESSES IN A LAMINATED SPHERICAL SHELL
OF THERMOELECTRIC MATERIALS

YUE L1u, KAIFA WANG AND BAOLIN WANG

Thermoelectric materials have many potential applications in engineering such as in thermoelectric gen-
erators, waste heat recovery industry, thermoelectric cooling devices. They can also be used in thermal
protection system of supersonic space shuttles to reduce their surface temperatures. On the other hand,
multilayered spherical shell structures are important structure type for thermoelectric material applica-
tions. This paper presents a transient analysis model to predict the temperature field and the associate
thermal stresses in a laminated thermoelectric spherical shell subjected to a sudden temperature increase
on its outer surface. The effects of applied electric current density, thermal conductivity and thickness
of laminated shells on the temperature and thermal stress distributions have been obtained and shown
graphically. Numerical results show that the maximum tensile hoop stress in the laminated shells can
be reduced significantly at a specific applied electric current density. The thermal conductivity ratio of
laminated shells has significant impact on the maximum stress level in the shells. When the thermal con-
ductivity ratio of the inner layer to the outer layer increases, the maximum tensile hoop stress increases
but the maximum compressive hoop stress decreases.

1. Introduction

Thermoelectric materials can achieve energy conversion between electricity and heat and are widely
applied to engineering applications [Riffat and Ma 2003]. For example, thermoelectric devices can be
used for thermoelectric power generation, refrigeration and thermal protection system [Chowdhury et al.
2009; DiSalvo 1999; Zhang et al. 2016; Han et al. 2014; O’Brien et al. 2008; Li et al. 2005]. They
also have potential applications in high-temperature superconductor cables in space solar energy stations.
Applications of the thermoelectric conversion technology is calling for high efficiency thermoelectric ma-
terials [Huang and Duang 2000; Tian et al. 2015]. Thus thermoelectric materials have attracted attentions
in the field of materials science. Zhang et al. [2018b] successfully realized n-type BiCuSeO and Seebeck
coefficient of BiCuSeO was improved through introducing extra Bi/Cu to fill the Bi/Cu vacancies. Pothin
et al. [2018] finished theoretical and experimental work on the tellurium doping of thermoelectric ZnSb
and investigated the influence of tellurium on the phase stabilities. In addition, the requirements of
structural strength and reliability of the thermoelectric intelligent devices call for a better understanding
of the mechanics properties. Thus stress analysis of thermoelectric materials has attracted more and more
attentions. A theoretical model to analyze the thermoelectric conversion efficiency of a cracked material
provided by Zhang et al. [2017a]. Later, they also studied the effect of cracking on the thermoelectric
properties under combined electrical and temperature loadings [2017b]. Song et al. [2018] analyzed
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the thermoelectric field near an elliptic inhomogeneity in an open circuit by using the complex-variable
method. Wang [2015] studied effective material properties of thermoelectric composite materials with
elliptical fibers. Liu et al. [2017a] provided a mechanical model of a thermoelectric thin film bonded
to an elastic substrate. Applications of the thermoelectric conversion techniques in spacecraft have also
attracted more and more attentions. The reason is that when the spacecraft cruise at high velocity, there
is a severe heating on their outer surface. However, for safe operation, the temperature on the interior
of the spacecraft should not be too high. As a result, there is the large temperature difference between
the in-wall and the outer surface of spacecraft. It is the prerequisite of the use of the thermoelectric
conversion techniques. In addition, the features of thermoelectric materials and devices make them very
attractive for meeting the need of the thermal protection system of spacecraft. For example, the features
of them include large operating temperature range, easy to control, reliable operation, layout flexibility,
adaptability.

Thermoelectric cylindrical and spherical shells are more and more applied to the thermoelectric devices
and many researchers studied them in recent years. Yang et al. [2014] obtained thermoelectric field distri-
butions in both homogeneous shell and core-shell composites and analyzed the effective thermoelectric
properties of the core-shell composites. Zhang et al. [2018a] studied the effects of interface layers on
the performance of annular thermoelectric generators. Liu et al. [2018] presented a transient model to
investigate the dynamic characteristics of laminated thermoelectric cylindrical shells and studied the tran-
sient thermal stress fields. In engineering practice, the temperature at the outer surface of thermoelectric
spherical shell may be suddenly increased, such as for thermal protection system [Hegde et al. 2012; Lu
and Liu 2012]. In order to make the design of thermoelectric devices satisfy the requirements of structural
strength, dynamic characteristics of thermoelectric spherical shell should be studied. Suggested by the
previous studies [Ching and Chen 2007; Frostig and Thomsen 2007; Qin 2005; Qiu et al. 2018; Wu et al.
2016], the transient thermal stress in the thermoelectric shell structures should be researched. In addition,
laminated thermoelectric shells attract more and more attention [Liu et al. 2018; Yang et al. 2014]. The
dynamic characteristics of laminated spherical shells of thermoelectric materials should be also studied.
To our best knowledge, investigation of transient characteristics of homogeneous thermoelectric spherical
shell and laminated thermoelectric spherical shells is very limited.

The aim of current paper is to propose a transient model to study the transient temperature and thermal
stress fields in both homogeneous and laminated thermoelectric spherical shells. By using the technique
of separation of variables, we obtain the solutions for temperatures at the steady-state and the transient-
state. Some numerical calculations are performed to study the transient characteristics of spherical shell.
The influences of applied electric current density, thermal conductivity and the thickness of laminated
spherical shells on the temperature field and thermal stress filed are investigated. This research can
provide some guidelines for the design and optimization of thermoelectric shell devices.

2. Transient model of the homogeneous thermoelectric spherical shell

Figure 1 shows a homogeneous thermoelectric spherical shell, where r is the radial coordinate (radius),
r1 1s the internal radius and r, is the external radius of thermoelectric shell. Note that ¢ denotes time.
Assume that thermoelectric shell is at an initial constant temperature 77. For time ¢ > 0, the temperature
of external surface (r = r;) is changed to 7> and kept at 7,. For thermoelectric materials, the basic
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governing equations in transient state can be expressed as [Wang 2017]

V.j=0, (D
—V~q—j-VV:,0caa—7;, ()
j=-0VV —0osVT, 3)
q=—0sTVT — (« +0s°T)VT, 4)

where T and V are, respectively, temperature and electric potential; j and ¢q are, respectively, electric
current density and heat flux vector; o, k, s, p and c are, respectively, electric conductivity, thermal
conductivity, Seebeck coefficient, mass density and specific heat. In this work, the symmetric problem
is considered so that temperature, electric potential and electric current density depend only on radial
coordinate r. The governing equation for electric current density is rewritten as dj/dr 4+2j/r =0, where
j is the magnitude of current density. As a result, j can be obtained as j = C/r>. A special case is
considered and applied electric current density is independent on time, therefore C is a constant. From
(1) to (4), the governing equation for transient temperature can be obtained as

2 aT
vir4 P2 5)
Ko Kk ot
For 1-D problem of T (r, t), equation (5) can be rewritten as
1 92 i pcdT
-—— TN+ —=——. 6
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The solution to (6) can be expressed as T'(r,t) = T;(r) + Ty (r, t), where T;(r) is the steady part of
the solution, 7} (r, t) is the transient part of the solution. Subscripts s and /4 denote the steady and the
transient part, respectively. For 1-D problem of 7 (), the governing equation can be expressed as

1 d2 j2
-—(T)+-—=0, (7
rdr KO

and boundary conditions are T (ry) = T} and T;(r;) = T,. For 1-D problem of Tj,(r, t), the governing
equation can be expressed as

? _ pcdTy
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and corresponding boundary conditions are 73, (r1, t) = 0 and T}, (7, t) = 0, initial condition is 7 (r, 0) =
T, — T (r). New variables W (r) and W(r, s) are introduced by the transform W;(r) = rT;(r) and
Wi (r,t) = rTy(r, t). Thus (7) and (8) can be rewritten as
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Thermoelectric
spherical shell

Figure 1. The homogeneous thermoelectric spherical shell.

2.1. The temperature field. Substituting the expression of j into (9) gives
c? 1
Wy=———+Cir+0Cs, (11
2k0 1

where C; and C, are unknown constants. From boundary conditions C; and C, can be solved as

i‘sz — I T] C2 C2
C= - , Cr=rT+ —Cyry. (12)
ry — 1 2rirp Ko 2riko
The solution to (10) can be expressed as [Hahn and Ozisik 2012]
o I
K s 2 . 2
Wir)=_ exp(——ﬂnr) sin(Bur) / sin(B,r)[r Ty — Wi(r)] dr, (13)
el pc rp—r 1

where B8, =nn/(ro—ry), n=1,2,3,.... Thus T (r, t) can be obtained as 7' (r, t) = [Ws(r)+ Wy (r, t)]/r.

2.2. The thermal stress field. In this case, only radial strain &, and hoop strain &4 are nonzero. The
expressions of them are, respectively, &, = du/dr and g9 = u/r, where u is radial displacement. The
equation of stress equilibrium is do, /dr 4+ 2(o, + gy)/r = 0. Stress-strain equations are

E
Oy =m[(l—U)8r+2V89—(1+V)OlAT], (143)
E [eo + ve, — (1 +v) 2 AT, (14b)

%= Trna—2v)

where E, v and o are Young’s modulus, Poisson’s ratio and thermal expansion coefficient of the ther-
moelectric spherical shell, respectively. Note that AT is temperature increment measured relative to the
initial temperature, which can be expressed as AT = T (r, t) — T in this case. Substituting (14a), (14b)
and the expressions of ¢, and gy into equilibrium equation gives

darld . ]_1+ d
dr[r2 dr (ru) | = 1—v%ar (AT). (15)
The solution to (15) is
1 r
__tve ATrzdr—l—ar—i—%. (16)
l—vr?2 J, r
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spherical shell B
spherical shell A

Figure 2. The laminated thermoelectric spherical shells.

Thus (14a) and (14b) can be rewritten as

2E 1 (7 5 Ea 1 2Eb

T ,IATr dr+1—2v_r_31+v’ (172)
aFE 1 [ ) Ea 1 Ea o EAT
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where a and b are constants. When internal and external surfaces of the shell are stress free, a and b can

be obtained as ;

2(1 =2v)b 1 2

g=20=20b oy _olddy) 7 3/ ATFdr. (18a)
r1(1—|—v) 1—v ry =717 Jr

When internal surface of shell is fixed and external surface is stress free, a and b can be obtained as

b 2 1—20)(14+v)r? r2
0= 2, b= _ o . ( )( + )rl . f ATrzdr. (lgb)
r; L=v[rs(14+v)+2(1-2v)r71Jy
When both internal and external surfaces of shell are fixed, a and b can be obtained as
b 1 3 r
a=-—, b=— +v%/‘ ATr2dr. (18¢)
rl 1 -V rl - 7"2 ri

3. The transient model of the laminated thermoelectric spherical shell

As shown in Figure 2, laminated thermoelectric spherical shell is considered which consists of two
homogeneous thermoelectric shells, A and B. The interface of the two shells is at r;. Note that r; and r,
express, respectively, the internal radius of spherical shell A and the external radius of spherical shell B.
Assume that initially the laminated thermoelectric spherical shell is at a constant temperature 7. For
time ¢ > 0, temperature of the external surface of shell B (r = r) is changed to 7, and kept at 7.
Similar to the method in Section 2, the temperature field of shell A is Ta(r, t) = Tas(r) + Tan(r, t) and
temperature field of shell B is T (r, t) = Tgs(r) + Tgi (7, t). The subscripts A and B denote, respectively,
the shell A and shell B.

3.1. The temperature field. Similar to the method in Section 2, new variables W, (r), Wgy(r) are intro-
duced by the transform Wa,(r) = rTas(r) and Wgs(r) = r T, (r). These new variables should satisfy (9).
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The expressions of them can be obtained as

c2 1 Cg 1
Wi, = — -4+ Ca1r+Ca2, Wpy=— -+ Cg1r +Cga, (19)
2KAOA T 2kpop r

where Ca1, Caz, Cp1 and Cpp are constants; oa, ka, Sa, are, respectively, electric conductivity, thermal
conductivity and Seebeck coefficient of spherical shell A, and og, kB, sB, are, respectively, electric con-
ductivity, thermal conductivity and Seebeck coefficient of spherical shell B. From boundary conditions
we have the equations as

c? 1 C?

1
— 4+ Ca1r1 +Ca2, rnh=-— — 4+ Cgir2 + Cgo. (20a)
2KAOA T 2K OB 1

rT =—

In addition, temperature, electric current density and heat flux are continuous at the interface [Yang et al.
2014], we have the equation as

cz 1 Cci 1
— —+Ca1ri +Car = — — +Cgyri +Cga2, (20b)
2KAOA T 2KB OB i
Cho=Cg=C, (20¢)
(SATAs ja — KAV TAs) |r=r,= (s8TBs jB — KBV TB¢) | =r; - (20d)

From (20a) to (20d), Ca1, Caz, Cg1 and Cg; can be obtained as

2 2
kpril1+13)(r; —r C
Car=— Cprili+ 150 2)2, Croo=nT+———Cairi, (21a)
Co(ri —r2) + (ri —ri)ker; 2rikA0A
ri —ri C?
Cp1 =T1+Cai , Cpr=rTr+ —— —Cgi12, (21b)
ri —rp 21’2/(]30’]3
where
T —nrT rp—ry  rp—r; C?
= +< l + l) , To=C(sa—sp)(ri—r1)—[(ka—kp)ri+«kgrilri,
ri—1nr rikaOA  T2kgop ) 2ri(ri —1r2)
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I'3 = : [C(sa —sB) +ri(ka — k)] +r1Ti[C(sa —sB) +ri(ka —KkB)].
20408 2ririKACA

Similar to Section 2.1, Ta(r, t) and Tgj, (7, ¢) should satisfy (8). The boundary conditions and contin-
uous conditions are

Tan(ri, t > 0) =0, (22a)
Tan(ri, t > 0) =Tgy(ri, t > 0), (22b)

0TAn(r, t 0Tgn(r, t
KAAg—i’")sz%, r=r, >0, (22¢)
Tan(ra, ¢ > 0) = 0. (22d)

The initial conditions for T, (r, t) and Ty, (r, t) are

Tan(r,0) =Ty — Tas(r), Tu(r,0) =T1 — Tgs(r). (23)
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Tap(r,t) and Tgy (r, t) are [Hahn and Ozi§ik 2012]

Tan(r, z)-Zexp( B m(r)

n=1
r

X {pACA/ I”Z(pAn(’”)[Tl — Tas(r)]dr +,OBCB/ 2o (r)[T) — TBs(r)]dr}s (24a)

r Ti
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n=1
r

X {pAcA / P20an(NIT — Tas (M) dr + paes / 2o (r)[T1 — Tay(r)] dr}, (24b)

rl ri

where pa, ca are, respectively, mass density and specific heat of spherical shell A, pg, cp are, respectively,
mass density and specific heat of spherical shell B, and

ri &)
N, = ,OACA/ rloa, (r)dr +PBCB/ r2 g, (r)dr,
ry ri

(pAn=A1nlSiIl P +Blnlcos P r, @Bn=A2nlSiIl P +anlcos Pn rl,
r 4/Ct)A A/ WA r 4/C()B ~/ (VB

where Ay,, Bi,, A2y, Bon, By are the unknown constants and wa = xa/(paca), wp = kp/(PBCB). Aln,
By, Aa,, By, and B, are listed in Appendix A. Thus T (r, t) and T (r, t) can be obtained as Ta(r, t) =
Was(r)/r + Tan(r, t) and Tg(r, t) = Wy (r)/r + Tpp(r, 1).

3.2. The thermal stress field. Similar to the method in Section 2.2, displacement and stresses in ther-
moelectric spherical shell A and B can be obtained as

1 b
Up = +VAO£§‘ ATAr dr+a11r+ (25a)
I—va r= J,
2AEA 1 E 1 2EAD
opy = — AL ATArzd AGL  STAT (25b)
l—l)Al’2 1 —2vp r3 14+ va
Ex 1 1 Epb EANAT,
s = OALA = ATAerr+ Enay; AD12  oALA A’ (25¢)
1—var 1—2va r31—|—vA 1 —va
1+ b
ug = “B oq; ATBr dr—l—az]r—i— (26a)
1—vgr ri
20lBEB 1 2 EBLQ] 1 2EBb22
= — AT d - — , 26b
B 1—vg r3 ), Br r+1—2vB r3 1+vp (26b)
O{BEB 1 2 EBa21 1 EBbzz OlBEBATB
AT d 26¢
oBo = 1—vgrd ) B7 r+1—2vB Pl4+vg 1—up (26c)

where a1, b2, ar; and by, are unknown constants; Ea, va and ap are, respectively, Young’s modulus,
Poisson’s ratio and thermal expansion coefficient of spherical shell A, and Eg, vg and ap are, respectively,
Young’s modulus, Poisson’s ratio and thermal expansion coefficient of spherical shell B. Assumed that



330 YUE LIU, KAIFA WANG AND BAOLIN WANG

s(VK™) oSm™) «(Wm 'K pkegm™3) cUkg 'K a(K') E(GPa) v

x107° x 103 x 1073
Shell A 200 110 1.6 7740 154.4 1.68 47 03
Shell B 233 47.2 1.22 6760 190 0.42 160 04

Table 1. Thermoelectric properties of thermoelectric spherical shells A and B
[Antonova and Looman 2005; Clin et al. 2009; Gao et al. 2011; Jin 2013; Yang et al.
2014].

radial displacement and radial stress of spherical shell A and B are continuous at the interface. It means
ua(r;) =ug(r;) and oa,(r;) = o, (r;). a1, b12, ap; and by, are listed in Appendix B.

4. Numerical examples and discussions

The internal and external radii of thermoelectric spherical shell are, respectively, assumed as r; = 0.05m
and r, = 0.055 m, as shown in Figure 1. For laminated spherical shells, the internal and external radii
are, respectively, assumed as r; = 0.05 m and r, = 0.055 m as shown in Figure 2. The material properties
of thermoelectric spherical shell A and shell B are listed in Table 1 [Antonova and Looman 2005; Clin
et al. 2009; Gao et al. 2011; Jin 2013; Liu et al. 2017b; Yang et al. 2014]. In addition, assume that
material properties of homogeneous thermoelectric spherical shell are the same as thermoelectric shell A
in Table 1. Assume that temperature applied on internal surface 77 is equal to 300 K and temperature
applied on the external surface 7, is equal to 1300 K. In addition, V) is applied electric potential on
internal surface and value of V; is assumed to be zero. A typical value of the electric current density
Jo=3x 10° Am—2 [Wang 2017] is used as the reference value. Assume that the reference electric current
density is applied on internal surface of spherical shell. Thus the value of reference constant Cy is equal
to 7500.

4.1. The transient temperature field. Figure 3 shows the temperature profile of homogeneous thermo-
electric spherical shell. It is noted that in Figure 3 the normalized current density j/jo is assumed to
be 1. It shows that temperatures gradually increase with time and become almost steady as time exceeds
20 s in current case. The distribution of temperature is nonlinear, due to Joule heating. Figure 4 shows
the influence of applied electric current density on steady-state temperature field of homogeneous ther-
moelectric spherical shell. Clearly, temperature profiles for positive electric current and negative electric
current are almost coincident. This means that direction of applied electric current density does not
affect the temperature distribution. The reason is that temperature field of homogeneous thermoelectric
spherical shell is affected by the square of applied electric current density j, which can be found from
the equation (11).

Figure 5 shows the temperature profile of laminated thermoelectric spherical shells. The normalized
electric current density j/jo is assumed to be 1. In this case, temperature increases with time and finally
approaches the steady state when time exceeds 20 s. Figure 6 shows the effect of electric current density
on steady-state temperature field of laminated thermoelectric spherical shell. Due to thermoelectric effect,
heat flux in thermoelectric material is obtained as g = s7j —« VT, which is affected by electric current
density j. For laminated thermoelectric spherical shells, continuous condition of heat flux is that g = g
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Figure 3. Distribution of transient temperature in homogeneous thermoelectric spheri-

cal shell for j/jo = 1.

at interface. On the other hand, temperature field is affected by the square of electric current density j
which can be found from governing equation (9). Thus temperature field of laminated spherical shells
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Figure 4. The influence of applied current density on the temperature field of homoge-
neous thermoelectric spherical shell under steady state.
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Figure 5. Distribution of transient temperature in laminated thermoelectric spherical
shell for j/jo=1.

is dependent on the first and second power of electric current density. Both direction and magnitude
of applied current density can affect temperature distribution. If Seebeck coefficient s is equal to zero
(ignore thermoelectric effect), heat flux will be independent of j and temperature field will be affected
only by the second power of electric current density.

4.2. The transient thermal stress field. Considering the most common practical situation, the radial
stresses at the both internal and external surfaces are assumed to be zero in this subsection. Since the
maximum hoop stress is higher than that of radial stress in this case, only distributions of hoop stress are
given. As mentioned above, temperature field keep almost steady state as time is greater than 20s. In
addition, the change of temperature field is obvious with time ¢ varying from Os to 10 s and when time ¢
varying from 10 s to 20, the change of temperature field is not obvious. Thus the dynamic variations of
hoop stress from Os to 10s are given in this subsection.

Figure 7 shows dynamic hoop stress variations at internal and external surfaces of the homogeneous
thermoelectric spherical shell. Since temperature applied on external surface 7, is higher than initial
temperature (hot shock), the region near external surface (r;) is in compressive, whereas a tensile zone
is developed at internal surface (r1). Before temperature of spherical shell reaches the steady-state, hoop
stress at external surface decreases with time and hoop stress at internal surface increases with time. The
transient thermal stress field for positive current density is the same as that for the negative current density.
In current case, the maximum compressive stress is at r, when time is equal to zero and the maximum
tensile stress is at r; when the stress field reaches steady state. Figure 8 shows dynamic hoop stress
variations at interface, internal and external surfaces of laminated thermoelectric spherical shells. When
temperature on external surface (r;) is changed to 7> (73 > initial temperature), the region near external
surface of shell B (r,) is in compressive, whereas a tensile zone is developed at interface of shell B (7;).
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Figure 6. The influence of applied current density on the temperature field of laminated
thermoelectric spherical shell under steady state.

Due to continuous condition at interface, interface of shell A (7;) is in tensile in a short time after hot
shock (f < 0.5s). When temperature of laminated spherical shells reaches the steady-state, shell A and
shell B at interface have the same temperature. In current case, thermal expansion coefficient of shell A
is bigger than that of shell B. Thus interface surface of shell A is in compressive at steady-state. Hoop
stress at interface oag(r;, t) therefore is tensile at the beginning and finally is compressive. Temperature
distribution is dependent on both direction and magnitude of applied current density. Thus the transient
thermal stress profiles for positive current density is different from that for negative electric current, as
shown in Figure 8. In this case, the maximum compressive stress is at external surface of shell B ()
when time is equal to zero and the maximum tensile stress is at interface of shell B (r;) when the stress
field reaches steady state.

4.3. The influences of thermal conductivity. Many studies show that reducing the thermal conductivity
can improve the thermoelectric figure of merit (Z7) but it can also cause thermomechanical issues [Kim
et al. 2016]. Thus the influence of thermal conductivity on the thermal stress field should be studied.
Figure 9 shows the influence of thermal conductivity on the maximum compressive and tensile hoop
stresses. Note that in Figure 9, oy (ry, 0) and sgs(r;) are the maximum compressive hoop stress and
maximum tensile hoop stress in the shells, respectively. It can be seen that if applied electric current
density increases and thermal conductivity decreases, the maximum compressive stress decreases but
the maximum tensile stress increases. Influence of thermal conductivity on the maximum tensile stress
is more significant than that on the maximum compressive stress. This means that even though lowing
thermal conductivity can enhance the thermoelectric figure of merit (Z7), it is also likely to cause
the structural reliability concerns. Therefore, when we design thermoelectric spherical shell devices, a
balance between the thermoelectric performance and structural reliability issue should be made.
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Figure 7. The dynamic hoop stress variations at the internal and external surfaces of
homogeneous thermoelectric spherical shell (the applied temperature at the internal and
external surfaces of shell are, respectively, 300 K and 1300 K).

Figures 10 and 11 show the influence of thermal conductivity on maximum tensile hoop stress and
maximum compressive hoop stress of laminated spherical shells, respectively. Note that opg,(7;) is the
maximum tensile hoop stress of laminated shells in Figure 10 and opg (12, 0) is the maximum compressive

800

600

400

200
[/

—-200

—-400

;9 and op, [MPa]

-s0f n s VT
G (i )

00 dash-dotted lines: Jj/jo=-1

g (7, 1) broken lines: J1jp=1

solid lines: Jlig=

—1000

~1200 I I I I I I I I I

t [s]

Figure 8. The dynamic hoop stress variations at the interface and the internal and exter-
nal surfaces of laminated thermoelectric spherical shells (the applied temperature at the
internal and external surfaces of shell are, respectively, 300 K and 1300 K).
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Figure 9. The influence of thermal conductivity on the maximum compressive and ten-

sile hoop stresses in homogeneous thermoelectric spherical shell (jo = Co/r? where
Co=7500, ko= 1.6 Wm~ 'K~ 1).

hoop stress of laminated shells in Figure 11. For laminated thermoelectric spherical shells, temperature
is a function of the first and second power of electric current density j. In current case, maximum
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Figure 10. The influence of thermal conductivity on the maximum tensile hoop stress

in laminated thermoelectric spherical shells (jo = Co/ r? where Cy = 7500, ko =
1.6Wm~'K™).
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Figure 11. The influence of thermal conductivity on the maximum compressive hoop
stress in laminated thermoelectric spherical shells (jo = Cy/ r? where Coy = 7500, ko =
1L.6Wm™'K™.

tensile hoop stress reaches the lowest value when the value of j/jo is around 0.2. When the thermal
conductivity ratio of shell A to shell B increases, the maximum tensile hoop stress increases and the
maximum compressive hoop stress decreases.

4.4. The influences of the thickness of laminated shells. Figures 12 and 13 show, respectively, influ-
ence of the thickness of laminated shells on the maximum tensile and compressive hoop stresses. When
the laminated thermoelectric spherical shells are used in thermal protection system of supersonic space
shuttles, there is the large temperature difference between external surface and internal surface. Thus
assumed that 7 is equal to 1300 K and 1600 K and 7} is equal to 300 K in this subsection. As mentioned
above, opys (r;) and opg (2, 0) are, respectively, the maximum tensile and compressive hoop stresses of
laminated shells in Figures 12 and 13. It is noted that increasing r; means that the radial thickness of
shell B becomes thinner and that of shell A becomes thicker when the radii of internal and external
surfaces keep constant. The value of maximum tensile stress is the lowest when the interface is on the
middle of laminated shell. It is noted that these lines do not intersect at one point for 7, = 1300K or
1600 K, as shown in Figure 13.

5. Conclusion

This work constructs a transient mechanical model for laminated thermoelectric spherical shells, con-
sidering the coupling of the heat transfer and electric conduction. Notably, a computational code with
good human-machine dialogue interface was developed. The code allows us to graphically input data
and output the results. The models can evaluate the thermal and mechanical characteristics of materials
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for temperatures higher than 1300 K, which are very possibly happen thermal protection system of future
supersonic space shuttle, and for temperatures as low as 77 K that is possible for high-temperature su-
perconductors in space solar energy station. Numerical results show that specifying the applied electric
current density may reduce the maximum tensile stress in the laminated shells. For laminated spherical
shells, additional attention for the thermal conductivity ratio of shell A to shell B should be paid. If the
thermal conductivity ratio of laminated shells increases, the maximum tensile hoop stress increases but
the maximum compressive hoop stress decreases.

Appendix A

First, pa, and ¢p, should satisfy the following equations [Hahn and Ozi§ik 2012]

@an(r1) =0, (A1)

©an(ri) = @Ba(ri), (A2)

x dwzr;(r) . dfpl(aiy;(r) . A3)
@Bn(r2) =0. (A4)

Substituting @4, (r) and ¢, (r) into (Al) to (A4) gives

0=A1,,lsin( P )—i—Bln—cos( P ) (AS5)
r M
1 A 1 i 1 1 n
Al,,r—isin(\Z}_Ar,‘)+B],,r—icos(«/ﬁf_A ) Az,,_ (\/w_B )+ zn—cos(j;o_Bri), (A6)
K—AAln [i cos(irl) _1 sin(ir,)]
KB Joa NN i Joa
—K—AB [lcos( r)—{— P sin(
ke L \Vaa ') Jon
=A2n|:ﬁcos< Pn ri>—lsin< Pn rl-)]
—an[lcos( el r,»)—l— el Sin( P r,-)], (A7)
i \es ') Jos  \Jas
0=A lsin< P r>+B icos< P r) (A8)
- 2nr2 «/(U_B 2 2nr2 «/CU_B 2]

Without loss of generality, we choose Ay, = 1 [Hahn and Ozisik 2012] and A1, B;,, A2, and B,, can
be obtained as

5?
>

=
v
| I—

Ap =1, (A9)

r1>, (A10)

Bn
By, = —tan
1n ( ’_CUA
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_cos(Bn/Jwari) tan(B,/Jwar) —sin(Bn/ /oA Ti)

n = - s All
N o5 (BafJ 11) @B JoD 72) — SinBaJ 1) (Al
By, = —Ay, tan(j;;_B r2> . (A12)

Equations (AS), (A6), (A7) and (A8) can be expressed in the matrix form. From the requirement that
determinant of the coefficients in the matrix should be zero, values of 5, can be obtained.

Appendix B

Three different boundary conditions are considered: Case 1, both internal and external surfaces of lami-
nated thermoelectric spherical shell are stress free; Case 2, internal surface of shell is fixed, and external
surface is stress free; Case 3, both internal and external surfaces of shell are fixed. a1, b12, a1 and by
are

ajy = Q1by, (B1)
riS%3—As Ay
b= 28T A5 A2, B2
12 A +Al 2 (B2)
a1 = Q23+ Qobx, (B3)
A Ag+ A3(ri 23 — As) — Q3A 1A
byy = D140 3(riS23 — As) — Q37 7 (B4)
AiAg—ArA3
where
1 1 EAS2 1 2Ea Eg<2 1 2Eg
AM=riQ+—, MAM=r+—, Az= S . Ag= N ,
L= 1+ri2 2= 2+rl.2 ST 120, r? 14va YT 2 r? 1+
1+v i 2apaEx 1 (7 E
As=-T A AT Rdr, Ae= -2 AT A= 2
L—varf Jy I_VA”;' " 1—2vp
2(1—2vp) 2(1-2vp)
Q= FITrCE for case 1, Q, = pTER for case 1 and case 2,
—r%, for case 2 and case 3, —r%, for case 3,
1 2
%:;”B)r% "ATgr*dr, for case 1 and case 2,
Q3 = 2 7
—t‘v)g‘:—?frr,zATBrzdr, for case 3.
2 1
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