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Steady Thermal Stresses in a Functionally Graded Cylinder
with an Eccentric Hole

Manabu Ohmichi”

(Received September 30, 2014)

Abstract

Steady thermal stresses in a functionally graded cylinder with an eccentric hole are investigated by using the

stress function. Two cylindrical coordinates (R, ¢) and (r, 8) are used to formulate the basic equations in terms of a stress

function. The thermal conductivity &, the Young’s modulus £, and the coefficient of linear thermal expansion « are

expressed by the power law of the radius of the outer circle. The unknown coefficients in the stress function are determined

by using both the boundary conditions and the conditions of single-valuedness of rotation and displacements for non-

homogeneous materials. The outer boundary conditions are satisfied strictly, whereas the boundary conditions of the

eccentric hole are satisfied numerically using the point-matching method. The numerical calculations were performed for

Zr0O,/Ti-6Al-4V functionally graded materials.

Keywords : Conditions of single-valuedness, Non-homogeneous materials, Functionally graded materials (FGMs), Stress

function method, Steady thermal stresses

1. Introduction

Functionally graded materials (FGMs) have the remarkable
characteristics of thermal insulation and mechanical
toughness at high-temperature. They are realized by varying
the composites from metal to ceramics continuously. Many
kinds of thermal stresses problems for FGMs have been
studied by many investigators. Noda" presented the first
overview of FGMs taking into consideration the effects of
temperature dependency of the material properties on thermal
stresses and clarified the crack patterns of the edge crack
and parallel crack in a semi-infinite body. Encyclopedia of
thermal stresses edited by Hetnarski” contains many entries
in the recent works for FGMs. In order to investigate the
direction of maximum stress around the inclusions or arbitrary
shaped holes, it is necessary to treat the models with oblique
boundaries to the functional graduation. Ohmichi and Noda®
analyzed two-dimensional heat conduction problem in a
functionally graded material plate (FGMP) and presented the
effects of oblique angles of thermal stresses in FGMs using

Fourier series. After the research of temperature, Ohmichi

and Noda” investigated thermal stresses in the semi-infinite
body by using stress function and clarified the effects of
oblique angles in semi-infinite body. Ohmichi and Noda® also
reported the effects of oblique angles for the plate subjected
to thermal load by using stress function. Batra and Nie®
analyzed the deformations of functionally graded eccentric
and non-axisymmetrically loaded circular cylinders subjected
to mechanical pressure. Batra and Nie” also investigated the
stresses in a functionally graded hollow circular cylinder with
elliptic inner surface subjected to mechanical load. Nie and
Batra® employed the Airy stress function to derive analytical
solutions for plane strain static deformations of a functionally
graded hollow circular cylinder assuming the Young’s
modulus £ and the Poison’s ratio v are the functions of radius
r.

When thermal stress problems in the multi-connected body
of FGMs are discussed, the conditions of single-valuedness
of rotation and displacements should be considered. Ohmichi
and Noda” have discussed the conditions of single-valuedness
of rotation and displacements for thermal stress problems in

the multi-connected body of FGMs.
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In this contribution, the steady thermal stresses in a hollow
cylinder with an eccentric hole using stress function are
analyzed. The effects of the offset e, the thermal conductivity
k, the coefficient of linear thermal expansion «a, the Young’s
modulus E, and the inner radius ¢ on thermal stresses were

clarified.

2. Steady temperature for non-homogeneous materials

Consider a functionally graded cylinder with an eccentric
hole shown in Fig.1. Two polar coordinate systems (R, ¢) and
(r, 0) are used to express the outer and eccentric inner circles.
The corresponding origins are O and O’, radii of them are b

and a, respectively and the offset of two circles is e.

Inner Y Outer
y
boundary boundary
=0 =1
o =0 O ke orr=0
*rr R RR
%6 a P r o O =10
¢
0| 0| N, ke X
>
b

Fig.1 A functionally graded cylinder with an eccentric hole

The equation of two-dimensional transient heat conduction

for non-homogeneous materials in the coordinate system (R,
@) is

k(R OT 1 k(R OT |
R R R 0 0o

where T is the temperature at time ¢, p is the density, c is the

kPR S =HRAVT 0

specific heat, and k is thermal conductivity and W is the rate
of internal heat generation per unit time per unit volume.
These material properties depend on the position (R, ¢), and
the Laplacian is given by

, @ 108 1 &

=ttt 2
OR® ROR R’ o4’ @)

When the thermal conductivity k in Eq. (1) is solely a function

of R under steady-state conditions without internal heat
generation, Eq. (1) reduces to

L Ldk(R) T _

v’T =
k dR OR

3)

Here, assume that the thermal conductivity is expressed by the

equation

k(R) = k,R" 4

where m is the constant determined as follows. As shown in
Fig.1, the thermal conductivity at R = b on the outer boundary
is that of ceramics and the thermal conductivity at » = a and

6=0° on the inner boundary is that of metal:

k=k,=k(a—e)" (for

( for ceramics )

metal ),

k =k = k,b" )

Here, the condition e + a < b must be satisfied.
The constant m is obtained by eliminating &, in Egs. (5),

__In(k,/k,)

" = Inl(a-e)/b] ©

Differentiating Eq. (4) with respect to R yields

1dk _ kymR"  m

kdR  kR" R

@)
Then, Eq. (3) becomes

T m+10T 1 &T
+ — —_— =
> R OR R o4’

(®)
The general solutions of Eq. (8) are

T'(R',$)=A4,+B,InR + ) [(4,R" + B R ")cosng

n=1

+(A'R" +B'R ")sinng] (for m=0)

C,,R™"+D,,+ > [(C, R +D, R*")cosng

mn

T'(R'.¢$)=

n=l

+(C,, R + D, R™)sinng] (for m=0) ©)

c. .D, ,C . and

mn> mns mn>

Where AOa BOa Ana Bn: A B’m CmO: DmO:

ns

D, are unknown constants, # is an integer, m is given by Eq.

(6), and 4 ~and j,  are characteristic roots expressed as
n -

2
oo
\ 4

Furthermore, R and T are the non-dimensional radius and

follows

2
m m m
/llmn:_?‘i‘ T+n2,ﬁ,2mn=———

5 (10)

non-dimensional temperature change, respectively:
£ 11
b 2 ( )

where Tj is the reference temperature.



The boundary conditions for the non-dimensional

temperatures on the outer and inner surface are given as

follows.
T'(R',§)=1 on R =1 (12)
T°"(r,0)=0 on r'=a’ (13)
where
N
r=—,a =— 14
b b (14)

Substituting Eqgs. (9) in (12) yields:

+i[(An+B”)cosn¢+(A;+B;)sinn¢]:l (for m=0)

n=l

Cm 0

(for m#0) (15)

mn mn

+D,,+YI(C,, +D,,)cosng+(C,, + D, )sinng]=1
n=l

which results in

4,=1, B,=—A,, B, =-4 (for m=0)

D (for m=#0)

mo =

-C.,.D

m0 2 ~mn

=

mn >

D, =-C, (16)

Then, the temperature distributions given by Egs. (9) reduce

to

T'(R',§)=1+B,InR"+ > [4,(R" -~ R™")cosng

n=l

+4/(R" = R™")sinng] (for m=0)

T'(R',$)=1+C,o(R™" =1+ Y [C,, (R ~ R

n=1

) cos ng

+C!, (R m —

mn

R )sin ng] (for m=0)

a7
From the inner boundary condition Eq. (13) and Eqgs. (17), we

obtain

T'(p'.$)=1+4B,Inp + 2[An(p*" — p™")cosng

+4,(p™ = p")sinng] = (for m=0)

T =1+ Colp ™ D+ 3 (€, (04 ) eos np

+C,,, (o7 = pm)sinng] =0 (for m=0)  (18)
where

p = Ja?+e? —2a°¢ cosf (19)

The remaining unknown coefficients, By, 4,, A, Coo> Coms

ns

and C’,,, are determined numerically from the inner boundary

condition Eq. (13) using the point matching method.

3. Thermal stresses for non-homogeneous materials

The equilibrium equations for plane problems without the

body force in the polar coordinate (R, ¢) are given by

00, 180‘¢R C.,.—O

RR o _ 0
OR R d¢ R
0 0
ﬂ+iﬂ+2ﬂ:0 (20)
OR R d¢ R
The strains are related to the displacements by
Ou,, _uy 1 0u, 1.1 6u, Ou,
=k ¢ S 6y = —£ -4 21
TR R RO s 2(R6¢ R R)( )

where 1, and u, denote the components of displacement. The

compatibility equation in terms of strain components is

5 82(R5R¢) _ 0’6, R 62(R8¢¢) 1 0¢g 22)
ORO$ o OR® R OR
The constitutive relations are
1 1 I+v
E =E(0RR -vo,)tal, ¢, :E(% —vo)tal, &, :Tcr,w (23)

where 7 is the temperature change, E is the Young’s modulus,
o is the coefficient of linear thermal expansion, and v is the
Poisson's ratio. The material properties (£, o, v) depend on
the position (R, ¢).

Furthermore, we introduce the stress function y, which
automatically satisfies the equilibrium equations (20)

1 6){ 1 0y 6;( Loy 1 'y

5 5 = ~ 24
Tu TRk Ko T aw T R og Romog

Substituting Eqs. (24) in Eqs. (23) yields components of

strains expressed by the stress function.

2 2
smzl(—va—;£+ Lox 12 aZ)+01T
£ VoR "RoR TR op
1 0y vo v &
L Sy (3)
E O0R® ROR R’ og
1+v 1 &’y 1 0y
Epg = ( 3 )
E ' RORO$ R’ 04

Substituting Eqs. (25) in Eq. (22) leads to the governing
equation that must be satisfied by the stress function y for

non-homogeneous materials.

4o

R 04’

10°E v-20E 2 0E,
Tt )

E0R

4 3 2 4 3 4
dy 20y 16;{+2 dy 2 0y +i6l Lo,“

R ROR R'OR' R OR'G4" R ORo§' R'GR R of'

QEPy 2 0E Py 2 OE Oy
EOROR' ER 0¢ OR°09 ER’ OR ORO§’

+[ +—
ER OR E° OR
lov v 0E 2w

. ~ 2 GEdv 1 3. 3y
ROR ER’ 04 EZR“ E)

ER 04 09 R 6¢2]6R2

Ly

(l+v)8E6E A4v) E 2 Edv 27v8£_ 2 6581/ 28 dov iy

FF M IR g IRR% IR IR RaRog R op oRig




(VOE YoEdv 1 0E 0B, 1 FE 2 GE, iﬂal?i@j@jz
e “maa wa R EROf ER 6 RATR ER 0oy
v OE Y 0B, 3G 2 Ed 1 FE D . 1 dv.oy
"R FER R KRR KRG ER G KR

U Edv Al+v)3EE l4v 0E 1 Edv 14viE 1 6v I v 6,{

[

+ +
‘ICaRa EX Rog ER GRg ER R ER 09 R aRog R 3936

+E(ar 1€T+13T)+2E6£31+2£6£61+E(0a 1 da 16(1) 4 26
KRR KRR Kag KR R

The conditions of single-valuedness of rotation and

. . 9 .
displacements for non-homogeneous materials” are given by

the followings.
INONES (j)da)w

@y 1 1cE

@7%77)61 L lov v1idEdy, 2 1dv v 1 0E &y
R R OEOR R

(_i JE IOl L I (N N I

R ROR ER8R6R R Rk ER R o’

l4v 1 GE lovdy 14v1cE Lavédy 18
g o I T e 2
E Rdp R dp op ERO¢R€¢€R€¢ROR0¢ R
Auxzcﬁdux
L
@y 10Edy 1 & o QET
= frsingl =% - Ly L E(al) -2
s OR® EOROR> R’ ORO$  OR R
(ol Lo v LB fv LE 1 onG g2 Loy v 1By
R Rk ERGRR E R Kogog K KRR ERGR of
l+v 10E 1ov & loy 10
e O T (veos o £ -— L 1dg =0 (28)
39 R 04 oRog Rog R arog
Au‘,=quu‘,
»=du
1oEdy 1 & QET
~§teo 2 2y L p L (an- 2
OR E OR OR R 6R6¢ R

v=1 1dv v10Edy l+v10E laovdy v-2 léov v1oEdy
Wt ) ) ()
R RR ERROR E RO ROpdp R ROAR ERR 04

_7787E 1o iz 18 oy,
R R mg Y g T

where L is an arbitrary closed curve and @ is the component

of rotation given by,

1 ou Ou,
o, =—(-—)

2 0y Ox (30)

u, and u, are the components of displacements in the x and y
directions, respectively.

We assume that the Young’s modulus £, the coefficient
of linear thermal expansion ¢, and the Poisson’s ratio v are

expressed by:

E=E,R",a=a,R°,v =const. (31)

where E,, a,, 7, and § are material constants. Similar to Eq.

(6), y and o are given by

_ In(£,/E)
~In[(a—e)/b]’

__In(e,/a)

n[(a—e)/b]’ 32)

where E,, and E, are the Young’s moduli and &, and ¢, are
the coefficients of linear thermal expansion of metal and
ceramics, respectively. Substitution of Eq. (31) into Eq. (26)

gives the governing equation expressed by the stress function

*

X

D) &y
R ko

-n)r+1) o

o WL a2 0F
R

(
* * ¥ ¥ +
R Rk R R R oR"6¢’

S+ oy 14y

ar+25+ ir 181§
R o R o TR R R T

_ R‘ jatl :
(8R'

) (33)
where Z* is the non-dimensional stress function defined as

* X

Y T, 69

The general solution of Eq. (33) is expressed as the sum of the

complementary solution y ", and the particular solution ;(*p

2 =x+z, (35)
The general form of 5, is assumed to be
7= Zgn (R)(A,cosng + B, sinng) (36)
n=0

Substituting Eq. (36) in the left-hand side of Eq. (33) yields

d'g, 2-pdg, yy+v-h-1-2n"d’%,

4R R dR> IE Re
- 2 _ _ 2.2

+(}’+1)(1 :7+2n ) dgz N [(vy 3)(}/+}4) 1+n*n ¢ =0 (7)
R- dR R

Here, assume that g, is expressed in the form :

g,(R)=R"

Substituting Eq. (38) in Eq. (37) yields the characteristic

(38)

equation, expressed as follows:
Pi=2y+2p,+[y + (v + 5y +4-2n1p) ~[(1+v)y’
2 +v-n’)y—4n*lp, +n* +[vy (y +1) =3y -4’ =0 (39)

Accordingly, the solution takes the form

4
g, (R)=Y H'R"

k=1

(40)

where H' (k = 1- 4) is an unknown coefficients, and p! (k
= 1- 4) denotes the characteristic root of Eq. (39). The
complementary solution y can be written as

w4
2. =Y H'R'" (4, cosng + B, sinng)

n=0 k=1

(41)

Next, consider the particular solution ;(; of Eq. (33)



Substituting Eq. (9) (for m#0) in the right-hand side of Eq.

(33) yields

L
a7,
oR*

2A1-7) 07,
R oR®

2 0y 2+
R*R%¢ R

)
R’

-10°7,

vl /
oR?

%

%

1 ;{;
of R'4 og'

+n+ Tﬂl )(5—%—% %+n) F(CmcoanﬂCmmnnqﬁ
(5-711-/?;1)(5-7-;1- ’”T} )R*F(DWcosn¢+Dmsmn¢)]} 42)

The particular solution Zp of Eq. (42) is of the form:

(w1 )%+37+4 i+ )%
PR R

=-R""{(m-0)'C R +8'D,

ml’ ml

+ZR‘

n=l

7= D (E,R™ + E, R"*™)cos ng
n=0

+(E| R*"™ + E} R sinng] (43)

In
where &, n,,, E,,, E,,, E°,,, and E’,, are given as follows:

2

m m
=y+S——+2, 1, =,|—+n’
&=y > n, 2
— é‘DmO
Y+ S+ D+ 5+ +(1+v)y]
£ (6-m)C,,
P S -m+DIy+S5—-m+2)(S—m)+1+v)y]
P (Z,-y+m(Z,-y-nD,,
S/ /200 A VA ) N (R V7 R (720 (| | o
. (2,-1+1(Z,~y-1C,
Y L(Z DL L, -y -2+ () -2 4 0 =)+ ) -+
PR (Z,-y+n)\Z,-y-nD,,
BV ) A VA ) R (R V2 RN () VAN I RS 1 e
v - (Z,-y+n)Z,-7-n)C,,
U L2,y -T2+ () =20+ Oy = 3) + D) -1 4
and Z,,7,,,Z,, Z,, are given by

2
Z"=y+5—ﬂ— /m—+n2,
2 4
m l’f’l2
Z,=y+8——+2— /—+n2,
=V 5 4
= m m2
Z,=y+8——+,|—+n",
2 4
m mz
=y +0——+2+,|—+n
2 4

The stress function given by Eq. (35) finally becomes

z, (44)

4 —
(X HIR" 4, +E, R + E,R™)cosng

=

Ms

X =

i
<

n

© 4
+> O H'R"B, + E, R + E, R"**)sinng

n=0 k=l

(45)

Then, stress components are obtained from Egs. (24).

w 4 \
w =22 Hi(ph —n )R (4, cosng + B, sin ng)

n=0 k=1

o

+> {[(Z,, —n*)E,

n=0

R'% +(Z,, —n*)E, R ]cosng

H(Z,, —n")E, R +(Z,, —n*)E, R ™ ]sinng} ~ (46)

4

=3 HE ph(p! —1)R(A4, cosng + B, sin ng)

n=0 k=1

”+ZZER

2n

+i[(ZHZZ E R

n=0

1) cos ne

+(ananE£nR*Z"+Z Z E, R )s1nn¢] (47)

© 4 )
=N H'n(p! ~1)R " (4, sinng — B, cos ng)

n=l k=1

+Y n[(Z,E R +Z,E,R")sinng

n=1

—(Z,E,R* +Z E, R )cosn¢] (48)

When the thermo-mechanical properties are given by Eq.
(31), the conditions of single-valuedness for rotation and

displacements given by Egs. (27), (28), and (29) become

o’y L= y o0’y wy=10y 1 &y
$l e+ —LL T 0L, S L
L"0OR R OR R~ OR R ORO¢
V- 20°y o 6T
- + RN ST + R —)]dgp =0 49
R of ( )] $= (49)
oy ) 3 . B .
§|sinpSL -2 o2 L Ox  vrtvolor
OR R OR R”* OR 0¢ R OR
P .
+vy+1*/ 28;(2 L RTR 6T*+(5_])T*)]}
R® o¢ R
6;(* 1 8y
+(1+v)cos d¢=0
(1+v)cosg( R 0§ RTOR a¢)) ¢ (50)
8y 2, % 3% _ *
§|cospilL -2 Ox 1 Cx  wrvolor,
OR R OR R~ OR 0¢ R OR
) .
v;/+1/3 28;{2 LR 67'* _nry
R o¢
1oy 1 0y
—(1+v)sin % . dg=0 1
(+vsinglos 2 R26R8¢)j¢ (51)

Substituting stress function given by Eq. (45) and temperature

given by Eq. (9) (for m#0) in Egs. (49), (50) and (51) yields
H,4,=0,H!B =0,H'4 =0 (52)

The outer and inner surfaces of the cylinder are assumed to be



traction-free. Accordingly, the boundary conditions of stresses

are expressed as

ow(R,#) =04 (R, $)=0 on R =1 (53)

o.(r,0)= 0':9(}"*, 0)=0 on r =d 54)

where

* *

0, =0y €08* (¢ —0) + 0, sin’ (¢ — 0) — 07, sin 2(¢p — 0)
Ogp = O SIN* (¢ — ) + 0, c0S” (9 — 0) + 0, sin 2($ — 0)

.1
o

» :5(0';R —0,,)sin2(¢—0) + oy, cos 2(p - 0)

(55)

3 3 4
AH'B H'A,

The unknown coefficients Hy4,H;4,H;B, H
and H!B

n=n

can be determined by the boundary conditions
(53), theoretically, and (54), numerically, using the point

matching method.

4. Results and discussions

The numerical calculations were performed for FGM made
of ZrO, and Ti-6Al-4V. The thermo-mechanical properties
of ZrO, and Ti-6Al-4V are summarized in Table 1., and
the Poisson’s ratio v was set as 1/3. In Fig.1, the material
properties on R = b are ZrO, (k,, . and E,) and those at r = a,
0 =0° are Ti-6A1-4V (k,, o, and E,).

Table 1 Thermo-mechanical properties of ZrO, and Ti-6Al-4V

Material Thermal Coefficient | Young’s
conductivity | of linear Modulus
W/(mK) | thermal GPa
expansion
x10° 1/K
Zr0O, 2.036 7.11 110
Ti-6Al-4V 18.1 10.3 66.2

Here, the non-dimensional outer radius R* = 1, inner radius
a = 0.5, and offset ¢ = 0.12 are used. The non-dimensional
temperature 7' on the outer surface (R* =1) is one and that on
the inner surface (+ = 0.5) is zero. From Eqgs. (6) and (32), the
coefficients m, y, and & are determined as -2.258, 0.525 and
-0.383, respectively.

Now let us discuss the effect of offset ¢ on the temperature
and thermal stresses.

Fig.2 shows the variation of temperature at ¢ = 0° as a

function of offset ¢ ranging from 0 to 0.12. The smaller the
size of ¢, the steeper are the lines.

Fig.3 shows the variation of radial stress O'*RR at ¢ = 0° as
a function of offset e". The maximum tensile radial stress
increases with increasing offset ¢ and is 0.0772 at R = 0.660
and e =0.12.

Fig.4 shows the variation of hoop stress G*w as a function of
offset . The gradients of the maximum compressive hoop
stresses at outer boundary R” = 1.0, which are within the range

from - 0.479 to - 0.489, become steeper with increasing e

1.0
Variation of temperature T° =00
08 I as a function of offset e* ’
a*=0.5, ¢=0° 4
> /%
0.6 ,;./' ......... €*=0.04
r /
0.4 — . = e*=0.08
0.2
- e e ct=0.12
0.0
0.3 0.4 0.5 06 07 0.8 0.9 1.0

Fig.2 Variation of temperature 7 as a function of offset ¢ ($=0°)

0.12
Variation of radial stress 6",
0.10 as a function of offsete” [ e*=0.0
a'=0.5, $=0°
0.08 ( = ’_¢= )
,/..'"_ ......... e*=0.04
* y R
O pp 006 ./
/ ." — . e *=0.08
0.04 7
Y74 N\
0.02 /. ." \ - = e e*=0.12
0.00 Ll
0.3 0.4 0.5 0.6 %0.7 0.8 0.9 1.0

Fig.3 Variation of radial stress O'*RR as a function of offset ¢ (¢=0°)

0.6
0.4 —< e1=00
0.2 ..‘.i\ ssessecss £*=0.04
D
o'*“0.0
— . = e*=008
-0.2 N
Variation of hoop stress 0”4, \
04 H as afunction of offsete” \ - = =012
(a*=0.5, =180° )
0.6 T T T
0.5 0.6 0.7 0.8 0.9 1.0
R

Fig.4 Variation of hoop stress O'*M, as a function of offset ¢ ($=180°)



Fig.5 shows the variation of shear stress O'*R¢ as a function of
offset ¢’. The maximum tensile shear stress is 0.0864 at R =
0.485,¢ =90° and ¢ =0.12.

Next, let us discuss the effects of variation of the coefficients
m, y, and 6 of material properties on the temperature and
thermal stresses.

Fig.6 shows the variation of temperature as a function of m
when the thermal conductivity & is expressed as k = k,R ™. The
temperature profile decreases with decreasing m.

Fig.7 shows the variation of radial stress as a function of m
for ¢ = 0°. The maximum radial stress is 0.0795 at = a
and m = - 4.0. The extract stress peaks progressively moves
outward as the thermal conductivity becomes small.

Fig.8 shows the variation of hoop stress G*M as a function
of m at ¢ = 180°. The maximum compressive hoop stress
increases with decreasing m and is - 0.5545 at R =10, 9=
180° and m = - 4.0. On the other hand, the maximum tensile
hoop stress decreases with decreasing m and is 0.4022 at ¢ =

180°, 7 =a and m =- 2.0.
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Fig.5 Variation of shear stress O'*M, as a function of offset ¢ (#=90°)
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Fig.6 Variation of temperature 7 as a function of m (¢=0°)

Fig.9 shows the variation of hoop stress (f¢¢* at ¢=180° as
a function of §. The maximum compressive hoop stress
is - 0.5596 at R = 1.0 and 6 = 0.0. The maximum tensile
hoop stress is 0.4089 at r = " and § = - 1.4. The maximum
compressive hoop stress is stronger than maximum tensile

hoop stress.
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Fig.10 shows the variation of hoop stress G*M atg =180°asa
function of y. The maximum compressive hoop stress - 0.5481
at R* = 1.0 and y = 0.1 is greater than tensile hoop stress
0.4072 atr =a andy =0.1.

Finally, let us investigate the effects of variation of inner
radius o on the temperature and the thermal stresses.
Fig.11 shows the variation of temperature T’ " as a function of

inner radius a” (¢ = 0°). The temperature profile decreases
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Fig.10 Variation of hoop stress G'*M as a function of y (¢=180°)
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with increasing a.

Fig.12 shows the variation of radial stress o, as a function
of inner radius @’ (¢ = 0°). The maximum radius stress is
0.0798 at R" = 0.6855 and @ = 0.5. The maximum radius
stresses decrease with increasing a .

Fig.13 shows the variation of hoop stress CT*M as a function of
inner radius a* (¢ = 180°). The curve becomes steeper as the

inner radius a increases.
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Fig.13 Variation of hoop stress O'*W as a function of inner radius a’
(¢=180°)

5. Conclusions

The method to analyze the steady thermal stresses in the
FGM cylinder with an eccentric hole using stress function
technique taking into consideration of the conditions
of single-valuedness of rotation and displacements was
presented. The effects of varying offset e, thermal
conductivity k, the coefficient of linear thermal expansion
o, the Young’s modulus £, and inner radius a’ on thermal

stresses are clarified. The conclusions are as follows:

1. A semi-numerical method to solve the plane thermo-
elastic problem by stress function for a functionally
graded cylinder with an eccentric hole was shown.

The hoop stress is much stronger than the radial stresses
and the shear stresses.

The compressive hoop stress acts at the outer boundary,
while tensile hoop stress acts at the inner boundary when
the outside boundary is heated. The outer compressive
stresses are stronger than the inner tensile stresses.

The curves of hoop stresses at ¢ = 180° become steeper as

*
the offset e increases.
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Abstruct

Close contact melting of ice on foamed metals was experimentally studied. Melted liquid will be exhausted

vertically through porous regions of the foamed metal. Thickness of the liquid layer between the ice and the metal fibers

will be very small compared with the case of the close contact melting on smooth horizontal surfaces and melting heat

transfer may be increased by the thin liquid layer.

Foamed nickel and foamed copper plates of porosity near 0.94 was used in the present experiment. Experimental

results were compared with the results of smooth copper plate.

Results showed that the melting times of foamed metals were higher than the case of the smooth copper plate. As

the reason, the authors consider that contact area between the ice and the metal foams was considerably small. Whereas,

estimated effective heat transfer coefficient, which is defined by the unit contact area and the unit temperature difference

on the contact surface of the foamed metal was about several to ten times higher than that of the smooth surface.

Keywords : Close contact melting, Metal foam, Melting, Phase change, Heat transfer Porous layer
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Table 1 Properties of metal foams and a copper plate

Test di?n(ﬂeeter Width | Porosity cozgleli:rtriliity
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Ni#6 0.28 5.00 94.9 90.9
Ni#7 0.25 3.00 94.3 90.9
Cu#l 1.60 10.0 96.5 401
Cu#2 0.95 10.0 93.9 401
Cui 0.00 5.00 0.00 401
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Table 2 Comparison of volumetric porosity woth surface porosity

Test piece P Surface Volumeﬁic error
orosity (%) | Porosity (%)

Nia 94.05 94.46 -0.43
Ni#2 96.08 95.23 0.89
Ni#6 93.12 94.86 -1.83
Ni#7 93.28 94.25 -1.03
Cu#l 95.35 96.46 1.15
Cu#2 94.66 93.90 0.81
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Abstract

This paper describes how to handle an hierarchical XML document by the previously created software library

which made the XML document with a CSV file and which carried out data processing. XML is the internationally

standardized language for expressing electronic data. But handling XML documents has high hurdle and is so difficult for

beginners that we created the software library. However, in order to treat XML documents intuitively, this software library

could handle only the single hierarchical XML document which has several child elements as one hierarchy under a record

element. In this research, in order to handle a multi-hierarchical XML document, the software which can convert a multi-

hierarchical XML document to the single-hierarchical XML document, was created. The software was evaluated in an

application with a multi-hierarchical XML document. It was shown that the converted XML documents were operated well

together with the software library.

F—7—F XML 7—X 0, FEREAE XML CE, CEEOZH

Keywords : XML Data Processing, hierarchical XML document, conversion of document hierarchy
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<?xml version="1.0" encoding="UTF-8"?>
COLEFREXRER 1IEETFZAIL
<RI TS >123456789012345</H A FES>
EABEBEEEIIVEABEEZES>
GHBRTISUOK/EBR TSI
CHBMBFBESIC/HUEE
< HEE>234567890123456</HH B HEED>
ERBICIK/IETRER>
ERREOIC/IERKE
EREO—K>34567890123</EFREa—K>
CRBEMIK/EEBRE S
<K®&>
<KK&>kEE —HBUKE>
KIYHF>HED AFOI/TYHF>
2
ERMBEBMBAEEISIOOU/RAMBIHRZEEISY
SGBIHREK£E>
<KK&>EH —HBJ/KE>
KIYHF>HED AFOI/TYHF>
SBRMEKEL>
<BFREE>
<K& >kEHE —HBJUKE>
KIYHF>HEY AFAI/TUHF>
JHEEED
HEBEBRE>
<KKE>EHE —HBJ/KE>
KTUYBF>HbED AFAI/TIVHF>
INEBEBELS

E

<?xml version="1.0" encoding="UTF-8"7>
COLFEREAEBR I EETIZ7MIL>
<RI E>123456789012345</H A FE>
EABEBES>IK/BAANBEEZES>
GHBR SO/ EBR IS
CRHUBESIV/HUES
<t &S >234567890123456</H B HE>
ERBRHICSIERERN>
QERKESIV/ERKED
AEREO—F>34567890123</F R Ea—FK>
KRBRDOIV/ERBR D>
KRB >EHR —HURE.KE>
KRB.IVAF>HbED AFAIK/KRB.ITIVAFD
RERBEBMRBEEISVOOU/RAEMBEEISY>
CBMER.KE>ER —HUBEHER2.KE>
GEMER.IUAIO>HEY 4AFAI/EMHRERL. VAT
HREE KL >ER —HUBREEE.KSE>
HHREB.IVAIOYRY AFOIU/HREEA.TUHF
HBEHRAKEIER —HBUNBEHTREED
HBEEHERRBIVAITOYEY AFOOU/NBEHRL.IVE>
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<?xml version="1.0" encoding="UTF-8" ?>

I--21 BRAREITF—20Y U TINLAVREY ZR-->

AI--211 EEILGDOFHEMER(FPHBEM - ZE-THDS RV R-—>
<AllotmentBookingReport
xmlns:xsi="http://www.w3.0rg/2001/XMLSchema—-instance”>
{TransactionType>

<{DataFrom>FromTravelAgency</DataFrom>
<DataClassification>NewBookReport<{/DataClassification>
<DatalD>MAPO004E5606</DatalD>
<{SystemDate>2003-04-08</SystemDate>

</TransactionType>

<AccommodationInformation>
{AccommodationArea>{ & & fifl (/AccommodationArea>
<{AccommodationName><{DAE M TE i & i </AccommodationName>
<{AccommodationCode>001-56387</AccommodationCode>
{ChainName><{ 2 A&/ L—7°</ChainName>
</AccommodationIlnformation>

{SalesOfficelnformation>
{SalesOfficeCompanyName> <SS JL(#k)</SalesOfficeCompanyName>
<SalesOfficeName> Ty T r SR LI B B & £ Fr</SalesOfficeName>
<{SalesOfficeCode>456</SalesOfficeCode>
<SalesOfficePersonInCharge> 1 K</SalesOfficePersonIlnCharge>
<{SalesOfficeEmail>s_sato@jata—net.or.jp</SalesOfficeEmail>
<{SalesOfficePhoneNumber>0423-23-2323</SalesOfficePhoneNumber>
<{SalesOfficeStateProvidence> %3 JI| 'R </SalesOfficeStateProvidence>
<{SalesOfficeCityName>#% 78 & T </SalesOfficeCityName>
{SalesOfficeAddressLine> i F ifi </SalesOfficeAddressLine>
<{SalesOfficeStreetNumber>1-1-1<{/SalesOfficeStreetNumber>
<{SalesOfficePostalCode>100-0001</SalesOfficePostalCode>
{SalesOfficeRegisteredCategory>1 F&</SalesOfficeRegisteredCategory>

(a) 2P 74—~ hDitd XML L&

<?xml version="1.0" encoding="UTF-8"7>

<AllotmentBookingRepo
<{TransactionType.DataFrom>FromTravelAgency</TransactionType.DataFrom>
<TransactionType.DataClassification>NewBookReport{/TransactionType.DataClassification>
<{TransactionType.DatalD>MAP004E5606</TransactionType.DatalD>
<{TransactionType.SystemDate>2003-04-08</TransactionType.SystemDate>
<{AccommodationInformation.AccommodationArea>{# & & [l </AccommodationInformation.AccommodationArea>
{AccommodationInformation.AccommodationName><{ DA E M 1& it & = </AccommodationInformation.AccommodationName>
<AccommodationIlnformation.AccommodationCode>001-56387</Accommodationinformation.AccommodationCode>
{AccommodationInformation.ChainName><{ 2% & 4 )L—7°</AccommodationInformation.ChainName>
{SalesOfficeIlnformation.SalesOfficeCompanyName>< w5~ L (#k)</SalesOfficelnformation.SalesOfficeCompanyName>
{SalesOfficelnformation.SalesOfficeName> Yy T+ SN\ L& A & & % i </SalesOfficelnformation.SalesOfficeName>
<{SalesOfficelnformation.SalesOfficeCode>456</SalesOfficelnformation.SalesOfficeCode>
<{SalesOfficelnformation.SalesOfficePersoninCharge> fit K</SalesOfficelnformation.SalesOfficePersonInCharge>
<{SalesOfficelnformation.SalesOfficeEmail>s_sato@jata—net.or jp</SalesOfficelnformation.SalesOfficeEmail>
<{SalesOfficelnformation.SalesOfficePhoneNumber>0423-23-2323</SalesOfficelnformation.SalesOfficePhoneNumber>
<SalesOfficelnformation.SalesOfficeStateProvidence> # 35 JI| & </SalesOfficelnformation.SalesOfficeStateProvidence>
<{SalesOfficelnformation.SalesOfficeCityName>#% 78 & ™ </SalesOfficeIlnformation.SalesOfficeCityName>
<{SalesOfficelnformation.SalesOfficeAddressLine> & & i@ L) </SalesOfficeInformation.SalesOfficeAddressLine>
<{SalesOfficelnformation.SalesOfficeStreetNumber>1-1-1</SalesOfficelnformation.SalesOfficeStreetNumber>
<{SalesOfficelnformation.SalesOfficePostalCode>100-0001</SalesOfficelnformation.SalesOfficePostalCode>
{SalesOfficeInformation.SalesOfficeRegisteredCategory>1 #&</SalesOfficelnformation.SalesOfficeRegisteredCategory>

(b) ZH#aL7=H [ XML L&
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Development of Drive System of Capsule Endoscope Robot
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Abstract

Capsule endoscope was developed to examine stomach, small intestine, and large intestine. The movement of the

capsule endoscope is solely dependent on peristaltic motion. To examine into the details of the affected area, it is expected

that development of self propelling capsule endoscope. That is capsule endoscope robot. This paper reports an outline and

characteristics of the drive system of capsule endoscope robot that we have developed. The robot consists of a wireless

pinhole camera built in battery, and permanent magnet. It is driven by current control of electromagnetics.

F—T7— K ATVAGEE, EZORy b, B

Keywords : Capsule endoscope, Medical robot, Magnetic force
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Fig.1 Universal design around JR Hamamatsu station. Various color, braille and pictogram are used in order to improve
recognition and enable pedestrian to know where he/she is now easily.
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Fig.2 The aerial photograph of Aichi University of Technology. It is a little hard to find direction board around bus stop. In addition that, the
direction board cannot be found on the way to main building from the bus stop.
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Fig.3 Examples of developing direction board and the evaluation
experiment. Contrast of text and background are changed
and put a frame around annunciator in order to judge which
direction board is most viewable. In addition that, the direction
board is displayed on laptop PC and evaluate visibility from
various visual range.
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Fig.4 Example of developing direction board. Ordinal direction
board is text-based thus it isn’t seemed to be easily visible.
This developing direction board uses color and pictogram in
order to improve visibility.
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A Study on Statics of the Cable for a Cosmic Elevator

Yoshinori Takahashi', Shotaro Kaga "

(Received September 30,2014)

Abstract

A study on statics of the cable, which spans from the equator to cosmic space through a stationary satellite, is

carried out using the rotational coordinate system with the same angular velocity as the earth’s rotation. Two kinds of

cables, one which has a constant cross section, and another one which gradually becomes larger in order to support its own

weight, are examined. In our model a counter—balancing cable with a weight on the end is stretched from the stationary

satellite outward in the direction of the cosmic space. Theoretical consideration is given to the effective acceleration due to

the resultant force of the universal gravitation of the earth and the centrifugal force applied to the cable. We found that the

effective acceleration changes from attraction to repulsion at a height of 5.63 times the earth’s radius. Technical realization

of such a cable in the future is discussed following a parameter of allowable stress divided by the density of cable materials.

F—U—F  FHILAR—%—, F—7), BHEIER, e
Key Words: Cosmic Elevator, Cable, Effective Acceleration, Stationary Satellite
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Solvability of Polynomial Equations
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Abstract

This paper deals the solvability of polynomial equations, especially of 3rd and 5th order. Most parts of this paper
consider the mechanism of solution formulas of 3rd order equations. We first study solution formulas of 3rd order equations
that had found several hundreds years ago. Then we prepare fundamental concepts necessary to Galois theory. Through
reconstructing the formulas by applying Galois’ ideas, we understand why mathematicians could find the solution formulas
of 3rd order equations, and how they could not find the one of the 5th order equations.
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Revitalization of Shopping Streets Using Digital Contents
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Abstract

Fukujuinari Goriyaku-Ichi is the commercial event on Gamagori Shopping Streets. We supported the 10th
anniversary of Fukujuinari Goriyaku-Ichi using digital contents. This paper describes how to make Projection Mapping and
Smartphone Game, and reports the reaction to the demonstration. To conclude, we consider the improvement points for the

next Fukujuinari Goriyaku-Ichi.
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Keywords : Gamagori Shopping Streets, Fukujuinari Goriyaku-Ichi, Projection Mapping, SmartphoneGame
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A Measurement of Wind Energy on the Campus of Aichi University of Technology
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Abstract

As the renewable and dispersive energy, the importance of wind energy will become greater and greater. A

measurement of the wind energy on the campus was recently carried. It became clarified that the useful wind energies

existed on the campus in winter and early spring seasons, that is, in December, January, February, and March.

Keywords : Wind Energy on the Campus, Measurement
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