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Material properties of gray cast iron






Xi

area
interpolation expansion coefficient
internal heat generation

Biot number

descretized internal heat generation
fixed design domain
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total potential energy
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descretized heat transfer coefficient
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m position of sampling points

N",M" vector of shape functions

P fin period

Pr Prandtl number

q heat flux

q heat flux vector

Oreact reaction of applied heat flux

Q internal heat generation vector
r design variable

r" descretized design variable

R vector of nodal design variables
Re Reynolds number

R design variables on nodes

S area

t time

T temperature

T temperature vector

T virtual temperature

T ean mean temperature

u displacement field

v virtual displacement

Tamb ambient temperature

V max upper limit of volume constraint
W weighting factor
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position in the micro structure

unit cell area
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a thermal expansion coefficient

0 Kronecker delta
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(3.54)

(3.55)

(3.56)

(3.57)

(3.58)



Vmax
3.2.6
Xa X b(x)
Jﬂd bTdQ = _[D 7 obTdQ (3.59)
(3.40) R
CO
r(x)
b(x)~b"(x)=b,(1-r") (3.60)
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Calculate objective function
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Update design variables

Fig.3.8 Flow chart of optimization method
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Fig.3.9 Design domain for design problem 1. (a) L;=0.5, L,=0.0, L3=0.5, (b) L,;=1.5, L,=1.0,
L5=0.5, (C) L,=5.0, L,=0.0, L5=0.5, (d) L,=5.0, L,=0.0, L3=5.0
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Fig.3.10 History of optimal configuration of design problem 1 (c)
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Temperature
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Fig.3.11 History of temperature in optimal configuration of design problem 1 (c)
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Fig.3.12 Optimal configurations of design problem 1. (a) L;=0.5, L,=0.0, L3=0.5, (b) L;=1.5, L,=1.0,
L3=0.5, (c) L;=5.0, L,=0.0, L3=0.5, (d) L;=5.0, L,=0.0, L3=5.0
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Fig.3.13 Convergence history of design problem 1. (a) L;=0.5, L,=0.0, L3=0.5, (b) L;=1.5, L,=1.0,
L3=0.5, (c) L;=5.0, L,=0.0, L3=0.5, (d) L;=5.0, L,=0.0, L3=5.0
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Fixed design domain

D

b=0.01W/m?

Fig.3.14 Design domain for design problem 2

(a) without dependency on design variables  (b) with dependency on design variables

Fig.3.15 Optimal configurations of design problem 3. (a) without dependency on design variables (b)

with dependency on design variables
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Fig.3.17 Design domain for design problem 1. (a) h;=1.0W/m?K, Tamp:=0°C, h,=1.0W/m°K,
Tamp2=100°C (b) h;=1000.0W/M?K, Tamp1=0°C, h,=1.0W/M’K, Tamp=100°C (c) h;=1000.0\W/m°K,
Tamp1=0°C, h,=1000.0W/M?K, T amz=100°C

(@) (b) (©

Fig.3.18 Optimal configurations of design problem 3. (a) h;=1.0W/m?K, Tamx1=0°C, h,=1.0W/m’K,
Tamp2=100°C (b) h;=1000.0W/m?K, Tamp1=0°C, h,=1.0W/m?K, Tamp;=100°C (c) h;=1000.0\W/m?K,
Tamb1=0°C, h,=1000.0W/m?K, Tamp;=100°C
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, VTRVTdO rhTthF+LC VTchr:Lq atdr+ [ bTdo+ Lh hT,,, Tdl
VT eV
q h Tamb f
v
Vv ={f|fi eH'(Qq) and T=0 on Iy, T=c on FC}
(4.1)
a(T.T)=| VIxkvTdQ+| Thrdr
Q I,
L(T)= L VTxvedr = L Qreact T JodT
L(T):J’Fq atdr+ deQ+J.Fh hT,,, Tdl
(4.1)
a(T,T)+L(T)=L(T)
ql’eaCt FC
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3
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(4.5)
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maximize F(T) (4.9)
g = [ (21" )42 < Vi, (4.10)
0<r(x)<1 (4.11)
a(T,T)+L,(T) =L(T) (4.12)
Vmax
41.2
4.1 1

u=0

Fig.4.1 Result of cantilever beam optimization.
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Fig.4.5 Velocity and heat transfer coefficient distribution in rectangular pipe
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Fig.4.7 Material density in a numerical fluid simulation model

4.7
(4.17)
P
P=minp on I, 4.18)
1Hfin
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Fig.4.8 Surrogate model with respect to normalized heat transfer coefficients using the Radial Basis

Function
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Fig.4.9 Flow chart of optimization method
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Fig.4.10 Design domain for design problem 1. (a) boundary condition during the first Ny iteration,
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(2) History of temperature distribution for design problem 3
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Fig.4.11 History of optimization for design problem 3
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Fig.4.13 Optimal configurations of design problem 3. (a) ¢=0.1, (b) ¢=0.001
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(@) (b) (©) (d)

(1) Density distributions when imposed temperature boundary conditions are removed. (a) Nt =15,

(b) Nt =30, (c) Ny =50, (d) Ny =100

(@) (b) (©) (d)

(2) Optimal configurations corresponding to the iteration number when the imposed temperature

boundary condition is removed. (a) Nt =15, (b) Nt =30, (c) Ny =50, (d) Ny =100

Fig.4.14 Relationship between optimal configurations and number of iteration when the imposed

temperature boundary condition is removed

4.15 (a)
ho=0.01W/m’K, (b) hy=0.1W/m?K, (c) ho=1.0W/m°K, (d) ho=10.0W/m?K
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(b) (© (d)

Fig.4.15 Influence of heat transfer coefficients and thermal conductivities on optimal configurations.

(a) hy=0.01W/m?K, (b) he=0.1W/m?K, (c) hy=1W/m’K and (d) hy=10W/m°K
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Fig.4.16 Schematic view of steady state heat transfer phenomenon with heat convections
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Fig.4.18 Design domain for design problem 4
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Fig.4.19 Optimal configurations of design problem 4. (a) he=10.0W/m°K, Tam=0 °C, (b)
ho=1.0W/m?K, Tamp=0 °C, (c) ho=0.1W/m?K, Tamp=0 °C
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Fig.4.20 History of optimization of design problem 3, considering shape dependencies with respect

to heat transfer coefficients
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Fig. 5.1 Fixed design domain D and level set function ¢
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inf F(Qq(4) = de f(x)dQ
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+6,(a(T.T) - L(T))+6, (3, (uv) - L, (1)) +AG(QA9))
C, C, c,=w ¢,=1-w
(5.36) KKT

SF(Q(¢))=0,
a (T,7)-L,(T)=0, a,(uv)-L,(V)=0,

7B ($)=0, 2,20, G(Q,(4) <0

v

—

a (T,T)=L,(T) for TeU,

a,(v,u=L,(u) for ueU,

T v (5.17), (5.18) T

(5.36)  (5.38) (5.39) (5.28)  (5.35)

(5.35)

(5.36)

(5.37)

(5.38)

(5.39)
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(5.29) F(Q,(4))

F©,(#)=5wa, (T 1)+ a, (u)+A6(@, (4)

= j (; WVTKVTH @)+ Lyt 40 (909) ((;;;(x)) |V¢(x)|

f(x)
f(x)=

%WVTKVTH @95 L WhTT —dHff; CD v g0 +2

5.1.8
5.2

Y e(v)H(¢)+zH<¢)de

(5.40)

R o(uT)):e(VH (#)+AH (9)

(5.41)
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5.1.9
(5.12)

At
(5.42)

—  Solve temperature field using FEM

Initialize the level set function @ ’

}

y

Solve displacement field using FEM

y

Calculate objective function and sensitivity

Update level set function ¢

Fig.5.2 Flowchart of optimization method

¢(‘A+t“) K(4(0) Vg (t+At)

) %)

= —K (¢(®))CF (x,))H (¢, Diive (5.42)
9 _0 on oD\ oD,
on

p=1 on oD,

Jo 252 G + [ V7 g+ (K () )0

- jD(— KGOICT (OH 5,0+ 20 oD 543

for Vged
$=1 on oD,



5 o7
@
®={geH'D) with ¢=1 on D, | (5.44)
(5.43)
TO(t+Al)=Y s
¢=1 on oD, (5.45)
o(t) t
T Y
T= Uh(i NN +V'NK (¢(t))rVNJdVe (5.46)
v=UJ[-ceocfxoneo- S nave 647
5.2
3
100GPa
50W/mK 1.25x 10°K™ 0.01
¢ C=-05/(|Teut))
K(g) 1
5.2.1
5.3 Imx 1 m
Vi 40% | 08 0.005
(5.16) W=0

5.3(a) r

u

u=0mm
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I, 10N 5.3(b)
4 (1) g=0W/m? (2) =7
x 10°W/m? (3) g=1x 10™*W/m? (4) g=7x 10™*W/m’

L, Iy Iy I
200x 200
A
I
u £
\ o
Y
A
E Fixed design domain D l v
S r
£
=
o
t
1.0m
I‘ »

(a) Boundary condition for structural analysis

Fq\ q

Fixed design domain D I —

(b) Boundary condition for heat transfer analysis

Fig.5.3 Design domain for design problem 1
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5.4(1)
54(2) 4
5.4(4)

3) (4)

Fig.5.4 Optimal configurations of design problem 1. (1) g=0W/m?, (2) g=7x 10°W/m?, (3) q=1x
10™*W/m?, (4) 5% 10*W/m?
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5.2.2
(5.15) w
55 5.4(3)

5.5(1) w=0 5.4(3)
5.5(2) w=0.1
w=0.5 5.5(3)
5.5(4) w=1

@) )
(3) (4)

Fig.5.5 Optimal configurations of design problem 2. (1) w=0, (2) w=0.1, (3) w=0.5, (4) w=1.0
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5.2.3
5.3(a) 5.6(b)
D T, h=10W/m’K Tamv=0
Vinex 40% 5.5(1)
(4) (5.35)

r, |3
=
Fixed design domain D [

| L
Za Y

1.0m
1€

0.1m

1.0m

A

\ 4

L
Fixed design domain D q
Heat transfer coefficient I<_.
Ambient thperature \
Tamb
I

(b) Boundary condition for heat transfer analysis

Fig. 5.6 Design domain for design problem 3
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a) No heat transfer boun ary =IW/m2K, T, .= c) h=3W/m2K, T
(a) No h fer boundary (b) h=1W/mK, T, =0  (c) h=3W/m?
(1) t=10N, g=1.0x 104W/m2, w=0

=0 (b) h=10W/m2K, T, =0

(a) No heat transfer boundary (b) h=1W/m?K, T,,=0 (c) h=3W/m2K, T, ,=0  (b) h=10W/m?K, T, =0

(2) t=10N, g=1.0x 10“W/m2, w=0.1

amb amb’

(a) No heat transfer boundary (b) h=1W/m?K, T,,,=0  (c) h=3W/m?K, T,,,=0  (c) h=10W/m?K, T,,=0
(3) t=10N, g=1.0x 10*W/m2, w= 0.5
(a) No heat transfer boundary (b) h=1W/m?K, T,,=0 (c) h=3W/m?K, T,,,=0  (c) h=10W/m?K, T,,,=0

(4) t=10N, g=1.0x 10-W/m2, w= 1.0

Fig. 5.7 Optimal configurations of design problem 3
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