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ABSTRACT Finite element simulations are performed to study the steady state heat conduction
of dual–size metal foams. Simulation results reveal that for a given density, the thermal conductivity
of dual–size foams is higher than that of uniform cell size foam. However, the effective thermal con-
ductivity decreases while increasing the cell radius ratio r/R in dual–size foams. A multi–objective
optimum design model considering structure strength, heat insulation and light mass requirement is
developed, where the objective function is obtained through polynomial fitting of the numerical results.
The model is solved by the constraint method and the optimum cell radius ratio, density and thickness
of metal foam are obtained for dual–size metal foams. A comparison of the heat insulation capacity
of the dual–size metal foam to the single–size metal foam having the same mass and yield strength
shows that the heat insulation capacity of the former is much higher than that of the latter. Hence
the dual–size foam structure is superior to that of the uniform cell foam when both load–bearing and
heat insulation capacities are required.
KEY WORDS metal foam, strength, thermal property, multi–objective optimum design
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0<,3 [1]. &'��,5-.#'9179/8�:
9;<.*6==230/ [2−6]. Evans ' [7] )'9�
��� (-.) �)(&%(&:('��2.1;>?
;.�02")02*(�<@:#").*$:. Zhu
' [8] )&'��4%./;%AB$<,..>C=C

�.*, :>./4%��:5. Gu ' [9] )(&.=�

D>?�-.�%?@��6E7��,..�7, A@
.&BAB-.%<&-.C8CÆC6-.6< 3 9*
(��02").*?D. DE@' [10] :F.E*("

)G=, ;F.,GA;:5A%6:96<").*-
.. Rakow 6 Waas [11] 0/.&'��,5./FG

HB)-.4%���CD, )-.�&H – ECIH)
<%,..(ÆGH6HF0/, I5B./�*(*+
J=.*A. #IJ>?.K'LG, &'��@%-.
:A"H���KJAL�E7��>BM4%!�. K
ND= [12] IJ ./9MJE6�O�P�&'��
-., >)�ÆC6MC,.."), L0Q)&BAB
�)(6%(����02")?D�0/NKCMN.

KLOM)E6�O&'���NP%AB<%,
.(ÆGH, :0/E6�O&'��>C6�O�)�
�B%O(�CD, QDE-%E6�O&'���)(
��6%��, A@&BR>-.MC6%��)'��
�*(").*$:.

1 ��?@ABCDEF�G
1.1 ���H�

B%O(*14��%AB�)�FK*(, @PI
.QEC=C8, #OI$%S$<�.Q*GRSAB
�%S<. )$����, T&'��, #*U��B%
O(BHRAB)S#%IV�CD, NP%AB9/8
��'SB%O((@�PT;I

keff = ksolid + kgas + kc + kr (1)

W/, ksolid, kgas, kc 6 kr JQIKX%AB&UX%

AB&)S6%IV�LT [1,7].  HX���B%O(
(200—300 W/(m·K)) !�, UX�B%O( (0.025 W/
(m·K)) 0R, ,, kgas )&'��B%O(�LT09.
S�����OR$ 10 mm B, �1UX�JQ)S0
Y, kc (MV

[13]. �U1�%IVLT kr #KX��

B%O(<$ 20 W/(m·K) BV(MV [14]. ,,, T(
ABMK)SA%, (:1I&'���'S%ABO(
Z[WFX���%AB ksolid W@.

)(&\N]X�D>����%���Y@0/

0X, ����%ABO( �!)>CTL�, L��
ZO( \N]X-.JO [15], 0QNK0X\N-.
)^>����%��CD�Y@0/. HF0/$*,
W$U<P_6[C�YK, )����%AB(*A�

LT0`, a-QVQ7< [16,17], )&'��A%��
�0/MJ@GNZ:KW�&!)>C9$ 0.1 �&'
���HF-Q [14], NK0XJbSNZ:KW&'�
�%���MN. KLE?<)./�O6E6�O&'
��NP%AB<%,.(ÆGH, 0/\N-.)&'
��%���CDX

E6�O&'���RS.YG=Tc 1 Sd. &
'���Z[OJQI R 6 r, [OI R �\9�Ze

[>]^I a, &'��FX��>' ABAQUS .\_
/� DC3D4 .\ (f*XA%.\) GH. ?<gT\
]8`�J] [12], .\\]I 0.014a. ,.NP%AB
J]B, (Æ)^�) 4 9_*h1a%`U9/, .Y
G=�R81*ECJQabI Ttop 6 Tbottom, R81
*�EVE#FX��1cdi; Y $<�%S, ?<
VE; Y $<S<FX���%SMC q, (:;F&'
��.Y�'S%ABO( keff ,

keff = − qL

Ttop − Tbottom
· ks (2)

W/, L = a/
√

2, I.Y�`e; ks I&'��FX��

�B%O(, KL+I 250 W/(m·K).

� 1 ����	
���fWX��
Fig.1 Representative unit of open–cell metal foam with

dual–size cellular structure

1.2 OPQRST�U
c 2 I*U;F�(&�O��&'��.YB%

O( !)>CV>�OO, �/ ρ∗ 6 ρs JQI&'

����>C#FX��>C. (:bF, 07!)>C
�JY, &'���B%O(VWZ^<, ./�O&'
�� (r/R=0) �B%O( !)>CFKT_�OO.
E6�O&'���B%O(Y$./�O&'��, L
#KL0/��O�[j1, 07�O��^<, ���
B%O(\9, `�)R>C&'��, E6�O&'�
�B%O(0�O��^1ca8]. #!)>C7Y

B, ^HE6�O&'����O�)��B%O(CD
09, !)>CI 0.18 B, '&'��.YG=�B%O



9106 _9k9b9g � 46 �

� 2 	
���f��	�


Fig.2 Relationships between apparent thermal conductiv-

ity and relative density of metal foams with different

ratios of r and R

(R`!&.

2 ��?@ABCDXEYZ[�\]^
2.1 _`a�bcd��S�e

#aJal6dh"c'LG, d�-./-)&B
R>MC&4%6m;�)'. Tc 3Sd, x$<RbC

I d,OI x$<\C>c<�&'��4%./, #��
6-.�4%<d��2fUn/, 4%.//_?<Y
EUXWiEeopE05@Æ, VD4%./YE_E
CFKab(H, 4%./jYE_JW@%, ?<U<
jYE_�ECeUn4%./��� [18]. #He&'
/?i)'-.jYE/_�ECR$f/.@EC TC,
-.�gdC TF (@PI-.jYE_EChfI TC

BYE_S�Eq�:YEC [15]. ,,, ./gdC TF

(?<8W<@ [15]:

TF = TC +
hd

keff
(TC − T0) (3)

W/, T0 I&'���krEClh I &'��-1

*@%JO�i(, �+Æ[jI 10—90 W/(m2·K),
)$����4%./ (?iI,5-.), h g)14
.&'��-1*<-.ij@%)h9./4%��
�CD, #KL0/��fk 82%—94% [j1, )
./�O6E6�O&'��,  -.ijig�&'
��1*G!V(<, ,,, *jLT [15], + h=
50 W/(m2·K). @P4%*( I

I =
TF − TC

TC − T0
=

hd

keff
(4)

Ec 2 /E6�O&'���B%O(J4W (4)
;F&'��m�4%��Tc 4 Sd. )$!&bC�
&'��m, JY��>CEak]R-.4%��, )
$!&>C�E6�O&'��, 07�O��JY, &
'��4%./4%��VJY. S!)>C<$ 0.14
B, (&�O��E6�O&'��4%��FK!&.

� 3 h��i�g
njs��	
���	��
Fig.3 Heat insulation panel of metal foam with specified

boundary conditions

� 4 ����	
����	��
Fig.4 Heat insulation properties of dual–size metal foams

)(��$*, 07>C�^<, ��ÆkMCJY,
!&>C8, �O�I 0.425 lhB���ÆkMC:
< [12]. Qo, !)>C�JYEca]R&'��m�
4%��, #R>C8�O�i<, &'��m�4%�
�if. ,-, ^1mbV(JY-.�4%��. -.

�m;)'jÆt&'���>C ρ∗/ρs 6bC d i9

if. ,,, Tc 3 Sd$#F 3 9WpH< ρ∗/ρs, r/R

6 d �E6�O&'��m, m)l/./02"),.
�*(*+ ��02")�*(*+*!l++�, -
),.�02").*, :*+&BR>MC&4%6m
;)'���*(. )$Tc 3 Sd�4%./, ")?
D(:1dI

:<):
σ, I, 1/m (5a)

WpJ>:

0.06 ≤ ρ∗/ρs ≤ 0.2

0.4 ≤ r/R ≤ 0.5

⎫⎬
⎭ (5b)

�/, !)ÆkMC σ = σ∗/σs = σ(ρ∗/ρs, r/R), 4%
*( I = I(ρ∗/ρs, r/R, d), ;<*( m @PI.Q*G

&'��m�;< (m!)>C bC�qG).
2.2 `anopq

I.)W (5) ��02")?D,.'n, OM)
;F02o(O$.**<�1rW. )�6�O&'
��rmRS.=7I@k�./, n:;F02o(
σ(ρ∗/ρs, r/R) # I(ρ∗/ρs, r/R, d) �n]1rW. I,,
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KL?<)JY\*U(Æ��lWH%p;02o(

1rW.
c 5 q .(&�O�E�O&'���!)Æk

MC !)>COOG_. o'rcJ=� n 9JY\

� 5 ����	
�������
Fig.5 Curves of relative strength σ∗/σs vs relative density

ρ∗/ρs of metal foams with different r/R values

*U(Æ! [(ρ∗/ρs)k, (r/R)k, σk], k = 1, · · · , n, (:'
W (6) H%E6�O&'��!)ÆkMC σ. W (6) /,
!)>C6�O��:Ys(JQI p–1 6 q–1, Aij I

p × q �O(ps\. I';,O(ps, .Z�\o(
S TW (7) Sd. W (7) /, ω((ρ∗/ρs)k, (r/R)k) Iuo
(, rq+I 1. W:9Dq:(t, I>o( S �Æ:
9, H< A00, A01, · · ·, A(p−1)(q−1) -R>W (8) Sd
$%=. )o( S 'rB>ml(;W (9). W (9) /,
ϕij = [(ρ∗/ρs)k]i[(r/R)k]j . EJY\J];F�'(Æ
!J4W (9), ,.psnUm(';O(ps A.

c 6a I p = q = 4 B;F�H%�lWo(G*
c,  JY\*U(Æ!�-Qo%7f. H%o()&
�O(ps A TW (10) Sd.

&1P,.E6�O&'��4%*( I ('W (11)
��lWH%. W (11) /, s p′=3, q′=4 ;F��lW
o(G*c JY\*U(Æ!Tc 6b Sd, H%�l
W/�O(ps B TW (12) Sd

σ(ρ∗/ρs, r/R) =
p−1∑
i=0

q−1∑
j=0

Aij(ρ∗/ρs)i(r/R)j (6)

S(A00, A01, · · · , A(p−1)(q−1)) =
n∑

k=1

ω((ρ∗/ρs)k, (r/R)k)·

[
p−1∑
i=0

q−1∑
j=0

Aij [(ρ∗/ρs)k]i[(r/R)k]j − σk]2 (7)

∂S

∂Aij
= 0 (i = 0, 1, · · · , p − 1; j = 0, 1, · · · , q − 1) (8)

⎛
⎜⎜⎜⎜⎜⎝

n∑
k=1

(ϕ00, ϕ00) · · ·
n∑

k=1

(ϕ00, ϕ0(q−1)) · · ·
n∑

k=1

(ϕ00, ϕ(p−1)(q−1))

...
...

. . .
...

n∑
k=1

(ϕ(p−1)(q−1), ϕ00) · · ·
n∑

k=1

(ϕ(p−1)(q−1), ϕ0(q−1)) · · ·
n∑

k=1

(ϕ(p−1)(q−1), ϕ(p−1)(q−1))

⎞
⎟⎟⎟⎟⎟⎠

·

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

A00

...

A0(q−1)

...

A(p−1)(q−1)

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

=

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

n∑
k=1

(ϕ00, σk)

...
n∑

k=1

(ϕ0(q−1), σk)

...
n∑

k=1

(ϕ(p−1)(q−1), σk)

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

(9)



9108 _9k9b9g � 46 �

� 6 
����
�����

Fig.6 Polynomial fitted curved surface and FEM calculated

data of relative yield strength (a) and heat insulation

parameter I/(dh) (b)

A = 1.0 × 104·
⎛
⎜⎜⎜⎜⎜⎝

−0.0002 0.0053 −0.0635 0.1634

0.0017 −0.0373 0.4433 −1.1634

−0.0038 0.0867 −1.0132 2.5920

0.0029 −0.0663 0.7619 −1.9427

⎞
⎟⎟⎟⎟⎟⎠

(10)

I(ρ∗/ρs, r/R, d)

= dh

p′−1∑
i=0

q′−1∑
j=0

Bij(ρ∗/ρs)i(r/R)j (11)

B = 1.0 × 105·
⎛
⎜⎜⎝

0.0082 −0.0836 −0.0981 1.8983

−0.0395 0.4461 −0.0258 −7.6041

0.0546 −0.7031 1.3477 5.7186

⎞
⎟⎟⎠ (12)

)$./�O&'��, �Æk&)64%*(*!
)>C�o(, I E6�O&'��,.�7, )./
�O&'���!)ÆkMC σ #4%*( I JQ'�

lW#5(o(H%, H%G_Tc 7 Sd, H%o(W
JQTW (13) 6 (14) Sd. tFW (13) 6 (14) pv
ρ∗/ρs (;W (15). W (13)—(15) /SJqY<u>'
te.QK (kg, m, s, K, W).

� 7 ����	
����
�
Fig.7 Fittings of parameters for uniform cell size foam

σ = −0.0062 + 0.0579(ρ∗/ρs)+

1.3185(ρ∗/ρs)2 (13)

I = h[m/(ρ∗/ρs)][0.047+

4.33exp(−40.95(ρ∗/ρs))] (14)

I = mh[0.047 + 4.33exp(−40.95·
(
√

σ/1.3185 + 0.0052− 0.0219))]/

(
√

σ/1.3185 + 0.0052− 0.0219) (15)

2.3 _`a�bcd��uv
'n�02").*?D�i'$:Jrw:&JG

sv:&-uo(:&!SO(:&02vw:6W/:
', KL>'rw:,.")'n. rw:'n�02"
)?D�g)xt*: #u")��902/, *+/9
g)02, >q �v02�ÆtÆ2IJ02�(.R
wn, soE�02")?Dw)I.02")?D. #
KL�0//, :&'��m4%*( I Ig)02, q
@!)ÆkMC σ 6.Q*G;< m �ÆtÆ, W (5)
��02")?D()IT8.02")?D:

:<):
I(ρ∗/ρs, r/R, d) (16a)

rw9/:

σ(ρ∗/ρs, r/R) − σ0 = 0

m(ρ∗/ρs, d) − m0 = 0

⎫⎬
⎭ (16b)

WpJ>:

0.06 ≤ ρ∗/ρs ≤ 0.2

0.4 ≤ r/R ≤ 0.5

⎫⎬
⎭ (16c)

�/, !)ÆkMCÆtÆ σ0=[0.02, 0.03, 0.04, 0.05,
0.06, 0.07], K@ m ÆI!)>C 0.1&bC 100 mm �
&'��m�;<*(, ms m0=0.01. )&(&� σ0

Æ, ?<W (17) (;F�O� – !)>C – 4%*(J
>1�/=G_.
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I = m0·h
(ρ∗/ρs)

p′−1∑
i=0

q′−1∑
j=0

Bij(ρ∗/ρs)i(r/R)j

p−1∑
i=0

q−1∑
j=0

Aij(ρ∗/ρs)i(r/R)j − σ0 = 0

⎫⎪⎪⎪⎬
⎪⎪⎪⎭

(17)

� 8 t��	
����	�
 I x�� r/R x
��

ρ∗/ρs �y�

Fig.8 Effects of r/R (a) and ρ∗/ρs (b) on the heat insula-

tion index I of metal foam panel

c 8 q .02o( I  Wp*( r/R 6 ρ∗/ρs

�OO. (:bF, !)ÆkMCÆtÆ7RB, ^H�
O�6!)>C)-.4%���CD7Iak, ")2
'7Ica. )$!&�!)ÆkMCÆtÆ, *+!)
>C:R�&'���p;:5�4%��, :"��O
�j0 σ0 �(&oVJVQ. K@&'��4%./�
;<, +(& σ0 ÆtÆB>./4%��:"�&'�
�!)>C&�O�#./bCT1 1 Sd.

c 9 q .;<*( m0=0.01 B&'��m� I–
σ c, c/./�O&'��� I–σ G_WW (15) <
@. sc/(:bF, )$TW (5) ��02").*?
D, ./�;</@B, )$q@�E7MC)', (:?
<)&'���O�6!)>C�").*>./�4

%��rFf9RY, L,//JY./�4%)', j
-):]R./�E7��eHX, zVyQ, mz:'
;>./4%��6E7��&B:"�ua):"nv.
sc/H(:bF, E6�O&'��m./1%��)
ak"$!&;<�./�O&'��m.

x 1 wywxyzyxy{{zz
Table 1 Optimal results of metal dual–size foam panel

with identical mass

σ0 Imax Optimal parameter

ρ∗/ρs r/R d, mm

0.02 0.681 0.086 0.426 115.9

0.03 0.406 0.108 0.422 93.0

0.04 0.287 0.126 0.420 79.3

0.05 0.224 0.143 0.420 69.9

0.06 0.181 0.159 0.420 62.9

0.07 0.143 0.174 0.416 57.4

� 9 t������	
���������|�
Fig.9 Multi–object optimization of dual–size foam panel

with identical mass

3 z{
(1)bS:KW&'��}4D|�ZE^HFX�

�#&'��/�J{, >���B%O(JY, #!)
>C7RB, }4D|�Z(:>��B%O(JY 1 |
:R. L#E6�O&'��/, 07�O��^<, ��
�%ABO(\9.

(2) ?<:FÆ}MC&4%6m; 3 902o(�
�02").*((G=, }'rw:E�02")?D
w)I.02")?D,..'n. #./;</@�{
{8, ;FR>MC)', &B>4%��:"�&'�
��O�&!)>C6./bC.

(3)p;.;</@{{8(&�O�&'��m.
/4%*( – Æk&)c. -Q1c, 2I&BR>E7
64%)'�&'��m./, *'E6�O&'���
1%��)ak"$./�O&'��m.
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