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ABSTRACT

High porosity metal foams are excellent candidates for high performanced heat exchangers. They are
employed in aerospace applications mainly, but their use has been widened to include cooling in
Electronic Packaging. Other important applications have been found taking advantage of the thermal
properties of the metal foam. These applications include compact heat exchangers for airborne
equipment, regenerative and dissipative air-cooled condenser towers, and compact heat sinks for
power electronics. The low relative density, open porosity and high thermal conductivity of the cell
edges, as well as the large accessible surface area per unit volume, and the ability to mix the cooling
fluid, all make metal foam heat exchangers efficient, compact and light weight.

The purpose of this study is to devolop the three dimensional heat transfer model for aluminium metal
foam heat exchangers. The forced convection and the conduction heat transfer modes for the heat
transfer distribution in open cell aluminium metal foam have been concidered. The analysis uses the
typical parameters reported by the foam manufacturers such as the porosity and the area density,
defined as the ratio of the surface area of the foam to the volume. The simplicity and applicability of the
present approach offer a significant advantage over previous models. It eliminates the need for complex
microscopic analytical or numerical modeling of the flow and the heat transfer in and around the pores.
Keywords: Aluminium metal foam, heat exchanger , heat transfer

1. INTRODUCTION

Bastawros (1) demostrated the efficiency of metallic foams in forced convection heat removal. Bastawros
showed that a high perfoormance cellular aluminum heat sink removed 2-times the usual heat flux
removed by a pin-fin array, at a third of weight and with only a moderate increase in the pressure drop. An
important application of metal foams, as it has been mentioned in multiple occasions, is to construct
compact heat exchangers. An interesting study carried out by Boomsma et al.(2) where open-cell
aluminum foams were compressed by various factors and the fashioned in to heat exchangers for electric
cooling applications, which dissipate large amount of heat. All the literature reviewed is about thermal
and hydraulic characerization of porous media (3,4,5,6,7,8,9,10,11,12). Boomsma, K. And Poukakos, D.,
(13) developed a one-dimensional heat conduction model for open celled metallic foams. It was based on
a three dimensional description of the foam geometry. Dukhan and Quinones (14) used a one-dimensional
heat transfer model for open cell metal foam. Aluminium foams with different areas, relative densities,
filament diameters and number of pores per inch were analyzed.

All the literature reviewed is about thermal and hydraulic characerization of porous media. Generally, the
forced convection and the conduction heat transfer modes for the heat transfer distribution in open
cell aluminium metal foam have been considered. However, at the moment there are not any universal
correlations to characterize the porous media due to the great variability of geometry and the materials of
which they are constructed. The base material of the porous media can be metallic and non-metallic. In
this study, aluminium as the base material of the porous media has been used, and the thermal and
hydraulic behaviour of this material have been examined.
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2. THEORY

In order to do the heat transfer analysis of the aluminium foam the control volume shown in Figure 1,
where width of the foam dx, dy and dz are small thickness in the x, y and z directions respectively has
been considered.

Figure 1. The control volume for the aluminum foam Figure 2. Finite difference form for the control
volume

The law’s Conservation of energy has been applied to the control volume. For the energy fluxes, the
conduction and convection heat transfer have been considered. The following equation for the energy
balance can be written

qx+qy+qz :qxtdx+qy+dy+qz+dz +Jconv. (1)

The Fourier ‘s law of heat conduction and Newton ‘s law of heat losses for the aluminium foam
having the solid parts and holes are given as follows

oT Ty, oT i 8T 8T
=-ksdydz(1-g) -kedydze (2) qy= -ksdx dz(1-¢) -krdxdze 3)
ox ox oy oy
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Jx+dax— -ksdydz(1-€) -kydxdydz(1- 8) —skfdydz . -ekdxdydz P &)
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Qy+dy= -ksdxdz(1-€) —— o -kdxdydz(1- 8) —skf dxdz PR -gkdxdydz N (6)
Tfm a27—'ﬁn az}m azz}m
Qr+d—ksdxdy(1-g) —— -kdxdydz(1-g) ——— -ekdydz P -ekdxdydz P (7
and for the solid parts and holes, the followmg equations are written
Acon=Ac-A, ®) dAconas=(1-¢) dx dz (12)
Acond:Ac(l '8) (9) dAcondeS dx dz (13)
dAcondS:( 1 '8) dy dz ( 1 O) dAconds:( 1 '8) dx dy ( 14)
dA ongr=e dy dz (11) dA ongr= € dx dy (15)
€ is surface porosity and it can be given as follows, (16)
The heat transfer by convection is  qeony =hfin 6 dx dy dz (Tg,-Tw) a7
and the following expression for ¢ is given by the producer firms. The o is
6=_ A (18)
dx dy dz
If the expression given above are substituted into the eqution (1), the following form can be obtained
K (1-e)( © fm & T aanm yre ke( 2 fm o, it aanm )hin6 (Ten-Ta) =0 (19)
)C
or v ’Tm1=444411444,( " —T) (20)
k(1 &)+ ek,
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For the constant values in equation (20), the following description can be done

mp=_ @ @1
k,(1-¢)+ ek,
According to this description, the equation (20) takes the following form
V 2 Tfm = mzfm(Tfm oo) (22)
or w4 0T + 0T - 5, (T T.) =0 (22a)

aﬁ o
In order to put the dimensionless form, the following expressions can be written

x=*, =2, z=-= (23)
L L L
For dimensionless temperature is = T — T (24)
T, -T,
Here, T i 18 Tn= Opu(To-Too)+ T (25)

L is the length of metal foam and M is the dimensionless constant. According to this definition for
M? the following equation can be written

M’<L? m3, (26)
After doing the necessery arrangements, the result equation takeds the following form
T,-T, 6 0°0 6 0 00

7t a0 27)
or L=-T.(V*§-M?6)=0 (28)
LZ
or v29-pm20 =0 29)
This equation can be rewritten as follows,
299 220+ 220 mro=o (30)

0X 0X° oY oY oZ oZ
For solution this expression, the control volume given in Figure 1 can be considered as given in
Figure 2. The expression (30) can be given in integral form as follows

kel L g i % dXdeZ-’-T T /‘jl i(aededXdZ

k-1 j-1 i-1 6X aX k=1 i1 j-1 aY aY

+’“ f ’T [ dedeX I I ’f M?6 dXdYdz =0 (31)
lljlk]aZ aZ k-1 j-1 i-1

If the boundary conditions are considered and after that the eqution is integrated, the following
statement can be obtained

[ﬁ _do }AYAZJr a9 | _d0| JAXAZ
dX i+l dX i-1 dy j+l dy j-1
k+1 J+L 4l
+| 40 _do AXAY-[ [ [ e dXdYdzZ=0 (32)
dz ' dz *! k=1 j-1 i-1

For the numerical derivative the following equation is given
{eﬁra 9‘-76,»,2} AYAZ+[ =0, _6,-6, } AXAZ

J

(@), (@), @) (@O,
k+1 j+1 i+l
{Hm—@k _ek—ek_z} AXAY- [ [ [ M*6 dxdvdz=0 (33)
(D) (HL), k-1 j-1 -1
For the last term in equation (33), the expression given below is written

k+1 j+1 i+l

M20 dXdYdZ= S AXAYAZ (34)

k=1 j-1 i-1
Here, S is the mean value of linearized source term and it is given as follows
S'=Sc+Sp 0 (35)
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Here, Sc is the constant value of lineraized source term and Sp is the coefficient of temperature. In
this case, equation (33) takes the following form

{HM—@ _0,-—0,-2} AYAZ+{%—9] _@—9,2} AXAZ

(X)) (X)), Y, (1),
+{HM -6, 6, —HH} AXAY~(Sc+Sp O)AXAYAZ=0 (36)
(D)1 (D)
In order to make suitable for the computer the equation (36) can be written in compact form as follows
apijk- 0 ijx=akijk- @izjxtawiji @izjctaniji @ijoxtasije @ijoxtarije Oijxotapijx @ijxath 37)
apijx = apijx T awijk T anijk T asijk T arijxt agijxtSp (38)
3. CONCLUSION

This sudy was realized theoritically. The mathematical model was made suitable for computer and the
program written was run. The experimental study related to this research has been gone on. In
numerical study, it was found that the best way to find the temperature distribution inside of the foam
is to set the boundary condition where the air leaves the sample as a zero slope condition. This means
that the temperature is increasing along the z direction and it reaches its maximum value at the
boundary where the air leaves the foam. We would like to propose this work to be applied to practical
situtions where the metal foam are strongly used in many kind of heat exchangers.
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