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Abstract—The forced convection heat transfer in high porosity
metal-foam filled tube heat exchangers are studied in this paper. The
Brinkman Darcy momentum model and two energy equations for
both solid and fluid phases in porous media are employed .The study
shows that using metal-foams can significantly improve the heat
transfer in heat exchangers.
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|. INTRODUCTION

ECENTLY, the use of high porosity metal foams have
spread to include applications, such as aircraft wing
structures for the aerospace industry, catalytic surfaces for
chemica reactions, core structures for high strength panels,
and containment matrices and burn rate enhancers for solid
propdlants. Due to the high surface-area density and strong
mixing capability for the fluid, opencell metal foams are now
regarded as one of the most promising materials for the
manufacture of efficient compact heat exchangers (Fig. 1).
Due to high prices, in previous years this technology was
rarely used. But nowadays with decreasing in manufacturing
costs, using metal foams has become more prevalent.
Therefore recently some scientific researches were
investigated to study the phenomenon of heat transfer in fluid
flow inside the metal foam. V. V. Camidi and R. L. Mahgan
[1-2] conducted a comprehensive experimental and numerical
study of forced convection in high porosity aluminum metal
foam with variety of porosities and pore densities and using
air asthefluid. K. Boomsmaand D. Poulikakos[3] devel oped
a geometrical effective thermal conductivity model of metal
foam based on the idedized three dimensional basic cell
geometry of a foam. Shadi Mahjoob and Kambiz Vafa [4]
studied the effects of micro structural metal foam properties,
such as porosity, pore and fiber diameters, pore density, and
relative density, on the heat exchanger performance. W. Lu a
and C.Y. Zhao and S.A. Tassou [5-6] presented an analytical
study of the forced convection heat transfer characteristics in
high porosity open-cell metal foam filled pipes. L. Tadrist and
his colleagues [7] studied the effect of metal foams on heat
transfer and pressure drop in acompact heat exchanger.
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Practically, high porosity metal foams can be considered as
a porous medium. For modeling all the heat transfer problems,
It requires to solve momentum equation to obtain the vel ocity
distribution. The most simple relation presented for modeling
the velocity field in porous media is Darcy [8] equation. He
discovered that velocity insde a porous material is
proportional to the pressure drop and inversely proportiona to
the viscosity. After Darcy, and unlike his equation, some other
relations (including Brinkman-Darcy [9]) were presented
which considered the effect of boundary conditions. Energy
equations are derived from the First law of thermodynamics,
and they are solved to find out the temperature distribution
with the help of velocity distribution that are just acquired by
solving momentum equations.

TABLE |
NOMENCLATURE

Symbol Quantity

T temperature

t time

€ porosity

Pr Prandtl number

d pipe diameter m

P pressure Pa

Cs friction factor m

h heat transfer coefficient w/m2K

hgs heat transfer interfacial coefficientof  w/m?K
metal foams

k thermal conductivity W/mK

K Permeability m?

Nug Nusselt number hd/ks

q heat flux w/m?

q’ Internal heat generation w/m?

R pipe radius m

u velocity m/s

Up, mean fluid velocity m/s

Regy local Reynolds number pu,d/p

a surface area density m~!

Br Brinkman number

C heat capacity of fluid Jkg K

n dynamic viscosity kg/ms

p density kg/m?

Il.MATHEMATICAL MODELING

Mass conservation equation in integral formis expressed as
follow:
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nR2U,, = 2 [w.7.dr (@)) The boundary conditions can be specified as follows
An alternative form of Darcy's equation is what is du 9Ty 0Ty
commonly known as Brinkman’s [10] equation thatéiawo " = 0 or  or  or (10

viscous terms. r=R u=0, Ts=T =T, 1y

For the pipes directly heated from outside safaith
constant heat flux, The following equation is obea for
dTe/dx [11],

dT,
Sy B (12)
dx R(pc) iy,

A. Effective thermal conductivities of the solid and fluid (K
and Ky)

To determine the effective thermal conductivityopen cell
metal foamsK; andKy, the following correlation, which is
based on the three-dimensional cellular morphologgs
proposed by Boomsma and Poulikakos [3].

29, ﬁl- N—. NG3

E - S S "-3'- S ‘L kG i o g K. = (13)
Fig. 1 Photo of a 10 PPI aluminum foam " 2(Ra +Rg +Rc +Rp)’
VP = —%u + ‘—;vzu (2)  Where:
Energy equation for the solid phase [10], R, = 4d (14)
A7 (2e2 + md(1 — e)K, + (4 — 2e2 — md(1 — e)K;
aT.
(1 - 5)(.0(:)5 a_: =V. (ksVTs) + q_,c, + asfhfs(Tf - Ts) (3)
R. = (e — 2d)? 15
and for the fluid phase, B7 (e—2d)e?K + (2e — 4d — (e — 2d)e?)K; (15)
oty ~ ., _ (V2 - 2¢)?
60y G * AV =T 0TI +af +ahy(T=T) (1) Re =505 oK, + 2(V2 = 26 — md?(1— Zeva))Ks (10)
In above equationg,'[W /m3] is the heat production per
unit volume. The equations have been simplifietbdsw: 2e
Rp=F—7+—— 17
) ; P e?K, + (4 — eDK; a7
ksV2Ts + qf + asphes(T; = Ts) =0 (5)
Wheree = 0.339 and:
Energy and momentum equations in cylindrical cauatés
) . ) 5
are in the following form: , B V2(2 - (§) e3v2 — 2¢)
dP_ U ufo‘u 10u ; d= (18)
a——Eu+; ﬁ-l-;a_r 7) 7'[(3—46\/2—6)
92T, 10T, ) B. Surface area density (ayf)
ks Froeleml U C asphys(Ty = Ts) =0 ©)) The solid—fluid interfacial surface area density 4m array
of parallel cylinders intersecting in three mutwyall
dT; 92T, 10T, ) perpendicular ;i:;ecnons, whose cylinder diameterdi and
- =k \ G2 757 ) T & interval is a, is—-. However, the topology of metal-foams is
+ asfhfs(Ts — Tf) (9) different from the cross-cylinder. Furthermore, thepss-

section of the fiber is not circular when the pdsosf metal-
foams is higher than 0.85. Shape factors must tvrednced
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when the formula of cross-cylinder is used to simplify the
structure of metal-foams, which are a= 0.59dp, and d = (1 —

exp (— (ﬁ))).df [1]. Then the surface area density of

0.04
metal -foams becomes:

_ 3mdy(1 ef(é-%i))

s (0.59dp)> (19)

1. NUMERICAL RESULTS

Numerica solutions for dimensionless energy and
momentum equations are obtained by finite difference
method. Numerical integration, was carried out based on the
Romberg method [12]. To confirm the validity of the
numerical results, we have compared them with analytica
relationsin section 4.

A. Momentum equation

Fig. 2 shows that velocity distribution for r* < 0.95 is
uniform.This result is a useful assumption for simplification
the heat transfer equations.
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Fig. 2 Velocity distribution in ametal foam filled pipe

B. Energy eguation

As it can be seen, energy equations depend on various
parameters. Therefore, it is impossible to summarize the
numerica results in a simple diagram. So in any of the
following diagrams, it has been tried to examine the effect of
tow parameters on the heat transfer phenomenon. The effect
of Rey, K, and K on the Nusselt number is shown In Fig. 3,4.
Fig. 3 shows that with increasing k, , Nusselt number reduces,
but it doesn't show a decrease the heat transfer coefficient.
Practically one of the main methods of increasing heat transfer
coefficient is increasing k. It aso can be understood that the
effect of Reynolds number on the Nusselt number is negligible
when Re,; > 105.

In Fig. 4 the effect of fluid therma conductivity has been
investigated. It shows that the therma conductivity of gases
has a little impact on Nusselt number and it is a useful result
for simplification of heat transfer equations.
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Fig. 3 The effect of ks on Nusselt number
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Fig. 4 The effect of ky on Nusselt number

IV. ANALYTICAL RESULT

With the help of numerical results, we can assume that the
velocity distribution is uniform. Also when we have gas flow
in the metal foam, we can neglect the conduction in the gas

phase. Therefore we can write the equations as follows:
. <62Ts 10T,
N

5zt ?W) +qp + asphys (T —T5) =0 (20)
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dT 1 k 1 Br 4k 2k .Br
f qw S s s
dx R(pc)su 22 u (28)

Variable F is defined as follows:

250 250
ZCIW 2qfr :
F = < — ) 23 [ ==
Rk, Tk, (23) i IR
200 o, 200
the temperature profiles can be obtained from 18,19 i - Mume rical _—
- ™ Ka=6.37 Analytical -
F i
Tssz_Z(RZ_rZ) (24) 150_ 150
h i _ —
F Fkg+
Tf=Tw_Z(R2—r2)—57hqfr (25) I Y m -~ e Es=3.71
Gsrltys DD [ 100
Ty is the bulk mean fluid temperature averaged althrey / N ~ s
cross section of the channel, given by: o e o
fozn for uTyrdrd F_, Fks+qp i
Tmf: fznfrurdrde =TW_§R a a h (26) i L M R NI R I TR T N N N1
0 -0 oFTs g 50000 100000 150000 200000 ©
Re
And finally we have heat transfer coefficient andselt Fig. 5 Comparison ofnumedrical and analytical ressul

number relations.
We have compared the heat transfer coefficienainbt
from analytical and numerical results in Fig. 5shiows that

1 T,—Tyny d d.Br + 4 2Br @7 simplified analytical relations predict the numafiaesults
" qw 8k, 8k, daghy, daghy very well in gas flow.
TABLE II

THE EFFECT OF METAL FOAMS ON HEAT
EXCHANGERS (RE=31629)

Foam Type Pressure Drop Heat Transfer Coefficient
f=0.0061 Nu = 0.021 Re®8 pro#
dp h=19.05
38 Ajh; = 5.9847

Re, = 2m%h _ co5g 5 NUgquar = 0.021 Re;,*® Pro+
h=26.31
df:0-0093 Ash; = 39.83
p
— = 2849
dx

hd
Re=31629 Nug = o - 5.28
S
d_p =724.31 h=353.86
dx Ay = 114.74
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TABLE Il
THE EFFECT OF METAL FOAMSON HEAT
EXCHANGERS (RE=1800)

Foam Type Pressure Drop Heat Transfer Coefficient
f= 16 Nu = 4.36
" Re h=1.09
dp _ 0.0169 Ajh; = 0.342
dx ’
oud NUequal = 4.36
Rey, = —2 = 345 h=5.67
= R—eh
dp
= 0.46 hd
Nu, = — =281
S
dRe‘:1800 h=188.27
d_z = 4132 Ah; = 59.11

We have compared some of heat exchangersin tables 2 and
3. It shows that using metal foam can significantly enhance
heat transfer in heat exchangers.

VV.COMPARISON WITH EXPERIMENTAL DATA

The numerical results have been compared with the results
presented in [2] in order to verify them. The main problem
with this comparison is the difference between the geometries.
Therefore it has been tried to compare the dimensionless
numbers in order to eliminate of the difference between two
geometries. In Fig. 9, the experimental results of V. V.
Calmidi and R. L. Mahagjan [2] have been compared with
numerical results that have been obtained before.lt must be
considered that V. V. Camidi and R. L. Mahagjan[2] defined

Reynolds number as Re,=u,vVk/v and in comparison with
Req = u,d/v , we should use the following relation:

Req = (d/Vk) Rey (29)

\

TMumerical
Experimental

2

o L " " " 1 " L 1 .
a s0000 100000

Re
Fig. 6 Nussdt number for metal foam filled pipe: numerical results
versus experimental data

VI. CONCLUSION

Temperature and velocity distributions have been obtained
by solving the equations numericaly with constant heat flux
boundary condition. After inspecting the effects of different
parameters on the heat transfer, the governing equations have
been simplified with neglecting the parameters with lesser
impacts. Simplified equations were solved analytically which
had predicted the numerical results accurately in a gas flow.
The results show that using metal foams can enhance heat
transfer performance significantly.
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