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ABSTRACT OF THE THESIS

An Investigation and Characterization of Metal Foam Filled Double-Pipe Heat Exchangers

by

Xi Chen
Master of Science, Graduate Program in Mechanical Engineering

University of California, Riverside, August 2014
Dr. Kambiz Vafai, Chairperson

The effect of using metal foams in double-pipe heat exchangers is investigated in this work. The
advantages and drawbacks of using metal foams in these types of heat exchangers is characterized
and quantified. The analysis starts with an investigation of forced convection in metal foam filled
heat exchangers using Brinkman-Forchheimer-extended Darcy model and the Local Thermal
Equilibrium (LTE) energy model. An excellent agreement is displayed between the present
results and established analytical results. The presented work enables one to establish the

optimum conditions for the use of metal foam filled double-pipe heat exchangers.

Keywords: Metal Foam, Double-Pipe, Heat Exchangers
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Nomenclature

A = surface area, m’

¢y = specific heat, J/(kg K)

D = pipe diameter, m

Da = Darcy number

d, = pore size, m

ds = fiber diameter of metal foam, m
F = inertial coefficient

h = convective heat transfer coefficient,

W/(m*Kh)

K = Permeability, m?

k = thermal conductivity, W/(m K)
m = mass flow, kg/s

Nu = Nusselt number

P = pressure, Pa

Q = Power, W

q = heat flux, W/m?
R = pipe radius, m
T = temperature, K

U = overall heat transfer coefficient, W/(m

K)

u = velocity, m/s

& = porosity of the porous medium
u = viscosity, kg/(m s)

p = density, kg/m®

Subscripts

e = effective value

f = fluid phase

s = solid phase

m = mean value

w = wall

2



Chapter 1

Introduction

Metal foam is a porous medium that has a solid metal matrix with empty or fluid-filled pores.
Because metal foams have both functional and structural properties, they have been utilized in a
wide range of sectors and industries, including transportation, defense, aerospace, architectural
designs and energy industries. Metal foams can be classified as closed or open cell type. Open-
cell metal foams have the following characteristics: 1) large surface area, which improves energy
absorption and heat transfer[1]; 2) extended foam ligaments normal to the flow direction, which
results in fluid mixing, boundary layer disruption and an increase in fluid turbulence[2]; and 3)
lightweight, high strength and rigidity. Therefore, metal foams have a high potential to enhance
heat transfer. For example, Lin et al. [3] demonstrated that the solid foam radiator is significantly
more efficient than the fin radiator in enhancing the heat transfer performance. Boomsma et al. [4]
have shown that the compressed aluminum foam heat exchanger has nearly half the thermal
resistance and significantly higher heat transfer efficiency as compared to the regular heat
exchanger. Mahjoob and Vafai [5] have pointed out that although there is an increase in the
pressure drop, the use of metal foam leads to a substantial heat transfer enhancement that can

make up for the increased pressure loss.

There has been an increased interest in establishing metal foam properties such as the effective
thermal conductivity, permeability, and inertial coefficient. Calmidi and Mahajan [6] developed
a two-dimensional model to obtain the effective thermal conductivity of the metal foams. A one-
dimensional analytical heat conduction model was developed based on a three-dimensional
geometry of the metal foam cells by Boomsma and Poulikakos [7] which displayed a good

agreement with the experimental data. Bhattacharya et al. [8] researched the same topic based on



the analysis of Calmidi and Mahajan [6] and found that the effective thermal conductivity
depends more on the porosity than the pore density. Their model was more realistic for high
porosity metal foams. The permeability and the inertial coefficient, which are two key parameters
of open-cell metal foams, have been studied by various researchers. These two parameters are
highly structural dependent, and much of the prior works on packed beds and granular porous
media with a porosity of 0.3-0.6 has been utilized to investigate their dependence on the pore size
and porosity. However, packed bed attributes may not be directly applicable to metal foams. As
such, Calmidi [9] proposed a model based on his study of Porvair foams to derive specific
formulation that relates the permeability and the inertial coefficient in terms of the porosity and
pore size of metal foams. Zhao et al. [10] also investigated determination of permeability and

inertial coefficient for highly porous metal foams.

As mentioned earlier, metal foams with open cells can be regarded as a porous medium. So the
fluid flow through these foams can be described by Darcy’s Law. However, Darcy’s Law is
limited to laminar flow and when the Reynolds number based on the pore size is in the range of 1
to 10. An increase in the velocity will lead to deviation from Darcy’s law [11]. To solve this
problem, Vafai and Tien [12] have proposed a generalized model to incorporate the boundary and
inertial effects. For modeling the heat transfer in porous medium, the energy equation model
proposed by Vafai and Tien [12] is utilized. It should be noted that some additional assumptions
are required when this energy equation is used: 1) small temperature differences between the fluid
and solid phase on a local basis, i.e the solid and fluid phases are in local thermal equilibrium
(LTE); 2) natural convection and radiation in the porous medium can be neglected; The LTE
model has been utilized by various investigators in the analysis of forced convection through a

porous medium [13-15].



Heat transfer performance of open-cell metal foams has been investigated by several investigators.
These works have mainly focused on the fundamental rectangular channel geometry. Forced
convection in metal foam filled pipes have also been investigated [16]. However, the double-pipe
heat exchangers filled with metal foams which are the most pertinent metal foam heat exchangers
used in various industrial applications have rarely been considered. This could be due to the
complexity of the coupling process between the fluids which leads to a temperature and heat flux
distribution which is not constant at the interface of the two pipes. To simplify the model and
reduce the computational time, prior works have considered a constant heat flux or a constant
temperature at the interface. But this does not reflect the actual conditions in the operation of
double-pipe heat exchangers. Therefore, in this work, the Brinkman-Forchheimer-extend-Darcy
and local thermal equilibrium equations are utilized to simulate metal foam filled heat exchangers
while incorporating the coupling effect between the inner and outer pipes and the intervening
fluids. The influence of different parameters such as different Darcy numbers on fluid and
thermal performance of metal foam filled pipes is addressed. The heat transfer performance of
practical double-pipe heat exchangers filled with metal foams is also analyzed and compared with
that of plain tube heat exchangers in this study, to quantify several aspects of optimum operating

conditions for these types of devices.



Chapter 2
Physical Problem

The problem under consideration is based on forced convective flow through a pipe filled with
metal foams shown in Fig. 1la. The liquid flows through the metal foam filled pipe with a

diameter of 2R and length L. The pipe wall is impermeable and subject to a variable heat flux

a,,(2) which is determined based on the coupling conditions.

The inner pipe is inside an outer pipe constituting a simple double-pipe heat exchanger, as shown
in Fig. 1b. The inner and outer pipes, with diameters R, and R, respectively, are both filled with
metal foams. The cold and hot liquids flow in opposite directions in a counter-flow arrangement
through the inner and the annular sections. The heat is transferred from the hot water in the outer
annular pipe to the cold water in the inner pipe (or the other way around) through the inner pipe’s

wall subject to the coupling conditions. The outer pipe is assumed to be insulated.



Chapter 3

Mathematical Formulation and Boundary Conditions

3.1 Mathematical Formulation

As mentioned earlier, the Brinkman-Forchheimer-extended-Darcy flow model and the local
thermal equilibrium based energy equation are utilized in our analysis. It is assumed that the
properties of the metal foam and the fluid are homogeneous and isotropic. The radiation and

natural convection are considered to be negligible. The governing equations can be written as [12,

15, 17]:
2
Mfou tou) e Fe e dp_g 8
glar ror) K K2  dz
dT T 10T
ClU—=K,| —5+—— 2
P e[ar2 rar] ®

3.2 Boundary Conditions

3.2.1 Boundary conditions for metal foam filled pipes

For a metal foam pipe subjected to a constant heat flux, the gradients of the velocity and
temperature in the r direction vanish at the centerline. The appropriate boundary conditions are as

follows:



d_UZO,@=0atr:o (3)
dr or

u:O,qW=kegatr=R (4)
or

3.2.2  Boundary conditions for double-pipe heat exchangers filled with metal foams
(1) Inlet boundary conditions
a. Inner pipe: T =T, ; and the velocity (u,;,) is calculated based on the specified inner

Reynolds number, Re, .

b. Outer pipe: T =T,,;,; and the velocity (U, ;,) is calculated based on the specified outer

Reynolds number, Re, .

(2) Boundary conditions at the walls
a. Inner pipe: The wall thickness of the inner pipe is considered to be negligible and the
coupling conditions are applied across the inner wall.

b. Outer pipe: The outer pipe is considered to be adiabatic

3.3 Parameter Specifications

Several parameters, such as the permeability ( K'), effective thermal conductivity (k, ), and
inertial coefficient ( F ), need to be calculated to initiate the numerical simulation. The
permeability K , for the open-cell metal foams, can be obtained through a formulation proposed

by Calmidi [9] based on his experimental data, given as



K

0. -1.11
. =0.00073(1-¢) ***(d, /d,) (5)

2
p
where d, is the pore size; and d is the fiber diameter of the metal foam. These quantities are in

turn obtained from

4 _0.0254 ©

" PPI

d, 1-¢ 1
d_ =1. 18\/;(1_ ef((l—g)/0.04) j (7)
p

where PPI signifies pores per inch. The effective thermal conductivity of a fluid filled porous

medium can be estimated by [1]
k, = ek, +(1-¢)k, (8)

To determine the inertial coefficient, the following correlation, which is based on the

experimental data for metal foams, was proposed by Zhao et al.[10].
F=C|(1-2) /d, |- K" ©)

where C=29.613 and n=1.5226 for the alumina alloy foams while C=7.861 and

n = 0.5134 for the copper foams.



The Reynolds number for the inner and annular pipes is represented as:

_ D, U, - o5
Hi

Re, (10)

where D, is the hydraulic diameter equaling 2R, for the inner section and 2(R2 —Rl) for the
annular section.

The following are two accepted definitions of the Reynolds number for a porous medium. The

first one is the permeability based Reynolds number given by Eq. (11) [12, 18, 19].

pUK

Re, = (11)
U
The other is the pore size based Reynolds number given by Eq. (12) [5].
ud
Rey, =22 (1-2) (12)
The Darcy number Da is defined as
K
Da = F (13)

All the constant parameters needed in simulations are presented in Table 1.



Chapter 4

Validation

The dimensionless velocity u” is defined as:

u=— (14)

where u_ is the velocity outside the momentum boundary layer. The dimensionless temperature

0 is expressed as:

CT,-T T,-T

o= -
T,-T. q,/h

(15)

where T,,, T,, g, and h are the wall temperature, mean temperature of the fluid, heat flux at the

wall and the mean convective heat transfer coefficient, respectively.

The numerical results for the rectangular duct were compared with the analytical results of Vafai

and Kim [15]. Fig. 2 shows the comparisons between the present dimensionless velocity,

h

temperature distribution and the Nusselt number ( Nu = I'(Dh) and those given in [15]. The

numerical results were found to be in very good agreement with the analytical solutions of Vafai
and Kim [15]. A further comparison was done for a circular pipe. Our results were compared with
the results of Hooman et al. [14, 20]. Fig. 3 shows the comparisons between the present
dimensionless velocity and temperature distributions and those given in [14, 20]. The maximum

deviation was found to be less than 2%.



There is a scarcity of numerical and experimental data for forced convection in double-pipe heat
exchangers filled with metal foams. Fig. 4 shows the comparison between our results and prior
works for the velocity distributions for the inner pipes. As can be seen, we have an excellent

agreement.

10



Chapter 5

Results and Discussions

5.1 Case 1: The Metal Foam Filled Pipes

5.1.1 Pressure drop

Fig. 5a presents the variation of pressure drop per unit length in metal foam pipes at different
Reynolds and Darcy numbers. As expected, the metal foam pipe has a substantially larger
pressure drop than a plain pipe under the same operating conditions. As expected, the pressure
drop increases substantially with a decrease in the Darcy number due to the greater resistance to

the flow at the lower Darcy numbers.

A{p)2H

Fig. 5b shows the relationship between the friction factor ( f = ————
Lo,u. /2

) and the permeability

based Reynolds number (Re, ). As can be seen in this figure, the friction factor ( f ) is nearly
invariable after Re, >20. This is because the inertial force (Forchheimer term which is
proportional to square of velocity) becomes the dominant part of the pressure drop when Re,
becomes larger than 20.

5.1.2 Heat transfer performance

To examine and assess the heat transfer performance, the overall Nusselt number, defined as

hD
Nu; =k—, is used. Fig. 6a shows the effects of the Reynolds number (Re,) and the Darcy
f

number ( Da) on the overall heat transfer coefficient ( Nu, ) for a metal foam filled pipe. As can

be seen, the Nusselt number increases gradually with an increase in the fluid velocity. While a

11



decrease in the Darcy number (the permeability) leads to an improvement in the Nusselt number.
Comparisons of the heat transfer performance of a plain pipe and a metal foam filled pipe are also
presented in Fig. 6a. As expected, metal foam filled pipes have a substantially higher Nusselt

number (up to 50 times) as compared to a plain pipe.

To investigate the effect of different materials, metal foams, such as titanium foam (k =7 W/m-
K), stainless steel foam (k =16 W/m-K), nickel foam (k =91 W/m-K), alumina foam (k =202

W/m-K), and copper foam (k =399 W/m-K), are simulated at Re,, =5 and 20. Results are

presented in Fig. 6b which illustrates the almost linear increase in heat transfer with an increase in

the thermal conductivity of the solid skeleton.

5.2 Case 2: Double-Pipe Heat Exchanger Filled with a Metal Foam

5.2.1 Pressure drop

Fig. 7a displays the effect of the Reynolds number on the pressure drop per unit length for metal

foam pipes with Da=10"*and Da =10". The relationship between the friction factor ( f ) and

the permeability based Reynolds number (Re, ) is shown in Fig.7b.

As expected, the pressure drop increases with an increase in the Reynolds number and a decrease

in the Darcy number. The viscous term (Darcy term) is the dominant factor when Re, <20, and

the inertia force (Forchheimer term) becomes dominant for the pressure drop after Re,, > 20.

12



5.2.2  Heat transfer performance

The logarithmic mean temperature difference, which is the appropriate average temperature

difference for the heat exchanger design, is employed. For the counter-flow arrangement, we can

present:

AT =T, i —Ti1 om (16)

AT, =Tes o —Ttiin (17)

AT, :LA%TZ (18)
In A—TZ

and

Q=U-A-AT, (19)

where A is the total surface area of the inner pipe.

The heat transfer Q can also be presented as:

Q=0 (Traas ~Trvn) =My (Trzin ~Tra0) @0

where m, and m, are the mass flow rates of the cold and hot fluids (Kg/s); ¢, and c, are the

specific heat of cold and hot fluids (J/Kg-K); and T T Tipin and T, . are the average

flin? " flout’

temperatures of cold and hot fluids flowing in and out of the pipes.

13



Fig. 8a displays the heat transfer performance for a plain double-pipe and a double-pipe which is
filled with metal foams. Again, as can be seen, the total heat transfer increases when the Darcy

number decreases and the Reynolds number increases.

Fig. 8b presents the ratio of the metal foam heat exchanger heat transfer coefficient for a double-
pipe to that of the plain double-pipe heat exchanger. It can be seen that metal foams have a
substantial effect on the heat transfer enhancement at lower Reynolds numbers. For example, the
overall heat transfer coefficient is increased by 18 times when the Reynolds number is close to

1000. However, the influence of metal foams diminishes as the Reynolds number increases.
5.2.3 Comprehensive Performance Evaluation

The heat transfer performance and energy consumption are two important factors that should be

considered when designing heat exchangers. For the evaluation of the heat transfer performance,
the thermal load per unit length (Q/L) and the pumping power P, /L =(AP/L)-V,, where
V, is the flow rate of the fluid, are utilized. The performance factor (1), given by Eq. (21), is

introduced to assess the comprehensive performance.

| Z(Q/L_Pp/L)metal foam_(Q/L_Pp/L)

(Q/L-P,/L)

plain tube (21)
plain tube

Table 2 shows the comprehensive performance characteristics of double-pipe heat exchangers
with and without metal foams. As can be seen, inserting metal foams significantly increases the
pressure drop. However, there is a remarkable improvement on the management of the thermal

load (as much as 11 times), while the performance factor can increase by more than 700%.

14



Chapter 6

Conclusions

Forced convection in metal foam heat exchangers has been analyzed using the Brinkman-
Forchheimer-extend-Darcy model and local thermal equilibrium energy model for a porous
medium. Numerical results for the velocity and temperature profiles in metal foam pipes are first
obtained for constant heat flux boundary conditions. The comparison between the numerical and
analytical solutions displays the accuracy of our results. It can be seen that a lower Darcy number

offers an enhancement in the heat transfer performance.

The effect of using metal foams in double-pipe heat exchangers as well as its considerable heat
transfer enhancement over the plain-tube exchangers was investigated. Attributes related to the
heat transfer enhancement at the expense of additional pressure drop were categorized. In this
respect, a performance factor, was introduced and quantified to further help the evaluation and
assessment of the compromise between heat transfer enhancement and pressure drop in designing

a metal foam heat exchanger.

15



Table 1 Pertinent parameters for metal foam filled heat exchangers

Parameter Value Unit
Cr1 4179 x 103 J(kg*K)
kfi 0.609 W/m/K
Pr1 997 kg/m?
Hr1 0.92 % 1073 Pa*s
Cfa 4179 x 103 J(kg*K)
Ky 0.609 W/m/K
Pr2 997 kg/m?
s2 0.92x 1073 Pa*s
R, 0.01 m
R, 0.02 m

Tf1in 273.15 K
Tz in 373.15 K

16
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Fig. 1 Schematic of the double-pipe heat exchanger filled with metal foams: a) A single pipe
filled with a metal foam, (b) Cross sectional view of the double-pipe heat exchanger.
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Fig. 2 Comparison of the fully developed Flow and Temperature fields in a rectangular duct: a)
Velocity field, b) Temperature field, c) the Nusselt number.
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Fig. 3 Comparison of the fully developed flow and temperature fields in a circular pipe: a)
Velocity field, b) Temperature field.
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Fig. 4 Comparison of the velocity fields in a metal foam filled double-pipe heat exchanger.

21



2,000,000 . ; > .

—+— Da=10"*
—#— Da=10"3
1,600,000 | —+—Da=10? .
—— Plain tube
1,200,000 |- -
-
a
<
800,000 |- B
400,000 - il
0 L L 1
0 5,000 10,000 15,000 20,000 25,000
ReD
(@
250 T T T T
—F— a0t
= Da=107>
—— Da=10"2
200 -
150 -
100 -
50 i \\ _
H—-—o—\—._
0 1 1 1 1
0 20 40 60 80 100
ReK
(b)

Fig. 5 Variation of the pressure drop with Darcy number in a metal foam filled pipe: a) Pressure
drop, b) Friction factor.
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Fig. 6 Effect of Reynolds number, Darcy number and thermal conductivity variations on the

Nusselt number for a metal foam filled pipe: a) Effect of Rep and Da variations, b) Effect of k;
variations.
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Fig. 7 Variation of pressure drop and friction factor variations with Darcy number in a metal
foam filled double-pipe heat exchanger: a) Pressure drop, b) Friction factor.
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