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Abstract: Two common methods to augment heat transfer are the application of 

nanofluids and porous inserts. In the present work, heat transfer inside a double tube 

heat exchanger filled with porous media is analyzed numerically using two phase 

mixture model for the nanofluid flow and the Darcy-Brinkman-Forchheimer model 

for the flow inside porous media. Basically, porous media improve heat transfer at 

the expense of increasing pressure drop. A new PN (Performance number) -defined 

as the ratio of heat transfer to pressure drop on the base state (without porous media 

and nanoparticles)- is introduced to better judge the first law’s performance of 

configurations. Results indicated that by keeping Dai=Dao=0.1 and increasing 

Reynolds number from 500 to 2000, an increase of 56.09% was observed in the 

performance number. Furthermore, maintaining Reynolds number at Re=500 and 

changing Dai=Dao from 0.0001 to 0.1, results in an increase of 138%. For pressure 

drop, by keeping Dai=Dao=0.1 and increasing Reynolds number from 500 to 2000, 

it is 40 times. Furthermore, maintaining Reynolds number at Re=500 and changing 

Dai=Dao from 0. 1 to 0.0001, the pressure drop is 250 times. Besides, adding 3% 

nano particles to the base fluid enhances the performance number by about 50%  and 

increase pressure drop by about 20%. 
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1 INTRODUCTION 

Nowadays, the population growth and the corresponding 

increase in energy demand, have led researches toward 

designing more efficient thermal systems. Heat 

exchangers have many industrial applications including 

automobile industry, thermal power plants, air 

conditioning systems and refrigeration systems. Hence, 

the efficiency of the heat exchangers is an important 

subject. Various approaches have been adopted to 

increase the heat transfer rate of the heat exchangers, 

such as increasing the surface area in contact with the 

fluid (through various types of fins and baffles in the 

channels), varying channel’s area using vortex 

generators, turbulent flow, magnetic control of 

ferrofluids, electronic and audio fields, as well as surface 

vibrations. One of the most effective techniques is 

increasing the heat transfer surface area. Currently, fins 

are produced in complex shapes, such as louvered fins 

and slit fins or surfaces protrusions for vortex 

generators.[1], [2]. 

Some applications of porous media cited in the literature 

include food industry, filtration, thermal insulation, 

ground water, oil flow and various heat exchangers. The 

significant increase in the temperature of the heat 

transfer and accidental displacement of the fluid using 

porous medium has made it more effective than baffles 

and fins. Particularly, metal foam, which has high 

porosity, high permeability, high strength structure, low 

density and large surface area per unit volume has 

attracted much attention. Numerous studies have also 

focused on the application of nanofluids. The use of 

solid particles as a suspended additive to the base fluid 

is a method of increasing heat transfer. Strengthening the 

thermal conductivity of conventional liquids by 

suspending solid particles with a millimeter or 

micrometer order of magnitude, is a method with the 

history of more than 100 years. However, this method 

was ignored at the time due to problems regarding 

sedimentation, erosion, fouling and the increase in 

pressure drop. The potential benefits of the nanofluids 

include long-term sustainability and high-conductivity 

compared to microscopic particles with the diameter of 

several millimeters (or even micrometers) dispersed in 

the liquid. Specifically, the pressure drop and erosion in 

micro-channels are greatly reduced. [3], [4]. 

2 LITERATURE REVIEW 

Several studies in both fields have been done 

experimentally and numerically. Abbassi et al. [5] 

carried out an experimental investigation on heat 

transfer performance of a 10 nm TiO2/Water nanofluid 

(deionized water) in a vertical annulus with non-uniform 

heat flux applied at tube wall. They concluded that the 

heat transfer coefficient of the nanofluid is higher than 

that of the pure water. Additionally, the heat transfer 

coefficient increases by increasing the volume 

concentration. Javadpour and et al. [6] did an 

experimental investigation on steady forced convection 

heat transfer under laminar flow regime in a horizontal 

annular tube. They calculated local and averaged heat 

transfer coefficients. Their results showed that the heat 

transfer coefficient of the nanofluid is higher than that of 

the base fluid at various Reynolds numbers. Teamah et 

al. [7] numerically investigated the laminar forced 

convection inside a pipe flow, partially or completely 

filled with porous media. The study was conducted for 

three different cases. In the first case, the porous medium 

is placed in the form of a cylinder in the center of the 

tube. In the latter case, the porous medium has an 

annular shape, and in the third case, the porous medium 

has a cylindrical shape, but it is only placed in the initial 

part of the pipe in a short length. They used the Darcy-

Brinkman-Forchimer model to describe the fluid 

transfer. In all cases, the placement of the porous 

medium resulted in an increase in the Nusselt number in 

the pipe compared to the case without using the porous 

medium. They also calculated the critical radius for each 

case. With the raduis that is above the critical radius, a 

negative effect on the thermal performance and the 

pumping power is made. Mahdavi et al. [8] carried out a 

numerical investigation entropy generation and 

convection heat transfer through a pipe that was partially 

filled with porous media for two different cases. In the 

first case, the porous medium in the pipe center was in 

the form of a cylinder, and in the second case, the porous 

medium adhered to the wall as an annular. They used the 

finite volume approach considering the flow is laminar, 

fully developed and incompressible. They used Darcy-

Brinkman-Forchimer model and concluded that the 

location of the porous medium had a significant effect 

on the heat transfer performance of the pipe. In addition, 

by observing a performance number less than 1 in most 

of the configurations, it was concluded that the increased 

heat transfer rate cannot compensate for the increase in 

pumping power. However, if the only goal is to achieve 

a higher heat transfer rate, one of the configurations that 

is more appropriate is used. Momourian et al. [9] 

presented a two-dimensional analysis for the simulation 

of a double tube heat exchanger filled with porous 

media. They investigated the effect of turbulent flow on 

the heat transfer performance of the heat exchanger. 

They used Darcy-Brinkman-Forchimer model to 

analyze the flow in the porous medium and used k-𝜀 

model for turbulence flow modeling. They concluded 

that an increase in Reynolds number increases the 

averaged Nusselt number. Additionally, increasing the 

Darcy number, reduces the averaged Nusselt number.  

Moreover, numerous experimental studies have also 

been carried out. Hosseini et al. [10] experimentally 
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investigated the steady state laminar forced convection 

in a horizontal tube with a circular cross section, 

partially filled with porous medium, receiving constant 

thermal flux. The results showed that there was a 

significant increase in heat transfer due to the effects of 

the porous medium and the magnetic field up to 2.4 

times in case of using them simultaneously. They also 

referred to the greater impact of the porous medium 

compared to the magnetic field in terms of increasing 

heat transfer coefficient and pressure drop inside the 

tube. In addition, some analytical studies were also 

conducted. Lu et al. [11] examined analytically the 

forced convection flow and heat transfer in a channel 

composed of two parallel plate that was partially filled 

with metal foams. For the thermal modeling of fluid flow 

in a porous medium, the modified Brinkman model was 

used for the Darcy equation. They also applied the non-

equilibrium model for the energy model in the porous 

portion of a channel partially filled with porous media. 

The velocity and temperature profiles along the channel 

composed of two parallel plate was investigated using 

predictive analytical methods. They also evaluated the 

effects of the key parameters on heat transfer and flow 

resistance. Their results showed better heat transfer 

performance and higher pressure drop in the case of 

using metal foam compared to the case without it. 

However, the pressure drop in the partially filled channel 

with metal foam is lower than that of a pipe fully filled 

with metal foam. The relative height of the foam, 

porosity and permeability significantly affects the flow 

distribution in the partially filled channel. 

Numerous studies on the subject of nanofluid have been 

addressed. Chamka et al. [12] depicted the natural heat 

transfer in a trapezoidal cavity partially filled with the 

porous layer and nanofluid and partially with non-

Newtonian fluid layer, by thermal lines. Nanofluids with 

water as the base fluid and silver, copper, alumina or 

titanium as nanoparticles were tested. They investigated 

the effects of the Rayleigh numbers, Darcy number, the 

volume fraction of the nanoparticles and porosity layer 

thickness using the finite volume method. The effects of 

different parameters on the overall heat transfer, the 

thermal conductivity of nanoparticles and porous media 

were also explored. The results showed that the use of 

water and silver nanofluid significantly affected the 

increased heat transfer relative to the gravitational angle 

of the cavity. They also stated that the relative volume 

of nanoparticles has led to an increase in the Nusselt 

number, but its effect was weaker than the effect of the 

Darcy number on a wall with a sloping surface. In 

addition, Lotfi et al. [3] numerically analyzed the forced 

convection with nanofluid water and Al2O3 in a 

horizontal tube. They were pioneers to study such flows 

using the two-phase Eulerian. By comparison with the 

experimental values, it was noticed that the results of the 

mixed model are in better agreement with the 

experimental values. Their results showed that the rate 

of heat transfer decreases by increasing the size of 

nanoparticles. Akbarinia et al. [13] simulated two-phase 

mixture model in laminar flow nanofluid of Al2O3 and 

water in an elliptic channel with a constant heat flux 

applied as the boundary condition. They solved three-

dimensional Navier-Stokes and energy equations of the 

base fluid and also volume fraction equation of the 

nanofluid through a finite volume approach. They also 

investigated the Brownian motion of the nanoparticles 

(that intensively depend on temperature) to determine 

the thermal conductivity and dynamic viscosity of the 

nanofluid. The results point out that increasing the 

volume fraction of nanoparticles causes an increase in 

Nusselt number and also decreases the friction factor, if 

other conditions are kept constant. Furthermore, the 

larger the cross section area of the duct, the lower the 

erosion is due to friction of the duct. Moreover, Manca 

et al. [14] carried out a numerical analysis of turbulent 

flow along with forced convection of nanofluid water 

with Al2O3 in a circular tube at which the constant heat 

flux is applied. They also used two different methods in 

their study: single-phase model and the two-phase 

model. They concluded that the heat transfer coefficient 

can be augmented by increasing the concentration of 

nanoparticles or the Reynolds number. 

Numerous studies have been conducted using both 

nanofluid and porous media simultaneously. Siavashi et 

al. [1] considered using nanoparticles and porous media 

simultaneously to improve heat transfer inside an 

annulus. They used the two-phase mixture model and the 

corresponding Darcy-Brinkman-Forchimer model to 

simulate the flow of the nanofluid in a porous medium. 

They carried out a parametric study on the effects of the 

thickness of the porous layer and Reynolds number, as 

well as the concentration of nanoparticles and the 

position of the porous medium (that was placed on the 

inner wall or the external wall). Considering the first law 

and second law of thermodynamics, they introduced a 

new parameter which is called the performance number 

that indicates the ratio between the strength of heat 

transfer and pressure drop. Their results showed that the 

concentration of nanoparticles and the fluid velocity 

have significant effects on the performance of the heat 

exchanger and entropy generation. In addition to the 

permeability, the thickness of the porous medium can 

also affect the performance of the heat exchanger. 

Furthermore, their results indicated that there is an 

optimum thickness for the porous medium for each 

nanofluid with a specific velocity and the addition of 

nanoparticles to the base fluid would improve the 

performance of the system in all cases. Additionally, 

Dehkordi et al. [15] performed numerical and 

experimental analyses on the flow of nanofluid in a 

vertical rectangular channel, partially filled with open 

cell metal foam applying constant heat flux to its 
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boundary. Nanofluid water-Al2O3 was used with 

different concentrations. To obtain the velocity and 

temperature profiles of the nanofluid, they used a finite 

difference method. Brownian motion and 

thermophysical effects of nanoparticles were also 

examined. The experimental and numerical results 

obtained were in good agreement. The use of nanofluids 

in the distillation of water, increased heat transfer, by 

about 20%. Also, increasing the concentration of 

nanoparticles did not show a significant effect on the 

pressure drop. Adding nanoparticles with a 

concentration of 5% to the base fluid increases the 

pressure drop across the channel by about 3%. In 

addition, Pop et al. [16] reviewed the steady natural 

convection in two-dimensional form in a cavity partially 

filled with porous media that uses nanofluid, as well as 

internal heat generation. They used the Darcy equation 

to model the motion. Furthermore, they used a new 

model for energy equation and nanoparticle 

concentration. They used the finite difference method 

and introduced a non-dimensional parameter that 

incorporates the temperature and concentration of 

nanoparticles. The effect of Rayleigh number and Luis 

number were also investigated. They found that the 

addition of nanoparticles and the use of porous media 

reduced the temperature and increased the heat transfer. 

They stated that the thermal conductivity of nanofluid is 

much higher than the thermal conductivity of the porous 

medium. When thermal conductivity of the 

nanoparticles and the porous medium is close to each 

other, the addition of nanoparticles has no effect on heat 

transfer. 

This paper covers a numerical modeling on heat transfer 

of the nanofluid (water and Al2O3) in conjunction with 

porous media in a double pipe heat exchanger. The 

novelty of this paper is that the addition of porous media 

on the performance of the heat exchanger (considering 

both heat transfer and pressure drop simultaneously) in 

a new geometry (double pipe heat exchanger) is 

investigated. Then, the effects of different parameters on 

the performance of the heat exchanger are evaluated.  

3 MATHEMATICAL FORMULATION 

A schematic representation of the problem is shown in 

“Fig. 1ˮ. In the case of equal volumetric flow rates for 

the cold and hot fluids, various conditions (such as 

permeability, flow velocity and thicknesses of the 

porous medium) were studied. For this purpose, the flow 

is analyzed in the fully developed region. In this study, 

there are two concentric pipes with a length of 1.5 m, 

while the radius of the inner tube and outer tube are 4 cm 

and 10 cm respectively. The results are expressed in 

terms of the amount of the heat transfer rate and the 

pressure drop in the heat exchanger as well as the 

performance number of the heat exchanger. It is 

noteworthy that heat generation inside the system is not 

considered and the outer part of the heat exchanger is 

insulated. 
 

 
Fig. 1 Schematic geometry of the problem. 

 

The following assumptions were made to simplify the 

modeling of the heat exchanger:  

 The nanofluid flow was assumed stable, 

symmetric, laminar and incompressible.  

 The nanofluid was assumed homogeneous and 

isotropic.  

 The thermophysical properties of nanoparticles 

and fluids such as density, viscosity and heat transfer 

coefficient were assumed constant.  

 The chemical properties of the metal foam used 

in this study (aluminum) are assumed stable and in 

thermal equilibrium with the environment. 

 The physical properties used for the 

nanoparticles with the  diameter of 38 nm and water that 

were employed in this study such as density, thermal 

conductivity and dynamic viscosity of the water fluid 

and Al2O3 nanoparticles  were calculated at 20 ℃ as 

shown in “Table 1ˮ. 

  
Table 1 The thermal properties of Al2O3 and Water 

Al2O3 Water Unit Property 

3880 998.2 kg.m-3 Density 

773 4182 J.kg-1.K-1 Special heat 

40 0.6 W.m-1.K-1 
Thermal 

conductivity 

- 1003*10-6 Kg.m-1.s-1 
Dynamic 

viscosity 

38 - nm 
Nanoparticles 

diameter 

 

According to the Darcy's law, the fluid velocity is a 

function of the pressure gradient, which is used for low-

Reynolds number flows. For the current study with 

much higher Reynolds number, the Darcy’s law must be 

modified to calculate the inertia and viscous effects more 

accurately. Forchimer correction terms refer to the 

effects of inertia and Brinkman terms account for the 

correction of viscosity effects. [17] Besides, the no-slip 

and impermeable wall boundary conditions are 

considered. The Two-phase mixture model is used for 

the nanofluid solution composed of water and 

nanoparticles. The continuity, momentum and energy 
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equations are solved with the aid of the two-phase 

mixture model. For the second phase, volume fraction 

equations are solved. By using these two sets of 

equations, the problem is solved. The continuity 

equation for mixtures is given by “Eq. (4)”. 

 

(1) 𝛻. (𝜌𝑚𝑣𝑚) = 0 
q 

Where 𝑣𝑚 and m  are the mass-averaged velocity and 

the mixture density, respectively. These parameters are 

defined as “Eqs. (2) and (3)”: 

 

(2) 𝑣𝑚 =
∑ ∅𝑘𝜌𝑘𝑣𝑘

𝑛
𝑘

𝜌𝑚

 

  

(3) 𝜌𝑚 = ∑ ∅𝑘𝜌𝑘

𝑘

 

 

In which k  is the volume fraction of the k  phase. The 

Momentum equation can be written as “Eq. (4)” based 

on the two-phase mixture model [14]: 

 

(4) 

 ∇.(ρ
m

vmvm)= -∇p+∇.[μ
m

(∇.vmvm
T )] 

                        +∇.( ∑ φ
k
ρ

k
vdr,kvdr,k)

k=1

 

 

where m is the mixture viscosity that is defined as “Eq. 

(4)”: 

 

(5) 
k

kkm  

 

The effective viscosity of solids and nanoparticles is 

calculated using the curve reported by Miller and 

Gideaspoe [18], where the  viscosity of the nanoparticles 

is defined as “Eq. (4)”: 

 

(6) npnp  42.537188.0  

 

𝑣𝑑𝑟,𝑘 is the drift velocity of the phase k  that is defined 

as “Eq. (4)”: 

 

(7) 𝑣𝑑𝑟,𝑘 = 𝑣𝑘 − 𝑣𝑚 

 

The energy equation for a mixture without thermal 

sources is obtained from “Eqs (8) and (9)”, [2], [4]: 

 

(8) 
∇. ∑(∅𝑘𝑣𝑘𝜌𝑘𝐶𝑃𝑘

𝑇)

𝑘

= ∇. (𝑘𝑚∇𝑇) 

  

(9) 
k

kkm kk  

Where mk  is known as the effective thermal 

conductivity of the mixture. 𝑣𝑛𝑝,𝑏𝑓 is the relative 

velocity that is defined as the ratio of the velocity of the 

second phase 𝑣𝑛𝑝 to the velocity of the first phase and 

is expressed as “Eq. (4)”: 

 

(10) 𝑣𝑛𝑝,𝑏𝑓 = 𝑣𝑛𝑝 − 𝑣𝑏𝑓 

 

The drift velocity is related to the relative velocity 

according to “Eq. (4)”: 

 

(11) 

𝑣𝑑𝑟,𝑘

= 𝑣𝑛𝑝,𝑏𝑓 − ∑
∅𝑘𝜌𝑘

𝜌𝑚

𝑣𝑘

𝑛

𝑘

 

 

Where the relative velocity is calculated from “Eq. (4)”: 

 

(12) 

𝑣𝑛𝑝,𝑏𝑓

=
𝜌𝑛𝑝𝑑𝑛𝑝

2

18𝜇𝑏𝑓𝑓𝑑𝑟𝑎𝑔

(𝜌𝑛𝑝 − 𝜌𝑏𝑓)

𝜌𝑛𝑝

𝛼 

 

The particle acceleration in the second phase is defined 

as “Eq. (4)”: 

 

(13) 𝛼 = 𝑔 − (𝑣𝑚. ∇)𝑣𝑚 

 

Where 𝑔 is the acceleration vector of gravity. The drag 

coefficient dragf
can also be calculated from the 

Schiller and Naumann curves according to “Eq. (4)”:  

 

(14) 











1000Re,Re0183.0

1000Re,Re15.01 687.0

npnp

npnp

dragf 

 

In the two-phase mixture model, the relative volume of 

the second phase is calculated according to “Eq. (4)”, 

[2], [4-5]: 

 

(15)    npdrnpnpnpnpnp vv ,..   

 

Considering the two-phase mixture model, Darcy-

Brinkman-Forchimer equation can be expressed as “Eq. 

(4)”, [17]: 

(16) 

ρ
m

ε2
[(vm.∇)vm]=-∇p+

μ
m

ε
∇2vm-

μ
m

vm

K
  

                          -

 ρ
m

εCd

√K
vm|vm|+∇.( ∑ αkρ

k
vdr,kvdr,k)

n

k=1
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Where 
dC  is the inertial coefficient in the porous 

medium and can be calculated from “Eq. (4)”, [1]: 

 

(17) 23150

75.1


dC 

 

The energy equation can be expressed as “Eq. (4)”, [6-

7]: 

 

(18) 

 
∇. ∑(𝛼𝑘𝑣𝑘𝜌𝑘𝐶𝑃𝑘

𝑇)

𝑛

𝑘=1

= ∇. (𝑘𝑒𝑓𝑓∇𝑇) 

 

Where effk  is the effective thermal conductivity in a 

porous medium and nanofluid mixture, defined as “Eq. 

(4)”: 

 

(19)   mpeff kkk   1 

 

In cylindrical coordinates, boundary conditions are 

represented as “Eqs. (4) to (23)”: 

 

(20) 

,,0,:0
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(22) 
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rrr
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k

r

T
k (23) 

In addition, the boundary conditions (24) are applied at 

the interface of the porous media and the clear region to 

ensure the continuity of the velocity, pressure, stress, 

heat flux and temperature: 

 

(24) 

𝑣|𝑐 = 𝑣|𝑝 

𝑇|𝑐 = 𝑇|𝑝        𝑘𝑒𝑓𝑓

𝜕𝑇

𝜕𝑟
|𝑐 =  𝑘𝑒𝑓𝑓

𝜕𝑇

𝜕𝑟
|𝑝 

[
𝜕𝑣𝑥

𝜕𝑟
+

𝜕𝑣𝑟

𝜕𝑥
]𝑐 =

1

𝜀
[
𝜕𝑣𝑥

𝜕𝑟
+

𝜕𝑣𝑟

𝜕𝑥
]𝑝 

𝜕𝑣𝑟

𝜕𝑟
|𝑐 =

1

𝜀

𝜕𝑣𝑟

𝜕𝑟
|𝑝 

 

The subscript c and p indicate the clear region and 

porous medium, respectively. The local heat transfer 

coefficient at the wall can be calculated from “Eq. (4)”: 

 

(25)  
w

effbw
r

T
AkTThAq 












 

 

In which w  refers to the wall and 
bT  is the fluid 

temperature that can be calculated from “Eq. (4)”: 

 

(26) 𝑇𝑏 =
∫ 𝑇|𝑣𝑚|𝑟𝑑𝑟

𝑟𝑜

𝑟𝑖

∫ |𝑣𝑚|𝑟𝑑𝑟
𝑟𝑜

𝑟𝑖

 

 

The hydraulic diameter of the annulus can be defined as 

“Eq. (4)”: 

 

(27)   ioh rrD  2 

 

In addition, two useful dimensionless numbers, the 

Darcy number and the Reynolds number are defined by 

“Eqs (28) and (29)”: 

 

(28)  
m

hinm DU




Re 

  

(29)  
2

hD

K
Da  

 

Volumetric flow rate is calculated from “Eq. (4)”. The 

equality of the flow rates can be expressed as “Eq. (4)”: 

 

(30) 
mmm AUQ  

  

(31) 
inin hC QQ  

4 NUMERICAL SOLUTION 

By the discretization of the equations expressed in the 

previous section, the problem is solved using the finite 

volume approach. The SIMPLE method is used for the 

pressure-velocity coupling. Second-order upwind and 

central difference approximation has been used for 

discretization. The convergence criterion is set to 10-6 for 

the residual of the continuity equation. The solution 

procedure should be continued until the convergence 

criteria is satisfied. For the mesh independency study, 

various mesh sizes were used in order to determine a 

suitable size for the mesh in which there is a balance 

between the accuracy and the available computational 

sources.   

The independency of the results from the mesh size is 

confirmed by the calculated value of the total heat 

transfer of the flow as in “Fig. 2ˮ. Finally, a mesh 
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resolution of 1500 * 100 cells along x and r respectively, 

is the most suitable number of nodes for the presented 

calculations.  

 

 
Fig. 2 Grid-independency study in a double pipe heat 

exchanger (for the case in which both sides of the heat 

exchanger are completely filled with porous media, 

Rei=1000, Dai=Dao=0.001). 

 

 

 

Fig. 3 The comparison of the results of present work with 

the results of Siavashi et al. [1] and the experimental results 

of Pavel and Mohamed [19] (Da = 10-4, rp = 0.04). 

 

A CFD code for solving equations of flow, two-phase 

mixture modeling for nanofluid and the Darcy-

Brinkman-Forchimer model for porous media has been 

used. In the first step, a simple tube partially filled with 

porous media and a constant heat flux applied to its outer 

side was considered. In order to validate the code for the 

fluid flow in a porous medium, a comparison was made 

against the experimental data available  in the paper by 

Pavel and Mohammed [19] for a laminar flow in a tube, 

partially filled with porous medium, along with a 

constant heat flux at the external boundary. Furthermore, 

the local Nusselt number along with the length of the 

pipe was compared well with results given in the paper 

by Siavashi et al. [1]. The results of this study differ from 

those of Powell and Mohammed by about 2.1% that 

shows the validity of the modeling. The results are 

shown in “Fig. 3ˮ. 

For the purpose of validation, a nanofluid of water and 

Al2O3 with a concentration of 1.6% with constant heat 

flux applied to the wall of the tube is considered. Local 

heat transfer coefficient along the pipe is calculated 

using the two-phase mixture model. The code has been 

validated against the results of the two-phase mixture 

model presented by Göktepe et al. [20] for the nanofluid 

flow using a two-phase mixture method. The 

discrepancy between the results of the present work and 

the paper by Göktepe et al. is approximately 2.6%. The 

results are shown in “Fig. 4”. The two-phase mixture 

model is not capable of taking into account phenomena 

such as pipe clogging and nanofluid instability, due to 

its uncertainty. 

 

 

Fig. 4 The comparison of the local heat transfer 

coefficient of the present work with results of Göktepe et al. 

[20] (for water and Al2O3 as the nanofluid with Reynolds 

number of 1050 in a simple tube). 

5 RESULTS AND DISCUSSION 

In this paper, the effect of using porous metal foam and 

nanofluid on heat transfer augmentation of a double tube 

heat exchanger (with a reasonable penalty in terms of 

pressure drop) was studied. The nanofluid is composed 

of water as the base fluid and Al2O3 as the nanoparticle. 

The porous medium used in this study has a porosity of 

0.8 and different permeability in terms of the Darcy 

number ranging from 0.1 to 0.0001. The ultimate goal of 

this study is to increase heat transfer while maintaining 

the lowest pressure drop possible in various conditions. 
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This can be done by considering a parameter that take 

into account both heat transfer and pressure drop. This 

parameter is called the performance number that is 

defined as “Eq. (32)”. 

 

(32) 
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In order to increase heat transfer in a double tube heat 

exchanger, porous medium with any thickness can be 

used either in the inner tube or the outer annulus. On the 

other hand, the addition of a porous medium leads to an 

increase in the pressure drop in nanofluid due to the 

existence of a solid matrix. 

Nanoparticles with a volume fraction of 3%, Reynolds 

number of 500-2000 (Laminar flow regime) for the 

nanofluid flowing in the inner tube and equal flow rates 

of the hot and cold fluids are considered. Temperature 

contour and velocity vector for the nanofluid flow at the 

length 1<x<0.5 and Reynolds number of 500 (for the 

flow in the inner tube) are shown in “Fig. 5ˮ, in order to 

give better insight into the performance of the heat 

exchanger compared to the effect of the porous medium 

and the flow velocity.  

 

 
Fig. 5 Temperature contour and velocity vector for the 

heat exchanger without porous media (Rei=500). 

 

Temperature contour and velocity vector for a heat 

exchanger filled with porous media on both sides at the 

Darcy number of 0.0001 and at the Reynolds number of 

500 (for the flow in the inner tube) are shown in “Fig. 

6ˮ. Additionally, the application of the porous medium 

with the Darcy number of 1000 fold greater than the 

previous case, yields to the results shown in “Fig. 7ˮ. By 

the comparison of “Fig. 6 and Fig. 7ˮ, the effect of the 

1000 fold increase in the permeability of the porous 

medium can be seen. Moreover, by keeping the Darcy 

number at 0.0001 and changing the inner-tube Reynolds 

number into 2000, the effect of the flow velocity on heat 

transfer and velocity profile can be seen as in “Fig. 8 ˮ. 

The velocity in the neighborhood of the wall of the tube 

is increased which can affect the heat transfer near the 

wall. Additionally, due to the permeability of the porous 

medium, the heat transfer is augmented that results in the 

decrease of the temperature of the nanofluid near the 

wall and a reduction in the thickness of the thermal 

boundary layer. 

 

 
Fig. 6 Temperature contour and velocity vector for the 

heat exchanger filled with porous media 

(Rei=500, Dai=0.0001, Dao=0.0001). 
 

 
Fig. 7 Temperature contour and velocity vector for the 

heat exchanger filled with porous media 

(Rei=500, Dai=0.1, Dao=0.1). 

 

 
Fig. 8 Temperature contour and velocity vector for heat 

exchanger filled with porous media 

(Rei=2000, Dai=0.0001, Dao=0.0001). 
 

Based on the definition of the performance number, the 

ratio of the increase in heat transfer to the increase in 

pressure drop is a suitable criterion for evaluating the 

relative effectiveness of each case considered. It should 

be noted that the performance number always has a 

positive value (PN>0). The higher it is than 1, the more 

efficient is the heat exchanger i.e. the increase in heat 

transfer is worth the corresponding pressure drop. 

In this section, results are divided into two main 

categories as follows: 

 Effect of the Reynolds number on the 

performance number 

 Effect of the Darcy number of the porous 

medium on the performance number 

 Effect of the porous media thickness on the 

performance number 
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5.1. Effect of the Reynolds Number on the 

Performance Number 

In this subsection, the range of the Reynolds number in 

which the flow is in the developing condition of the 

laminar regime is considered. So, laminar flow is 

investigated in terms of the performance number. The 

Reynolds number always has a direct relationship with 

the performance number (i.e. increasing the Reynolds 

number leads to an increase in the performance number), 

such that for Re=2000, the highest achievable 

performance number would be 4.61 and 6.4 using porous 

medium with Dai=0.01 and Dai=0.1 respectively. 

However, for the case of Re=500, the highest achievable 

performance number is 3.61 and 6 using porous media 

with Dai=0.01 and Dai=0.1 respectively. Consequently, 

increasing the velocity of the nanofluid can increase the 

heat transfer. The aforementioned relationship is also 

confirmed by Siavashi, et al. [1].  

 

 

Fig. 9 Total pressure drop of two parts of the heat 

exchanger due to increased Reynolds number in the inner 

tube. 

 

The heat transfer increase outweighs the added pressure 

drop. An example of these results is shown in “Fig. 9ˮ. 

The increase in the heat transfer coefficient (h) is due to 

the increase of the nanofluid velocity near the wall. 

Hence, the heat transfer is increased significantly such 

that the pressure drop increases due to the use of porous 

media can be compensated. 

5.2. Effect of the Darcy Number of the Porous 

Medium on the Performance Number 

This subsection can be divided into two parts. The first 

case is when both sides of the heat exchanger use the 

porous media in terms of permeability. The second case 

is related to the application of the porous medium with 

different for each side of the heat exchanger. 

5.2.1. Using porous medium with the same 

permeability on the two sides of the heat exchanger  

Two cases can be considered as follows:  

 

 Low permeability 

As shown in “Fig. 10ˮ, if porous media with low 

permeability porous media (Da=0.001) is used, the 

highest performance number is achieved either with both 

sides of the heat exchanger which are filled completely 

with porous media or when the outer annulus is clear 

while the inner tube contains porous media more than a 

half. 
 

 

 

(a) 
 

 

 

(b)  

Fig. 10 Performance number for different porous metal 

foam thicknesses (Dai=0.001, Dao=0.001): (a): Rei=500, 1000 

and (b): Rei=1500, 2000. 
 

 High permeability 

If high permeability porous media is used, the effect of 

porous media thickness will be the same in both cases of 

Da=0.1 and Da=0.01. As can be seen from “Fig. 11 and 

Fig. 12ˮ, an increase in the porous media thickness in the 

inner tube always results in an increase in the 

performance number. However, the outer annulus shows 

different characteristics, because its effect depends on 

the thickness of the porous medium in the inner tube.  
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If the inner tube does not contain porous media, the 

performance number increases by the decrease in the 

thickness of the porous medium in the outer annulus. If 

porous media is added to the inner tube, the performance 

number increases with increasing the porous media 

thickness in the outer annulus. The highest performance 

number is obtained when the heat exchanger is filled 

with porous medium in both inner tube and the outer 

annulus. On contrary, the lowest performance number is 

achieved when only the outer annulus is filled with the 

porous medium. 

 
 

 

 

(a) 
 

 

 

(b) 
 

Fig. 11 Performance number for different porous metal 

foam thicknesses (Dai=0.01, Dao=0.01): (a): Rei=500,1000 

and (b): Rei=1500, 2000. 

 

Generally, the results indicate that the Darcy number of 

the porous medium has a direct relationship with the 

performance number of the heat exchanger. As the 

Darcy number increases, the heat transfer increase 

outweighs the added pressure drop. Hence, the 

performance number increases. 

 

 

(a) 
 

 

 

(b) 
 

Fig. 12 Performance number for different porous metal 

foam thicknesses (Dai=0.1, Dao=0.1): (a) : Rei=500,1000 and 

(b): Rei=1500, 2000. 

 

5.2.2. Using porous medium with different 

permeability’s on the two sides of the heat 

exchanger  

If the permeability of the porous medium used in the 

inner tube is low, the best performance of the heat 

exchanger occurs in two configurations. The first 

configuration is that both sides of the heat exchanger are 

filled with porous media and the second configuration is 

that porous media is only used in the inner tube of the 

heat exchanger. The aforementioned configurations are 

shown in “Fig. 13 and Fig. 14ˮ. If the permeability of the 

porous media in the inner tube is medium, two 

configurations can be considered. The first configuration 

is that both sections of the heat exchanger are filled with 

porous media and the second configuration is that the 

outer annulus is empty of the porous medium and the 

inner tube is almost fully filled with porous medium. 
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(a) 
 

 

 

(b) 
 

 

 

(c) 
 

 

 

(d) 
 

Fig. 13 Performance number for different porous metal 

foam thicknesses (Dai=0.0001, 0.001, Dao=0.0001): (a): 

Rei=500, (b): Rei=1000, (c): Rei=1500 and (d): Rei=2000. 
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(c) 
 

 

 

(d) 
 

Fig. 14 Performance number for different porous metal 

foam thicknesses (Dai=0.0001, 0.001, Dao=0.01): (a): 

Rei=500, (b): Rei=1000, (c): Rei=1500 and (d): Rei=2000. 

 

 

 

(a) 
 

 

 

(b) 
 

Fig. 15 Performance number for different porous metal 

foam thicknesses (Dai=0.001, Rei=500): (a): Dao=0.0001, 

0.001 and (b): Dao=0.01, 0.1. 

 

 

 

(a) 
 

 

 

(b) 
 

Fig. 16 Performance number for different porous metal 

foam thicknesses (Dai=0.001, Rei=1500): (a): Dao=0.0001, 

0.001 and (b): Dao=0.01, 0.1. 
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It can be seen in “Fig. 15 and Fig. 16ˮ, by the increase 

of the permeability of the porous medium in the outer 

annulus, the highest performance number is only 

achieved when the outer annulus and the inner tube are 

completely filled with porous media. 
 

 

 

(a) 
 

 

 

(b) 
 

 

 

(c) 
 

 

 

(d) 
 

Fig. 17 Performance number for different porous metal 

foam thicknesses (Dai=0.01, 0.1, Dao=0.0001): (a): Rei=500, 

(b): Rei=1000, (c): Rei=1500 and (d): Rei=2000. 
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(c) 
 

 

 

(d) 
 

Fig. 18 Performance number for different porous metal 

foam thicknesses (Dai=0.01, 0.1, Dao=0.01): (a): Rei=500, 

(b): Rei=1000, (c): Rei=1500 and (d): Rei=2000. 

If a porous medium with high permeability is used in the 

inner tube, the best performance number is achieved 

when both sides of the heat exchanger are fully filled 

with porous medium. As it is shown in “Fig. 17 and Fig. 

18ˮ, even the lowest performance number is more than 

1, which indicates the impressive effect of the porous 

media on the heat exchanger performance. 

6 CONCLUSION 

In this paper, heat transfer in a double pipe heat 

exchanger including nanofluid (water and Al2O3) and 

porous media was modeled numerically. Two phase 

mixture model and Darcy-Brinkman-Forchheimer 

model were used accordingly for the nanofluid flow and 

flow inside the porous media. Then, the effects of 

different parameters on the performance number were 

investigated.  

1. In most of the cases, adding porous media can 

improve the performance number. For instance, keeping 

the Reynolds number at Re=500 and changing Dai=Dao 

from 0.0001 to 0.1, enhances the performance number 

by 138%. Although, in some cases, adding porous media 

may result in a negative effect and leads to a 

performance number lower than 1. 

2. In all cases, increasing the permeability of the 

porous medium (either in the inner tube or in the outer 

annulus) increases the performance number of a double 

pipe heat exchanger. However, the effect of the porous 

medium permeability of the inner tube is more than that 

of the outer annulus. 

3. As the Reynolds number increases, the 

performance number of the heat exchanger also 

increases. For example, by using porous media with 

Dai=Dao=0.1 in both sides of a double pipe heat 

exchanger and increasing the Reynolds number from 

500 to 2000, the performance number was increased by 

56.09%. 

4. Adding nanoparticles to the base fluid (water) 

can increase the performance number. Adding nano 

particles with the concentration of 3% to the base fluid 

enhances the performance number by about 50%. 

7 NOMENCLATURE 

a Acceleration (m s−2) 

Cd Drag coefficient 

Cp Specific heat J/(kg⋅K) 

Da Darcy number (m2) 

Dh Hydraulic diameter (m) 

fdrag Drag coefficient 

g Aacceleration due to gravity (m/s2) 

h Heat transfer coefficient (Wm-2K-1) 

K Permeability of porous medium (m2) 

k Thermal conductivity (W m-1 K-1) 

L Length (m) 

P Pressure (Pa) 

PN Performance number 

Δp Pressure drop (Pa) 

Q Heat transfer rate (W) 

r Radius (m) 

Re  Reynolds number 
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RI Internal radius of annulus (m) 

Ro External radius of annulus (m) 

Tin Inlet temperature (K) 

 

Greek symbols 

ε  Porosity 

μ Viscosity (kg m-1 s-1) 

  Volume fraction 

ρ Density(kg m-3) 

 

Subscripts 

b Base condition 

bf Base fluid 

c Cold 

dr Drift 

eff Effective 

h Hot 

in Inlet 

i Inner 

m Mixture 

np Nanoparticle 

o Outer 

p Porous medium 
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