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Abstract 

The aim of this numerical study is to evaluate the boiling process of nanofluid in horizontal 

tubes in the presence of a metal foam as a porous medium and represent the experimental work 

of Zhao et al. in a numerical aspect with a different range of dependent variables. High 

conductive metal foams are employed to increase the rate of heat transfer and enhance the 

boiling performance in the domain. The two-phase mixture model is used to simulate the 

characteristics of nanofluid and solve the governing equations in the two-phase flow and 

boiling heat transfer problem. R134a and ZnO are considered as the base-fluid and 

nanoparticles, respectively. The characteristics of the metal foam including the porosity and 

pore density as well as operating conditions including the fluid flow including the velocity, 

induced heat flux and concentration of nanoparticles on the pressure drop, vapour quality and 

heat transfer coefficient are examined. The results show the positive effect of the metal foam 

on the vapour production and overall heat transfer coefficient of the nanofluid in the pipe outlet; 

however, due to the flow resistance as a result of porous medium addition, a higher pressure 

drop is achieved. For the heat flux of 19 kW/m2 and inlet velocity of  0.05m/s, by using a metal 

foam with the porosity of 70 % and pore density of 20 PPI, the vapour quality, heat transfer 

coefficient and pressure drop enhances by 7.1%, 9.4% and 82.7%, respectively, compared with 

the case of without metal foam. However, by using the porosity of 90 %, the vapour quality, 

heat transfer coefficient and pressure drop enhances by 1.6%, 3.5%, and 7.0%, respectively. 

Consequently, according to the developed results in this paper, a system with a moderate 

porosity and high pore density is recommended which is finally determined based on the 

required vapour production and allowed pressure drop. 

 

Keywords: Boiling heat transfer, Nano-fluid, Two-phase flow, Mixture model, Porous media, 

Metal foam, Vapour production. 

 

 

 

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Repository@Nottingham

https://core.ac.uk/display/228168019?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
mailto:hayder.i.mohammad@garmian.edu.krd
mailto:haidarnuceng@gmail.com


2 

 

 

Nomenclature 
 

𝑡 Time (s) Greek letters 

𝑑𝑝 Pore size (m) ∇ Vector gradient operator 

E Energy (J) 𝛿 Mean distance between the centres of two particles 

𝐹 Body force (N) 휀 Porosity 

𝑔 Gravity (m/s2) 𝜖 Time relaxation factor (1/s) 

H Enthalpy (kJ/kg) 𝜇 Viscosity (kg/m.s) 

𝑘𝑠 Thermal conductivity of the porous medium 

(W/m.K) 

𝜌 Density (kg/m3) 

𝐾 Permeability 𝜑 Volume fraction of the particles 

𝐾𝑏 Boltzmann constant 𝜔 Pore density 

𝑘𝑒𝑓𝑓  Effective thermal conductivity (W/m.K)  

�̇� Mass flow rate (kg/s) Subscripts 

n Current time step dr Drift velocity  

n + 1 Next time step h hot 

𝑝 Pressure (N/m2) k Phase 

q Number of phases q Secondary phase 

𝑆 Source term l Liquid 

𝑇 Temperature (K) lv Phase change from liquid to vapour 

𝑈𝑓 Volume flux of face (m3/s) m mixture 

𝑣 Velocity (m/s) sat Saturated 

V Volume of cell (m3) t Turbulent 

x Length (m) v Vapour 

    

 

 

1. Introduction 

The boiling process and the mechanism of the two-phase flow in porous medium occur in 

different systems, such as geothermal reservoirs, micro-channels and nuclear reactors. Heat 

transfer via the boiling process and convection phenomenon occurs at the same time and 

studying their interactions are necessary with practical interest.  

In recent decades, boiling process and convection heat transfer in a porous medium 

have been getting great attention. Whereas, most of the previous works related to the single 

and two-phase convection processes which are possibly the more dominant method of heat 

transfer in geothermal systems. Studies on the boiling process and heat transfer phenomena in 

porous media have been generally experimental [1-8], and numerical [9-16] studies. The use 

of the porous medium in different applications to enhance the heat transfer rate and modify the 

heat transfer characteristics has been studied widely such as heat storage applications and heat 

exchangers [17-31]. The multi-phase flow and boiling process in channels packed with a 
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sintered copper bi-dispersed porous medium was experimentally studied by Chen et al. [32]. 

They observed that the porous material influences the multi-phase heat sink, particularly, for a 

bi-dispersed porous medium which has a lower flow resistance than that for the mono-dispersed 

porous materials (both have the same pore size in microscale). Irwansyah and Putra [6] studied 

a phenomenon of nanofluid pool boiling in a vertical container filled with four different porous 

media (sintered copper 300 µm and 400 µm, copper screen mesh and stainless steel screen 

mesh) with different concentrations of aluminium oxide (Al2O3) nanoparticles in water. They 

indicated that the performance of the heat transfer using sintered copper 400 µm is higher than 

those used in the other porous materials. However, they observed that changing the loading of 

the nanoparticles has an insignificant effect on the thermal performance. The heat transfer 

coefficient using copper (porosities 60% and 80%) with homogeneous and hybrid structures in 

active cooling was studied by Zhu and Zhao [7]. They detected that the heat transfer coefficient 

inversely proportional with the porosity and parabolically proportional with the water flow rate. 

Gourbil et al. [33] experimentally studied the effect of the void fraction on the critical heat flux 

(CHF) for the boiling process in a porous medium. They confirmed that the (CHF) on a specific 

heating element declines as the heat flux to the porous medium increases. They found also that 

the void fraction increases with increasing the heating power. Hu et al. [34] experimentally 

studied on the pressure drop in the refrigerant/oil boiling heat transfer application in a filled 

metal foam tube with different diameters. They showed that a higher pressure drop for a higher 

pore density which is more effective in lower tube diameters. Weise et al. [35] studied on 

pressure drop modelling of flow boiling in an open-cell metal foam as an effective method for 

heat transfer enhancement. They combined the two-phase pressure drop model for the flow 

boiling in a tube and one phase pressure drop for the flow inside the porous medium and 

compared the validity of the model with available experimental data. 

Numerically, Ramesh and Torrance [36] investigated the boiling process and natural-

convection heat transfer in a horizontal tube filled with a porous medium at low and high 

Rayleigh number (Ra). They found that at high Rayleigh numbers, a steady convection heat 

transfer occurs in a symmetric perturbations trigger, however, an oscillatory heat transfer 

happens when an asymmetric domain is used. Nazari and Toghraie [15] numerically studied 

heat transfer and nanofluid (CuO based water) flow behaviour in a sinusoidal channel filled 

with a porous medium. Their results show that the Nusselt number increases with increasing 

the concentration of the nanoparticle, and they found also that the presence of the porous 

medium leads to enhance the heat transfer coefficient. Yeo and No [16] Modelled film boiling 

within chimney-structured porous media and heat pipes. They found that the chimneys density 

and the pore size have a considerable effect on the heat transfer performance in the Corrosion 

Residual Unidentified Deposit (CRUD). The researcher observed that there is an optimal 

number of chimneys to reach maximum performance. Imke [11] simulated numerically micro-

channel heat transfer and flow in compact heat exchangers. Their model calculated and 

analysed outlet temperatures, pressure drops and vapour generation during the boiling process. 

Lu et al. [13] studied numerically the thermal analysis of a heat exchanger filled with metal 

foam. Their results show that the overall heat transfer performance is significantly affected by 

the pore diameter and porosity of the porous medium and they confirm that the use of porous 

medium can enhance the heat transfer but at the expense of higher pressure drop. A visual study 

of phase change heat transfer process in a two-dimensional porous channel was performed by 
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Liao and Zhao [9]. They found that increasing the heat flux will increase both the frequencies 

of the bubble growth and the number of isolated bubbles. And when the heat flux is very high, 

a vapour film was observed below the heated film. 

The material of the porous medium has a significant effect on the heat transfer and 

boiling process. The metal foam porous medium has received much attention in research [1-5, 

8, 12, 13] as it has high thermal conductivity. Zhao et al. [4] experimentally studied the flow 

boiling heat transfer in horizontal metal foam tubes (20 PPI – 40 PPI). They found that the 

pressure drop is nonlinearly proportional with the vapour quality and mass flow rates and the 

pressure drop is significantly affected by the cell size of metal-foam. They found also that the 

pore size affects the boiling heat transferred as the heat transfer coefficient increases with 

increasing pore size. The current work is a numerical aspect of the work of Zhao et al. [4] with 

wider ranges of affected parameter values and using nanofluid (ZnO based liquid R134a). 

Zhang et al. [37] studied experimentally on the flow boiling heat transfer to evaluate the 

performance of porous interconnected microchannel nets for cooling. They show high effects 

of heat flux on the two-phase heat transfer performance. Samir et al. [38] studied on natural 

convection boiling heat transfer in a metal foam filled vertical tube for R-134a using the 

mixture model. They showed that a smaller diameter of the tube results in a higher temperature 

variation over the entire metal foam tube. Tarawneh [39] studied experimentally the effect of 

different refrigerants on boiling heat transfer in a porous medium with different porosities. 

They showed that R422a shows a higher heat transfer performance compared with R22 and 

R404a helping global warming. 

Flow boiling process has more applications (such as boiling in microchannels, steam 

generation in helical coils and in a nuclear reactor core) than pool boiling [40]. However, 

studying the behaviour of nanofluid pool boiling [41-51] received more interest from research 

than nanofluid flow boiling [52-63]. Mohammed et al., numerically [60] and experimentally 

[61] studied the flow boiling phenomenon of the nano-binary-fluid (acetone / ZnBr2 based on 

graphene nanoparticles) in a rectangular tube. In both studies, they found that increasing the 

nanoparticles concentration will enhance the heat transfer coefficient and increase the 

generated vapour. Also, they found that increasing the surface temperature and the flow rate 

also increases the heat transfer coefficient. Kim et al. [64] studied subcooled flow boiling using 

various nanofluid types. They found that the heat transfer coefficient and fluid flow rate of the 

nanofluid increases during boiling and that the critical heat flux of the flow boiling was 

increased by 200% using nanoparticles. Henderson et al. [53] studied the flow boiling heat 

transfer of nanofluid (R134a - SiO2 nanoparticles suspension) in a horizontal tube. They 

observed that the pressure drop was not affected by the nanoparticles, also they found that using 

nanoparticles will enhance the heat transfer coefficient to double. A comparison between heat 

transfer in the horizontal flow and vertical flow studied by Afrand et al. [65] using TiO2/water 

and Al2O3/water nanofluids found that the vapour quality is different between the cases but the 

effect of the nanoparticle concentration is almost the same. 

From reviewing the previous works, it is obvious that there is no work related to the 

numerical simulation of nanofluid flow boiling in a copper metal foam (porous medium) under 

a variation of values of porosity, pore size, flow rate, induced heat flux at the boundary and 

concentration of ZnO nanoparticles, which motivate us to run this work by analysing the 

pressure drop, vapour quality and the heat transfer characteristics of the fluid. The second aim 
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of this work is to convert the experimental work of Zhao et al. [4] to numerically analysis and 

use wider ranges of the affected parameters on the fluid flow pattern and heat transfer 

performance in the domain. 

 

2. Mathematical Modelling 

To increase the heat transfer inside the heat transfer fluid (HTF), a porous metal foam 

is prepared and the fluid is moved through the porous medium [66]. In the numerical modelling, 

in the presence of a porous medium, a pressure loss is considered due to viscous and inertial 

losses in the momentum equation [67]. The nanoparticles are modelled as a distinct Eulerian 

phase to model their presence inside the nanofluid. The two-phase method of the nanoparticles 

represents a more accurate prediction of the nanofluid characteristics than the single-phase 

method which uses the effective physical properties of the nanofluid [68, 69]. R134a and ZnO 

are considered as the base fluid and nanoparticles respectively. 

The following assumptions are made in the present numerical investigation [18, 70]: 

 To consider the variation of density, Boussinesq approximation is applied due to the 

small temperature gradient in the domain. 

 The porous medium is considered homogeneous and isotropic. 

 The thermal equilibrium thermal model is used for the energy equation. 

 The nanofluid is assumed to be stable. 

 

The Mixture model is employed in this study due to very strong coupling and phases moving 

at the same velocity with the assumption of incompressible fluid for the mixture. The governing 

equations are as follows [71]: 

 

Continuity:  

∇. 𝜌�⃗� = 0 (1) 

Momentum:  

1

𝜀
𝛻. (𝜌�⃗��⃗�) = −𝛻𝑃 +

1

𝜀
𝛻. [𝜇𝛻�⃗�] + 휀𝜌𝑔+휀∇. (∑ 𝜑𝑘𝜌𝑘�⃗�𝑑𝑟𝑖𝑓𝑡 �⃗�

𝑞
𝑘=1 ) + �⃗� (2) 

Energy:  

∇.∑(𝜑𝑘�⃗�𝑘(𝜌𝑘𝐸𝑘 + 𝑝))

𝑞

𝑘=1

= ∇. (𝑘𝑒𝑓∇𝑇) + 𝑆𝐸 

(3) 

where 

𝐸𝑘 = ℎ𝑘 −
𝑃

𝜌𝑘
+
𝑣𝑘
2

2
 

(4) 

SE  is a source term of energy. 
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The standard k-ε turbulence model is used for modelling the boiling fluid considering 

turbulence kinetic energy (k) and dissipation rate (ε) which is valid only for fully turbulent 

flows. 

The volume fraction expression is used to calculate the phase volume as follows: 

 

𝜕

𝜕𝑡
(𝜑𝑣𝜌𝑣) + ∇. (𝜑𝑣𝜌𝑣�⃗�𝑚) = −∇. (𝜑𝑣𝜌𝑣�⃗�𝑑𝑟𝑖𝑓𝑡 �⃗�) + 𝑆𝑀 (5) 

where the mass source term 𝑆𝑀 is defined as: 

𝑆𝑀=

{
 
 

 
 
0                                                      𝑇𝑙 < 𝑇𝑠𝑎𝑡

ϵ𝜑𝑙𝜌𝑙
𝑇𝑙 − 𝑇𝑠𝑎𝑡
𝑇𝑠𝑎𝑡

                       𝑇𝑙 ≥ 𝑇𝑠𝑎𝑡

 (6) 

In the energy equation, the source term is defined as: 

𝑆𝐸 = −𝜖𝜑𝑙𝜌𝑙 |
𝑇𝑙 − 𝑇𝑠𝑎𝑡
𝑇𝑠𝑎𝑡

| ∆ℎ𝑓𝑔 (7) 

where ℎ𝑓𝑔 is the enthalpy of the evaporation, 𝑇𝑠𝑎𝑡= 282 K is the saturation temperature and 𝜖 

is a time relaxation factor with unit 1/s, which can be calculated as: 

∈=
6

𝑑𝑏
𝛽√

𝑀

2𝜋𝑅𝑇𝑠𝑎𝑡
𝐿 (

𝜑𝑣𝜌𝑣
𝜌𝑙 − 𝜌𝑣

) (8) 

where 𝑑𝑏 is bubble diameter, 𝛽 is accommodation coefficient, 𝑀 is molar mass of R134a, 𝑅 is 

gas constant, 𝐿 is latent heat for R134a, 𝜑𝑣 is vapour quality. Equations 6 and 7 defined by Lee 

[72] and validated in different studies [60, 73, 74].  

 

In order to operate this model, the viscosity of each phase should be accounted. Therefore, the 

nanoparticles are assumed to be as a cloud. Masoumi et al. [75] developed a formula to 

calculate the viscosity of the nanoparticle cloud, with respect to the Brownian motion of 

nanoparticles: 

 

𝜇𝑛𝑓

𝜇𝑓
= 1 +

𝜌𝑝𝑣𝐵𝑑𝑝
2

72𝐶𝛿
 

(9) 

where 𝑣𝑩 (velocity of Brownian motion), 𝛿 (the mean distance between the centres of two 

particles) and C (correction factor) are given as: 

𝑣𝑩 =
1

𝑑𝑝
√
18𝐾𝑏𝑇

𝜋𝜌𝑝𝑑𝑝

3
  

(10) 
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𝛿 = √
𝜋𝑑𝑝

6𝜑

3

 

(11) 

𝐶 =
𝑎Ω + 𝑏

𝜇𝑓
 

(12) 

where Kb is the Boltzmann constant (1.38 x 10-23 m2kg/s2K), a=-4×10-5 and b=7.13×10-7 and 

it is found to be valid only when Ω < −𝑏/𝑎.   

To calculate the viscosity of the nanofluid in the two phase model, both the viscosities of the 

nanoparticle cloud and the base fluid combined according to equations 13 and 14. 

𝜌𝑚 =∑𝜑𝑘𝜌𝑘

𝑛

𝑘=1

 (13) 

𝜇𝑚 =∑𝜑𝑘𝜇𝑘

𝑛

𝑘=1

 (14) 

The volume average of the thermal conductivities of porous matrix material and nanofluid is 

used in the energy equation to find the effective thermal conductivity of the fluid as [31, 76]: 

𝑘𝑒𝑓 = (1 − 휀)𝑘𝑠 + 휀𝑘𝑓 (15) 

where 𝑘𝑠 and 𝑘𝑓 are the thermal conductivities of solid (porous material) and fluid, respectively 

and 휀 is the porosity of the matrix. 

The last term on the right-hand side of the momentum equation is due to the presence of the 

porous medium and is calculated as [31]:  

 

�⃗� = (
𝜇𝑓

𝐾
+
𝜌𝑓𝐶|𝑣|

√𝐾
) �⃗� (16) 

In the above equation, the first term is the viscous loss term and the second term is the inertial 

loss term where 𝐾 is the permeability and C is the inertial coefficient given as [67]: 

 

𝐾 = 0.00073𝑑𝑝
2(1 − 휀)−0.224 (

𝑑𝑙
𝑑𝑝
)

−1.11

 (17) 

𝐶 = 0.00212(1 − 휀)−0.132 (
𝑑𝑙
𝑑𝑝
)

−1.63

 (18) 

where 𝑑𝑙 is the ligament or cell diameter obtained as: 

𝑑𝑙 = 1.18𝑑𝑝√
1 − 휀

3𝜋
(

1

1 − 𝑒−(1−𝜀)/0.04
) (19) 
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and 𝑑𝑝 is the pore size calculated as: 

𝑑𝑝 = 0.0254(𝑚)/𝜔(𝑃𝑃𝐼) (20) 

where 𝜔 is the pore density and PPI means pores per inch. 

The overall heat transfer coefficient is defined as the ratio of the constant heat flux applied in 

the pipe wall (𝑞𝑤) to the average temperature difference between the wall and fluid (∆𝑇) given 

as:  

 

ℎ =
𝑞𝑤
∆𝑇

 (21) 

The inlet temperature of the fluid flow is constant equal to 281 K and the outlet temperature is 

determined by the simulation for different studied cases. 

 

 

3. Geometry, Boundary condition and fluid properties 

The studied geometry is a horizontal tube filled with metal-foam shown in Figure 1 with the 

inner diameter of 2.6cm and length of 15cm. Copper is used as the material of the metal foam 

due to having a high thermal conductivity. The inlet temperature, pressure and vapour quality 

of the fluid flow are constant 281K, 3.5bar and 0.2, respectively. The outflow boundary 

condition is chosen for the pipe outlet. Different values of inlet velocity and heat flux applied 

on the walls are examined. 

 

 

Figure 1. A schematic view of a horizontal tube (in front and side section) filled with a metal 

foam including the dimensions and boundary conditions 

 

The base fluid and nanoparticles examined in this study are R134a and ZnO and Table 1 

presents the thermophysical properties of them. 

 

Table 1: The thermophysical properties of the materials used in this study at P = 3.5 bar. 
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Density 

(kg/m3) 

Heat capacity 

(kJ/kg.K) 

Thermal conductivity 

(W/m.K) 

Viscosity 

(kg/m.s) 

R134a (liquid) 1280 1.267 0.1056 4.1*10-4 

R134a (vapour) 16.7 0.835 0.014 1.2*10-5 

ZnO 1576 40.3 36 0.00225(cloud) 

 

 

 

 

 

4. Numerical procedure 

ANSYS-FLUENT software is used to solve the governing equations discretised with double 

precision solver using the SIMPLE algorithm with PRESTO scheme for pressure correction 

equation and QUICK scheme for the momentum and energy equations. The convergence 

criteria for continuity, momentum and energy equations are set to 10-4, 10-6 and 10-6, 

respectively. A no-slip condition is applied for liquid and vapour phase velocities on the 

channel surface. Note that due to the symmetric nature of the problem, only half of the 

geometry is generated and simulated. 

 

For the mesh independency analysis, different meshes consisting entirely of hexahedral control 

volume are generated with different number of elements. Figure 2 displays a schematic of the 

created meshed at ANSYS at different cross-sections of the domain. A denser mesh is 

generated near the walls due to the boundary layer effect (first layer high is 1.25*10-5m). 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. The generated mesh at different cross sections.  
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Table 2 presents the effect of element number on the pressure drop, heat transfer coefficient 

and vapour quality and also represents the required time for each simulation. After employing 

321500 elements, the variations in various parameters are very small and therefore according 

to the time of the simulation, the mesh with the element number of 321500 is chosen for further 

analysis. The number of elements could be reduced by increasing the porosity and the PPI since 

the pore dimension increases. In this study, the constant maximum mesh element size (321500) 

is chosen as the number of elements for the lowest porosity and pore density. 

 

Table 2 The mesh indecency analysis through showing the effect of element number on the 

pressure drop, heat transfer coefficient and vapour quality.     

Number of 

elements 
250106 295675 321500 343775 385030 410500 

h (w/m2.K) 3865 3878 3890 3893 3898 3894 

dx 0.272 0.281 0.291 0.293 0.295 0.294 

dp/l (Pa/m) 54533 56200 57023 57508 57855 57122 

time of 

simulation (min) 
54 78 112 154 193 238 

 

5. Results and discussion 

Firstly, the FLUENT code is verified, then the effect of different parameters on the pressure 

drop, heat transfer coefficient and vapour quality are presented. The effective parameters are 

the porosity (0.5, 0.6, 0.7, 0.8, 0.9 & 1) and pore density in PPI (20, 30, 40, 50 & 60) of metal 

foam, the volume fraction (0, 0.005, 0.01, 0.015, 0.03 & 0.05) of nanoparticles, the heat flux 

(19, 25, 30, 35 & 40 kW/m2) and the inlet velocity (0.05, 0.1, 0.15, 0.2, 0.25 & 0.3 m/s). 

 

5.1.Validation 

To validate the model, the results are first compared with the results of Zhao et al. [77] for flow 

and heat transfer of a boiling fluid in a horizontal tube filled with a porous metal structure. 

Zhao et al. [77] studied experimentally the effect of porous characteristics including the 

porosity and pore density on the boiling process of R134a fluid in a horizontal metal-foam 

filled tube according to the pressure drop, heat transfer coefficient and vapour fraction. Figures 

3 illustrates the variation of pressure drop in terms of mass flux for different pore density of 

the metal foam. The pressure drop of present work is obviously larger than that in the literature 

because of the difference between the real object and its assumed model on both the physical 

and mathematical sides. Figure 4 displays the variation of heat transfer coefficient for different 

inlet velocities as a function of vapour quality for the porosity of 90% and vapour quality of 

0.3 at the inlet. The heat transfer is deteriorated with reducing the inlet velocity because the 

software calculates the heat transfer via Reynold number which proportional with the inlet 
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velocity. As shown, the results of the present study are in good agreement with the experimental 

results of Zhao et al. [77] for different effective parameters.  

 

 

Figure 3. The variation of pressure drop as a function of inlet mass flux for different pore 

density for the porosity of 90% and inlet vapour quality of 0.3. 

 

 

Figure 4. Heat transfer coefficient as a function of vapour quality for different inlet velocity 

for the porosity of 90% and pore density is 20 PPI. 

 

5.2. Study of velocity and temperature distribution 

To reach a better understanding of the behaviour of flow boiling, the results are first presented 

based on velocity and temperature distributions through different contour plots. Figure 5 
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illustrates the contour plot of velocity distribution at x-plane midsection (Figure 5-a) and 

different cross-sections of yz-plane (Figure 5-b) for the porosity of 0.7 and inlet velocity of 

0.05 m/s. As shown in Figure 5-a, at the beginning length of the tube from the inlet (left side 

of the tube), the generated velocity profile is regularly similar to a pipe flow since the boiling 

process is not started due to lack of sufficient heat from the boundary and as a result lower 

temperature of the fluid than the boiling temperature. After x=120 mm (Figure 5-b), the 

velocity profile starts changing from the parabolic shape because of generating more vapour in 

the domain. The effect of the boiling process in the domain can be seen perfectly in Figure 5-

b at the pipe outlet (x=150). High velocity near the wall can be seen due to the vapour 

generation in this area where a higher amount of heat is gained by the liquid. 

 

 

 

a) 

   

x=0 mm x=30 mm x=60 mm 

   

x=90 mm x=120 mm x=150 mm 
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b) 

Figure 5. The contours of velocity distribution at a) x-plane midsection (symmetric 

section), and b) different cross-sections in yz-plane. 

 

Figure 6 illustrates the contour plot of temperature distribution at x-plane midsection (Figure 

6-a) and different cross-sections of yz-plane (Figure 6-b) for the porosity of 0.7 and inlet 

velocity of 0.05 m/s. When the fluid is close to the pipe outlet, the temperature of the fluid 

increases by gaining more heat from the wall. The average temperature difference between the 

outlet and inlet of the pipe is 27 °C. When the temperature reaches as high as the boiling 

temperature of nanofluid (282 K), the boiling process starts which happens after the entrance 

of the channel according to Figure 5. 

 

 

 

a) 

   

x=0 mm x=30 mm x=60 mm 
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x=90 mm x=120 mm x=150 mm 

b) 

Figure 6. The contours of temperature distribution at a) x-plane midsection (symmetric 

section), and b) different cross-sections in yz-plane. 

 

The aim of adding high thermal conductivity metal foams such as copper foam in the boiling 

heat transfer process is enhancing the rate of heat transfer due to the higher thermal 

conductivity of the metal foam than the base fluid. On the other hand, flow resistance is made 

in the fluid path which makes a higher pressure drop in the domain. However, using a porous 

medium instead of solid structures reduces the effect of pressure drop, especially for higher 

porosity of the foams. Therefore, the effects of metal foam addition on the rate of heat transfer 

and pressure drop depend on the characteristics of the metal foam including the porosity and 

pore density as well as operating conditions of the problem. In the boiling process of nanofluid, 

the volume fraction of nanoparticles is also effective on the rate of heat transfer and pressure 

drop. In the following, the effect of different parameters on the pressure drop, convective heat 

transfer coefficient and vapour fraction of the boiling fluid are studied. 

 

5.3. Study of the pressure drop 

Figure 7 shows the variation of pressure drop per unit length as a function of porosity for 

different heat fluxes applied on the walls for 𝜑 = 0.01, 𝜔 = 20ppi and 𝑉𝑖𝑛 = 0.05 𝑚/𝑠. Note 

that the porosity of 1 means the geometry without the metal foam. As expected, increasing the 

porosity of the metal foam results in a lower pressure drop due to a lower presence of solid 

porous structure and as a results lower resistance in the flow direction. Another reason for this 

phenomenon is with increasing the porosity, more vapour in the channel increases the 

resistance to flow thereby increasing the total pressure drop across the channel. Furthermore, 

for a higher wall heat flux, the pressure drop enhances. By increasing the input heat flux applied 

on the walls, the temperature of the fluid increases more rapidly. Therefore, more mass of the 

liquid is boiled to vapour which causes a higher pressure drop in the domain due to the high 

volume flow rate. 
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Figure 7. The variation of pressure drop per unit length in terms of the porosity for 

different values of input heat fluxes. 

 

Figure 8 illustrates the variation of pressure drop per unit length (
𝑑𝑃

𝐿
) as a function of flow 

velocity for different pore density for 𝜑 = 0.01, 휀 = 0.9 and 𝑄�̇� = 19 𝑘𝑊/𝑚
2. The flow 

resistance in a channel filled with porous medium generates within three effects: channel 

surface drag resistance, Darcy viscous resistance, and resistance caused by porous structures 

(last two effects appear with the presence of porous medium). With increasing the velocity, the 

drag resistance increases which causes an increase in the pressure drop. Increasing the vapour 

quality, caused by increasing the void fraction when the flow rate increases, also leads to 

increase in the pressure drop. Furthermore, for a higher pore density and as a result, the smaller 

size of the pores, the pressure drop increases expectedly due to the presence of a higher number 

of pores in the pipe which results in higher flow resistance in the flow direction of the pipe. 
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Figure 8. The variation of pressure drop per unit length in terms of the flow velocity for 

different values of pore density of the metal foam. 

 

Figure 9 shows the variation of pressure drop per unit length as a function of volume fraction 

of nanoparticles for different porosity of the metal foam for 𝑄�̇� = 19 𝑘𝑊/𝑚
2, 𝜔 = 20 and 

𝑉𝑖𝑛 = 0.05 𝑚/𝑠. By increasing the concentration of nanoparticles, the pressure drop reduces 

and the figure clearly shows that the pressure drop also reduces with increasing the porosity.   

 

 

Figure 9. The variation of pressure drop per unit length in terms of nanoparticle volume 

fraction for different metal foam porosities. 
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Figure 10 shows the variation of vapour fraction as a function of porosity for different heat 

fluxes applied on the walls for 𝜑 = 0.01, 𝜔 = 20 and 𝑉𝑖𝑛 = 0.05 𝑚/𝑠. The vapour fraction 

reduces by increasing the porosity of metal foam. For a lower porosity of metal foam and as a 

result higher presence of a high conductive solid porous medium structure, the rate of heat 

transfer increases in the domain and therefore the temperature rises faster. Therefore, a lower 

amount of vapour is generated using a higher porosity of metal foam. Furthermore, for a higher 

wall heat flux, the vapour fraction enhances expectedly due to a higher temperature of the fluid 

as a result of higher input heat. 

 

 

 

Figure 10. The variation of vapour quality in terms of the porosity for different values of 

input heat fluxes (vapour quality is relative to the open part of the channel, not all the 

volume, which contain the solid state of the foam). 

 

Figure 11 illustrated the variation of vapour fraction as a function of flow velocity for different 

pore density for 𝜑 = 0.01, 휀 = 0.9 and 𝑄�̇� = 19 𝑘𝑊/𝑚
2.  The vapour fraction reduces for 

higher inlet velocity of the fluid flow. The reason is that for a higher inlet velocity of the flow, 

the residence time of the fluid in the pipe reduces results in a lower heat gain by the fluid. 

Therefore, a lower amount of vapour fraction is achieved by increasing the velocity of the fluid 

flow. Furthermore, for a higher pore density and as a result smaller size of the pores, the vapour 

fraction increases due to a higher rate of heat transfer in the domain. However, as shown, the 

effect of pore size reduces by increasing the velocity of the fluid flow. 
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Figure 11. The variation of vapour fraction in terms of the flow velocity for different 

values of pore density of the metal foam. 

 

Figure 12 shows the variation of vapour fraction as a function of volume fraction of 

nanoparticles for different porosity of the metal foam for 𝑄�̇� = 19 𝑘𝑊/𝑚
2, 𝜔 = 20 and 𝑉𝑖𝑛 =

0.05 𝑚/𝑠. Increasing the concentration of nanoparticles will enhance the heat transfer rate of 

the system due to the high thermal conductivity of the nanoparticles. This leads the fluid to 

achieve the saturation temperature faster, and then more vapour generated. 

 

 

Figure 12. The variation of vapour fraction in terms of nanoparticle volume fraction for 

different metal foam porosities. 
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5.5. Study of heat transfer coefficient 

Figure 13 shows the variation of heat transfer coefficient as a function of porosity for different 

heat fluxes on the walls for 𝜑 = 0.01, 𝜔 = 20 and 𝑉𝑖𝑛 = 0.05 𝑚/𝑠. Reducing the porosity of 

the metal foam results in a higher amount of high conductivity metal inside the porous medium 

and therefore the effective thermal conductivity of the foam enhances. It can also be obtained 

from Eq. (15). For a higher thermal conductivity, a higher rate of heat transfer is achieved from 

the pipe wall to the fluid results in a lower temperature difference between the fluid and the 

pipe’s wall. It can be explained according to Fig. 10 showing the variation of vapour fraction 

in terms of porosity. As shown, a higher amount of vapour is produced for a lower porosity as 

a result of a higher rate of heat transfer. This behaviour agrees with the results found in Zheng 

et. al [78] and Z.G.Qu et. al [79]. Furthermore, for a higher wall heat flux, the heat transfer 

coefficient enhances. By increasing the heat flux applied on the walls, the fluid temperature 

enhances and therefore a higher temperature difference between the inlet and outlet of the pipe 

occurs. Based on Equation (21), the results show that the effect of increasing the heat flux is 

higher than the temperature difference in the domain. 

 

 

Figure 13. The variation of vapour fraction in terms of the porosity for different values of 

input heat fluxes. 

 

Figure 14 illustrates the variation of heat transfer coefficient as a function of flow velocity for 

different pore density for 𝜑 = 0.01, 휀 = 0.9 and 𝑄�̇� = 19 𝑘𝑊/𝑚
2.  The heat transfer 

increases for a higher inlet velocity of the fluid flow due to higher convection heat transfer by 

increasing the fluid velocity [80]. It can also be explained according to the decreasing of vapour 

fraction by increasing the inlet velocity as mentioned in the previous section. Moreover, for a 

constant wall heat flux, increasing the inlet velocity results in a lower outlet temperature of the 
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fluid flow and therefore, based on Equation (21), a higher heat transfer coefficient is achieved. 

Furthermore, for a higher pore density, the heat transfer coefficient increases due to a higher 

rate of heat transfer in the domain, which causes by the increase in the surface area, this also, 

confirmed by Z.G. Qu et. al [79]. 

 

 

Figure 14. The variation of heat transfer coefficient in terms of the flow velocity for 

different values of pore density of the metal foam. 

 

Figure 15 shows the variation of heat transfer coefficient as a function of volume fraction of 

nanoparticles for different porosity of the metal foam for 𝑄�̇� = 19 𝑘𝑊/𝑚
2, 𝜔 = 20 and 𝑉𝑖𝑛 =

0.05 𝑚/𝑠. By increasing the concentration of nanoparticles, the heat transfer coefficient 

enhances, because of the high thermal conductivity of the nanoparticles which increase the 

thermal of then nanofluid on one hand and carry heat from the surface away to the fluid which 

help to increase the heat transfer rate on the other hand. 
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Figure 15. The variation of heat transfer coefficient in terms of nanoparticle volume 

fraction for different metal foam porosities. 

 

5.6. Summary of the results 

Table 3 represents the percentage of variation in different parameters including the pressure 

drop per unit length, vapour quality and overall heat transfer coefficient in terms of metal foam 

porosity for 𝜑 = 0.01, 𝜔 = 20𝑃𝑃𝐼, 𝑉𝑖𝑛 = 0.05 𝑚/𝑠 and 𝑄�̇� = 19 𝑘𝑊/𝑚
2. For a very low 

porosity (<70%), the pressure drop is too high. On the other hand, for a high porosity such as 

90%, the effect of metal foam addition does not much increase the vapour volume production 

and overall heat transfer coefficient. Therefore, a system with a moderate porosity is 

recommended in this study.  

 

Table 3 The effect of porosity on pressure drop per unit length, vapour quality and overall 

heat transfer coefficient 

Porosity dp/L (kPa/m) dX h (W/m2 K) 

0.5 115.65 0.687 3153 

0.6 95.3 0.658 3090 

0.7 86.5 0.618 3008 

0.8 77.2 0.598 2935 

0.9 70 0.586 2845 

 

Table 4 represents the percentage of variation due to different parameters of pressure drop per 

unit length, vapour quality and overall heat transfer coefficient in terms of metal foam pore 

density for 𝜑 = 0.01, 휀 = 90%, 𝑉𝑖𝑛 = 0.05 𝑚/𝑠 and 𝑄�̇� = 19 𝑘𝑊/𝑚
2. All the parameters of 

pressure drop per unit length, vapour quality and overall heat transfer coefficient increase with 
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increasing the pore density of the metal foam. Therefore, a system with a small pore size (high 

pore density) is recommended which depends on the allowed pressure drop.  

 

Table 4 The effect of pore density on pressure drop per unit length, vapour quality and overall 

heat transfer coefficient 

Pore density dp/L (kPa/m) dX h (W/m2 K) 

20 70 0.586 2845 

40 83 0.635 3600 

60 102 0.676 4520 

 

The characteristics of the porous medium are determined based on the required vapour quality 

and the allowed pressure drop varied in different studies. 

 

6. Conclusion 

In this paper, the boiling heat transfer and two-phase flow modelling of nanofluid were studied 

in a horizontal tube filled with a high thermal conductivity copper foam. The aim of using a 

porous medium is to increase the rate of heat transfer and as a result higher vapour production 

of nanofluid; however, a higher pressure drop is achieved due to flow resistance by the metal 

foam. The effects of different parameters i.e. the porosity and pore density of the metal foam, 

inlet velocity, induced heat flux and volume fraction of nanoparticles on the pressure drop, 

vapour quality and overall heat transfer coefficient were studied. There is a significant 

advantage of the presence of a metal foam on the vapour production of nanofluid during the 

boiling process. By decreasing the porosity and increasing the pore density of the metal foam, 

higher volume fraction of vapour and pressure drop are achieved in the pipe outlet and its 

effectiveness is determined based on the nanofluid velocity and induced heat flux applied on 

the walls. For example, for the heat flux of 19 kW/m2 and inlet velocity of 0.05 m/s, by using 

a metal foam with the porosity of 70% and pore density of 20 PPI, the vapour quality, heat 

transfer coefficient and pressure drop enhances by 7.1%, 9.4% and 82.7%, respectively, 

compared with the case of without metal foam. Therefore, a system with a moderate porosity 

and a high pore density is recommended which is finally determined based on the required 

vapour production and allowed pressure drop. 
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