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1.Introduction 
As a result of the wide applications of heat 

exchangers in various industries, enhancing their 

efficiency has always been vital in the thermal design 

of various engineering systems. Therefore, many 

researchers work to improve the efficiency of this 

type of heat exchangers. These improvements can be 

obtained by adding obstacles to the flow to give a 

longer time for the heat exchange process or by 

increasing the surface area of heat exchange between 

the fluid and the warm surface (adding fins or porous 

media). 

 

Metal foams, as a developed type of porous media, 

are brilliant applicants for transferring a huge amount 

of heat with low volumes and production cost.  

 

 
*Author for correspondence 
 

The most applications of porous materials in energy 

engineering include solar collectors, fuel cells, 

regenerators, heat exchangers and heat sinks. The 

advantages of utilizing metal foams include strong 

flow-mixing capability in addition to low density and 

high specific surface area and thermal conductivity. 

Therefore, many researchers studied the thermal 

performance of these materials in the past two 

decades. 

 

Also, evaporation processes within metal foam 

happen in a wide range of energy applications. 

Complete evaporation processes within metal foam 

could be theoretically designated by two models, the 

separate flow model (SFM) and the two-phase 

mixture model (TPMM). So, as to eliminate the 

difficulties related with SFM [1] many modifications 

of TPMM were presented [2–9], where the sever 

phases are treated as the elements of two mixtures 
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and it could be solved on a fixed grid, without need 

to an intuition information of the phase boundaries, 

that might be unequal in dimension in addition to 

transmit in time.  

 

Conferring to the homogenization tactic, two models 

might be utilized in so far like the temperature field is 

involved. The local thermal equilibrium (LTE) model 

is supposed that the temperature of solid and fluid 

phases is equal at each point. While local thermal 

non-equilibrium (LTNE) model is assumed that the 

temperature of solid and fluid phases is locally 

different. Thus, energy equation is solved separately 

for each phase whereas one energy equation may be 

utilized for both phases. These two models may be 

used to emulate the evaporation process through 

porous media, though all basic variables of TPMM 

[2] depend on the supposition of LTE model. In last 

decades, considerable interest had been rewarded to 

LTNE model because it is very accurate for simulate 

the local temperature of solid and fluid phases [3–9].  

 

Mainly in the evaporation area, where the fluid 

temperature stills fixed according to the 

thermodynamic theories, the energy transfer from the 

warm surface is controlled by conduction with the 

metal foam. The temperature of fluid and solid 

phases in this area are different, though this 

difference cannot be considerable, then the heat 

transfer coefficient might be awfully high according 

to low pore size [6]. In this state, LTNE model 

became more suitable, and it would be meaningful to 

compare the results obtained from these two models 

for full evaporation process inside a porous media. 

 

There are many studies on evaporation process 

through metal-foam filled different channels. 

Considering its priceless results, it is important to 

extend these works to better representation of 

evaporation process through a double pipe heat 

exchanger (DPHEX). According to the previous 

literature, all articles were simulated the heating 

source as a constant heat flux or constant wall 

temperature. The present article is focused on the 

modified analysis to the evaporation process of 

R134a through a porous anulus of a DPHEX with 

warm water flowing in inner pipe as a heating source. 

According to the previous literature, this analysis 

with LTNE model is more accurate than the LTE 

model for solving the evaporation process with metal 

foam. The effect of pores per inch (PPI), mass flux 

and porosity on temperature distribution through the 

anulus (fluid and metal foam temperatures) and heat 

transfer coefficient is investigated in the present 

article. 

 

The rest of the paper is organized as follows. 

Literature review was discussed in section 2. Section 

3 covers the method. Results and discussion were 

investigated in section 4. Conclusion is in section 5. 

  

2.Literature review  
All the industry processes are simulated to a small 

prototype then it is constructed and subjected to the 

identical work conditions. This process is very 

expensive, and it needs long time to reach to the 

optimum design. The Computational Fluid Dynamics 

(CFD) or the commercial programming introduce the 

numerical analysis to do this role instead of the 

prototype. CFD is an important technique to simulate 

the problems, such as heat transfer and fluid flow 

[10].  

 

Many researchers studied the heat transfer process 

with metal foam. Chen et al. [11] established 

numerically the optimum conditions for the use of 

DPHEX filled with metal foam using the Brinkman-

Forchheimer-extended Darcy model (BFDM) and 

LTE model. They found that heat transfer 

performance enhanced more with lower Darcy 

number (Da). Then in designing a heat exchanger 

filled with metal foam, performance factor was 

evaluated to matching between pressure drop and 

heat transfer enhancement. Also, Hamzah and Nima 

[12] studied the effect of adding ten metal foam 

obstacles on the thermal characteristics in DPHEX. 

They used the Darcy and Brinkman- Forchheimer 

model to simulate the flow in porous regions. They 

found that the coefficient of heat transfer enhanced 

by 129 % with adding the metal foam fins in 

DPHEX. Mohammadi et al. [13] used artificial neural 

network to optimize the properties of porous baffles 

such as porosity, permeability and cut ratio for 

maximum heat transfer and minimum pressure drop 

in shell and tube heat exchanger. They found that 

baffle cut has the largest contribution in heat transfer 

and pressure drop by 88% and 71%, respectively. 

While permeability contribution was 24% in heat 

transfer and 7% in pressure drop.  

 

Some investigators examined metal foams inserts that 

are located regularly. Many experimental works 

proved that the heat transfer enhanced with the using 

of metal foam blocks but at the same time the 

pressure drop also increased. This was proved by 

Nima and Hajeej [14] when they investigated the 

thermal performance of DPHEX with blocks of metal 
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foam. They found that the enhancement in Nusselt 

number is larger than 80% for all the studied cases. 

Saleh and Rashid [15] used many techniques to 

enhance the thermal performance of air solar 

collector under climate condition of Baghdad city. 

Their experimental and numerical results showed that 

the collector with porous media has higher efficiency 

(56%) compared to wire mesh (52%), Corrugated 

(34%), finned (30%) and smooth flat plate (26%). A 

CFD simulations was done by Arjun and Annamalai 

[16] for analysis evaporation process of horizontal 

tube covered with metal foam. The diameter of this 

tube was 25.4 mm at 64.6˚C. They optimized the 

characteristics of metal foam to reach optimum heat 

transfer rate at Re of 650. They utilized LTE model 

with continuity and momentum equations to simulate 

the evaporation process and these equations were 

solved by Volume of Fluid model. They found that 

metal foam with 0.8 porosity was the optimum case 

when it rises the heat transfer rate by 250% compared 

with pure tube case. Metal foam permeability with 

the range of 10-9 – 10-7 increasing always improved 

the heat transfer coefficient. While foam thickness 

had a slight effect on heat transfer rate and it was 

about 1.25mm. Stepanov et al. [17] introduced a 

simplified analytical form makes a solution 

convenient for temperature distribution on this type 

of heat exchanger. They found the heat transfer 

strength with metal foam is higher at highest porosity 

(ε = 0.6169) compared to other porous inserts with 

lower porosity. And their laboratory research proved 

the ability of constructing new heat exchangers with 

metal foam that can be used in heat supply systems. 

 

The above research hypothesized that the metal foam 

and the fluid are in thermal equilibrium, but in fact, 

there is a difference in temperature between them. 

Other researchers solved two separate energy 

equations to obtain a temperature distribution closer 

to real case. Dehghan et al. [18] analysed numerically 

the forced convection through entrance region of a 

porous pipe used Brinkman-Forchheimer-extended 

Darcy (BFED) equation and LTNE model. They 

found that the LTNE intensity depends on the 

porosity, PPI, and the thermal conductivity of fluid to 

solid phases, and it decreases with increase in 

porosity and conductivity ratio. Same method was 

adopted by Xu et al. [19] to investigate the thermal 

effectiveness for DPHEX with metal foam. They 

showed numerically that the LTNE model must be 

used on a heat exchanger fully filled with metal foam 

when thermal conductivity of solid phase 1000 times 

that of fluid phase. Also, porosity must be lower than 

0.9 and PPI larger than 10 for higher effectiveness. 

Also, Trilok et al. [20] done that to analyse the 

thermal flow characteristics through a channel with 

variable PPI and porosity. Their results appeared that 

the porosity and PPI has a considerable effect on heat 

transfer characteristic in mixed and forced 

convection, but this effect is very small in natural 

convection. 

  

While Paknahad et al. [21] developed a new method 

to solve the conjugate between heat transfer and fluid 

flow in high porosity metal foam. They used multi-

relaxation-time model and regularized lattice 

Boltzmann model for flow and heat transfer 

respectively. Their results showed the metal foams 

temperature drops quickly at high Reynolds number, 

but the liquid temperature rises slightly. Also, heat 

transfer coefficient increased by 190% with increase 

in PPI from 10 to 30 and it decreased by 17.5% 

porosity decrease from 0.90 to 0.80. Diganjit et al. 

[22] studied numerically a rectangular solar air heater 

with single-pass with discrete copper metal foam 

used LTNE model. The channel was considered a 

two-dimensional flow with mass flow rates (0.03 to 

0.05 kg/s) at constant heat flux of 850 W/m2. They 

investigated three different PPI and porosity of coper 

foam (10, 0.8769), (20, 0.8567), and (30, 0.92) with 

three different discrete thicknesses at equal distances 

at 22 mm, 44 mm, and 88 mm. The Nusselt number 

was 157.64%, 183.31%, and 218.60% for 22 mm, 44 

mm, and 88 mm thicknesses, respectively, higher 

than the free channel. The thermal performance for 

22 mm was 5.02% and 16.61% greater than for 44 

mm and 88 mm, respectively. 

 

Tamkhade et al. [23] introduced a numerical 

simulation and CFD analysis for counter flow of 

DPHEX with (10 – 50) PPI metal foam saturated 

water to evaluate its thermal performance. The Ansys 

fluent modelling utilized k-omega viscous model in 

flow. This 1.5 m heat exchanger was considered with 

9.5 mm stainless steel inner pipe and 28 mm 

galvanized iron outer pipe. Hot water at 80 oC 

flowed with 2 lpm through inner tube while annular 

space with 0.9 porosity metal foam discharged 10 

lpm cold water at 30 oC. They found that increase in 

PPI raise the heat transfer rate and pressure drop for 

both numerical and mathematical results. Iranmanesh 

and Moshizi [24] utilized a metal foam layer at inner 

and outer walls of a horizontal annulus for fully 

developed forced convection to construct two foam 

regions and one open region between them. The 

annulus surfaces were subjected to an asymmetric 

heating. Governing equations such momentum, 

continuity, and energy equations with boundary 
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conditions solved numerically with MATLAB 

program after simplified them to ordinary differential 

equations. They investigated the effect of Re, Ra, ε, 

PPI, and thermal conductivity ratio on 

thermohydraulic characteristics of the flow. Their 

results showed that the thermal performance effected 

significantly with fluid-solid thermal conductivity 

ratio and it decreases for all partially filled cases 

compared with empty case at thermal conductivity 

ratio below of 0.01. While at fully filled case, the 

critical thermal conductivity ratio raised to 0.006. 

 

Other researchers tried to modified the metal foam 

properties by coating it or adding some materials to 

its structure. Maiorano et al. [25] fabricated an 

aluminum/graphite composite foam by the replication 

method which infiltrates liquid aluminum with SiC-

coated oriented graphite flakes and NaCl particles. 

Their results showed that foams with large sizes of 

NaCl have low pressure drops. They found that large 

graphite flakes coated with SiC gives thermal 

conductivity 6 times higher and heat dissipation 5 

times higher than standard aluminum foams, making 

them the perfect tool in cooling electronic devices. 

Ginting et al. [26] modified stainless steel metal 

foams into superhydrophilic and superhydrophobic 

surfaces. The superhydrophilic type was used as a 

wick in a ferrofluid cylindrical heat pipe because of 

its high wettability and capillary. The cylindrical heat 

pipe was tested at two heat input variations of 3 and 5 

W in a horizontal direction. The thermal performance 

of this heat pipe gives the maximum thermal 

resistance of 2.47 ◦C/W at 5W as a heat input. 

Optimization of metal foam pellet shapes was studied 

by George et al. [27] to improve radial heat transfer 

using a modified version of particle-resolved CFD. 

Many configurations like external grooves, varied 

aspect ratios, pellet with inner holes, and as well as 

various foam morphologies are considered to 

maximize the pellet geometry. They found that foam 

ring with the of 2.5 aspect ratio, 0.45 mm cell size, 

and 0.82 porosity was an optimal case at Re range 

from 250 to 2250. 

 

Same thing was adopted with studying the 

evaporation process in metal foam. Some researchers 

studied the problem under LTE model, and another 

some investigated it with LTNE model. While other 

researchers observed new methods for reach to more 

accurate results with less effort. Wang [2] used LTE 

assumption with asymmetric discrete heating on a 

channel. Their results showed that superheated vapor 

has been created clearly near to the warm surface. At 

the same time, within a very short distance, a large 

change in temperature was observed in the range of 

100 oC and 500 oC for steel and glass beads, 

respectively. The cut-outs in the effective diffusion 

term may be the reason for these results, or because 

of utilizing the simplified LTE model. To skip these 

reasons, a complete evaporation process of water, 

like that investigated by Wang [2], was numerically 

simulated by Wang [3] with smoothing the effective 

diffusion term for these two models. They found that 

LTE model is unrealistic to estimate the multi-

dimensional evaporation problems. Lu and Zhao [4] 

investigated refrigerant R134a evaporation process in 

26 mm horizontal tube filled with metal-foam used 

TPMM with LTNE model. The study was done for 

two types of metal foam 20 and 40 PPI with 0.9 

porosity. The mass flux was (26 to 106 kg/m2.s) with 

vapor quality up to 0.9. Their results showed that the 

heat transfer coefficient increases with porosity, PPI, 

mass flux, and heat flux. And it adopted different 

trends for low and high mass fluxes as the vapor 

quality rises. 

 

Alomar et al. [5] presented a new algorithm that 

rejects the cut-outs in the effective diffusion term 

through the borders which separates the single to 

two-phase areas. This algorithm was effectively 

utilized to analyse the one-dimensional full 

evaporation process in a divergent porous pipe. Their 

results showed clearly that inlet conditions and the 

shape of divergent porous pipe most affect the 

properties of outlet steam compared to porous media 

characteristics which have small influence. Then, it 

was advisable to test the effectiveness of this 

algorithm for two- or three-dimensional studies with 

both LTE and LTNE model. A comparison study 

between LTE and LTNE model is investigated by Xu 

et al. [6] for a two-dimension fluid flow in a tube 

filled with metal foam with uniform wall 

temperature. The SIMPLER algorithm was utilized to 

solve the conservation equations of mass and 

momentum in metal foams with correction equation 

for velocity and it was written as a FORTRAN code. 

LTNE effect representation was illustrated by solid-

fluid temperature difference and relative deviation. 

Their results showed that the relative deviation was 

more effective to represent LTNE effect in metal 

foam. The LTNE effort in metal foam was noticeable 

for small duct size, low porosity, large ratio for solid 

to fluid thermal conductivity, low Re, and low PPI. 

The thermal results showed LTE model is always 

higher than LTNE model and LTE model is suitable 

to use metal foams porosity greater than 0.95 or 

thermal conductivity ratio higher than 0.148 with 

relative deviation less than 0.2.  



International Journal of Advanced Technology and Engineering Exploration, Vol 10(102)                                                                                                             

645          

 

This new mathematical model, which depended on 

the formula of the modified enthalpy of TPMM with 

LTNE model, was modified by Alomar [7, 8] to 

represent the full phase change process in porous 

evaporator with asymmetrical heating. The complete 

steady two-dimensional evaporation process in a 

horizontal evaporator filled with porous media was 

investigated by Alomar [7]. Their results showed that 

the transition to two-phase zone is more rapidly in the 

axial direction compared to that in the transverse 

direction. They illustrated clearly that the utilizing 

this modified formula is very necessary for 

simulation the complete evaporation process 

especially with high heat and mass fluxes. Alomar [8] 

used this modified formula for the same case with 

transient condition. They showed that non-Darcian 

influence leads to clear growth in vapor region in the 

downward of the channel. 

 

He et al. [1] studied numerically the transient 

behaviour of phase change process in porous two-

phase flow used SPM with LTNE model. With the 

increase of the heat capacity and the porous media 

density, the system takes longer to reach a steady 

state, and the transient degradation of heat transfer 

and vapor quality effect in the beginning stage are 

more acute. Liu et al. [9] proposed a new transient 

mathematical model used TPMM with modified 

mixture enthalpy and enthalpy ratio to study phase-

change transpiration cooling with pressure injection. 

They found that the variable velocity of mass flow 

and the volume of heat flux have significant effect on 

the injection pressure fluctuation, the increase in 

mass flow and heat flux increases more the variation 

of injection pressure. 

 

Many experimental studies were investigated 

evaporation process through metal foam. Flow 

boiling of R134a in nine mini-channels evaporator 

with metal foam investigated experimentally by Gao 

et al. [28] to enhance the performance of electronics 

cooling. They found that the heat transfer coefficient 

increases by 150% and it has an opposite trend to that 

in empty mini-channel. While, the pressure drop 

increased by 270% and frictional loss represents over 

70% of it. Heat transfer coefficient increased 

significantly with surface heat flux and R134a 

quality, whereas mass flux had little effect on it. Nam 

et al. [29] studied experimentally the boiling Heat 

transfer of R245fa in a vertical rectangular channel 

filled with various metal foam insert. At the inlet, the 

vapor ratio was between 0.05 and 0.99 and the mass 

flux was from 133 to 300 kg/m
2
s with constant 

saturation pressure at 5.9 bar. High-speed 

visualization experiment was used to visualize the 

two-phase flow phenomena. The boiling heat transfer 

coefficient with metal foam inserts had the same 

behaviour as that of the fully filled channel but it 

dropped quickly when the vapor ratio was close to 1. 

While the pressure drop decreased by 1/8 times 

compared with that of the fully filled channel. 

Thermal performance of evaporation heat transfer of 

the copper foam wicks was investigated 

experimentally for heat pipes by Li et al. [30]. The 

magnetron sputtering was utilized to construct this 

type of metal foam wicks by mix the copper foam 

with zinc oxide (ZnO) nanoparticles. They tested the 

effect of capillary performance, contact angle, and 

microscopic appearance on thermal performance of 

heat pipe. Their results show that thermal 

performance was enhanced with low PPI copper 

foams 30 or 70 PPI while the 110 PPI copper foam 

had an opposite effect. They found that thermal 

performance enhanced strongly for 30 PPI and the 

evaporation heat transfer coefficient increased by 

29.35% and 80.14%, compared with 70 and 110 PPI 

respectively after 12 hours of magnetron sputtering.  

Recently, hydrothermal properties of flow boiling for 

R134a annular tubes filled with copper-foam were 

investigated experimentally by Nosrati et al. [31]. 

The 30 cm test tube, with 14.3 mm and 4.7 mm outer 

and inner diameters, is filled with 10 and 20 PPI 

copper foam. The mass flux was 10 to 80 kg/m
2
.s 

with vapor quality of 0.13-0.85. The test section was 

heated with constant uniform heat flux of 5.7 kW/m
2
. 

They found that the heat transfer coefficient is 

improved by 220% with utilizing 20 PPI. Kisitu et al. 

[32] tested the effect of compressed and 

uncompressed copper foam on heat transfer and fluid 

flow characteristics off R134a evaporators. The tests 

were conducted for copper foam (25.4 × 25.4 × 2.5 

mm) with 40 PPI and porosities of 0.62–0.91. The 

test section subjected to uniform heat flux of 7 - 174 

W/cm2 and mass flux was 150 - 375 kg/m2s at 

saturation temperatures of 31 to 33 °C. They 

compared compressed metal foam (compressing the 

foam by up to 4X) with and they found that the 

compressed metal foam had three-times lower 

thermal resistance and enhanced critical heat transfer. 

The heat transfer coefficient in compressed metal 

foam increased the vapor quality about 75%, and the 

pressure drop increased linearly with increase in 

vapor quality at the exit.  

 

Water boiling in multi-walled nanotube coating on a 

copper foam was studied by Kang et al. [33]. Their 

results showed that this type of copper foam 

increased the critical heat flux by 340% and the heat 
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transfer coefficient by 250% compared to a polished 

Cu surface. Then the performance of pool boiling 

enhanced with utilizing this type of metal foam. They 

used a high-speed camera to illustrate the bubble 

growth during the boiling process and same results 

were returned from ANSYS Workbench simulation. 

Lattice Boltzmann method was used by Li et al. [34] 

to study the effect of surface roughness and pulse 

heating to achieve higher heat transfer efficiency. 

Their results showed that the boiling regions of pulse 

heating are greater compared with constant heating 

and boiling rate increase as pulse amplitude increase. 

Under When critical temperature larger than 1.09 of 

boiling temperature, the heat transfer coefficient with 

pulse heating raised by 30.54% compared with that at 

constant heating, and it decreases with the increase of 

vapor. 

 

Laterally, many researchers studied the effect of 

gradient arrangement of metal foam on the boiling 

heat transfer performance. Yue et al. [35] studied 

numerically nonuniform temperature distribution 

through horizontal gradient porous metals. They 

utilized lattice Boltzmann model to solve the problem 

of pool boiling heat transfer performances of 

horizontal gradient porous metals are studied by 

phase-change. Their results showed that gradient 

metal foam could be achieve a real separation 

between liquid and vapor phases, make the bubble 

collapse freely, enhance the preparing of fresh liquid, 

and increase the boiling performance. This 

configuration of metal foam with higher thermal 

conductivity or lateral hydrophobic surface promoted 

a uniform temperature distribution through the 

heating surface at low heat flux. They provided a 

novel solution to enhance the chip wall temperature 

homogeneity for the steady work of electronic 

equipment. While, boiling of deionized water heat 

transfer was studied experimentally by Wang et al. 

[36] through (100 × 100 × 250) mm copper foam 

bilayers which arranged in positive (PPI decreases 

towards top side) or inverse gradients. Their results 

showed that the heat transfer increases by 60% for 

gradient type compared with a uniform. For the 

positive gradient arrangement, thermal performance 

first raised with PPI, then lowered with PPI increase 

above of 60 PPI. While for inverse gradient, thermal 

performance was affected sparingly with PPI 

increase. According to the literature review, many 

researchers tried to specify a suitable mathematical 

model to get a more realistic representation of 

thermohydraulic properties for evaporation process 

with metal foam. Most previous articles studied the 

problem with boundary condition as constant 

temperature or heat flux on the wall. In this article 

DPHEX has been taken into account to so that the 

problem is closer to the real situation.  

 

3.Methods 

3.1Problem description 

The physical model of this paper is a counter-flow, 

DPHEX of length L = 2000 mm, as illustrated in 

Figure 1. The radius of inner and annular pipes is 

         and         , respectively. The hot 

fluid (water) and cold fluid (R143a) flowing in inner 

and annular pipes, respectively. The annular pipe of 

the heat exchanger is filled with copper foam and its 

outer surface is thermally insulated. The effect of 

radiation heat transfer and the heat conduction 

through interface-wall are negligible. For 

simplification, the exit condition for temperature and 

velocity are assumed fully developed and the flow is 

incompressible with constant physical properties.  

 

3.2Assumptions 

The most important presumptions which govern this 

problem are: 

a- Annular pipe 

1) The metal foam is fully saturated with R134a and 

it is uniform, rigid and isotropic porous media. 

2) LTNE model is utilized to represent fluid and solid 

phases. 

3) The mixture velocity is determined by utilizing 

Ergun expression for the model of Forchheimer-

extended Darcy flow. 

4) The fluid in evaporation area is fixed at constant 

saturation temperature. 

5) The thermo-physical characteristics of R134a and 

metal foam are constant. 

6) The thermal dispersion and diffusion which 

resulted from the nature of the metal foam are 

negligible. 

B- Inner pipe 

1) Laminar two- dimensional water flow 

2) Thermo-physical properties of water are assumed 

constant except its density which treated according 

to Boussinesq approximation (in momentum 

equation).   

3) Viscous dissipation and internal heat generation 

are negligible. 
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Figure 1 DPHEX filled with metallic foams for counter-flow arrangement 

 

3.3Governing equations 
3.3.1Annular pipe 

Darcy equation is utilized for the flow in porous 

media with unity or smaller Reynolds number Rep. 

The term of velocity square ought to be added in 

Darcy term to decrease the resulted error for elevated 

velocities. The flow model of Forchheimer-extended 

Darcy is shown in Equation (1) [37]. 

 

    
 

 
u    | |    (1) 

 

Where p, K,  ,  , u represent the pressure, metal 

foam permeability, density, dynamic viscosity and 

superficial velocity vector respectively.   

   represents the Forchheimer’s coefficient, it can be 

calculated as follows: 

  
  

√ 
     (2) 

 

where    is Ergun constant.  

Substitute Equation 1 into Equation 2, Equation 

1)will be: 

 

    
 

 
u  

  

√ 
 | |    (3) 

 

Where (6): 

         (   )      (    ⁄ )
     

  
  (4) 

 

          (   )      (    ⁄ )
     

 (5) 

 

               (6) 

 

         √(   )   ⁄  [    (   )     ⁄ ] 

     (7) 

 

  (    (   )     ⁄ )     (8) 

 

Where,   ,   ,   are particle diameter,  

Reynolds number based on particle diameter is: 

 

    | |        (9) 

 

According to the above debate and with the ( 

     ) that taken in this article, TPMM will be 

used with Forchheimer-extended Darcy flow. The 

governing equations for R134a as follows: 

 

  (  )       (10) 

 

2) Momentum conservation: 

    
 

    √ | |
[      ]                          (11) 

Where v and g are the kinetic viscosity and 

gravitational acceleration vector respectively. 

 3) Energy conservation for R134a: 

 
  

  
  (    )    (    )    *  

      

  
 +  

                                                   (12) 

 

Where t,  ,  ,   ,   ,   ,   ,     and     represent 

the time, effective heat capacitance ratio, volumetric 

enthalpy, two-phase advection correction coefficient, 

effective thermal diffusion coefficient, hindrance 

function, density difference = (ρl-ρv), heat transfer 

coefficient between solid-phase and fluid-phase and 

volumetric heat transfer rate between solid-phase and 
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fluid-phase respectively, and the subscript l and v 

refer to liquid and vapor phases. 

 

     ̂     (13) 

Where r is the radial direction 

The mixture characteristics in Equations 10 to 12 are 

written as: 

Density: 

        (   )    (14) 

Velocity: 

               (15) 

Mixture enthalpy h and volumetric enthalpy H: 

           (   )     (16) 

 

   (        )   (17) 

Kinetic density: 

       ( )      ( )   (18) 

 

Viscosity: 

  
      (   )

     ⁄       ⁄
     (19) 

Where s and    are the liquid saturation and relative 

mobility respectively, and the subscript sat refers to 

saturation state. 

 

The relative permeabilities     and     are defined in 

Equations 32 and 33. 

Advection correction coefficient: 

 

   
[(    ⁄ )(   )  ][     (    )        ]

(            )  (         ⁄ )(   )
  (20) 

Effective heat capacitance ratio: 

        (   )
  

  
    (21) 

Where  , c and T represent the porosity, specific heat 

capacity and temperature respectively, and the 

subscript s refers to solid phase (metal foam). 

Effective thermal diffusion coefficient: 

   
 

  (      ⁄ )        ⁄
 ( )       

  

  
  (22) 

Capillary diffusion coefficient: 

 ( )  
√   

  

      

(    ⁄ )       
[   ( )]  (23) 

Where   represents the thermal conductivity and the 

subscript f, r and eff refer to fluid phase, relative and 

effective respectively. 

Relative mobility: 

  ( )  
     ⁄

     ⁄       ⁄
       ( )  

     ⁄

     ⁄       ⁄
  (24) 

The temperature of R134a and its liquid saturation 

can be determined as follows: 

 

 

  

{
 
 

 
 

          

    
                               (            )                      

                                           (            )            

     
         

    
                                                                   

     (25)   

             

  {

                                                  (            )                  
         

      (     )     
                        (            )            

                                                                                                       

  (26) 

 

The velocity of liquid and vapor phases can be 

determined from the flow model of Forchheimer-

extended Darcy, Equation 11, as follows 37: 

      
    

     √    |  |
[       ]   (27) 

      
    

     √    |  |
[       ] (28) 

where     and     are defined as: 

 

         ( )   ( )   (29) 

 

         ( )   ( )   (30) 

 

The hindrance function can be calculated as follows: 

 ( )  
        ⁄

     ⁄       ⁄
   (31) 

 

The following constitutive relations are used to 

calculate the relative permeabilities and the capillary 

pressure: 

           (32) 

 

    (   )                                               (33) 

 

  ( )  √
 

 
  ( )    (34) 

where; 

 ( )       (   )      (   )  
     (   )     (35) 

 

The restrictions of utilizing LTNE model assume to 

add a separate energy equation for the solid phase as: 
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  (        )          (36) 

The effective thermal conductivity can be calculated 

as follows (6): 

     
 

√ (           )
    (37) 

Where; 

   
  

(      (   ))   (        (   ))  
  (38) 

   
(    )

     (    )  
    (39) 

   
(√    )

√       (  √    )  
    (40) 

   
  

     (    )  
                                          (41) 

  √
√ (      √    ⁄ )

 (   √    )
                 (42) 

          |    
                 |    

       (43) 

 

    [      (   )]    (44) 

 

Equation 43 represents the actual thermal 

conductivity for each phase that which is 

appropriated with the assumption of neglecting the 

thermal diffusion and dispersion.   

According to using LTNE model, some heat will be 

transferred between the fluid and the solid phases 

(   ). It can be written as: 

 

          (     )    (45) 

where; 

   , typifies the contacting area of solid-fluid per unit 

volume as (37): 

        [    (   )     ⁄ ] (      )
 
      (46) 

   , typifies the coefficient of heat transfer from solid 

to fluid as (37): 

 

           
       

      ⁄   (47) 

Where Pr is Prandtl number. 

According to the pool boiling correlation developed 

by Rohsenow [38], the boiling heat transfer in the 

two-phase region (     ) will be determined as: 

 

           (
 (     )

 
)
  ⁄

(
  (       )

      
)
 

   
       ⁄      

     (48) 

 

Where   and     relies on the surface tension and the 

conjunction for the cooling fluid with the warm 

surface. In this article            is taken for 

(R134a-copper).  

 

Lastly, the solid to fluid heat transfer (   ) in the 

evaporation area may be represented by balancing the 

evaporation heat in Equation 45 with the saturated 

liquid: 

 

                  (49) 

 

Thermo-physical characteristics of R134a, pure water 

and copper foam are introduced in Table 1. 
3.3.2Inner pipe 

The Equation of Navier-Stokes is used to model the 

flow in the inner pipe, also, the energy equation is 

used to solve the thermal field. The governing 

Equations given as; 

Conservation of Mass: 
   

  
   (    )       (50) 

Conservation of Momentum: 

  
   

  
 (    )           

          

                                              (51) 

Conservation of Energy: 

(   ) (
   

  
 (    )  )     

     (52) 

                                                                  

The subscript h refers to hot water. 

 

Table 1 Thermo-physical properties of R134a, water and copper foam 

Property Symbol Copper R134a Water 

Solid Liquid Vapor Liquid 

Density       ⁄  8954 1218 29.54 957.9 

Thermal conductivity   (W/m K) 386 0.0824 0.01353 0.679 

Specific heat C (J/kg K) 383.1 1413 1013 4217 

Dynamic viscosity   (kg/m.s) ---                                    

Interfacial tension σ (N/m) --- 0.00848 --- 

Latent heat of evaporation      (J/kg) --- 180500 --- 

 

3.4Initial and boundary conditions 

The operation conditions are assumed as: 

1)Initial Conditions (at t = 0) 

For annular pipe: 

                             
                           

                              

    (            )

}    (53) 
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For inner pipe: 
       
          
              

}     (54) 

 

2)Boundary Conditions 

For annular pipe: 

At               (inlet) 
                          
                                 

    (            )

                               

}   (55) 

 

At                (outlet)  
  

  
  

   

  
  

  

  
  

  

  
  }

  
 

  
 

     (56) 

 

At             (adiabatic wall) 
                                          

(   )  
    

  
                           

   
  

  
   

        

  
       }

 

 
  (57) 

 

 For inner pipe: 

At               (inlet)  
         
                

}    (58) 

 

At               (outlet)  
   

  
       

   

  
                 

   

  
                }

 
 

 
 

    (59) 

 

At               (symmetric axis) 
   

  
       

   

  
                 

   

  
                }

 
 

 
 

    (60) 

 

For interface wall 

At             
                                            

(   )  
    

  
                           

  
  

  
   

        

  
    }

 

 
   (61) 

where; 

           
   

  
    (62) 

 

Where x, Ri and Ro are the axial direction, inner and 

outer dimeters respectively, and the subscript in and 

w are inlet and wall conditions. 

 

With respect to LTNE model, solid and fluid phases 

will soak up a different quantity of heat rate (   and 

  ) from the overall heat transfers from warm water 

to R134a-copper region (  ) at     . Xiao et al. 

[39] developed an equation addition to Equation 62 

to divide the total heat transfer (  ) into    and   , 

this achieves the combination between heat 

conduction in a solid wall and energy transfer in the 

porous media:  
  

  
 

      

      

      

      
                                          (63)         

 

where; 

   and   , represent temperatures of R134a and 

copper foam near the wall of inner pipe. 

    and    , represent temperatures of R134a and 

copper foam at the wall of inner pipe. Where,    will 

drop to zero in the evaporation area, Equation 63, 

according to the assumption of the evaporation is an 

isothermal process in that region. 

 

3.5Numerical procedure 

In this study, the finite volume method is applied to 

discretize the momentum equation and solved by 

SIMPLE algorithm of Patanka [40].The velocity field 

is obtained from this equation after computing the 

pressure field. Then, Equations 27 and 28 are used to 

calculate liquid and vapor velocities and its values 

are stored at the control volumes interfaces.  

 

Based on the conservation of mass equation, the 

pressure at the exit boundary (       
   ) is computed 

as: 

       
             

 

  
    *

  (    √ | |)

 
+
      

 

  (64)                                                     

 

where   , is: 

   
 ̇

∫(  )         
     (65) 

 

The mass flow rate ratio    will approach unity 

combined with achieving the overall mass 

conservation then the pressure field will be received 

on the whole domain. 
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Then, an implicit control volume formulation is 

utilizing to solve the energy equation of fluid phase 

by use the power law scheme of Patankar [40]. 

Equations 25 and 26 is solved to calculate the 

temperature and the ratio of liquid from the enthalpy. 

Finally, the energy equation of solid phase is solved 

to calculate the temperature of the solid phase. 

 

This procedure is iterated successively until the 

relative error will be lower than       for velocity 

and temperature fields, and      for enthalpy and 

pressure field to achieve convergence. 

 

 ̅  
∑|                          |

∑|    |
         (66) 

 

3.6Code’s validity 

To authenticate the present numerical solution, a 

comparison had been done with Lu and Zhao [4], 

which got for the case of a uniformly heated 

horizontal metal-foam tube of 26 mm diameter which 

saturated with refrigerant R134a as the two-phase 

working fluid. Figure 2 shows acceptable matching 

with the same case that solved by the present code 

with maximum error about 6%. Also, a comparison 

was made with experiments data of Nosrati et al. 

[31], which obtained for flowing R134a through a 

uniformly heated horizontal metal-foam annular tube. 

Figure 3 shows acceptable matching with maximum 

error about 3%. 

 

 
Figure 2 Comparison of the heat transfer coefficient 

with vapor quality between the present work and Lu 

and Zhao [4] 

 

 
Figure 3 Comparison of the heat transfer coefficient 

with vapor quality between the present work and 

experimental data of Nosrati et al. [31] 

 

4.Results  
This study solved the problem of boiling heat transfer 

through an annulus of DPHEX based on LTNE 

model. Numerical results were accomplished for a 2 

m length with 2.5 cm and 7.5 cm inner and outer 

dimeter, which filled with copper foam of different 

PPI (10, 30 and 50) and ε (0.85, 0.9 and 0.95) with 

R134a as the working fluid. A grid independency was 

achieved, and the values of heat transfer coefficient 

appeared that the mesh of (1101×101) products a 

grid-independent results. All numerical results were 

achieved with a fixed inlet temperature Tin = 18 °C.  

The value of mass flux is selected to accomplishes 

(             ) and it is suitable to solve with 

the assumed model in this article [41]. 

 

Based on LTNE model,    can be computed as: 

   
  

         
     (67) 

where    is the bulk temperature of the fluid and 

       is the mean temperature at the wall of inner 

pipe: 

            (   )      (68) 

   
∫ | |    
 
 

∫ | |  
 
 

     (69) 

The mean heat transfer coefficient is defined as 

follows: 

 

   
 

 
∫     

 

 
     (70) 

 

4.1Influence of PPI variation 

The influence of the cell sizes (PPI) of the metal 

foam on the temperature distribution, liquid 
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saturation and heat transfer coefficient is presented in 

Figures 4 to 7 for the case of G = 3.5 kg/m
2
.s, ε = 

0.9. The temperature distribution of solid and fluid 

phases is shown as contours in Figure 4. At the 

interface wall between two pipes, the absorbed 

energy by metal foam (  ) and R134a (  ) increased 

with PPI increased, and as a result the temperature of 

solid phase raised with PPI increase that because the 

increase the contact points between the wall and the 

metal foam ligaments. As the pores density raised 

from    to 50 and with the propagation of the two-

phase area, the metal foam temperature increased 

while the fluid phase temperature fixed at saturation 

temperature and the vapor region extended because 

of increase the convective surface area with PPI 

increase. When the cell size increases, the drag force 

produced by metal foam increases too. This may be 

referred to the fact that the pipe filled by metal foam 

with a higher cell size has a lower permeability, 

which causes to drop in the induced mass flux. This 

can explain the higher fluid temperatures for smaller 

cell sizes as shown in Figure 4. 

 

Consequently, the presence of metal foam accelerates 

the evaporation process in tube. This early boiling is 

illustrated clearly by the liquid saturation value along 

the interface wall, Figure 5. At high PPI, it is shown 

that the liquid phase starts to change to vapor phase 

at (x = 0.6 m) and liquid saturation reaches 

approximately to 0.8 at the pipe exit. While at low 

PPI, liquid starts to evaporate at (x = 1.25 m) and 

liquid saturation reaches to 0.4. That mean, the 

increase in pore density increases the heat transfer 

between the warm and cold pipes because of the 

metal foam increases the active surface area of heat 

transfer also increases the mixing process between 

the hot and cold streams and at the same time this 

metal foam decelerates the flow of fluid which gives 

more time for heat exchanging to take off. 

 

The utilizing of LTNE model appears there is a 

difference between R134a and metal foam. Solid-

fluid temperature difference is generally addressed as 

a major parameter to determine the effect of LTNE 

model, as seen in Figure 6. The raising of pore 

density led to decrease solid-fluid temperature 

difference (    ) at single phase flow region, which 

is qualified to that the rise in pores density may 

increase the surface area density. But this difference 

will be increased with crowing in two phase flow 

region because of the evaporation process occurs at 

constant saturation temperature will metal foam still 

to absorb heat energy from the wall. This difference 

increases with increase with PPI because of 

increasing the contact points between the metal foam 

ligaments and the wall. 

 

The local heat transfer coefficient drops gradually 

with horizontal direction then when evaporation 

process begins, it increases suddenly up to the 

channel exit. From Figure 7, the higher heat transfer 

coefficient is at higher PPI. This may be ascribed to 

increase the contact area between the metal foam and 

fluid which it led to creation more boiling sites. Also, 

the increase in the number of this smaller pores near 

to the interface wall will improve the flow mixing 

and bubbles dismantle in the evaporation region. The 

mean heat transfer coefficient    increases with 

pores density increase as listed in Figure 7 for      

10, 30 and 50 whereas it enhances by 96% for 50 PPI 

compared with 10 PPI.       

 

 
Figure 4 Influence of PPI variation at G = 3.5 kg/m2.s and ε = 0.9 
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Figure 5 Liquid saturation distribution along the 

annulus for different PPI at G = 3.5 kg/m
2
.s and ε = 

0.9 
 

 
Figure 6 Temperature difference along the annulus 

for different PPI at G = 3.5 kg/m
2
.s and ε = 0.9 

 

 
Figure 7 Variation of heat transfer coefficient along 

the annulus for different PPI at G = 3.5 kg/m
2
.s and ε 

= 0.9 
 

4.2Influence of mass flux variation 

The effect of mass flux on the temperature 

distribution, liquid saturation and heat transfer 

coefficient is presented in Figures 8-11 for the case 

of PPI = 30 and ε = 0.9. When the mass flux raises, 

the two-phase region contracts and isotherm lines 

heading towards annulus outlet, as illustrated in 

Figure 8. At the same time, the buoyancy effects 

decrease with increasing in the inlet velocity and 

additional sub-cooled R134a forces the evaporation 

region to withdrawal towards the interface wall and it 

contracts as the leading edge of the sub-cooled R134a 

flows towards the annulus exit. Whereas the metal 

foam and R134a temperatures decrease with 

increasing in mass flux and a clear augmentation in 

the thermal non-equilibrium condition will be 

observed. As illustrated in Figure 9, the liquid 

saturation throughout the porous annulus increases 

with increasing in the mass flux and the vapor ratio at 

the exit will decrease.  

 

Figure 10, as mass flux increases LTNE effect 

increased because of decreasing in residence time of 

the fluid in the annular pipe. Though, solid-fluid 

temperature difference with LTNE model augments 

as mass flux augments. Also, the diffusion coefficient 

for the temperature of R134a decreases with mass 

flux augmentation, which it may further cause to 

increase the wall heat flux.  Figure 11 illustrates the 

local heat transfer coefficient along the axial 

direction for PPI = 30 and ε = 0.9. For low inlet 

velocity, G = 1 kg/m
2
.s, the evaporation point is been 

nearest to the annulus inlet and the local heat transfer 

coefficient reduces with moving from the entrance 

then it raises gradually until its maximum value at 

exit with mean value of        W/m
2
.K as listed 

in Figure 11.  

 

When the mass flux increases from G = 1 kg/m
2
.s to 

G = 3.5 kg/m
2
.s, the inlet velocity increases which 

that causes contracting in the thermal boundary layer 

and augmentation in heat transfer coefficient 

especially at annulus inlet. In the contrary, the heat 

transfer coefficient in the evaporation area reduces 

when mass flux increases from G = 3.5 kg/m
2
.s to G 

= 6 kg/m
2
.s due to the reduction in mixing effect near 

to the interface wall which escorts the retreat in the 

evaporation area towards the annulus exit that linked 

with higher vapor ratio. Finally, the mean heat 

transfer coefficient reduces to         W/m
2
.K as 

listed in Figure 11.  
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Figure 8 Influence of PPI variation at G = 3.5 kg/m

2
.s and ε = 0.9 

 
Figure 9 Liquid saturation distribution along the 

annulus for different PPI at G = 3.5 kg/m
2
.s and ε = 

0.9 

 

 
Figure 10 Temperature difference along the annulus 

for different PPI at G = 3.5 kg/m
2
.s and ε = 0.9 
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Figure 11 Local heat transfer coefficient along the 

annulus for different PPI at G = 3.5 kg/m
2
.s and ε = 

0.9 

 

4.3Influence of porosity variation 

The effect of metal foam porosity on the solid-fluid 

temperatures, liquid saturation and heat transfer 

coefficient is presented in Figures 12-15 for G = 3.5 

kg/m
2
.s and PPI = 30. It is clear from Figure 12 that 

with porosity increase, the evaporation area contracts 

and the tendency of the isotherm lines heading 

towards the exit of annulus. Figure 13 also appears 

that the liquid saturation reduces with the reduction 

in metal foam porosity because of decreasing in the 

volumetric surface area between the metal foam and 

R134a.  

 

Figure 12 illustrates the effect of porosity variation 

on the metal foam temperature contours. With 

porosity increase, the temperature decreases with a 

clear decrease in LTNE condition with R134a.  

 

Figure 14 indicates that solid-fluid temperature 

difference is less as the porosity of metal foam 

grows. 

 

The local convective thermal resistance continuously 

increases with porosity increasing, while the 

conductive resistance of metal foam has slight effect 

on heat transfer. And for small porosity, this 

influence will be larger and larger on solid 

temperature. Therefore, the solid-fluid temperature 

difference initially raises and then reduces with the 

rise in porosity, as illustrated in Figure 14. Figure 15 

introduces the variation of heat transfer coefficient 

along the annular pipe for PPI = 30 and G = 3.5 

kg/m
2
s, The overall heat transfer improves by 

reducing the porosity of the metal foam as expected 

in Figure 15.  

 

 
Figure 12 Influence of PPI variation at G = 3.5 kg/m

2
.s and ε = 0.9 
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Figure 13 Liquid saturation distribution along the 

annulus for different PPI at G = 3.5 kg/m
2
.s and ε = 

0.9 

 

 
Figure 14 Temperature difference along the annulus 

for different PPI at G = 3.5 kg/m
2
.s and ε = 0.9 

 

 
Figure 15 Variation of heat transfer coefficient along 

the annulus for different PPI at G = 3.5 kg/m
2
.s and ε 

= 0 

5.Discussion  
The impact of R134a evaporation parameters, such as 

PPI, mass flux, and porosity, on the liquid saturation 

and heat transfer coefficient can be assessed through 

MATLAB code which is built to solve and simulate 

the evaporation process of R134a in DPHEX. Each 

one of these parameters has a different effect on the 

evaporation process. The presence of metal foam led 

to increase the surface area and contact points also it 

works as a resistance against the flow which gives 

more time to heat transfer between warm parts and 

cold fluid and this resistance increases with porosity 

decrease. Whereas mass flux increasing led to 

increase the momentum of the flow and this increase 

in mass flux needs to more heat for transfer to vapor 

phase. The results appears that PPI has the highest 

effect on heat transfer coefficient and this clear when 

the mean heat transfer coefficient approximately 

doubled when PPI increased from 10 to 50 and it 

increased by 70% when porosity decreased from 0.95 

to 0.85. The temperature difference between solid 

and fluid phases represents LTNE effect on 

evaporation process and it increases more with high 

PPI and low mass flux. 

  

5.1Limitations 
It is important to verify the numerical results by 

conducting practical experiments. However, 

experimental studying the LTNE effect is more 

complex than that of numerical study. The 

measurements in metal foam are more challenging 

mainly due to its microstructure. The temperature 

measurement is difficult, in addition, the difficulty of 

obtaining perfect contact between the metallic foam 

and the hot surface as imposed in the numerical 

solution. Therefore, most researchers turn to the 

numerical solution to study the effect LTNE model 

on the hydrothermal properties of evaporation 

process through a metal foam. 

 

A complete list of abbreviations is shown in 

Appendix I. 

 

6.Conclusion and future work 
A numerical result is achieved for evaporation heat 

transfer in a horizontal annulus filled with copper 

foam. This achievement is done by using TPMM 

with LTNE model. The effect of PPI, mass flux and 

porosity are investigated by analysing the solid-fluid 

temperature contours with liquid saturation values 

and local heat transfer coefficient. Results show that 

the ratio of liquid will arrive its lowest value at the 

outlet, and the dry out region will be shown once near 

the interface wall. Although LTNE effect in metal 
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foam is important for lower porosity, lower pore 

density and higher mass flux. Heat transfer 

coefficient reduces in the area of one phase and then 

increases through the evaporation area due to the 

increasing in mixing effect. The metal foam with 

small pores size (PPI) produces higher heat transfer 

coefficients as a result of the larger contact area. The 

mean heat transfer coefficient approximately doubled 

when PPI increased from 10 to 50 and it increased by 

70% when porosity decreased from 0.95 to 0.85.  

 

Future research can be investigated to study the effect 

of other parameters on the heat transfer coefficient 

through evaporation process with metal foam such as 

metal foam permeability, inlet pressure and 

temperature, and working fluids. Also, many 

different configurations of the metal foam can be 

studied. In addition, experimental tests are very 

important to know the best model to simulate this 

process. 
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Appendix I 
S. No. Abbreviation Description 

1 BFED Brinkman-Forchheimer-Extended 
Darcy 

2 CFD Computational Fluid Dynamics 

3 DPHEX Double Pipe Heat Exchanger 

4 LTE Local Thermal Equilibrium 

5 LTNE Local Thermal Non-Equilibrium 

6 PPI Pores Per Inch                        

7 SFM Separate Flow Model 

8 TPMM Two-Phase Mixture Model 

 


