
  

  1395163  173-184
                

  

    

     
mme.modares.ac.ir

  

    

    

    

    
                

 

  
:  Please cite this article using:

A. Jamarani, M. Maerefat, M. Eshagh Nimvari, Numerical study of heat transfer in double-tube heat exchanger filled with porous material in turbulent fluid flow, Modares
Mechanical Engineering Vol. 16 No. 3, pp. 173-184, 2016 (in Persian)

              
   

12*3  

1-          
2-         
3-            
 *   143-14115 maerefat@modares.ac.ir  

      
  

 :30  1394  
 :18  1394  

 :12 1394  

                      .     
                          
    .                     
      .                   

                 .        
  0.8  0.95      1  6               

           )    (       .  
          7     .          

  10000  80000           .       
                            

         .  

  
   
   

   
     
    

  

  

Numerical study of heat transfer in double-tube heat exchanger filled with 
porous material in a turbulent fluid flow 

Alireza Jamarani1, Mehdi Maerefat1*, Majid Eshagh Nimvari2 

1- Department of Mechanical Engineering, Tarbiat Modares University, Tehran, Iran  
2- Faculty of Engineering, Amol University of Special Modern Technologies, Amol, Iran 
* P.O.B. 14115-143, Tehran, Iran, maerefat@modares.ac.ir 

ARTICLE INFORMATION  ABSTRACT 
Original Research Paper 
Received 21 December 2015 
Accepted 07 February 2016 
Available Online 02 March 2016 
 

 In present study, heat transfer in double-tube heat exchanger filled with metal porous material has been 
investigated. In contrast to most of the previous studies, fluid flow is considered turbulent in heat 
exchanger which is in good agreement with the practical performance of these exchangers in the 
industry. Fluid flow and heat transfer equations have been discretized on a collocated grid by means of 
finite volume method with simple algorithm. Discretized equations are solved with a numerical program 
in FORTRAN language in order to study the effect of porous material parameters and Reynolds of fluid 
flow on the heat transfer in double-tube heat exchanger. According to the results and analysis of 
porosity in the range of 0.8 to 0.95 as well as pore diameter of 1 mm up to 6 mm and diverse types of 
porous material, it is observed that the decrease in porosity, the increase in pore diameter and the use of 
copper porous material (with high heat conduction coefficient), increase heat transfer. In the best case, 
overall heat transfer coefficient increases up to 7 times. Moreover, the results reveal that the heat 
transfer enhancement ratio has no distinct difference with changing Reynolds number of turbulent flow 
in the range of 10000 to 80000. Performance evaluation criteria, which investigate the effects of pump 
lost power and thermal power, shows that with using porous material the value of the pump lost power 
is of major importance, and can be decreased by increasing the porous pore diameter. 

Keywords: 
Heat Transfer 
Turbulent Flow 
Porous material 
Double-tube Heat Exchange 
Performance Evaluation Criteria  

 

  

1 -   
  

  

  ..
   .



    

                      

  

174  1395163  

    .
  

1  .
  

 
  (. . . . ) 

 

 
 .

 
  .

   

     .
1989 

 ]1[.  1994 
 

  
 

]2[ .]3[ ]4[
 

) LTNE2 (
  2012 

]5[ .
2014  

     

 ( )]6[.  
 

1999 
. 

 .
  .

]7[ .2001 

 

]8[ .2006 

1 Overall heat transfer coefficient 
2 Local Thermal non-equilibrium 

   
 .

 .
 

 ]9[ .2010 
 .

 . 
  .

0.6 
0.7 ]10[ .2011 

]11[ .
2012 

 . 
100 

]12[ .
 2014

 .

]13[ .2008 

 .
 .

 ]14[ .
 2013  

 ]15[.  

 .

 ]16[   
 300  ]17[ .

2009 
 ]18[ .

2012 

]19[.  
  

  .    
  

 .
 



    

                       

1395163  175  

   .  

  .
 

   .

   

2 -   
2 -1-   

1    .
 

   .
 

  .200 
  .

    

2 -2-   
  -

  .

        
 . 

) 1 (]20[:  
)1( = = 0 

 )  1(  . 
  .

  )  2(  
]20[:  

)2( 

= +  

+ +
| |

 

)  2( 
) 3 (]9[:  

)3( 

= 0.00073 (1 ) .  

× 1.18
( )

3

1

1 ( 1) 0.04

1.11

 

 )  2(
 ) 4 (]20[:  

)4( = 2 D
2
3 I 

D   ) 5( ) 6 (  

)5( D =
1
2 +  

)6( = /  
  

 

 
Fig. 1 Schematic of the double-tube heat exchanger filled with porous 
material  
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Fig. 2 Effect of mesh number on numerical solution 
 2  



    

                      

  

178  1395163  

0.1   .3 
   . 

 
  

 NTU - 
  .  

20000  
  . 

NTU-  
]28[:  

)35( Nu = = 0.023Re . Pr .  

4   
)( ) (NTU-  

 . 
NTU- 

   

4 -2-   

   .
  2  ) 

 200000.85 
2.5  218 

 .(
  .

 
   

5  
  

  

 

Fig.  3 Mean velocity profile comparison of present results and Silva 
and de Lemos [35] 
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Fig. 5 Investigation of convection and Overall heat transfer coefficient 
in example problem 
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Fig. 6 Dimensionless thermally developing length for laminar [36] and 
turbulent flow in different heat conduction coefficient ratios 
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Fig. 8 Effect of porous pore diameter on dimensionless mean 
temperature of inner tube 
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Fig.  9 Effect of porous to fluid conductivity ratio on dimensionless 
mean temperature of inner tube 
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Fig. 10 Effect of porosity on dimensionless mean temperature of inner 
tube 

10   

 

Fig. 11 Effect of Reynolds number on heat transfer ratio in double-tube 
heat exchanger 

11   
  

  ]19,35[ . 
 )  13- (



    

                       

1395163  181  

   . 
 

 
  .11 

  .

 . 
10000 80000 

15  . 

 .
 

     .
11 1000 

 . = 0 
 

  .

 
  .

  
12 

  .
  

 
   .

0.8
6  629.5  ( )

7  .  
–a13    
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property of porous material 

12 
 

 

(a) 

 

(b) 
Fig. 13 Investigation of pump lost power (a) and PEC (b) in different 
property of porous material 

13 ) a (PEC )b ( 
 

  .
 

    .
 

  . 
  .

  .–b13 
 .

  .

]12,13[ .
 . 

–b13  
    

 .
 .

  
  



    

                      

  

182  1395163  

   

5 -     
 

 

 7 
  

 0.95 0.8
 

  .
  

 1 6  
  

 
    

 

  .
 .

 
   

10000 80000 
 . 

  
 
 

 .
  

6 -   
 ) 2m( 
  

, ,  k 
 ) 1 1Jkg K( 

D ) 1s( 
 ) m( 
  
 ) 2ms( 
  
 ) 2m( 

 ) 2 2m s( 
 ) 1 1Wm K( 
 ) 1 1Wm K( 

,  ) 1 1Wm K( 

 ) 1 1Wm K( 

,  ) 1 1Wm K( 
 ) Pa( 

NTU  
Pr  

 )2Wm( 
 ) m( 
 ) m( 
 ) m( 

Re  
Re   

St  
 ) K( 
 ) K( 

 ) 1ms( 

 ) 1ms( 

 )1ms( 

 ) 1ms( 

 ) W( 

,  ) m( 
 

   
  
 ) kgm-3( 
 ) kgm-1s-1( 
 ) m2s-1( 
 ) kgm-1s-1( 
  

 ) 2 3m s( 
  
  
  
 k 
  

  
c  

dev   
eff  

f  
h  
i  

lp  
m  
o  
s   

Sf  



    

                       

1395163  183  

t  
0  

7 -    
7 -1  

 
]39[:  

) -1( = = ( )
2 2 = Re 8  

 
 )  -2 (   

) -2( =
Re
Re  

 .
]40[ :  

) -3( =
St

St
Re
Re  

 )   -3( St  .
 )  -3 ( )  -2 :  (  

) -4( =
St
St  

) -4(
 .

 ]30,31[:  

) -5( PEC = ( ) =
St St

( )  

   
      

8 -   
[1] K. Vafai, S. J. Kim, Forced convection in a channel filled with a porous 

medium: an exact solution, Journal of heat transfer, Vol. 111, No. 4, pp. 
1103-1106, 1989.  

[2] S. Chikh, A. Boumedien, K. Bouhadef, G. Lauriat, Analytical solution of 
non-Darcian forced convection in an annular duct partially filled with a 
porous medium, International Journal of Heat and Mass Transfer, Vol. 38, 
No. 9, pp. 1543-1551, 1995.  

[3] Y. Mahmoudi, M. Maerefat, Analytical investigation of heat transfer 
enhancement in a channel partially filled with a porous material under local 
thermal non-equilibrium condition, International Journal of Thermal 
Sciences, Vol. 50, No. 12, pp. 2386-2401, 2011.  

[4] M. Maerefat, S. Y. Mahmoudi, K. Mazaheri, Numerical simulation of forced 
convection enhancement in a pipe by porous inserts, Heat Transfer 
Engineering, Vol. 32, No. 1, pp. 45-56, 2011.  

[5] M. M. Shahmardan, M. Nazari, S. Mosayebidorcheh, Analytical solution of 
steady heat transfer in a multi-layer porous media under local thermal non-
equilibrium condition, Modares Mechanical Engineering, Vol. 12, No. 4, pp. 
1-8, 2012. (in Persian )  

[6] M. Dehghan, M. T. Jamal-Abad, S. Rashidi, Analytical interpretation of the 
local thermal non-equilibrium condition of porous media imbedded in tube 
heat exchangers, Energy Conversion and Management, Vol. 85, pp. 264-271, 
2014.  

[7] M. Alkam, M. Al-Nimr, Improving the performance of double-pipe heat 
exchangers by using porous substrates, International Journal of Heat and 
Mass Transfer, Vol. 42, No. 19, pp. 3609-3618, 1999.  

[8] M. Alkam, M. Al-Nimr, M. Hamdan, Enhancing heat transfer in parallel-
plate channels by using porous inserts, International Journal of Heat and 
Mass Transfer, Vol. 44, No. 5, pp. 931-938, 2001.  

[9] W. Lu, C. Zhao, S. Tassou, Thermal analysis on metal-foam filled heat 
exchangers. Part I: Metal-foam filled pipes, International Journal of Heat 
and Mass Transfer, Vol. 49, No. 15, pp. 2751-2761, 2006.  

[10] Y. Du, Z. Qu, C.-Y. Zhao, W. Tao, Numerical study of conjugated heat 
transfer in metal foam filled double-pipe, International journal of heat and 
mass transfer, Vol. 53, No. 21, pp. 4899-4907, 2010.  

[11] H. Xu, Z. Qu, W. Tao, Analytical solution of forced convective heat transfer 
in tubes partially filled with metallic foam using the two-equation model, 
International Journal of Heat and Mass Transfer, Vol. 54, No. 17, pp. 3846-
3855, 2011.  

[12] Z. Qu, H. Xu, W. Tao, Fully developed forced convective heat transfer in an 
annulus partially filled with metallic foams: an analytical solution, 
International Journal of Heat and Mass Transfer, Vol. 55, No. 25, pp. 7508-
7519, 2012.  

[13] H. Xu, Z. Qu, W. Tao, Numerical investigation on self-coupling heat transfer 
in a counter-flow double-pipe heat exchanger filled with metallic foams, 
Applied Thermal Engineering, Vol. 66, No. 1, pp. 43-54, 2014.  

[14] N. Targui, H. Kahalerras, Analysis of fluid flow and heat transfer in a double 
pipe heat exchanger with porous structures, Energy Conversion and 
Management, Vol. 49, No. 11, pp. 3217-3229, 2008.  

[15] N. Targui, H. Kahalerras, Analysis of a double pipe heat exchanger 
performance by use of porous baffles and pulsating flow, Energy Conversion 
and Management, Vol. 76, pp. 43-54, 2013.  

[16] T. Masuoka, Y. Takatsu, Turbulence model for flow through porous media, 
International Journal of Heat and Mass Transfer, Vol. 39, No. 13, pp. 2803-
2809, 1996.  

[17] A. Dybbs, R. Edwards, A new look at porous media fluid mechanics—Darcy 
to turbulent, in: Fundamentals of transport phenomena in porous media, pp. 
199-256, Dordrecht : Springer, 1984.  

[18] Y.-T. Yang, M.-L. Hwang, Numerical simulation of turbulent fluid flow and 
heat transfer characteristics in heat exchangers fitted with porous media, 
International Journal of Heat and Mass Transfer, Vol. 52, No. 13, pp. 2956-
2965, 2009.  

[19] M. Nimvari, M. Maerefat, M. El-Hossaini, Numerical simulation of turbulent 
flow and heat transfer in a channel partially filled with a porous media, 
International Journal of Thermal Sciences, Vol. 60, pp. 131-141, 2012.  

[20] M. H. Pedras, M. J. de Lemos, Macroscopic turbulence modeling for 
incompressible flow through undeformable porous media, International 
Journal of Heat and Mass Transfer, Vol. 44, No. 6, pp. 1081-1093, 2001.  

[21] A. Nakayama, F. Kuwahara, A macroscopic turbulence model for flow in a 
porous medium, Journal of fluids engineering, Vol. 121, No. 2, pp. 427-433, 
1999.  

[22] N. F. Jouybari, M. Maerefat, M. E. Nimvari, A macroscopic turbulence 
model for reacting flow in porous media, Transport in Porous Media, Vol. 
106, No. 2, pp. 355-381, 2015.  

[23] F. Kuwahara, M. Shirota, A. Nakayama, A numerical study of interfacial 
convective heat transfer coefficient in two-energy equation model for 
convection in porous media, International journal of heat and mass transfer, 
Vol. 44, No. 6, pp. 1153-1159, 2001.  

[24] M. Kaviany, Principles of heat transfer in porous media,  New  York:  
Springer-Verlag, 1991.  

[25] M. B. Saito, M. J. de Lemos, A macroscopic two-energy equation model for 
turbulent flow and heat transfer in highly porous media, International 
Journal of Heat and Mass Transfer, Vol. 53, No. 11, pp. 2424-2433, 2010.  

[26]  C.  Y.  Choi,  P.  M.  Waller,  Momentum  transport  mechanism  for  water  flow  
over porous media, Journal of Environmental Engineering, Vol. 123, No. 8, 
pp. 792-799, 1997.  

[27] F. E. Teruel, A new turbulence model for porous media flows. Part II: 
Analysis and validation using microscopic simulations, International Journal 
of Heat and Mass Transfer, Vol. 52, No. 21, pp. 5193-5203, 2009.  

[28] Y. Cengel, Introduction to Thermodynamics and Heat Transfer+ EES 
Software: New York: McGraw Hill Higher Education Press, 2007.  

[29] A. R. Jamarani, M. Maerefat, M. E. Nimvari, Introducing  proper definition 
of the Nusselt number for fluid flow in  pipe partially filled with porous 
media, Modares Mechanical Engineering, Vol. 15, No. 6, pp. 278-286, 2015. 
(in Persian )  

[30] R. Webb, Performance evaluation criteria for use of enhanced heat transfer 
surfaces in heat exchanger design, International Journal of Heat and Mass 
Transfer, Vol. 24, No. 4, pp. 715-726, 1981.  

[31] R. Webb, E. Eckert, Application of rough surfaces to heat exchanger design, 
International Journal of Heat and Mass Transfer, Vol. 15, No. 9, pp. 1647-
1658, 1972.  

[32] J. H. Ferziger, M. Peric, Computational methods for fluid dynamics, New 
York: Springer Science & Business Media, 2012.  

[33] H. K. Versteeg, W. Malalasekera, An introduction to computational fluid 
dynamics: the finite volume method, London: Pearson Education, 2007.  

[34] Y. Mahmoudi, N. Karimi, Numerical investigation of heat transfer 
enhancement in a pipe partially filled with a porous material under local 
thermal non-equilibrium condition, International Journal of Heat and Mass 
Transfer, Vol. 68, pp. 161-173, 2014.  

[35] R. A. Silva, M. J. de Lemos, Turbulent flow in a channel occupied by a 
porous layer considering the stress jump at the interface, International 
Journal of Heat and Mass Transfer, Vol. 46, No. 26, pp. 5113-5121, 2003.  

[36] M. Dehghan, M. Valipour, A. Keshmiri, S. Saedodin, N. Shokri, On the 
thermally developing forced convection through a porous material under the 



    

                      

  

184  1395163  

local thermal non-equilibrium condition: an analytical study, International 
Journal of Heat and Mass Transfer, Vol. 92, pp. 815-823, 2016.  

[37] N. Horton, D. Pokrajac, Onset of turbulence in a regular porous medium: An 
experimental study, Physics of Fluids (1994-present), Vol. 21, No. 4, pp. 
178-189, 2009.  

[38] M. Mahdavi, M. Saffar-Avval, S. Tiari, Z. Mansoori, Entropy generation and 
heat transfer numerical analysis in pipes partially filled with porous medium, 

International Journal of Heat and Mass Transfer, Vol. 79, pp. 496-506, 
2014.  

[39] P. Promvonge, Thermal performance in circular tube fitted with coiled 
square wires, Energy Conversion and Management, Vol. 49, No. 5, pp. 980-
987, 2008.  

[40] F. P. Incropera, Introduction to heat transfer:  John  Wiley  &  Sons,  New  
York, 2011. 


