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                                                              ABSTRACT  

 

n this work, an experimental investigation has been done for heat transfer by natural-

convection through a horizontal concentric annulus with porous media effects. The porous 

structure in gap spacing consists of a glass balls and replaced by plastic (PVC) balls with 

different sizes. The outer surface of outer tube is isothermally cooled while the outer surface of 

inner tube is heated with constant heat flux condition. The inner tube is heated with different 

supplied electrical power levels. Four different radius ratios of annulus are used. The effects of 

porous media material, particles size and annulus radius ratio on heat dissipation in terms of 

average Nusselt number have been analyzed. The experimental results show that the average 

Nusselt number increases with increasing annulus radius ratio and particle diameter for same 

porous media material. Furthermore, two empirical correlations of average Nusselt number with 

average Rayleigh number for glass and PVC particles are developed. The present experimental 

results are compared with previously works and good correspondence is showed.   
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 الوسط المسامي  أنبوب حلقي أفقي مع تأثير داخل الطبيعيلحمل ل تقصي عملي               

           

 سعذ نجية شهاب                                                                    

                                 يذرص                                                                           
 انجايعح انًظرُصزٌح -كهٍح انهُذطح                                                          

                                                      
  ةــالخلاص                                                                         

 

يع  ذعيشٍز انوطع   يرحذ انًزكش  حهقً أفقً خلال ذجوٌف َرقال انحزارج تانحًم انطثٍعًلأ عًهً  ذقصً جزي أ انثحس فً هذا

أتيحجعاو  سجاجٍعح أأطعرثذند تكعزاخ تلاطعرٍكٍحًُ نهرجوٌعف انحهقعً يعٍ كعزاخ ٌركوٌ انوط  انًظايً فً انفزاغ انثٍ .انًظايً

ذى ذثزٌذ انظطح انخارجً نلأَثوب انخارجً تصثوخ درجح انحزارج تًٍُا ذى ذظخٍٍ انظطح انخعارجً نلأَثعوب انعذاخهً .  يخرهفح

 يخرهفعح  َظعة أطعرخذيد أرتع  . نًجهعشجنكهزتائٍعح اتصثوخ انفٍض انحزاري. ذى ذظخٍٍ الأَثوب انذاخهً تعذج يظعروٌاخ نهقعذرج ا

أَظعثح َصعف انقطعز  اخٌع)ططعز  انكز أحجعى رخذوانًظع انوطع  انًظعايً ذعيشٍز يعادجذحهٍعم ذعى  نرجوٌعف انحهقعً.انُصعف ططعز 

ل رطعى َظعهد ٌعشداد يع  سٌعادج َظعثح ذتٍُد انُرائج انعًهٍح أٌ يع  .رطى َظهدانحزاري تذلانح يعذل  نرثذٌذنهرجوٌف انحهقً عهى ا

ذحكعى  عًهٍرٍٍ علاطرٍٍ أرذثاطٍرٍٍأضافح انى أطرُثاط  .انكزٌاخ نُفض يادج انوط  انًظايًأططز  انحهقً َثوبلأنانقطز  َصف

 تحعوز طعاتقحيع  انحعانً نهثحعس انعًهٍح  انُرائج ذى يقارَح .ه نهكزٌاخ انشجاجٍح أانثلاطرٍكٍحرطى رٌهٍيعذل رطى َظهد ي  يعذل 

 .اجٍذ اذوافقأأظهزخ 

 

 طثٍعً .انحًم انكزٌاخ , أَثوب حهقً , أط  يظايً , أفقً  ,  :الرئيسيةالكلمات 
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1. INTRODUCTION  

          The porous media is used generally to improve the heat transfer rate in thermal systems 

which work by heat convection.  The convective heat transfer through a porous media has many 

thermal engineering and industrial applications including the systems of nuclear  reactor  

cooling, nuclear waste disposal, engineering of thermal insulation, grain storage and drying, 

ground water flows and filtration processing, systems of water purification (RO), solar 

collectors, heat exchangers, electrochemical processes,  oil recovery processes,  extraction of the 

geothermal energy, thermal storage systems, regenerators systems, furnaces and ceramic 

processes, … etc.  

        Prasad, and Kulacki, 1985 studied numerically and experimentally the natural-convection 

through short concentric vertical cylinders filled with porous media for wide range of radius 

ratio and height to gap width ratio. They used glass beads and water as porous media. They 

obtained a good agreement between measured temperatures at different locations with predicted 

temperatures from numerical solution. Atwan, et al., 2000 investigated experimentally the heat 

transfer and flow by forced-convection through a horizontal annulus filled with porous medium. 

They found that the larger values of convection heat transfer coefficient are obtained with 

packing particles of higher thermal conductivity and the Nusselt number increases with the ratio 

of inner to outer cylinders radii increasing. Khanafer, and Chamkha, 2003 presented a 

numerical study for mixed-convective heat transfer inside a horizontal annulus filled with a fluid 

saturated porous media by heating the inner cylinder and cooling the outer cylinder. They used 

the finite element method to solve the governing equations of problem. They discussed the 

influence of Darcy number on the isotherms, streamlines and heat transfer rate as well as the 

average Nusselt number at different annulus gap. They compared the numerical data with a 

previous works and the results show excellent agreement. Shi, et al., 2006 presented a 

numerical solution using finite difference method (FDM) based lattice Boltzmann model to 

simulate the fluid flows and isotherms of free-convection heat transfer in a horizontally 

concentric annulus for wide range of Prandtl and Rayleigh numbers. They showed good stability 

of the numerical model and well agreement of presented results compared with the previous 

studies. Al-Joboury, et al., 2009 studied theoretically and experimentally free heat convective 

between two concentric horizontal pipes filled with two types of materials, iron and glass beads 

as a porous medium under conditions of constant heat flux on the inner pipe surface and 

constant temperature on the outer pipe surface. They showed that the using of iron spheres 

porous media as high conductivity material canceled the heat transfer by convective through the 

gap of annulus.  Also they found that the heat dissipation ability from the surface of inner pipe is 

a function of Rayleigh number. Hussein, et al., 2009 investigated theoretically and 

experimentally natural-convection heat transfer through the annulus of two concentric vertical 

cylinders filled with gravel porous media under constant heat flux condition of inner cylinder. 

They solved that the governing equations by Fluent package and plotted the temperature profiles 

for three different radius ratio and different heat fluxes. They developed the empirical 

correlations between Nusselt number with Rayleigh number and Nusselt number with radius 

ratio of concentric cylinders. Mahdi, et al., 2013 presented a review investigation for 

improvement of natural convective heat transfer using porous medium and nano-fluids. They 

showed that the convection heat transfer in terms of heat transfer coefficient increased with 

porous medium because the best thermal conductivity and thermal dissipation area of beads. 

Ahamad, et al., 2014 presented a numerical study of natural heat convection inside vertical 

annular cylinders with porous medium effects. They visualized the fluid flow and convection 

heat transfer as streamlines and isotherms with influence of radius ratio and aspect ratio using 

finite element technique.   
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       The purpose of the present work is to present an experimental study for natural convective 

heat transfer through a horizontal concentric annular tube filled with a porous media. It is 

focused on the influence of several parameters like packing material, particle (ball) diameter, 

radius ratio of the annular tube and wall heat flux on the characteristics of natural-convective 

such as average convection heat transfer coefficient, average Nusselt number and average 

Rayleigh number. The present work is carried out for two packing materials namely, glass and 

plastic (PVC) balls with air as a fluid working for different particle sizes and wide range of the 

annulus radius ratios.    

 

2. EXPERIMENTAL WORK 

2.1 Experimental Test Rig 

        The experimental test rig shown in Fig. 1 is especially designed and manufactured for 

covering experiments of the present work. It consists of test-section, two V-wooden blocks, 

water inlet and outlet, voltage regulator with digital display, digital multi-meter, data logger 

thermometer, thermocouples and planar table.  

       The test section involves a horizontal annulus from two concentric tubes as shown in Fig. 2, 

the outer tube made of polished steel has fixed inner radius (ro) of 38 mm and wall thickness of 

2 mm while the inner tube made of polished aluminum has four different outer radius (ri) of 6, 8, 

10 and 12.5 mm to obtain a wide range of the annulus radius ratio (R) and wall thickness of 1 

mm. Each tube has constant length (L) of 400 mm.  The annulus gap is carefully filled with 

glass solid balls (thermal conductivity of 1.1 W/m.K) with diameter (dp) of 12.1 mm and 

replaced by plastic PVC (polyvinyl-chloride) solid balls (thermal conductivity up to 0.16 

W/m.K) with two particle diameters (dp) namely, 6.25 and 12.5 mm. The inner tube of annulus 

is heated electrically from inside with different heat input levels using heating element with 

power up to 600 W and kept along the center of inner tube. The small gap between the heating 

element and inner surface of inner tube is filled by the sand to ensure natural-convection in the 

electrical heater. The voltage regulator with digital display type SAKO-TDGC2 is used to govern 

the supplied voltage input to the electrical heater. Also a digital multi-meter type VICTOR-

VC890C
+
 is used to measure voltage and alternating current (AC) passing through the heater. 

       The ends of the concentric annulus are closed by two Teflon (polytetrafluoroethylene) 

covers (thermal conductivity up to 0.25 W/m.K) with large thickness up to 25 mm to minimize 

heat lost from annulus ends and to fix the two tubes of concentric annulus. One of these covers 

is drilled with small drill to pass the thermocouples wires and electrical heater cable and then 

sealed by thermal epoxy. The outer tube of annulus is isothermally cooled by circulation water 

system through a coiled copper pipe around the outer surface of outer tube and then the whole 

test-section is covered and insulated by thick layer about 50 mm of glass wool to minimize the 

heat dissipating to surrounding. The test-section assembly is horizontally put on two V-wooden 

blocks and planar table.        

       The outer surface temperature of inner tube and inner surface temperature of outer tube are 

measured using twelve type-K calibrated thermocouples; six to every tube are inserted 

longitudinally with angular displacement of 180
o
 between them at suitable locations. The 

thermocouples are joined with twelve-channels of data logger thermometer type BTM-4208SD. 

Another two same K-type calibrated thermocouples are oppositely inserted in the middle of 

outer surface for the outer tube to record the temperatures by digital multi-meter. Additional two 

same type-K calibrated thermocouples are used to read the temperatures difference through 

Teflon covers to estimate the thermal dissipation lost by conduction as illustrated in Fig. 2. 
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2.2 Experimental Procedure and Calculations 

         Twenty four cases are tested and studied according to the flow chart in Fig. 3. The cases 

includes two different wall heat fluxes (q= 800 and 1750 W/m
2
), glass and plastic (PVC) porous 

media, one particle (ball) diameter (dp= 12.5 mm) for glass porous  media  and two particle 

diameters (dp= 6.25 and 12.5 mm) for plastic porous  media  and four  radii  ratios of  annular  

tube (R= ri /ro) namely, 0.16 , 0.21 , 0.26 and 0.33. The readings of thermocouples have been 

recorded after (90-120) minutes and when the difference between two temperature readings 

within was 0.5 
o
C under steady-state condition, the supplied voltage and current to the heating 

element are recorded. 

      The electrical power input (Qin) to the heating element inside inner tube of the annulus is: 

 

                                                                                                                                                                  
 

                 It is transformed to thermal energy and transferred through the annulus gap by natural 

heat convection (Qc), heat radiation (Qr) in addition to heat conduction (Qcd) from ends of 

horizontal annular tube. Hence,  

 

                                                                                                                                                       
 

The radiation heat lost (Qr) between outer surface of inner tube and inner surface of outer tube 

of the annulus is computed as Lienhard, 2008 and Long, and Sayma, 2009: 

 

   
         

    
   

 
  

 
  

  
(
 
  

  )
                                                                                                                                  

 

It is found that (Qr) is small about 4% to 7% of electrical heat input (Qin) for all cases because of 

inner and  outer  tubes  are  made  from  low  emissivity  materials  namely  polished  aluminum     

(εi= 0.05) and polished steel (εo= 0.1) respectively.  

     The thermal lost by conduction (Qcd) is defined as thermal potential difference to thermal 

resistance. It is found very small (less than 2%) of heat input (Qin) across ends of annular tube 

because it’s well insulated using Teflon covers and can be neglected, then equation (2) can be 

written as follows: 

 

                                                                                                                                                           
 

Also the heat transfer rate by free-convection (Qc) to porous medium is calculated by Newton’s 

equation of cooling, Favre-Marient, and Tardu, 2009: 

 

                                                                                                                                                   
 

Hence, the average convection heat transfer coefficient (hav) is evaluated as:   

         

     
         

             
                                                                                                                                  

 
where,  Tiav and Toav are the average surface temperatures of inner and outer tubes respectively,  

measured as: 
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      ∑
  

 

 

   
                                                                                                                                              

 

and; 

 

      ∑
  
 

 

   
                                                                                                                                             

 

Ai and Ao are the outer surface area of inner tube and the inner surface area of outer tube 

respectively, they are computed as follows: 

 

                                                                                                                                                                 
 

                                                                                                                                                               

 

The average Nusselt number (Nuav), based on the annulus gap (δ) as characteristics length of 

geometry can be simply computed as, Vafai, 2005 and Nield, and Bejan, 2013: 

 

      
     

  
                                                                                                                                                

where,  

 

                                                                                                                                                           
 

ke  is the effective (overall) thermal conductivity of the porous media and defined as a weighted 

arithmetic mean of thermal conductivities of fluid (air) and solid (balls) as Vafai, 2005 and 

Nield, and Bejan, 2013: 

 

                                                                                                                                                  
                                                                                          

ϕ is the porosity of porous media and defined as ratio between volume of the void space (ϑv) to 

bulk volume (ϑb) then Vafai, 2005 and Nield, and Bejan, 2013: 

 

  
  

  
 

     

  
                                                                                                                                         

 

The bulk volume (ϑb) is calculated as, Vafai, 2005 and Nield, and Bejan, 2013: 

 

           
    

                                                                                                                                          
 

and the particles volume (   ) is the product of particles (balls) number (N) by volume of one 

ball as: 

 

     [
 

 
 (

  

 
)

 

]                                                                                                                                     
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The average Grashof number (Grav) is Vafai, 2005 and Nield, and Bejan, 2013: 

 

      
              

 

  
                                                                                                                        

 

Define average Rayleigh number (Raav) as the product of the average Grashof number and 

Prandtl number, Lienhard, 2008:  

 

                                                                                                                                                       
 

where, 

 

    
 

 
  

    

  
                                                                                                                                             

and, 

 

    
  

 
                                                                                                                                                            

 

By substituting Eqs. (17), (19) and (20) in Eq. (18), the average Rayleigh number based on the 

annulus gap (δ) can be written as follows: 

 

      
                    

 

   
                                                                                                          

  
 

  
                                                                                                                                                             

 

All properties of fluid (air) inside a gap spacing of the annular tube are taken at mean 

temperature (Tm).  It is calculated as the arithmetic mean between average surface temperature 

of the inner and outer tube along the annulus gap as follows: 

 

    (
         

 
)                                                                                                                           

 

3. RESULTS AND DISCUSSION 

       The present work investigates experimentally the effect of porous media material, particle 

diameter (dp), radius ratio of the annular tube (R) and heat flux (q) on the performance and 

characteristics of natural-convective heat transfer through a horizontal concentric annular tube 

filled with porous medium.   

      Figs. 4 and 5 illustrate the behavior of average Nusselt number with variation of annulus 

radius ratio for two tested materials namely glass and PVC balls at two different heat fluxes. 

Two different particle diameters are used for PVC porous medium to study the influence of 

particle size on performance of natural-convection while it’s constant for glass. The figures 

illustrate that average Nusselt number always increases by increasing the annulus radius ratio 

and heat flux. This increases because average Nusselt number depends directly on annulus gap 

and natural-convection heat transfer coefficient as function of heat input. Fig. 4 clears that the 

highest values of average Nusselt number is linked with the use of glass porous media compared 

with plastic PVC for same particles size because the thermal conductivity of glass balls are 
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higher seven times approximately than PVC particles and the thermal conductivity of balls 

effects directly on heat transfer rate. An increase in annulus radius ratio or a decrease in the 

annulus gap yields faster flow and giving higher and thinner of boundary layers and thus, higher 

rate of heat transfer is based on average Nusselt number. Also Fig. 5 illustrates that the average 

Nusselt number increases with the increase of particle diameter for same material because 

increasing of the convection currents through annulus gap and consequently increasing in the 

heat transfer rate. 

     Figs. 6 and 7 show the variation of average Nusselt number with average Rayleigh number 

based on the annulus gap, heat flux and particle diameter for two different porous media 

materials. The average Rayleigh number increases always as the average Nusselt number, heat 

flux and particle diameter increases. Highest values of the average Rayleigh number with higher 

thermal conductivity of glass particles respect to the PVC packing medium is shown in Fig. 6. 

The high thermal conductivity of glass particles causes high contact conduction for particles 

dabbing the heated surface inside of the annulus. Hence, an increase in thermal conductivity of 

particle leads an increase in rate of heat transfer in terms of average Nusselt and Rayleigh 

numbers at same particle diameter. 

      Fig. 8 shows a comparison of average Nusselt number of present work with experimental 

results of Al-Joboury et al. work for glass particles. It shows a good similarity in the behavior, 

but the present work gives an average Nusselt number higher than that done in Al-Joboury et al. 

work because higher heat flux levels are used in the present work. Based on the experimental 

results showed in Figs. 8 and 9, two empirical correlations of average Nusselt number as a 

function of average Rayleigh number are developed for glass and PVC packing materials as 

follows: 

 

                 
            

                                                                       
 

which is valid for glass particle at:  dp= 12.5 mm  ,   20 ≤ Raav ≤ 175  and  0.16 ≤ R ≤ 0.33. 
 

                 
            

                                                                        
 

which is valid for PVC  particle at:    6.25 mm ≤dp≤ 12.5 mm    ,    15 ≤ Raav ≤ 135    and        

0.16 ≤ R ≤ 0.33. 
 

       Figs. 10 and 11 illustrate a comparison of the correlated average Nusselt numbers using the 

correlation Eqs. (24) and (25) with the experiments of present work for glass and PVC packing 

materials. They are clear that most of experimental results are located within 10% and 6% of the 

mentioned correlation equations for glass and PVC particles respectively. 

 

4. CONCLUSIONS 

       Steady state natural-convective heat transfer through a porous structure inside gap spacing 

of concentric annular tube in horizontal position is investigated experimentally. The inner tube 

is electrically heated under constant heat flux while the outer tube is isothermally cooled. Two 

types of porous media materials, two different wall heat fluxes and particle diameters with four 

radii ratios are used. The conclusions can be summarized as follows: 

 The average Nusselt number increases as the particle diameter increases for same 

material of porous media. 

 Average Nusselt number always increases with increasing radius ratio of annular tube 

and wall heat flux. 



Journal of Engineering    Volume    22   December    2016 Number  12 
 

 

330 

 

 The average Rayleigh number based on the annulus gap increases as the average Nusselt 

number increases. 

 The glass porous media gave better natural-convective heat transfer performance in 

terms of average Nusselt number reaching to 26% higher compared with plastic (PVC) 

particles for same size (diameter). 

 Two experimental correlations are developed to predict the average Nusselt number for annulus 

tube filled with glass and PVC porous medium. 
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NOMENCLATURE 

A= surface area of heat transfer, m
2
. 

Cp= specific heat at constant pressure, kJ/kg.K . 
dp= diameter of particle (ball), m. 

g= gravitational acceleration, m/s
2
. 

Gr= Grashof number, dimensionless. 

h= convection heat-transfer coefficient, W/m
2
.K . 

I=  input current intensity, A. 

k=  thermal conductivity, W/m.K . 

L= length of the annular tube, m. 

N= number of particles (balls), dimensionless. 

Nu= Nusselt number, dimensionless. 

Pr= Prandtl number, dimensionless. 

q= heat flux, W/m
2
. 

Qc= convection heat transfer, W. 

Qcd= conduction heat lost, W. 

Qin= electrical power input, W. 

Qr= radiation heat transfer, W. 

r=  radius tube, m. 

R= radius ratio (R= ri /ro), dimensionless. 

Ra= Rayleigh number, dimensionless. 

T= surface temperature, 
o
C. 

Tm= arithmetic mean of the surface temperatures, 
o
C. 

V= voltage supplied, V. 

β= volumetric coefficient of thermal expansion, 1/K. 

δ= annulus gap, m. 

ε= emissivity of the surface, dimensionless. 

ϑb= bulk volume, m
3
. 

ϑp= volume of particles (balls), m
3
. 

ϑv= volume of a void space, m
3
. 

μ= dynamic viscosity, kg/m.s. 

ρ= density, kg/m
3
.    

σ= Stefan-Boltzmann constant, σ = 5.67 × 10
-8

 W/ m
2
.K

4
. 

ϕ= porosity of media porous, dimensionless.  

𝝂= kinematic viscosity, m
2
/s. 

 

Subscript symbols: 

av= average. 

e= effective. 

f = fluid (air). 

i= outer surface of inner tube for annulus. 
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o= inner surface of outer tube for annulus. 

s= solid (balls). 

 

 

                                 
 

1. Test-section   2. V-wooden block   3. Water flow inlet   4. Water flow outlet   5. Voltage regulator with digital 

display     6.  Digital multi-meter     7. Data logger thermometer      8. Thermocouple wires     9. Planar table.    

                          

                                       Figure 1. Photograph of the experimental test rig. 

 

 

                  

           
       

           Figure 2. Longitudinal section of the test-section with locations of the thermocouples. 
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                                        Figure 3. Flow chart of the tested cases.  

 

 

          
Figure 4. Average Nusselt number against radius ratio for PVC and glass porous medium with 

same particle diameters. 
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Figure 5. Average Nusselt number against radius ratio for PVC porous medium with different 

particle diameters. 

 

 

 
 

Figure 6. Average Nusselt number against average Rayleigh number for glass porous medium 

and different heat fluxes. 
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Figure 7. Average Nusselt number against average Rayleigh number for PVC porous medium 

with different particle diameters and wall heat fluxes. 

    

 

 

 

     
 

Figure 8. Analysis of the present work to the polynomial function fits with comparison of 

average Nusselt number than experimental results of Al-Joboury et al. work for glass particles. 
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        Figure 9. Analysis of the present work to the polynomial function fits for PVC particles.  

 

 

 

 

     
 

Figure 10. Comparison of correlated average Nusselt numbers ( Nuav ) than those experimental 

of present work for glass particles. 
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Figure 11. Comparison of correlated average Nusselt numbers ( Nuav ) than those experimental 

of present work for PVC particles. 

 


