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ABSTRACT 

Mixed convection heat transfer in a vertical concentric annulus packed with a metallic porous 

media and heated at a constant heat flux is experimentally investigated with water as the working 

fluid. A series of experiments have been carried out with a Rayleigh number range from 

Ra=122418.92 to 372579.31 and Reynolds number that based on the particles diameter of 

Red=14.62, 19.48 and 24.36. Under steady state condition, the measured data were collected and 

analyzed. Results show that the wall surface temperatures are affected by the imposed heat flux 

variation and Reynolds number variation. The variation of the local heat transfer coefficient and the 

mean Nusselt number are presented and analyzed. An empirical correlation has been proposed for 

computing the Nusselt number for the geometry and boundary conditions under investigation.      

Key words: mixed convection, concentric annulus, metallic porous media, constant heat flux.           
 

اوتقال انحرارة بانحمم انمختهط في تجويف حهقي عمودي مشبع رو أسطواوتيه متمركزتيه تم حشوه بوسط 

 مسامي معذوي

 انمذرس انذكتور محمذ عبذ انرؤوف وعمت

 قسى انينذست انًْكانْكْت

     جايعت بغذاد –كهْت انينذست 

سعود سويذان حميذ                                                                                                  انمذرس انمساعذ سرمذ عزيز عبذ انحسيه   

                                                                                                    قسى انينذست انًْكانْكْت                    قسى انينذست انًْكانْكْت   

جايعت بغذاد –كهْت انينذست                                                                                                                           جايعت بغذاد  –كهْت انينذست   

         

 انخلاصت

قذ حى دساسخو  انخقال انذشاسة بانذًم انًخخهط فِ حجٌّف دهقِ عًٌدُ رً أسطٌانخْن يخًشكزحْن حى دشٌه بٌسط يسايِ يعذنِ

انَ  122418.92 ين سقى سانِشاء عذد ين انخجاسب انعًهْت نًذٍ . حى اجاسخخذاو انًاء كًائع يشغميع  عًهْتبصٌسة 

عنذ ًصٌل دانت الاسخقشاس حى جًع . 16.44ً  24.61 ,26.41يذٍ سقى سّنٌنذ عهَ اساس قطش انجسًْاث ً  372579.31

يعايم اظيشث اننخائج حأثش دسجاث دشاسة انسطخ حخأثش بخغْش انفْض انذشاسُ انًسهط ًحغْش سقى سّنٌنذ. حغْش انبْاناث ًحذهْهيا. 

ًيخٌسط سقى نسهج قذ حى اظياسىا ً دساسخيا. حى اقخشاح يعادنت حجشّبْت نذساب سقى نسهج نهشكم انزُ حى  انًٌضعِ انخقال انذشاسة

    دساسخو يع انظشًف انذذّت انًذْطو بو. 
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 فْع دشاسُ ثابج.  ، ًسط يسايِ يعذنِ،أسطٌانخْن يخًشكزحْن، انذًم انًخخهطانكهماث انمفتاحيت: 

 

1. INTRODUCTION   

Heat transfer in porous media received great interest for many years because of the improved in 

the heat transfer performance without proportionate increase in hydraulic resistance. It is well 

known that the porous structure reduces the thickness of the boundary layer, increases the surface 

area that in contact with the fluid and intensifies the mixing of the flowing fluid, and thus enhances 

the thermal heat transfer. Flow and heat transfer through channels packed with porous media are 

widely studied because of their potential applications in thermal management such as compact heat 

electronic exchanges, solar collector, nuclear reactor cooling and regenerators. Packed bed has been 

developed for different types of porous materials with specific intent to enhance the heat transfer 

from the thermally loaded surfaces. Because of the random structures of porous media, they will be 

different in engineering, physical and thermal properties, Venugopal, et al., 2010. As a result, flow 

and heat transfer characteristics in these media also greatly differ. Renken and Poulikakos, 1990 

investigated experimentally and numerically the forced convection heat transfer in the packed bed 

areas of an occupied parallel plate channel whose walls maintain a constant temperature. Based on 

this study, porous media needs to be considered as a viable alternative for the transfer of heat 

enlarge in forced convection heat transfer in channels. Pu, et al., 1999, used R-113 loop in 

performing the experiments of mixed convection heat transfer in a vertical packed channel with 

asymmetric heating of opposing walls. Chrome steel beads of 6.35 mm in diameter were used as a 

porous media. The experiments were carried out in the range of 2<Pe<2200 and 700<Ra<1500. The 

measured temperature distribution indicated the existence of a secondary convective cell inside the 

vertical packed channel in the mixed convection regime. A correlation equation for Nusselt number 

in terms of Peclet number Pe and Rayleigh number Ra was obtained from experimental data. They 

found that the following three convection regimes exist: natural convection regime: 105< Ra/Pe, 

mixed convection regime: 1<Ra/Pe<105, and forced convection regime: Ra/Pe< 1. Dirker, 2000 
presented a comparison of the literature that involving heat transfer in the ring. Their comparison 

showed that there was a need for more research in the field of links convection heat transfer in 

concentric ring as they found a little agreement among the existing relationship. Empirical 

relationship for predicted Nusselt number in the ring had been developed with water as the working 

fluid. Boomsma and Poulikakos, 2002 showed the results of experimental studies performance to 

assess the hydraulic characteristics of open cell aluminum foam of different pore diameters and pore 

in each of the compressed and non-compressed format. The study was done mainly to predict 

important parameters permeability coefficient foam, precisely in order to describe the pressure drop 

versus the flow behavior in the porous media. Hussein, et al., 2009 experimentally and theoretically 

studied the convective heat transfer in vertical concentric annulus where the two cylinders filled 

with porous medium. They concluded that the behavior of temperature profile were the same for any 

diameters ratio and any different heat flux. The relation between Nu and Ra was proposed and the 

results showed good agreement between experimental and theoretical studies. The potential of a 
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simple and inexpensive porous insert was experimentally investigated by Venugopal, et al., 2010. 

The porous inserted consists of a stack of metallic perforated plates that used to enhance the heat 

transfer from the heated wall of a vertical rectangular duct under forced flow conditions. The 

characteristic features of the porous medium model on the hydrodynamic and heat transfer behavior 

were investigated. The key novelty in this work was the development of a new correlation for the 

Nusselt number that did not require any information from hydrodynamic studies. The largest 

increase in the average Nusselt number of 4.52 times that for clear flow was observed with a porous 

material of porosity of 0.85. Andrea, et al., 2012, investigated experimentally the air forced 

convection through electrically heated open-cells copper foams with different number of pores per 

unit of length (PPI) with constant porosity (ε=0.93) and foam core height of 40 mm. The 

experimental heat transfer coefficient and pressure drop measurements permitted to understand the 

effects of the pore density on the heat transfer and fluid flow performance of the foams. They 

compared different enhanced surfaces, which can be considered suitable for electronic thermal 

management against present author’s experimental measurements for 40 mm high aluminum foams 

at the same operative test conditions. 

To the best of the authors' knowledge, there is no existing experimental study on the mixed 

convection heat transfer in a saturated concentric annulus that filled with metallic porous media. So 

we proposed the present study to cover this shortage in the understanding of the flow and heat 

transfer in porous enclosure with mixed convection effects.  

In the present work, mixed convection heat transfer in a vertical saturated concentric porous 

annulus subjected to a constant heat flux, is examined experimentally with water as the working 

fluid. The main objective is to study the influence of mixed convection heat transfer on the flow 

field and the associated heat transfer process in such system. The influence of heat flux and mass 

flux variation on wall temperatures and Nusselt number are investigated and analysed then a general 

relation that describe the overall process is presented. 

  

2. EXPERIMENTAL APPARATUS AND PROCEDURE   

2.1 Experimental Apparatus 

The experimental investigation is carried out in an apparatus shown in Figs. 1 and 3. The 

apparatus has been constructed to achieve the requirements of the present study and it consists of the 

following major assemblies:  

1- Test section 

As shown in Fig. 2, the test section consists of two stainless steel cylinders that form a concentric 

annulus of length L=63 cm. The inside and outside diameters of inner cylinder are                    

(Di=40 mm, Do=41mm) and the inside and outside diameters of outer cylinder are (Di=80 mm, 

Do=82 mm). The inner and the outer cylinders are assembling together by means of two Teflon 

flanges to form the concentric annulus test section. The Teflon flanges is used to reduce the 

dissipative heat transfer from the test section ends and to support the inner and outer cylinders in one 

concentric annulus by pushing them between the Teflon flanges inner and outer diameters (Di=39 

mm, Do=83 mm). The wall thickness of each Teflon flange is 1.5 cm. Four holes are drilled in each 
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Teflon flange as shown in Fig. 2 but with different purposes. The holes in the lower flange are used 

to distribute the incoming water from the liquid splitter and guide it uniformly to inter the test 

section, while the holes in the upper flange are used as an exit passage for the thermocouples 

extension wires that used to measure inner cylinder wall temperatures. The upper flange holes are 

filled with a relatively high temperature adhesive material to support the thermocouples extension 

wires and to prevent water infiltration. The concentric annulus is packed with stainless steel beads, 

essentially spherical in shape with an average particles diameters of dp=6 mm. A metallic O-Ring 

with holes (less than 6mm in diameter) is used to support the metallic porous media 13.5 cm far 

from the test section lower end and to form an entrance length to achieve a uniform inlet water 

velocity profile to the porous packing. The length of the porous packing was designed to be 40 cm 

as shown in Fig. 2, and the water was then derived out of the test section by a tube that mounted at 

9.5 cm far from the test section upper end. A uniform heat flux is provided on the outer surface of 

the concentric annulus by a nickel-chrome wire of 1 mm in diameter, which is electrically insulated 

and warps around the outer surface of the concentric annulus along the test section part that filled 

with the metallic porous media (40 cm). This steel wire is supplied with AC-current from a voltage 

regulator, to control the incoming current according to the heat flux desired. The test section is well 

insulated outside with asbestos and fiber glass wool layers of 15 mm and 50 mm thickness, 

respectively. The concentric annulus outer surface and inner surface temperatures are measured by 

(18 K-type) thermocouples, which were distributed equally within nine sections along the outer 

surface and inner surface of the concentric annulus as shown in Fig. 2. Another (5 K –type) 

thermocouples were used to measure the water bulk temperature distribution by inserting these 

thermocouples inside the test section through holes on the outer surface of the concentric annulus as 

shown in Fig. 2. These holes are filled with a relatively high temperature adhesive material to 

support the thermocouples extension wires and to prevent water infiltration. The temperature 

distribution on the outer surface of the insulation shield are measured using (4 K-type) 

thermocouples distributed in an equal pitch, to calculate the heat lost during the experiment by 

referring to the temperature difference between the heater wall and the ambient. The heat lost is 

found to be approximately 6% during the whole range of the imposed heat flux. A digital electronic 

thermometer (type IDC-420042), is connected in parallel to the thermocouples by leads through a 

selector switches, to record the temperature measurements. 

2- Water supply 

As shown in Fig. 1, the liquid supply assembly consists of water tank, valve, filter, flowmeter 

(0.8 LPM full range) and liquid splitter, which are placed adjacent to the test section. A drain 

reservoir was placed at the test section exit to collect the water. When the water exit from the test 

section, it was forced to flow through a flexible tube that raise the water to a higher elevation (∆H) 

before it collected in the drain reservoir. The purpose of this arrangement at the test section exit is to 

control the test section pressure and to ensure that the water pressure inside the test section is higher 

than the atmospheric pressure.  

3- Electrical power measurement 

The constant heat flux is supplied by using electrical circuit of alternating current that includes: 

A) Voltage regulator. 

B) Transformer. 

C) Voltmeter.  

D) Ammeter.  
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2.2 Experimental Procedure 

Before starting the experimental measurements and in order to degas the air from the packed 

annulus, the valve is opened in such a manner that the water flow at the flowmeter full range (0.8 

LPM) and a moderate heat flux is applied for two to three hours. Then, the valve is adjusted to give 

the required water flow rate. Each experiment is performed using the following procedure: 

1) The valve that connected to the water tank is adjusted to give the required water flow rate 

which is measured by the flowmeter. 

2) The electrical power is switched on, and the heater input voltage is adjusted by a voltage 

regulator to give the required voltage and current.   

3) The supplied voltage and current to the heater are recorded to calculate the required 

electrical power in accordance to the heat flux required.   

4) The apparatus is left for two to three hours to establish the steady state condition. The 

thermocouples readings are collected every half an hour. When the difference between two 

readings became almost constant, the steady state condition is fixed and a final reading is 

recorded.  

To obtain a new set of experiments under the same water flow rate, a new electrical power is 

selected, and the procedure from step 2 to 4 is repeated. 

The net heat flux to the saturated porous media is determined from recording the electrical power 

supplied to the heater and applying the following equation: 
 

      ⁄                                                                                                                                           (1) 

where; 

Po= electrical power consumed by heater = I×V.  

I = current flow through the heater.  

V = voltage across the heater. 

  = surface area of the annulus outer cylinder. 
   

Heat losses from the heater across asbestos and fiber glass wool layers are calculated to be 6% 

while the heat losses from the axial direction through the Teflon flanges are found to be small and 

neglected. These losses are subtracted from the electric power to obtain the net heat transfer rate. 

3. HEAT TRANSFER CALCULATIONS  

It is important to calculate the absolute permeability ( ), the effective thermal conductivity 

(    ) and the porosity ( ) of the saturated porous media, as they are used in the dimensionless 

groups that govern the fluid flow and heat transfer calculations.  

According to Nield and Bejan, 2006: 

  
    

 

   (   ) 
                                                                                                                                      (2) 

         (   )                                                                                                                         (3) 
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where    and    are the thermal conductivities of the water and the solid porous media, respectively. 

The porosity of the packed stainless steel beads is found experimentally using the expression, Nield 

and Bejan, 2006:   

  
                 

        
                                                                                                                              (4)    

3.1 Reynolds Number 

The Reynolds number can be defined according to the particle diameter and the fluid velocity at 

the inlet as:   

    
     

 
                                                                                                                                         (5) 

3.2 Grashof and Rayleigh Number 

The Grashof number can be defined as:   

   
       

 

      
                                                                                                                                       (6) 

then Rayleigh number (Ra) can be calculated using the following equation: 

                                                                                                                                                (7) 

3.3 Local and mean Nusselt Number 

The local heat transfer coefficient at the heated wall can be defined as: 

  
  

     
                                                                                                                                            (8) 

Hence, the local and the mean Nusselt number can be calculated as, Nield and Bejan, 2006 : 

   
    

    
 

      

      (     )
                                                                                                                     (9) 

    
 

 
∫      
 

 
                                                                                                                           (10) 

The thermophysical properties of the water-stainless steel beads that used in the present study are 

listed in Table 1 and the physical parameters for the stainless steel beads are listed in Table 2. 

4. RESULTS AND DISCUSSION  

A series of experiments have been carried out with a heat flux range from qw = 3912 W/m
2
 to 

11907 W/m
2 

(Ra=122418.92 to 372579.31) and volumetric flow rate of Q = 0.3, 0.4 and 0.5 L/min 

(Red=14.62, 19.48 and 24.36). The temperature distribution along the inner and the outer annulus 

surfaces is measured and presented. The influence of heat flux variation and Reynolds number 

variation on the local and mean heat transfer coefficient is discussed and analyzed. Finally, a general 

correlation for the mean Nusselt number     as a function of the parameters (Ra/Re) is derived to 

describe the overall fluid flow and heat transfer behavior in the porous annulus.  
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4.1 The Influence of Heat Flux and Reynolds Number on the Surface Temperature 

Distribution.  

Figs. 4-6 show the influence of the imposed heat flux variation on the distribution of the outer 

annulus surface temperature for Red=14.62, 19.48 and 24.36, respectively. A general trend can be 

seen from Figs. 4-6, that the outer annulus surface temperature increases as the heat flux is increased 

for the same Reynolds number value. When the imposed heat flux is increased (with a constant 

Reynolds number), the buoyancy effect increases and causes a faster growth in the thermal boundary 

layer along the porous annulus surface that will be associated with an increased in the outer annulus 

surface temperature values.   

Figs. 7-9 show the influence of the imposed heat flux variation on the distribution of the 

temperature difference between the outer and the inner annulus surface temperature               

[∆Tw=Tw, outer annulus surface − Tw, inner annulus surface] for Red=14.62, 19.48 and 24.36, respectively.         

Figs. 7-9 show that the temperature difference (∆Tw) increases as the imposed heat flux is increased 

for the same Reynolds number. It is clear from Fig. 7, that for a low Reynolds number (Red=14.62) 

the fluctuation in the temperature difference (∆Tw) values with the axial distance is mild except for 

qw = 11907 W/m
2
. When the heat flux is supplied on the outer annulus surface, the buoyance force 

will caused an induced mass flux that will oppose the incoming cold-fluid and drive the hot fluid 

from the vicinity of the outer heated wall towards the inner insulated wall and rising its temperature. 

For low Reynolds number values, the buoyance effect increases and results in a faster heat transfer 

from the outer to the inner annulus surface and as a consequence a smaller temperature difference 

(∆Tw) as shown in Fig. 7.   

While for a higher Reynolds numbers of Red=19.48 and 24.36 Figs. 8 and 9, the temperature 

difference (∆Tw) increases with the axial distance and reaches its maximum value at Z=0.2 m from 

the annulus entrance section and then it decreases downstream up to the annulus exit section. This 

behavior can be explained based on the interaction between the buoyancy force and the inertia force 

of the incoming cold-fluid. In the annulus entrance region the buoyancy force is still limited in 

comparison with the inertia force of the incoming cold-fluid, and this will caused a retreat in the 

thermal boundary layer growth from the outer annulus surface towards the inner annulus surface. 

The domination of the incoming cold-fluid effect in the entrance region will cause a faster 

temperature rise in the outer annulus surface and continues increased in the temperature difference 

(∆Tw) with the axial distance to a point located at Z=0.2 m from the annulus entrance section as 

shown in Figs. 8 and 9. In the region downstream of Z=0.2 m, the buoyancy force becomes stronger 

due to the continuous heating and it will be able to overcome the inertia force of the incoming cold-

fluid. This will result in mobilizing more hot fluid from the vicinity of the outer heated wall towards 

the inner insulated wall to rise its temperature and consequently we observe a remarkable decreased 

in the temperature difference (∆Tw) as shown in Figs. 8 and 9. Another observation is made from 

Figs. 7-9, that for higher Reynolds numbers (Red=19.48 and 24.36) the temperature difference (∆Tw) 

increases suddenly at the annulus exit section. This can be attributed to the higher fluid mixing at the 

annulus exit section as the hot fluid try to find its way out through the drain tube and this caused a 
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reduction in the inner annulus surface temperature and an increased in the temperature difference 

(∆Tw) at the annulus exit.          

Figs. 10-14 show the influence of Reynolds number variation on the distribution of the outer 

annulus surface temperature for qw = 3912 W/m
2
 to 11907 W/m

2
. The figures show that the surface 

temperature decreases as the Reynolds number increased for the same heat flux value. When the 

Reynolds number increased the thermal boundary layer retreat along the heated wall and as a 

consequence a higher heat transfer rate can be expected that associated with a decrease in the outer 

annulus surface temperature.   

Figs. 15-19 show the influence of Reynolds number variation on the distribution of the 

temperature difference between the outer and inner annulus surface temperature                   

[∆Tw=Tw, outer annulus surface − Tw, inner annulus surface] for qw = 3912 W/m
2
 to 11907 W/m

2
. Two different 

relationships between the temperature difference curves (∆Tw) can be seen depending on the 

magnitude of the imposed heat flux.  

At low heat fluxes, qw = 3912 W/m
2
 and 5511 W/m

2
 ,Figs. 15 and 16, the temperature difference 

(∆Tw) decreases as the Reynolds number is increased except at Z=0.2m. For low heat fluxes the 

buoyancy effect is limited and the thermal boundary layer will grow in the vicinity of the heated 

wall only, and as a result the inner annulus surface temperature will mainly effected by the incoming 

cold-fluid. As the Reynolds number increased, the heated wall (outer annulus surface) temperature 

will decreases due to the incoming cold-fluid effect and the temperature difference (∆Tw) between 

the outer and inner annulus surface will decrease as shown in Figs. 15 and 16.  

While for higher heat fluxes, qw = 7382 W/m
2
 to 11907 W/m

2
 ,Figs. 17-19, a gradual inversion 

can be seen in which the temperature difference (∆Tw) decreases as the Reynolds number is 

decreased. For high heat fluxes the buoyancy force is dominant over the inertia force of the 

incoming cold-fluid throughout the porous annulus. As the Reynolds number is decreased, the 

buoyancy effect more increases and causes a rapid movement of the hot fluid from the vicinity of 

the outer heated wall towards the inner insulated wall rising its temperature and reducing the 

temperature difference (∆Tw) as shown in Figs. 17-19.  

Figs. 15-19 also show that the temperature difference (∆Tw) values at the annulus exit section are 

always higher for Red= 24.36 and then decreases as the Reynolds numbers is decreased. As 

mentioned earlier, when the hot fluid try to find its way out from the annulus exit section through 

the drain tube, a reduction in the inner annulus surface temperature is recorded due to the reduction 

in the hot fluid amount that mobilized from the vicinity of the outer heated wall towards the inner 

wall. This reduction in the inner annulus surface temperature increases for higher Reynolds numbers 

and causes the temperature difference (∆Tw) at the exit section to be maximum at Red= 24.36. 

 

4.2 Local Heat Transfer Coefficient.  

A general behavior can be seen from the distribution of the local heat transfer coefficient in    

Figs. 20-25, that the local heat transfer coefficient decreases from the channel inlet to a point where 

it reaches its minimum value and then it increases downstream up to the channel exit. At the channel 

inlet, the small thickness of the thermal boundary layer results in high temperature gradients at the 
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heated wall and high heat transfer coefficient. As the thickness of the thermal boundary layer 

increases downstream, the heated wall temperature gradients decreases and causes a reduction in the 

heat transfer. As a result, the local heat transfer coefficient reaches its minimum value, after which 

the porous media plays a crucial role in the enhancement of heat transfer by conducting more heat 

from the heated wall to increase the fluid bulk temperature and as a consequence increases the local 

heat transfer coefficient values up to the channel exit.  

Figs. 20-22 show the influence of the imposed heat flux variation on the distribution of the local 

heat transfer coefficient at the heated wall for Red=14.62, 19.48 and 24.36. It can be seen from these 

figures that the local heat transfer coefficient increases as the heat flux is increased for the same 

Reynolds number value. This can be attributed to the fact that for higher heat fluxes the buoyancy 

effect increases and the thermal boundary layer growth is more rapidly and causes a smaller 

temperature difference between the fluid bulk temperature and the heated wall temperature and as a 

result a higher local heat transfer coefficient will be attended.  

Figs. 23-25 show the influence of Reynolds number variation on the distribution of the local heat 

transfer coefficient at the heated wall for qw = 3912 W/m
2
, 7382 W/m

2
 and 11907 W/m

2
. It can be 

seen from these figures that the local heat transfer coefficient increases as the Reynolds number is 

increased for the same heat flux value. When the Reynolds number is increased, a reduction in the 

thermal boundary layer thickness occurs with the domination of the incoming cold-fluid effect and 

this will cause a larger fluid mixing and higher local heat transfer coefficient values.  

Another observation is made from Figs. 23-25, that the point of the minimum value of local heat 

transfer coefficient is moving towards the channel inlet as the imposed heat flux is increased. At    

qw = 3912 W/m
2 

,Fig. 23, the the local heat transfer coefficient curves reaches its minimum value at 

Z=0.2 m from the annulus entrance section, while this point is moving to Z=0.1 m at qw = 7382 

W/m
2
 ,Fig. 24 and Z=0.05 m at qw = 11907 W/m

2
 ,Fig. 25. As the heat flux increases, the buoyancy 

force increases and its effect start to arise from the channel inlet and causes an increase in the local 

heat transfer coefficient values and as a consequence a retreat in the point of the minimum value of 

local heat transfer coefficient towards the channel inlet.   

4.3 Mean Nusselt Number.  

 The relationship between mean Nusselt number and Rayleigh number are plotted in Fig. 26 for 

Red=14.62, 19.48 and 24.36. It shows an increase in the mean Nusselt number as Rayleigh number 

is increased for the same Reynolds number value. This can be attributed to the increase of the 

buoyancy effect for higher Rayleigh number values which improves the heat transfer process.  

The relationship between mean Nusselt number and Reynolds number are plotted in Fig. 27 for 

Ra=122418.92 to 372579.31, which shows an increase in the mean Nusselt number as Reynolds 

number is increased for the same Rayleigh number value. This can be attributed to the higher fluid 

mixing that associated with the domination of the incoming cold-fluid effect, which causes a clear 

heat transfer enhancement for higher Reynolds number values. 
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4.4 Correlation of Average Heat Transfer Data.  

The values of the mean Nusselt number (Num) are plotted in Fig. 28 against (Ra/ Red) for the 

range of Ra=122418.92 to 372579.31, and Red=14.62 to 24.36. All the points as can be seen are 

represented by linearization of the following equations: 

     (      )
      [                 ]                                                                        (11) 

 It can be seen from Fig. 28 that the correlated mean Nusselt number increases with the 

increasing of Rayleigh number and Reynolds number. 

5. COMPARISON WITH PREVIOUS EXPERIMENTAL RESULTS   

K. Muralidhar, 1988 conducted a theoretical study on the mixed convective heat transfer in 

saturated porous annulus, where the inner cylinder is heated and the outer cylinder is cooled. This 

work is the closest previous published work that found in the literature using the same setup with 

mixed convection except that it is a theoretical study and the fluid is heated at a constant 

temperature along the inner cylinder. The average Nusselt number of a vertical annulus as a function 

of Rayleigh number for different Peclet numbers is shown in Fig. 29. It can be seen from Fig. 29 

that the average Nusselt number increases when the Rayleigh number is increased and when the 

Peclet number increased. The behavior shown in Fig. 29 agrees with the present work results that 

shown in Fig. 26 (the mean Nusselt number increases as Rayleigh number is increased for the same 

Reynolds number value) and in Fig. 27 (the mean Nusselt number increases as Reynolds number is 

increased for the same Rayleigh number value). 

  

6. CONCLUSIONS   

The main conclusions of the present work are:   

1- The temperature difference (∆Tw) increases as the imposed heat flux is increased. 

2- For low Reynolds number (Red=14.62) and with higher buoyance effect, the temperature 

difference (∆Tw) exhibit a moderate fluctuation with the axial distance.  

3- For high Reynolds numbers (Red=19.48 and 24.36) and with higher effect of the inertia force 

of the incoming cold-fluid, the temperature difference (∆Tw) increased with the axial distance 

and reached a maximum value at Z=0.2m from the annulus entrance section and then it 

decreased downstream up to the annulus exit section.  

4- At low heat fluxes [qw = 3912 W/m
2
 and 5511 W/m

2
], the temperature difference (∆Tw) 

decreased as the Reynolds number increased. On the other hand, for higher heat fluxes       

[qw = 7382 W/m
2
 to 11907 W/m

2
] a gradual inversion can be seen in which the temperature 

difference (∆Tw) decreased as the Reynolds number decreased due to the domination of the 

buoyancy force over the inertia force of the incoming cold-fluid.  

5- The local heat transfer coefficient increased with the increased of the imposed heat flux and 

Reynolds number. 

6- Mean Nusselt number is increased with the increased of Rayleigh number and Reynolds 

number. 
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8. NOMENCLATURE   

A = area, m
2
.  

  = expansion coefficient, K
-1

.  

dp = mean diameter, m. 

Dh = hydraulic diameter, m. 

             
   absolute pearmability, m

2
. 

     = effective thermal conductivity, W/m
2
. K. 

   = Grashof number. 
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  = local heat transfer coefficient, W/m
2
.K. 

L = effective heating length, m. 

   = Nusselt number. 

   = Prandtl Number. 

  = density,     ⁄ .  

Ra = Rayleigh number. 

qw = heat flux, W/m
2
. 

Q = volumetric flow rate, L/min. 

Red = Reynolds number based on the particle diameter. 

T = temperature, K. 

    = inlet velocity, m/s. 

  = kinematic viscosity, m
2
/s.  

         = volume of the metallic porous media, m
3
. 

         = total volume of the concentric annulus, m
3
.  

Subscript Meaning  

           

m = mean. 

  = wall. 
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Table 1. Thermophysical properties of the water- stainless steel beads system. 

 Property Symbol Solid Liquid 

Density 
  

    ⁄  
7833 988.1 

Thermal conductivity 
  

W/m K 
15.1 0.644 

Expansion coefficient 
β, 

    
---            

Dynamic viscosity 
  

kg/m.s 
---             

Prandtl Number Pr --- 3.55 

 

Table 2. Physical parameters for each size of the copper beads. 

Mean diameter 

   (mm) 

Porosity† 

   
Permeability †† 

   (m
2
) 

6 0.4            

                           †   Calculated experimentally with the use of Eq. (4).                

                           †† Calculated from Eq. (2). 

 

 

 

   

 

 

 

 

 

 

 

 

 

   

Figure 1. Schematic of the experimental apparatus. 
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Figure 2. Arrangement and the locations of thermocouples. 
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Figure 3. Photograph of the experimental apparatus. 
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Figure 4. Variation of the outer annulus                Figure 7. Temperature difference between inner 

surface temperature with the axial distance            and outer annulus surfaces with the axial distance 

for different heat fluxes and Red=14.62.                for different heat fluxes and Red=14.62. 

                                                           

 

 

 

 

 

 

 

Figure 5. Variation of the outer annulus                Figure 8. Temperature difference between inner 

surface temperature with the axial distance            and outer annulus surfaces with the axial distance 

for different heat fluxes and Red=19.48.                 for different heat fluxes and Red=19.48. 

 

 

 

 

 

 
 

 

Figure 6. Variation of the outer annulus                Figure 9. Temperature difference between inner 

surface temperature with the axial distance            and outer annulus surfaces with the axial distance 

for different heat fluxes and Red=24.36.                 for different heat fluxes and Red=24.36. 
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Figure 10. Variation of the outer annulus                  Figure 11. Variation of the outer annulus 

surface temperature with the axial distance for          surface temperature with the axial distance for 

different Reynolds numbers and qw=3912 W/m
2
.      different Reynolds numbers and qw=5511 W/m

2
. 

                                                     

 

 

 

 

 

 

 
 

Figure 12. Variation of the outer annulus                  Figure 13. Variation of the outer annulus 

surface temperature with the axial distance for          surface temperature with the axial distance for 

different Reynolds numbers and qw=7382 W/m
2
.      different Reynolds numbers and qw=9495 W/m

2
. 

 

 

 

 

 

 

 

Figure 14. Variation of the outer annulus surface temperature with the axial distance for 

different Reynolds numbers and qw=11907 W/m
2
. 
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Figure 15. Temperature difference between inner     Figure 16. Temperature difference between inner 

and outer annulus surfaces with the axial distance      and outer annulus surfaces with the axial distance 

for different Reynolds numbers and qw=3912 W/m
2
.  for different Reynolds numbers and qw=5511 W/m

2
. 

 

 

 

 

 

 

 

 

 

Figure 17. Temperature difference between inner     Figure 18. Temperature difference between inner 

and outer annulus surfaces with the axial distance      and outer annulus surfaces with the axial distance 

for different Reynolds numbers and qw=7382 W/m
2
.  for different Reynolds numbers and qw=9495 W/m

2
. 

 

 

 

 

 

 

 

Figure 19. Temperature difference between inner and outer annulus surfaces with the axial distance 

for different Reynolds numbers and qw=11907 W/m
2
. 
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Figure 20. Local heat transfer coefficient with         Figure 23. Local heat transfer coefficient with  

the axial distance for different heat fluxes and          the axial distance for different Reynolds   

Red=14.62.                                                                  numbers and qw=3912 W/m
2
.    

  

 

 

 

  

 

 

 

Figure 21. Local heat transfer coefficient with         Figure 24. Local heat transfer coefficient with  

the axial distance for different heat fluxes and          the axial distance for different Reynolds   

Red=19.48.                                                      numbers and qw=7382 W/m
2
. 

 

 

 

 

 

 
 

Figure 22. Local heat transfer coefficient with         Figure 25. Local heat transfer coefficient with 

the axial distance for different heat fluxes and          the axial distance for different Reynolds 

Red=24.36.                                                                  numbers and qw=11907 W/m
2
. 
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Figure 26. Mean Nusselt number versus                    Figure 27. Mean Nusselt number versus  

  Rayleigh number for different Reynolds                     Reynolds number for different Rayleigh 

  numbers.                                                                       numbers. 

 

 

 

 

 

 

 

 
 

 

 

 

 

                                        Figure 28. Mean Nusselt number versus Ra/Re. 

 
 

  

 

 

 

 

 
Figure 29. Average Nusselt number of a vertical annulus as a function of Rayleigh number (K. 

Muralidhar, 1988).  


