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ABSTRACT 

        An experimental and numerical study has been carried out to investigate the forced 

convection heat transfer by clean or dusty air in a two dimensional annulus enclosure filled with 

porous media (glass beads) between two vertical concentric cylinders. The outer cylinder is of (82 

mm) outside diameters and the inner cylinder of (27 mm) outside diameter. Under steady state 

condition; the inner cylinder surface is maintained at a high temperature by applying a uniform heat 

flux and the outer cylinder surface at an ambient temperature. The investigation covered values of 

input power of (6.3, 4.884, 4.04 and 3.26 W), Reynolds number values of (300, 700, 1000, 1500, 

and 2000) and dust ratio values (density number N) of (2, 4, 6 and 8). A computer program in 

MATLAB has been built to carry out the numerical solution by writing the governing equation in 

finite difference method. The local Nusselt number, the average Nusselt number, the contours of 

temperature field and velocity field were presented to show the flow and heat transfer 

characteristics. The results show that when clean air flow, the wall temperature gradually increases 

along the cylinder length in the direction of flow and decrease as Reynolds number increase while it 

increases with input power. For dusty air flow results show that the wall temperature gradually 

increases along the axial direction and increase with Reynolds number and with input power, and 

the maximum reduction in heat transfer will be 30 % for N=8 at Re=2000. Comparison was made 

between the present experimental and numerical results and it gives good agreement. The 

experimental and numerical Nusselt number follows the same behavior with a mean deviation of 

12%.                                           

 

Key words: laminar, dusty air, forced convection, two dimensional, vertical annulus enclosure, 

glass beads. 

 

 الحمل القسري الطباقي لهىاء مترب خلال وسط مسامي في محتىي حلقي عمىدي

 
  سلمان حميذ عبيذ                                                 الاستار المساعذ د. منال هادي الحافظ                              

 جاهعح تغذاد - كل٘ح الٌِذسح                                                     ذادتغ جاهعح - كل٘ح الٌِذسح

 الخلاصة

أجشٗد فٖ ُزا الثحث دساسح عول٘ح ًّظشٗح لإًرمال الطالح الحشاسٗح تالحول المسشٕ تْاسطح الِْاء الٌمٖ أّ الورشب فٖ فجْج 

 شكض. المطشالخاسجٖ للأسطْاًححلم٘ح ثٌائثح الأتعاد هولؤج تْسط هساهٖ )كشاخ صجاج٘ح( ت٘ي أسطْاًر٘ي عوْدٗر٘ي هرحذذٖ الو

. ذحد ششّط حالح الإسرمشاس ذن حفع سطح الأسطْاًح  (mm 27)ّالمطش الخاسجٖ للأسطْاًح الذاخل٘ح   (82mm)الخاسج٘ح

الذاخل٘ح تذسجح حشاسٗح ثاترح ّعال٘ح ترسل٘ط ف٘ط حشاسٕ هٌرظن ّذن حفع سطح الأسطْاًح الخاسج٘ح تذسجح حشاسج الجْ.شولد 

 Re (300, 700, 1000, 1500, and 2000)ّعذد سٌْٗلذ  (and 3.26 W 4.04 ,4.884 ,6.3)المذسج الوذخلح  الذساسح ل٘ن 

تاسرخذام طشٗمح الفشّق العذدٗح. ّذن  لرٌف٘ز الحل العذدٕ  mat lab. ذن تٌاء تشًاهج تلغح N(2, 4, 6 and 8ّل٘ن ًسة الرشاب 
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اخ الوجال الحشاسٕ ّهجال السشعح لرْظ٘ح خْاص الجشٗاى ّاًرمال ذوث٘ل عذد ًسلد الوْلعٖ ّعذد ًسلد الورْسط ّهخطط

أظِشخ الٌرائج فٖ حالح جشٗاى الِْاء الٌمٖ أى دسجح الحشاسج ذضداد ذذسٗج٘ا علٔ طْل الأسطْاًح تاذجاٍ الجشٗاى  الطالح الحشاسٗح.

الورشب تٌ٘د أى دسجح الحشاسج ذضداد ذذسٗج٘ا فٖ  ّذمل تضٗادج عذد سٌْٗلذ تٌ٘وا ذضداد تضٗادج المذسج الوذخلح. ًرائج جشٗاى الِْاء

 لم٘وح   % 30الإذجاٍ الوحْسٕ ّذضداد تضٗادج عذد سٌْٗلذ ّ المذسج الوذخلح ّأى ألصٔ اًخفاض تاًرمال الطالح الحشاسٗح ٗسإّ

N=8ّ .Re=2000 ول٘ح ّالٌظشٗح ًرائج عذد ًسلد الع. لْسًد الٌرائج العول٘ح ّالٌظشتح للثحث الحالٖ ّأظِشخ ذْافك ج٘ذ

 .%12أظِشخ السلْن راذَ تٌسثح إًحشاف 

 

 .الطثالٖ, حول لسشٕ, ُْاء هرشب, ثٌائٖ الاتعاد, هحرْٓ حلمٖ عوْدٕ, كشاخ صجاج٘حكلمات رئيسية : 

 

INTRONDUCTION 

Fluid flow in a porous medium is a common phenomenon in nature, and in many fields of science 

and engineering. Important every day flow phenomena include transport of water in living plants 

and trees, and fertilizers or wastes in soil. Moreover, there is a wide variety of technical processes 

that involve fluid dynamics in various branches of process industry. The importance of  improving 

our understanding of such processes arises from the high amount of energy consumed by them. In 

oil recovery, for example, a typical problem is the amount of unrecovered oil left in oil reservoirs by 

traditional recovery techniques ,Aaltosalmi, 2005. Flow through Convective heat transfer in porous 

medium has been intensively studied over the past two decades. This is because of its wide 

applications in geothermal energy engineering, ground-water pollution transport, nuclear waste 

disposal, chemical reactors engineering, insulation of buildings and pipes, storage of grain coal, 

Kaurangini and Basant, 2009.A lot of experimental and numerical study had been carried out in 

pure air and dusty air  to investigate the heat transfer by forced  convection by , Cheng et al, 1988. 

Analyzed the problem of a thermally developing forced convective flow in a packed channel heated 

asymmetrically. The flow in the packed channel was assumed to be hydrodynamically fully 

developed and was governed by the Brinkman-Darcy-Ergun equation with variable porosity taken 

into consideration. A closed - form solution based on the method of matched asymptotic expansions 

was obtained for the axial velocity distribution, and the wall effect on pressure drop was illustrated. 

Al Zahrani and SuhilKiwan, 2008. investigated numerically the steady-state, laminar, 

axisymmetric, mixed convection heat transfer in the annulus between two concentric vertical 

cylinders using porous inserts. The inner cylinder was subjected to constant heat flux and the outer 

cylinder was insulated. A finite volume code was used to numerically solve the sets of governing 

equations. The Darcy–Brinkman–Forschheimer's model along with Boussinesq's approximation was 

used to solve the flow in the porous region. The Navier–Stokes equation was used to describe the 

flow in the clear flow region. The dependence of the average Nusselt number on several flow and 

geometric parameters was investigated. These include: convective parameter, λ, Darcy number, Da, 

thermal conductivity ratio, Kr, and porous-insert thickness to gap ratio (H/D). It was found that, in 

general, the heat transfer enhances by the presence of porous layers of high thermal conductivity 

ratios. It was also found that there is a critical thermal conductivity ratio on which if the values of 

Kr are higher than the critical value the average Nusselt number starts to decrease. Also, it found 

that at low thermal conductivity ratio (Kr ≈ 1) and for all values of λ the porous material acts as 

thermal insulation.                                                                                                                                   

Kumar et al., 2011. studied the effect of Dusty fluid on MHD free convection flow past a vertical 

porous plate with heat and mass transfer taking Viscous and Darcy resistance terms into account 

and the constant permeability of the medium numerically and neglecting induced magnetic field in 
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comparison to applied magnetic field. The velocity, temperature, concentration and skin friction 

distributions are derived. It is observed that velocity of dusty fluid and dust particles increases with 

the increase in Gr (Grashof number), K (Permeability parameter), B (Dusty fluid parameter) and B1 

(Dust particles parameter), but it decreases with the increase in M (Magnetic parameter).  

In the present work an experimental and numerical investigation had been done to study the 2–

dimensional laminar convection heat transfer in an annulus of two concentric vertical cylinders with 

clean or dusty air as working fluid. The annulus contains porous media (glass beads) and the inner 

cylinder heated to a constant wall temperature using constant heat flux. The outer cylinder kept at 

atmospheric temperature. In the numerical method the finite difference approximation is applied 

and a MATLAB program is built to solve these equations.                                                                                                      

 

EXPERIMENTAL STUDY 

The test section in the present work is indicated diagrammatically in Fig.1. A centrifugal blower 

(AUGUSTO CATTANI) of (2.5 cm) diameter was used to supply the air to the system. The dust 

concentrations were determined during tests by using electronic balance with an accuracy of 0.001 

g. Dust concentration was calculated by measuring the difference in glass wool weight before and 

after test.    
The dust was stored in a storage tank with a capacity accommodate a large amount of dust. The 

storage tank has three holes, One of these holes is used for air to inter the tank and then to balance 

the pressure between the test pipe and the dust storage tank which is called equilibrium pipe, the 

second hole used to feed the test system with fine dust, while the last one was closed tightly and 

used to refill the storage tank with dust. The storage tank is connected with a dust control valve to 

control the concentration of dust before entering the test system. The glass wool filter is a 

cylindrical vessel shaped of 2 cm thick and 12 cm inside diameter and 15 cm height. Glass wool 

filter was used to retention dust and to determine the concentration of dust. A flow meter was used 

in the range of (0 – 10 m
3
/hr.) and linked with a plastic tube with a diameter of (1.9812cm). Dusty 

air valve opened after measuring the dust concentration and the dusty air allowed passing to test 

section. 

The test section consists of a Aluminum outer cylinders of (82 mm) outside diameters, (4 mm) thick 

and (260mm) long to which Aluminum inner cylinders of (27mm) outside diameter, (260 mm) long 

and (5 mm) thick; yield into radius ratios of 0.365 mm  Aluminum was chosen because of its high 

thermal conductivity, available, cheap and for its easy machinability. The holder and the test rig are 

connected together and balanced to be vertical so that the inclination angle indicates to read zero. 

The inner cylinder was heated by passing an alternating current through a (0.25 mm) in diameter, 

(5m) long, 97 – ohm Nichrome wire coiled as spiral inside glass tube where glass tube was of 

(8mm) in diameter and (250 mm) long. The heater (i.e. the glass tube and the Nichrome wire) was 

mounted concentrically by two Teflon pieces. Teflon piece drilled to pass the working fluid and 

thermocouples wires, The inner cylinder was heated by passing an alternating current to a heater 

inside the inner cylinder and the outer cylinder was subjected to the surrounding temperature. The 

inner cylinder surface temperatures were measured at six locations using thermocouples type (K). 

The investigation covered values of input power of (6.3, 4.884, 4.04 and 3.26 W), Reynolds number 

values of (300, 700, 1000, 1500, and 2000) and dust ratio values (density number N) of (2 to 8).    
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MATHEMATICAL MODEL 

The geometry and coordinate system of the problem considered are shown in Fig. 2. Convective 

heat transfer through a saturated porous media with dusty air flow is considered. The research is 

based on a series of concepts; such concepts include porosity, permeability of the porous medium, 

speed of dusty air through porous media, and the quantity of dust particles (called density number) 

in the fluid flowing through the medium. In order to model the incompressible flow in the porous 

medium of the steady-state equations. The governing equations are given as follow:  

 

Mass conservation 

The properties of both the fluid and saturated solid matrix are taken as constant, except the fluid 

density which defined the buoyancy in the momentum equation. Then the mass conservation can be 

written as Shyamanta, 1998.                                                                                                                                                

 

                                                                                                                           (1) 

              

Momentum Equation 

The equations of motion of a steady viscous incompressible fluid with uniform distribution of dust 

particles in a porous medium are given by, Shyamanta, 1998 and AL-Sumaily et al., 2011.         
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In z direction 
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 Energy Equation: 

The most important law applied here is the first law of thermodynamic, and according to the 

assumptions the energy equation is , AL-Sumaily et al., 2011.        :                                                  

 

 (4) 

 

Where 

Cp is specific heat of fluid at constant Pressure ( ). 
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Dimensionless Governing Equations 

The advantage of non dimentionalization is that the minimum number of characteristic parameters 

results. Also the problem variables may be at the same time normalized. All spatial dimensions are 

nondimensionalized with respect to the gap D as follow ,Shyamanta, 1998:      

                                 

                 ,                   

  ,        , ,  

Where: 

C = dust particle concentration. 

=  relaxation time parameter of dust particle, Shyamanta, 1998. 

Taking curl of momentum equations to eliminate pressure terms, the momentum and the energy 

equation will be:                                                                                                                                      
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Dimensionless Hydraulic Boundary Conditions for stream lines 
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Dimensionless Thermal Boundary Conditions 

 

At   R=                           1, ki
 

At   R=                 

At   Z=0                        

At   Z=L                       

 

 

Calculation of Average Nusselt Number 
The average Nusselt number on the walls cylinder can be calculated from the equation below: 

 

 

                                                                                               (10) 

 

Computational Technique 

Eqs.(5, 6 and 9) were transformed into the finite difference equations, where the upwind differential 

method in the left hand side of the energy Eq. (6) and the centered – space differential method for 

the other terms were used, and solved by using (SOR) method ,Wang and Zhang 1990. A 

computer program was built using MATLAB to meet the requirements of the problem. The value of 

the stream line will be calculated at each node, in which the value of stream line is unknown, the 

other node will appear in the right hand side of each equation. As an initial value of iteration, zero is 

chosen for the stream line field, while a conduction solution is adopted for temperature field. The 

index (n) was used to represent the nth approximation of temperature denoted by Ѳ
n
 and substituted 

into the approximated equations, which were solved to obtain the nth –approximation of vorticity   

then substituted Eq.(5) to obtain stream line Ψ, then Ψ was substituted into Eq. (6) to obtain Ѳ
n+1 

. A 

similar procedure is repeated until the prescribed convergence criterion given by inequality:              

 

 
 

The number of grid points used was 41 grid points in the R– direction and 301 in the Z – direction 

which seems reasonable and will be used in the present study. Fig.3 illustrates the numerical grid in 

two planes. 

 

Calculation of Local Nusselt Number 

The local Nusselt number (Nul) on the walls can be found from the equation below: 
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                                                                                                                    (11) 

    

The value of (h) can be found by making heat balance in the wall ,Singh, 2003 as follow 

.. convcond qq 
(12)                             

 

 

                    (12) 

 

Then: 

From Nusselt number definition and dimensionless  magnitudes: 
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The local Nusselt number Nu on the inner walls was expanded in form of finite difference 

approximation using backward difference scheme, Anderson et al., 1984.  
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RESULTS AND DISCUSSION 

Fig.4 shows the temperature distribution for the case of clean air (N=0) through porous media for 

different values of Re. This figure illustrates that the temperature decreases with the Increase of 

(Re) and this is because increasing (Re) yields faster flow through the porous media over the heated 

wall .When the case of dusty air flow (for different values of dust ratio (N)) through porous media 

in the annulus and it is clear increase the temperature and increasing the dust ratio (N) leads to an 

additional increase in temperature. The porous medium affecting flow and heat transfer 

characteristics and it represents an additional resistance to the flow when compared with clear fluid 

flows.                                                                                                                                                       

Fig.5 shows the Z – component of the streamlines, in the (R-Z) plane for the cases of clean air and 

dusty air respectively. it is clear that intensity of streamlines increases in upper and lower surfaces 

of the annulus due to increase in Reynolds number (Re) and the intensity of streamlines decrease 

when the concentration of dusty air increase. Contours of velocity field in the (R-Z) plane are 

illustrated in Fig.6 along the length of the annulus in (Z) direction. Flow illustrates symmetry in 

both sides of annulus and it is clear that its value in the bottom of the annulus is positive and in the 

upper is negative.                                                                                                                                                  

Fig.7 illustrates the case of dusty air flow through porous media in the annulus and it is clear that 

increasing the Reynolds number for constant dust ratio leads to increase the temperature and 

increasing the dust ratio (N) leads to an additional increase in temperature.                                          
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Fig.8, shows that the average Nusselt number for clean air increase with the increase of Reynolds 

number Re at constant heat flux. The average Nusselt number for dusty air decrease with Re and 

increasing the dust ratio cause an addition decrease in Nu as discussed previously.                              

The local Nusselt number depends on the temperature distribution along the cylinder length. Fig.9 

show that the local Nusselt number decreases gradually with the axial distance of the heated wall to 

about halve the length then became constant. The local Nu begin with high value at the inlet of 

entry length region due to the high difference between the air and the heated wall temperature, then 

progressively the difference between air and heated wall decreases. In experimental results Fig.10 

illustrates for the dusty air flow in annulus that the Nusselt number decreases with the increase of 

Reynolds number at constant heat flux and dust ratio. as well as the Nusselt number decreases with 

the increase of dust ratio at the same value of Reynolds number for constant heat flux.and  it is clear 

that the Nusselt number increase with the increase of Reynolds number at constant dust number for 

different heat flux values and it is clear that as the heat flux increase the Nusselt number increase. 

In Fig.11 a comparison between the experimental and numerical results of the present work had 

been done for the variation of the Nusselt number with Reynolds number for clean air and dusty air 

with different dust ratios. The results of comparison show that the present experimental results 

follow the same behavior as the numerical results, with a deviation of (12%).                                      

 

 

CONCLUSIONS 
1. When clean air flow the wall temperature in the radial direction decreases as Reynolds number increases 

and the heat transfer decreases. For dusty air the wall temperature in the radial direction increase as 

Reynolds number increases and an addition increase was observed when dust number N increase. 

2. The maximum percent reduction in heat transfer is 14.1 for N=8 at Re=2000. 

3. The local Nusselt number decrease gradually along the length of the cylinder.  

4.  The average Nusselt number increases as the Reynolds number increases for clean air flow at constant 

heat flux. 

5. The average Nusselt number decrease as the Reynolds number increases for dusty air flow at constant 

heat flux. 

6. Comparison shows good agreement between the present and previous works.  
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        NOMENCLATURE 

Letter Description Units 

Cp Specific heat at constant pressure  J  g  K 

do Outer diameter of the inner cylinder M 

dg Diameter of glass bead mm 

Da Darcy number Da=K/Dh
2 

- 

Di Inner diameter of the outer cylinder m 

Dh Annulus diameter (Di_ do) m 

hi The convection heat transfer coefficient on the 

inner cylinder (hot surface) 

W/m
2
K 

Keff. Effective thermal conductivity of the porous media W/m K 

kf Thermal conductivity of the fluid W/m K 

http://www.elsevier.com/
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ks Thermal conductivity of the solid W/m K 

K Permeability m
2 

l Cylinder length m 

L Dimensionless cylinder length - 

N Dust ratio g/min 

 Dimensionless dust ratio - 

Nu1 Local Nusselt number on the inner cylinder 

1

1 













R
Nu


 

- 

 

 

p Pressure N/m
2 

P Dimensionless pressure - 

Q Input power W
 

Q Convective heat transfer rate W 

Qcond. Heat loss by conduction W 

r Radial coordinate m 

rin Radius of the inner cylinder m 

rout Radius of the outer cylinder m 

R Dimensionless radial coordinate m 

Re Reynolds number 
 

Rr Radius ratio Rr=rin/rout - 

Pr Prandtl number(Pr=ν α) ــــــ 

T Temperature K 

T∞ Ambiant temperature K 

T1 Temperature of the inner cylinder surface K 

T2 Temperature of the outer cylinder surface K 

Tave Average temperature((T1+ T2)/2) K 

u Radial velocity component m/s 
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      Greek Letters 

Letter Description Units 

 Thermal diffusivity m
2
/s 

eff. Effective thermal conductivity of the porous 

media 

m
2
/s 

 Volumetric thermal expansion coefficient 1/K 

ε Porosity - 

θ Dimensionless temperature - 

 Dimensionless kinematic viscosity - 

 Dimensionless thermal conductivity - 

μf Dynamic viscosity of fluid N.s/m
2 

ρf density of fluid kg/m
3

 

t Time s 

υf Kinematic viscosity of the fluid m
2
/s 

ψ Streamline - 

ω Dimensionless vorticity - 

ΔR, ΔZ Distance between the grid points - 

v Axial velocity component m/s 

 Velocity of air in Axial direction m/s 

U Dimensionless velocity component             in R - 

direction 

- 

V Dimensionless velocity component             in Z - 

direction 

- 

w Gap width (rout – rin) m 

x, y, z Cartesian coordinate system m 

Z Dimensionless axial coordinate - 
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Figure 1. Schematic diagram of experimental apparatus. 

 

 

 
      Figure 3 . A Plot of two dimensional  discretized  

    domains. 

 

 

Figure 2 . Geometry and coordinates system.                              
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Re=1500, N=0                               Re=300, N=2                             Re=1000, N=4 

 

 

 

 
Re=1000, N=6                     Re=300, N=8                             Re=200, N=8 

 

Figure 4. Temperature distributions. 
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Re=1500, N=0                               Re=1000, N=2                                  Re=300, N=4 

 
 

Re=1500, N=6                                Re=1000, N=8                              Re=2000, N=8 

 

Figure 5. Contours of streamlines (ψ). 
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Re=200, N=0                                        Re=300, N=2                                 Re=1500, N=4 

 
 

Re=1000, N=6                                 Re=1500, N=8                               Re=2000, N=8 

 

 

Figure 6 .Velocity field (V) in axial direction. 
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Figure 7.Variation of ( ) with (N) and with (Re). 

 

 
 

Figure 8. Variation of ( ) with (N) and with (Re). 

 
      

  Local Nusselt number(N=0, Re=1000)         Local Nusselt number(N=0, Re=2000)    

  

Reynolds Number 
Dust ratio (N) 

Nu 

Reynolds Number 
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Local Nusselt number(N=4, Re=700)                      Local Nusselt number(N=8, Re=1000) 

 

Figure 9.Variation of local Nusselt number in (Z – Direction) along the hot cylinder. 

 

 

 

 

 

 

 

 

 

 

 

 

 

                          Q=6.3W                                          

                                     Q=4.884W                              

   
Q=6.3W                                                                                             clean air (N=0)           

Figure 10. Experimental variation of average Nusselt number with Reynolds number and Dust 

ratio. 

Nu 

Dust ratio (N) 
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Figure 11. Comparison of Experimental and Numerical Results. 
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