
JOURNAL OF ENGINEERING AND APPLIED SCIENCE, VOL. 47, NO.3, JUNE 2000, PP.539-553 

FACULTY OF ENGINEERING, CAIRO UNIVERSITY 


NATURAL CONVECTION IN ANNULUS FILLED WITH EITHER 

SATURATED POROUS MEDIA OR HORIZONTALLY DIVIDED INTO 


FLUID AND POROUS REGIONS 


K. M. EL-SHAZL Y 1 

ABSTRACT 

Experimental results on, free convection in a vertical annulus filled with a , 
saturated porous medium, composed of horizontal sub layers with different 
permeabilities and horizontally divided into fluid and porous regions are reported for 
height to gap ratio of 1 and radius ratio of4.16. The experiments have been conducted 
for a vertical annulus whose inner cylinder was maintained at a constant surface heat 
flux, while the outer cylinder was maintained at constant temperature. The top and 
bottom walls are kept thermally insulated. The objective of the present work is to 
study the effects of Rayleigh number(Ra), Darcy-Rayleigh number(Ra*), grain 
size(d), permeability ratios(KI1K.2) and the dimensionless thickness of horizontal 
porous medium(Z) on the natural convection and to obtain imperical correlations 
between average Nusselt number (Nui) and independent variables (Ra*, KIIK.2, Ra, Z). 
Water and sand grains of 1.6mm, 4.2mm and 12mm average diameters were used as 
the porous medium. The Darcy-Rayleigh number ranged from 4 to 8864 and the 
Rayleigh number ranged from 5x107 to 5x108 

• The permeability ratio ranged from 
0.067 to 26.4 and the dimensionless thickness ofhorizontal porous medium ranged 
from 0 to 1. Results for heat transfer rates in terms of the average Nusselt number, NUb 

were obtained. Good agreement between the present and previously published work 
was found. 
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1 INTRODUCTION 

Natural convection induced by buoyancy effects in an enclosed space filled 

either with a fluid or a fluid-saturated porous medium has attracted considerable 
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attention over the past decade[I-5]. The interest in this fundamental topic has been 

fuelled by applications to many real-life situations ranging from thermal insulation 

engineering to geothermal engineering. 

Paras ad and Kulaki [6] studied numerically and experimentally, free-convection 

heat transfer in a vertical shallow annulus, filled with a saturated porous medium. The 

inner wall was heated at constant temperature and the outer wall was isothermally 

cooled, the top and the bottom being insulated. Heat transfer results have been 

obtained numerically for 0.3::;; aspect ration 0.9, 1 <radius ratio( R)::;; Hand Darcy

Rayleigh number, Ra* up to 104 
• To verify the numerical results, they conducted 

experiments for the porous media produced by water saturated glass beads of 3.0mm 
< and 6.0mm diameters for R=5.338, A=l, 49<Ra*<3583. The results obtained showed 

. that the higher the radius· ratio , the lower is the aspect ratio required to introduce 

multicellular flow structure. They also concluded in other study [7] that the slope of 

In(Nu) versus In(R) is not constant and is observed to decrease with an increase in R. 

The maximum value of this slope exists at R=1. The effect ofPrandtl number is very 

weak for Pr>4. The turbulence is initiated when the local Grashof number at the inner 

wall is approximately 4xl09 
• They correlated average Nusselt number with Darcy

Rayleigh number and Prandtl number at different aspect ratios. 

Havstad & Burns[8] investigated theoretically convective heat transfer in the 

concentric vertical annulus filled with a porous medium. They used three different 

methods to investigate the problem: finite difference numerical method, perturbation 

technique and an approximate analysis. Their work led to the following conclusions: 

The Nusselt number in a vertical concentric cylindrical annuli containing porous 

insulation depends on radius ratio, aspect ratio, Darcy- Rayleigh number and Biot 

number. The dependence' of the Nusselt number on the Darcy-Rayleigh number is 

nearly quadratic for Ra* ::;; 50. 

Atwan et a1.[9&1O] studied natural-convective heat transfer in vertical annular 

porous layer experimentally and numerically respectively. Experiments were carried 

out for the aspect ratios 1,3 and 5. Water and sand grains of 2.7mm,5.6mm and 



8.1 mm average diameters were used as the porous media. The Darcy-Rayleigh 

number range from 22 to 6387 is covered experimentally. The inner cylinder is heated 

at constant temperature, while the outer cylinder is isothermally cooled. Correlations 

for heat transfer rates in terms of the average Nusselt number were obtained. On the 

basis of the good agreement between experimental and numerical results, it seems 

possible to determine heat transfer parameters for natural convection using either 

methods. However, numerical analysis gives more informations, including the velocity 

field, which is difficult to obtain experimentally. 

Recently, various studies on natural convection in either multiple fluid layers or 

porous layers have been developed to determine the effect of inhomogeneity on the 

heat transfer[ll-12]. However, the investigation of natural convection in a system 

. consisting of both a fluid layer and a fluid-saturated, porous layer, is quite limited. 

Tong and Subramanian [l3] analyzed natural convection in rectangular enclosures that 

are vertically divided into a region filled with a fluid and a region filled with a fluid

saturated, porous medium. The two regions are separated by an impermeable wall 

having negligible thermal· resistance and both side walls ofthe enclosure are heated 

and cooled respectively. They reported that even with the enclosure partially filled 

with a porous medium, the heat transfer rate is identical to that of a fully porous 

enclosure when the porous portion of the enclosure is more than about 50%. 

In the present study, natural convection in a vertical annulus filled with a 

saturated porous' medium, composed of horizontal sublayers with different 

permeabilities and horizontally divided into fluid and porous regions are 

experimentally investigated for a height to gap ratio of 1 and radius ratio of4.16. The 

heat transfer behaviour ofporous media once Darcy's law has become inapplicable is 

investigated. A horizontalJayer consisting of two individually homogeneous sublayers 

for studying the effect of permeability ratio on the average Nusselt number of inner 

cylinder is considered. Effect of porous media layer in a vertical annulus horizontally 

divided into fluid and porous regions on the average Nusselt number is studied. To 

achieve the above objectives, the experiments have been conducted for a vertical 



annulus whose inner cylinder was maintained at a constant surface heat flux, while the 

outer cylinder was maintained at constant temperature. The top and bottom walls are 

kept thermally insulated. 

2EXPE~ENTALAPPARATUSANDPROCEDURE 

2.1 Experimental Apparatus 

A schematic of the experimental apparatus used for the present experiments is 

given in Fig.I. The test section is composed of two concentric cylinders forming an 

annular gap, two end plates, test material and the heating element. The inner cylinder 

is a brass tube of 60mm outer diameter,5mm thick . To monitor the temperature at 

various locations on the inner-cylinder surface, calibrated thermocouples made out of 

·O.3mm teflon insulated . Copper-Constantan wires are cemented on the cylinder 

surface. The outer cylinder is a copper cylinder of250mm inner diameter, 4mm thick. 

A cooling coil made out of a copper tube wound around the cylinder is soldered to the 

outer surface to maintain a constant temperature on the surface of the cylinder. 
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Fig.1: Schematic of experimental apparatus 



To determine the inner surface temperature of the outer cylinder, calibrated 

thermocouples of the same type used on inner cylinder are fixed. Three different 

grades of sand grains with different permeabilities are employed as the porous media. 

The sand sieving analyses were carried-out at soil test laboratory of Faculty of 

Engineering, at Shoubra, Zagazig University. The DIN sieves standards were used. 

Water is used as a saturating fluid. 

The base of the test section is a circular wooden plate of diameter 350mm and 

37mm thick covered with a O.5mm thick of copper sheet to provide an impermeable 

surface. Six copper-constantan thermocouples are attached to the base plate, three on 

the top surface and three on the bottom surface at radially equidistant locations for 

measuring the heat loss through the base plate. The top plate is 26mm thick and is 

. made of phenolite laminated plastic sheet which has a low thermal conductivity(O.29 

W/m °C.). Six copper-constantan thermocouples are attached to the top cover, three on 

each surface at radially equidistant locations for measuring the heat loss through the 

top plate. 

The heaters are made of Nickel-Chromium wire ofO.5mm diameter and 6.5 

ohms per meter electric resistance covered with an electric insulation which 

whithstands high temperatures. The wire is wrapped on a ceramic tube of42mm outer 

diameter. Three segments are used, one at the middle as a main heater and two as 

guard heaters against the top and bottom losses. All the heaters are wrapped as close to 

each other as possible and their leads are taken upward to the voltage regulator. 

Each circuit for each heater was provided with a standared voltmeter of output 

voltage varying from 0-250V to control the power input to the heater. The heating 

power input to each heater is estimated by measuring the voltage drop across the 

heater using a digital multimeter (one decimal point) and the known resistance of each 

heater which is measured by the same multimeter. The temperatures of inner cylinder, 

outer cylinder, top plate and bottom base were measured. The thermocouples readings 

are directly taken in degrees Celsius by using a digital thermometer, which is able to 

read temperature to one tenth of a degree. A vernier caliper, a vernier depth gauge, 
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graduated test tube, shaker and sieves and digital balance are used as the accessories 

for the present experimental investigation. 

2.2 Experimental Procedure 

The annular gap was filled with only one size of clean sand grains (case 1) or 

two sizes each one occupying half of the gap (different permeability ratio) (case2)or a 

certain height of a porous medium (case3) and water. The particles are stirred so that 

they settle down in a random manner. The liquid was added in excess and the top plate 

was placed and pushed to the position where it rested on the particles in case 1 and 

case2 while in case3, it was placed at the position where the height of the gap equals 

the annular space i.e A =1.·In the three cases the extra liquid must flow out through. the 

holes drilled in the top plate. The convection cell is shaken gently to level the bed and 

release any trapped air. The height of the working medium is always kept equal to the 

main heater width. Power was supplied to the main heater and to two guard heaters, 

one at the bottom which worked as a guard against the bottom end losses, whereas the 

other heater was used as a compensator for the top end losses. The cooling water pump 

was switched on to circulate the cooling water. 

The temperature of the cooling water was recorded every 15 minutes to adjust 

the amount of fresh water to the water tank if the water temperature was raised, to 

keep constant· coolant temperature for the uniformity in the temperatures on the outer 

cylinder with a reasonable accuracy. 

The steady state was obtained before recording the temperatures and power for 

any run. In general, 5 to 8 hours were required to get one set of readings. The 

maximum variation of the temperatures on the cooled wall was 6%. 

By using a measured amount (weight) of grains to fill the annulus, the porosity 

8 of the medium was obtained by calculating the volume ofthe grains and its total 

volume. The permeability of medium was then calculated by using the Kozeny

Carman equation[14] 
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K= ----------- (1)
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where d is the average diameter of the grains. For the grains of 1.6mm, 4.2 and 12mm 

average diameter, the porosities were obtained as 0.27, 0.33 and 0.435 respectively. 

The thennal conductivity of the medium was calculated by using a correlation 

presented by Yagi, Kunii and Wakao[ 15] for a stagnant porous medium saturated 

with liquid. The comparison between the measured thennal conductivity and the 

estimated values (using the correlation), presented by Katto and Massuoka[16] shows 

that the correlation predicts reasonable values for km which is given by: 

km = e kf + (1- e )ks (2) 

The Rayleigh number was calculated from the definition 

.Ra= gfJD
3
11T (3) 

va 

The Darcy-Rayleigh number was calculated from the definition 


Ra*= gfJKDI1T 
 (4) 
va 

It may be noted that the properties of the saturating fluid were detennined at the 

mean temperature of the medium. 

The average Nusselt number on the inner vertical wall is calculated from the 

definition: 

h.DNu·= _,  (5)
I k 

m 

Based on the present error analysis, the maximum relative error in calculating 

the average Nusselt number is 4.5%. 

3. RESULTS AND DISCUSSION 

In a sense, the problem of representing the Nusselt number-Darcy-Rayleigh 

numbers relation universally has been anticipated by behaviour of temperature 

distributions with different fluid-solid media, or equivalently, different values ofktlks . 



In order to check the design and operation of the present experimental setup, a series 

of measurements on a simple water layer was performed. Figure 2 shows the inner 

cylinder average Nusselt number against Rayleigh number (Ra) for the present results 

and those of Paras ad and Kulaki[7]. Good agreement between the present 

measurements and those ofthese investigators was observed. 
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Fig.2: Performance test for the experimental apparatus 

Figure 3 shows the effect of Darcy-Rayleigh number on the average Nusselt 

number of different grains of average diameters 1.6mm, 4.2mm and 12mm. The 

average Nusselt number (Nui) increases with increasing Darcy-Rayleigh number at 

each size of sand grain. The interesting aspect ofthe results is the change in the slope 

of the curve which may'be drawn through the points for any particular medium. It is 

observed that the rate of increase in Nusselt number decreases with an increase in 

Darcy-Rayleigh number: that is the slope of such a curve decreases as Ra* increases. 

If we draw the trend for each size, one can say that in overlapping range ofDarcy

Rayleigh number for 1.6mm and 4.2mm sand grains, it is observed th~t the Nusselt 

http:Pres.(A=1.R=4.16


numbers for 4.2mm grams are mostly lower than that for 1.6mm grains. A similar 

behavior is exhibited by Parasad and Kulaki [7], Buretta and Berman's[17] and 

Parasad et al.[18]. This is due to the effect ofviscous force, i.e. the flow of the fluid 

inside the porous medium follows non-Darcy extensions [19]. Comparison between 

the present and previously published results is made as shown in Fig.3. The numerical 

correlation of Havstad and Burns [8] was obtained using approximate analysis and the 

numerical correlation of parasad and Kulaki [7] was obtained using successive 

substitution formulae besides employing the upwind technique while parasad et.al.[18] 

presented experimental points for grain size equals to 10 mm. 
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Fig.3: Effect ofDarcy-Rayleigh number on the average 


Nusselt number at different sand grains. 


Figure 4 shows the effect of Darcy-Rayleigh number on the average Nusselt 

number at. different permeability ratios. This figure indicates that average Nusselt 

number iI!creases rather sharply as K/ K2 increases i.e. as the channel provided by the 

upper sub layer becomes more permeable specially with increasing Ra2* (Darcy

Rayleigh number based on the lower layer). This is due to that the degree of 

penetration of fluid into upper sublayer increases with increasing its permeability. 



Increasing the permeability ratio KIf K2 has the effect of increasing both the average 

Nusselt number (NUj) and the slope of the curves shown in Fig.4. This means that the 

total heat trasfer rate through horizontally layered systems depends strongly on the 

relative permeability of the sublayers. 
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Fig.4: Effect ofDarcy-Rayleigh number on the average 
Nusselt number at different permeability ratio. 

In figure 5, the present heat-transfer results are presented in terms of fluid 

Rayleigh and Nusselt numbers. This figure shows the effect ofRayleigh number on 

the average Nusselt number at different heights of the porous medium. An increase of 

Rayleigh number leads to increase of the average Nusselt number. If the height of the 

porous layer decreases i.e. the fluid layer increases, average Nusselt number increases 

at a certain Rayleigh number. As can be seen, the results for annulus filled with porous 

medium at Z=l are lower than those for annulus filled with pure water at Z=O.O, but 

the difference decreases as the Rayleigh number increases. This is due to that the 



intensity ofnatural convection is always much stronger in the fluid regions than in 

the porous medium. 
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Fig.5: Effect ofRayleigh number on the average Nusselt 
number at different heights ofthe porous medium. 

Based upon the experimental heat transfer results in case ofannulus filled with 

horizontal sublayers with different penneabilities, the following correlation is 

presented as: 

NUj=1.505 (Ra*) 0.3447 (K.l I K2) 0.1025 (6) 

35sRa*s429, O.067s(Kl IK2) s26.4 

The maximum relative deviation between imperical correlation and 

experimental values is 20%, while it is 23% in the following correlation in case of 

annulus partially filled with both fluid and porous media layers, 

NUi=1.345(Ra) 0.1869 _44.53(Z)0.7653 (7) 

5xl07sRas5xl08
, 0 sZ s 1 

The large deviation between the experimental and correlated values is mainly 

due to the change in the slope of the curves. 

1/ 
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4. CONCLUSIONS 

Experimental correlations between Nusselt number and Darcy-Rayleigh 

number, permeability ratios, Rayleigh number and porous media layers are presented. 

The present experimental results obtained for free convection in vertical square annuli 

filled with horizontal sub layers with different permeabilities indicate that the average 

Nusselt number increases with increasing Darcy-Rayleigh number and permeability 

ratios while in case of the annulus partially filled with both fluid and porous media 

layers, the average Nusselt number decreases with increasing porous layer and 

increases with increasing Rayleigh number. 

. As the grain size increases inside the annulus filled with a saturated porous 

medium, the average Nusselt number in the overlapping range decreases. This is due 

to the effect of viscous force, i.e. the flow of the fluid inside the porous medium 

follows non-Darcy extensions. 

The experimental data showed that the total heat transfer rate through the 

horizontally layered systems depends strongly on the relative permeability of the 

sublayers. 
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NOMENCLATURE 
cp specific heat 
D annular gap width, ro-rj 
d solid particles mean diameter 
g gravitational acceleration 
H height of the porous annulus 
h convective heat transfer coefficient 
K permeability ofthe porous medium 
k thermal conductivity 
T temperature 
z cylindrical coordinate for vertical direction 

DIMENSIONLESS GROUP 
A aspect ratio, HID 
Da Darcy number, K/D2 

NUj average Nusselt number based on the gap width, hD/km 
Ra fluid Raleigh number, (gp D3 il T)lva 
Ra* Darcy-Rayleigh number, (gp KDilT)lva 
R Radius ratio, rJri 
Z dimensionless vertical distance, zIH 

GREEK LETTER 
a thermal diffusivity ofporous medium, km 

P isobaric coefficient of thermal expansion 

ilT temperature difference 
v kinematic viscosity of fluid 
p density 

E porosity 

SUBSCRIPTS 
f saturating fluid 
m porous medium 
s solid 

upper layer 
2· lower layer 

I pCp 

J/kg °C 
m 
m 
mfs2 

m 
W/m2K 

2 m 
W/mK 
°CorK 
m 

m2/s 
K- t 

°C orK 
m2/s 
kg/m3 

1 


