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EFFECT OF POROSITY ON THE NATURAL CONVECTION
HEAT TRANSFER IN AN INCLINED ANNULAR
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ABSTRACT

Experimental study was carried out for the steady laminar natural convection of
air in an inclined annulus porous medium, with constant heat flux heated inner cylinder
and an isothermally cooled outer cylinder. The primary objective of the study is to show
the effect of porosity of the annulus on the local and maximum temperatures of the
heated inner cylinder and the local and mean Nusselt number. The geometrical
parameters of the annulus are: diameters of 21/45mm, gap width=12mm, length of 492
mm, and an aspect ratio (length/gap width) = 41. The operating paramcters are: heat flux
4<Q<324W, Rayleigh number 10<Ra<3550 and inclination angle 8=0,30,60 and 90°. The
spherical bead diameter are varied from d =3.111t03.97 to 6.35 mm with porosity of
0.42. 0.43 and 0.45 respectively .The results show great influence of the porosity on the
local and maximum surface temperatures as well as the local and mean Nusselt number.
The average Nusselt number is correlated with the inclination angle and the Rayleigh
and Darcy numbers.
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INTRODUCTION

Natural convection heat transfer in porous enclosures commonly occurs in nature,
and engineering and technological applications. This phenomenon plays an important
role in such diverse applications including thermal insulators, storage of solar energy in
underground containers, underground cable systems, heat exchangers, food industry,
biomedical applications and heat transfer from nuclear fuel rod bundle in nuclear
reactors and interior of its canister in either storage or disposal.

There are large number of publications in the literature dealing with natural
convection in horizontal and vertical porous annulus. A complete review for the
previous researches for the porosity and inclination angle effects on the heat transfer
characteristics in both the horizontal and vertical porous annulus is presented in the
work of El Kady et al. [I].

Natural convection in an inclined porous annulus were studied numerically by
Fukuda et al. [2], experimentally by Takata et al (3] and analytically with experimental
proof by Takata et a! [4]. They investigated the 3-D flow configuration with temperature
distribution and heat transfer analysis for porosity €=0.39, Da =2.51x10-6, A=7.2, R=2,
and 10<RaDa<300. The effect of the inclination angle on the natural convection of an
inclined annular porous medium was studied experimental by El Kady etal {1). The
apnulus was filled with spherical beads of d =6.35 mm with porosity of 0.45. The
operating parameters are: 45Q<324W, 10<Ra<550, Da= 4.583x10-4 and inclination
angle 0<9s90°.

Natural convective heat transfer in an inclined porous annulus has received very
little attention. In the availabie literature, only one experimental study has been carried
out by Takata et al [3] for limited parameters. The present study is a step to overcome
the lack of the available experimental data in this field. An experimental investigation
has been carried out for the free convection in an inclined porous annulus. Th main goal
is t0 show the effect of porosity on the heat transfer characteristics. Three diameters of
stainless steel beads were used with d = 3.11, 3.97 and 6.35 mm, porosity £ =0.42, 0.43
and 0.45, permeability K=1.2x10-8, 2.1x10-8, and 6.6x10-8, and Darcy number Da =
8.33x10°5, 1.456x10-5, and 4.583x104

EXPERIMENTAL APPARATUS

Schematic layout of the experimental test apparatus is shown inFig. 1. An
annular section (1) which is filled with stainless steel spherical beads (2) is portable by
means of a pivot (9). Three cases of different bead diameter d =3.11, 3.97 and 6.35 mm
are studied. The change of inclination angle is achieved by a protractor (10). The inner
cylinder (3) is made from copper with length of 540mm and diameters of 13/21 mm,
and is heated by an electric heater (4). The outer cylinder (5) which is made of copper
with length of 540 and diameters of 45/50 mm is kept approximately at constant
temperature by circulating cooling water through a PVC cylinder (6) with diameters
75/70 mm, City water is forced from the bottom tap (7), and leaves at the upper tap (8).
The water temperatures at the inlet and the outlet of the shell were measured by means
of two copper-constantan thermocouples (11). The electric heater (4) has a diameter of
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position of thermocouples
in the angular direction

Fig. 1 Schematic layout of the experimental test apparatus
(1) annular section, (2} stainless steel spherical beads, (3) inner cylinder, (4) electric
heater. (5) outer cylinder, (6} PVC cylinder, (7) bottom tap, (8) upper tap, (9)
pivot, (10) protractor, (11) copper-constantan thermocouples, (12) voltage regulator,
(13) variable voltage auto-transforwer, (14) Watteter, (15) voitineter, (16}
ammeter, {17) thermal insulation, (18} teflon pins.
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0.5 mm and its effective length is 492 mm. The electric heater is covered by electric
insulation from porcelain which gives constant heat flux along its effective length. The
total electric resistance of the heater equals 100 ohm. The consumed power in the
heater is adjusted by a variable voitage auto-transformer (13), voltage regulator (12),
and measured by voltmeter (15), ammeter (16) and Wattmeter (14). In order to avoid
the heat loss in the longitudinal direction of the annulus, thermal insulation (17) is used
at the external two ends of the annulus. The inner cylinder is fixed concentrically inside
the outer one by means of teflon pins (18).
The temperatures of the inner and outer surfaces of the annulus were measured

by copper-constantan thermocouples (19) of 0.3 mm diameter.

The characteristic parameters in the present study are the local Nusselt number Nu,
the mean Nusselt number Nu, the Rayleigh number Ra and the Darcy number Da.
These parameters are calculated as follows:

Nu=q8/[ ke (ti- )], Nu=q38/kn{ t- to)]
Ra=gB83( ti- to) (p)/ Vkm ,and Da=K/82

where t; and t, are the mean temperatures of the inner and outer cylinders respectively,
8 is the characteristic length = (ry-r;), q is the heat flux per unit area, Q is the input
power, K is the permeability of the porous medium and equals to{d? ¢3/180(1- €)2}as
mentioned by El Kady [5], d is the bead diameter, £ is the porosity, and h is the overall
coefficient of heat transfer at the inner cylinder = g/( G o).

B, p, ¢, and v are the coefficient of thermal expansion, density, specific heat, and
the kinematic viscosity of the air at its mean temperature, respectively.

The effective thermal conductivity kg is determined by applying a low electric
power of about 1-4W to the electric heater, where the heat wansfer process is
contributed only by conduction

RESULTS AND DISCUSSION

The effect of porosity on the heat transfer characteristics for the inclined porous
annulus was examined. The boundary conditions are constant heat flux on the inner
cylinder wall and constant temperature at the outer one The annulus has a radius ratio
R=2.134 and an aspect ratio A=41. Input heat flux at the baner cylinder wall was
changed from 0.77 to 11.16 kW/m? with 10<Ra<550 The porous media is saturated
with air which has Pr=0.7. Different inclination angles 8 =0, 30, 60, and 90 were
considered. Three diameters of stainless steel beads were used with d =3.11, 3.97 and
6.35 mm, porosity & =0.42, 0.43 and 0.45, permeability K= 1.2x107% 2.1x10°%, and
6.6x10%, and Darcy number Da = 8.33x10°%, 1.456x10, and 4.583x10™.

Temperature distribution

The effect of porous medium existence is shown in Fig. 2 on the temperature
distribution of the inner cylinder wall along the longitudinal direction for porous and
non-porous vertical annulus and Q=49W. The existence of the porous media causes a
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greet reduction of the inner cylinder wall temperature. t; decreases from 145 to 46 by a

reduction of about 66% by using porous medium of € = 0.45 and Q=49W. The
existence of the porous media gives the chance to increase the heat power generated
from the inner cylinder without raising its temperatures. The temperature of the inner
cylinder by using a porous medium of & = 0.45 with Q=225W still lower than the
corresponding values by using non porous medium with Q=49W,

Figure 3 presents the temnperature distribution on the inner cylinder wall along
the longitudinal direction, while Fig. 4 shows the temperature distribution on the inner
wall along the angular direction at X/L.=0.5 for different inclination angles 8 = 0, 30, 60,
and 90°, an input power Q=324W and =0.42, 0.43, and 0.45. The inner cylinder wail
temperature t; decreases as the porosity increases. This is because, with the increase of

the porosity €, the resistance to the buoyancy force decreases, which enables the fluid to
move faster carrving more heat from the inner wall to the outer one leading to lower
inner wall temperature.

Figure 3 presents that for non-horizontal annulus, as the inclination angle
increases, a drop in the temperature along the inner wall with negative temperature
gradient in the midsection is observed and is followed by a positive temperature gradient
which can be explained by the existence of two cells of flow inside the annulus as
discussed by El Kady et al. [1].

Figure 4 shows that for non-vertical annulus and with the decrease of inclination
angle 8, t; in the upper half increases sharply and decreases again from ¢=120° to 180°
making a peak at $=150° indicating that the separation may occur near =150 as
discussed by El Kady et al. [1]. The rate of the increase of the peak temperature
increases with the increase of porosity. Finally at the horizontal position the maximum
peak temperature occurs by the case of higher porosity e = 0.45.

Figure 5 shows the variation of inner cylinder wall mean temperature versus
input power at the vertical position and different porosities. Two regions are recognized
and aligned by Q=230W. In the lower region which characterise with low heat energy
where Q<230W, with the increase of porosity t; increases. In the upper region which
characterise by higher heat energy where Q>230W, with the increase of porosity t;
decreases

The effect of the heat power Q on the maximum inner wall temperature tya is
presented in Fig. 6 for the three different porosities. At low input power Q < 280W, thax
is higher for higher porosity while tm,, is lower for higher porosities at high input power
Q>280W. _

The behavior of both t; and tma With the increase of porosity in Figs 5 and 6 is
mainly due to the effect of the convective part of heat transfer. For the low heat energy
region the air flow has relatively low velocity, this increases the conduction part of heat
transfer and decreases the convection part and the flow is conduction dominated heat
transfer. ~ With the increase of porosity the conduction heat transfer decreases,
therefore, t, and tma increases. With further increase of the heat energy Q the air flow
velocity increases, the convection part of heat transfer increases and the conduction part
decreases. In the convecction dominated heat transfer flow, the increase of porosity
increases the covection part of heat transfer, Therefore, t; and tna.. decreases
accordingly.
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Heat transfer

The effect of porosity on heat transfer coefficient, local and mean Nusselt
number, are presented to express the heat transfer process. The variation of heat transfer
coeficient with input power Q is performed in Fig. 7 at the vertical position for the three
used porosities € = 0.42, 0.43, and 0.45 and the non porous case where e=1. The heat
transfer coefficient h is higher for porous annulus than that for non-porous annulus by
pearly 15 times. At very low input power, Q=4 W, heat transfer process takes place by
conduction only. With the increase of porosity, the conduction heat transfer coefficient
decreases. With further increase of the input power, h increases due to the the increase
of the convective part of heat transfer. As Q increases from 80 to 324W, h increases
from 67 to 85 W/m’K for £=0.45, from 70 to 80 W/m’K for £=0.43 and from 72 to 79
W/m’K for £=0.42.

Figure 8 shows the effect of heat flux on the convective part of heat transfer
coefficient he for the vertical annulus at different porosities. h. increases as the input
heat flux increases. The rate of increase of hy is higher for higher porosity than the lower
porosity. As heat flux increases from 3 to 10 kW/mz, h increases from 8 W/m>K for all
cases to 14W/m?K for §=0.42, 18 W/m*K for £=0.43, and to 24 W/m*K for £=0.45. Due
to the increasing rate of h, for higher porosity than the lower porosity, two regions are
recognized in Fig. 7 and aligned by Q=230W. In the lower region which characterise
with low heat energy where Q<230W, h decreases with the increase of porosity while in
the upper region which characterise by higher heat energy where Q>230W, h increases
with the increase of porosity.

Local Nusselt number Nu distribution on the inner cylinder wall along the
longitudinal direction is presented in Fig 9 for Q=225W, the three porosities € = (.42,
0.43 and (.45 and at different inclination angles 6 = 0, 30, 60 and 90°. With the increase
of the porosity &, the resistance to the buoyancy force decreases, which enables the fluid
to move faster carrying more heat from the inner wall to the outer one and increases Nu.
For non-horizontal annulus, as the inclination angle increases, am increase in the local
Nusselt number along the inner wall with positive gradient in the midsection is observed
and is followed by a negative gradient which can be explained by the existence of two
cells of flow inside the annulus as discussed by El Kady et al. [1].

The distribution of Local Nusselt number distribution on the inner wall along
the angular direction is presented in Fig. 10. Nu is nearly constant for vertical annulus.
For the non-vertical annulus and with the decrease of inclination angie 8, Nu in the
upper half decreases sharply and increases again from ¢=120° to 180° making a bottom
value at $=150° indicating that the separation may occur near =150 as discussed by El
Kady et al. [1]. The rate of the decrease of the bottom value of Nuj increases with the
increase of porosity.

The effect of porosity on the heat transfer rates in nondimensional forms is
shown in Fig.11 which presents the relation between Nu and Ra for different inclination
angles & = 0, 30, 60 and 90°. Nu takes nearly constant value for Ra<40 that is the
conduction regime where Nug=(R-1)/InR [6]. For Ra>40, Nu increases as Ra increases
expressing the existence of convective heat transfer. Also, Nu increases with the
increase of the porcsity due to the increase of the convective heat. The average Nusselt

M.7
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number is correlated with the inclination angle 6, the Rayleigh number and Darcy
number as follows:

Nu = 1.497+3.18x10™ (0.695+sin6) Ra+5.35x10°° Da™’'* Ra’
for 8.33x10°5 <Da< 4.583x 104

CONCLUSIONS

Natural convective heat transfer had been experimentally investigated in an inclined
annular porous medium with A =41 and radius ratio R=2.143 filled with stainless beads
saturated with air of Pr =0.7. The inner cylinder was exposed to constant heat flux 4-
324W with 10<Ra<550 while the outer one was maintained at constant temperature,
The beads diameter ischanged from 3.11 to 3.99, to 6.35 with porosities of 0.42, 0.43,
and 0.45 respectively. The effect of porosity of the medium on the heat transfer
characteristics is studied and the following are concluded:

The existence of the porous media causes a great reduction of the inner cylinder
wall temperatures and gives the chance to increase the heat power generated from the
inner eylinder.

for non-horizontal annulus, as 6 increases, an existence of two cells of flow
inside the annulus occurs and for non-vertical annulus, the flow separation may oceur
near ¢=150, the maximum temperature and minimum Nu occur at ¢=130°.

The heat transfer coefficient h is higher for porous annulus than that for non-
porous annulus by nearly 15 times in the studied case. With the increase of porosity, the
conduction heat transfer coefficient decreases and the convection heat transfer
coefficient increases. With increase of the input power, h increases due to the increase
of the convective part of heat transfer.

By Q<230W, a conduction dominated heat transfer region exists and with the
increase of porosity t and tmax increase, h decreases and it is preferable to use lower
porosity medium.

By Q>230W, a convecction dominated heat transfer region, with the increase of
porosity t and tye, decrease and h increases and it is preferable to use higher porosity
mediurm..

Nu takes nearly constant value for Ra<40 that is the one of purely conduction.
For Ra>40, Nu increases as Ra increases expressing the existence of convective heat

transfer, therefore, Nu increases with the increase of the porosity. Nu is correlated with
inclination angle, Rayleigh number and porosity as fol[ows

Nu = 1.497+3.18x10™ (0.695+sin6) Ra+5.35x10” Da"!° Ra?
for  8.33x10-5 <Da< 4.583x10-4

NOMENCLATURES

A aspectratio=L1/38 q heat flux , W/m?
¢ specific heat of fluid , J’kgK Q input power, W
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d  diameter of bead balls , m rj,r, inner and outer cylinder radii
Da Darcy number, K/82 R radius ratio 1y/r;
g gravity acceleration, m/s’ Ra Rayleigh number
h heat transfer coefficient, W/m’K t, T temperature C, K
h, conduction part of heat transfer x longitudinal length, m
coefficient, W/m’K B thermal expansion coefficient, X'
kp offective thermal conductivity, W/mK v kinematic viscosity of fluid, m/s.
K permeability of porous medium p density of fluid, m*/kg.
2
pul
L effective length of test section, m g Porosity
Nu local Nusselt number 8 gap width = (rg-r; ), m.
Nu mean Nusselt number 8 Inclination angle.
Pr  Prandtl number b angular inclination angle
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