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NATURAL CONVECTION HEAT TRANSFER IN AN INCLINED
ANNULAR POROUS MEDIUM
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ABSTRACT

Experimental study was carried out for the steady laminar nareral convection
of air in an inclined annulus porous medium, with coustant heat flux heated inner
cylinder and an isothermaily cooled ouler eyliuder, The primary objective of the
study is to show the eflect of the inclination angle of the annulus on the Joacal and
maximum temperatures of the heated inmer cylinder and the local and mean Nusselt
number.  The geometrical parameters of the annulus are: diaineters of 21/45mm. gab
width=12mm. length of 492 um, and an aspect ratio (length/gab width) = 41, The
aumulns is filled with spherical beads of diameter d = 6.3 wnm with porosity of 0,45,
The operating parameters are: heat flux 4<Q<324W, Ravleigh number 10<Ra<550
and inclination angle 056<90°. The results show great influence of the inclination
angle on the local and maximum surface temgperatures as well as the local and mean
Nusselt number. . The average Nusselt number is corrclated witl both the inclination
angle 0 and the Rayleigh number .
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INTRODUCTION

Natural convection heat transfer n enclosures connnouly occurs in nature, amd
engineering and Llechnological applicatious. This Phenomenon plays an important
role in such diverse applications including thermal insulators, storage of solar energy
i underground coutainers, undergromnd cablc systems, heat exchangers. food
industry, biomedical applications and beat transter from nuclear fuel rod bundle in
uuclear rcactors and intedor of its canister in either storage or disposal.

There are large number of publications in the licerature dealing with natural
convection in horizontal aud vertical porous annulus. In horizontal porons ammulus,
Facas and Farouk [1] studied the problem nuimerically wilh aspect ratio of 2 and Ra
up to 1000, Vasseur et al [2] preseuted the same point with uniform inemal heat

generation for radius ratio ISR<4 and 0.<Ra<10%. Rao et al. [3] and (4] have
solved nunerically both 2-D and 3-D problems for R=2 and 65<"RaDa<300. The 2-D
bifurcativn phenomena have been studied by Himasekliar and Bau [5] for R=2.5,
2.25, and 2.125. Numerical and expedmential studv of free convection Hows i a
herzontal porous annulus was reparted by Mojtabi et a). [6] with an aspect ratio=0.3
and R=2 using the Chrstiansen effect to visualize the thermal fields. Mojuabi and M,
Mohabi (7] presemted an analytical solution of steady natural convection in a
horizontal porous annulus for R=2.5,2.25.2.125 and 2.0625 and 25<-Ra.Da= 1000,
A numerical solution of the same 2-D fonn prohlem was studied by Barbosa and
Saatdjian [8] while a numerical simulation of 2-D aud 3-D solution was cartied ont
recently by Majtabi [9] for R=2 and 1 414 and an aspect ratio of 2

Thie first experimental study of natural convection in a vertical porous annulus
wag presented by Reda [1¢] who has conducted experimments svith constant heat flux
on the imer wall for R=23, A=425 and RaDa<80 with waler-glass combination.
Prasad and Kulacki have studied the problem numerically and reported the resulls for
1$A<20 and 1<R<26 [11], and for 0.3€A<0.9 and 1<R<1! [12], both for RaDa<104,
Anather series of expenments on isothermally beated vertical anuuli lias been
reponied Dy Prasad et al. [13] for R=5.338 and A= 0.545, 1, and }.46 with vardous
solid-Ouid combinations, Matural couvection w a vertical porons anbulus was
petformed for constant heat Alux on the mmer wall experimentally by Prasad et al | (4]
for R=3.5 and 14 and A=11.08 and 14.4 and numencally by Prasad [15}].

Nawral convection in au inclived porous annulus were studied numerically by
Fukuda et al. [16], experimemtally by Takata et al {{7] and analytically with
experimental proof by Takata et al [18]. They iuvestigated the 3-I} Row configuratiou
with teruperature distributiou and heat transfer analysis for porosity £=0.39,
Da=2.51x10°6, A=7.2, R=2, and 10<RaDa<300.

Nalural colivective heat transfer in an inclined porous anunulus has received
very lillle attention. Only one experimiental study has been carried out for lhnited
parameters.  In the present study, an experiimental investigation has heen carricd out
fur the free convection in an inclined porous annutus with different inclination augles,

R=2.134, A =41, Pr=0.7, Da=4.583x10-4, € = 0.45, and 10<Ra<550.
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EXPERIMENTAL APPARATUS

Schematic layout of the experimental test apparatus is shown in Fig. 1. An
annular section (1) which is flled with stainless steel splerical beads of diameter
d=6.3 mm (2) is portable by means of a pivot {9) . The change of inclination angle is
achieved by a protractor (10). The iuner cylinder {3} is made from copper with
length of 540mm and diameters of 13/21 mm, and is heated hy an electric heater (4).
The outer cylinder (5) which is made of copper with length of 340 and diameters of
45/50 mm is kepl approximately ar constant Lemperature by circulating cooling water
through a PYC 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 temperature at the inlet
and the outlet of the shell were measured by means of two copper-constantan
thermocouples {(11).  The electric beater {4) has a diameter of 0.3 mm and its
effective length is 492iam. The electric heater is covered by electric insulation from
porcelain which gives constant heat flux along its effective lengih. The total etectric
tesistance of the heater equals 100 ohm. The consumed power in the heater is
adjusted by a varable voltage auto-transformer {13), voltage regulator (12), and
measured by voltmeter (15), ammeter { 16) and Watuineter (14}, In order 1o avoid the
heat loss in the longitudinal direction of the annulus, thenual insulation {17} is used at
the external twe ends of the annulus. The inner cylinder is fixed concentrically instde
the outer oue by means of teflon pins (18},

The temperatures of the inner and ocuter surfaces of the annulus were
measured by copper-constantan thermocouples ( [9) of 0.3 mm diameter.

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

Nu=q8/{km(ti- to}]. Nu=q 8/ ki 1y Lo)]
Ra=gBd3( tir L) (pck/ vkm,amd Da=K/8§
where ?‘ amd ?o are the mean temperatures of the nuer and outer cvlinders
respectively, 8 is the characteristic length and equals (ro-rj), q is the heat flux per unut
arez, Q is the mput power. K is the penneahility of the perous medium and equals
to{d2 e3/180(1- £)2) [9, 111, d is the bead diameter, € is the porosity, and h is the
overall coeficient of heat transfer at the inner cylinder = q/ e to).

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

The effective thermal conductivity ke, is determined by applving a low eleciric
power of about 1-4W to the electric heater, where the heat transfer processis
contributed only by conduction

RESULTS AND DISCUSSION

Experiments were condncted to study the natural convective heat transfer
through an imclined annulus filled with porous medium saturated with air. The main
goal of this stndy is to show the effect of inclination angle on the heat iransfer
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Fig. | Schematic layout of the experimental test apparatus

(1) annular section, (2) stainless steel spherical beads, (3) wner cylinder, {4} efectric
heater. (5) outer cylinder, (6) PVC cylinder. (7) bottom tap, (8) upper tap. (%)
pivot, {10) protractor, (11) copper-constantan thermocouples, (12) voltage regulator.
(13} variable voltage auto-transformer, (14) Wattmeter, (15) voluneter, (16)

ammeter, (17) thermal msulation, (18) teflon pins.

il




Mansoura Engineering Journal, (MET), Vol. 23, No. 4, December 1998. M. 17

sharacteristics.  The investigated parameters are: Pr=0.7, input heat flux at the inner
wall was changed from 0.77 to 11.16 kW/m" with 10<Ras550, for bead diameter
6.35 mm, porosity £=0.45 and Da=4.585x10-%, The boundary conditions are coustant
heat flux on the inner wall and constant temmperaturc at the outer one. The inclination
angle was varied from the horizontal to the vertical positions with 0=0<90°,

Temperature distribution ;

Figure (2) shows the temperature distrbution on the inner cylinder surface in the
tongitudinal direction at different inclination angles ranging from 0£B<90°, and
252Q<324W  while Fig(3) shows the influence of inclination angle B on the
temperature distribution t; in the longitadinal disection for ¢ = 225W. A temperature
drop at both ends of the inner cylinder is observed due 10 the end conduction losses.
For the horizontal annulus. the temperalure alang the inner wall tends to be constant
due to the equivalence of the buoyancy driven force. For non-horizoatal annulus, the
buoyancy driven force differs along the longitudinai lize. At low inclination augles 15,
30 and low input power 25 and 49W, no sensible change in t; is seen and it is nearly
constant. With the increase of power, t; increases as x iucreases. The mcrease of (;
can he classified into two portions. The lower half of the length in which the increase
of t; is relatively slow and the upper half of the rod in wluch t; increases with higher
rates due to the increase of buoyancy force. For Q>81W, as the inclination angle
increases, a drop in the temperature with negatrve temperature gradient in the
midsection is observed and followed by positive 1emperature gradient. The drop in 1;
is exhtbited by more than one thermocouple reading. This indicates that the
discussed pbenomenoa is not caused by some manufacturing defects. This
phenomenon wes achieved alsa by Prasad et al [14] for vertical porous annulus with
constant heat flux on the mner wall with aspect ratio up to 14.4. They admitted that
there is nothing available in the literature, which can support this behavior of the
tecorded temperature. Their experimental data were not sufficient to provide any
quantitative conclusions regarding this behavior . They concluded that it was a result
of the combined effects of the solid — fluid combination. the curvature of the initer
wall, and the high porosity and permeability near the wall. In the present work,
where A= 41, tlus behavior is significant and can he explained by the existence of two
cells of low inside the aunulus. .

Figure 4 presents the temperature distribation on the inner wall along the angular
direction at different inclination nngles. X/L=0.5 and 252Q<324W while Fig. §
shows the effect ofinclination angle on the inner wail temperature distribution in the
apgular direction for input power Q=324W. For vertical annulus, t; is constant due
to the similarity of the bueyancy force. For non-vertical annulus, with the decrease
of B, t; decreases at the lower part and increases at the higher part causing two zones,
low temperature zonme in whicl t,<t; for 8 =90° and high temperalure zone in which
tzh for @ = 90°. It increases sharply and decreases agaim from ¢=120° to 180°
making a peak at ¢=I150° indicating that the separation may occur near =150, The
peak temperature increases from 145 to 180 with the decrease of & from 90 to 0°
respectively.  The length of the low temperature region increases as clination angle
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B increases and the length of the high temperature region decreases as § increases.

The variation of mean temperature of the inner wall with input poweris
shown in Fig, 6 at inclination angles 0, 45 and 90°. The conduction solution is
represented at the same graph to show the effect of convection on the jnner wail
temmperatute,  With the increase of B, t; decreases indicating the increase of
convection part of heat transfer.

Figure 7 presents the maximum inner wall temperature. tjy,,, - versus inpul
power at different inclination angles. timax.is higher for lower inclination angle. 1t
occurs at x/L=0.7, $=90° for all inclination angles except at the horizontal case where
8=0° in which tj,, occurs at x’L=0.5 and §=150°.

Heat transfer

The effect of inclination asgle on heat transfer coefhicient, local and mean
Nussell number, are presented to express the heat transfer process. The variation of
heat transfer coefficient with mput power Q is presented in Fig. 8 at different
nclination angles 8 = 0, 30. 60 and 90°. For low inpur power, Q= 4, 6W, only
conduction heat transfer exists where the heat transfer coefficient by conduction
h,=58. The coefficient of heat transfer increases with the increase of Q. At 9 =60 °,
with the increase of Q from 200 to 300W, hi increases from 73 10 79. The heat
transfer coefficient h increases also wih the increase of incliarton anglec 8. For
Q=324W, as § increases from 0 to 90°, h increases from 73.6 10 84.6 kW/m’K. In
order to show the behavior of the convective part ofthe heat transfer due to the
influence of incliuation angle, Fig. 9 shows the varation of the ratio Wl versus mput
power Q. This ratio starts by | aL very low input power 4W where the conduction
heat transfer oply exists. The values of Whe>{ present the convection part of heat
transfer, which increases with the increase of Q and with the increase of8. For
Q=324W, a5 B increases from 0 to 90°, /b increases from 1.24 to 1.44.

The behavior of the local Nusselt number for the longitudinal direction is
shown in Fig. 10 for Q=49 and 225W, at 0 =0, 30, 60 and 90° aud in Fig. 11 for
Q=225W. TFor the horizontal aunulus, Nu is nearly constant. For the non-horizontal
annulus, al low input powwer Q=49W. Nu is nearly constant due to the very low
convection. While for (=225W, the effect 6f convection increases and tlie probability
of existence of two cells is appeared especially for higher inclination angles, ie, at 0 =
60 aud 90°.

The distribution of Nu on the inner wall along the angular direction is
presented in Fig. 12 for 6 =0, 30, 60 aud 90° at X/L=0.5, Q=49 and 225W and in
Fig. 13 for Q=225W. For the vertical ansulus, Nu is nearly constant. For non-
vertical annulus, Nu decreases with the increase of § duc 1o buoyancy driven flow
through porous medium. A minimum value of Nu distribution curve was observed at
$=130° leading to the result, that a separation point may exist near $=150°.

The bebavior of_'_ Nu with Rayleigh number, for differem inclination angles is
shown in Fig. 14. Nutakesnearly constant value for Ra<40 that is the conduction
regime where Nu.=(R-1}/InR. [14]. For Ra>40, Nu increasgs 3s Ra indreases
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expressing the existence of convective heat transfer. Also, Nu increases slightly as 8
increases due to the increase of buoyancy height and space in which the fluid can
move. Takata et al 18] could not catch this increase because of the low aspect ratio
A=7, snd low porosity €=0.39 of their studied case. The average Nusselt nuinber is
correlated with both the inclination angle 8 and the Rayleigh numhber as follows:
Nu = 1,489 e (3.88+2.55in8) 10" Ra
N Nug is shown in Fig. 15 versus Ra, Nuw Nu, is neatly equal ane up to Ra=
40, For Re>40 convective heat transfer causes Nuw/ Nu, to increase as Ra increases.
For 8=90°  as Ra mcreases from 100 to 550, Nw iuc increases from 1.05 10 1.45.
N/ -]'_\‘ut increases also with the increase of mclination angles. For Q= 324W as
the inclination angle & increases fom 0 to 90°, N/ Y\lu,: increase from 1.25 to 1,44,

R
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Fig 17.digribution of Mu on the mner wall along the angular direchon for 6 — 0, 30,
&0'and 90 for =9 an 2293

Fig 14.behavior of Mu with Rayicigh Fig 15.behavior of MNif Wit with Raylengh
nurnber {or different inclination angles . nunther for different inclination angles
CONCLUSIONS

Natural convective heat transfer had been experimentally investigated in an
inclined annular porous medium with height to gap ratio of 41 and radius ratio of
2.143 flled with stainless beads of diameter 6.35 mm, porosity e = 0.4 and Da =
4.583x10-% saturated with air of Pr =0.7. The inner cylinder was exposed to constant
heat flux from 0.77 to 11.16 kW/m® with 10<Ra<550 while the outer one was
maintamed at constant temperature, It is concluded that:

For noo-horizontal annulus, t;increases as x meoreases, with lower rates at the
lower half of the length and with higher rates due to the increase of buoyancy force at
the upper half of tite rod. For high inclination angles, and high powers Q281, a drop
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followed by an increase m the local temperature and an increase followed by a drop in
the Local Nusselt number are observed near the midsection, indjeating the existence
of two celis of flow mside the annulus,

For non-vertical annulus, with the decrease of inclination aogle, t; in the
peripheral direction decreases with an increase of Nu at the Tower half aud ¢; increases
with a dccrease of Nu at the upper half. A peak femperature with a minimum value
of Nu occur at $=150, indicating {low separation near $ =150. The peak temperature
decreases with the increase of mclination angle B and vanishes at 0 = 0.

With the increase of inclination angle 8, the inner cylinder mean temperature 1,
and maximum temperawure limax decrease indicating the incrcase of convection part
of heat transfer.

The conduction regime occurs for Ra<40. For Ra>40, both Nuand Nw/ ﬂuc
and the coefficient ofleat transfer increase as Ra increases expressing the existence
and increase of convective heat transfer, Also. the coelficicut of heat transfer and
both Nu and Nw Nu increase with the increase of the iuclination angle 8. The
average Nusselt number is correlated with both the inclination angle 8 and the

Rayleigh number as follows: Nu = 1,480 ¢ {3.88+2 5 5m6) 104 Ra

NOMENCLATURES

A aspectratio=L/§ q heat flux , Whn®

s specific heat of fluid , JkgK Q input power. VW

d  diameter of bead balls, m yi.1, inter and outer cylinder radii
Da  Darcy number, K/8° R radius ratio ry/r,

g  gravity acceleration, m/s’ Ra Rayleigh numher

h  heat transfer coefficient. W/m'K . T temperature C, K

b, conduction part of heat transfer X longitudinal length, m

coefficient. W/m’K
effecuve thermal condudtivity, W/mK

thennal expansion coefficient. K
kinematic viscosity of fluid. m*/s.
density of fluid, w'/kg.

Parosity

gap width = {rg-rj 3. m.
Tuclination angle.

angular inclination angle

cffective length of test section, m

ky
K pcrmeabiliry of porous medium ,m’
L
Nu focal Nussclt number

| D oM T T2

Nu mean Nussell number
Pr Prandt! nurobcer
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