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ABSTRACT

An experimental and numerical study has been carried out to investigate the heat
transfer by natural convection and radiation in a two dimensional annulus enclosure filled with
porous media (glass beads) between two horizontal concentric cylinders. The outer cylinders are
of (100, 82 and70mm) outside diameters and the inner cylinder of 27 mm outside diameter with
(or without) annular fins attached to it. 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 a low temperature inside a freezer. The experiments were carried out for an annulus filled with
glass beads at a range of modified Rayleigh number (4.9 < Ra< 69), radiation parameter
(0<Rd<10), with fin length of (Hf=3, 7 and 11mm), with radius ratios of (Rr=(ry/r,) =0.1405,
0.2045, 0.293 and 0.3649 ), number of fins (n=0, 12, 23 and 45). Finite difference method with
Boussinesq's approximation is used to solve the continuity, energy and momentum equations.
The numerical solution is capable of calculating the streamline, the temperature field, the
velocity field, the local and average Nusselt number. A computer program in Mat lab has been
built to carry out the numerical solution. The numerical study was done for a range of modified
Rayleigh number (4.9 < Ra < 300). Results show that the average Nusselt number is nearly
constant for Ra less than 100 and increased with an increase in modified Rayleigh number.
Nusselt number hardly affected by glass beads size and insignificant affected by Rd for Ra less
than 100. Decreasing Rr cause clearly increase in average Nusselt number and increasing fin
length or fin number decrease heat transfer.

KEY WORDS: Laminar, natural convection, radiation, two dimensional, horizontal
annulus enclosure, glass beads and annular fins.

ciile 39 0 Al <l Sy ¢ glaa 88 LAl (o giaa b AU ald) Jaall

A3l A5) ghu¥L Alata
ablS una daa) (udigall b ol Jlia 3 2o Lall L)

-duadAl)

L Agls 5 5md 8 g ladV) 5 el Jeally Ay ) pall A8l JUiy 45k s dulee Al > Canill e (3 oy ol
Uaie Caile j (a5n g p2e sf) 2gn g S el Jasie i) () shaul G (ks ) @ S) alise dass 5 3 5kee SanY)
o bl Ale 5 450 4 a Aoy Al D ghaul) mlan dais WYY Als Lo s cad Akl &l byl
Coal A8 8 weatll 3oaa Jaly Al s 440 5l a Aaon LD Dl shul) mhau bais o5y aliiie 5 a
(4.9 <Ra< 69)) Jaall ) 22e aaly (Aala) QIS ) (abe Lo 5lae Ala 35ad o dleall el
(Rr=0.1405,0.2045,0.293, ,Uk8Y! dusis (Hf =3,7 and 11mm) adie 3 Jskls (0<RA<10) Jiisall g lai¥l 5
Al aiay) Adlae Jad s g iy 3208l G5l ARy yb Caaxdiul (n=12, 23,45) uile ) 2115 0.364 )
Cllaladie s a8 el Jaus siall Calusi de Jia3 o ey saaall Jal) sl (ke daly ali o oliy o3 a2 3 5 48l
JL.AM L:;\J e ddﬂ R_pad\ fm\ﬁl\ &Lu);\ MJ\)A.“ 4aUal) d\s:ub @Ld\ u\_l); u\_\.\l :\.c).ul\} a)\)aj\ &L\\;)J @)}.\
32325 100 oo B Jiaall 1) 330 6% Levie Ly i il daws giall il Jase off gl i (4.9 < Ra < 300)
JEY) Jaaal) S e o die Jiua hiey glad¥) Jigg las Jil8 Lo il daala 30 <l KU L8 ) g 50AY) ala 3 Ledie
Jul (e Jly Caile 0 aae 5 Jsha 8ol ) ¢ g dams siall il aae (e 2y U8V A Bl of iy IS5 100 (e
‘EJ\);M

Al Giile  daala ) @l S ¢ 88) Ala fa ey AU (gl a Jaa Bl s A ) cilals

999


mailto:manalhadi2005@yahoo.com
mailto:ahmed_msc2013@yahoo.com

Asst. Prof. Dr. Manal Hadi saleh
Ahmed Mohsen Katea

INTRODUCTION

Phenomena of natural convection
heat transfer in horizontal annuli with or
(without) fins and filled with porous media
had been studied in many fields due to its
more important  applications.  Natural
convection in a cylindrical annulus has
attracted much attention in relation to solar
collectors, thermal storage systems and spent
nuclear fuel cooling while natural convection
in porous annuli has a wide variety of
technological applications such as the
insulation of an aircraft cabin and thermal
insulation of buildings or horizontal pipes,
reactors, the storage of thermal energy, and
underground cable systems, ground water
flows oil recovery processes [Nield and
Bejan 1999] and [Kumari et al. 2008].
Although the mechanics of the flow in
porous media preoccupied engineers and
scientist for more than century, the
phenomenon of convection heat transfer has
achieved the status of separate field of
research only during the last four decades
[Wajeenh 2006]. An experimental and
numerical study had been carried out by
[Manal 2011] to investigate the heat transfer
by natural convection in a three dimensional
annulus enclosure filled with porous media
between two inclined concentric cylinders. It
was found that the average Nusselt number
depends on (Ra, Hf, 6 and Rr ) and the
maximum value of the local Nusselt number
for vertical cylinder is about twice as large
as that of the horizontal case. The results
showed that, increasing of fin length
increases the heat transfer rate for any fins
pitch unless the area of the inner cylinder
exceeds that of the outer one, then the heat
will be stored in the porous media. The
unsteady natural convection flow from a
horizontal cylindrical annulus filled with a
non-Darcy porous medium has been studied
by [Fukuda et al. 1980] for Grashof numbers
of Gr =3.7x 10°® and 5.4x10° and Darcy
numbers of Da= 2x10* and 2x102. The
unsteadiness in the problem arises due to the
impulsive change in the wall temperature of
the outer cylinder. The Navier—Stokes
equations along with the energy equation
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completely filled with a porous medium has
the best insulating effectiveness. In case of
annulus partially filled with a porous
material, insulating the region near the outer
cylinder is more effective than insulating the
region near the inner cylinder.

To extend the existing studies, a
parametric two dimensional laminar free
convection in an horizontal annulus with
porous media and with (and without) fins
attached to the inner cylinder will be
addressed. The experiments were carried out
for an annulus filled with glass beads at a
range of modified Rayleigh number (4.9 <
Ra< 69), radiation parameter (0<Rd<10),
with fin length of (Hf=3, 7 and 11mm), with
radius ratios of (Rr=(r./r,) =0.1405, 0.2045,
0.293 and 0.3649 ), number of fins (n=0, 12,
23 and 45).

EXPERIMENTAL STUDY

Two outer cylinders of different diameters
were manufactured to vary the radius ratio
and to vary the fin length; ten inner cylinders
were manufactured one without fins and the
others with different fin with a specifications
shown in Table 1. To investigate the effect
of the parameters and the effect of modified
Rayleigh number by the variation of the
temperature difference between the two
concentric cylinders by means of a variable
electric input power. Aluminum was chosen
because of its high thermal conductivity and
easy machinability. The test section consists
of a two Aluminum outer cylinders of (100
mm) and (82 mm) outside diameters, (4 mm)
thick and (260mm) long to which ten
Aluminum inner cylinders of (27mm)
outside diameter, (260 mm) long and (5 mm)
thick. 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 (freezer) where the minimum
temperature was 270 K. The inner cylinder
surface temperatures were measured at six
locations using thermocouples type (K). The
experimental apparatus is shown
diagrammatically in Fig. 1
MATHEMATICAL MODEL.:

governing the unsteady natural convection
flow have been solved by the finite-volume
method. The results showed that the annulus

The geometry and coordinate system of the
problem considered are illustrated in Fig. 2.
The heat conducted through the fin heats up
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the porous medium on the two vertical sides of
the fin. Then, due to the heating of the porous
medium from the fin, the buoyancy force,
which acts vertical upward, causes an upward-
directed flow in the porous medium on both
sides of the fin. In order to model the
incompressible flow in the porous medium, the
steady-state equations of the Darcy flow
model, namely, the mass, the momentum
(Darcy), the energy conservation laws and the
Boussinesq's approximation are employed.
These equations in vectorial notation are given
by [Manal 2011] as shown in Fig. 2.

Assumptions

To obtain a mathematical simulation
for the natural convection flow being
studied, the following assumptions have
been made:

1. The convective fluid remains in a single-
phase.

2. Incompressible flow.

3. The porous medium is considered to be
homogeneous and isotropic.

4. Flow in the annulus is steady state
laminar and two dimension in (r,z)
direction assuming long annulus.

5. The density of the fluid assumed constant
except when it's happened directly from
flotation force [Mahony et al. 1986] and
in buoyancy term ( o g) depends linearly

on temperature.

The solid material is non deformable.

7. The convective fluid and the solid are in

local thermal equilibrium everywhere.

Compression work is negligible.

Chemical reactions in the system are

negligible.

10. Darcy's law is applicable.

11. The viscous dissipation is neglected
because its effect is usually small in
laminar free convective flows at ordinary
temperatures [Gebhart 1963].

12. Boundaries are not permeable.

o

© ®

Governing Equations

The conservation equations of mass,
momentum and energy in steady state and the
supplementary equation are [Fukuda et. al.
1980]:

p=p{1-BT-T,)} (1)
Where
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p=2G) @

p is the thermal coefficient of the volume
expansion; this constant is evaluated at T2
which is the temperature at the inner surface
of the outer cylinder, p, is the density at T,
and p is the density at T, [Fukuda et al.
1980].This technique is called Boussinesq's
approximation.

Mass conservation:

18
e (rv,) + 2. =0 3

Momentum Equation:

v, = _K[a'% o, AT —TZ)}} in r direction (4)
pg LOT
v, = _i{@_p} In z direction (5)
Hy L 02
Energy Equation:
aT aT 19, 8T, , 8 (8T
Vot = el (o) o g)
18 o
8T
ar = il,[?ﬂr )
k
a=t ®)

a is convective thermal diffusivity (m?/s),and
q, 1S Radiation flux.

Fin Equation:
Within the fin itself, the energy equation is
[James 1974]:

10T 8°T 07T
Sl + =
ror or® 0z°

0 (9)

Dimensionless Governing Equations

The characteristic length for the
present study is rq, [Manal 2011] to convert
the governing equations to the dimensionless
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form; the dimensionless magnitudes must be
defined as follow:

H
R:L,Z:i, H =—"
out out rOUt

V_vrl V—VZI o 10w

' aeﬁ, ’ aeff., i Roz

_12v
T RAR

K1
0= -T,)I(T,-T,) P=—P "
' aeﬁ :uf rout

Ra:g ﬂ K (Tl _TZ) (rout _rin)/aeff. v

Taking curl of momentum equations
to eliminate pressure terms, the momentum
and the energy equation will be:

g2y gy 1 3%
az2 AR2 R AR
a8

-1

(Tour—Tin) B2

(10)
Tou [0V90 0¥ 20] _ g 0%
! laraz @8zZaéRrl Az
2
+R(1+ﬂRd) 6—92 +[1+5Rdj%
3 oR 3 oR
(11)

Where Rd is radiation parameter which can
be defined as:

_ Ao ATE

Rd o

(12)
Dimensionless Fin Equation:

2 2
L), (29),20
R\ OR oR oz

Dimensionless Hydraulic Boundary
Conditions:
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2 9 (Ry)=0

at R=R, 1
R 2R

0

WV o atz=0 L
oz

And for the fin, the boundary conditions are
given as:

1 0

Ea_R(R V/r)z

oy,
0Z

=0

On the fin faces which were located on the
following planes:

At R = Ry for (fin base)
At r = ry+Hf for (fin tip)
As shown in Fig. 3

Dimensionless Thermal Boundary
Conditions:

0=1 at R=R, =1, /r,,
8=0 at R=R, =1
00 _ atz =0, L
oz
00 06

_kfina_R fin = eff.a_R|mediumat R=H,
_kfin% fin — eﬁ‘%‘medium at Sl for any R

oZ oZ

and atS, forany R

keff. =the effective thermal conductivity

of the medium (W/mK).
Ketr = (1- €) ket Ek (14)

Fin Efficiency:

The ratio of actual heat transfer from
an extended surface to the maximum
possible heat transfer (heat which would be
transferred if entire fin area were at base
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temperature) is designated fin efficiency,
symbolized #; and given as [James 1974]:

:;d (15)
2
1+m7 7f
3 \d,
m=H, 2D (16)
kt
Computational Technique
Egs.(10, 1land 13) were
transformed into the finite difference

equations, where the upwind differential
method in the left hand side of the energy
Eqg. (11) and the centered — space differential
method for the other terms were used, and
solved by using (SOR) method [Wang and
Zhang 1990]. The following equation
illustrates a sample of finite difference
equation for a node on the cylinder.

The partial differential equations
were finite-differenced  using  central
difference schemes. In form of finite
difference approximation momentum
equation become:

["Pliz'ﬂ,k} + ILP(:'—LJ«:})

‘P':i—l,k}) +

Yo =
1 [l..I..r
Eﬂ.RR[I.:] (i+1.k)

AR?
+

E ["'I"r|:i_,;|{+1} + "'Pl:z',.k—l}] +
Ra’ 2 2
8, B,
EﬁZ( T — :nj( (k+1) — Y(ik- 1}]] [ ﬂR‘]
(17)

The finite difference equation on a fin tip is
as follow:
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Oax) = [((zanlﬂ{i])) (9{” Lk)

5’{1—1&3) +— (H{amj +

i, k-1)) + ((‘E)) (S(H 1)+
e )

A computer program was built using
mat lab 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 fins. The
index (n) was used to represent the nth
approximation of temperature denoted by ©"
and substituted into the approximated
equations, which were solved to obtain the
nth —approximation of stream line ¥, then ¥
was substituted into Eq. (11) to obtain ©™* .
A similar procedure is repeated until the
prescribed convergence criterion given by
inequality:

(18)

n+l n
Max LA < 10°®

was established [Fukuda et al. 1980].

As the steps of iteration increase with Ra, a
solution obtained for lower Ra was used as
an initial value of computation for higher Ra
(double iteration method). It is clear that as
the grid becomes finer, the convergence of
the results becomes better. The number of
grid points used was 41 grid points in the R—
direction and 401 in the Z - direction which
seems reasonable and will be used in the
present study. Fig.4 illustrates the numerical
grid in two planes.

Calculation of Local and Average
Nusselt Number

Nusselt number is the dimensionless
parameter indicative of the rate of energy
convection from a surface and can be
obtained as follows [Fukuda et. al.1980]:
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q

_ _rin)
k (Tl _Tz)

r

out

(19)

As the local heat flux on the wall is given
by:

(20)

The local Nusselt number Nul and Nu2 on
the inner and the outer cylinders are written
in the form [Fukuda et. al. 1980]:

Nu;=-(1-R,) (g)Rﬂ{l (21)

a8
NU2:'(1'R1)(§)R=1 (22)
The average Nusselt number Nu;, and Nugy
on the inner and the outer cylinders are
defined as:

_(1—R1)(1+2Rdjj:(2—gj iz (23)

4 L( 00
Nu,, =—(1- Rl)(1+§Rdjj0 (ﬁ)

Results and Discussion

Figs. 5 show the variation of the
average Nusselt number on the hot cylinder
with Ra for different radius ratios, without
and with fins respectively. These figures
show that for any radius ratio, the average
Nu is generally constant for low values of Ra
then as Ra reached nearly 100, Nu increased
with increasing Ra. These values increased
as Rr decreased due to the enlargement of
the gap between the two cylinders this
improved that for low values of Ra the heat
transferred by conduction and as Ra
increased the convection heat transfer would
be dominant. These figures show that as Hf
increases Nu decreases and decreasing the
pitch (by increasing fin numbers) causes Nu
to decrease. Fig. 6 illustrates that the values
of the average Nusselt number was low for
low radius ratio; then they increased with
high intensity as radius ratio increased this

Nu.

in

dz (24)

R=1
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because as the annulus gap decreased, the
resistance to the circulation motion of the
convection cells increased and this lead to
slower replacement of the hot air adjacent to
the inner surface by the cold air adjacent to
the outer surface and these resulted in an
increase in the average temperature of the
annulus inner surface. Convective heat
transfer rate is controlled by three
parameters (h, A and AT), according to

Q: hi'A\in (Tl'TZ) = hvout(Tl'TZ)

For the same modified Rayleigh
number (i.e. AT is constant),
dQ/Q=(dA/A)+(dh/h). If the increase in the
surface area is more than the decrease in the
heat transfer coefficient, the total heat
transfer rate will increase, or if the decrease
in the heat transfer coefficient is more than
the increase in the surface area, the total heat
transfer rate will decrease [Harith 2009].
This figure indicates that there is a reduction
in the average Nusselt number with
increasing Hf from 3mm to 11mm. For the
same value of Ra .Figs. 7 indicate that there
is a reduction in the average Nusselt number
with increasing the number of fins from
n=12(pitch=19.2mm) to n=23(pitch=8.4
mm) and then to n=45(pitch=3mm). The
distributions of the local Nusselt number are
shown in Fig.8. which illustrate that
attaching fins to the inner cylinder cause the
local Nu to be wavy and the waviness
decreased with the increase of fin length. It
is clear from this figure that adding the effect
of radiation cause to increase Nu
significantly .Fig. 9 illustrates a comparison
between the experimental and theoretical
results for the variation of the average
Nusselt number with modified Rayleigh
number for different Rr. The average Nusselt
number was nearly constant because of the
predominance of conduction mode on heat
transfer process. For Ra >100 (in the
numerical  part)  convection  became
predominant mechanism and the average
Nusselt number began to clearly increase.
Most of the experimental values were lower
than that of the numerical; one of the reasons
may be the conduction losses through the
sides and hence the absence of perfectly
insulated ends boundaries and may be
because of the assumptions which had been
taken and this is true even for this research



Number 8

or for [Prasad and Kulacki 1985] and
[Havstad and Burns 1982].Fig.10 shows the
variation of the average Nusselt number on
the hot cylinder with Ra for different
radiation parameters, without and with fins
and for different radius ratios respectively.
Nu increase for hot cylinder about 54.6% as
Rd increase from zero to ten and this
percentage increase with the increase of fin
length to be 88% for fin length equal to
11mm. A comparison for the variation of the
average Nusselt number on the inner and
outer cylinders with Ra was made with that
of [Fukuda et al. 1980] in Fig. 11 and its
clear that Nu is constant for low values of
Ra, until Ra equal nearly 100, then Nu will
increase with increasing of Ra as presented
in this work.Fig.12 shows the contours of
isotherms for different values of Ra,
radiation parameter (Rd), radius ratio (Rr),
fin length (Hy), fin number (n) and glass
beads average diameter (dy) Fig.13 shows
the Z-component of the streamline, in the
(R-Z) plane. Contours of velocity field in the
(R-Z) plane in the radial direction of the
annulus are illustrated in Fig. 14 and along
the length of the annulus are illustrated in
Fig. 15.

A flow chart for computer program is shown
in Fig. 16.

UNCERTAINTY ANALYSIS

The uncertainties of experimental quantities
were estimated using the method presented
by [Holman, 1971]. Uncertainty values for
the Local Nusselt number on the cold wall
was varied from 0.32 to 0.83 %, while the
uncertainty values for the modified Rayleigh
number was between 1.22 to 2.34 % by
applying the following equations.

WNU WI WV WK WAT }/
=||—| +|—| +|—| +|—=
NU I \ K AT
2 2 2 2 %
WRa WAT WT WK Wé‘
= +3 — | +|—| +|—=
Ra AT T K w

CONCLUSIONS
The following major conclusions can be
drawn from the experimental and numerical
study:
1- For all parameters, results showed that
the average Nu number is nearly constant
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for low Ra and clearly increased with an
increase in modified Rayleigh number. It
is hardly affected by dy and insignificant
effect of Rd for low values of Ra.

2- Decreasing Rr cause a clearly decrease in
average Nusselt number due to the
enlargement in the gap.

3- Adding the effect of radiation cause
significant increase in average Nusselt
number.

4- Increasing fin length or fin number, cause
a decrease in heat transfer because of the
hindrance effect of the fins.

5- For heat exchanger the best design is

an inner cylinder without fins, but for solar

collectors and energy storage system, the
best design is to use 45 fins of 11mm length.
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d

Inner diameter of the
inner cylinder

M

do

Outer diameter of the
inner cylinder

M

dg

Diameter of glass
bead

g

Acceleration due to
gravity

hy

Heat transfer
coefficient of fluid

Fin length

The convection heat
transfer coefficient
on the inner cylinder
(hot surface)

The convection heat
transfer coefficient
on the outer cylinder
(cold surface)

Keff.

Effective thermal
conductivity of the
porous media

i

Thermal conductivity
of the fluid

Thermal conductivity
of the solid

Permeability

Cylinder length

Local Nusselt
number on the inner
cylinder

Nu;

Local Nusselt
number on the inner
cylinder

NU2

Local Nusselt
number on the outer
cylinder

Fin thickness

Radial coordinate

Radius of the inner
cylinder

3(3|3

Fout

Radius of the outer
cylinder

Ra

Modified Rayleigh
number
Ra=Ra” Da

Rr

Radius ratio
Rr=rin/rou

Rd

Dimensionless
radiation

Ry

Dimensionless radius
for inner cylinder

NOMENCLATURE
Latin Symbols
Symbol Description Units
Ain The surface area of m?
the inner cylinder
Aot The surface area of m’
the outer cylinder
Co Specific heat at kJ/kge
constant pressure C
o Fin diameter M

Dimensionless radius
for outer cylinder
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S Fin spacing (fin m Greek Letters
pitch)
T Temperature K Symbol Description Units
Vr Radial velocity m/s o Thermal diffusivity m°/s
component Clei. Effective thermal m?/s
Vv, Axial velocity m/s conductivity of the
component porous media
V, Dimensionless - B Volumetric thermal 1/K
velocity component expansion coefficient
in R -direction € porosity -
Vz Dimensionless - 7t Fin efficiency -
velocity component 0 Dimensionless -
in Z - direction temperature
z Dimensionless axial - U Dynamic viscosity of | N.s/m?
coordinate fluid
X,Y,Z Cartesian coordinate P2 Reference density at | kg/m?
system T,
o Stefan — Boltzmann | W/m®
constant K*
W streamline -
AR, AZ | Distance between the -
grid points

Table 1 system specifications

Test sections and measuring Specifications

Systems
Fin length 3,7and 11mm
Radius ratio 0.1405, 0.2045, 0.293 and 0.3649

Rr= (rin/Tout)
Number of fins
digital thermometer type K

stabilizer type (DACTRON

12, 23 and 45
(-50°C) to (750°C)

(110/220 V) with oscillation of (+ 1 %)

variac type (TDGC)
Digital Multimeter

(0-250) V
(200 V=750 V)

Table 2 the percent uncertainties of Nug, and Ra”

Result Value %Uncertainty
1 Nu,, 1.17596 0.83
1 Ra 11.652 1.22
2 Nu,,, 3.071135 0.32
2 Ra 0.201 2.34
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(A) - A.C Power Supply
(B) - Stabilizar

(C) - Variac

(D) - Voltmeter

(E) - Ammeter

(F) - Test Section

(G) - Selector Switch

(H) - Digital Thermometer
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