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Natural convection heat transfer in a horizontal elliptic annulus filled with saturated porous media is investigated
experimentally and numerically. The inner horizontal elliptic tube is heated under constant heat flux conditions and
is located concentrically in a larger isothermally cooled horizontal cylinder. Both ends of the water-saturated porous
annulus are closed. The heated elliptic tube was made of copper material and has an axis ratio (AR = a/b) of 3.0.
The porous media used in the experiments were made of sandstone and glass materials with different solid thermal
conductivities and particle diameters. The elliptic tube orientation angle is varied from 0° to 90°, and the hydraulic
radius ratio, HRR = R,/R;, is 6.85. The numerical solution scheme is based on a two-dimensional model, which is
governed by Darcy-Boussinseq equations. The inner elliptic cylinder is heated isothermally, while the outer circular
cylinder is also cooled isothermally. Discretization of the governing equations is achieved using a finite element scheme
based on Galerkin method of weighted residuals. The effect of pertinent parameters such as modified Rayleigh number,
Ra (Rayleigh-Darcy), orientation angle of the elliptic cylinder, 5, and the axis ratio of the elliptic cylinder, AR, is
investigated. The numerical results obtained from the present model are compared with the available published results
and with the present experimental results, and good agreement is found. The variation of the average Nusselt number
with the investigated parameters is presented. It is concluded that the effect of modified Rayleigh number, which includes
the effect of fluid properties, porous medium properties, and operating conditions on the average Nusselt number, is
more significant than the effect of the geometric parameters such as the elliptic cylinder orientation angle and the elliptic
cylinder axis ratio. The results showed that the average Nusselt number increases with the increase of the modified
Rayleigh number. Also, the flow and heat transfer characteristics are illustrated via stream function and isotherms
contours. Moreover, an empirical correlation for the average Nusselt number is obtained as a function of Rayleigh
number, elliptic cylinder orientation angle, and elliptic cylinder axis ratio.

KEY WORDS: natural convection, heat transfer, horizontal elliptic annulus, saturated porous media

1. INTRODUCTION The analysis of natural convection in a cylindrical
porous annulus has been studied experimentally and nu-
Natural convection heat transfer in a horizontal porouogerically by several investigators. The first experimen-
annulus has been the subject of many investigationstéh and numerical work on porous annuli was done by
recent years. The motivation of these studies was dgaltagirone (1976), who studied a concentric cylindri-
rived from their technological applications such as thegal porous layer with a radius ratio of 2. For Rayleigh
mal insulation, thermal storage systems, cryogenics, mumbers below 65, Caltagirone observed a steady two-
clear reactors, and underground electrical transmissitimensional flow regime with two symmetric convec-
lines (Charrier-Mojtabi, 1997; Khanafer et al., 2008). tive cells. For high Rayleigh numbers, fluctuating three-
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NOMENCLATURE
A dimensionless element area T temperature®C, K)
AR Axis ratio of the elliptic cylinder ¢,/b) u z-direction velocity component (m/s)
a major axis length of the elliptic cylinder (m) v y-direction velocity component (m/s)
Qm,bm,cm  coefficients of Eq. (19) x,y  Cartesian coordinates (m)
b minor axis length of the elliptic cylinder (m) X,Y dimensionless Cartesian coordinateg
Cp specific heat at constant pressure (J/kg K)
D hydraulic diameter of the elliptic cylinder (m) Greek Symbols
Da Darcy number, Da= K/R? o thermal diffusivity (n/s)
E total number of elements B coefficient of thermal expansion (K)
e element Y angle
{F1}, {F»} force vector, Egs. (21a,b) r domain boundary
g gravity acceleration (m#$ 5 orientation angle
ha local heat transfer coefficient (W/iK) v kinematic viscosity (rs)
HRR hydraulic radius ratioR, / R; u dynamic viscosity (kg/m s)
K permeability (m) ) stream function (#/s)
[K1], [K2] stiffness matrices, Eqgs. (21a,b) v dimensionless stream function
k thermal conductivity (W/m K) Q bounded domain
m nodal point of the linear 0 dimensionless temperature
triangular element 1, 2, 3 P density (kg/ m)
N interpolation function
NUiocal local Nusselt number Subscripts
Nu average Nusselt number, defined in Eq. (17)c cold
n normal direction to the surface e effective
P circumference of the elliptic cylinder (m) f fluid
P pressure (Pa) h heater
qH heat flux (W/n?) i inner
R hydraulic radius (m) 0 outer
Ra* Rayleigh number, r reference
Ra = gpyeiB (T3 — To) R} ke vy
Ra modified Rayleigh number, Superscripts
Ra= gprceBrK(T, — To)Ri ke vy e element level

dimensional effects were observed in the upper paértconfined porous media between horizontal cylinders. It
of the layer, although the lower zone remained twavas reported that the effects of inertia, velocity-square,
dimensional. Burns and Tien (1979) analyzed natuiahd solid boundary terms reduced the total heat trans-
convection in concentric spheres and horizontal cylifer rate, with the boundary term being the most signif-

ders filled with a porous medium using a finite differicant factor. Rao et al. (1987, 1988) solved the Boussi-
ence method. Vasseur et al. (1984) investigated a maesq equations in two and three dimensions using the
merical study of two-dimensional laminar natural corGalerkin finite element method. Three possible numeri-
vection between horizontal concentric cylinders filledal solutions depending on the initial conditions were ob-
by a porous layer with internal heat generation usingined for a radius ratio of 2 and Rayleigh number above
Darcy-Oberbeck-Boussinesq equations. Kaviany (1988. Numerical study of two-dimensional convection in

conducted the non-Darcian effects on natural convectiarhorizontal annulus filled with porous material in the
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presence of a permeable boundary was treated by St&ve porous sleeve was press-fitted to the inner surface of
art and Burns (1992). They illustrated that multicellulahe outer cylinder. It was found that at a higher Rayleigh
flows occurred at the highest Rayleigh numbers investimber, when heat convection becomes more important,
gated. Mota and Saatdjian (1994, 1995) studied numitris expected that the porous sleeve thickness will play
ically natural convection in a horizontal cylindrical ana much more important role in heat transfer. Khanafer
nulus filled with a porous medium by solving the twoet al. (2008) studied a numerical investigation of natural
dimensional Boussinesq equations using a finite diffemnvection heat transfer within a two-dimensional, hori-
ence method. A closed hysteresis loop was observedZontal annulus that is partially filled with a fluid-saturated
radius ratios above 1.7 and for Rayleigh numbers abgwerous medium. Both cylinders are maintained at constant
a critical value. Charrier-Moijtabi (1997) carried out a nduemperatures, with the inner cylinder being subjected to a
merical investigation of two- and three- dimensional fraelatively higher temperature than the outer one. It was
convection flows in a saturated porous horizontal anrillustrated that the maximum predictions of the average
lus. The study considered an annulus that is heated atkhesselt number are found to depend mostly on the ther-
surface of the inner cylinder, using a Fourier-Galerkin apyal conductivity ratio for a relatively thick porous sleeve
proximation for the periodic azimuthal and axial direcas they exhibit better heat transfer rate when consider-
tions, whereas a collocation—Chebyshev approximationy large thermal conductivity ratios. Kumari and Nath
was used in the confined radial direction. In this stud008) studied unsteady natural convection flow from a
the Darcy-Boussinesq formulation was employed in terrherizontal cylindrical annulus filled with a non-Darcy
of pressure and temperature. Saravanan and Kandaswporgpus medium. It was observed that the annulus com-
(2003) conducted a linear stability analysis for a viscopgetely filled with a porous medium has the best insulat-
flow induced by internal heat sources in a vertical annuiag effectiveness. Aldoss (2009) investigated numerically
porous region bounded by two concentric cylinders. Tinatural convection from a horizontal annulus filled with
perturbation equations are solved by a Chebyshev colimrous medium of variable permeability using a finite vol-
cation spectral method. The effects of the porous parameie method. The investigated annulus radius ratio was
ter and the radius ratio are examined. Aldoss et al. (20®4). The effect of the permeability variation on the flow
have studied the steady natural convection from a hceind heat transfer of the annulus was presented in terms of
zontal annulus filled partially or totally with a saturateglelocity and temperature profiles, Nusselt number, skin
porous medium where the effects of different physical pfiction coefficient, and pressure coefficient at both the
rameters have been examined. It was found that an animmer and outer walls of the annulus. The transient nat-
lus completely filled with porous media has the best imral convection flow on a heated cylinder buried in a
sulating effectiveness, and it is superior over the partiabgmi-infinite liquid-saturated porous medium was stud-
filled cases. In the case of an annulus partially filled wited numerically by Kumari and Nath (2009). The coupled
porous media, having the porous media located adjacpattial differential equations governing the flow and heat
to the outer cylinder is proved to be much more effectiteansfer are cast into streamfunction—temperature formu-
than the inner layer case. Jha (2005) studied numericddltions, and the solutions are obtained from the initial time
free convection through a vertical porous annulus with the time when steady state is reached. The heat transfer
mixed boundary conditions. It was concluded that thveas found to change significantly with increasing time in
Darcy number and the radius ratio are the governing famnall time intervals immediately after the start of the im-
tors for heat transfer through an annular porous mediupulse change, and steady state is reached after some time.
Cheng (2006) examined the effects of the modified Darcy Our survey of relevant literature saw fewer publica-
number, the buoyancy ratio, and the inner radius gap ratimns on natural convection in an elliptical annulus. Lee
on the fully developed natural convection heat and maamsd Lee (1981) attempted to formulate the free convection
transfer in a vertical annular non-Darcy porous mediupmoblem in terms of elliptical coordinates for the sym-
with asymmetric wall temperatures and concentratiomsetrical cases of oblate and prolate elliptical annuli and
It was found that an increase in the buoyancy ratio bave performed experiments for this geometry. Elshamy
in the radius ratio led to an increase in the volume flogt al. (1990) conducted numerically laminar natural con-
rate and the total heat rate added to the fluid. Leong arettion between confocal horizontal elliptical cylinders
Lai (2006) obtained analytical solutions for natural corand developed correlations for the average Nusselt num-
vection in concentric cylinders with a porous sleeve usifigr. Cheng and Chao (1996) employed the body-fitted
the perturbation method and Fourier transform approachrvilinear coordinate transformation method to gener-
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ate a nonstaggered curvilinear coordinate system and perThe objective of the present work is to study experi-
formed a numerical study for some horizontal eccentmcentally and numerically natural convection heat trans-
elliptical annuli. Saatdjian et al. (1999) studied numerier in a horizontal elliptic annulus containing saturated
cally natural convection heat transfer in the annular regiporous media. The effect of Rayleigh number, elliptic
between porous confocal ellipses using a finite differencglinder orientation angle, and axis ratio of the elliptic
method. Mota et al. (2000) conducted numerically nataylinder on the flow and heat transfer characteristics will
ral convection heat transfer in horizontal eccentric ellippe presented.

tic annuli containing saturated porous media using high-

order compact finite differences on a very fine grid.
was demonstrated that the savings in heat transfer cargngpERlMENTAL SET UP

further improved if the elliptic annular shape is made eghe present experimental setup, which is used to investi-
centric. Chmaissem el al. (2002) carried out a numeriggite natural convection heat transfer in a horizontal ellip-
study of the Boussinesq model of natural convection in §8 annulus filled with saturated porous media, is shown
annular space, having a horizontal axis bounded by &thematically in Fig. 1. It consists mainly of three main
cular and e”|pt|Ca| isothermal CylinderS. The matrix Sy%'arts: The heating System' the Cooling System’ and the
tem is solved USing a finite element method that Uti”z%asuring System_ The test section is designed to have
Cartesian coordinates and a vorticity—streamfunction f@ge facility of changing the porous medium with different
mulation associated with an iterative technique. Djezzg4rticle diameters and materials. Two concentric horizon-
and Daguenet (2006) studied numerically natural steagdycylinders, the outer one circular and the inner one ellip-
convection in space annulus between two elliptic confgc, are used to form an annular region. The outer cooled
cal cylinders using a finite volume method. The effect frcular cylinder was made from copper of 200 mm outer
Rayleigh number and the system slope angle is invegfiameter, 2 mm thickness, and 300 mm length. The inner
gated for Pr = 0.7. Sakr et al. (2008) investigated expefieated elliptic cylinder was also made of copper material
mentally and numerically natural convection heat transigiih a major diameteg;, of 42 mm, 2 mm thickness, and

in horizontal elllptIC annuli. It was found that the averrength of 300 mm. The e|||pt|c Cy"nder has an axis ratio,
age Nusselt number is increased with increasing Rayleigip (a/b), of 3.0, and the hydraulic radius ratié] RR
number. (R./R;), is 6.85. A special mechanism is used to maintain

Water out
»-

Water in

Dﬁ 2“ Blow Down

FIG. 1: Experimental setup layout
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a certain angle of orientation for an inner elliptic cylindeénner cylinder were utilized in the experiments, ranging
that varies from 0 (major axis is horizontal) to 90(ma- from 50 to 200.

jor axis is vertical). The inner elliptic cylinder is heated The local heat transfer coefficient,,, and the local
at constant heat flux by an electric heating element. Musselt number, Ny..;, are calculated as follows:
nickel-chrome tape of 0.2 mm thickness and 4 mm width

and a resistance 19 is wound helically around a mica he = % 1)
strip of 25 mm width and 2 mm thickness with a pitch of rore
1 mm inserted inside the elliptic cylinder; this provided NUioeal = (he Ri/ke) 2

the condltlon of approximately constant heat flux. S|xte<\e%ereqH’ T. T. R, andk, are the net heat flux, lo-
precalibrated copper-constantan thermocouples (0.4 mm .

T S . . cal surface temperature, cold wall temperature, hydraulic
wire diameter) were distributed circumferentially and em-

bedded at a depth of 0.8 mm from the outer surface rgfjius o_f t_he inner elliptic cyIindgr, and effef:tive thermal

the copper elliptic cylinder at mid-span distance to me%gnductlylty of the porous mate”al’ rgspecﬂyely. .

sure the surface temperature of the inner elliptic cylinder. The circumference of the inner elliptic cylinder is cal-
. . . . Culated from

The inner surface of the outer cooling cylinder is kept at'a

constant surface temperature (low temperature) by using pP— [2(7r — (- 2)63)] (a/2) 3)

a circulating water system, which is pumped through a

wounded coil (with a pitch 0.5 mm) on the outer cylinderhere; is eccentricity, which is given by

surface by a pump of 0.5 hp from a reservoir, as shown in

Fig. 1. Two acrylic polystyrene covers of 300 mm diam- b\ 2

eter and 10 mm thickness are fixed to the outer cylinders e=4/1- <)

and holed to permit the fixation of the inner elliptic cylin-

der. The space between the inner and the outer cylindersrhen, the hydraulic diameter and radius of the inner

is filled with water-saturated porous media. The matefiylinder are calculated, respectively, from

als used as porous media are sandstone grains and glass

beads of 6 mm diameter. Also, the effect of particles size Dj = P[m, Ri=P/2n ()

'j |2nves(';|95aéed through thedt_est of sarlld?tonerg];rams gf 2E?ror analysis including the temperature measurements
-2, and 5.6 mm average diameter. In fact, the sandstang ¢,,ig properties shows that the average Nusselt num-
grains are not exactly spherical but have a narrow size Sr has uncertainty of 4.7% and the Rayleigh number is

tribution for which the equwa]ept diameter is determmeg%certain by up to 6% of the reported values.
from the lower and upper limits on the DIN standar

sieving analysis. The cooling system consists of a copper
coil of diameter 12.5 mm and 15 m length. Four therm@: PROBLEM FORMULATION AND BASIC
EQUATIONS

couples are distributed in the wall of the outer cylinder

surface. Eighteen thermocouples are used to measurerthg model considered here is a porous layer bounded be-
temperature dlstr|put|ons through_ the porous annulus Bgeen two horizontal concentric cylinders of ragij and
tween the two cylinders by inserting fixed thermocouplg  as shown in Fig. 2(a). The surfaces of the two cylin-

probes from eight plugs located at mid-span distance. Aflsrs are assumed to be maintained at constant tempera-
other three thermocouples are used to measure the t@ifssT, andT),, respectively, withl; > T,.

perature of inlet and outlet cooling water and the ambient
air temperature. The readings of the thermocouples gr
taken by using a digital thermometer with an accuracy o
0.1°C. The steady state condition is achieved aft& The governing equations are based on steady natural con-
4 hours. To confirm a uniform temperature distributionection with Boussinesq flow, Darcy flow, and negligible
three thermocouples are installed at the two ends andnatrtia approximation, as follows:

mid-span of the tested cylinder to measure the axial tem-

(4)

a

Governing Equations

perature. The input electric power to the inner cylinder Ou + v -0 (6)
is controlled by means of a voltage regulator. Four dif- dz -~ dy
ferent values of modified Rayleigh numbers (Rayleigh— op g
Darcy) based on the equivalent hydraulic radius of the 9 T =0 (7a)

Volume 15, Number 6, 2012
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where o0 o0
= — =—— 12
=gy v o 12)
Introducing the following nondimensional variables,
T-1T, x Y
e = = — Y = —
T =Ty R;’ R;
U= E; where o= ke
& prey

the governing equations reduce to

ov 00 ov 00
V20 — — 3
0 <8Y 0X 0X 5Y) 0 (13)

9 00
VI = Rag (14)
where Ra = RaDa.
Ra is the modified Rayleigh number and is given by
Ra = gprfoK(Ti — TO)Ri/ke\/f. R&a" is Rayleigh
number and is given by

Ra" = gpseiBs(Ti — To) R} [kevy
Da is Darcy number and given by

Da= K/R?

3.2 Boundary Conditions

The boundary conditions are handled as follows:
At the inner cylinder surface:

(b) Uv=0 0=1.0 (15a)

FIG. 2: Physical domain and computational grid At the outer cylinder surface:

5 =0, 6=0 (15b)
8—p+%u—pfg:o (7b)
Y 3.3 Heat Transfer Calculations
ar N ar k. (0T N T ®) The local Nusselt number at the inner cylinder surface can
Yoz T oy prep \ 0z Oy? be calculated from the following equation:
pr=pc[1=Bs(T-T7)] 9) NUjgeal = — <ge> (16)
n
Taking the curl of Eq. (7) and using the approximation of
Eq. (9), the following equations are obtained: wheren represents the direction normal to the cylinder
surface. The steady state average Nusselt number at the
K oT inner cylinder surface is given b
VA = ——gp. B (10) Y J y
uf Oz 27
1
Nu = 7/Nulocal(‘Y)d’Y (17)
VQT _ prer 811) a£ all) 8£ -0 (11) 27 )

ke aiyax_aix@y N
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4. NUMERICAL APPROACH AND PROCEDURES L ON ON
{F} = Z/ ([N]TaX + [N]Tay> dre

The solutions of Egs. (13) and (14) with the boundary e=1p

conditions specified by Eq. (15) are obtained numerically

by using the Galerkin-based finite element method (Rao, E O[N1T O[N] O[N] O[N] .
1982; Pepper and Heinrich, 1992). The finite element/2] = Z/( ox ox oy oy )dQ
technique is used to reduce the system of governing equa- e=le

tions into a discretized set of algebraic equations. The pro- E

cedure begins with the division of the continuum region {F} = Z/ [N]TMdFe + / [N]TMCZFE
of interest into a number of simply shaped regions called X oY
elements. The grid system used in the present calculation £ O[N]

is illustrated in Fig. 2(b). The element type used here is +Z/R66[N]Ta—xdﬁe

a linear triangular element. The approximate expressions e=1

of temperature and streamfunction in an element are given, _ .
by polynomials in terms of the nodal values and interp nd E is the total number of element® the bounded
lation functions. The interpolation functions are derive
from the assumption of linear variation of temperature OU OU
and streamfunction through the element and are given by Uy = 7 Uy = X
the following equation:

€:1Fe Te

Qe

main,I" the domain boundary, and

3 Equations (13) and (14) result in two systems of lin-
0¢ — Z N,.0,, (18a) €ar equations. Equations (21a) and (21b) are solved it-
eratively by Gauss elimination method through a FOR-
3 TRAN computer code. The iterative procedure is termi-
Ve = Z N, U, (18b nated when tlhe folloyvinglrelative convergence criterion is
— satisfied:| (P! — ¥?) /Wit < 107, wherei denotes

whereN,, is the usual interpolation function and is dethe iteration number performed.
fined by
1 5. MODEL VALIDATION
Nm=—(am+bbnX+ecmY) (19)
24 First the present numerical method is validated by solving
whereA is the element area and the traditional convection problem for two concentric hor-
a1 =XoY3—X3Ys, bi=Yo—Y;, c1=X;—X, (20) izontalcylinders. The obtained results are compared with
, ) __the available published data. Table 1 shows the average
The other components are given by cyclic permutation I%sselt number for previous researchers. In comparison

the subscripts in the order 1, 2, and 3. If the approxirrwth the present results, good agreement is found.
tions given by Eq. (18) are substituted in the governing

Egs. (13)-(14), and the global errors are minimized us-

ing the preceding interpolation functiong as weighting 6- RESULTS AND DISCUSSION
functions, after performing the weighted integration over
the domainG and the application of Green’s theorem, the
present model is converted into Experiments are carried out to investigate the effect of

the governing parameters on the natural convection heat

1 Experimental Results

(K240} = {3} (213) transfer in a horizontal elliptic annulus containing water-
[Ko{¥} = {F2} (21b) saturated porous media. Really, most of the governing
where parameters of the phenomenon are collected in a single

E SINTT 9INT OINTT OIN dimensionless param.e.ter, which is called the nglei_gh—

(K] = Z /( (V] ) (V] + (V] ) [ ])dQe Darcy number or modified Rayleigh, Ra, and, for simplic-
0X 00X oy oy ity, Rayleigh, which is calculated based on the tempera-
E O[N] AN ture difference between the heated and cooled cylinders.

+ Z/ (\I/Y[N]T, — Uy [N]T,) e Actually, the inner elliptic cylinder is heated under uni-
=13, 0x Y form heat flux conditions so the average wall temperature

e=lge
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TABLE 1: Comparison of the average Nusselt number for natural convection flow in a porous
medium between two concentric cylinders with radius ratio of 2

Caltagirone | Rao etal. | Facas and Farouk| Bau Facas Present
(1976) (1987) (1983) (1984) | (1995) | predictions
49 x 49 10x 10 25 x 25 30 x 44 | 50 x 50 10x 18 Grid size
1.328 1.341 1.362 1.335 1.342 1.317 Ra =50
1.829 1.861 1.902 1.844 1.835 1.865 Ra =100

of the inner elliptic heated cylinder is utilized to obtain th&al data plotted in Fig. 3 as a function of Rayleigh number
values of the modified Rayleigh numbers. Also, Rayleigind the orientation angle, as follows:

number includes the effect of the fluid and the solid par-
ticle properties as well as the particle size and porosity of

the porous media. This correlation [Eq. (22)] is valid within the ranges of

Figure 3 depicts the variation of the average Nussﬁgweigh number (56 Ra < 200) and orientation angle
number with the orientation angle for different Rayleigipe < § < 90°) with maximum relative error of-10%.
numbers. This figure shows that insignificant changes in

the average Nusselt numbe_:r are_notlcedéftg 30°. Be- 2 Numerical Simulations

yond this value, as the orientation angle increases, the

average Nusselt number increases. It is found also tBaveral numerical runs are carried out to investigate the
with the increase of Rayleigh number, the average Nussafect of the modified Rayleigh number (Rayleigh-Darcy)
number increases, but with a decreasing rate. This behavthe range from 50 to 200, the orientation angle in the
ior agrees well with the previous published results asfiange from 0 to 9¢°, and the axis ratio ranged from 1.5
natural convection phenomenon. Nusselt number vartes. Figure 4 shows the variation of the average Nusselt
with Rayleigh number raised to an index power less thanmber at the surface of the inner elliptic heated cylinder
unity and near to a quarter. Moreover, the average Nugth the orientation angle. The axis ratio of the elliptic
selt number is correlated utilizing the present experimeryinder is 1.5 and 56 Ra < 200. It is shown from this

Nu = 0.4624Re*3M7(1 4 sin §)°22%  (22)

35
3.0 " ﬁ
25 g g 5 & E &
2.0 g [l E
=] ] <&
=z . & <
1.5
1.0 | < Ra=50, Sandstone 2.7 mm 0O Ra=100, Sandstone 2.7 mm
[ / Ra=100, Sandstone 4.2 mm < Ra=150, Sandstone 4.2 mm
[ 0 Ra=150, Sandstone 5.6 mm A Ra=150, Glass 6 mm
0.5 | = Ra=200, Sandstone 5.6 mm * Ra=200, Glass 6 mm
u-u I T T R S B A A
0 10 20 30 40 50 60 70 80 90 100

Orientation angle, &

FIG. 3: Variation of the experimental results of the average Nusselt number with the orientation angle for different
Rayleigh numbers4A R = 3)
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3.0

2.5

20 |

1.0 |
05 |

00 L

575

AR (alb) =15
——Ra=50
----Ra=100
— — Ra=150
——Ra =200
0 20 40 60 80

Orientation Angle, &

100

FIG. 4: Variation of the average Nusselt number with the orientation angle for different Rayleigh numbers at axis

ratio of AR (a/b) = 1.5

figure that the average Nusselt number increases with EFig. 5 for the axis ratio of the elliptic cylinder of 2.5. The
increase of Rayleigh number. Also, as the orientation aninimum value of Nusselt number takes place at an orien-
gle increases, the average Nusselt number decreasesatiwh angle of 45-60°, but the maximum value of Nus-
reaches its minimum value at the orientation angle 6f 6&elt number occurs at an orientation angle of. #M@ore-
then the increase of the orientation angle increases theaver, for elliptic cylinder axis ratios of 3.0 and 5.0, Figs. 6
erage Nusselt number. The same behavior is noticedamd 7 illustrate that the orientation angle corresponding

3.0

25

2.0

1.0 |
0.5 |

00 [

AR (alb) = 2.5
——Ra=50
----Ra=100
— — Ra=150
——Ra =200
0 20 40 60 80

Orientation Angle, &

100

FIG. 5: Variation of the average Nusselt number with the orientation angle for different Rayleigh numbers at axis

ratio of AR (a/b) = 2.5
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3.0
/___*
25 EEE——— —TTT T
20 [
215
AR (a/b) = 3.0
1.0 ——Ra=50
----Ra=100
— — Ra=150
05 ——Ra =200
0.0
. 2 0 60 80 100

Orientation Angle, &

FIG. 6: Variation of the average Nusselt number with the orientation angle for different Rayleigh numbers at axis
ratio of AR (a/b) = 3.0

3.0
e
25 e
20 [ — et
=15
AR (a/b) = 5.0
1.0 —Ra=50
----Ra=100
— — Ra=150
0.5 ——Ra =200
0.0
0 20 40 60 80 100

Orientation Angle, &

FIG. 7: Variation of the average Nusselt number with the orientation angle for different Rayleigh numbers at axis
ratio of AR (a/b) = 5.0

to the minimum Nusselt number is 4&nd the maximum is concluded that the influence of Rayleigh number is
Nusselt number takes place at an orientation angle Bf 73nore significant than the axis ratio of the elliptic cylin-
90°. der.

The variation of the average Nusselt number with Based on the numerical predictions that are shown in
Rayleigh number for different axis ratios for orientaFigs. 4-10, the following correlation for the average Nus-
tion angles of 90, 45°, and O, respectively, is illus- selt number is obtained as a function of the different pa-
trated in Figs. 8-10. These figures show that the averagmeters:

Nusselt number increases with the increase of Rayleigh
number and with the decrease of the axis ratio. Also, itNu = 0.498R&-322° AR™0777(1 4 sin §)°-0167 (23)
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FIG. 8: Variation of the average Nusselt number with the Rayleigh number for different axis ratios at orientation
angle ofs = 9@
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FIG. 9: Variation of the average Nusselt number with the Rayleigh number for different axis ratios at orientation
angle ofs = 45°

This correlation [Eq. (23)] is valid within the ranges ofion) and isotherm contours (dimensionless temperature),
Rayleigh number (56 Ra < 200), elliptic cylinder axis respectively, are illustrated in Figs. 11(a)-11(g) for differ-
ratio (1.5< AR < 5.0), and orientation angle{G< & < ent orientation angles of the elliptic heated cylinder. This
90°). The maximum deviation of the numerical results at Rayleigh number Ra = 100 and axis rati&® = 3.
from the above correlation i&7%. It is illustrated in Figs. 11(a)-11(g) that the flow in the
The flow and heat transfer characteristics representeious annulus is considered as a two cellular flow pat-
by streamfunction contours (dimensionless stream furiern with cell centers above the elliptic cylinder. Also, the
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FIG. 10: Streamline (left) and isotherm (right) contours for Ra = 100 ddti= 3 for different orientation angles of
the elliptic inner cylinder

change in the flow pattern with the change of the orientaith Fig. 14(a) using sandstone grains of average diam-
tion angle of the elliptic cylinder is insignificant, and coneters of 2.7 mm and 4.2 mm. To achieve higher values
sequently, the corresponding change in the thermal fieldfsRayleigh numbers of 150 and 200, sandstone grains
insignificant (Reynolds analogy), and it is observed froof average diameters of 4.2 mm and 5.6 mm as well as
the figure that the thinnest thermal boundary layer occglass beads of 6 mm are used [Fig. 14(b)]. Fair agreement
atd =90, leading to the highest rate of heat transfer. Theetween the experimental data and the predictions is ob-
effect of the modified Rayleigh number on the flow anserved. This means that the present developed model is
thermal fields inside the porous annulus having an elliptonsidered a good means for predicting the thermal be-
cylinder axis ratio of 3 and an orientation angles 90° havior of natural convection heat transfer in an elliptic
is depicted in Fig. 12. It is noticed that as Rayleigh nunannulus containing water-saturated porous media.

ber increases, the values of streamfunction increase and

a thinner thermal boundary layer is attained, leading to;a coONCLUSIONS
higher rate of heat transfer and higher values of the av-

erage Nusselt number. Figure 13 shows the effect of fNatural convection heat transfer in a horizontal elliptic
axis ratio AR = a/b of the elliptic cylinder on the flow annulus filled with saturated porous media was investi-
and heat transfer characteristics for a modified Rayleigated experimentally and numerically. The inner horizon-

number of 150 and the orientation angl®f 0°. An in-

tal elliptic tube was heated under constant heat flux con-

significant effect of the axis ratio on the flow and heéltions and was located concentrically in a larger isother-

transfer characteristics is observed.

6.3 Comparison of Numerical Results with
Experimental Data

In comparing the predictions of the present numerical
model with the experimental data, Fig. 14 illustrates the
variation of the average Nusselt number with the orienta2.
tion angle for a modified Rayleigh number of 50 and 100,

mally cooled horizontal cylinder. The effects of modified

Rayleigh number, elliptic cylinder orientation angle, and
axis ratio of the elliptic cylinder were examined. From

drawn.

the foregoing results, the following conclusions can be

The average Nusselt number increases with the in-
crease of the modified Rayleigh number.

The average Nusselt number increases with the in-
crease of the elliptic cylinder orientation angle from
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FIG. 11.
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FIG. 11: Variation of the average Nusselt number with the Rayleigh number for different axis ratios at orientation
angle ofd = 0°

the position where its major axis is horizontal to the5. The effect of modified Rayleigh number, which in-
position of its axis is vertical. cludes the effect of fluid properties, porous medium
properties, and operating conditions, on the average
Nusselt number is more significant than the effect of
the geometric parameters such as the elliptic cylinder
orientation angle and the elliptic cylinder axis ratio.

3. There is an insignificant decrease of the average
Nusselt number with the increase of the elliptic
cylinder axis ratio for orientation angles other than
0°.

4. Bicellular flow pattern is dominant for all values of 6. The empirical correlation for the average Nusselt
the modified Rayleigh numbers. number is obtained as a function of Rayleigh num-
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FIG. 12: Streamline (left) and isotherm (right) contours foR = 3, 6 = 90° for different AR
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FIG. 13: Streamline (left) and isotherm (right) contours for Ra = 1%8,0° for different AR
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FIG. 14: Comparison between the experimental data and the numerical predictions for the average Nusselt number
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