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sbstract:  In present work, the forced convective heat tranafer through horizontal arrruler porous chermel ie
thearetically and experimentally studied Inthe experimental work, anmuler charnel with aspect ratio of 1.83 is
designed such thet one can study the cffect of various parameters controlling the behaviour of the flow. Heat
flux of 12.6 k'Wim? to 16.9 KW/m” iz epplied Lo exsrmine the effect of heal flux an heet tranafer process.
Porcus media  of diameters 3 mm snd 3 mm stainiess rieel spherica) beads are veed to examine the effect of
porosity on flow. Water, ax 8 tert-liquid, is used with mass flow rates of 40,50,60 and 70 kg/tr. Using the
obtained experimental daiz, the value of jocal and average heat tranafer coelTicients and Nusselt rugnber are
calculated In the theoretical work, the governing equations describing the problem are epproximated to a set
of lineer algebraic cquations using [linjte divided difference technique. Cormpiter programs are designed to
zolve thie mathematical model. The agreemnent between experimental and theoreticel results is feirly good 1n
all examuned conditions, eepecially, in case of 5 mm bead diameter medium The resulis show thal, hagher
value of heat transfer coefficient can be obtained using parous mediurn compered with emmpty channets.

1. Introducilon

The study of convective heat tranafer in porous medium has, recently, a great interest
seeking for better undersianding of the practical associated applications such as geothermal
systems, thermal insulation, grain and eoal storage, solid matrix heat exchangers, oil extraction
end chemical industries. Meny sarlier studies of heat and fluid flow in porous meditm made
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use of the Darcy fow model [1,2]. One of the first theoretical study, taking in account
boundary end inertia effocts in forced convective flow through porous medium, was carried out
by Vafai and Tien [3). Vafai et al. [4] investigated, experimentally, the effects of solid
impermesble boundary and variable porosity on forced convection in porous media Effect of
racdial thermal dispersion on fully developed forced convection in cylindrical packed tuber
was studied in [5]. Vortmeyer and scluster (6] studied the steady flow in rectangular and
circular packed beds by vanstional inethods. Theoretical and experimental studies of forced
convection in an isothermal channe! teking in consideration the effect of inertia, variable
porosity and Brinkmsan friction were studied by Poulikakos and Renken [7]. Teotsas and
Schiunder {8} analysed the heat transfer in packed tubes making some remarks on the meaning
and calculations ofheat transfer coefficient at the wall. A theoretical analysis is performed by
Cheng and Hsu [9] for fully developed forced convective flow through a packed-ephere bed
between concentric cylinders maintained at different temperatures. Method of matched
acymptotic expansion is used to obtain the velocity distributicn. The mixing length theory,
proposed by Cheng [10] for the transverse thermal dispersion, was employed to obtain the
radial temperatire distribution and Nuseelt number for the flow in an stmular bed Recently,
Chou et al. [11] performed numerical and experimental investigations of non-darcian forced
convection in horizontal packed-sphere channels with constant wall-heat flux A finite
difference method, with variable grid size, was employed to solve both momentum and energy
equations.

In the present work, experimental and theoretical models are designed lo study the
developing convective heat transfer through horizontal annular channel filled with porous
medium. Constant wali-heat flux at the inner surface and thermally insulated outer surface are
congidered in the present proposed model.

2. Experimental Work

The experimental test loop is shown in figure (1). Water enters the test section from
feed water tank (1) and leaves it to drain in an open loop circuit. Mass flow rate is measured
using orifice plate {2). The tested annular passage is formed using two concentric copper tubes
(5 & 6). The inner surface of the tested channel is heated, electrically, by the heater (4) of
maximum power of 2 kW. The outer surface of the annular channel is insulated by a layer of
glass wool. Temperature distribution along both immer and outer walls of the test section is
measured by thermocouples. Electric heater is of 6 mm diameter and 800 mm effective length.

Figure (2) shows details of the test section. The anmular passage is constructed using
two conceniric tubes. Inner and outer diameters of the imner tube are of 24 end 27 mm;
regpectively. The outer tube has 50 myn and 54 mm mer and outer diameters; regpectively. The
effective length of the test seclion is 800 mm long. The ouler surface of the annular channel is
thermally insulated by ueing a layer of glass wool of 50 mm thickness. Two packed porous
media are tested. First one consists of 3 mm stainless steel beads and the other consists of 5
mm beads. Sufficient number of balls is used to fill, perfectly, the entire space of the annulus in
random organisation.

One uses the obtained measured velues ofheat flux and temperature along inner and
outer wallg of the chammel to calculate both local heat tramsfor coefficient and local Nusselt
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number accoiding to the following procedure. Local heat transfer coefficient and Nusselt
niznber based on bead diameter are defined as;

hy = q /T, - Ty )y My =g d /[T, - T, , 1)

where ¢, , T,and T, are the heat flux, the local temperature of inner heated surface of the tube
and the average temperapmwe of water within the tube, respectively. In the foregoing equation,
bead dimneter of medium is denoted esd. k is the effective thermal conductivity of porous
mediumw.  Local Wusselt number based on hydreulic diameter is evaluated to make the
comparison between the case of porous medium-filled chamme! and empty one possible. Nusselt
mumber in this eituation is defined according to the following equation as;

Nup = g, D/ [k (T,-To )] , (2)

where Iy, D are the thermal conductivity of the fluid and the hydraulic diameter of the channel,
respectively.
3. Mathematical Model

The hydrodynamic fiow field and thermal (low field are described through momentum

and energy equations in cylindrieal form The used co-ordinate system is shown in figure (3).
These governing equations are written as follows;

{ dp v ra"u du v

- = + = + — ) - —u-Aul =0 , 3
g dx r( dr a’r) K’u " @)
AT S aT

U— = a=-~—— — 4
& ré'r(ré'r) “)

a
uzo & ﬂ:—-—.i at }'=r,_
gr k
(5)
u=0 & ﬁ'-:I‘:;' at r=r,
ar

The permeability X and the parameter A appearing in momentum equation {3) are defined as
the following;

12 .
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where ¢ is the porosity and is defined according to the following equations as;

B, (r-1)d r+s

¢ =g [1+4 ¢ T

] a r<r«

(7-2)

-ri/d

¢ =4 01+4 o AL

As it is shown in equations (7) and according to the investigntions [6,7,9], the variation of the
porosity ¢ can be approximated by an exponential fiunction of position relative to passage
walls. As it is clear, the veriation of porosity in the flow direction (longitudinal directien) ie
neglected. The values of the coeficiens ¢, 5, and 5, are listed in the literafure for bead
size of 3 mm. and 5 mm. as;

T
1] a 7 Sr<or . (7-b)

a

for d= 3 mm @ =037, / =035; fii =30,
for d= 5 mm. @& =037 B =043; f =20.

Jn the momentim equation (eqn.3) Lhe buoyancy term is neglected, since the forced
convective flow is considered in (his siudy. In energy equation (eqn4), the fluid and porous
mediwn are agswned to bo in thermal equilibrium. The effective thermal diffusivity o 18 taken
congtant through out this analysis. Solving the governing equations (3-3), one can obtain the
velocity profile and local temperature distribulion at every cross-section along the pasvage.
Conzequently, locul Nusselt number based on the bead diameler (Nus) can be evaluated
according lo the relation;

My =gd/ [HT -1 )J ; (8)
where 7% is the local bulk temperature. To put the foregoing governing equations (3-5) in
dimensionless form, one introduces the following definilions of the dimensionless dependent
and independent variables of the problem as;

=R X =x/R O w=wU | G=(T-T )T

where R , {Jand T, are the characteristic radius, velocity and temperature; respectively. They
are defined according to the following relations;

B=r,-n ; U=ai{ro-n) T.=q. R/k

Subglitution in the governing equations and their boundary conditions (3-5) vields to the
dimensiouless form of these governing equalions and their boundary conditions as;
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d*y du . 2
B+ L e+ 50 . 9
dart T dr ’ ! ®
.86 1 86 a'e
= = —a+— ] 10
“ ax" rrér a7 (10)
=0 & —‘Z-{)::d s r=g
dx
(11}
=0 & ~a—9_=0 st r=r 0,
ar
where 5y, S; end B are coefficients defined as follows;
2
S,=-R/k ; S=-URA/v g=_fK 1 dp
Uv p ax*
Similarly, one can express Nusselt number Miz; (eqn 8) in dimensionless form as;
d
Mld =_'—R- (9‘_95) " (12)

where 4 and A are dimensionless swface and bulk temperatures; respectively. The average
Nusselt munber along the tube of length L, is calculated according to the following relation as;

Nu, =~ [ MNu, dx” : (13)

d

o t—

b=~

Dimensiontess form of momentum and energy equations (9-10) are individually
solved, numerivally, wsing finite divided difference technique. According to thie technique,
both equations transformed to set of linear algebraic equations. Since the coefficient matrix of
both sets is of tridiagonal- matrix type, it is svilable to solve them using Tomas tridiagonal
malrix algorithm [15]. Because of the severe variations of velocity and temperature near the
channel walls as shown in figure (3), the used step sizs in direction normal to the wall s taken
variable such that, it is smaller near the walls [7,12]. Energy equstion {10) 15 solved in both
directions; normal and along the axis of the chammel, The step size along the axis has a suitable
single value, The numerical solution of this energy equation is carried out in step by step

14
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manper. Accordingly, the solution is carried out at certain value of x~ and then at the next
posiion  (x +Ar ) endsoon

4. Experfmental And Theoretical Resuliy

The experiments are carried out for heal ux of 12.6, 14.1, 15,6 and 17.1 kW/m®. In
these experiments, water is circulated at rates of 40, 50, 60 and 70 kg/hr. Two porous media
consist of packed spheres of dimmeler 3 mm and 5 mm are examined. To check the validity of
mathematical model, a comparison is made between the obtuined results of experimental and
theoretical analysis. To study the effect of using porous media on the heat trapsfer process,
empty chantel is tested and a comparison is made between the obtained results in both cases of
filled and empty channeis.

Figure (4) shows the behaviour of local Nusselt number againsithe dimenstonless
position along the chanoel axis (x/L). The walue of Nusselt number is, in general, gradually
decreased for all values of heat flux. Also, the vaiue of Nusselt mumber increases as the
applied heel flux increases. Figure (S5) shows Nusselt number along the channel in case of 5
mm bead dimneter medium. Nusselt number is, generally, higher in case of 5 mm bead
diameter compared with that of 3 mm bead diameter [Fig. (4)].

To examine the validity of the theoretical model, a comparison i3 made between the
experinien(al results and those evaluated using the mathematical model. Figures (6-7) show the
surface temperature along the channel in case of 3 and 5 mm bead diameter and at different
values of mays flow rates ( different values of Reynolds number ). Aeeording to these figures,
good agreement behween experimentsl and theoretical results is noted, especially for case of
smaller flow rates (smaller values of Reynolde number). In general, the deviation between the
experimenial and theoretical results is greater near the ends of test section. This deviation, near
the ends of the wbe, may be due to the negligence of wvariation of fluid-porous matrix
properties with temperature. Moreover, the effect of longitudinal heat dispersion is neglected
in the theoretical model. Figures (8-9) depict local and average Nusselt number iu case of 5
mm bead diameter. As shown in figure (8), the theoretically obtained results have higher
values, especially, near the ends of the tube while the experimentally obtained results are
higher in the interior part of the fested tube. Figure (9} shows average Nusselt number versus
Reynolds mmmber. As it is clear, average Nusselt number increases with increasing Reynolds
number. Also, one can see that, theoretically obtained Nusselt number is almost linearly
increased with Reynolds number. Both theorelical and experimental results show good
agreeinent between each other, especially, at moderate values of Reynolds number,

The enhancement of heal transfcr process associaled with using porous medium is
shown in figure (10). A comparison betweeu porous medium-packed channel and empty
channel is presenled As it is clear, the use of packed chamnel improves the heat transfer
process whel ever Uie bead diameter is. Increasing the bead diameter yields higher values of
Nusselt number, Figure (11) shows the increase of pumping power due to the use of porous
medium in hent transfer process. As it is clear, the presgure drop acroes the channel length
increases as the bead diameter decreases, especially, for higher values of flow rates.
According to figures (10-11), a compromige must be done to determine the optirmm condition
of using porous medium-packed bed in heat trmsfer processes.
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The following figurea (12-14) show samples of results that may be evaluated using the
theoretical model. Figure(12) shows the effect of bead dismeter on the dimeneionless veloeity
profile ecross the pipe. As it is shown, the velocity overshoot increases aa the bead diameter
increases. The velocity overshoot near the tube walle ig, previously, reported in the study of
Vortmeyer and Schuster [6] in case of flow in circular ducts. Fi (13) shows the effect of
dimensionless pressure drop (corresponding to B=10*, 5x10°& 10°) on the velocity profile. A
it is expected, incremsing the value of B yielda to higher vmiues of local velocity and
consequently higher values of average velocity as well as mass flow. Figure (14) iliustrates the
dimensionless temperatre & in rudial direciion at different position along the tube length. It is
shown that, the temperuture decreases gradually from the immer surface to the outer surface of

the channel. Moving down stream (higher values of 2/Z) yields higher values of temperature
due to the continuous heat addition

5. Conclusions

In the present work, a theoretical model is propesed to analyse forced covective flow
through an annular passage filled with porous medium With aid of this model, thermal and
hydrodynamic flow field cau be predicted through out the passage. Accordingly, local and
average heat transfer coefficients as well as, Nusselt number can be evaluated for different

flow parameters. According te experimental and theoretical results, the use of porous medium
enhances the heat transfer processes.

Nomenclature

Hydraulic diameter, m

Bead diameter, m

Local heat transfer coefficient, W/m?

Permeability, eqn. (6), m?

Effective thermal conductivity, W/m °C

Test section length, m

Nusselt number based on the hydranlic diameter of the tube, eqp. (1)
Nusselt number based on the bead diameler, eqn. (2)
Pressure, N/m?

Heat flux, W/m®

Radial co-ordinate, m

Inner radius of tested tube, m

Outer radiug of tested tube, m

Temperature, "C

Average velocity, m/s

Characterialic velacity, U= ./ (r,- ;)

Axial coordinate, m

=
o

oo ZSZL_'W‘?:#&IU

=Rl

Greek symbols
o  Effective thermal diffusivity, m*/s

[ v 3 1AnSr Tune
T §  outor tube
15 hollive tubay
16 lraulator
1T powder
1% screen

Flg.(2) Detalls of Lhe Lest sectlon.
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¢ Porosity, equs. (7)

v Kinematic viscoaity, /s
0 Dimensionleas temperatiure
p  Density, ky/m’
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v Kinematic viscosity, m*/s
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P Density, kg/m’
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