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Abstract:

Forced flow through a circular pipe filled with saturated porous media has been
oumerically simulated The generalized form of the momentum equation ncluding the
noa-Darcian effects such as the vanable porosity, flow mertia, and viscous friction is
cousidered. To solve the momenium equation, the fGite difference method is used.
Dufferent sphere diameters of 3% o < 8 mm, and sphere diameter to the pipe radias ratio
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“0" w the mange 005 < D £ 2 are considersd. The results are obtaived for flow
Reynolds umber up 10 109, and nondimensional pressure gradient B up to 108 The
resulis show thet the non-Darcian effects have 1 significant influence on the velocity
profiles. These effects appear clearly in the regions near to the wall and givesan
increase i the magnitade of the velociy and significs the chanpeling effect. It hasin
tums & significant mflussce on the fhad flow characienstics such as the boundary
frictionsl drag, the frictional drag imduced by the solid matrix (designed as Darcy's
pressure drop) and the flow inertia drag and in tums i the total drag coefficient . The
results show the great influence of sphere dismeter d, sphere diameter to the pipe
radius ratio D, Darcy number Da and the Reynolds number on the toal drag coefficiemt
J; and also on the behavior of its three components. The predicted results of the total
friction as function of Reynolds oumber exhibit excellent agreement with Ergun
equation based on the area mean porosity £, wstead of the free porostye, It
confirms the fact that Ergun equation is also valid for porous media of ideutical
spherical particles for the lamimar, transient and tusbulent regmes.

Ju= 175/ Reg + 1.75
To werify the sumencal results, an experimental investigation was carried out for
the flow of water in a circular tube filled with fve different sicel spheres of dameters
32,4, 47, 54 and 6.5 mm respectively. Companson with predicted results shows a
very good agreement, and proves the validity of the model

1. lateoduction

Flud flow m a porous media has been of continuous wterest for the past five
decades  This mterest stems from the complicated phenomena associnted with the flow
process ia porous media, and its very wide applications availsble Such appbcatious

ceramuc processing, catalytic reactors, and food processing techaology, Consequently,
understanding the associsted transpont processes is of catical imponance.

The majority of the exigting studies ar= pertinent to the fuid flow and hest
transfer in porous media based on the Darcy flow model The theoretical work of
Vafia and Ties [1] attempted to sccount for boundary and wertial effects on forced
convective flow mn porous media  Vafia [2] and Vafia et al [3] studied the eFects of
ﬂuw‘duunlﬂng on forced convection along a flat plate theoretically and

comstant matrix porosity and Naksyama et al [3] treated the wall by a constant heat
flux and peripherally uniform wall temperature. Polikakos and Renken [6] analyzed
theoretically the forced flow iu a channel filled with porous medium, and accounted for
the effects of flow inertis, variable porosity, and Brinkman friction. But they did not
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these effects oo the fluid flow charactenstics El Kady [7] mvestigated
theoretically the forced convection heat transfer and flow in an annular channel filled
with porous media taking into consideration the non Darcian effects. Cheng, et al. [8]
analyzed the forced convection in the entrance region of a packed channel with
beaung. The vanable porosity close to = impermeable boundary has been
reported by a number of investigators such as Beaenati and Brosilow (9] They sbow a
distoct porosity variation i packed beds. Their results show a high porosiry region
close to the exemal boundary. Chandrasekhara and Vortmeyer [10] used the
measurements of Bepenati and Brosilow [9] to solve sumencally for the velocity profile
in isothermal packed beds Wang and Du [11] avalyzed expenmentaily the forced
convective heat transfer in a vertical annulus filled with porous media. Arun and Vaba
[12} siwlste sumerically the forced coavective incompressible ow through porous
media, and the associsted franspornt processes.

The existing lierature on the fuwd Bow through porous media (packed sphere
beds), give very limited quantitative imformation on the influence of considering the
noo-Darcian effects such as the vanable poroswry, flow mertia, and viscous friction on
the fluid flow characteristics. It is the objective of this paper 1o provide an analysis for

i

pressure drop) and the Jow merua drag mduced by the solid matrix 2t high Dow rates
(designed as Forschheimer's form drag).

2. Muthematical Formulation

In order to formulste the problem, a steady, hydrodynamically fully developed
fluid Gow in a horizontal circular pipe filled with packed spheres as a porous medwm is
considered IL is pssumed that the Duid and the solid matrix are m local thermal
equilibrium and that the maguirudes of the physical propenties such as the viscosity and
depsity are coostant. The physical configuration of the problem is shown in Figure (1)

Under these assumptions and by treating the solid matrix and rhc fluid asa
continuum, the improved Darcy momentum equation includwg tbe viscous boundary
friction and inernis effects are used:

lp.[oPidx) = vir [B/dr(rdufBc)-vuir-Awd (1)

where, u, P, p, u are the velocity in the axial direction x, the pressure, the uid
density and the fluid dynamuc viscosity respectively. y and A are the permeability and
the wentin coefficient (Forschheimer function) of the porous medium and are dependent
on the porosity e and other geometrical parameters of the wedium. These parameters
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are given by Ergun [13] for backed beds of identical sphenical beads of diameter d and
porosity & as,

y =dt g (175 (1-e 2] (2)

A= 175(1-e)/ [d &3] (3

The present approach usmeg egquatiom (1) can be used from y — 0 (Darcuan
flow) 1o y— o (Pure fluid low). The first. second, and third terms on the night hand
ade of oquation (1) are expressions for the boundary viscous drag which was
miroduced first by Brinkman [14), Darcy frictional drag which is respousible for the
perous structure and inenia drag.

Due to the fact that, the particle diameter to the pipe radius rano “0)" is large
eaough, the porosity variation gear the wall in no loager ceghpble. Therefore, it is
assumed that the porosiry “¢" varies exponentially from the wall The experimental
results of Benenati and Brosilow [9] for the porosiry varianion which is used later by

Vafia etal [3), Poulikakos and Renkeo [6], and Mularidhar and Kulacki [15] can be
represented m the following form:
£= &g 1+l explc.y/d )] (4)

Whers v is the distance from the boundary wall, £ is the free stream porosiry, and the
empinical constants b and < are dependent on the particle diameter,

Numerical predictions were carried out for a porous media formed by spheres of
diameter 3. 5, 6 and 8 mm The constauts chosen to represent the vamation of gg, b,
and ¢ are sumilar to thot used by Beneoati and Brosilow [9) and Chisndrasekhara and
Vorumeyer [10] and El kady [7) umong others. In the cases of d =3, * mum the values of
the parameters are 6, = 037, b=03%and 043 and c=3. Ford = 8 mm, in the other
hand. the values of the parameters are gg = 0.37, h =09 and ¢ = 2. For the case of d'~
6 mm. the followang values are assumed £g =037, b= 053 apdc=3

The boundsry conditious imposed on the physical system are uniform with
respect to the axial coordinate, the computational domsin thus comprises of one half of
the ppe over which the velocityu=0a1 =1,

Using the dimensionless variables U = u /uy,, R = t/r, and D =4 /1, the momentum
equation ( |} can be transformed 1o nondimensional form as:

U+C) [Re2) . UZ=(B.I'). [2/Re] + (I /R) [@/8R (R 5U.CR)) (5)

where, C;=001D/(l-¢),
r = Tfroi “FIJ-’[]H(I"FL
Re=2uy ry/u, and
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B =-3P/&x. [ryd pul]
4y & the averaged fluid velocity mcluding the solid and fluid regions and B isthe
nondimeasional pressure gradient.

3, Fluid Flow Characteristics

The boundary fricuonal drag represents an overall charactenistics of the channel
flow, it is determined by the friction coefficient which is defined as [16-17] |

L =t /[12. pud] (6)
where 1, is the mean wall shear stress and
up 15 the average local average velocity in the x-d'rection i void volume

In addition to the boundary fnctional drag, the flow through the porous duct
expenences also a bulk frictional drag nduced by the solid matrix (designed as Darcy's
pressure drop) and a flow inertia drag induced by the solid matrix at high Gow rate
(designed as Forschheimer's form drag). The bulk friction (Darcy) und the mertia
(Forschheimer) drag coefficient and the 1otal bulk drag which is the summation of the
tbree drag types are defined [16-17] after changing the variables to our notatious and
definitions as follows:

Jo= 1 Yo & up (1/2)/ (%5 pud) )
fi=0143p 1y 036,05 ud (12 apud) (B
Ji = ~(dPIdx) (1o/2) 1 (. p ug] 9)

where ¥, 1§ the permeability based oa the area mean porosity £,
o
&y I8 the area mean porosity €, -[I!rﬂll.uj lrg dr
Equations (6) - (9) can be written as o function of the nondimensional parameters as:

0
fo= & @UAR)| ey 0

fp="% DullRe (1)
S = 00715 Da0 3 (12)
fi = S +fp+)fi = 4B/Regl (13)

where  Da s the wodified Darcy number =, / (4 1o% £,
Rey s the Reynolds number based of the velocity up, Rep = 2 up ry/ v

In the present study equations (10) - (13) ave used.
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Fig. 2 Schematic diagram of the experimental apparatus
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4, Method of Solution

Finite difference equation is derived from equation (5). Both the first and second
order derivatives were discretized by using ceatral difference formulas [18]. The
Forschheimer vonlinear term is linearized by guessing initial values of the velociry Geld
at all the grid points, and the nonlinear term was written as the product of the unknown
velocity and the guessed velocity. The difference slgebraic equation is solved using the
Gauss-elimination method [19] to vield the velociry field. A variable gnd for accurate
resolution of the impomant near-wail regou is used in the Y-direction (o obtain the
momentum equation fmite difference form,

5. The Experimental Work:

To validate the program developed for this study as experumeatal study for the
flow in & porous media is carried out. A schematic diagram of the test rig is shown in
Fig. 2. The test section is made of a copper tube of 20 mm inside diameter, and 4 250
mm loug The tube is filled uniformly with stainless steel splieres of uniform sizes to
form a backed bed 1o serve as the solid porous matnix through which fluid fows The
steel spheres are beld in place by means of wire mesh located at the two ends of the
tube. Five different sphere diameters are used through out this work. They are 1.2, 4.0,
4.7, 5.4 and 6.3 mm in diameter respectively. Fluid flows under the gravity action from
s coustant head tank 6.0 m sbove the test section. The porous section is kept
honzoaotal in the gravitational open flow system. A calibrated onfice-meter is used as a
fowmeter to measure the Row rate and from which the mean velociry and Reynolds
oumber of the llow were calculsted A U-tube mercury manometer is connected to
two pressuse taps locared just upstream and downsiream the test section to measure
the pressure drop along the test section. Dunng the experiments the flow rate vanied
from 9425106 1o 166x10°¢ in¥/s.  The expeniments were performed carefully, each
tine the expenments were wmitinted at the largest flow mtes; the objective wasto
produce a stable packing ofthe beads and to prevest the effects of changms porosity
on the pressure drop as the flow rate was varied.

6. Results and Discussion
6.1 Flow velocity and Chanaeling

The Velocity distribution across the pipe flow @ s porous media extibit a channeling
effect near the wall It is considered the mamn driver for the behavior of the flow
charactenstics in such Oow types. In order to give good explanations for the effect of
the different geometnic parameters such as the bead dismeter 4 and its ratio to the pipe
radms D om the flow characteristics, the velocity distnbution and the channeling effect
were studied.
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The dependence of the flow velociry and the channeling cffect across the pipe balf
section oo the bead diameter d and its ratio to ibe chasne! radius D are shown m Figs.
J and 4 Fig J shows the velocty disribution for the flow i a porous media of
different sphere dismeters =3, 5, and $ mm, D = 0.1 and Re = 30, Fig 4 shows the
velocity distnbution  for the Jow & porous media of different spbere to pipe diameters
mio D (003 s D < 2) &) mm and Re = 50 Both Figures show that with the
iscrease of either d or [ the permeability aear the wall moreases which o tums
increases the channelng flow ares near the wall,

6.2 Flow charncterintics

Tie fuid fow is characterized by the friction factors £, /[y, /; and f; which ere
described by equations (10 -13)

The total friction factor f; depends MMMMMNM
noedimenswonal pressure gradient B.  To show the effect of the different
parametess on fp it 5 very useful to lmow firm the relstion berween both Re and B.
Figs. 5 and 6 show the behavior of the nondimensional pressure gradient B wath the
chaage of Reynolds wumber for different values of d and D Botk Figures show the
bwear relation between B and Re ip the logaritlunic scale. The resulis show an mecrease
m B with the mcrease of Re and its decrease with the increase of either the bead
dinmeter o ot the ratio D at constant Reynolds number.

Fig 7 represents the variation of the total friction factor f; with Re for 4 =3, § and 8
mm at coustent D= 025 The total nction f; decreases with the increase of the besd
dumeter. For coomant Reyoolds number the pressure gradient B decreases wath the
merease of the bead diameter as shown in Fig, 6 which leads 1o the ncrease of f; Fig.
% shows the vanation of the total frictiou factor f; with Re for a range of the bead
diarneter (0 the cube radius atio 0 05<0<1. With the increase of D the noundimengional
pressure gradient B decreases as shown ia Fig. 6 which yields the decrease of the total
friction factor /f; with the increase of Re and £l Figs 7 and 8, the (f-Re) curves take
thie lmearly shape m the laminar region, curved shape in the transieot und constant value
for the turbuleat regions

The behavior of the boundary wviscous drag [, the Darcy friction fp, menia
friction f; and the total drag f; with Reyoolds number Reg are presented in fig. 9 for d =
3 mm, D=01andinofig 10 ford =54 mmand D =054 Itisshown in Fig 9 that
the inertia friction factor f; is independeat on Rey, while the Darcy friction factor f
changes lbearly m the loganthmic grapb with Rey  The values of fj exceed the values
of f, when Rey >65 and exceed the values of fp when Rep= 300, The curve of
IWHH“HHMHHI;,IMM&MMH region and it assymprores
with the line of /j in the constant value region where Reg> Sx10% In fig. 10 where
bigger void ares exims for the case of o = 5.4 and D= 0,54, the same trend of the data
of the friction factors is observed but with smaller values

9
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Fig. !| presents the relative sharmg of each of the different friction factors in the
total frictios. It represents the values of /j fy, /i, / fyand fj /fy for d= 5 mm and D =
0.1, 0.25 and 0.5. With the wcrease of Die the mcrease ol the void volume, the
values of the Darcy friction /[ /f; decreases while both tbe inerna and viscous fricuon
factors f,, /f; and f.f; increases For Rey> 5x10% both the Darcy and viscous friction
Solfi - Jv (f; can be neglected, while the inertia friction f//; forms the maia pan of the
total friction. For Reg <100 both the fnction factors £, /f; and f/f; are nearly constants
but the Darcy Fiction /i 4y cowtributes the main pant of the towal friction. Fig. 12
gives the sane relations shown in Fig. |1 but for more void media, for d = 5 4 mm and
D =054, The same trend appears with higher values of f,, /; and f; /; but the Darcy
fnction ) /f; takes swaller values than that of the dense porous media presented in Fig.
I

Fiz 13 dustrates the effect of Darcy oumber on the product of friction factor and
Reynolds number. The total ficton factor f; Rey, boundary inction £, Reg, Darcy's
fnction factor fjy Rey , and Forschbeimer's friction factor fj Rey, are plotted over the
range 60<Da"}<105 It is seen that the value of fp Req exceeds f, Reg when the
value Da"'>120, the curve of f; Res overlaps with tbe lines of jj Rey for Da'>
5x104  For Da"! £ | Darcy friction fp, Re; and Forschbeimer's inertia fricnion factor
Ji Reg are almost negligible and the flow behaves just like the Posseuille flow. The
results of parallel plates of Nakayama et al [$] and of the square channel of Hwang et al
[17] arc also represented with these results in Fig. 13 for comparison, A similar trend
is observed between the data of parallel plates, the square channel and the carcular
channel

Tt is more convenient to cast one relation to include the effects of the porosity
vanation and the sphere diameter. So, it is more suitable to plot the total friction factor
versus Reynolds number in the nondimentional Ergun coordinates. In these
coordinates the towal friction factor and Reynolds oumber are based on the sphere
diameter d aud the free stream porosity £, and are defined as

So= (dPrdx) (a2) [643 1 (1-€0)] / [172. p ug?] (14)
Rey = ugd/v  [1/(1-e0)] (15)

The relation between f, aud Re, is known as Ergun equation and represents the
flow in lammar, trapsition and turbulent regimes. It Bts available experimental data in
fuid flows very well (Ergun [13] and Rabie et al [20]) It is used for beds of small
randorly unsphiencal beads as

Je=175/Rey +1.75 (16)

Figure 14 represents the relation of f versus Rey for d =3 mm and the different

cases preseated in Fig (1 for D =005, 0,15, 0.25, 0.5, 0.66,0.75. and 1.0. Figure |4

shows that such presentation of results mode all the data to collapse on nearly one
curve. Companug these results with those reported by Ergun and represented by the

11
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empincal formula (16) for the identicai spbencal beads shows good agreement for tie
cases which have low values of the ratio of bead sphere diameter 1o the pipe outer
radius, mainly D = 005 and D =0.15. For lugher vaiues of D the data deviates from
the Ergun curve The deviation increases with the mcrease of D The reason for such
deviation may be atributed the channeling effect which is caused by the porosity
vamation aear the wall and the higher velocity occurred there. For small values of D the
channeling effect is small and the free stream porosity £, tends 1o equal the area mesn
porosity ¢ therefore, the deviation i this case is very small By the merease of D the
porosity vanaton nesr the wall and the chenneling effects increase  Therefore, the free
stream porosity ¢, becomes more less than the ares mean porosty £, and the devistion
increases

Defining /,, and Re, as the total friction factor and Reynolds number based on the
area mean porosity ¢, mstead of the free porosuy €, 3 modified form of Ergun
equation for the idenncal spherical beads can be casted from both vansbles /, and Re,

Sn= 1751 Rey + 175 (17

g the previous definitions m equations (17) the data of Fig (4 can be

in modified Ergun coordinates. Fig |5 presests the relation betweea f,
Rey for o =3 mun and the different cases presented in Figs. |1 and 12 for O =
05, 0.15,025,0.5,0.66,0.75, and |. Fig 16 preseats the relation between £, versus
for 0 = 0.1 and different bead dinmeters @ = 5, 5, 6 and 8 mm. Such sew
presentation  of rasults made all the data ro collapse oo one curve. This curve shows au
excellent agreement with those results reported by Equation (17) for all the presented
cases of D and J and for the lamingr, vansient and rurbuleut regimes  This resul
confirms the Ber that Ergun eguation can also be valid for porous media of identical
sphencal purticles but with Reynolds oumber and the total friction factor based on the
area mean porosity e, nstzad of the free porosity e,

s

F

To validate the numencal model experimental test series were camed out. In
which both the pressure drop ind the volume flow rate wers recorded and both
Reveolds number and the total friction actor based oo the area mean porosity £, were
calculsted apd compared with the numencal results, Fig. 17 presents the comparison
between the experumestal and numencal values of the total friction facior with the
chenge of Reypolds number for five spherical sized packed beads of 3.2, 4, 4.7, 5.4 and
61 mm diameter The comparison shows good agreement of the presented results and
proves the validiry of the model

7. Conclusions
Lo the preseat study, the goneralized momentum differential equation including the

non-Darcian effects such as the variable porosiry, low inortia and Brmkman viscous
friction are solved by a pumernical Bmite difference stheme o detenvine the flow
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charactenistics i & circular pipe flled with porous material  The following conclusions
can be made

The vamable porosiry effect appears clearly i the regions sear the walls only, It
gives an weressz m the velocay and signifes the channelng effect.  Both the velocity
and the channeling effect increase with the mcrease of the bead diameter, the rano of
bead diameter 1o channel radius D, or the meresse of the nondimensional pressure
gradient B,

The wondimensional pressure gradieat B shows a boear relstion ia 4 logarithmic
scale with Reynolds number Re B mcreases wath the increase of Re and decreases
with the increase of either the bead diameter o o1 the ratio D at constant Revnolds
number

The total friction /; cwve wshes the straight ine shape in the lammar regron, curved
shape in the transiest and constant shape for the turbulent regrons.  [is value decreases
with the increase of the bead diameter, Re and the ratio of bead diameter 1o pipe
rodius D.

The nerta fnctiou factor fj is mndependent ou Rey, while the Darcy fction
factor iy changes linearly i the logarihursc graph with Re;  The curve of
assymplotes with the knes of /j i the [nearly shape lamenar region where both the
friction factors /7 and £,y 1re nearly constants and very small while the Doscy friction
Jb ¢ coutrbutes the mam par of the total friction The curve of f; aveympiotes with
the line of f for constant value regaon and both the Darcy and viscous friction /).
Fv/fy can be negiected, while the memia friction 7Y, forms the main pam of the totnl

Ergun cquatiou for the noa-spherical pamucles porous media is also valid for
idevucal spbencal particles for the lamumar, transicut and turbulent
boch Reynolds munber sad total [riction factor arc based on the area
mean POTCSity iy, mstead of the fee porosily £,

i i
!

8. Nomenclature
A Forschbesmer mertia coefficient of the porous medium, equation 2
be coastints, equation 3
8 nondimensional pressure gradieat , equanon 7
Cy dimensioaless cocfficients, equation 7
sphere diameter, mm
dimensiouless sphere diameter < dirg

modified Darcy number = y,/(415] £
fnctional drag factor induced by the solid matrix ( Darcy's pressure
dsop and the Bow ivertia drag)

Eppnn
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fe the toral drag (fricrion) factor due 10 Ergun equation ( 14)

A flow iperna drag induced by the sobd matrix a1 high flow rate (designed as
Forschheimers form drag).

S the total drag (Ficnea) factor due to Ergun defimition but based on ey

the total drag (Fiction) factor

the boundary viscous friction factor

pressure, Pa

radial coordinste

pipe radius

dimensionless radial coordinate

Reynolds no based on the rube diameter Re =dug, rofv

Reyuolds no. based on the bead diameter and to, Rey = uy & [ 11(1-6,)]

Reynolds sumber based of the velocity uy, Reg= 2w ry/u

Reynolds no. based on the tube diameter and &, Rey= ug, d/u.[1412,,))

field velocities i the x direction, ='s

non-dimensional Geld velocities in the X direction ™ u / uy,

local sverage velocity in the x-direction m void vohune = uy/t,,

local sveraged Dwid velocity including the solid and fuid regions

axizl coordinate

the distance from the pipe wall

permeability of the porous laver, equanica 2. m’

permeability based on the area mean porosity £,

dimeusionless coefficrents, equation 7

porosity of the porous medium

free-stream porosity

Area mean porosly

mean wall shear stross .

kincmatic viscosity of the thad, m"/s

fuid density, kg’

=

il s ool A A B B o T
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