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Non-Newtonian Drag Reducing Fluid Flow in a Circular Pipe
Filled With Porous Medium in the non-Darcian Effects
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Abstract:

This work preseots an analysis of a uon-Newtonian drag reducing fluid (diluce
polymer solutions) m a circular pipe flled with porous media. The tlow r . is
developed by modifying the momeatum equation for the flow in porous media to accouut
for the elougational viscosity of drag reduciug fuids. The modified Darcy-Forschbeiwer-
Brinkman’s equation is sotved uswg the finite difference metbod. The results are obtamned
for fow Reynolds uumber up to 105, a non-Newtonian drag parameter range of 0 <y <
5000, and nondimensional pressure gradieut B up to 10'0. The resuits sbow that the non-
Newtonian cffects of drag reducing fluids have a significant wfluence on the velocity
profiles. A very low polymer cancentration can cause great reduction in the wmean velocity
and signifies relative incresse w the maguitude of the velocity w the regon adjacent to the
wall wiich in tuins signifies the chanoeling effect. This phenomena is reflected in the great
influence on the fuid flow charactenistics such as the boundary frictional drag, .the
elongatioval wviscous drag, and in turms in the total drag. Imporant results documeuting
and analyzing the behavior of the velocity and the Quid flow characteristics and its
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dependence on the uon-Newtonian drag parameter are also reported in the course of the
study. An experimental investigation was carried out for the flow of water and a dilute
polymer solutions with conceatrations C = 1, 5, 20, 50 and 100 wppm of the
polyacryiamide i a circular rube of 20 mm diameter flled with 5.2 mm diameter stawless-
sieel spheres. Comparisons of the numerical results with the experimental results show
good agreemeunt of the presented results and prove the validity of the model.

[. Introduction

Fluid flow through porous media has been of contmuous interest for the past five
decades. This interest stems from the complicated phenomena associated with the flow
process m porous media, and its very wide applications available. Such applications can
be found in chemical engineering, eavironmental protection, thermal insulation, grain and
coal storage, underground water hydrology, drying technology, transpiration cooling,
solid matrix heat exchanger, ceramic processing and catalytc reactors. Coasequenty,
understanding the associated transport processes is of critical ioportance.

The majority of the existing studies were concerned with tiie Newtonian fluid flow
and heat transfer in porous media (1-5]. In fact many industrial processes involve non
Newtonian fluid flows with drag reduction charactenistics through porous medium such
as in ol and chemical industries. From the point of view of drag reduction, the flow of
drag reducing polymer solutions in porous medium is very interesting. In fact as the fluid
flows through a porous medium it encounters continuous contractions and expansions,
and the flow is also subjected to acceleration as well as deceleration and elongational
stresses appear. In such flow situations, elastic and non-Newtoaian effects of dilute
polymer solutions occur when the relaxation time of the fluid exceeds the time scale of the
flow. The fluid, then, will not accommodate the flow changes and an increase in the flow
resistance will be noted. Such increase is interpreted as ao increase in the elongational
viscosity due to stretched polymer molecules (6). Most of the studies were concerned with
investigating elongational fows of concentrated polymer solutions. Flow ficlds such as in
expanding jet, through orifice, between cylindrical rollers and through porous medium
were expenmeatally studied. A review for the experimental and analysis of concentrated
polymer solutions in such elongational flow fields were done by Savins [7]. The work of
Dauben and Meozie [8] was the first to study the flow of dilute polymer solutions through
porous medium. This was followed by the weork of James and McLaren [9]. Experiments
similar to theirs were carried out by Elata et al. [10] and Naudascher and Killen [11]. Elata
et al. (10] carried out their expeciments using solutions of different concentrations of
Polyox Coagulant flowng through porous beds of spherical panicles under Jaminar flow
conditions. Laufer et al [12] studied the flow behavior of two dilute polymer solutions,
- Polyox WSR 301 and Separan AP 273, at coucentrations as low as 25 wppm through
porous beds of spherical particles. Rabie et al [6] studied experimentally the flow of dilute
polyacrylamide solutions at concentrations up to 50 wppm through porous medium of
irregular shape particles (sand) from 0.25 to 4 mm i diaweter under laminar, transient and
turbuleot flow conditions. Yu et al [13] investigated the flow of two power law fluids
through 2 fixed bed of plasucs cubes. Kumar and Upadhyay [14], on the other hand,
carried out experiments with one mildly acn-Newtonian test liquid through a bed of giass
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cylindecs. Chbabra and Srinivas {1 5] investigated expenmentally the effects of the particle
shape on the behavior of the non-Newtonian (purely viscous) fluid flow through packed
beds. An extensive measurements ou pressure drop in fixed beds, minimum flwdization
velocity and expansion charactzristics was done by Sbarma and Chhabra [16] for beds of
non-spherical particles and by Srinivas and Chhabra{17] for beds of spberical partictes. It
1s therefore, safe to conciude that very little is known about the effects of non-Newtonian
fluid behavior on the frictional resistance (0 the flow m porous media and fixed beds.

The object of this paper is to give ap apalysis for the flow of noo-Newtonian drag
reducing fluids in a circular pipe filled with saturated porous media (packed sphere beds),
taking into consideration the varable porosity, flow mertia, and viscous friction. Also to
show the non-Newtonian fuid effects on the fluid velocity and fluid flow characteristics
such as the boundary frictionat drag, the bulk frictional drag induced by the solid matrix
(designed as Darcy's pressure drop), the flow inertia drag mduced by the solid matrix at
high flow rates (designed as Forschheimer's form drag) and the bulk frictional drag
induced by the elongational viscosity due to suetched polymer molecules.

2. Mathematical Formulation

o order to formulate the problem, a steady, hydrodynamically fully developed fluid
flow in a horizontal circular pipe filled with packed spheres as a porous mediumis
considered. Tt is assumed that the fluid aud the solid matrix are in local thermal equilibrium
and that the magnitudes of the physical properties such as the viscosity and density are
constant. The physical configuration of the problem is shown in Fig. (1) .

As the fluid flows through porous medium, it encounters coatinuous coatractions
and expaosions, hence, elongational stresses appear. In such flow situations, elastic 2nd
non-Newtonian effects of drag reducing fhuds occur even for very dilute solutions. Tlus is
atributed to the fact that when the relaxation time of the fluid exceeds the time scale of
the flow, the fluid will not accommodate the flow changes and an increase of the flow
resistance will be noted. Such increase m flow resistance is imterpreted as an increase m
the elongational viscesity. Therefore, the normal stress in the mean flow direction can be
written as (6]

o= -P+(2um) G (1)

where, P is the isourepic pressure, G is the streamwise strain rate (du/dx) which is
assumed to be propomional to the velocity in the axial direction “u" and v is the
elongauonal viscosity coatmbuted by the presence of polymer molecules in the flow.
Equation (1) shows clearly that the increase in flow resistance of porous media due to
elastic and non-Newtonian effects of polymer molecules is proportional to “n u» .
Therefore, the pressure drop per unit leogth AP of polymer solution flow in a porous
medium is derived by Rabie et al [6] as:

AP= jui/y+Apu +qu/f (2)
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This equation represeats a modified form for Ergun equation for the flow of
polymer solutions. pufy, Apu? and nw/p represent the flow resistance due to viscous,
inertia, and elastic and non-Newtonian effects respectively.

Accordingly, the Darcy-Forschheimer-Brinkman's equation can be modified for the
non-Newtonian drag reducing fluids flow i porous medja and written in cylindrical
coordinates as:

1 p.[8Plex)=v/r. [8/0r (toudr))-vuly-AuZ-vul/p (3)

where, p, v are the fluid density and dynamic viscosity respectively. yand A are the
permeability and the mertia coefficient (Forschheimer fumction) of the porous medium,
which are dependent on the porosity “e™ and other geometrical parameters of the medium.
These parameters are given by Ergun (18] for backed beds of ideatical spherical particles
of diameter “d" and porosity “s” as;

y =d2e3/1175(1-¢ )2 (4)
A= 175(-2)/{d £3) (5)

The first, second, and third terms on the right hand side of equation (3)are
expressions for the boundary viscous drag, Darcy frictional drag which is responsible for
the porous structure and nertia drag.

The term (v.w/f) or the right hand side of equation (3) represents the elastic and
non Newtonian contribution in the total resistance, where {3 is another drag parameter that
depends upon the porous media’s geometry (d and €) as well as the polymer type and

concentration.
B =d2ed/(y(l-€)?) (6)

and W is a non-Newtonian drag parameter which depends upon the polymer type and
coocentration and was derived by Rabie et al [6] as;

w=N.(Cu)" (7
where C is the volume conceotration of the polymer molecules which is taken as
the mass concentration since the specific gravity of the polymer is 1.0,
[u] is the intrinsic viscosity which is given by ()= K.M0 78
K, N are numerical constants = 0.0125 and 1.069x 10 4 respectively [6)
M is molecular weight of polymer; M = 5x 108 for polyacrylamide
n =05 by Elata et al. [10] and Naudascher and Killen (11] for flow
through spherical particles porous media.
The present model using equation (6) can be used for the flow of Newtonian fluid
(w = 0) as well as drag reducing fluids (1 > 0) in porous media.

The porosity “e” was assumed to vary exponentially from the wall according to the
following form;

e=te {1+bexp(c(ro-1)/d)] @
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where €, is the free stream porosity, and the ewpirical constants b and were chosen similar
to that used by Chandrasekhara and Vorntmeyer [19] and El Kady et al.[5] among others.

The boundary conditions iwposed on the physical system are uniform with respect
to the axial coordinate, the computational domain thus comprises of one haif of the pipe
over which the velocityu=0at r=ry,dwdr=0atr=0

Usiug the dimensionless variables U = u/(u/r,), R = r/r, and D = d /r,, the momencum
equation (3) can be wransformed t¢ nondunensional form as;

U+ C,U2=T B+ (T/R).[8/3R (RBU/GR )} (9)

where, Cy= L.75D/[(w=175)(1-€))],
o= D23/ [(w+175) (1- € )2, and
B 1s 2 nondimeasional pressure gradient = - dP / dx . { 1/ p v? ]

3. Fluid Flow Characteristics

The flow through the porous duct expeniences the boundary frictional drag “ /,”, a
bulk frictional drag wduced by the solid matrix {designed as Darcy’s pressure drop) ‘/p"
and a flow inertia drag ‘f;" induced by the solid matrix at high flow rate (designed as
Forschheimer's form drag). These factors can be defined [5,20) after changing the
varables to our notations and defmitions as follows:

K=ty % pufd) (10)
Jo= 4 Yo &m v (1) (Y2 P uf) an
S = 0143 p v, 05,05 uf (r/2)/ [% p ud) (12)

where 1, is the mean wall shear stress,
ug is the average local velocity i the x-direction in void volume,
Ym is the permeability based on the area mean porosity €, , and

To
em IS the area mean porosity &y = [Meg?]. o) 27 dr

In addition to the three parts of the frictional drag in the Newtovian fluid flows,
the flow of the non Newtonian drag reducing fluids through the porous ducts experiences
also a bulk frictional drag induced by the elongational viscosity due 10 stretched polymer
molecules ;"  Owing to equation (3) the clongational viscosity drag fp" is defined
similar to the Darcy frictional drag /" as;

Jo= u Bl em ve (12)/ [ pug) (13)
The total bulk drag which is the summation of the four drag types is defined as:
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fo = - (dPiax) {ro/2)/ [ p ud) (14)
Equations (10) - (14) can be written as a functioa of the nondimensional parameters as:
fv= 8.(dUg/dR) |y, /Red (15)
fo = ¥ . Da’l Reg! (16)
f, = 00715 Da?05 (17
Jp = 2. (w/175) Da'l/ Reg (18)
h=Fhtlptfi +fp= 4B/Ref (19)

where, Da is the modified Darcy number = v, / (4 ro? £r,), and
Reg is the Reynolds number based of the velocity ug, Rep = 2up o/ v

4. Method of Solution

The non dimensional form of momentum equation (9) is soived numerically to
predict the velocity ficld. The problem is symmetrical with respect to the ceaterline.
tberefore, only the top half of the channel needs to be considered. A vanable grid in the R
direction is etaployed. The R domain is discritized into 181 grid points to get an accurate *
solution of the important pear-wail region which is used to obtain the momentum equation
finite difference form. Equation (9) was transformed ioto algebraic finite difference
equations, followng the procedure developed by Patankar (21]. Both the first and second
order derivatives i the momentum equation (9) were discretized by using ceotral
difference formulas [22). The Forschheimer nonlisear term is linearized by guessing mitial
valued of the velocity field at all the grid pomts, and the nonlinear term was wnitten as the
product of the unknown velocity and the guessed velocity. The differeace algebraic
momentum equation is solved using the Gauss-elimination method to yield the velocity
field. Once the velocity profile is known the differeat drag forms are determined from
equations (13-19). .

5. The Experimental Work:

An experimental study for the flow in a porous media is carried out. A schematic
diagram of the test rig is shown m Fig. 2. The fluid stored in an overhead tank, 200 liters
capacity supplies a small constant head overflow tank 6.0 m above the test section. The
fluid flows from the overflow tank wader gravity action. The test section is made of a
copper tube of 20 mm inside diameter and 250 m long, The wbe is filled uniformly with
stainless steel spheres of uniform size to form 2 packed bed to serve as the solid porous
matrix through which fluid flows. The stainiess steel spheres are held in place by means of
wire mesh located at the two eads of the tube. Spheres of 3.2 mm m diameter are used
through out this work. The porous ssction is kept horizoatal in the gravitational open
flow system. During the experiments the flow rate varied from 9.42x10- to 166x106
m3/s. A calibrated onifice-meter js used as a flowmeter to measure the high flow rates and
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Fig. 1 Physical model, coordinate
system and bouadaries

1. Overhead tank 2. Constant head tank
3. Test section 4. Flow meter
5. U-tube manometer 6. Collecting flask

Fig. 2 Schematic diagram of the experimeantai apparatus
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from which the mean velocity and Reynoids number of the flow were calculated, For the
smalt flow rates the outlet low was collected into a four liter flask. The time of filling this
tank was measured and the flow rate was calculated. A U-tube mercury manometer 1S
connected to two pressure taps located just upstream and downstream of the test section
to measure the pressure drop along the test section. The experiments were performed
carefully, each time the experiments were mitiated at the fargest flow rates; the objective
was to produce a stable packing of the beads and to prevent the effects of changing
porosity on the pressure drop as the flow rate was varied. The experimental work was
done by carrying out series of measurements of pressure drop and flow rate using either
water flow or dilute polyacrylamide solutions at concentrations 1,5,20, 50 and 100 wppm.

6. Results and Discussion
6.1 Flow Velocity and Channcling

The velocity distribution across the pipe includmg the channeling effect is the man
driver for the behavior of the flow charactenstics of drag reducing fluids in a porous
media. To explain the variaton of flow parameters due to the change of the polymer
concentration, the velocity distribution and the channeling effect are studied.

Figures 3 and 4 show the behavior of the flow velocity U and the ratio U/U, aloag .
the pipe half section for a vanation of w from 0 to 3000 where C = 37 wppm, d=73.2
mm, D = 032 and B =10% Where U, is the velocity of the flow for the case of y =0,
Figure 3 shows a remarkable reduction of the velocity near the wall and in the core with
increase of y (increase of polymer concentration), while figure 4 preseats the following:

= The case of W = |75 which corresponds to nearly a concentration of 0.125 wppm of
polyacrylamide, causes a reduction in the flow velocity in the core of about 50% wath a
sudden and sharp decrease to about 23% in the layer adjacent to the wall, while for a
concentration of about | wppm which correspoads to y = 500, a reducuoa in the flow
veloaity of the core is about 74% with a sudden and sharp decrease near the wall (o
about 50% of the velocity of the Newtoman flmd flow. This means that very low
polymer concentrations which have no detectable effects on the physical propenties, can
cause great changes in the velocity distribution..

s The thickness of the layer near the wall at which the sudden and sharp decrease of the
velocity occurs, decreaseas with the increase of W {polymer conceptration)

+ The mcrease of w decreases the flow velocity in the core with a higher rate than that
pear the wall, ie. the rate of velocity reduction i the laver adjacent to the wall
increases with the increase of the distance from the wall until the core of the flow
where the velocity is then constant

Figure 5 pertains the distribution of the velocity U/U,, across the pipe half section
with the vanation ofw, where U, is mean flow velocity. This figure shows the changes
of the channeling effect and the velocity values near the wall relative to the mean flow
velocity due to the vadation of w. [t clearly shows the following:

* UfU,, decreases in the core with the increase of w, while it increases near the wall, i.e.
in the region adjacent to the wall the channeling effects increases with the increase of w
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Fig. 5 Velocity distribution U/U,, along the tube radius for
different values of y, 0 =0.32 20d B = 10¢
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« With the increase of v, the point of the maximum chauneling velocity deviates towards
the wall.

Such changes in velociry distribution are attributed to the fact that, the increase of
the polymer concentration (increase of \y) increases the relaxarion time of the fluid which
makes it unable to accommodate the flow changes, and the continuous contractions and
expansions of the porous surface. As the void volume mcreases with the direction
towards the wall, the rate of continuous contractions and expansious of the porous surface
decreases, which decreases the elongational stresses and makes the fluid flows faster near
the wall and the point of the maximum channeling velociry deviates towards the wall.

6.2 Flow Characteristics

The fluid fow is characterized by the friction factors £, /o, /i, j’p and f; which are
described by equations (15-19). The total friction factor f; depends mainly on both
Reynolds number Re, and the nondimensional pressure gradient B. To show the effect of
the polymer concentration ou fj, it is very useful to know first the relation berween both
the superficial velocity and the pressure drop m the non-dimensional form ie Re and B
where Re = 2ug.ry/u. Figure 6 shows the behavior of the nondimensional caiculated
pressure gradieat B (which is an indication of the filtration resistance) with the change of
Reynolds number ford=3.2, D =0.32 and a range of 0Sw<4000. Figure 6 presemts the
linesr mcrease of B in the loganithmic graph unul nearly Re = 100, where the curves stat
to converge towards one curve. They coincide at Re 2 5x104, In the region of Re < 100,
an increas¢ occures in B of abourt 3 times that of the Newtonian fuid for w = 250 which
corresponds to nearly 0.25 wppm of polyacrylamide. For yw = 1000 (C = 4 wppm of
polyacrylamide) that increase is about |0 times that of the Newtoman fluid. Such very
low polymer conceatrations, which have no detectable effects on the physical properies of
the Newtonian fluid, can cause serious problems to filtration processes.

For constant non dimensional pressure drop B the Reynolds number decreases
sharply with the increase of w as shown in figures 7and 8. Figure 8 presents the ratio of
Re/Re, with the increase of v for thres cases of B = 104, 5x10% and 105, The three cases
coincide together in nearly one curve. For w =175 (C = 0.125 wppm of polyacrylanude),
RefRe, takes the value 0.52, which means a reductiou in Re 0f 48%. For w = 500 (C=1
wppm  of polyacrylamide), Re/Re,, takes the value 0.28, which means a reduction i Re of
72%. For an increase in w from 2000 to 4000, i.e. increase of C from 17 to 70 wppm only
a reduction m Re of about 4% occurs. Three types of Re/Re, behavior with y are
exhibited. They are, sharp decrease in Re/Re, for y < 500, transient decrease for 500 < w
< 3000 and nearly constant Re/Re, for w = 3000,

Figure 9 presents the vaniation of the total friction factor f; with Re for d=3.2, D=
0.32 which corresponds to Da = 6.2x10°5 and a range 0 < w < 3000. The (7; -Re) curves
take lmear shape m the laminar region, curved shape in the transient and constant value for
the turbulent regions. With the increase of w the total friction factor /; increases due to
the presence of the elongational viscosity drag jp. Figure 10 shows the relative increase
of the total friction factor due to the polymer additives with the increase of Re ( fi/f;5 -
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Re), where /, is the total friction factor in the case of w=0. There are also three types of
behavior for f;. Sharp and linear decrease m f; for Re < 100, transient decrease for 100 <
Re < 5x10¢ and nearly coostant f; for Re 2 5x104

The behavior of the Darcy friction fp, inertia friction £, the boundary viscous drag
/v and the elongadonal viscosity drag Jp with Reynolds number Re are presented in Figs.

11-13 for @=5.2mm, O = 0.32 and a range of 0 € w £4000. The results show the °

following;

* /i is independent oa Re, fp is changed linearly in the logarithmic graph with Re and
both f; and fp are indepeudent on w.

* /v shows an mcrease with w in Figs. 12 and 13. Because /) is a function of. the
velocity gradieat at the wall boundary, the mcrease of polymer conceatration, (increase
of v, and decrease of 8} yields to an merease in f,, due to the mcrease of the velocity
gradient near the wall as shown i Figs. 3 and 4.

* Jp decreases linearly io the logarithmic graph with Re and increases with . From
equations 16 and 18, = (w/175). fp", bence, (fp <=>/p) by (w < =>175).

Figure 14 shows the total friction factor /; and the four parts of it, i.e. the Darcy’s
friction /p, mertia friction f;, the boundary viscous drag f, and the elongationai viscosity
drag f, with Reynolds number Re, while Fig. 15 presents the contribution of each of the
different friction factors fp /f;. A /s +Jp /f and f; /f; in the total friction for d =3.2 qun,
D=032 and y = 1000. Three regions for the behavior appear in Figs. 14 and 15:

» Re<100. f/fy is negligible, Jp Yy =(1000/175) fp /fy and shares with the main part.

* 100 £ Re < 5x104 Trapsition region in which the three types of friction factors /p /.
It Jpfy decrease sharply while the inertia friction factor /; /7 increases sharply

* Re 2 5x10%  f; curve overlaps with the line of fj, the three types of friction fp//;.
N U aad [ /fy are neglected and  f; /f; asymptotes to the value 1. ie. the fow
depends mainly on the inertia friction /; which is constant with Re. This facts gives the
reason for the no chbange in the behavior of B with Re with the increase of \w which is
shown in Fig, 6.

Figures 16-19 show the behavior of the iertia friction factor £; //p the Darcy’s
friction fp /fp the elongational viscosity drag Jp/f¢ and the boundary viscous drag /,, //;
with the vanation of Re in the three regions for =3.2 mm, D = 0.32 and values of y =
0, 250, 500, 750. 1000, 2000, 3000 and 4000. The figures show the increase of the
elongational viscosity drag [, /fy and the decrease of the three other pasts of the friction
factors which belongs to the Newtonian fluid flow with the increase of v along the three
regions of the flow .

To validate the numerical model developed in this work, the pressure drop and the
volume fow rate are experimentally measured, and both Reynolds number and the total
fricion factor were calculated and compared with the numerical results. Figure 20
presents the comparison benveen the experimental and numerical values of the total
friction factor with the change of Reynolds number for sphenical sized packed beads of
@=3.2 mm diaweter and for differeat five potymer concentrations with C = 1, 5, 20, 50 and
{00 wppm of the polyacrylamide. Tbese concentrations are corresponding to y = 490,
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1095, 2191, 3464 and 4900 respectively. The comparison shows good agreemeat of the
presented results and proves the validity of the model.

7. Conclusions

Non-Newtonian drag reducing fluid Oows in a circular pipe filled with porous
media are analyzed. The effects of the fluid elongational viscosity on the fluid velocity and
fluiid fow characteristics are presented. In modeling the flow, the variable porosity, flow
inertia, Brinkman viscous friction and the elongational viscosity (non-Darcian effects) are
taken into account. A modified Darcy-Forschheimer-Ergun flow model and the finite
difference method are applied. It can be concluded that the non-Newtonian effects of drag
reducing fluids have a significant influence on the velocity profiles, the pressure drop, the
Reynolds number Re and the total friction /; 2s following;

* Very low polymer concentradons can cause great reduction in the wean velocity and
signifies relative increase m the magwitude of the velocity i the region adjacent to the
wall which in turns signifies the channeling effect.

+ At coostant Reynoids number Re, the increase of w causes an increase in the
nondimensional pressure drop B until Re is nearly = $x109 where the elongational
viscosity drag /j, effect disappears and no effect of y will be noticeable

» For constant pressure gradient, the behavior of flow Re with polymer concentration
and type drag parameter vy exhibits three different regions namely, sharp decrease in Re
for w < 500, transient decrease for S00 < y < 3000 and constant Re for y 2 3000.

« Three different regions in the behavior of f; with Re are found. Sbarp linear decrease w
/; for Re < 100, transient decrease in £ for 100 < Re < 5x10% and nearly constant value
of f; for Re 2 5x10%. With the increase of  the total friction factor /; increases due to
the effect of the elongational viscosity drag f untl Re 2 5x104 where this effect
disappears and no effect of w is noticeable

¢ The elongational uscoaty drag Jp decreases linearly m the logarithmic scale with Re
and increases widh y. (wll‘?i)f ", 50 (Jp <=2 fp) by (W < =2>175).

+ The increase of the por concentraton and type drag parameter \y, causes an
mcerease m the velocity gradient uear the wall which w tums increases the boundary
viscous drag f, while, both the imertia friction f; and the Darcy’s friction /fp, ate
independent on .

8. Nomenclature

Forschheimer inertia coefficient of the porous medium, equation (2), m")
[ constants, equation (8)
nondimensional pressure gradient , equation (9)
conceatration of the polymer molecules equation (7); in wppm
dimensionless coefficient, equation (9)
sphere diameter, m
dimeusionless sphere diameter = d/r,

2 modified Darcy number =y /(4,2 £ 0y)

U bRoows »
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/n fricdonal drag factor (Darcy’s pressure drop)

fi flow inertia drag induced by the solid marrix

1 clongational viscosity drag factor

)f total drag factor

N boundary viscous friction factor

K numerical coastant = 0.0125

M molecular weight of polymer = 5x 106 for polyacrylamide
n. N aumerical constants equatioo {5)

P pressure, Pa

r radial coordinate

To pipe radius, m,

R dimeosionless radial coordinate

Re Reynolds No. based on the velocity up,, Re = 2ug,.re/v
Reg Reynolds No. based on the velocity ug,  Rep = 2ug rp/u
u field velocities in the x direction, m/s

U non-dimensional field velocidies in the X direction = u /(v /1)
ug local average velocity in the x-direction in void volume = ug /e,
Uy local averaged fluid velocity including the solid and fuid regions
x axial coordinate

B von-Newtonian drag parameter equation (4).

Y permeability of the porous layer, equation 2, m?

m permeability based on the area mean porosity €,

r dimensionless coefficient, equation (7).

W type drag parameter equation (5),

] porosity of the porous medium

£ free-stream porosity

Em area mean porosity

. mean wall shear stress, N/m?

(w) intripsic viscosity; 1] = KMO.78

v kinematic viscosity of the fluid, mfs

[ fluid density, kg/m®
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