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1, INTRODUCTION

fFlow through porous media 1s of great importance because of its
many industrial and engineering applications such as filtration proc-
esses, chemical industry and packed bed's technology. 1n fact many
industrial processes involve non Newbtonian fluid flows through porous
medium as in o0il and chemical industries. From the point of view of
drag reduction, the flow of non Newtonian polymer solutions in porous
medium 1s very intresting due to the fact that the flowing fluid is
subjected te acceleration as well as deceleration, Under such flow
configuration polymer molecules are subjected to streteching at suff-
iciently high strain rates and elastic effects appear. It has been
postulated that the reduction in frictional drag of turbulent shear
flows is caused by the high resistance to stretching which characte-
rize polymer soclutions. It inhibits the stretching of the vortex
structure in the near wall region which delays the development and
ejection phases of the bursting cycle [1]. By doing so, the freque-
ncy of turbulent burst ejections from the wall decreases compared
with that of Newtonian fluid flow. Thus, the generatian of turbule-
nce 1s decreased and subsequently the frictional drag 1s reduced.
Acecordingly, the study of the behaviour of drag reducing additive
Fluid flows in extensional flow fields can present valiable informa-
tion to explain the phepomenan as well as supplying data for practi-
cal applications.

Most of the studies were concerned with investigating elongal=-
ional flows of concentrated polymer solutions, Flow fields such as
in expanding jet, through orifice, between cylinderical rollers and
through porous medium were experimentally studied. In fact, concen-
trated polymer solutions exhibit non Newtonian behaviour even in
simple shear flow. Although these investigations are important for
engineering applications, they are of little benefit to drag reduct-
ion. Experiments and analyses of concentrated polymer solutions in
such elongational flow fields were reviewed by Savins (21 . The work
of Dauben and Menzie [3] was the first to study the flow of dilute
polymer solutions through porous medium. This was followed by the
work of James and Melaren [41 . Experiments similar to theirs were
carried out by Elats et al. [5]) and Naudascher et al,[6]. Elata
et al. [5) carried out their experiments using selutions of different
concentrations of polyox coaqulant flowing through porous beds of
spherical particles under laminar flow conditions, Laufer et al.[7]
studied the flow hehaviour of two dilute polymer solutions, Polyox
WSR 301 and Separan AP 273, at concentrations as low as 25 wppm
through porous beds of spherical particles. The results showed that
polymer additives increase the pressure drop by 2-10 times compared
with Newtonian one. This is attributed to the increase of stretching
resistance. Although the scatter of the experimental data available
is wide, the agreement in trend is clear.

The aim of this work is to study the flow of dilute polyacrylaa
mide solutions Lhrough porous medium of irreqular shape particles
(sand) under laminar, transition and turbulent flow conditions.

THEORETICAL BACKGROUND

The discription of a Newtonian fluid through porous medium is
based on the classical experiment of Darcy's Law for one dimensional
flow [87 .
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K AP )

u°= P T; L)
u is the superficial velocity, is the dynamic viscosity and K is

tRe permeability of the porous medium. The quantity K depends on the
structure of the porous medium as well as the flow regime.

The most common model for the flow in a porous medium Ls Lhal
known as the capillary madel. JIn this model, the medium is represen-
ted by a solid permeated by an assemblage of tortuous, conlinuous
capillaries, which have naon uniform cross sections, For such capil-
laries, the mean hydraulic radius is related to the particle diameter
Dp and the void fraction (porosity) € as

3 = -
Ay @imegin ~le s oon o 2

and the average velocity of the flow through a capillary is relsted
to the superficial velocity u, by
Ugs uolg ..... (3
For laminar flow through & pipe of radius R, Hagen- Poiseuille
gave the pressure drop AP &s

AP = 8 P‘ua L/R2 wis e LA

Regarding the porous medium as a conduit with complicated cross
section the mean hydraulic raduis R_ given by egn.(2) is related to R by
R_= R/2. Using the superficial vgﬁocjty u_, the pressure drop for
laminar flow through packed bed can be written as

b 1 i (1 -§)°
2 3
D

B 12

50 far, we have considered the length of the capillary to be thatof

thebed depth which is incorrect since the fluid must {low through a
tortuous pass of greater length. Experimental data showed Lhat the
constant 1n equation (5) must be 150 instead of 72, giveing what is
known as Blake-Kozeny equation. Assuming that the friction factor

“f* and Reynolds pumber "Re" of a packed bed are defined oas

AFE?Z ||loo(5]

P ten o8 S 1
- 2 p 1-¢ 2 & 1-¢
gl F
Blake-Kozeny eguation can be written asjy
Fz150/Re. s (6)

This is valied for laminar flow regime where Re & 10. For high-
ly turbulent flow where Re » 1,000, experimental data show that pack-
ed bed friction factor has a constant value giving what Ls known as
Barke-Plummer equation as

f=1.75 illlp{’}

For the flow in the transition region; 10 < Re < 1,000, frgun(9]
shows that the experimentsl data of several investlgators correlates
very well by simply adding laminar and turbulent expressions as;

f = }SU/RB'l' 1¢75 s (8]




M. 86 L.H.Rabie, F.F.Araid and M.A.Shalaby

This relation which i3 known as Ergun equation represents the
flow in lamipar, transition and turbulent regimes and fits available
experimental data of Newtopian fluid flows very well. The advantages
af this equation is that it can be written in the Form

P =_«JF u, + P g ug PO 1)

in which the parameters ncand‘ﬁ depend only on the geometery of the
porous medium (D_ and € J. [This form of Ergun equation is interpre-
ted as that the Potal resistance cEnsista of a viscous part («p u_j
and a form resistance part (B § u’). Such form of Ergun equation a
‘can be easly modified to account fB8r the viscoelastic characteristics
of dilute polymer solutions.

As the fluid flows through a porous medium, it encounters rcon-
tinuous contractions and expansions and elongational stresses appear.
In such flow situations, elastic and non-Newtonian effects of dilute
polymer solutions occur when the relaxation Lime X of the fluid exre-
eds the time scale of the flow., The fluid, then, will not accammo-
date the flow changes and an increase in the flow resistance will be
noted. Such increase is interpreted as an increase in the elongation-
al viscosity due Lo stretched polymer molecules. For a Newtonian
fFluid rcontains dissolved or suspended material, an additional stress
term may be generated. Therefore, the normal stress (n the mean flow
girection can be expressed as

eqy = P+ (2 p+ G W% g 61

where P is the isotropic pressure, G is the streamwise strain rate
idu/dx, and 7 15 the elongational viscosity contributed by the pres-
sence of the polymer molecules in the flow. From that equatian., it
is clear that the increase in flow resistance of porous media due Lo
elastic and non Newtonian effects is proportional to % G. The e=lon-
gational strain €6 is proportional to the superficial velocity u
Equation (9) can be modified to include the elastic and non Newlonian
effects as _ 2 _
AP = d-}.l ua-n—pfuc_-ﬂ‘d"'l.-uo PRI i i

As ap ) represent the viscous contribution and (B ¢ uzﬁ the
form drag cont®ibution, ( ¥ M u,) represent the elastic and nofl New-
tonian contribution in the totai resistance; where ¥ is another para-
meter Lhat depends upon the porous media's geometery (€, D ),
Accordingly, the friction factor of viscoelastic non Newtonfan fluid
flow Ln porous media can be wreibtten as

F= [150 « k cq,/kj] /Re + 1.75 v v w TED

where k is a numberical constant.

The elongational viscosity M of polymer solutions rapidly in-
creases wilth the elongational deformation rate, then tends te satur-
ate at certain large value when the elongation rate exceeds the reci-
procal of the relaxation time & . IL is convenient to use the elong-
ational viscosity relationship derived by Batchelor L10] for elongated
particles of aspect ratio "A" as

"'l/_}:=—§_-_-chzf1_n (TC/c) oo o013
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where © jg the velume concentration aof polymer molecules whaich as
taken as the meas corcentration sincy the specific gravity of Lhe
polymee (s 1.0. The aspect ratio of the elongsted polymer molecules
"A" depends on the strain rate C of the flow. Tt starts to grow when
the strain rate G becomes large enough to strelch the polymer molecu-
les. Further incresse in the strain rate G causes more stretching of
the molecules which increasses A and nence the non Newtonian effects
l.e., A will %e proportional to "MGC. As A continues to qgrow with the
gtrain rate M will inereass until it saturates when A reaches a limi=-

ting value at which polymer moleeules are fully extended. Hence,
becaomes constant which can be approximsted as

p =Lk [p1 /iniR/eh p— i 1 %)
where [y] is the 1ntrinsie viscosity which 1s given by

g =« 0078 ke ai2s X 1077

arad %2 is a constant that depends en polymer type, for pugyn:rylamide
water sglution with M = % x 10", Z has a value of 3 x 10°[11). lising
the expression given hy equation (14), the friction factar of packeg
bed polyacrylamice flow can be given as

2150 + 8 ¢ [p] /ntR/E)] /R 4175 L (19)

whege @ 15 a constant; (7 = &7) that can be determined experimentally,
Since In(M/c)does not vary appreciably within the dilute roncencrat-
101 range of our intrest, it will be eonsidered 48 constent value and
#1111 be included in the constant @, ($ = k2/1n(mle)). Hence equation
(15) beeomese

f = (150 + ¥l/Re « 1.75 s H6)
‘y ¢&c [}l] .....Hf:—-a)

where 9/ is a parameter that depends upon polymer type and concentrat-
iun .

i

3. EXPERIMENTAL TECHNIQUE

Experimental tig is shown in figure (1). It is a qravitational
apen-Flow system. The fluid stored in an overhead tank, 200 liters
capacity supplies a small conastant head overflow tank. Ffrom which
the fluid flows under gravity action through the test section, then,
to the atmosphere and discacded. The test section is a parous bed of
sand particles contained by two screens in a 28 mm diameter tuhe of
150 mm lengih. Ihe pnrous section is kept horizontal at a leve)] of
5,000 mm down that of the Fluid in the overflow tank. The pressuce
drop along the porous section AP is measured using a U tube mercusy
manometer connected to two pressure taps 1.0 mm diameter located just
upstream and downstream the test section. The flow rate is messured
by the time taken by the discharged fluid to fill a volume of ﬁBDcms.

Throughout thas work, five porous sections made of different
particle sizes @re used. FEach porous section is mage of sand parti-
cles with disweters limited to a sertain range of sizes. five diff-
erent ranqes of sand particle sizes ere used to make the different
pgroua EEQtiDﬂB a5 (0-25 - 0-625“\“, (00625 L T-D]mﬂ. (110 = 1-25]1‘“\,
(1.2% - 2.0)mm and (2.0 - 4.0)mm respectively. As the sizes of the
sand particles in each range arc randomjy distributed across the end

limits of the range, it is convenent t der th : {=
ile dlanabor Dp é% 0 consi e average parti
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Dp = (d.' + dz)/Z

where d, and d, are the lower and uper limits of the particle dia-
meters ]n the Fange considered. This gives an average particle dia-
meter in each of the five porous medium sections as 0.4375%, 0.8125,
1.125, 1.625 and 3.0 mm respectively. The porosity € of each section
is measured experimentally by the volume 0; water that just covers
the dried sand in a certain volume (100 cm”) For each section at
least 10 experimenlts were carried out and averaged to give a mean
value for " g ".

The experimenta]l wark was made by carryingout & series of measuy-
rements of pressure drop and flow rate for each porous section ysing
either water flow or dilute polyacrylamide solutions at different con-
centrations . Five concentrations; 2,5,10,20 and 50 wppm were uged
throughout this work.

4, RESULTS AND DISCUSSION
1- Yater Flow Results;

In order to check the performance of the experimental rig and
the measuring eguipment, a series of experimental tests were carried
out for pure water flow through the five porous sections. [n addit-
ion, water flow results are also used for the comparison with dilute
solutions of water-polyacrylamide to detect the changes due to the
presence of additives 1n the flow, Typical water Flow results of
the pressure gradient dp/dx asa function of the superficial velcaty
u_are shown in figure (2)}. It is more convenient to plot these
résults in the nondimensional Ergun coordenatcs relating the friction
factor of packed bed 7 and Reynolds number Re as defined earlier.

The particle diameter D_ is taken as the mean value between the lower
and higher limits of thB particle size distribution. The porosity of
the medium is experimentally determined with values varying from

0.24 for wider range of particle rize to 0.33 for smaller gne.

Such presentation of results made all experimental data to collapse
on one curve as shown in figure (3). Comparing these results with
those reported by Ergun and represented by the empirical furmula;

f = 150/Re+ 1,75

show excellent agreement. The experimental results reported in this
work conficm the fact that Ergun equation is also valied for porous
media of non spherical particles, in spite of the scatter found at high
Reynolds number (large size particles).

2~ Dilute Polymer Solutions:

fivc different dilute concentrations of polyacrylamide-water
solutions were tested in each of the five porous sections; they were
2,5,10,20 and 50 wppm. Typical pressure gradient dp/dx results
versus the superficial velocity u_ for the flow of dilute polymer
solutions through the 0.625 - 1.0 am particle size porous section
are shown in figure (4) in comparison with water flow results. They
show remarkable increase in dp/dx for the same flow rate (u ) compa-
red witF water flow results. As shown in figure (4), 5 wpBm of
polyacrylamide causes an increase of about 100% in the pressure gra-
dient. 50 wppm polymer solution increases the filtration resistance
(AP/L) by almost 10 times that of the solvent (Newtonian) fluid
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Flaw. Such very low polymér concentrolions, shich have no detecighls
eFfscts on the physlesl properties duch as the phear vibcosily and

the density of the salvent, can causs serioun problems Lo Filtration
procauses. A8 It heas heen shown in flqgure (3) that tha results are
omst ko be trepresented in Yhe non-dimensionnl Cigun coardenatas [ and
Fe. frietion factor resulis of the Flow af 41 lute cerrenkrations of
palyacrylamide s function of Revnalds numher ars shown in Tigures(3)
and (6)., (igure (3] presemts the results of 2,10 and %0 wppm solut-
ions in cowparison with those of the sclvent (water), while Figureld)
presents the rumistence fagtor f results for 3 and 20 wppm concantra-
tionw. In yensrcal, the redults ahow that the presence of undeteckbable
cancentrastiona of high molecular seiopht polymers, couses larges increas-
%€ bh the Flow resistance 57 8 pordus sedism when compaiwd =iilh Ehat of
the sclvent (Newtondan] flow. Such non Newlonian =flecl increases
with the concentration of Ihe pulyser. [t may be seen (rom Lhewe fwo
figurea that Lhe |ncresse L0 the Svorodynambe resiatmnes of the Flopw
cowvere the whole range of Meynolds number investigeted, Howwer, bhe
results —how no aign of onset polnt aa Lthat reported by Claka =t ml.
[*] | Jamcs et al. (&) and Maudascher ot al.[8] . In fact, this j=
idue ta the Fact that the lowsat sbtfain rate aof the Flow dewelopsd In
inla work 1s hygher than fhat of the onaet point.

s Lt hma besn disgyssed befoje, the Flow through porous ssdiuoe
ig sctyally a flow in 2 togtous channel wilh variable cress seclion
such thet the Flowing fluld is swbjected to rontimuaun expansiesas snd
contractions. In such situations entenmional Flow ssista. 1t haa
been postulated that linear high molecular weight polymer solutlong
pafiibit subatantinl inerense in pelgnsiana) viscealby oven for sery
dilute concentirattons. This 5 due tp strélched polyser molesules
in Mlow cirection. In #ll reslcgical models, sstensional vwiscosily
is directly reisted to additjve concentration and olongational strainm
rate, When polymer molecules are fully eviended (wtrectehedd, axtens
tlonal viscomity becomes selely dependent om concanbretion. Beatcholor's
nodle [10] sswumed thet | 12 proportional to o [(p] . Sccardingly, the
incredse in resistance soefficisntl sl due Lo polymor &#dditises can be
writlen, using ecuatijon (18}, as

Al . Re = ¢ AR i b

Thie relation ahow that the lncrease im [low resiativily [inverse
premeabillity) of a porovs medius due to polyoer additivesa shich s
defined s ALRe.ll is @ pure functlon af the contentration and inde=
pevienca of the flow rate, This hed been proved shen AfRe.F} is ple-
tted in Figuea (7) a@n Tunction of Reynolds number for the diffsrent
polymer concentcatione teated. In spite of the scotler found, the
results of AlRe.f) elearly show constant salye independance of Re.

Imn Fack Ehis scakier 23 Found in the resulte aof different porous
sectiona, which i1z Asturally due te esperiseniol errors in Asezoring
porogity € , particle sizes, diffecent ages of tesled solutions,..etc,
On the other hand, it ie difficult to find remarkehle scatter in the
results of the same bteal section due Lo Ehe constancy of thess porameteore.

For ssch polyser concenttalion, A(RE.F) are averaged givimg u
mean value A {RE.lim, Thess mesan =ajuse sce pleited r3 functiion of
the nonaimensional cencentsation ciu)l in figure (B}, It ehowa that
&iHg.¥) 18 wot & linesr funetien of cenceniration [shawn By Lhe
dashed line in Figure (B)) aw postulated by Hatehelor's sodel liod ,
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but, it is best related to (c ])n where n = 0.75. This does not
agree with the value of n = 0.5 reported by Elata et al. [51 and
Naudascher et al. (61 for the flow through spherical particles por-
ous medium. Naudascher et al. [6] attributed such lower values of
n to shear degradation of polymer molerules as they flow through
the porous medium., This isnota reasonable interpretation for the
fact that it is a function of the flow rate and not of polymer concen-
tration. 1ts effect will appear as a decrease in polymer effectiv-
eness with flow rate. It is more logical to pe explained an the base
of the behaviour of polymer molecules in such Flow fields. Pplymer
molecules can attain their maximum stretching only when they sre
aligned in the direction of major strainwhich is almost the direct-
ion of the flow. Polymer molecules misaligned that-direction will
not stretch enough and sometimes will not streteh at all. These mol-
ecules will nat contribute in the increase of the extensional vis-
cosity M . This is more reasonable to assume that not all polymer
molecules are alingned in the major strain driection as assumed by
Batchelor's model. Hence, in such flow situation extensional vis-
cosity at saturation condition is best assumed to be proportional
to (cﬁp]?‘uhere n ¢ 1.0 rather than to cLF].

As shown in Figure (8), relation (16-8) can be rewritten as

Y = N (cgp]i“ s wase (V8D

where N = 1.069 x 10%; n = 0.75

Relation (18) is used with eguation (16) to predict the fric-
tion factor of porous media dilute polymer solution flows. The res-
ults are shown as a solid line in figures (5) and '6) in comparisan
with experimental data. A good agreement is shown for all polymer
concentrations tested. This clearly demonstrate that, within the
range of Reynolds number tested, polymers have no influence on the
form drag term and the non Newtonian effect 1s anly contributed
through increasing the viscous term. Predictions according to
relation (16-a) which assumes n = 1.0 are also shown in figures [5)
and (6) as dotted line. These results are shown only for comparison.

5. CONCLUSIONS

This work presents a study of the flow of dilute solutions of
polyascrylamide in a porous wedium of non spherical particles, Tive
porous sections of different particle size ranges are used in arder
to increase the range of Reynolds number examined, [ive dilute poly-
mer concentrations are considered. Experimental results show that

: : 1] €ignt polymers
as small as 2 wppm cause gubstantial increase in the Flow resistance
of porous media when compared with that of the solvent (water). 10
times increase in the friction Factor is found to associate the flow
af 50 wppm polyacrylamide solution. Such non Newtanian behaviour of
dilute polymer solution is attributed to the increase in the elongat-
ional viscosity which is found to characterize that type of fluids,
Such effects appear when the flow structure is doninated by extenkt-
ional flow fields as that of porous medium and that of the near wall
region of turbulent boundary layer. [To that property, drag reduction
in turbulent shear flow is attributed by influencing the bursting pro-
cess of the viscous sublayer as discussed before.




Meaeors Balletin Wel. V1, e, 7, DecomSer TREE T.

Csperimentisl date, which cover=d Llne laminar, Yrene|ljos snd
early turbulsnt Flow regises, show that polymer additives Lncowase
the flow reslablanee throwgh increased resiatsnce to slnngalionsd
deformationg. [t fa somslines known as the mlastic offect and i
Eimilar ta «lscous dfng. Ih= pesultis shoe glae that the (Refrana
in Hn: renintences duw to polymer sddiliven iw prupactionsl Lo
lefpl b #ith n o 0,73 rather than a ¢ 1 as postulaied by Bstchelor's

. Thia i attributed to polymer soleciless that minaligned the
B0 streyn direction and dn notl contribaote in inereasing the elongas
tional viscamity. Clatm ot al.[3] and Naudancher ob al.[8) reported
lowsr wvalunm of n s 0.3 for the Floaw nf polyen salutionm:. JIn ferft,
many Inwesligetions sie stil] needed to give convincang anawers i
the many quesiions srised.
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