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. | ABSTRACT °

Studies were conducted on the appareﬁt solution visco-
sities and polymer‘adsorptioﬁ and transport in the flow of

dilute aquéous solutions of 'two polyacrylamide polymers :

(ionic and nonionic) in beds packed with stainless steel

spheres.

Apparent viscosities were measured for various

polymer concentrations using the Canndn-Fenske viscometer and
. ) A ’
were evaluated for three diameters of the spherical packing.

" Ther apparent solution viscosities were found to be higher for
the smaller diameter spheres. FoOr the two polymers studied,

the ionic polymer yielded the greater apparent viscosity

at the same polymer concentration.

'Polymer adsorption zone thicknesSes were evaluated as. a
functlon of polymer concentratlon, packing size and the para-

_meter TRp- The adsorption layer thickness was found to be of

N 3

the order of 0¢.001 ecm. and to increase with polymer concentra-
L3

tion and to appreach a limiting value, with increasi’rig_rRh and < -

packing size.



ACKNOWLEDGEMENT e o

The author would like to expfess his sincere thanks and
gratitude to his Research Director Dr. William Kozicki for his
guidance and encouragement thfoughout thefcourse of this Qork'

* v ] ‘ *

and in the preparétion of this thesis.

The author wishes to thank Dow Chemical Limited, Michigan
for providing polyacrylamide required for this work.



. : - ifi a -

( .- . . 5 BN - . o -
cowTENTS ‘ ' T~ )

Page
. ¢
ABSTRACT , - ' c i
ACKNOWLEDGEMENT - L i1
LIST OF FIGURES Lo - | iii
LIST OF TABLES : _: S VI
NOMENCLATURE ' - o ) VIII
CHAPTER I° INTRODUCTION : ' 1
| CHAPTER . II LITERATURE SURVEY | 3
CHAPTER III THEORETICAL BACKGROUND k . ' 11
CHAPTER IV EXPERIMENTAL DETAILS - - 18
CHAPTER V  EXPERIMENTAL RESULTS AND DISCUSSION 23
CONCLUSIONS - - : | Y
REFERENCES > L > | S ' - 48
APPENDIX 1 CHARATERISTICS OF POLYMER SOLUTIONS USFD 51
APPENDIS 2 -EVALUATION.OF ki' . 53
APPENDIX 3 TABLES OF EXPERTMENTAL. DATA ' 55
APPENDIX 4 SUMMARY OF RE%UL?S. 72

v

L



- iii -

:LIST OF FIGURES .
AN - -
Figure Page
4.1 Schematic diagramfof-ghe equipment 20
S.i_ Plot of TRh vs. 2<u>/Rh'for 100 ppm 24
polyacrylamide aqueous solution in
"three beds . ‘ )
5.2 .'Plot of ?}( \}s.'t2<i1>/Rh for 10 ppm 25
' Pusher aqugous solution in three beds
5.3 Plot of apparent viscbsitg versus 27.
g polyacrylamide solﬁtion concentqgéion “
e&aluated from viScometer and porous .
bed data ~
5.4 Plat of apparent y2§éas@¢& versus’ . 28
, Pusher solution csnéénfration |
evaluated from viscOmetgr and borous
ped data :‘ v
5.5 Plot of A ﬁs. polyacrylamide éolution 30
co;centration ith particle diameter
~ S pafameter . . :
h\xe 5.6 PIot of 4 vs. Pasher solution concentra- .31
\‘74\, tioq wigh particle diameter.a§ parameter. L o~ 7
Y- 5.7 Plot of A& vs. particle diahéter for '33
| polyacrylamide solutions
.ﬂ '



S

-'IV -

Figure ! ~ Page

[}

5.8 Plot of A vs. particle diameter for | 34
- Pusher solution* o ] T,
5.9 Piot of A vs. Pusher solution genc. | . 35
| with shéar stress as param?fer for
0.1592 cm par?iclé\bize packiné
5.10 Plot of A vs. Pusher solution conc. _ 36
. with ‘shear siress as parametef‘fof_
0.2388 cm particle size packing
5.11 Plot of‘A vs. Pusher solution conc. 37
' with ;héar stress as éarameter for
O.?QSB\Gm particle sizé-packiﬁg‘
5.12 Plot of & vs..parameter.rRh Qith . 39
Pob?acéylamide solution conc. .as
parameter for 0.1592 cm particle
size paéﬁing 4
5.13 Plot of A x}s. parameter T with @ : 40

Ry

Pusher solution conc. as parameter

for 0.1592 cm particle size packing

Ry

polyacrylamide solution conc. as

5.14 Plot of A vs. parameter T with . . 41

[

parametef for 0.2388 cm particle
size pacﬁ&ng

5.15 Plot of 4 vs. parameter T, withy “ 42
"
Pusher solution conc. as parameter

for 0.2388 cm particle size pécking

~~



’

Plot of A/De vs. polyacrylamide

solution concéntration’

Plot of A/De vs. Pusher solution

concentration -

Page

44

45



- VI -

LIST oF TABLES,

Tables ' . : Page

3;1 Flow data for 10 ppm nonionic polyacrylamide 55,
solution through three beds

3-2 Flow data for 20- ppm nonionic polyacrylamide 56
solution through three beds |

3-3 Fiew data for 35 ppm nonioﬁic pelyacrylamide ot 57
solution thfough three beds

3-4 Flow data for 50 ppm nonionic polyacrylamide 58
solution through three beds

3-5 Flow. data fbr,?O pPpm noﬁionic polyadfyi;ﬁide | . 59
solution through three beds

3~-6 Flow data for 100 PpPm nonionic polyacrylamide . 61
soiution through three beés |

3-7 - Flow data for .10 ppm nonionic polyacrylamide 63
solution through three beds

3;8 - Flow data for 25'ppm ionic polyacrylamide ’ G4
solution through tﬁree beds

3-9 Flow data for 35 ppm ionic polyacrylamide ‘ \6 6
solution through-thrée beds

3—10 Flow data for 50 ppm ionic polyacrylamide 67
solution through three beds

3-11 Flow data for 70 ppm ionic polgigyylamide 69

‘solution through three beds



Tables .

- VII -

Fle data for 100 ppm ionic pdlyacrylamide

through three beds B

Summary of results for nonionic‘polyacrylamidé

solﬁtions flow through bed packed with 0.1592-
cm diameter spheres | |

Summary of_resuits f9r nonionic polyacrylamide
solutions flow through bed packed.with 0.2388
cm di;%eter spheres ‘

Summary of.results fos nonionic polyacrylamide
solutions through bed packed with 0.3999 cm
diameter spheres

Summary of results for ionic polyacrylamide
solutions through bed paéked with 0.1592 cm
diameter spheres

Summary of results for ionic polyacrylamide
solutions through bed packed with 0.2388 cm
diameter spheres B

Summary of results for ionic polyacrylamide

solutions through bed packed with 0.3999 cm

-

diameter spheres

-

Page‘

70

72

f{jf—\
74
75
76

78



- VIII -
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ki Impermeability factor, the Kozeny—Cafman constant
~g//7“\\ L Length of packed bed «
' N
ﬁw' ‘Molecular weight of polymer
p! Potential drop o
0 Flow rate . '
452 Root-mean-square end tq/énd distance of a Polymér
'macromolequle . 7
. > 3 . ‘ "‘\
Rh Hydraullg rgdlus \ L)
’ N
RP Sphere radius -
AR Increase in sphere radius due to adsorption
<u> Average velocity; <u> = 92 1
RhTR
ug Superficial velocity h )
u; Superficial velocity dificiency
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. Chapter I -

; S INTRODUCTION
The recovery of reserv01r 011 from an 011 well is normally
conducted in two stages. The primary stage operating under auto-
genous pressure, yields only 10 to 20% of the available ocil. To
recover a further quantity of the residual oil, water flooding
may be used. In secondary recovery of oil water is pumped under
pressure into injection wells ro force the.oil to the producing well.
When tne mobility of the water is greater rhan that of oil; ."viscous

fingering" occurs, giving premature breakthrough of the water front‘

- This results in loss of potentlally—recoverable oil fromfthe less.

permeable zones, not penetrated by the water flood.

Verious water soluble polymers have been used to reduce the
mobility of the aqueous phase. The oolymer bearing aqueous phase
maintains a more regular front for a more effective sweep. This -
results in the recovery of a larger proportlon of avallable oil.

The process is referred to as polymer floodlng.

It is fécognizéﬁ that when a polymer solution flows in a

porous medium, a portion of the polymer is adsorbed(l_5). Although

the exact role of polymer adsorption in polymer flooding is not

- understood, some consequences, are ev1dent Flrst it results in

%?ss of polymer which may need to be replenlshed Second, it
reduces the permeability of the stratum which may result in partial
or c0mplete plugging. Third, the cost of polymer injection to

maintain the required solution concentration level is increased



with polymer adsorption. The increased pressure fequired to acbieve.
the flow may fractufe théaoil-bearing stratum. When this occu;sf
the polymer solution is lost in the fisures so_formed and the oil
R ‘

qannot be recovered. Adsorbed material tends to plug the strgﬁﬁﬁ,
which isvgeﬁerally undesirabie, except possibly in dealing with
fractures. ‘

It has been reported that the size of the pol&mer molecules
in aqueous solutioﬁ approaches the dimensions of the smaller pores

in a porous stratum(3’6). Polymer adsorption (retention) values

have been reported for various conditions (6,7,8)

, but any corre-
lation is difficult because of the different conditions of measu-
rement. The effect of polymer concentration and particle size in

porous media has not been systematically studied.

The purpose of this study was to gain insight into E ese gques-
tions and to ?rovide adsorption data for a simplified porous struc-
ture. Three columns of packed stainless steel spheres were ﬁsed in
the experiments. Puﬁggr—SOO, a partially hydrolyzed polyvacrylamide,
used 'industrially inleqhanceé oil rec;very was choséh for invg§ti-

1Y
gation, as well as the nonionic polyacrylamide, with which comparison

was made. Very dilute solutions of the polymers were used.



Chapter II Cor ‘ r

. LITERATURE SURVEY

In secondary oil recovery by water floddihg, the viscosity ‘of
the displacing fluid (water) is éene;ally less than that of the

oil, causing chanélling of the displacing fluid through the oil |
. . , . o .
zone. This channelling, referred to as viscgus-Tingering, causes -

" the displacement front to spread -and the process\begomes uneconomical. -

~

Enhanced oil recovery could be achieved by improving the water-oil
mobility raEio, _which ensures a more uniform flow p&ttgﬁr,.resultiné
' .

in lncreased areal sweep efficiency. MOblllty may bngo%trolled by

‘reducing the oil viscosity by appllcatlon of heat, ga resaturation

and miscible drives or by increasing thé viscosity offi the tvater

]
phaée. The dse of such materials as‘glycegine¢ sugar 9 éLycols
for viscosity improvement is out of question ecconomically. Conside-
ration was théﬁ given to the use of mo;f efficient synthetic water-
Soluble.polymers as. viscosity improvers. The ;aF§$ size of the
pelymer mgcromoleésles makes it possible to effect a significdnt

increase in the viscosity of the water phaseﬁeven at low polymer

concentrations.

Pye (3)

obsefved an unusual phenomenon in the flow of agqueous /”\
polymer solutions in porous media. He found that the solution
viscosities deduced from measurements conducted with a formation
sample deéart very markedly from viscometer determined values. " This
unusual departure from the expected behaviour, attributed to a

resistance property of the pol&mer, was observed for only a few

selected water soluble polymers, which include the extensive family
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of'acrylamide polymers and copolymers. The mechanism respon91ble

'for the observed re51stance was not establlshed although it appeared

to bear a complex relatlonshlp to several factors.

Sadowski (2'10).referred to a phenomenon of adsorption and

4
-

"gelling" of polymer molecules at the surface of a porous medium.

3 - . ’ - ( 3 I
This was. observed in experiments in which the pressure drop across
e ’ . : .

the packed bed was held constaht; I't wag indicated éhat\a simple
layer of adsorbed polydEr on the particbz surfaces would‘no; signi-
ficantly change the bed structure. No attemptgwa§ made: at a
quantltatlve correlatlon of the adsorptlon affectlng his constant

pressuré drop data.

Mungan, Smith and'Thompson (7) investigated the adsorption of
polymers as well as the transport and rheological characteristics
and oil recovery enhancement in an effort* to assess their -

effectiﬁenéés in waterflooding. Adsorption data for WSR-301 was

‘obtained but the extent of adsorption in porous media flow was not

estimated. Static adsorptmon experlments with silica powder were
employed to get AP- §b adsorptlon daté It was establrjped that'the
molecular weight digtribution was unaltered during the éxperiments

h
. —
L.e. no -scission of the polymer molecules occuréd during the ‘expe-

riments.

. Rowland afld Eirich (11) reported the thickness of films of

polymethyl methacrylate, polyvinyl acetate and polystyrene adsorbed

on pyrex glass. Film thicknesses reported were of the order of
magnitute of the free coil diameters in solution and were directly
proportional to the intrinsic viscosity of the polymer. It, was

concluded that polymers adsorb from solution in monolayers of



*‘ . ' . A

compressed or interpenterating coils.

- .

Dauben-.and Menzie'(la) investigated the,physiéal parameters

‘involved in the slow flow.of high moleculér weight polymer scdlutions
- in pbrous.media. The interacting effects of polymer and porous
media pgopertfes on thé flow were considerad. - Experiments were
conaucted with.the polyethylene oxides. 'The porous matrix qonsistéd
of_?_jlow cell packed with glass beéﬂsz A highe& than expected
'fibé resistance was observed. This béhaviour:was obsefved to be
a- function of flow raﬁe, pore size, polymer molecular weight and
.concentration. A théoreFigal explanatioﬁ for. the Hehggior was

presented. ¢

(1,13,14) 1 ved that polymer adsorption leads

Kozicki et al.
to a negative effective velocity at.the wall and demonstrated the
applicability of their énalysis to flow data involving agueous
pdlymér solutions. They also proposed a model to explain polymer
adéorﬁtion'and the transition to the separation phenomenon obsefved
ih tubes of different diameters under varying shear. ft was
postulated that Qolymer molecules.adsorbe onto the tube wall give
rise to a less mobile, more viscous layer (in the vicinity of the
solid surface which results in a decreased flow rate. As thé shear
streés is increased, these pol§mer molecules tend to uncoil and

become elongated leading to the manisf Station of an effective

velodity of sIip at the wall in turblilent flow.

(15)

Harrington and Zimm observed that the passage'of several

high molecular weight polymers in dilute solution flow through sintered
glass disks results in an anoﬁalﬁﬁsxgiggging oﬁithe disks, which is
difficult to exp}ain in terms of simpie monolayer adsorption of the

~
-
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-

polymer upon_glaes They suggested that polymer adsorption onq@p

the glass takes place and the observed unusual rheological behaVior

*
P

is assoc1ated witRh this adsorption

?
Burciku(ls) reported the reduction of water mobility by
solutions of partially hydrolyzed polyacrylamide is brought by an

increase in viscosity and also by a decrease in effective permea-

bility to‘water This decrease in water permeability is due to

\«-V/
ftention of the polymer within the pore channels, It was shown

thﬁt solutions ofsgartially hydrolyzed polyacrylamides may contain

ge} like complexes of a size comparable with that of the pores in

a Porous mediam. It was suggested these Are largely responsible for
t observed reduction in mobility and are formed by a crosslinking
;‘1 .

o ome of' the polymer molecules

(3)

Gogandty shomed that mobility control occurs from a

reduced perWMeability caused by polymer adsorption, mechanical
entrapment at the smaller openings between pores and ‘an

effective viscosity‘determined by the average shear rate in the core.

Thus rheological behaviour is as important in mobility control as

permeability.

“

(8)

Mungan studied the€ apparent solution viscosities, tempera-

ture stability, adsorption and transport in porous media of two

: partly hydrolyzed polyarcrylamide polymers. It was reported that

polymer solution viscosities are higher at low shear rates. The
higher molecular weight polymer produced greater v150051ties at a
given concentration and shear’ rate. Polymer adsorption was reported
for batch type experiments. Adsorption was found to range from a

low of 30 toja high of 880 ug/g.



Smith, (6) studied the effect of polymer molecular welght,
rock and fluid propertles, flow rate and temperature for a par-
.tlelly hydrolyzed poizisrylamide solution. The results ;ndicated'
that the adsorption of polymer varies from one type of mineral
surface to and?Ber; calecium carbonate appeéred to have a much
_greater affinity for polymer than silica. Polymer adsorption”
increased with salt concentration. The polymer effectiveness.rn

reducing mobility was greatest at the lowest salinity and also

for the polymers with the highest average molecular weight.

Jennigg}'et al. (4) carried out a study of the factorsinflu-
encing mo;ility control by polymer soiutions and suggested differeut
polymers produced decreased moblllty in porous media by different
mechanlsms These involve polymer matrix interactions and sotﬁtion
rheology. He was unable to correlate mobility decrease with the
oolymer adsorption. He- suggested mobility control by polymer solutlon
flow at normal field rates can occur by virtue of (a) a high
viscosity at the flooding shear rate'and (b) a polymer medium
interaction, which is a consequence of the structure and large

'

size of the macromolecules.

{
.

(17)

Arunachalam and Fulford reported experimental evidence
suﬁportiné,@n adsorptional mechanism for the pipe flow of dilute
solutions of a poI“o§y ethylene in water in the form of adsorption
measurements. They observed 1ncreased polymer concentration at

1

the pipe wall.

Hand and Williams (17)

studied the adsorbed entangled layer
formation at flow boundries from dilute polymer solutions by

observing the kinetics of a wall layer depletion for different
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polymers in a measurement of the time dependent sclvent rate.
The build up of a wall layer during the flow, by infrared adsorption

measurements, was monitored.

{19)

Hiraséki and Pope reported tﬁat the phenomena involved
in the displacement of oil By polymer soluéions are'non-Newtonian
effects, permeability reduction and polymer adsorption. Models
have been developed to represent these eéfects as a function of
polymer, brine and rock properties. The rheological behavior of
the flow of polymer solution through porous media could be Newtonian
at,low flow rates. Permeability reduction is modeled as an adsor-
bed layer of polymer molecular coils that’ reduces the effective
size of the pores. The polymer adsorption model assumes that

polymer is adsorbed on the surface of a porbus medium as a mono-

layer of molecular coils.

(20)

Szabo .carried out single phase flow and oil recovery tests
in unconsolidated sands and in Berea sandstone core using C14 tagged
partially hydrolyéed p?lyacrylamide solutions in which he compared
polymer retention da;L with the data obtained from static adsorp-
tion tests. He showed that polymer retention by mechanical entrapment
had a dominant role in determining the total polymer reteption in
short sand packs. The mechanical entrapment was leés in the
large-surface area ‘Berea cores. Absolute polymer retention values

)

showed an almost %pear dependency on polymer concentration.

Entov and Polishchuk (21) investigated the use of solufions
of polymers for displacement of petroleum from a porous medium.

They showed that interaction between the polymer and the pore walls

. ;)

e



play a siénifgcant role. Its sorption causes an intéresting _ ' \
flow péftern in the porous mediﬁm; The mechanism of partially
reversible polymér adsorption and partially irreversible polymer
adsorption are expléi;ed. The effect of thégé phenomena on

the displacement of petroleum was discussed.

(22)

Thomas reported that polyacrylamide and polysaccharide;lk\'
reduce the permeability of straight glass eapillary arrays by
forming an adsorbed layer df pol§mer on the capillary wall that
reduces the effective size of the capillary. The effective thick-
ness of the polymer layer og the glass-surfacé was- abdut 0.2 to

0.3 micron in i200—ppm briﬁe. ;}t was concluded that the reductidn
of water mobility by polymers in a porous medium, over and above

the effect of increasing the. viscosity, results from an adsorbed
layer of éolymer on the poge‘walls, and from-mechanical entrapment

in pore constriction and small pores.

(23)

Dominguez and Willhite studied the polymer retention
and fl&wlcharacteristics oﬁ a solution of partially hydrolyzed
polyacrylamide in a porous teflon coré, in which adsorption was
considered to be negligible. They‘showea that high molecular

weight, partially hydrolyzed polyacrylamide are retained during

flow through porous media by the combined mechanism of adsorption

and mechanical entrapment.

(24)

Hanna studied the flow of a dilute aqueous solution of

Polyox (WSR-301 and coagulant) a high molecular weight polymer in
beds of packed spheres of stainless steel and Jaytron plastic. He

reported the adsorption layer thickness for slow flow rate and
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. ) '
&

.correlated the drag reduction wigb;the'polymer adsorption.

Son(25).investigated fhe adsbrption and, flow bhehavior of
‘Polfox (coagulant and WSR-301) in the'vicinity of the tube wall
during uniform laminar fla&} The thicknesss of the adsorption
layer in laminar flow was reported dhd:correlated with drag re-
‘duction in turbulenl flow by anmathematical'equation'with polymer
macromolecular size and tube diameﬁer. It was suggested that

the polymer adsorption coﬁld be a bésis for the turbulent drag

reduction.



Chapter III

THEQRETICAL BACKGROUND

)

In steady, laminar flow of a dilute polymer solution through

a tube the shear stress TR is determined by the relationship (1)

TR o 4n (<u¥ + Lagg | )
R

(3.1)

The viscosity nmay be assumed to be independent of shear stress
9 { . '
on shear rate, <u> is the average velocity and U, is the average
velocity deficiency attributable to polymer adsorption onto the

wall of conduit.

The analogous equation for porouf media flow is the following:

pd

(3.2)

jny
~
-~
3
YARRN
TN

where ki' the Kozeny~Carman constant .(impermeability factor),

iz a function of the bed geometfy.

By making equation'(3.3) dimensionless we get:

l/k = <u> - u ’ (3.4)
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equation (3.2) can be rewritten:

Tp = N, 2<u> ‘ _ ‘ .. (3.5)

where ng = K (1—28—)
2 <u>

and 1 = — <u> ' . .. (3.06)

L]

s
-

‘ Equation (3;7) provides a simple method for evaluating Gw from

experimental values of n, n_. k

s’ Ti°

Relation between adsorption layer thickness and dimensionless

average velocity deficiency.

The average velocity in packed bed flow without polymer

adsorption is:

r-{

R, Ry
<> = —— —
k. n

..{3.8)
i

u
where <u> =_S5 and t = (P_. - P.) R
£ ' h/L

wa



from this superficial velocity becomes:

£ . ‘ .. (3.9)

/

Similarly, the superficial velocity in the presence of polymer
. !

adsorption can be represented by:

U, ad =T .- (3.10)

Hence the superficial velocity deficiency due tq-adsopption of

polymer is given by:

S s, ad s .
p -6 '
_ 0 L 2 — CoL
= ‘Rh,adgad Rh £ ] .. (3.11)
ki n L

and the void velocity deficiency by

.. (3.12)

A



——

-

by dividing equation (3.12) by Rﬁ and substituting:

R T 2 K
L u = h "Ry €49 Bh,ad - 1) L (3.13)
2 .
n k £ R \
i % fﬂ
p\& H
of u_ = n Y
W
Ry R <
2
£ . R .
= 1/31 [ 24 head gy - S .a(3.14)
£ Rh
2
. 2 € R
. or ng/, =—-=2¢ hnad : CL.(3.15)
Ns k., € R ST ’ "
i h

by subsFltutlng Ry =E:Rp/3 {l-g)in equation (3.15) we get:

P

e .3 R 2 2
n oy = %ki [(-2dy (Read Loe 1 L.(3.16)
s & Rp L - ¢

ad

Assuming the radius of each particle is increased by ARp and \%\\

the new radius is R
prad

R = R_ + AR \ .. (3.17
pr,ad p P ( )

-
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we can write:

R R + AR 2
(-Beady " = ¢ )
R R
p p
or 4% = (1 + 5?2 N (3.18)

The effective porosity o{ ;;é\bed with polymer ad§6rption is

given by: _ f
’ | /
, /
é -1 - (Volume of particles with adsorbed pblymer)
I
ad Total volume of bed /
‘ Volume of particles AV, AR
=1 - ( S ) [1+ —R 2] >

Total volume of bed ARp Vp

now AV _dv 2
p = p = 4NR?

AR d R

p P

volume of particle with adsorption = Vp + AV

Vo,aa = Vo * AV
AV
=v_ (1+ —2)
v
p
4 3
Vo,ad = /3 "™Rp,ag
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R M .
4nR2 AR )
€aq = 1 - (1-e) (1 + ———E—j—R ) .. (3.19)
4R
3 .P

— =1 = (1 = g) (1 + 3)

&
1 - e 4= (L ~-c¢) (1 + 3&)
or g =€ - 3D (1 - ¢e) | . (3.20)
similiarly:
1 -¢ 2 {1 - e)2
( ) =
1 — ¢
ad - a? 1.1 37) 2 .. (3.21)
_ 1
(1 + 30)2

by substitution:

£ 3 _ A% _ 3
(_gg) =(e 3A(1 s)) .
€ £
_ 3
s - 2L - einy .. (3.22)
e .

L]

-

by substititing equations (3.18), (3.19), (3.20), (3.21}) and

(3.22) in equation (3.16) we get:



..(3.23)

A is evaluated numerically with help of experimental values

L]

ofn , ns and ki.
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Chapter IV

EXPERIMENTAL DETAILS

Polymers:

| Two polymers, a nonionic pdlyacrylamidé (supplied by Polyscien-
ces Inc. Pennsylvania) and Pusher - SCO a partially hydrolyzed
polyacrylamide (supplied by Dow Chemicals, Michigan) were uséd

in this investigation.

Solution Preparation:
The polymer solutions were prepared by preparation of a concen-

trate (approximately 0.1%) which was diluted to the desired concen-

~

trations, as needed. Initially, the weighed dry polymer was sprin&led

uniformly onto the shouldetr of a well developed vert?&’pﬁouidéﬁdgith

a mechanically driven §tirrer. Distilled water was used in prepa-

. \/
of polymer was such é? as to be

rations. The rate of a ditio
dispersed over a period of rlto 60 seconds. When §~1 of the polymer
was added, the stirrer speed was adjusted to keep the solid particles'1
from séttling to the bottom. The solution was stirred gently for °
.approximately 3 héurs. The concentrated solutions were storea.at
laboratory temperature in brown bottles for three to four weeks

(without loss of effectiveness) and diluted to the test concent?a—

tion, as required.

s
Characteristics of the Polymer Solutions:

Viscosities of the test solutions were measuréd by means of
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the Cannon-Fenske Routine Viscometer (Viscometer No. 50, supplied
. S S c -
by Cannon Instrument Co. Pennsylvania) at 21° ., The molecular

weight of the polymers was calculated using the Scholtan's egqua-
\ 1

tion (26'27)and the root mean square end to end distgpéé for the

polymer macromolecules was calculated using the Flory-Fox equation
(28) ' ’ |

7

Experimental data are reported in Appendix 1, -

-

Polyacrylamide ﬁw - 5.23 x 10° ,
Jr 2 - 3552 .8 A \
Pusher 500 ° Faw = 5.75 x 10°

JE % = 4320.4 & o

Flow Experiments:

A schematic diagram of the packed bed and accessory piping is

shown in figure 4.1. The column housing the bed pack was construc-

ted of perspex. The diameter of ‘each column was such that the '

ratio of column to sphere diameter was constant at 16.71.

« , M- L)/\"
_.Each column was randomly packed with stainless steel (sp.gr. 7.62)
sphéres‘supplied Ty General Bearing Ltd. The porosity.'of each
. ) ) . *

bed was adjusted to 0.38.

o

The pressure taps were connected 5 cm below the top and above

.the bottom of the bed to give direct pressure measurements without

correction for entrance / end effects, etc.

The fluid was received from the 25 litre tank and pumped by a

1) .

r‘{'
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gear pump (Model: 507L‘supplied by Brown &_Shérpe)r The flow

raﬁe through the bed cauld be varied through a motor speed control
mechanism and a bypass line: A §urge tank was connected to the
‘line to absorb dampness, slight fluctuations‘transmitted from the
pump. The storage tank was equipped with a thermostat to maintain
the temperature of the effluent solution at 21°C. The storage
tank, piping and column were insulated to pre&ent heat exchange

with the surroundings. ' '

The flow rate was obtained by measurement of the volume of
collected effluent in é measured time. Packed beds were cleaned
by circulating diéiilled water for 4 hours after.each run'of a
particulai polymer solution concentration.It was ensured that there

was no more polymer in the system by measurement of the viscosity

of the distilled water used.

Physical Dimensions of Packed Bed ’

Diameter of . Diameter of _Rh £ . L

Spheres D Column DC : cm
cm P cm cm

0.1592 2.55 0.015239 - 0.38 29.7

0.2388. 3.99 D.922918 0.38 37.4

0.3999 6.69 0.038382 0.38 37.4




Pressure Drop Measurement

The pressure drop across the column was measured with a
differential Meriam o0il (supplied by the Meriam Instruments.

Specific gravity 1.19) in glass manometer. Fluid levels in the

glass manometers were measured by means of a Cathetometer 7N
A
(supplied by the Precision Tool Instrument Co.) with an acc%facy

of 0.001 cm.

Evaluation of ki

The Kozeny-Carman constant ki was evaluated numerically by |,
least square fitting of equation (3.9) individuall o flow data

obtained for the three beds by circulating distilled water. ki

was substantially the same for each of the three hdds i.e. 5.00,

4

5.05 and 5.02 for thé beds with sphere diameterd of 0.1592,
0.2388 and 0.3999 cm respecti&ely. Extensive sthdies of viscous
flow invelving packing of different sizes and cométin a porosity .
range 0.34 - 6.45 have been made and values of ki have been found
between 4.5 and 5.1. Experimental data are reported in Appendix 2.

S —
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5 .
EXPERIMENTAL RESULTS AND DISCUSSION

The pressure drop measurements were collected as a function,éf "
flow rate for the flow of six dilute aqueous solytions of nonioniC‘
polyacrylamide (PAM) and Pusher - 500, a partially hydrquzed
polvacrylamide, in three beds packed with stainless-steel. bearings
of diameter 0.1592, 0.2388 and 0.3999 cm, respectively. The

experimental data are presented in Appendix’ 3.

Flow Behaviour

Figures (5.1) and (5.2) show typical flow data for solutions
of noniqnic polya&r?lamide and Pusher - 500,-respectively; The
plots of the data in the form of "shear stresg" TRh = nki {<u> -
uw) /Rh vs. 2 <u>/Rh are representative of the behaviour observed
6ver the ranée of measurements. The non-linearity of the Tp Vs.
2<u>/R; curves indicates that the apparent viscosity coeffic?ent
defined in eq. KB.S) is a fufiction of shear stress and particle
diameter for a particular polymer concentration. This flow “
behaviour in porous media appears t; be in part due to kinetié
energy losses created by interaction of the poiymer macromolecules

and the walls of the porous media flow channels. These figures

clearly indicate the wall effects.

In figure (5.3) and (5.4), we see the effect of the flow medium
on the evaluation of the solution apparent viscosity. Here solu-

tion apparent viscosities evaluated for beds packed with spheres

#
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£

L

are hiéhér thén correéponding viscoéities measured using the
Cahnon—Fenske viscometer. Th; apparent solutibn viscosities are
also highe; for the smaller diéméter spheres. These viscosity
inqreases are not anticipated‘from the rheological behavior of the
fluids. ‘The increase 'in viscosity.is attributed to the adsorption
0of polymers onto the surface of the spheres, the adsorbed polymer‘
causes a reduction in the water mobility. Figure (5.3) and (5.4)
show the apparent viscosity departure for partially hydrolyzed
polvacrylamide is much more than for the nonionic polyacrylamide.
The variation in apparent viécosity for the different packing sizes
is also greater for the partially hydrolyzed polyacrylamide. The
apparent viscosity for a given polymer solution increases with
.decreasing particle size; alternatively, the smallerkppre_s}ze
produces a higher apparent viscosity.‘ The iatter also dependé'on
polymer molecular weight, concentration and the degree cf hydrolysis.
At higher polymer concentrations, macromolecules beéome entangled
resulting in a sharp increase in the solution viscosity. Although
the molecular weights of 572 x 10° and 5.7 x 10° do not differ
significantly, the ionicspolyacrylamide exhibited a significant&y
higher viscosity compared to the nonionic polycrylamide at all
polymer concentrations employed. This increase in the viscosity

is due to the expansion of the polymer chain caused by repulsive

forces.

Adsorption Characteristics

r

When a polymer solution flows through a bed pack, physical

a&sorption is presumed to take place onto the surface of the flow
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channels. Although the channels are presumed.lafge enough to
allow polymer molec es‘to pass, the openings at contact po;nts

of spheres may trap‘molebuleé. These entrapped polymer‘moleculés‘
may restrict the fluid motion in the bed resulting in further
reduction in the permeability of the'mediﬁm. .In ﬁigh permeability
beds, the polymer is retained mainly by physical adsorption Qithin
tﬁe voids, Lhe retention by phySical entrapment being assumed
negligible. In steady-state flow, the flowiné polYmei concentration
is uniform along the entire length of bhed. " This polymer concen-

tration determines a constant adsorption layer thickness.in every

.location in the packed bed.

Adsorption Layer Thickness

The dimensionless adsorption layer thickness A = A/R 'was calcu-
lJated by means of equation (3.23). Since &4 is determined from

n /ns,.it is function of the variables affecting n /ns i.e. "shear
stress", polymer concentration in the bulk solution and packing

size.

Effect of Polymer Concentration

The evaluations of the adsorption layer thickness are shown
in figure (5.5) and (5.6) for the two polymer systems investigated
as a function of polymer concentration, with particle diameter as
parameter. ‘It is observed that the adsorptibn'layer thickness
increases withinéreasingpmlymer concentration. The adsorption

layer thickness for ionic polyacrylamide is greater than that for
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the nonionic polyécrylamide sdlution. This indicates higher
polymer-wall interaction for ionic polymef compared to nénionic
polymer. The'adsorption'layer thickhess also increases with the
size (diameter) of the packing. It is also observed that ﬁo a
certain lower polymer concen;ration, the smallest partiéle size
has a higher associa£ed adsorption layer thickness than the lar-

: <
gest particle size. Beyond this concentration, adsorption layer

]

thickness for larger particle size increases more sharply.

-

Effect of packing diameter

Figures (5.7) and (5.8) show the influence of the diameter of
the packing on the adsorption layer thickness. For the 50 ppm
and 70 ppm nonionic polyaéfylamide solution concentrations, the
adsorption layer thickness attains a limiting value. For the 100
ppm solution, it appears that the plateau occurs at higher particle
size. In figure (5:8) adsorption layer thickness %or the 35 and
50 ppm iocnic polfacrylamide solution concentration akso approaches
asymptotic value gnd stabilizes. Adsorption layer thickness for
70 and 106 ppm concentration solution first increases and also tends
to stabilize at limiting values.  The indication is that for a
particular solution concentration a maximum adsorption layer thick-

ness exists for each packing size.

Effect of Shear Stress, T

"h

In figure (5.9) through (5.11), the adsorption layer thickness

is shown as a function of ionic polymer concentration at different

&
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Jaiues of £he parameter TRh for each of the particle sizes df““y
diameter 0.1592, 0.2388 and 0.3999 cm. WThe adsorption layer
thickness is observed to decrease with "ihcrease in shear stress
parameter at the polymer solution concentrations invelved. The
polymer molecules dissoived in water by means of hydrogén bonding
retain some of the structural identity while in solution. The

. random c¢oil structure is casily deformed under an éﬁpl;ed stress, and
changes from its generally spherical orientation into elongated
ellipsoids which extend more freely in the solvent and are
released into the main stream from the adsorbed layer. The mole-
cule, extending into the bulk £luid alsc acts as an‘attachment

site for other molecules from immediately aéjacent surfaces and

for molecules still in the bulk fluid.

Adsorption layer thickness are plotted in-figures (5.12)
tﬁrough (5.15) for both polymers investigated as a. function of
shear stress with solution concéntration as parameter for two
bed particle sizes. The behavior is similar for both the polymers. The
adsorption layer thickness decreases with increasing shear stress.
initially then tends to approach a limiting value. The decrease
in thickness from the initial thickness is almost twice in the case
of 0.2388 cm sphere diameter to that oflthe 0.1592 cm sphere
diameter. Assuming a monomolecular layer of polymer, the polymer
molecules line up side by side, each with one end %ttached to the
solid surface. It appears that relatively low levels of shear are
required to remove the more loosely bound macromolecules from the
adsorption zone. At the higher shear stress or flow rate conditions,

the, polymer macromolecules that are retained are more entangled and
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simultaneously invade formely inaccessible pores due to the -

deformation of macromolecules. The adsorption layer may also be

' 0
laterally .compressed.

Effect of polymer molecular size

Adsorption layer thicknesses expressed as multiples of the
macromolecular.diameter, A/De, are-plotted in figﬁres {5.16) and
(5.17) as a function_of polymer concentration for the three heds
with different sphere sizes. It is observed that the adsorption
layer thickness ishigherfor the ionic polyacryiamide solution
than for the nonionic polyacrylamide‘soiution for the same par-
ticle size and polymer concentration. However,(A/De for the
nonionic polyacrylémide is higher than for the ionic polyacryl%mide
at;g e same conditions. In other words, the number gf macro-
molecules adsorbed in the case of honionic polyacrylamide is higher

than for the ionic polyacrylamidé.

The greatér molecular size achieved by hydrolysis of the
polyacrylamide results from changing some of the amide groups

to carboxyl ones.

-CH- -CH- -CH-CH.-CH-
?H CH2 ?H CH2 F C 5 :
C=0 C=0 C=0 C=0
f | | | -
NH2 ?‘ NH2 NH2

Na+

The ratio of amine and ca;boxyl groups determine the degree

of hydrolysis (in this case 25%). Ionizable garboxyl groups have
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an effect on molecular sizé when the poiymef is dissolved in water.
Electrical rgpulsion of like charges aiong the polymer chain
causes the expaqsidn of the molecule into iarger spherical form.

A moiecular diameter of 63005 for ionic polyacrylamide compared

to 35003 for nonionic polyacrylamide is realizable. The carboxyl
groups are also highiy polar and give the polymer a great affinity
for water. The size of the polymer units that exist in solution
and in the adsorbed layer can be quite large. These units may be
single polymer molecules, molecular aggregates, held together by

entwining of the long chain molecules, or a mixture of both.

oo
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CONCLUSIONS

"y

—

The following conclusions have baén reéched from this

investigation.

1.

‘tion, packing size and the shear stress parémetén, TR

Partially hydrolyzed polyacrylamide deyelops a greater
viscosity than the nonionic polyacrjlamide for compara-

ble molecular weights, at the concentrations investigated.

The apparent viscosities of agueous solutions of these
polymers evaluated for packed beds were much higher than

vielded in the viscometer measurements.

The apparent viscosities of these solutipns in packed

’ ~
bed increases with decrease in pore size. -

i

The adsorption layer thicknesses were determined to be of

the oxder of 0.00lcm and a function of polymer concentra-

¢

h.

.The adsorption layer thickness was found to increase with

polymer concentration and to approach. a limiting value with

increasing TRh and packing size. -

The adsorption layer thickness increased with the macromo-

lecular size of the polymer.
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Appendix 1

Characteristics of the polymers used in the present work.

Nonionic polyacrylamide

Polymer Cannon-Fenske n -n

Concentration ' Viscosity, ©
C, p.p.m. ‘ cp, N HOC 1
' dl gm
10 1.01423 : 16.39121
20 . 1.04236 | 22.29099
35 T 1.11687 34.07125
50 1.19556. 39.62147
70 . 1.30998 - 44.68216
100 : 1.45520 45.83004
Nsp, | -1
(—=E) =18.02866 dl gm
€7 caoo
-5 -.81
and nsE =6.51 x 10 > My For nonionic Polyacry-
C lamide at 20°C
Cc=0
—3 _
(n] = 2.1 x 102l E'z ' Flory Fox Eguation

Jr 2 : root mean square end to end distance of polymer

macromolecule, £

Mw = 5.235 x 10° o«

J 7 ?% = 3552.8m
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Pusher-500, Partially hydrolyzed polyacrylamide

Polymer Concentration Cannon-Fenske ' noo-ng
C, p.p.m. , Viscosity, n -, CP. C
. o o~ a1 gm
10 : l1.08227 B4.58235
25 _ 1.25828 104.38604
35 . 1.44494 128.00417
50 1.69659" 140.04153
70 . 1.95319 136.76473
’ [
100 2.47704 - 148.23107
T
n y N
(—=E) = 92.22 41 gm
C C=0
"sp : -5 . .91 .
( ) = 6.51 x 10 Mw * (For partially hydrolyzed
C C=0 Polyacrylamide at 21°C)
(nl = 2.1 % J ; Flory Fox Equation
./; 2: root mean square end to end distance of polymer

macromolecule, §

Mw = 5.749x10°

YT ? _ 6320.383
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Appendix 2

- [

Evaluation of impermeability factof, ki

.For bed papkeﬁﬂiti;'o.lSBZ cm diameter shperes by circulating’
distilled water. ¥

Q cc/min u_ cm/

s Sec *em é% (sin (1-€)+é/r)5—i
P u .

20.50 0.061482 3.549 0.3187

21.10 - 0.063282 3.621 0.3252

29.30 0.087875 5.190 © 0.4661

36.80 0.110368 5.944 | 0.5339

42.95 < 0.128813 6.545 | 0.5878Y
51.70 0.155060 8.108 0.7282

60 .30 0.180841 10.886 0.9777

71.30- 0.213840 11.641 - 1.0456

k. = 5.00

For bed packed with 0.2388 cm diameter spheres

.1794

23.06 0.037378 1.235 0

29.60  0.039455 1.317 0.1913

3680 0.049052 1.695 0.2462

49.18 0.065554 1.397 0.3482

90.20 0.120231 4.351 0.6322 ‘
117.80 0.157022 5.620 0.8116

132.00 0.175949 6.084 ' 0.8840

144.40 0.192477 6.355  0.9233

166.40 0.221803 7.936 ©1.1531

R
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AEEendix 3

Flow measurements of poiymer aqueous solutions in packed beds

Dp = diameter of packipg spheres

Q = flow rate, cc/min.

u, = superficial velocity, :cm/sec.
) X =  pressure drop, cm Meriam oil
—~ T = TRh shear stress, N/mZ
-1
U = 2<u>/Rh,.sec

uS,T and U represents intermediate values

in calculation process.



For bed packed'with 0.3999 cm diameter shperes . .

.

Qec/ .. u_ cm/ X em AP S y -2 e
T min s ~Sec L b, T E -

-
b

23.28 0.011075 - 0.134 . 0.0546
40.53 0.018965 0.245 . 0.0998
60.00 . 0.028448 0.347 ' 0.1414 .
73.80 - 0.039915 - 0.371 . | 0.1919
103.70 - .  0.049168 °  0.57 : 0.2359
129.00 0.061164 0.7 0.3097
164.20 . 0.077853  _ ' 0-.975° ©0.3973
250.00 0.118550  *71.469 S 10.5986
294.00 o.139397ﬂ“;£ 1.708. . 0.6960
396.70 . 0.188091 -~ - 2.260 . 7 0.9209
. s N
k., = 5.02 )
.'// \

i

A e e T e e b e 4, T

kY

-

i
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Table 3 = 1

Nonioﬁic polyacrylamide in dié%illed wa.ter

10 ppm conc, solution.

A

, e et — e e 25 e 2

7.261

Q ug PoX T U
19,87 0.064845 2.599 0.03803 22.395786
26.75 0.087297 3,390 0.04960 30.150341
35.20 0.114873 4.501 0.06586 39.674468
39.40 0.128580 5.622 © 0.08226 44.,408353
59,40 0.195197 8.030 0.11750 66.725241
76 .80 - 0.250634 11.142 ~0.16304 . 86.562475

D? = 0,2388 cm
19.46 0.025939 - 0.513 0.00811 5.,956819
33,73 ©0.044960 1.063 0.01682 ' 10;524950
49.80 0.066380 1.277 0.02020 15.244071
71.20 0.094906 2.106 0.03332 21794737

101.40 0.135161 3.423 0.05416 31.,039133
131.00 0.174616 4.290 0.06788 40.099859
152.80 0.203674 5.118 © 0.08098 46.772974
177.60 0.236732 . 5,826 ' 0,09218 54.364399
206.70 0.275520 0.11489 63.272079
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Dp = 00,3999 cm.

_ Q . ug ‘ X - T, U,
v
35.20 0.016689 0.151 0.00400 2,288536
© 65.10 | 0.030866 0.290 0.00768 4.232492
67.00 0.031767 0.349  0.00924 4.356022
" 112.20 0.053198 0.552 0.01462 7.294711
172.00 . 0.081552 0.761  0.02016 11.182622°
225.40 0.106871 " 1,021 *0,02705 14.654436
Tabie 3 - 2
Nonieniec polyaérylamide agueous solution, 20 ppm conc. .
D, = 0.1592 cm
.. -
13.06 0.,042621 1.875% 0.02741 14,720129
22.26 0.072644 3,586 0.05247 25 .089592
" 28,73 0.093759 4.534 © 0.06637 32.382031
© 34,60 0.112915 | 5.466 0.07998 38.998198
‘ 44.00 0.143592 . 6.948 . 0.10167 49.593085
54 .60 "0,178185 8.521 0.12469 61.540513
68,80 .  0,224528 11.035 0.16148 37..545551
82.60 0.269562 13.215 0.19338 93,099745
97,50 . 0.318187 15.813 0.23139 ) 109.893771
Dp = 0.2388 cm
23,60 '0.031457 .~ 1.001 0.015856‘ 7.224096
32.60 0.043454 1,350 0.021%61 9.979051
43.20 . 0.057583 1.495° 0.023655 13.223773
- 17.790951

58.12 0,077471 2.118 0.033513

[N ]

oae contd.,
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D = 0.2388 cm
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.+. Table 3 - 2 contd.

Pl

p 1)
Q u "x T U
77 .20 0.102903 2-&93\ o 0.04095, 23,63137
86.90 0.115833% 2,161 0.05001 . 2660059
101,09 0.134747 3,821 ° ' 0.05046' 30.94424
117.00 - 70.155955 4.494 0.07112 35.81431
154,80 0.179681 5,009 0.07926 41.26307
Dp = 0.3999 cm
25,50 0.012091 0.098 < 0.00259 1.65788
41.80 0.,019819 0.154 0.00408 2.71763
68.20 0.032336 0.268 ,  0,00710 4.43404
98.20 ‘0.046561 0.367 0.0097% 6.38449
105 .40 " 0.049974 0.497 0.01317 6.85261
119.20 0.056517 0.532 0.01409 7.74982
144 .60 0.068561 0.622 0.01648 . 9.40121
- Table 3 - 3 .
Nonionic polyacrylamide aqueou5\solution; 35 ppm conc.
Dp = 00,1592 cm
14.20 0.046341 2,078 0.0%041 16.,00504
23,35 0.076202 3,487 . 0.05102 26.31815
28.90 0.094314 4.446 0.06506 32:57364
35.00 0.114221 5.601 0.08192 39.44904
43.90 0.143266 7.286 . 0,10662 49.48037
54.70 0.178511 8.859 0.12963 61,65322
67 .20 0.219305 11,663 - 0.17067 75.74216
80.30 0.262056 13.494 0:19746 90.50738
96,00 0.313292 - 17.177 0.25136 108.203%09
brd



DP = 0.2388 cm

-, 58 - .

qQ ug T U

20.53 0.027365 0.939 0.01485 6.28435
25,60 0.034123 1.170 0.01651 - 7.83631
36.00" 0.047986 1.524 0.02411 11.01981
53.40 0.071179 - 2,239 0.03542 16.34605
71,80 © 0.095706 2.938 0.04648 21.97840
89.57 *0.119392 3.774 0.05971 27.41750
104.90 0.139826 4.604 0.,07284 32,11050
125,57 0.167378 5.346 0.08459 38.43771
145.20 0.193544 5.981 0.09464 44.44657

Dp = 0.3999 cm
30,10 . 0.014271 0.434 0.01150 1.95696
64.50 0.030582 0.541 0.01433 4.19348
88.80 0.04210% 0.654 0.01735% 5477335
109.40 0.051871 0.761 0.02016 7.11267
131.82 0.062501 0.928 0.02459 8.57031
157.60 0.074724 1.031 0.02732 10.24640
165,00 - 10.087716 1.129 0.02991 12.02782

Table 3 - 4

Honionic. polyacrylamide aqueous solution, 50 ppm conc.

D, = 0.1592 cm
14.02 0.045754 3242 0.04744 15.80216
21.73 0.070915 5,009 0.07329 2449222
23,60 0.077377 6.443 0.09428 26.59992
29.38 $.095880 7.547 0.11044 33.,11465
37.66 0.122902 9,106 0.13%25 42 44717
46 .65 0.152240 11.054 0.16175 52.,57994
57.24 0.186800 - 13.611 0.19917 64151609
64.88 0.211733 15.642 0.2286% 7512725

!
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D_ = 0.2388 cm

- 59 ~ .

Q

Ug T U
16.18 0.024233 1.140 0.01804 5.56500
25,07 0.033417 1.590 0.02315 7.67407
34,36 0.045800 2.025 0.03204 10,51779
49,00 0.065314 2,749 0.04349 14.99919
65.28 0.087015 3,690 0.05839 19,98259
80,64 0.107489 4.543 0.07188 24.68437
92.00 0.122631 5,200 0.08228 28,16174
10%,.30 0.137693 5.744 0.09088 31,62073%
116,44 , 0.155208 6.440 0.10190 35.64296
134.42 0.179174 7.281 0.11521 41.14675
151,68 0.202181 8,081 0.12787 46.4301%
-Dp = 0,%999 cm
25.90 - 0.012280 0.201 0.0053% 1.68389
50,30 0.023849 0.260 0.00689 3,27026
82,83, -0.039273 0.539 0.01428 5.38521
109,00 0,051681 0.855 0.02266 7.08666
137.60 0.065242 1,040 0.02756 8,94609
155.10 0.073539 1.177 0.03119 10.08386
171.80 0.081457 1.285 0.03405 11.16962
Table 5 - 5
}.
Nonionic polyacrylamide acueous solution, 70 ppm conc.
Dp = 0,1592 cm
15.52 0.050489 6.103 0.08931 17.49283

contd.
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Dy, = 0.1592 cm . Y+ een Table 3 - 5 contd.

Q ug X ) ST U
23.04 0.075190 - 8.585  °  0.12563 25.96874
31.94 0.104235 11.500 0.16828 3600007
36.01 0.117517 12.512 0.18309 40.58743
40.18 0.131126 13.925 0.20377 45.28750
48.64 0.158734 '16.259 . 0.23792 54.82290
56.10 0.183080 18.256 , 0.26715 63.23118
66,90 0.218332 21.322 0.31201 75.40403

D_ = 0.2388 cm

P -
19.78 0-.026366 1.294 0.02047  6.05477
26.81 0.035756 1.958 0.03098 ' 8.20669
41.20 0.054917 2.583 0.04087 12.61156
52.30 0.069713 3,053 0.04831 16.0095%
64.82 0.086401 4.610 0.07294 " 19.84178
80.60 0.107436 5656 0.08949 24,6721%
93.80 0.125030 6,469 0.10236 28.71273
105 .62 0.140786 7.400 . 0,11709 32.33090
125.40 0.167152 8.271 0.13087 . 38.38567
137.34 0.183067 9,323 0.14752 42.04058

160.24 0.213592 10.671 0.16885 49.05040




VS

Dy = 0.399% cm
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&

@ ug X iy U i
29,24 0.013864 0,239 0.00633 1.90105
50.38 0.023887 0.449 0.01189 3,27547
79.66 0.037769 0.692 0.01834 5.17911

‘105,98 0.050230 0.941 0.02494 6.88771
127.76 0.060576 1.153 0.03055 8.30635
155.24 0,073606 1.453 0,03850 10.09297
179,62 0.085165 1.688 0.04473 11-.67804
201.84 0.095700 1,865 0.04942 13.12268
224,46 0.106425 2.086 0.05528 14.,59332
/ l :
Table 3 - 6
Nonionic polyacrylamide a@ueous solution, 100 ppm conc.
1%
Dp = 00,1552 cm
13,83 0.04513%3 6.726 0.09842 15.58800
18,45 0.060211 8,729 0.12773 20.79528
23,76, 0.077539 = 10.735 0.15708 26.78027
29.24, 0.095424 12.942 0.18938 32,95686
36.22 0.118202 15.628 0.22869 40,82413%
45.56 0.148683 18,952 0.27733 51.395138
54 .86 0.179033. 22,312 0.32649 61.83356
63,01 . 0.205631 25.378 0.37136 71.01955
74.04 0.241627 29,252 0.42805 83.45164
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Nonionic polyacrylamide aguecus gsolution, 100 ppm conc,

D, = 0.2388 cm »

Q ' u 5 §] T [
13.98 0.018635 1.408 0.02228 4.27936
21,18 0.028232 . 1.950 0.03085 6.48332
30.62° 0.040815 2,729 0.04318 9.37296 .
43 .40 0.057849 3.740 0.05918 . 13,28499
57.61 0.077057 4,659 0.07372 17.69598
63.96 0.085255 5,311 0.08404 19.57853
76.12 0.101464. | 6.185 0.09786 23.30078
84.82 0.113060 6.824 0.10797 25.96389
94.92 0.126523 7.687 0.12163 29,05557

101,22 0.134921 8.009 0.12672 30,98403 -
114.16 0.152169 8.514 0.13471 34.94504
124.96 0.166565 9344 0.14785 38,25096

Dy = 0.3999 cm

21.43 0.010161 0.369 0.00978 1.39327
41.48, 0.019667 0.633 . 0.01677 2.69683
60.84 0.028846 0.781 - 0.02069 3.95553
75.91 0.035991 0,941 - 0.02494 4.93553
91.32 0.043298 1.159 0.03071 5.93719
114,90 0.054478 1.411 0.03739 7.47025
137.04 J0.064976 1.646 - 0.04362 8.90969
149.38 0.070827 1.749 0.04635 9.71198
170.98 0,081068 1.988 0.05268 11.11631
192.20 0.091129 2.237 0.05928 12.49593

212,10 0.100565 2.423 0.06421 13.78973




\

Ionic polyacrylamide aqueous solution, 10 ppm conc.

p

D = 0.1592 em |

4] Ug X U
16.76 0.054695 8.511 0.12454 18.89045
20.81 0.067913 10.180 | 0.1489 23.45521
28.32 0.092421 12,642 0.18499 38.91991
33,32 0.109738 13.034 0.19073 37'-55549 ‘
4164 0.135890 15.427 0.22574 46.93309
49.51 0.161573% 17.573 0.25715. 55,80349
57.06 10,186213 19,959 0.29206 64.31321
67.22 0.219369 23,000 0.33656 75.76470
76.62 0.250046 . 26.421 "0.38662 86.35959

b = 0.2388 cu
14.31 0.019074 1.321 0.02088 4.38037
21.80 0.029058 1.408 0.02227 6.67310
28.14 0.037509 1,725 0.02729 8.61382
31,70 0.042254 1.932 © 0.03056 .70355
40.44 0.052560 2.334 0.03696 g:.07021
48.75 0.064981 2.830 0.04478 14.92266
57.98 0.077284 3.217 0.05090 17.74802
65.56" 0.087388 3,572 © 0,05652 20.06830
74.02 0.098665 4.081 0}06457 22,65795
80.02 0.106663 4.230 0.06693 24.49459
86.32 0.115060 4.534 0.07174 27.29556
92,82 0.123724 4.817 0.07622 28.41273
102 .42 0.136520 5.278 0.08351 31.35136
109.84 0.146411 5,923 0.09371 33,62266

iy



- 64 -

Q ug X S U

N.
24.21 0.011479 0,175 0.00464 1.57402
33.82 0.,016035 0.206 ° 0,00546 2.19882
) 48.42 0.022958 0.264 0,00699 3.14804
67.62 0.032061 0.354 0.00938 4439633
93,80 0.044474 0.418 0.01107 6.09843
116,20 0.055095 0.499 0.01322 . T.55477
142.00 0,067328 0.782 0,02072 9.23216
158.64 0.075217 0.852 0.02257 10.31140
175.48 0.083202 0.901 0.02387 11.40887
Table 3 - 8

Ionic ﬁolyacrylamide aqueous solution, 25 ppm conc.

Dp = 0,1592 cm . -

20.98 0.068467 10.241 0.14986 . 23.64688
29,18 0.095228 14.570 0.21320 32,88923
36.31 0.118496 16.962 0.24821 40.92556
47,32 ' 0.154427 21,029 0.30772 5%.33510
.53.90 0.175900 23,485 0.34366 60.75150
67.66 0.220806 =  27.680 0.40505 | 76.26064

79,56 0.259641 32,428 0.47455  °  89.67331
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Table 3 - 8

Ionic polyacrylamide agueous solution, 25 ppm conc.

D = 0.2388 cm
Q ug X T U
19.71 0.026272 2.898 0.03003 6.0%334
26.26 0.035003 2.461 0.03894 8.03834
34,04 0.045%74 3.135 0.04960 10.41984
46,00 0.061316 3,583 0.05669 14.08087
60.00 0.079977 3,978 0.06294 18.36635
76.82 0.102397 5.128 0.08114 2351505
100.58 0.134068 6.658 0.10534 © 30.78812 .
121.94 0.162539 8,023 0.12694 37.32654
139.96 0.186559 8.935 0.14137 42,84258
Dp = 0.3999 cm
25.44 0.012062 0.237 0.00628 1.65398
- 35,47 © 0.016818 0.373 0.00988 2.30609
48.38 0.,022939 0.426 0.01129— 3.14543
67.02 0.031777 0.544 0.01442 4.35732
85.98 0.040766 0.653 0.01730 5.59001
108.64 0.051511 0.83%5 0.02212 7.06325
137.02 0.064967 1.01% >  0.,02684 8.90838
161.16 0.076412 1.240 0.03286 10.47786
192.40 0.091224 1.481 0.03924 12.50893
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| Table 3 - 9

Ioni¢ polyacrylamide aqueous solution, 35 ppm conc.

Dp = 0.1592 cm

Q w,oo X T U
19,11 0.062364 8.894 0.13014 21.55918
26.31 0.,085862 11.920 0.17443 29.65441
36,08 - 0.117746 15.055 0.22030. 40.66632
43.88 0.143291 19.366 0.28%39 49.45783
54.08 0.176488 23.018" 0.33683 60.95441
67.34 0.219761 . 26.558 0.41789 75.89996
81.84 0.267081 34,620 0.50660 192,24314

Dp = 0.2388 cm
20.92 0.027885 2.004 “ 0.03171% 6.40373
29.15 0.038855 2.602 0.04259 8.92298
37.04 10.049372 3,772 0.05968 © 11.33%816
48.70 0.064914 4.620 0.07310 14.90735
- 65.36 0.087121 . 5.765 0.09122 20.00708
82.48 0.109941 7.038 0.11136 25.24761
104.44 0.139213 8.254 0.13060 31.96969
123,30 0.164353 9.085 0.14375 37.74285
145.64 10.194131 10.839 0.17150 44.,58126




Al

'~ JIonic polyacrylamide aqueous solution, 35 ppm conc,

Dy = 0.3999 em
- . "7 \.—
Q u_ X /»-- T U
29.28 0.013883 9}%59/?// " 0.00927 1.90365
42.76 0.020274 0.471. 0.01116 2.78329
66.02 - 0.031303 0.489 0.01296 4.29231
83.64 0.039657 0.692 0,018%3 5.43788
95,2% 0.045152 0.852 ' 0,02258 6.19140
134.42 0.063734 0.942 0.02496 - 8.73935
'li;?éa 0.074762 1.098 0.02909 10.25160
168%.40 ©.088854 1,224 0.03243 12,18386
TaBle 3 = 10.
'Ionic pquacrylamide dﬁueous solufdion, 50 ppm conc.
Dy = 0.1592 cm i
G ug X T U
18,11° 0.059101 14.794 0.21648 20,41206
24.78 0.080868 19.778 0.28941 27.92992
30,00 0.097904 26.308 0.38497 33,81347
37.38 0.121988 22,881 0.48116 42.13158
46 .32 0.151164 40.226 0.58864 52,20799
57.80 0.188638 47.202 0.69072 65.14728
67.76 0.221132 52.744 0.77182 76.32%35
0.264601 0.87817 91.38653%

81.08

60.012

“___,A‘_ -
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Ionic polyacrylamide agqueous solution, 50 ppm conc.

-

Dy = 0.2388 cm

Q- ug X i R
T do.82 0.027752 3.682 0.06142 6.57512
29.38 0.039162 4.497 0.07115 18.99339
34,02 i 0.045347 4.835 © 0.07650 10.41372 .

44.02 0.058676 5.110 0.08085 13.47477

51.32 Qe068407 6.087 0,09631 15.70935

57.64 . 0.076831 " 6.714 0.10623 * 1.17.60394

75.39 . 0.100491 9.233 0.14609 23.07732

96.00 0.127963 12.383 0.19593 29.38616.

115 .66 0.154169 15,093 © 0.23881 _ 3540420

, 141,92 0.189172 18,957 0.29995 43.44254

Dp = 0.3999 cii -

32,91 - 0.015604 . 'q.514 0.01362" 2.13965

48.24 0.022872 0.691 0.01 3,13633

T1.82 . 0.034053% 0.835 0.02212 4466939 -
© 98,00 0046466 1.470 0.03895 - 6.57149
. 124.24 0.058907 2.40% - 0.06323 ° 9.95105 |
. 180.84 0.085743. 2.973 0.07878 . . 11.75736
f 5
- '/‘—,
.
«
B \ o
.'-\,’ -
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Table 3 — 11

-~

. Ionié'polyacrylamide agueous solution, 70 ppm CONC.
]

Dp = 0.1592 cm . ‘ . Meriam oil specific gravity = 1,75
- L 4
Q ug X N S u
19.62 0.064029 4.826 0.27563 22.,11401
25.46 . 0.083087 5.813 0.33200 28.69636
31.81 '0.103811 6.688 ' 0.38198 3585355
39.22 1 0.127993 7.983 0.45594  44.20547
47 .86 0.156189 9.953 0.54790 53.94375"
57 .86 0.188824 11.590 0.66195 - - 65.21491
70.24 0.229225 - 13.916 0.79480 79.16859
81.56 0.266168 16.599 ©0.94804 91.92754
Dy = 0.2388 om . | e
18.76 10.025006 4.867 0.07701 5.74258
31.44 . 0.041908 64762 ' 70,1069 9,653
41,22 0.054944 T.279 o 0,11517 1261767
51.96 010692?§ © 10240 0.16204 . 15.90526
6% .62 " 0.083802 12,037 . 0.19046 ~° . 19.47445
75.84 0.098425 - 14.262  0.22566 - 22.60286
88.04 0.117353 16.823 /0.26619 26.94956 .
99.66 0.132841 19.485 0.29676  (  30.50651
120,00 0.159954 22.821 .0.36109 c% 36.73269 N
» [

. r -
A - o
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Ionic polyacrylamide agueous solution, 70?ppm conc.,

Dp = 0.3999 ¢n

Ug - X T u
™
29.82 0.014148 (”/0.754 0.01998 . 1.94005
42,04 0.019932 0.820 0.02332 __» 2.73323
53494 0.025575 " 0.966 0.02559 //ﬁ2 3,50692
66.74 0.051644 1.106 7 0.02930—"  4.33911
86,38 0.040956 1.384 0.03667 5.61602
110.64 - 0.052459 1,915 0.05074: 7.19329
138.84 0.065829 2.565 0.06792 © 9.02672
174.46 0.082718 3.178 0.08421 © 11.34256
213.80 0.101371 +3,991 0.10576 .13.,90026
Table 3 - 12

Tonic pplyacrylamide aqueous solution, 100 ppm conc,

ﬁb»z 0.1592 cm

Meriam oil specific gravity = 1.75

16.54 0.053977 §943 0.51077 18.64249
23.48 0.076626 14.634' 0.66447 2646467
34.82 0.113634 13.288 0.75894 39.24616
45.02 © "0,146921 17.395 0.99351 50.74274
52.64 .0.171788 18.587 1.06159 59.33136

. 63.24 Q.206381 21,891 1.2§029 71.27878
80.24 0.261860 26.003 1.59938\ 90.43%975
. 1 : 5 . b . .

i .

t i : —~ @”
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Ionic polyacrylamide agueous solution, 100 popm conc .

Dy = 0.2388 cm

Q Ug X. T U
15.52 0.020687 6.768 - 0.10709 4.75076
23.56 . 0.031404 8.635 0.13663  7.21185
36.02 0.048013 . 10.314 .. 0.16319 11.02593
53,42 0,071206 12,011 0,19005 +  16.35217
63.44 " 0.084562 12,990 0.20554 119.41935
70,60 - 0.094106 14.802 10.23421 21.61107
94.32 0.125724 - 17.514 0.27712  28.87190

112.20 0.149556  19.389 0.30679 34.34507
130.24 0.173603 24,226 0.38332 39.86722
D, = 0.3999 cm o ) | : \\\\
23,21 0,011005 . 0.746 0.01976 - 1.50900
32.42 0.015372 0.958 0.02538 2.10779
55.02 . '0.026087 1.198 0.03174 3.57714
77.24 0.036623.  1.503° -.0.03982 5.02178
90.81 " 0.043056 1.608 0.04261 5.90403
117.78" . 0.055844 1.814 0.04807 7.65749
156.48 - © 0.074193 .  2.739 0.07258 10.17358
;a4.dﬁ 0.087261  3.380 . 0,08956 11.96541

0
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Table 4 - 1
Nonioniec polyacrylamide aqueous solution through bed packed with
0.1592 cm diameter spheres. N
3
TR - ng AX10 A/De
h
50 ppm .
S 0,02 0.0307 0.,90919 25.5908
0 _ppm ‘ _
0.01 0.0532 1.96235 55.2340
. 0.02 0.0537 1.99894 56.2637
0.03 0.0543 2.04230 | - 57.4844
0.06 0.0489 1.63624 46.0549
- 0.15 0.0467 1.44837 40,7672
' C.20 0,0442 - 1.21949 34.5247
100 ppm -
0.01 * 0.,0800- ) 3.11%02 87.6216
0.02 © 0.0800 3.11302 87.6216
* 0,03 0.0750 2.87371 B0.8B60
0.04 0.0727 2.75704 77.6021
0.06 0.067% 2.46478 69:3757
0.10 0.0633% 2.22?97 62..7383
0,15 C.0583 1.90590 53.6451
0.20 0.0572 1.835%0 51.6748
0.25% 0.05405 1.61019

45.3219

B
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A

Table 4 - 2

=

Nonionic.polyacrylamide‘aqueous solution through bed packed with
0.2388 cm diameter sphereg,
T n AXlO3 A/D
R S e
h _
50 ppm
0.01 0.0303 0.52775 14.8544
- - .
0 ppm . N
0.01 0.0487 2.42020 68,1209
10.02 © 10,0497 2.54730 71.6985
0.03 0.0475 ; 2.27088 6%.9180
0.06 0.0040 1.22383 34.4468
100 ppm v
: 0.01 0.0769 4.45201 125.3098
~ 0.03 10,0674 3.70566 104 .,%026
- 0.06 0.0560 2.62628 73.9216
0.10 0.0425 0.95527 26.8878 .
0.15 0.0415 0.80645 22.6990
X



*

s | Table 4 = 3
J Nonionic polydcrylamide agueous solution through bed packed with
0.3999 cm diameter spheres. -
T n 3
Rh s AX10 A/De
50_ppm N\,
0,01 0.0307 0.25231 7.1019 l
\ 0.0% - - 0,0306 0.19707 5.5469
P
\ ‘ZO EE‘“‘.
' 0.01 0.0400 2.04944 57.3%54
i.oe 0.0391 1,18322 51,0365
.03 ¢.0387 11.70621 48,0244
0.06 0.0372 1.311685 36.9244
100 ppm ' |
0.01 0.0714 6.75759 190.2046
0.03 0.0566 4.45029 126.7438
0.06 0.0488 3,00825 84,6726

L

T

ar

. .
-



Tonic" polyacrylamide aquecus solution through bed packed with

- 75 =1

Table 4 = 4

0.1592 cm diameter spheres.

L Y

Tg ng ax10° 8/
10 ppm e
0.01 0.0617 4.07845 64.5285
0.03 0,0600 3.14399 49.7431
0,10 0.0488 2.36623
0.50 0.0441 1.97127
EJ E‘Dm
0,01 0.0909 3,60277
0,03 0.0811 3,18842
10,10 0.0555 1.74700 27.6408
0,50 0.0565 1.81337 28,6909
50 ppm } .
0.01 0,1250 4.15882 65.8001
0.03 0.1110 3.73968 59,1685
0.10 0.1052 . 3.55309 56,2165
0,50 0.1130 3,80726 60.2378
1.00 0.1129 3,80567 60.2126
70 _ppm
- 0.01 0.2222 5,58885 88,4258
0.0% - 0.1898 5.,08671 80.4810
0,10 0.1851 5.,00658 79.213%2
0.50 0.105% 3,03968 48.093%
1.00 0.1053 3.03968 48.0933

contd.
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i

ves ... Table 4 - 4 contd.
T n AX10° A/D
Rh }:, . 5 . ‘e
100 ppm _
0.01 0.5000 7..26005 114.8673
0.03 0.4918 7:21513§\ 114.1576
0.10 0.4545 6.99883 110.7343
0.50 0.2924 5,7038% 90.2451
1.00 Y0934 4.17744, . 66.0947
1.50 0.1886 5.36878 84,9439
Table 4 = 5 v

Ioriic polyacrylamide agueous solution through bed packed with

0.2388 cm diameter spheres.

/

10 ppm
| 0.01
0.03
0.09
0.10

0.01
0.03
0.05
0.10
0.15

0.0408
0.0333
0.0289
0.0276

0.0398
'0.0422
0.0444
00,0360
0.0335

2.50484 - 39,6300
1.27096 20.1090
0.40342 6.3833
0.04155 0.6574
' P,
1.44752 22.9024
1.79852 28.4559
2.11320 33.4347
0.82514 13.0512
0.36961 5.8479

e contd.
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~

«ses Table 4 - 5 contd.

- v
Tx n AXlO3 A/D
h s e
2:) Egm' |
0.01 OT;;;;\\) 349379 55.2768
0.03 0.0571 2.78954 44.1576
0.05 0.0505 2.15879 34.1561
0.10 0.0439 1',20069 18,9972
' 0.15 | 0.0414 0.82480 13.0499
50 ppm ‘
0.01 0.1000 5.05182 79,9291
0.03 0.0852 4.16609 T 65.9152
! 0.05 . . 0.0769 . 3.58340 56.6961
0.10 " 0.,0655 \\'2.65155 41.9524
}/ 0.15 0.0659 2.68401 42,4660
- 0.20 0.0666 2.77796 43.9524
_ - v
| 0.01 0.1886 7.59916 120.2327
0.03 1 0.1428 630800 98.095%
- 0.05 . 0.1219 5.36364 84.8626
0.10 0.1105 © 4.82829 76.3925
N 0.15 0.1017 4.36747 6914014
/! '0.20 0.0995 4.24538 67.1698 . .
100 ppm < | - | '
0.01 0.4000 9.95739 1575443
0.03 | 0.3614 9.51593 . 150.559%
{ 0.5 0.3105 i . 8.83379 1%9.7668 .
0.10 0.215 .6,96752 ©-110.2390 ©
0.15 0.1579 5.47479 86,6211
0.20 0.1212 4.01857

© 63.5812

(g



Ionic polyacrylamide’ agqueous solution through bed packed with

- 78 -

Table 4 - 6

0.3999 cm diameter spheres.

SN ; _

TRh ng 4X10° | A/De
25 ppm

0.01 0.0364 2.46512 39,0027

0.01 0.0289 0.08837 1.3980
35 _ppm .

0.01 0.0417 .+ 1.45199 22.9732
20 ppm .

0.01 0.0671 4.66971 73 .8834

0.03 0.0428 0.39990 6.%270
70 ppm

0.01 0.1250 © 9.20394 145 .6228

0.03 0.0802 5,03872 79.7218
100 Ppm . .

0.01 0.1694 9.79419 154.9621

0.03 0.1086 5.67664 89,8146

[ ]
.pr
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