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ABSTRACT B

’ The flow of fines in porous media was studied by conducting

’ P

‘ s ‘
linear flow experiments in two different size porous packs. In all

the tests, the core holder was packed'with unconsoéidated sand ﬂhrough

/// which distidled waterwwas‘floweh.' Effluent samples were collected and

—~—

analyzed Lo determine their fines content.

.

The yovement of fines in porous medla was found to be dependent
on the 1n;t1a1 amount of flnes present, the fluid flow rate, the size
and siape of sand grains,-and the size and density of fines. The
amoun% of fines in the effluent was foPhd to increase “as the flow
rate and the initial amount of fines in the porous medium were
increased. The concentration of fineS at the outlet was higher for

-~ large, spherical grain packs than for small, anguiar grain packs.
Fines entrainment was negligible in tﬁe case of particles of high
density. » ' |

In the second part.of this study; sand production was

\\\~-1nvest1gated by carrylgg out radial flow experiments in a model
51mulat1ng a wellbore and surroundings under various overburden loads.
Dlst1118d water was 1nJected into the cell, which was packed with

o -

unconsolidated sand, and the volume of sand in the effluent was
. *

5

* measured. : ‘ : _ *

It was observed that increasing the fluid flow rate and the

overburden pressure applied on the sand pack led to an increase-in the

volume of sand produced/ In addition, a larger sand production

ey



occurrqé for spherical, small-grained sandpacks than for angular,

large- grained packs. More sand was produced from well thlngs with
large slots than from tubxngs w1th small perforatlons

| The effect of migration xf fines on relative permeability was
examined by conducting a two-phase flow experiment inta Berea sandstone
core containing naturally occurring migrating clays. The experiment -
consisted of a sequence of four fluid displacement steps. In the
first step, the two phases were Hamilton Lake crude and 2% (w) brine.

r
In the second step, Hamilton Lake crude and 30% (w) brine were

IR
4"

employed. The third and fourth steps were a repeat of the flrst ah&,Jv
second steps, respectively. : *.F'

The relative permeabilitieg to oil and brine were.found to
decrease_in Steps 2 and 4, as thé salt concentration in the brine was
increased from 2% NaCl to 30% NaCl. The relative permeabilities
increased in Step 3 to values lower than the initial values obtained
in Step 1, as the concentra;§0n was changed from 30% NaCl to
2% NaCl. The absolute permeability of the core was noted to decrease

from an initial value of 0.661 umz to a value of 0.247 um2 at the

end of the experiment.

vi
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1. INTRODUCTION

Formation damage is a problem frequently encountered when
producing from reservoirs containing significant amounts of clays and
fines. Fines have been defined by Muecke (1979) as small lowse solid
particles present in the pore spaces of consolidated or unconsolidated
formations. These fines are able to migrate through the pores,
causing large reductions in permeability. Permeabiliéy reduction has
also been attributed to the presence of clay particles in the formation,
which can cause formation damage either by swelling upon contact with
fresh water, or by migrating through the pores along with the fluids
flowing in the reservqir. )

Sand producfibn usually occurs when producing from wells
compieted in shallow, unconsolidated formations, and can-lead to several
complications, such as reduced production, wellbore plugging, and
equipment damége. This is particularly a problem in Saskatchewan
reservoirs. Several sand control methods have been designed and
implemented with only marginal success.

In order to devise efficient sand control methods and avoid
permeability impairment when producing from problem-prone formations,
the mechanics of the movement of fines in the reservoir and the flow
of sand into the wellbore should be thoroughly understood. The
purpose of this investigation, which is éxperimental in nature, is not

' to devise sand control methods; rather it is to study the mechanics of

oy

flow of fines and sand production in the context of Saskatchewan

&

reservoirs, and to examine fines migration in a Berea sandstone.

&



In particular, the conditions which lead to the production of fines or
sand were examined in order to determine the governing factors

;ausing sand production and formation damage.‘ Three types of
experiments were conducted: linear flow experiments to study the flow
of fines, radial flow experiments to investigate sand production, and
two-phase flow experiments to examine the effect of fines migration

on relative permeability. The linear flow experiments were carried

out to study the flow of fines in sand packs having a grdﬁn size
distribution which is comparable to that found in Saskatchewan reservoirs.
However, the amount of fines reaching the outlet’in these experiments
was too low to cause sand production problems such as those existing in
Saskatchewan reservoirs. A radial model was therefore designed to
study the factors affecting sand production from sand packs of differ- '
ent grain size distributions, subjected to various axial loads. Becauée
no change in permeability due to the flow of fines was detected in the
tests conducted in the linear, unconsolidated packs, two-phase flow
experiments were carried out in a Berea sandstone to obtain a pre-
liminary idea on the effect of fines movement on ;he relative perme-

ability of a consolidated sandstone core.

o
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2. LITERNTURE REVIEW

2.1. GENERAL DESCRIPTION OF THE PROBLEM
There are two aspects of the subject of this research: ftlow of

f{nes in a porous medium, and sand production in a producing well.

These two phenomena will now bhe discussed at length.

2.1.1. Flow of Fines

The flow of fines in porous media was 1nifially investigated 1in
the field of water clarification. Water carrying solid suspensions
is filtered by passing it through a sand filter bed. Clarification
studies investigated the va;ious sand bed parameters as well as water
and suspension characteristics that 1;d to the concept of optimum
filter performance.

Particle transport and deposition was more recently studied erk
a reservoir engineering perspective. Several factors that may lead to
formation damage have been identified. These include the pre:cnce of
clay fines in the porous medium, the physical properties of fluids, the
flow rate, the flowineg phases involved, and the characteristics of the

porous medium.

2.1.2. Sand Production

Sand production is a problem commonly encountered in shallow,
poorly consolidated.formations. From experimental investigations and
mathematical models, ‘several factors that influence sand production
have’been recognized. Among these, production rates, formation stresses
around the wellbore, and the ability of the sand to form stable arches,

have been found to have a dominant effect on sand production.
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2.2, EXPERIMENTAL STUDIES OF FLON OF FINES

2.2.1. Clarification Experiments

J 2.2.1.1. Physical Studies

The experimental studies conducted by Eliassen (1941) are among
the earlier investigations in the field of sand filtration. The
experiments consisted of flowing raw wiater through a multi-laver
filter at a constant flowrate, while monitoring the pressure and the
amount of suspended solids in the water corresponding to each filter
layer. The experimental results showed a linear increase in pressure
drop with time 1in each filter layer. The removal of suspended solids
in the top sand layer, closest to the flow inlet, started at its highest
level and decreased steadily thereafter. Removal in subsequent layers
began at a lower level than previous ones, and increased as prev{ous
layers became saturated with suspensions. Removal of solids in the
bottom layer was negligible for the duration of the run. It was
concluded that at the beginning of the runs, the filter lavers closest
to the inlet carried most of the suspended particles. However, as
these layers became, clogged, removal of solid matter occur£ed in
subsequent layers, and almost no contribution from the first lavers
was apparent at the end of the runs.

Maroudas and Eisenklam (1965) conducted clarification experiments
in three different types of porous media: a transparent two-dimensional
model, a packed bed of glass spheres, and a sintered disc. Studies on
the two-dimensional visual model led to two observations: (1) It was
noted that a critical interstitial velocity existed, above which no depo-

sition occurred. (2) Two devosition modes were apparent: a constricting
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-mode and a blocking mode. gxithe constricting mode, the particles

‘gradually plugged the flow paths until the incerstitial velocity

l

increased to its critical vaIUe, at wh1ch po1nt no further deposition

b}

'bccurredg In thefg‘e%klng mode, some channels became totally blocked

due to a decrease in the interstitial veloc1£§ wh11e others remained

unobstructed because in these flow paths the velocity was higher than

~

- the critical value. Furthermore, the number of blocked flowpaths was

-

foundfto be largest near the inlet. This finding agrees with Eliassen's
exper1mental results, where the top layers of the filter bed became

clogged hefore the remaining - layers , Maroudas and Eisenklam also

K

showed that the pressure drop 1ncreased with time for every run.

However, because their ‘investigations included both angular and spherical
suspensioﬁs, they discerned a lower pressure drop in the case of

L ) . : :
spherical particles than that ‘for angular particles. For the particle

size c¢hosen, the spherical particles led to a constricting mode of
p051t10n, while the angular particles resulted in the blocklng mode .
: J
Similar .results were obtalned in the case of the packed bed and the

sintered'disc.

2.2.1.2. Chemical Studies

In addition to the studies investigating filter performance in | e

terms of physical variables, other works aimed at investigating ther
chemical characteristics that affect particle deposition.. O'Melia |
and Crapps (1964) stated that the‘theeries of clarification based on
physical considerations such as sand size, peiticle size and density,

and flowrate, were inadequate. Their experimental work was directed

.at identifying the chemical properties in the water/suspension system
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b’research; the chemical factors contributing to removal of hydrolyzed

tHat improved filtration. In their'experiments,-O'Melié and Crapps
varied the chemical composition of the carrier liquid by varying the
type of dissolved anions Increasingly négative zeta\potentlal and
high‘.pH level in the system were found to reduce partlcle deposition.
Although their data showed that bed penetratlon varied with the type

of anion'used, the\correlatlon betwéen anion type and bed penetﬁﬁtrbn

“was not successfully attributed to spec1f1c chemical properties of flocs.

The influence of pH level and type of anion dissolvéd on solids

"removal was also demonstrated by O'Melia and Stumm (1967). In their

iron from the carrier liquid were investigated. Arn optimum pH level
of 7 was obtained, above and below which iron removal decreased. The

removal of iron dispersions at pH levels higher than S was altered

when the suspensions were aged by stirring for a certain time period

before starting the run. In addition, removal was improved at a pH 5
. : y

level when sulfate ions were present at a concentration of lO_SH.

. . /
The authors suggested that filtration is controlled by two mechanisms;

particle transport which is influenced by physical parameters, and

" particle attachment which is dominated by chemical properties.

2.2.2. Experiments in Porous Media

2.2.2.1. Physical Studies

The experimental methods used in clarification studies were

»

slightly altered in order to investigate the flow of fines in porous

media. Donaldson et al. (DOnaldson, Baker and Carroll, 1977) considered
the’ effect of pore size and particle sic e‘dlstrlbutlon on the flow of

flnes. Ana1y51s of part1c1e size d15tr1but1on in the effluent led to
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the suggestion that larger particles were captured first ;n the medium.
A pfessure increase with time was noted; however, this increase was not
significant until’maﬁy pore volumes of slurry were passed. " Cake buildup
)
- on the core surface was found to Eonsist of the larger particles. In
the experiments where the cake: was removed and the run continuéd, the
o A >3/"\\

pressure decreased significantly. It was concluded that the core became
only'partially' p{ggged at the end_Qf the run, and that the pressure
increase was mostly due to cake buil&hp» for the particle size distri-
butions and pore size distributions studied. '

.A significant contribution to the study of movement of fines in
a porous‘mediﬁm was provided by Muécke (1979). His research included
an analysis of fines encountered in unconso;idated formations, visual
experiments in a micromodel to discern theé impact of single and multi-
phase flow, and linear experiments in sandpacks. The fines, defined
as particleé smaller thah 37um (400_mesh), represented 2 to ‘15 wt%
of the formation partiCIes; Ana}ysis of their compbsition showed that
the mineral present in highest concentrations was quartz (39 wt%),
while clays were pfesent in much smaller quantities (11 wt%). Muecke
suggested that any process designed to treat fines movement in the
reservoir should apply not only to claYS; but also to the other min-
erais constituting the fines. From the visual model, it was observed
that when a single liquid phase was pres¢nt, particles flowed with the
liquid unless they bridged at pore constrictions. The bridges were more
stable when fo;%gd at high leocities than when formed at low veloci£ies,

and could be broken by flow reversals or pressure disturbances.

Different mechanisms controlled fines movement in the case of multi-phase

A
A\



flow. Wettability of fines and surface and interfacial forces were
dominant in this,case. When o0il was used to displace water, the water-
wet fines were swept by\thé interface. At connate water sgturatioh,
the fines were retained in the water.;hase and did not move. Muecke
concluded that these multi-phase mechanisms dominéte fines movement in
the reservoir: that i -meability reéuction and fines production in
unconsolidated sands i greatly increased when water production begins,
and permeability is restored Qhen fluid flow is reversed by injecting
fluids into the formation.

Gruesbeck and Colling 61982) investigated particle deposition
and entrainment separately by conducting two types of experiments. To
study deposition, a fluid carrying suspension Wa's péssed'through sand-
packs that were initially free of fines. The other experiment type,
representing entrainment, involved flowing a clean liquid through sand-
packs that céﬁtained fines.v Their results were in agreement with those
of Maroudas and Eisenklam in fhat a critical velocity was discerned,
bélow which no fines were entrained. Depending on the ratio of pore
diameter to particle diameter, either plugging or surface deposition
and entrainment occurred. It was noted that at ratios above 6.0,
surface'debosition and entraigment>were dominant. Experihents depictingv
both plugging and surface deposition.indicated éhat after fiowing a
certain amount of suspension-laden fluid, the sandpaﬁkébecame non-
retaining. Earlier, Maroudas and Eisenklam had also :Bied that effect
in the blocking mode of deppsition. Maroudas and Eisenklam reportéd

that the non-retaining state occurred also in surface deposition

(constricting mode); however, this result was not evident in the surface



deposition experiments of Gruesbeck and Collins. Experiments carried out
on Berea sandstone cores resulted in a decrease in permeability at
higher flowrates, while permeability remained unchanged at lower

flowrates. Flow reversal was found to restore original core

permeability, a finding that agrees with Muecke's results.

2.2.2.2. Chemical Studies

Both physical and chemical mechanisms were investigated by

Gabriel and Ihamdar (1983). The presence of a critical flowrate,

which was reported by various investigators, was noted in this stugy

to occur when flowing a wetting fluid such as brine.. No critical
flowrate was established for the flow of oil aﬁ connate water saturation.
.From a chemical viewpoint, permeability was affected by the type of
cations present. Flowing fresh water through a core that was initially
contacted with potaSsium chloride or sodium chloride resulted in severe
permeability reduction, regardLess of flow rate. However, when the

core initially contained calcium chloride, the permeaBility declined
only when the fresh water flowrate was higher than critical. Reduction
of KCI concentration in the f}ow also led to pefmeability reduction.
GaBriel‘and Iggmdar concluded that .the major chemiéal variables
affecting permeability wer; the ~elative change in-fluid-;alinity and
type of cations present in the fluid.

( The dependence of permeability on salt concentration has also
been demonstrated by Khilar (1981). Experiments conducted on Beréa
sandstones containing only non-swelling clays (mostly kaolinite)
indicated that a critical salt concentration existed, above which no

reduction in permeability occurred when fluid salinity in the core was
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changed. . The critical sglt concentration was stronglyidependent on
temperéture and nature of cations present. No eritical salt
concentration was‘reached when bivalent salt solutions, such as

CaCl2 or MgClz, were used to saturate the core. In addition, the
rate at which salt concentration was decrcased had a significant effect
on permeability reduction. A critical value of the rate of dgcrease

was noted, below which core permeability was hardly reduced, and that

value decreased with decrepsing flow rates.

Investigations sjmilar to those of O'Melia and Stumm have been
carried out by Potter an Dibble (1985) to obtain a better understanding
of formétion damage. These studies_considered mainly the effect of pH
and anion type on formation plugging by ferric sxyﬁydroxide colloids.
The research showed that permeébility reduction at each pH level
investigated varied with the type of anion present. While the presence
of some anions led to a substantial permeability reduction at low pH g
levels, the same anions did not affect the permeability at high pH
levels. Two diffefent mechanisms were believed to ;ontribute to
fpfmation plugging: a flocculation of ferric oxyhydroxide colloids that
led to filter cake formation at the ;andpack inlet, and a colloid/quartz
surface interaction that resulted iﬁ a uniform buildup of colloid

Y

throughout the sandpack.

2.3. THEORETICAL DEVELOPMENT OF FLOW OF FINES

2.3.1. Clarification Studies

The first efforts to represent particle movement by mathematical

models were directed towards applications in the water clarification
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area. .iwasaki (1937) presented three basic formulae governing the flow
of fines in sand filters. The first equation states that the rate of

. 3
fines deposition is proﬁS?fional to their-concentration at the sand

v

filter inlet:

zI

= -AC

-

. . . . 3 3
where C is the concentration of particles in cm™/cm

x_is the sand bed depth ih cm

/

and. A is the clarification coefficient in cm

The clarification coefficient varies with the filter bed conditions:

where AO is the initial clarification coefficient in cm
- - ¢ is the volume of particles deposited per unit
. 3 3
volume of bed in cm™/cm
s ' . -1 -
and d is a constant in cm .
The third equation represents a mass balance of particles in the system,

and is given by:

where t is the time in s

and v is the approach velocity in cm/s.
~

”

While some investigators (Iwasaki, 1937; Stein, 1940) assumed that the
clarification coefficient increased with increasing specific deposit o,

‘others (Ornatskii, 1955; Maroudas and Eisenklam, 1965) suggested- that



the coefficient decreased with increasing specific deposit. Ives (1962)
proposed that‘the filter coefficient increased initially because of
the increase in the surface area available for deposition, and decreased
thereafter due to an increase in interstitial velocity. The filter

coefficient is then governed by the equation:

d'02

N7 Aot de oy

where %0 is the initial bed porosity

and d' is a constant in cm_

In order to predict filter behaviour, the parameters AO’ d and d°'
have to be determined from experimental runs. An expression for the
pressure drop increase across the bed was derived from the Kozeny

equation:

2
APO KuVSO
X 3

where AP_ is the initial pressure drop in g/cm 52
U is the_dynamic viscosity in g/cm s
K 1s a constant
and S. 1is the initial surface of filter grains per unit

filter volume in em L,

The pressure drop equation presented by Ives also contained parameters

that needed to be evaluated experimentally.
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Maroudas and Eisenklam obtained expressions for the concentration
of suspensions in the fluid and the pfkssure drop across tﬁe filter bed
based on the blocking mode of deposition observed experimentally. The
equations presented were more efficient than those of previous authors
in that the parameters involved could be estimated without resorting to
experimental runs, and theoretical results were found to agree well with
their experimentifﬁdata.

In an extensive review of’the literature on clarification,

Herzig et al. (Herzig, LeClerc and Le Goff, 1970) examined the mechanisms
of clogging‘hnd the models of filtration.considered by various
investigators in their filtration analysis. Because different systems

were characterized by different mechanisms, experimental investigations

N,

were recommended“to‘ggterhine which mechanisms play a dominant role.
Two types of filtration were noted: a mechanical filtration in the case

of particles larger than 30um, and a physicochemical filtration for

small particies (:_lumj. <i::

2.3.2. Investigations in Porous Media

The equations describing filtration phenomena were based.on the
assumption that both suspensidns and filter bed grains consisted of
unisize and hqmogeﬁeods particlés. Donaldson et al. (Donaldson, Baker
and Carroll, 19{7) presented a mathematical model based on a statistical 1
analysis that included the effects of pore size and particle size
distribu;ions. The porous medium, a sandstone core, was represenied by
a number of capillaries of different diameters. The probability of a
particle entering a capillary depended on the magnitude of flow in that

capillary and the relative size of the particle with respect to that
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‘of the capillary. The statistical model was developed using Poiseuille's
flow equation, a random number generator, and the probability.of
particle passage through a capillary. The values of pressure, pore si:e
distribution and particle size distribution obtained experiméntally were
compared with those calculated using the model. The authors did not
present measured and calculated data on the same graph to allow for easy
«

quantitative comparison. They did however report good qualitative
agreement for pressure and output particle size distribution. The
calculated values of pore size distribution and input particle size
distribution were noted to have a lower range than the experimental
values. . T

Gruesbeck and Collins (1982) accounted for particle and pore size
distribution by considering that the porous medium consisted of plugging
and non-plugging pathways. In the plugging pathways, the pore si:tes
were taken to be small, and plugging deposition occurred. The non-
plugging pathways'contained larger pores, and yielded surface déposition.
Local laws of sﬁrface entrainment and deposition were developed first,
and then modified to apply to both surface and plugginé conditions. prr
surface deposition, the material balance equation is e%pressed as:

$ §C _
s (6C * ¢gv) + v o = 0

where + 1is the volume of fines deposited per unit original

. 3,.3
pore volume in cm /cm™.

If ¢ and, C are assumed to be constant, the equation becomes:
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which is similar to the continuity equation presented by Iwasaki.
The rate of deposition of fines is assumed to be proportional
to the fines concentration, and is given by:

Sy _
S't—‘—BC

where B 1is a constant determined experimentally in s~

Because no- entrainment occurs at velocities lower than the

critical, the equation re!%esenting entrairment is:

Sy _ .

st ay (v - vc) for . N
Sy _ .
T 0 for v < VC

. . —1
where o 1s a constant i1n cm %

and v_ is the critical velocity* jn cm/s.

For the more general case, where both surface and plugging conditions

apply, the material balance equatibn is modified by substituting

' ¢0(1 -y) for ¢ , and assuﬁing that y and C are negligible. The

volume of the porous medium is assumed to consist of two parts:
a fraction f of the volume that has pluggable pathways and a fraction
(1 - f) containing non-pluggable pathways.

In the non-pluggable channels, the equations developed for

surface deposition and entrainment apply:



16

p VL an RC fOI‘ v N VL
and
for v < v .
C
Here, an is the volume of fines deposited in non-pluggable
pathways per unit original pore volume in cm3/cmJ
and Vap is the fluid velocity in nonpluggable pathways
in cm/sec.
In the pluggable channels, the governing equation is postulated
to be:

- Sy
P _ \
Tt (§ + D(p)vp C

where the subscript p refers to pluggable pathways

. -1
and § and p- are constants 1n cm .

The drawback of this model is that the constants in these equations
have to be either assumed or determined from experimental data.
Values of deposits and effluent concentrations were calculated uéing
the model and compared with experimental data. The authors
concluded that in spite of its simplicity, the model reproduced
experimental res@lts quite adequately.

In developing a model to represent the water sensitivity of
sandstones, Khilar (1981) suggested that the porous medium could be

partitioned into thin sections, Each section contained many pores or

»



unit cells having a length similar to that of the section. It was

assumed that pores within the same section were not interconnected,

although they could be connected to those of adjacent sections. Clay

particLeé, initially attached to pore walls, were released when the salt

cond;ntration in the fluid fell beloQ the critical salt concentration.

‘Thesé‘particles then travelled with the fluid until they reached pore
.

s .4 L .
constrictions and were captured, resulting in a permeability decrease.

-A material balance on particles in a unit cell yielded:

where C 1is the concentration of particles in the fluid in g/cmJ

r is the rate of release of clay particles from the

+

pore wall in g/cmss

-

. . . . D
and r_ is the rate of capture of particles in g/cm' s

The rate of release, T depended on both physical and chemical
variables. However, if the chemical conditions were kept constant,
the rate of release could then be considered to be proportional to

the concentration of clay particles on the pore walls.

r = ac
r 1

where o, 1is the concentration of clay particles on the pore
. 3 .

wall in g/cm
4

and a is the release coefficient, which becomes zero at
salt concentrations higher than the CSC, in s'l



The rate of capture r  was given bhy:
¢

r = b
»
where b is the capture coefficient, obtained by carrying an analysis

\
. . S . , -1
of particle deposition based on spherical collectors, in s .

The release and capture coefficients must be determined

- ‘\
experimentally. Khilar recognized this disadvantage and suggested that

once the values of the coefficients are measured at a certain flow rate,

L4

values at other flow rates could be readilv determined, bhecause these

coefficients were proportional to flow rate for Berea Sendstone.

2.4. EXPERIMENTAL STUDIES OF SAND PRODUCTION
Although numerous studies of sand control have been reported in

the literature, few investigations have been oriented towards the

mechanics of sand production and the variables that influence it. ‘Hatl

and Harrisberger (1970) pointed out that sand production occurs when

18

the sand around the well bore fails to forrm stable arches. They conducted

triaxial tests to determine sand failure mechanisms and arching tests
to identify the conditions leading to formagion of stable arches. In
the triaxial experiménts, sand samplesbﬁere pécked in a rubber tube
placed inside a cell, and subjected to various confining.stresses‘and
axial loads. Low confining stresses resulted in a sharper failure
indication than high éonf}ning stres;es, and grain crushing occurred
in the high confining stress range. Rounder and coarser mesh sands

exhibited lower shear resistance than angular and finer mesh sands.
4

Tn the arching expérim?nts, sand samples were compacted in a cell with
¥ 3



a trap door at the bottom that could be removed easily to determine

whether arching was occurring over the Qpening. Various axial ldads
were applied, and in some runs fluids were flowed'througg;the samples.
The tests indicated that angular sands arched more readily than roqnd.‘
sands. A small.lbad (500 pé}) improved arch stability in angular sand,
while a large load (2000 péi) led to arching failure because sand
cfﬂ%gingooccurred. Round sand failed to arch at all axial loads unless
some restraint was induced on the grains by moistening the sand or
" flowipng air into the opening. Altheugh this research was qualitative
in nature, it served’to identify the mejor factors a@feeting arching
stability, namelyﬁrestraint on sand grains and” sand crushing at
sufficiently -high loads.

~The effect of flew rate on arch formation and stability was
examined by Tippie and Kohlhaas (1973). A semi—eylindricel cell
with a 51mulated.e351ng attached to its flat side was packed with sand,
and archlng behaviour over the casing perforation was observed Rad1a1

flow was. achieved by 1nstall1ng a screen inlet in the c1rcular sect1on

of the cell. In most runs, fluid flow was started at a low rate, and

19

‘was gradually increased until sand production occurred. The experiments

-

‘showed that sand-free fluids were produced when stable arches formed

over the perforation. Larger initial arch sizes corresponded to larger

initial flowrates Smaller arches were found to be more stable and

]
allowed a high fluid velocity to be reached before fa11ure As flow-
rates were increased, stable arches were broken, and newer larger

arches were formed. While a gradual increase in flowrate to a certain

value still allowed a stable arch to exist, a sudden increase in the
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rate to that value resulted in arch failure and sand production.

Experimental data indicated that a permeability reduction was

associated with grch failure. The authors suggested that fines were
v
migrating through the sand and bridging on the arch, resulting:in high e

pressure gradients and arch failure.

Cleary and colleagues (Cleary, Melvan and Kohlhaas, 1979)

3

investigated the stability of sand arches when subjected to various
. ¥

stress levels and hydrocarbon fluids. Their—expérimental apparatus
consisted of a sand cell containing a semicircular casing with two

perforations where arches could Bevformed; ‘Visual observation of the
arches was made pqssible by placing plexiglass viewing porfs over the
perforétions. Fluids were injected through iniéts located across the
perforations: It was noted that the shape of the sand aréh depended

on the direction of the principal stresses, and that arch size decreased
with increasing confining preésgre,‘ Two hydrocarbons, ‘kérosene and
mineral spirits, were used in the experiments. Kerosene was found

to éxhibit.stronger cohesive forces on the arches than mineral spirits,
and led to the formation.of more stable arches. Arch stability also
increased with increasing horizontal and vertical stresses, ﬁowever

the most stab e arches were obtained when the horizontal (confining)

stress was at the maximum, and the vertical stress at the minimum.
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2.5. THEORETICAL DEVELOPMENT OF SAND PRODUCTION

. A large number of articles offering various techniques to handle
sand-producing formations have appeared in tﬁe literature. A method
forvesFimating the maximum production rate that can be applied without
résorting to sand control measures was suggested by Stein and Hilchie
(1972). The method pfoposed involved estimatiné formation strenéth from
density and acoustic velocity ‘logs, and determining the maximum sand-
free production rate of a sand wifh known strength in the same area.
That method was 1éter modified to apply to different well complétion
geometries (Stein{ Odeh and Jones, 1974). Techniques have also been
developed to identify the sand-producing intervals in multi-completion
gas wells (Stein, Kelly, Baldwin and McNeely, 1972), and the formations‘
that are strong enough to sqstain high production rates with no sand
control measures (Tixier, Loveless and Anderson, 1975; Stein, 1976).

f#$¢§§eoretical model describing sand stresses and sand failure
was presé%éed by Bratli and Risnes (1981). To simplify their analysis
of the stresses in the sand, the porous maté}ial was represented by a
sphefical shell, and axial loading was nbt considered. The analysis
included, héwever, the effect of pore-fluid pressure.‘ Thecédrous

\

. . ' \ . . .
material was assumed to behave elastically uptil a Coulomb failure was

reached in which the material would be in'a plastic state. Express’ons

-

for the stresses were given for the elastic/state and the plastic

@
B

§
state. Two modes of failure due to#fluid flog%k;re deduced from the

model: total éollapse of the material, given by T =«

pq _ T+1
'4vkr1 = = 4 SCo tan €@

Fyp




and collapse of the inner shell, expresSed by *

_Eﬂ__=u4s tan ¢ . 1

4nk1‘1

In these equations, i

and T

3

is
is
is
is

is

is

is

is

T co rl T+1 °
[N T

the’fluid viscosity in Pa.s

the flowrate in ms/s

the permeability in n’

a parameter depending on failure angle
the failurg angle

the cohesive strength in Pa

fhe inner surface radius in m

the radius of the new arch at shell

collapse in m.

In a theoretical analysis similar to that of stresses behind

a perforation opening suggested by Bratli and Risnés, the stress:'

~around a wellbore were studied by Risnes and colleagues (Risnes,

Brétli and Horsrud, 1982). The model used was a disq}&f sand with a

central cylindrical hole.

The rock was assumed to be homogeneous and

*

isotropic, and steady state fluid flow conditions were assumed close

to the wellbore. Expressions for stresses in the elastic state and

plastic state were obtained, and a stability criterion was determined

to be:

___ES._:')S tan @

where h 1ic¢ the height of the producihg layer in m.



The equation above characterized total collapse of the formation which
was the only failure mode detected when permeability was assumed to

be constant. Collapse of the inner shell was deemed possible only in
the case ;f variable permeability.

«

Stresses around wells subjected to steam injection were

investigated by Reeves (1985). Reeves noted that steam injection into -
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unconsoiidaped reservoirs leads to high pore pressures, and could result.

PRI I

in reservu&} fluidization. He suggested that 'pipes' or channels
‘could form between injectors and producers due to the>fluidization
process. A'théoretical model Qas developed assuming radial, steady-
state flow in a homogeneous, isotropic porous medium.. While the model
of Ridnes et al. (Risnes, Brafli and Horsrud, 1982) was based on

‘ Darcian flow and used Coulomb's failure criterion, Reeves' model
allowed for non-Darcy flow and included the'ériffith~Murre11'plastic
yield criterion. It was observqﬁ that although the expression for
reservoir stresses obtained could be used to predict reservoir heaving

and subsidence, and pipes formation, experimental values of mechanical

properties were needed to provide a quantitative analysis.

An investigation of stresses present in oil sands was carried out

by Vaziri (Byrne and Vaziri, 1985; Vaziri, 1986). A theoretical model

e

representing time-dependent sand stresses, deformation, and flow was
geveloped using a finite element method of analysis. The model was
reported to yield good reservoir behaviour predictions because it

included the effect of dissolved gas in the bitumen, the varying

permeability and compressibility of pore fluids, non-linear sand stresses

and non—;inéar fluid flow.



2.6. FIELD EXPERIENCE

Many problems have been associated Qith sand production and
movement of fines in producing unconsolidated formations. The flow of
fines in these formations was recognized to lead to pore plugging and
to result in permeability loss and formation damage. Sand flow into
the wellbore was found to cause complications, sﬁch as production loss

>

due to6 bridging of sand in casing and tubing, equipment failure, and
reservoir subsidence (Suman, 1975). |

Invarﬁandbook on sand control, Suman (1975) discussed the problems
commoﬁly agsociated with sand production, and presented the measures to
be taken to minimize sanding problems. A description of sand control.

methods was also included in the handbook. Sand control techniques were

reported to be of two types: mechanical and chemical. e

2.6.1. Mechanical Sand Control Methods

In mechanical methods, the main process preventing sand flow is
bridging of sand grains using sand retention devices such as gravel
packs, slotted liners and screens. -Gravel packing allows fluids to be
produced while retaining SOIidapa¥ticles. A %urvey conducted by
Schwartz (1969) showed that éevéral crucial factors should be considered
to attain proper gravel pack performance: formation sand size
distribution should be determined accurately, the gravel-to-sand ratio
 should be chosen carefully to avoid permeability impairment, and gravel
sizing should be designed to witﬁstand higﬁ fluid velocities which could
otherwise destroy pack stabilityﬂ O;her factors affecting gravel péck
success include presence of contaminants in the gravel and the fluids, 

properties of the gravel, and gravel pack thickness. Methven and
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Kemick (1969) suggested the use of an oil base fluid for drilling and
gravel packing. Such a fluid would eliminate formation damage due to
clay ;wellingband particle migration. Gravel packing was reported to

be successful in several field applications (Mantooth and Williams,
1980; Sawolo, Krueger and Maly, 1983; Likwartz, 1976).

For instance, in the Teak Field of Trinidad, gravel packs combined with
single wrap screens-improved well performance and reduce% sand progduc-
tion (Likwartz, 1976). In spite of the repbrted successés of gravel
packing, soa¢ disadvantages becaﬁe apparent. These incldzé loss of
préductivity, difficulty of installation in>directiona1 or multi-
completion wells, and poor performance in wells with plugged perforation
holes and in poorly completed wells (Rike, 1975). Slofted liners and °
wire screens are used either with or_without gravel packs. Common
problemsdencpuntered‘with these devices are productivity loss, corrosion

and erosion.

2.6.2, Chemical Sand Control Methods

Chemical methods involve the injection of consolidating materials
iﬁto the formation to cement the sand grains. Several types of chemicals
such as EpoXy, Furan, Phenol-formaldehyde and Phenol res:ﬁ;ifé~used for
this purpose. With consolidation methods, special atten{ion should be
given to adequate well completion. For instance, formation damage
around the wellbore due to drill;ng should be minimized, loss of treat-
ment fluids should be avoided by proper ceﬁent application, and
completion fluids should be kept free of solids and debris (Suman, 1975).

For viscous, low-gravity oil reservoirs, a consolidation method was

proposed which would circumvent the low productivity problems ensuing

~—
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from conventional sand control measures (Terwilliger, Smith and .
Goodwin, 1964). The technique consisted of injecting heated air into
the formation to oxidize the crude and form an insoluble resin. The
resin or coke would then bind the sand grains together. Air injection
and temperature increase rates should be monitored closely to prevent

spontaneous ignition of the crude. It was reported that the warm-air
(’ 5

.tQking method yielded sand-free production from the shallow, uncon-
X

leidated sand reservoirs tested. When consolidation is sought by
injecting organic chemicals into the formation, the resins injécted
should have some essential characteristics. Resin viscosity should be
sufficiently low to allow injection at pressures lower than fracturing

P

pressures, but not so low as to impede polymerization. They should have

. .
¥

a compressive strength high enough to withstand formation stress, good
adherence properties, a short hardening time, and a high resistance to
chemical reaction wi;h well fluids (Rogers, 1971). Field applications,
of a sand consolidation process developed by Treadway et al. (Tfeadway,
Brandt and Parker, 196@) in the Gulf Coast and California were reported
to be quite successful. The process involved the injection of epoxy
resin into the formation, followed by diesel o0il injection to reduce the
resin saturation to its residual value and thus establish formation
permeability. An\activato£ flush is then injected to polymerize the

resin. The attractive features of this technique were the establishment

4

- of permeability prior to polymerization, the removal of time dependence

of the resin polymerization process, and the rapid hardening of the
resin regardless of formation temperature due to high activat r con-

centrations. Common shortcomings of sand consolidation methods are 1Qss



of productivity due to plugged perforations, deterioration of the resins
in tﬁe formation with time and continued production, uneven resin
coating in heterogeneous sands, and poor adherence to sand grains in
formations with high clay content due to leaching of plastic by clay

particles (Rike, 1975).

2.6.3. Other Sand Control Methods

Combination methods that use both mechanical devices and chemical
consolidation,‘have also been investigated. Rike (1975) proposed a
combination technique that consisted of injecting resin into the
formation prior to gravel packing. Such a technique would remove the
limitations associatéd with applying either me£hdd alone. Another
combination method was tested that invoived coating sand or gravel with
resin (Sinclair and Graham, 1977). The technique required formation
temperatures above 130°F to cure the resin. Field applications in
two different areas showed that generally productivity was improved and

sand production curtailed, although failure occurred in some wells.

Field experience in two areas exhibiting fines and sand production

préblém;fhas been described and published by various authors. The oil
»fields,mlocated'in~iloydminster on the Alberta/Saskatchewan border, ;ﬁd
in Santa Maria Valley, California, are both operated by Husky 0il. The
Lloydminster reservoirs consist of fine-grained, clean, unconsolidated
sands that contain a c:udé characterized by a high viscosity (950 to
6500 mPa.s) andqa low gravity (13 to 17°API). The average oil K'
production is. 23 BOPD, with a sand cut that varies from 15% 1in new

wells to 1% in wells that have been producing for some time (Ad@ms,

1981). The Cat Canyon reservoirs of California are also fine-grained
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and unconsolidated< They contain a higher viscosity (2000 - 45,000 mPa.s)
and lower gravity (4-12°API) crude than those of Lloydminster.

‘Production rates vary from 35 to 350 BOPD with sand cuts up to  70%
'“(Gurel, 1979). In both areas, conventional sand controljtechniques have
been triea. In Lloydminster,‘g;5ve1 packing and sand consolidating

reduced sand production; however, the already low oil production rate

was also reduced to uneconomical levels., In California, well

completion with gravel packed liners resulted in oil production rates as
low as 10BOPD (Vonde, 1980). It was decided that for these fields, '
sand production was best handled through special pumping and surface
equipment. Because of the high viscosity of the crude and-e;cessivc

amount of sand present, the ‘downhole pumps we*e designed to reduce rod

"o

fall problems and withstand sand erosion. The downhole pumps that
showed the\most ;mproved,perfor$énée have two tubing'sttings: a power
string where sﬁcker rods and pump plungers are operated, and‘a Qfoduc—
tion string whéré fluids are produced: (Vonde, 1980; Gufel, 1979).

More recently, a new sand control device was designed to remedy
sand production prleems encountered in the Athabasca o@l sands of
Alberta. Fine-grainedlunconsolidated formations, high bitumen viscosity}
and thermal recovery processes contributed éo'the sandiné complications.
Sand control measures sucﬁ\as grévél packs, wire-wrapped screens and
consolidated sand packs had been employed with little success. The new
filter corkted of stainle‘ss steel wool and coarse steel cloth. It

was tested at Texaco's Fert McMurray Pilot, and satisfactory results

were reported (Toma, Livesey and Heidrick, 1986).



3. STATEMENT OF THE PROBLEM
This investigation was undertaken to study two phenomena: flow
of existing fines in a porous pack under various flow conditions, and
sand production in a radial flow model simulating a wellbore. Specif-

ically, the following objectives were set out for this study:

Experimental Apparatus Design

1. Design a flow system and analytical methods for studying

the flow of fines in linear porous packs, without axial loading.
]

2. Design and build a radial flow system, simulating a wellbore

. . . . )
and surroundings, with overburden simulation.

Experiments To Be Conducted

1. Carry out single-phase flow experiments in the linear porous
pack, using different size sand and glass beads, with predetermined
amounts of fines, at various flow rétes and fines contents.

2. Carry out single-phase flow éxperiments in the raéial model
for a number of overbur&en pressures and flow rates, and determine sand
production in each case.

3. Carry out selected two-phase flow experiments in a sand-

stone to determine the effect of fines on relative permeabilities.

The overall purpose of this investigation is to lay the ground -
work for studies of flow of fines, and in particular, develop the

operating criteria for the wellbore model, which is the unique feature

29
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of this work. The radial model was designed following linear experi-
ments to study flow of fines, when the quantity of fines produced was

too small to explain sand production in Llovdminster oil sands.

30



4. EXPERIMENTAL EQUIPMENT, MATERIALS AND PROCEDURE

4.1. DESCRIPTION OF THE MODELS DESIGNED

1

4.1.1. Linear Models

Experiments in the linear models were designed to investigate
the factors affecting the flow of fine particles in porous Qacks, under
various operating conditions. The flow of fines experiments were
conducted in two different stainless steel core holders packed with
unconsoiidéted sand or glass beads. A small core holder 25.4 cm in
length and 2.4 cm in diameter was used to develop the experimental
technique and to obtain qualitative information on the flow of fines.
Quantitative data was obtained from subsequent. linear runs which were
carried out using a larger core holder, 47.5 cm in length and 3.8 cm
in diameter. In both core holders, a sintered disc was attached to
the inlet flange for flow distribution, and a 45 um (325 mesh) screen
was attached to the outlet flange. The 45 um screen served to prevent
the flow of bulk sand bodies through the outlet, thﬁs allowing for the

*

study of fine .particles behaviour.

4.1.2. Radial Model

Experiments in the radial model were designed to study the flow
of sand into the well bore. The sand production experiments were
carried out using a radial model that consisted of a stainless steel
cylindrical cell, with a height of 17.7 ¢cm and an inside diameter of
. 20.0 cm. The flow inlets were located on the outer walls oﬁ the cell,

40y

and radial flow was achieved by lining the inner cell walls*with a .

31
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sintered sheet (see Figure 1). A hole drilled in the cell bottom
served to hold a perforated stainless steel tubing 1.3 cm in
diameter in the cell center. After packing the cell, a teflon disc
0.6 cm thic.k was inserted in the‘cell over the sand pack, and an
aluminum cover 10.6 cm in height was placed over the disc. Bulk

sand was produced because no screen was present to restrain large

sand grains from flowing through the tubiny perforations.

4.2. DESCRIPTION OF THE APPARATUS AND EXPERIMENTAL PROCEDURE

4.2.1. Flow of Fines

A schematic diagram of the experimental apparatus is shown in

Figure 2. All experimental runs were conducted with distilled water

as the flowing fluid. The displacement pump’%wa volumetric Ruska
;:\.6

ol displaced distilled

@ to the sandpacked

pump, with oil as the displacing fluid. Thg

water from a 1 liter stainless steel cylif~
core holder. A millipore block filter with 8 um filter screens
prevented solid particles that may have been present in the fluid

from reaching the sandpack. For the experiments conducted in the large
core holder, a pressure transducer located at the core holder inlet,
and a digital multimeter, were used to obtain readings of the pressure
drop across the pack. The pressure drop in the small core holder runs
was not measured. Thebeffluent was collected in centrifuge tubes
fitted in an automatic sampler with a timer capable of providing 24
samples per cycle. Samples of effluent were analyzed for fines content
using an optical turbidimeter. Equipment specifications are listed in

Appendix A.
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: ‘FIGU‘,RE 1: Diagram of Radial.Model
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4.2.2. Sand Production

A schematic diagram of the apparatus used for the sand produc -
tion tests is ;hown in Figure 3. The Ruska pump was used to displace
distilled watéf from the stainless steel cylinder into the radial cell.
The sﬁnd or glass beads packs in the ce11~were subjected to Qarious
overburden loads using an Enerpac hydraulic press cabable of applying
loéds up to 10,000 1bf with a ram 3.5 cm in diameter. The over-
bu;den pressure wa$ kept to its initial value by adjusting the load
with a manual air pump, as soon as a pressure decrease was noted.
Samples of sand aﬁd water floﬁing through the tubing perfor;tions were
collected&in centrifuge tubes. A total sand and water volume of 50 ml

was collected in each tube, and the sand volume in each tube was

measured and recorded.

4.2.3. Two-Pﬁase FloE

The two-phase’flgy'test, designed to study the effect of fines
migration on relative permeability, was conducted with a Berea sand-
stone as the porous medium. An x-ray analysis of the core to determine
\ clax content revealed that clays constituted. 1 to 3% of the %Ptal‘
matrix. These clays consisted mostly of kaolinite and illite with
trace amounts of chlorite. The cofé was paintea with Phenoline 300
epoxy resin and allowed to dry at rpom femperatare. The core was then
Ibakéd in an oven at  100° F for twg hours.. After COolihg to room
temperature, a second ébﬁ&iof paipt wasﬁapbfied and dried as béfore.

R /T &
The ;ore.was then piﬁggg;?h a core holder 61 cm in length and 5.0 cm
in didﬁmréf, andcyas pogitioned Qith a three pih recessed disc at one

end. The qther end was centered using three pieces of rope plaqedw;~

'@3 N
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between the core and the core holder. Molten Cergobend alloy was

4

poured into the core holder, and the core was allowed to cool to

room temperature. ,The ends of the core were then machined flush to
4

the core holder and flanges fitted.

The experimental procedure consisted of four steps:

- Step 1:

- Step 2:

- Step 3:

- Step 4:

The core was saturated with 2% brine, and then was oil
flégébd with Hamilton Lake crude to irreducible water
saturation: A 2% brine solution was then injected until
residual oil saturation was reached. During this water-
flodding stage; samples of efflugnt were collected to
determine the outlet oil and water volumes, and the pressure
drop was recorded at each sample collection. This data was
used to calculate the relative permeability to fﬁ% crude

and to 2% brine.

¢

‘The core was 0il flooded wiﬁh Hamiiton Lake crude, then

wéter flooded with 30% brine. The relative permeability
to the crude and 30% briné was calculated. Agg

The 30% brine solution was flushed out witﬁ é% brine.
The core was then oil flooded with Hamilton Lake crude,
followed by water floodi;g with 2% brine. The relative
permeability to the crude and 2% brine was then calculated.

The core was 0il flooded with Hamilton Lake crude, then

water flooded with 30% brine, and the relative permeability'

\

to the crude and 30% brine calculated.



4.3. MATERIALS USED

Both sand production and fléw of fines experiments were
conducted with distilled water as the flowing fluid. The single-phase
flow was chosen to simplify the problem, because with multiphase flow
'additional variables would be introduced. The unconsolidated packs
weré prepared using Ottawa sand, siliéa, or spherical glass beads.
Bo;h the Ottawa sand and silica consist of aﬁgular grains, with the
silica grains being larger in size than the O;tawa sand grains.' The
materials used for fines were glass beéds, barite, or calcium carbonate.
The two-phase flow test was carried out in a Berea sandstone with a
porosity of 21.23% and a permeability of 0.6611 umz. ‘The flowing
fluids in ‘this test were a ‘2% NaCl éolution, a 30% NaCl solution
and a Hamilton Lake crude. The measured properties of the materials

used are listed in Table 1.

TABLE 1: Properties of Materials Used at 23°C

Material Density, g/cm3 Viscosity, mPa.s
Distilled Water . 0.948" ' : 1.03
Hamilton Lake Crude 0.866 _' 10.70
2% (w) Brine 1.014 1.07
30% (w) Brine 1.223 2.60
Silica 2.601 --
Ottawa Sand 2.634 --
Class Beads < 283 um 2.326 --
CalciumvCarbonate 2.441 --
Barite i : -4.213 --
Glass Beads > 3327‘um 2.624 . --
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4.4. PREPARATION OF FINES

In most of the experiments investigating the flow of fines in
unconsolidated packs, the fines consisted of spherical glass beads
smaller than 45 um (325 mesh). The glass beads were supplied in 0
22.7 kg bags having various nominal mesh size ranges. Dry sieving
was initially applied to obtain glass fines. The dry sieving process
involved placing small samples of beads on the top screen of several
Tyler sieves, arranged in a decreéging screen opening order. Selected
screen openings and their equivalent Tyler mesh size are shown in
Table 2. The sieve series was then put in an automatic Ro-Taﬁ shaker
to facilitate the passage of beads through the screens. The fines

consisted of the particles that passed through the botrom screen,

which had the smallest openings (45 um).

» :
It becéme apparent, however, that a large portion of fines'was‘

not being reqovered because they adhered to larger sized beads. Td

recover these fines and obtain a better sorting of the larger beads,

" wet sieving was employed. In this method, the samples were placed on

&
a 325 mesh screen, and fines were collected in a receiver by pouring
s ,
distilled water over the samples and lightly stirring the slurry.
The beads remaining in the screen were then dried and sieved using the

dry sieving method.
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TABLE 2: Sigﬂé Openings in Metric Units

Mesh Size Opening Size in um

6 3327
20 | 833
50 283
70 187
100 " 147
140 | 111
230 67

270 | 53 °
325 , 44

4.5, PACKING THE MODELS w‘ H SAND OR GLASS BEADS
ﬁf

4,5.1. Packing the Linear Model

Before packing, the sand and beads were sieved and sorted into
three size ranges: 40 to 70 mesh, SO~EQ:1bO mésh, and 100 to 325‘mesh..
The fines were weighed‘using a Mettler ‘scale, and thotoughly mixed with
the sand in order to ensure a uniform fines distribution in the pack.

A wet packing procedure was employed, which consisted of élternately
pouring shall amountsapf distilled water and sand mixture in the linear
model which was placeﬁ in a vertical position. A packing column was
fitted to the top of the core holder to accommodafe the excess sand

mixture and water. The system was then vibrated overnight to obtain

a tight pack. Before starting the experiments, the packing column

( ) Q .



containing excess sand was removed, and the core holder was placed in

a horizontal position.

4.5.2. Packing the Radial Model

The objective of the radial model runs was to observe the
production of sand under different operating conditions. Because the
production of bulk sand rather than that of fines was of interest,
sieving of the sand was not necessary. The radial model was packed
using the sand or glass beads as supplied. The packing procedure
involved gradually filling the cell—with distilled water and sand,
after fitting the perforated tubing in the cell. When the sand
reached a specif}c height in the model, the excess water was emptiéd
out, and the teflon disc and aluminum cover were placed over the sand.
The hydraulic press was then used to apply the overburden pressure

required, and the system was vibrated overnight at that pressure.

4.6. ANALYTICAL METHODS EMPLOYED

~4.6.1. »Porosity Determinations

To determine the Berea sandstone porosity, the core was
evacuated for 48 hours, and then allowed to imbibe 5.0% by weight
brine. The volume of the brine imbibed into the pore space was
a;sumed to be the‘pore volume.

The porosity in the radial model was determined for thef 70 to
140 mesh Ottawa sand pack and the 40 to 70 mesh silica pack under

two different overburden conditions. The procedure involved miscible

displacement of 0.5% by weight brine by 2.0% brine. Samples of

41



effluent were collected and tﬁeir refractive index measured using an
Abbe refractometer. With fho use of Figure 4, a plot of the percent
displacing fluid in tie effluent.versus cumulative volume produced‘was
made (see Figures 5 and 6). The areas above aﬂd below the S-shaped
curve were balanced using a planimeter, and the pore volume deter-
mined. Having found the bulk volume by measuring the cell dimensions,
the porosity was calculated. A sample calculation is provided in
Appendix B, and the porosities obtained are shown in Table 3.

In the flow of fines experiménts, porosity was determined for

.

selected unconsolidated packé in the following manner: the mass of
fines and sand packed in the core hol&er was measured, the total solids
volume was obtained from thévdensities of materials used, and the
porosity was calculated afﬁér defefmining"fhé bulk volume of the core
holder. A sample calcula%ion is presented in Appendix B. The porosity
"of the remaining sand packs was estimated by using the value of
porosity determined in packs consisting of similar grain type and size,
and calculating the change in pore volume due to the change in the

amount of fines present.

TABLE 3: Porosity of Radial Model Sand Packs

Sand Pack Type Qverburden Pressure, kPa Porosity, %
Silica 40-70 Mesh 0 16.8
Silica 40-70 Mesh 1731.3 16.7
Ottawa Sand 70-140 Mesh 0 : 19.2

Ottawa Sand 70-140 Mesh 1731.3 20.8
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4.6.2. " Determination of Absolute Permeability

The absolute permeability of the core was vbtained by tlowiny
2.0% by weight brine at various rates and noting the pressure drop at
each constant flow rate. Darcy's linear flow equu@}on was then used
to calculate the absolute permeability. For the linear sand packs,
distilled water was used as the flowing fluid, and the permeadility
was evaluated on the basis of a single flow rate (see Table 45.

The absolute permeability of the radial model was estimated on
the basis of the pressure drop across the cell which was very small,

being approximately 0.125 kPa. Using Darcy's radial flow equation, the

-
“o

absolute permeability was determined to be of the order of 3.5 um

4.6.3. Determination of Relative Permeabillpi

The relative permeability to Hamilton Lake crude and to brine
was determined for each step in the two-phase flow test emploving
a graphical technique developed by Jones and Roszelle (1978). The
experimenta} pfocedure consisted of saturating the core with brine,

oil flooding to irreducible water saturation, then water flooding the

core. During the water flooding stage, the effluents were collecged,
P 9

N y ' . ) ) ) )
,gge*amounts‘of water and oil measured, and the pressute drop and flow-
!

P S -
Trate fégorded. The calculation details are presented in Appendix B.
B BERE ™t
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“Table 4: Properties of Lineér Flow .Sand Packs

Run# Ave. Pres. Drop, Permecbility,um2 Porosity, %
: ' kPa ‘ -
L1 4.757 11,570 29 ¢0*
L2 9.515 . 5.787 20)19*
L3 . -3 10.894 5.054 20.9%«
L4 23.856 : , 2,308 13.9%
LS 29.510 : 1.866 . 11.7+
L6 1'1.445 8.001 20.9
N Y 10.687 5.152 25,1

L8 17.995 3.060 16.2%
L9 2.896 . 19,013 20.8
L10 2.068 . 26.619 20.9%
L11 5,102 10.791 | 12.0%
L12 25.439 1.554 ° 37.2% ™
L1 37.783 ~ 1,457 . 30.0

L14 5.998 . 9.179 Co24.2%
L15 36.956 . 1.490 . 16,7
L16 7.998 - 6.884. 17.6

S1 42,0

S2 42,0%
S3) '27.1%
sS4 42,0%

. §5. o ‘ 39.7
S6 . 39.7%
S7 . 39.7%
$8 g : 2P . 49.5%
S9 ~ - 39.8
- 810 39.8

*; Estimated Values - A
S: .Small Core Holder Experiments
L: Large Core Holder Experiments
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4.7 ANALYSIS OF QFFLUENT SAMPLES

“,

¢ In the experiments investigating the movemehit-of fines, samples

?

of effluent were collected and analyzed to determine the

concentration of suspended particles. Charts of concent;,ﬁf
fines in Nephelometric Turbidity Units (NTU)*versus concgﬁ~..-16n

- in g/cﬁ3 were developed for each type of fines used by preparing .
samﬁies of known coécentrations and measuring their corresﬁonding
NTﬁ‘ values. Each sample collected was poured into a special trans-
parént vial and placed iﬁ—zﬁgifa;Bidimeter, which indicated the fines
?ontent of the samﬁle,in NTU. Thé NTU Treading was then converted

into g/cmgﬁfusing the appropriate conversion chart. The conversion

.

graphs are shown inrAppeﬁﬁix.é.
| The NTU reading was found to be dependenf on the size of
pﬁrticles ia.suspension. For instance:, éf a particle concentration of
0.0019 g/cms, é)turbidimeter readiﬁg of 48 NTU was obtained when the
average particle size was . 95 um and a reading of 88 NTU was

obtained, for particles smaller than® 44 um. Similarly, at a particle

concentration of 0.0088 g/cms; the turbidimeter reading was 300 NTU
AT S oo R ’ oo
g oy’s' > g .- -
for partﬁaieS"h@vingjpp average size of 95 um and 600 NTU for
L NI
particles smaller than 44 um. RO

[T

[Owed s 3
o
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5. DISCUSSION OF RESULTS

\ : ;

5.1. PRESENTATION OF THE EXPERIMENTAL RESULTS 't v

In this study, three types of experimental tests were carried

-

out: linear flow tests, radial flow tests, and two-phase flow tests.
Results of linear flow tests are presented in Figures 13 to 29, and
the experimental data is given in Tables Cl to C26. Reswylts of radial

flow tests are presented in Figureé 30 to 49, and the corresponding

v a

data is given in Tables C27 to C47. Two-phase flow results are shown

' in Figure 50, and the detailed experimental data are provided in

Tables C48 to C51. All of the important run parameters are indicated

L

w5
in the figures and tables for convenience. o

5.2. . CHARACTERISTICS OF GLASS EEADS, OTTAWA SAND AND FINES

o

The materials used to represent unconsolidated porous media were’

Ottawa sand, gla;s beads and’Eilica._ The fines consisted of glass beads,
borite, or caIcium'carbonafé. The calcium carbonaté was delivered in
powder fofm, and did not require any sieviﬁg because particlersizes were
already well bélow 325 mesh. Tﬁe.barite was si;ved to yieid fines

4

_\l R : . ‘:g"". A . .
smaller than 325 mesh. .The glass fines were obtained 6& sieving .

sﬁﬁ??f?hl ?ggds’that were supplied in bags’with nominal size raﬁges of
§6 to 120 mesh, 120 to 200 mesh, and 170 to 325 mesh. Scanning elecgron
microscope (SEM) photographs of the“barite,.glass beads, and caléium
carbonaté fines are shown in Figure 7. Figure 7(a) indicates thét the
.

CaCO3 fines were present in flocculated form.' Individual particles

were difficult to distinguish; however, the average particle diameter

49



FIGURE 7(a): SEM Photoni»crograph of Calcium Carbonate Fines
, Maguﬁcution. 6400 s

FIGURE 7(b): SEM Photomicrograph of sarmwmes ,
. Magnification: 2400x
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FIGURE 7(c):

SEM Photomiqrograph of Glass Beads Fines
-Magnification: 240x

{ b



was estimated to be about 1.4‘um. Barite fines were angular and had a
narrow particle size range; while glass fines were spherical and of a
much wider size range. The particle ;ize distribution was determined
by measuring the dimensions of all particles in the forefront of the
photograph, and determining the percent volume in each particle diameter
range. A sample particle size distribution calculation is provided in
Appendix B. ‘

Ottawa sand and silica were delivered in bags with nominal si:e
ranges of 70 to 140 mesh, and 40 to 70 mesh, respectively.
While these materials were used as supplied in radial floQ experiments,
sieving of the sands was necessar} for the linear’experiménts sfudying
the flow of fines. ‘'SEM phbtomicrographs of sieved Ottawa sand 50 to
100 mesh, silica 40 to 70 mesh, and glass beads 100 to 325 ,mesh
are shown in Figure 8. | |

In addition, SEM photomicrpgraphs were taken of the Otta@a sand
as supplied, and after being produced in a radial flow test at an over-
burden load of 1731.3 kPa (see Figure 9). The-purpose of this SEM
analysis was to find out if cfushing of the sand grains was occurring
at high overburden pressures. As indicated by the photographs and the
size distribution plots, no apparent shift in particle size was discerned
when the sand was prpduced'undef high overburden loads.

The particle‘éize distribution cﬁrves, determined from SEM

analysis of the photomicrographs, are plotted in Figures 10, 11 and 12.

¥

5.3. ' LINEAR FLOW TESTS
Previous studies of the movement of fines in porous media_

revealed that, depending on the fine particles size, either physical or
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FIGURE 8(b): = SEM Photomicrograph gf Glass Beads 100 - 325 Mesh
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FIGURE 8(c): SEM Photomicrograph of Silica 40 - 70 Mesh
Magnification: 72x



rograph of Ottawa Sand 70 - 140 Mesh
't p . »"

FIGURE 9(a):

'SEM Photomic
i£§

FIGURE S(b): SEM Photomicrograph of Ottawa Sand 70 - 140 Mesh
Produced at 1731.3 kPa - Magnification: 72x
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Grain Sizes, um
FIGURE 10(b): Size Distribution of Glass Beads Fines
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chemical factd’”;ymycd a dominant role. SEM analysis of the glass
s

fines used in thc linear experiments showed that the particles rangedﬂ&‘
from 30 um to 70 um in diameter. In éhis size range,, the flow of
fines was reported to be influenced by phyi,cal varxableslﬂler 1g.;
Leé?crc and Le Goff, 1970). The linear flow experiments were designed
co identify the various physical E@ptors influencing the flow of fines,
and the relative impacc»of each variable on the flow mechanisms.

The tests were conducted in two core holders of different sizes.
The small core flow tests served to develop the experimental technique
and obtain qualifﬁtive information on the flow of fines, wﬁile the

large core flow tests were carried out to obtain detailed quantitative

data. A summary of the experimental results is provided in Table 5.

5.3.1. Small Core Experiments

~

Ten runs were cafriedfout'qsing the small core holder. The

¥

experimentai ¢ond1t10ns varled we%e the initial mass of fines in the

sandpaok the d15t111ed water flow rate, the sandpack grain size, and

o

the packing method. ‘ 3{

In Runs 1 and 2; the core holder was packed with gla%s beads
&
50 to 100 mesh mlxed with %20. O grams 'of glass fines, whlch
',,
corresponded to LS.L?b of the total pore volume Distilled water

was flowed throughlthe packaat a rate of 8 ml/minute, corresponding

to an interstitial velocity of 0.069 cm/s. The concentration of

oo

fines in tHe effluént‘samples'was determined, and the mass of fines in

.

each sample was calculated The reSults of the small core linear

tests are ShOanln Tables Gl_to C10.



' Table 5: Summaty of Linear Flow Tests

Rup# “Poro-

(O
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Inter- Sand Slze Sand Shape

‘Lt

* »
A F 3 .

arge Core Holder: Exper1ments :
Estlmated Values .

-

.
Y

Perme- Darcy
KB sity abiliEy, vel., stitial um
. g, % m” cm/s Vel., i
. N cm/s, ] A
S1 42.0 ° 0.029 . 0,069 147-283  Spherical
s2  42.0 0.029 - 0.069 147-283 -Spherical -
§3  27.1+% 0.029 0. 107m 147- 283  Spherical
54 42.0 0.015 0.036 = 147-283  Spherical
S5 . 39.7 0.029  0.073 '3327-4699 Spherical
§6  39.7 '0.029 0,073 3327-4699 Spherical
~ §7 39.7 0.029 0.073'f3327—46993,§pherica1
'S8 49.5% 0.029 : 0.059 147-283  Spherical
s9 - 39.8 . 0,929 0.073 147-~283 Spherical
510 39.8 © 40.029 . 0,073 . 147-283 Spherical
L1 29.0% 11.570 0.012 ..0.041% 147-283 Angular
L2 20.9%x . '5.787 0.012 0.057 - 147-283 = Angular
L3 = 20.9% 5.054 . 0.012 0,057  147-283  Angular
‘L4 13.9% 2,308 0.012 -0.086 147-283 Angular
LS. 11.7x 1.866 0.012 0.103 ° 147-283 ° Angular
L6 20.9 '8.001 0.020 0.096 147-283 - Angular
L7 25.1 5.152 0.012 0.048 44-147 ° Angular
. L8 16.2% 3,060 0.012 0.074 =~ 44-147  Angular .-
L9. 20.9 19.013 = 0.012 0.057 187-369 . Angular
“L10 20.9%  26.619 ° 0.012 . 0,057 187-369 . Angular
L11 12.0%x ~ 10,791 0.012 0,100 187-369 Angular
L12 37.2¢ 1.584 0.0t2  0.032 44-147 Spherical
L13 30.0 1.;E7u 0.012 ° 0.040 - 44-147 - Spherical™
L14- 24.2» 9.179 0.012 * 0,050 . 147-283 - Angular
115 16.7 1.490> < 0.012 0. 072 147-283 - Angular
L16  17.6 6.884 0.012 - 0,068 187-369- Angular
_ , _ %,
S: Small Core Ho&der Bxperlments
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‘Table S: (Continiied)

on 100 g

Run#,  Type of Fines  Init#al.’. = . Fines Table #
: o ‘ Amount of _Produced, % o
Fines, % of Initial = -
Pore -, . Fines ..~ .
"7 Volume . | W o
’ . S
S1 'Glass beads 15.1 "N 0.125 o
S2 Glass beads 15.1 .0.123 C2
S3. Glass beads 45.3 . 0.081 €3
S4 Glass beads 15,1 T 0,049 c4
S5 ¢ Glass beads 15.9 ~0.268 rcs
s6 Glass beads. . 15.9 0.304 o FOR
S7 Glass beads " 15,9 0.371 €
sg '\, None added 0.0 © %0.022 C8 . . vy
S9 .\\ Glass’ beads 15.8 = - 0.163 C9
S10 . Glass beads .15.8 . . 0.160 cio
- L1 " None added: . - 0.0 ', *%0.008 - ci1
L2 Glass be&ds =~ 29.3 0.241 c12
L3 Glass beads. 29.3 0.158 » €13
L4 Giass beads 52.2 0.470 ) Cl4
L5 Glass beads 59.5 1+330 C15
- L6, Glass .beads = . 32.6 " .. 0.380 C16
L7 Noné .added > ,50.0 *x0.097 c17
L8 Glass beads 35.4 .. 0.159 . c18
L9 None added. 0.0 *%0.592 c19
" L10 None:added . 0.0 *x0.518 c20
L1 Glass beads '42.5 . 0.781 - c21
L12 None added .w . « 0.0 ;ga%g*Q;SXB . C22
© L13, Glass beads ‘v 9.3 . Giwgah 0,878 »C23
" L14 Barite & - *“'ﬁ”:f"‘?.‘ﬁ‘g.«; &, %%& 0.002 ¥ C24
L15. Barite =’ _ ?6.5 % 0.002 C25
L16 Calcium -~ = # 25.4 ® .0.300 c26
Carbonate ' ‘
S: Small core Holder Experiments
'L: Large Core Holder Experiments
*: Based on 20 ¢ : S .
kx; Based '
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L4
To determine the effect of mass of fines in the pack, Run 3 was

carried out by mixing 60.0 grams of fines (45.3% P.V.) in the pafk i
. I
and keepihg all other experimental conditiéﬁs unchanged. STy

.y

Run 4 was conducted to determine the effect of flow rate. Alh

condlt%ﬁns were 51m11ar to those of Run 1, except the flow rate, wh1ch~\

was changed to 4 ml/mlnute (or 1nterst1t1a1 veloc1ty of 0.036. cm/s)

K

To determine the effect of grain size, the core holder in - }ﬁ
Runs 5,6 and 7, was packed with glass beads 4 to 6 mesh.
_ ,\g "Run 8 differed from Run 1 in that no flnes were added to the
"pack.r - : )
While all the experimen

"y
* Runs 9 and 10 were condué%ed‘

ussed above were wet packed,

sing a dXy packing procedure in order

_to evaluate the effect of fHe packing method.

.~5.3.2. Small Core Results

The concentration of fines in the:effldent samples from Runs 1‘4& R
and 3 are plotted in Figure 13. Increasing the initiai amount of finee
in the pack from 15 19 P.V. to 45.3% P.V. resulted in an increase‘of
22 5% zgghe concentratlon of fines, which occurred mostly 1n(the
first 80 ml ,of outlet volume. The concentratlon of fines in ghé).
efflueht sggpl\s of both TUNnS was found to decrease to zero after the
passage of about 1&"\m1~ of dlstllled water through the’ pack.

The effect of flow rate on the concentratlon of fines in th%

,_effluent is shown in Flgure 14. The concentrat;on was reduced by
60. S% %yhen the flow rate was: decreased from 8 ml/minute to
f4,m1/m1nute. A decrease in- the concentratlon of fines to a negliglble

Y e

&
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value was also noted in Run 4, after flowing about 140 ml of water

through the pack. »
As shown in.Figure 15, the outlet concentration of fines was
drastically increased (114.7%) when the core holder was packed with

glass beads 4 to 6 mesh -inV“size.

"Run 8 was carried out to determine whether the concentration of

fines measured at the outlet was exclusively brought about by the

amount of fines added to the sandpack. As shown in Figure 16, when no

a

; %? .
The outlet concentratlons obtained §

of,efflue' ollowed By a sharp decrease in-concentration to approxi-
VAREY o o . . .
mately Z€TO. Wet packing caused a more gradual change in.concentration

. k P
to occur. This difference in the outlet concentrations was probably

due to the difference in the interstitial velocities ir& -packs. As

" shown in Table S, the porosity of the wet pack in Run 1 was 42.0%, and

{ . .
that of the dry pack in Run 9 was ©39.8%. As~dﬁ%esu1t, the interstitial
: _ ” ,/
velocity in Run 9 (0.073 cm/s) was higher than that in Run 1 :
(0.069 cm/s).. Th1s anﬁf he’ fact that dry4p;ckfﬁg‘was used in Run 9; '

cau§ed“the @ptal amountfof fineS'released in the dryTpackiny run to'
be 30.8% h1gher thahgthe amount released in the wet packlng run ..

! The reproduc1b114tv of the exper1ments was 1nve®t1gated 1n Runs 2,

-

6 and 10, which were’ carrled t under the same experxmental condztlons
3 .

1
¢

}'r
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FIGURE 16 : Effect of Grain-Size:

o R
WET i .
CUMULATIVE OUTLET VOLUME, PORE VOLUME
0 2 3 4 5 . 6
8 \ 1‘ | v | | L
144 i
o FLOW RATE = 8 CC/MIN
13 - FINES = GLASS BEADS <45pm
: IMASS OF FINES = 20.0 GRAMS
12‘, s
' Legend
11 RUN 1 80 - 100 WRSH
' ’ AUNB:4 -0 MERM
10- £
9" e
] N »
8 4 | . ‘;\ N,
‘ : ; L \‘m
1. ! o ’
6 L., ‘ YL g‘
" v -
5 o
N l gl Q ..
4 X o
' ‘ c ——
v 34 l"' L) *’h’* 5 L % ‘ L
| 7 v .
2 : '
. 1
1 ! *
‘0 e —— L
| T T 1 1 . v )
0 50 - 100 - 160 200 26 300 356%
.CUMULATIVE OUTLET VOLUME, ML *



¢

A g

B! S
e 4

CONCENTRATION; T0G/ML

ity

{

?lG';LJRE 16 : Etfect of Ab'sén'qe of Fines

b3 "
L
CUMULﬁI’IVE OUTLET VOLUME, PORE VOLUME
0 1 2 . 3 4 S, 6
16 ] : | | ] : ] '\r, !
14 -
» [FLOW RATE = aﬁgcmw
12 1
‘ Legend .
14 , ) "RUN 1: 20.0 GAAMS FINES | (35 1% P V)
o) o o ; RUN 8 : NO FINES ADDED
R I e
. 9’_ J
8- ) .
7 t
| » |
6. .
&
6-.
4- .
3
2 ¢
‘- ..... 1 ]
0 Y : '-"-I'a"""'-_l_.“ ‘ —
0 ° 60 100 160 200 260 300 350
" CUMULATIVE OUTLET VOLUME, ML .

68

e
s



i

CUMULATIVE OUTLET VOLUME, PORE VOLUME

69

< e

FIGURE 17 : Effect of Packing Method

0 1 2 3 4 5 6
18 L ] 1 \ | L
1.4.”!‘
GLASS BEADS 50 — 100 MESH
134 FLOW RATE = 8 CC/MIN
FINES = GLASS BEADS <45pm
" MASS OF FINES = 20.0 GRAMS .
12 PR
v T Legend
3’ 11 ; AUN 1: WET PACKING
' B' . NUN 9 DAY PACKING
10 4
‘cr:: o baaea, ,',x.r“. awj%ﬂ W K
. '-: i\.e‘[' T KR B - A\W":-v”\k'
Zod ' “a k
9 8 - 1 : ;"‘ ‘
= ‘ M,
< 7 L
s o 1 ) :
= ' WL T
> o4 1 .
Lu . ". ‘1 -
% B : L Y
O - ¢
O 44 .
>‘k“."‘v o o+ B
3{" " o . \}
.'»‘l“ ;VM‘; \1 | #
2" 2 “v‘: ""?e‘) {&(« ’ 2 .
\- 1 . ‘\ o
e emmalgss
0 N v 1 RN # ! '
o . 80 100 [ - 160 200 260 300 360
3 GUMULATIVE QUTLET VOLUME, ML :



70

+ as those for Runs 1, 5 and 9, respectively. As shown in Figure 18, for 5
the smaller grain size, the’concentragion of fines in the effluent séhples
was different for each run, however, the total amant oflfines produced
in Run 2 was only 1.4% lower than that for Run 1. Figure 19 depicts
the reproducibility for the larger grain size. Outlet concentrations
also varied for each run, and the amount of fines released\in Run 6 was
'13.6% higher th‘E ;hat fof Run 5. Better reproducibility was obtained
when the dry packing method ;as empléyed.' Figure 20 shows that the

Q coﬁcentration of fines in the effluents was approximately the same fora

;‘*Rgns 9 and 10, and the total amount of fines released in Run 10 was 1.9%

lower than that for Run 9.
r

5.3.3. Latge Core Experiments

In additij‘ to the experimental variables investigated in the
%

small core runs, the large core tests were conducted to study the effect
of grain shape, fines size and density, and sandpack size. Tbe'
experimental results of the large core linear tests are listed in

Tables Cll to C26. ' ‘

Runs 2 and 3 consisted of packing the large core holder with 50
to 100 mesh Ottawa sand, mixed wifh 103 grams - of glass fines
(29.3% P.V.), and flowing distilied watér through the pack at a rate of
'8 ml/m}nute (or interstitial velocity of "0.057 cm/s). Ibe pressure

drop across the core was recorded for each effluent sample, and the

concentration of fines in the samples was determined. 3
-
In Runs 4 and §, the amount.of glass fines mixed with the sand

r

,pack was changed to 183 grams (52.2% P.V.) and 209 grams (59.5% P.V.)

respectively; while the other variables were kept uﬁchanged.

i
) \
T
“ - .
. .
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.

p Run 6 differed from Run 2 -in that the flow rate was changed to
kS R R W
13.3 ml/minute ' (or interstitial velocity of ,0.096 cm/s).

. %
The effect of grain size ;as iﬁvesiﬂgafeqvignhﬁns 8 and 1L, In

:Run 8, the core holder wa;‘packed with 100 to 52§$§mesh Ottawa sgnd;

and in Run 11, 40 to 70 mesh siliga was employed. ¢

‘Run 13 was carried éht to dete;mine t;e effect ot grain shape by

baéking the coge‘holder withrlloo to 325‘ mesh spherical glass beads.
The.effect of size and density of fines was investigated in

Runs 14, 15 and 16. Runs 14 and 15 were carried out by mixing .104 grams

(16.4% P.V.) ‘and 232 grams (36.5% P.V.) of barite with the sand pack,

while in‘Run 16, 68 grams (25.4% P.V.)} of calcium carbonate were mixed

with the pack.

Runs 1, 7, 9, 10 and 12 served to determine the outlet
concentration of fines when no fines were added to the sand pack, ftor
the various packs used.

-

5.3.4. Large Core Results

The effest of initiai mass of fines in the sand pack 1s shown
in Figure 21. The fines concentration in. the gffluent increaséd as the
amount of fines in the sand back mixture was increased. The total
amount of fines released in Runs 2, 4 and 5, was 0.241%, 0.470% and

1.330% of ihitial fines in-place, respectively.

-

Increasing the flow rate from 8<ml/p3nute (0.057 cm/s) to

-

13.3 ml/minute (0.096 cm/s) led to a 69.7% increase in the

T e

concentration of fines in the effluent (see Figure 22).
The outlet concentrations of Runs 2, 8 and 11 were compared in

Poﬁdér ﬁo,ﬂetermépﬁ“thd effgCt,offgidih size. As shown in Figure 23,
P P S I | ‘ , ' :

- ’ o . )
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the concentration of fines slightly increased (31.3%) when a 50 fo
100 mesh sand pagk:wa;:gmployed instead og‘a 100‘to“325 mesh pack,
while d:significant increase in concentration (213.7%) occurred when
'a 40 to 70 mesh sénd pack wa§ used. |
To determine the effect of grain shape oﬁ the movement of fines,
Runs 8 and 13 were.cafried out using_sphéric%l glass beads in one égse
and angular Ottawa sand in the 6ther. The results are ;hown in
figure 24. The coﬂcentration of fines in the effluent was found to
‘- be’ 23;.2% higher ;hen the Core was packed with spherical sand as
opposed to angular sand. : ' ' _ ’ -

To study the effect of fines density, barite'fines having a
density of v4f213\gréms/cm3 were used in Runs 14 and 15. The.
concentrat;qn of fines produced from these runs was compared with that
produced in Run 2, Jhich.used'blass fines with a density of
2.326 grams/cms. The results are plotted in Figqrg 25. The concentration
of baritevfines was very low in the first 20 ml of effluent and
decrease; to a neéligi?le value theréafter, regardless of the initial
amount of barite in the sand pack.

The fines in Run 16 consisted of calcium c;;;énate, having an
average pgrticle size of ‘iné um. The concentration;af fines in the
efflient was compared with that for Run 11, in thch the fines consisted
of/gIass beads 30 to }0 um in diameter. As shown in Figure 26, the
concentration of CaCO3 fines was very hiéh in the first 60 ml of
effluent, and dropped sharply to zero subsequently.  However, the total

amount of CaCO3 fines released was only 19.5% lower than the-

# amount of glass fines released.

<
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The conbentration of fines in the effluent is shown in Figure 27
for Run 1, in which no fines were initially added to the sand pack. For
the Ottawa sand 50 to 100 mesh, a very smaMP amount. of fines was

4§ [

detected in the~effluent. A significant amount of fines was Tioted,
. ’ : .
however, when silica sand, glass beads, or Ottawa San§ 308 .t@. 325 mesh

. e 4;.*::\ s A
was employed,(seg Figure 29 and Tables C17, C19 and C22),~‘: each
sand pack type, the effluent concentrations obtained in the ''no-fines"
runs were subtracted from those obtained in other runs using a

similar sand pack type, and the resulting values were recorded to .

arrive at a true concentration value.

5.3.5. Reproducibility of Experiments
. ] Q{ » '
Runs 3 and 10 were conducted under the same experimental

conditions as Runs 2 and 9, respectively, and served to evaluate the

reproducibility of the experiments. The results shown in Figures‘28
and 29 indicated that ;he amount of fines released in a run cguld not
be easily reproduced in a different run, carried out under the same
conditions. The flow of fines in porous media was found to be a
complex process of a random nature. The outlet cdncentfations obtained
in ahy-test indicated oniy the trend of the transport of fines process,
and should not be considered as absolute values.

~The results of tests using the large core holder differed‘from
those eﬁploying the small cofe holder mainly in the total amount of
fines released and‘thg relative amount of fines in the effluent samples.
The concentration of finesiih the effluent of the large core holder

was consistently higher than that of the small core holder, except when
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barite fihes were used. The small core outlet concentrations were
initially high, but dropped sharply to negligible values after flowing
60 to 80 ml of water through the pack. The large core outlet
concentrations generally started at a low value, gradually increased to

. .
a maximum value, and decreased thereafter. The various fdctors studied
caused similar changes in the outlet concéntrations of both core holders,
although not to the same extent. For instance, Figures 13 and 21 both
indicate that increasing the initial mass of fines in the squ;pack
increased the concentration of fines in the outlet. However, the

increase in concentration was much more pronounced in the large core

tests. S,

5.3.6. Discussion 9f Fines Flow Results

From dry-sieve analysis on samples of unconsolidated sandstone
formations, Muecke (1979) reported that fine particles constituted 2
to 15 wt% of the formation materials. This range was used in the .

present investigation to determine the amount of fines that should be

added to the sand packs. In most small core tests, the amount of fines

added was 20.0 grams, or approximately 12 wt% of the total amount of
sand employed. The amount of fines added in most large core tests was
100 grams, corresponajng to about 9 wt% of the total amount of. sand 1in
the core holder.

Three different types of fine particles were selected. The glass

beads were employed because their properties are very similar to those

of quartz, which constitutes the major component of naturally occurring

fines {Muecke, 1979). Due to its high density, barite was chosen to




investigate the effect of fines density. Calcium carbonate was selected
to study the effect of particle size because the CaCOS density is
comparable to that of the glass beads (2.341 g/cms), while the particle

size is much smaller (1.4 um).

5.3.6.1. Effect of Flow Rate

The experimental results demonstrated that the entrainment of
fines is influenced by the mass of fines in the porous medium, the fluid
flow rate, the size and shape of sand grains, and the size and density
of fines. The effect of flow rate can be examined by comparing
Experiments L2 and L6 in Table 5. These experiments were carried out
under similar operating conditions with the e*ception of+*the flow rate,
which was changed from 8 ml/minute in Run 2 to 13.3 ml/minute in
Run 6. This resulted\iq a change in interstitial velocity, v/¢, from
0.057 cm/s to 0.096 cm}s. The amount of fines produced, FP,
expressed as a percent of initial'volume of fines in-place, was 0.241%
in Run 2 and 0.380% 1in Run 6. As shown in Table 6, when the amount
of fines produced was divided by the interstitial velocity, the value
obtained in Run 2 was very close to that obtained in Run 6. A similar

calrulation was carried out for Experiments S2 and S4 in which the flow

rate was changed from 8 ml/minute in Run 1 to 4 ml/minute 1in Run 4.

87

The resulting values were also found to be in close agreement, suggesting

that the amount of fines produced was directly proportional to the

interstitial velocity, for the velocity range investigated.



»

) TABLE 6: Effect of Interstitial Velocity

Run # o S L2 L6 - S2 S4
v/$, cm/s 0.057 . 0.096 . 0.069  0.036
FP, % of Initial Fines In-Place -  0.241  0.380  0.123 = 0.049 o
. - [

FP/(v/¢) | 4.228 - 3.958  1.785  1.36l

5.3.6.2. Effect of Initial Amount of Fines Present

The effect of initial mass of fines in. the ﬁorous medium is
shown ‘in Téble 7. The initiai amount of fines in the pack, FI,
. expressed as a percent of tbtal,pore volume, is répdrted in Tablé 5
.for Experiments L2, L[4 and ESj Varyihg the amount of fines added in
these experiments resulted in a.‘f}rlange in‘ the porosity of the packs,
vwhichlin turn alteréd the interstitial Qelocities. vIﬁ ordér to

. s .

compensate for the differerce in the interstitial velocities, the

‘améunt of fines produced in each run was divided by the interstitial _L@

o

velocity in addition to the initial amount of fines in-place. The
résulting walues were in fair agreement with each other, suggesting
that the amount of fines produced was also proportional to the initial

amount -of fines in-place.
i . w

TABLE 7: Efféct of Mass of Fines

Rem # . L2 - Ld LS

v/, em/s .~ 0.057_  0.086 0.103
_FI, % Pore Volume ' 203 s2.2 59.5

FP, % of InitialaFines In-Plade  0.241 g 0.470 .« 1.330

FP/ (v/¢) . ; 4.228 . 5.465  12.913 -

)
Y

FP/(v/¢).FI A . 0.144 . 0.105 0.217



It shogid be noted that this relationghipgdoeS'not hold for
Exﬁerimenﬂ»SS, in which 60.0 grams of fines were added.‘ As shown
in fable 5, the amount of fines produced in Experiment S3, as a
percentage of initial fines in-ﬁlace; was smaller than that in
Experiment 52, in which 20.0 gramsi o; finés were added. While the
ameunt of fines added in Experimentsi L4 and -L6  corresponded
approximately to 15wt% and 17wt% of the total amount of sand
employed respectively, the amount of fines added in Experiﬁent S3
qorrespdnded to aSout 28wt% of the totil amount -of sand in the pack.:
It ié fherefore possible'ihat at this high percentage, the fines were
‘no longer dispersed particles prgsentbin the pores of the larger sand
grains, but became instead part of'the porous medium, yielding smaller-

sized pores and restricting particle flow toward the outlet.

5.3.6.3. Effect of Sand Grain Size

The effect of size of sand grains can be determined from
Experiments L2, L8 and L11. These experiments differed from each .
. ' /
other mainly in the size of samd employed to pack the core holden/v

—— /

(see Table 8). For each experiment, the amount of fines produééd, FP,
was di&idéd By the interstitial velocity and tﬁe initial amouﬂ£ of~
fines in-place, FI. When the resulting value was also divided.by the
average sand grain size, D, approximately the same number was obtaiﬁed
for all thfee Tuns., A sim%iar ;alculation was carried oﬁt for
Experimehts‘SZ and S6, which also Qiffered from each other in the size
of sand empioyed. In this case however, the resulting values were not

A}

at all in agreement. While the sand size in Experiments L2, L8 and

4

B9,



A . - :
\kll ranged from 44 um to 370 um, the sand grain size in

Experiment S6 was as high as 4700 um. From these results, it
was déeduced that the amount of fines produced was proportional
to the size of sand grains in the pack, for the 44 um to 370 um

. : ¥
size range.

TABLE 8: Effectréf Grain Size

Run # L2 L8 L sz . se
Sand Size, um . 147-283  44-147  187-369 ‘147;283-;:\§§g744699
D, \um 215 95.5 287 \2155,»wi1$40f3f~ﬁv
v/¢, en/s 0.057  0.074  0.100 ofgééi'ff]‘ 0.073
FIs % Pore Volume  29.3 35.4 25 1 15,5

FP, § of Initial 0.241  0.159 0.781 vo;iéj“‘ © 0.304
FP/(v/$).FI. 0.144 0.061 0.184 | o;ii}f* 10{262
FP/(v/$).FI.D 0.00067  0.00064  0.00066 0.00050  0.00007

5.3.6.4. Flow of Fines Equation
5 :
Based on the experimental data collected, the amount of fines

produced, FP, may be expressed as: - =

FP = ¢.(v/:).D.FI

¥



where FP 1is the amaunt'of fines prodﬁced in‘percent of
" initial volume of fines(in—plaée
v/é ;s the interstitial velécity in® cm/s
D 1is the average sand grain diamétgr in - cm
FI i; the initial amount of fipéﬁgigighe pack in
percemt of total pore volume |

C . 2 -
and ¢ 1is a constant in s/cm”.

Values of the constan; c were calcugated\for both the small
~and thé Targe core‘hoider experiments, and are presented in Table 9.
It was observed thaﬁ fhe Qalues #é generally fell between 4 and
10 s/cmz, with the exception of‘%xperiments'SS, S6, L13 and L14. As
mentioned previously, in Experimen;—SS the Qand pack contained a very
high percentage of fines which may have become ﬁart of the porous
medium, and thus impeded pafticle flow. The sand pack in Experiment S6
consisted of very large sand grains in which range the proportionality
ﬂ‘betweeﬁ grain size and fines produced doés not hold. As shown in
‘Table 9, a very high ¢ valué was obtained for Experiment L13
,(78.4 s/cmz). The sand pack in this run was prepared using spherical
giass beads, which formed pore channels that were less tortuous than
‘those.formed by angu1ar sand-;rains. ‘Because the spherical beads
yielded straighté;uchannelg and formed less pore constrictions than
angular grains, an increased amount of fines was allowed to reach the
ouflet. In Experiment L14, the fines—consisted of barite particles
havigg a high density. Because of their high density, these particles

wére not carried with the fluid as easily as glass particles, and

relatively few particles reached the'outlet.
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TABLE 9: Experimental Values of the Prpportionality Constant

Run # : <, s/ém2 Run # v c, S/Cm2
L2 . 6.7 S1 5.6
L4 4.9 S3 0.5
LS 10.1 sS4 4.2
L6 5.6 S6 0.7
L8 6.4 S9 6.6
L11 .6 \
L13 78.4 ‘
L14 0.1
L6 Y 6.2

5.3.6.5. Fines Concentration Versus Cumulative Volume Curve

It was observed that in most small core experiments, fhe

concentration of fines was at its'highest value in the firs; 30 to
50 ml of effluent (about 1.0 pore volume), and dropped sharply
to a low vaiue'after floﬁing 60 to 80 ml of water’through the
pack. The fines concentration in most large core experiments started
at a low vglue, gradually increased to a high value after flowing
v120 to 160 ml of water (1.0 pore volume), then gradually decreased
to a negligible value. |

. It should be noted however that the conceﬁtration curve of
Experiment 54, characterized by a lower flow rate, waé closer in shape
to the large core curves than to those of the small core (see Figure 14).
Experiment L6 iﬁ Figure 22 shows that at a flow rate of 13.3 ml/minute,
the concentration curve became closer in shape to the curves ébtained in

the small core experiments. Although the amount of fines released in

Experiments L14 and L15 in which 3 to 15 um. barite fines were



)
v

employed, was relatively negligible, the concentratior curves of these

> . ., Ty .
runs were quite similar to the small core curves (se¢ Figure 25). The *

. o

curve éorreSponding to Experiment L16'iﬁ which 1.4 um CaCOS fines

b
-

wereAemployed, was also similar to the’émgll cofé curves (see Figure 26)
N
These observations suggested that the shape of thé concegtrétion cuses
in both small and largg core experiments depended oﬁ'the'flow rate and
the size of fine particles; | | .
In order to investigate the effect df fIQW'rate and particle .
size on the shape of the concentration curve, Experiments/Sl aﬁd L2

in which the concentration curves were characteristic of the small core

runs and the large core runs, respectively, were compared to
Experiments S4, L6, L14 and L16. For each.experiment, the Darcy
velocity and the average size of fines reaching the outlet were
defermined, and the ratio'of Daréy velqéity over particle size, v/Dp,
was.calculated. The resulting values are listed in Table 10,

- The hi!hest v/Dp ratio correspohdéd to Experiment L16 in
which the fines concentratien was at a maximum value in the first
80 ml- of effluent, and decreased to a negligible value thereafter.
The lowest /v/Dp ratio cerresponded to Experiment L2 in which the
fines_concé tration started at a low value,‘then gradually incfeased

to a maximym value. The ratios obtained in the remaining experiments

were found to increase as the concentration curves became closer in-
/
/ .

shape to the curve of Experiment L16.

—-—



TABLE 10: Ratio of Darcy Velocity Over Particle Size

Run # Darcy Veloéity Particle Size v/Dp, v2/Dp,
v, cm/s Dp, cm | 5”1 em/s%.
L2 ;,0.012 0.0020 6.0 0.072
4 0.015 -~ 0.0020 s 0.112y,
L6 0.020 ©0.0020 10.0 0.200
L4 . 0.012  o0.0000 7 13.3. °  0.160
S1’ 0.029 , '0.0020 14.5 0.420
L6 - 0.012 0.0001 120.0  °  1.440

. 1 . Do : . 2
Of more important physical significance is the ratio v /Dp
shown in Table 10. This ratio, which was found to increase as the
shape of the concentration curves became more characteristic of the

small core runs, appears in the expression for the inertial force

acting on the particle:
Fi = mvz/Dp ) o —

where m is the mass of the particle in grams

and Fi is the inertial force in dynmes.

. 2 . . . .
As the ratio v°/Dp increases, the inertial force acting on

the particle increases, allowing that particle to reach the core holder

outlet with little difficulty. ‘ -

As mentioned in Section 4.7, the particle size was noted to

<

—

affect the NTU reading of the turdibimeter. At any particle

N5 .
concentration, larger particles yielded a lowet.NTU reading than
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smaller particles. The depeﬁdence of the turbidimeter reéding on
particle size could explain why the cufve shape in most large core .
experiments was characterized by a gradual increase to a maximum value,
followed by a gradual decrease to a negligible value: at high vz/Dp

ratios, both small and lanpge particles were carried towards the outlet,

due to the high inertial forces preseﬁt; however, at low VZ/Dp
ratios, particles closest to the outlet were carried out of the co
first, followed by the smaller particles (high NTU reading), then

the larger particles (low NTU reading).

5.3.7. Discussion of Fines Flow Mechanisms -

In all the tests conducted to study the flow of fines, a suspended
solid-free fluid was flowed through sand packs that were prepared with
an initial content of fineS. A review of the literature indicated that

——

previous clarification studies consisted of flowing suspension-laden

fluids through sand beds that were initially free of fines, while most

studies in porous media were carried out employing sandstone cores that

contained naturally occurring fines. It was reported in these studies

‘that the pressure drop across the sand bed increased during fluid

injection; indicating that the sand pack permeability decreased due to
the movement of fines. In tHis investigation, although the permeability
of sand packs was noted to be strongiy dependent on the size of sand
grains and the initial amount of fines present, no significant change

ih permeability was detected during the flow tests. The pfggsure drop

increase in the previous studies was then due not only to the bridging

mechanism, but also to the deposition of suspensions inje%}ed with the

-
~

fluid, which increased the mass of fines in the pack.
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While the unconsolidated porous media in previous investigations
consisted of sand grains between 250 and 2000 um in d;;ﬁeter, in this
study, the grain sizes ranging from 45 to 350 um were selected to
reproduce the sand grain sizes encountered in Lloydminster (see Table 11).

The fine particle sizes were arbitrarily defined as particles smaller

than 45 um (325 mesh). Muecke had previously defined fines as particles

small enough to pass through 37 um (400 mesh) openings. As mentioned
in Chapter 2, Gruesbeck and Colllns stressed the importance of the
ratio of pore diameter to particle diameter in determlnlng the flow
mechanism. In ;helr 1nvest1gat1§n, the effective pore size deter-
mination was based on geometric consideration of a closest packing of
spheres, and was calculated by dividing the average grain size by 6.5.
‘Accordlng to this technique, 50 to 100 mesh Ottawa sand would have an
)effective pore size of 34 um. The grain size to pore size ratio is
approximately 2.0 for a loose packing of spheres, and 4.5 for a
medium packing. The ratio for the m;diUm packing would yield an
effective pore size of 49 um. The size of fines should then be at
least two or three times smaller than 49um  in order for the fines to

pass through the pores.

TABLE 11: Lloydminster Sand Sieve Analysis

Sieve Opening, um 840° 420 177 104 74 <74

‘% Sand Retained 1.2 1.0 6.3 84.5 5.0 2.0
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i
o
[t was theretore deduced that only a small part of the fin%s

added to the sand packs were able to move through the pore opening%.

ind

In the unconsolidated formations of Lloydminster, the movable f
would then have a maximum size of about 20 um, instead of the

value previously suggested.

effluent were not produced sporadically, but followed definitg trends

that depended on the governing variables.

5.4. RADIAL FLOW TESTS

5.4.1. Radial Flow Experiments

Tweﬁty-one experiments were conducted using the radial wellbore
model to investigatevthe variables affecting sand pfoduction. In each
run, the cell was packed with unconsolidated sand, and an overburden
load was applied to the sand pack. Distilled water was flowed through
the cell walls int§ a centre well. The water and sand produced were
collected in 50 ml . samples, and the sand volume in each sample was

measured. The experimental data for the radial flow tests are provided
in Tables C27 to C47,‘and a summary of the experimental results 13
provided in Table 12.

The expé;;mental cbnditions varied were the bverburden load,
the flow rate, the sandpack grain size and shape, and the perforation

size and shape of the centre well. The centre well tubing specifica-

tions are listed in Table 13.



Table 12: Summary of Radial Flow Tests

Run# Flow Rate Overburden Sand Size, Sand Shape
ml/min Press., kPa um
1 8.0 0.0 111~-187 Angular
2 8.0 0.0 111-187 Angular
3 8.0 611.0 111-187 Angular
4 8.0 — 1018.4 111-187 Angular:
5 8.8 1731.3 111-187 Angular
6 8.0 1731.3 111-187 Angular
7 8.0 1018.4 119-175 Spherical
8 8.0 - 0.0 119-175 Spherical
9 8.0 0.0 119-175 Spherical
10 2.0 0.0 111-187 Angular
11 13.3 0.0 111-187 Angular
12 2.0 1731.3 111-187 Angqular
13 13.3 1731.3 111-187 Angular
14 8.0 0.0 187-369 Angular
15 8.0 0.0 187-369 Angular
16 8.0 1731.3 187-369 Angular
17 8.0 1018.4 119-175 Spherical
18 B.0 1018.4 44-99 Spherical
19 8.0 1018.4 111-187 Angular
20 8.0 1018.4 111-187 Angqular
21 8.0 1018.4 119-175 Spherical




Table 12: (Continued)
Run# Well # Flow AEea, Orifice Table §#
cm Vel., cm/min

1 1 8.832 0.906 c27
2 1 8.832" 0.906 - c28
3 1 8.832 0.906 C29
4 1 8.832 0.906 Cc30
5 1 8.832 0.906 C31
6 1 8.832 0.906 Cc32
7 N 8.832 0.906 c33
8 1 8.832 0.906 C34
9 1 8.832 0.906 Cc35
10 1 8.832 0.226 C36
11 1 8.832 1.506 c37
12 1 8.832 0.226 C38
13 1 8.832 1.506 C39
14 1 8.832 0.906 C40
15 1 8.832 0.906 C41
16 1 8.832 0.906 C42
17 3 2.508 3.190 C43
18 3 2.508 3.190 C44
19 3. 2.508 3.190 C45
20 2 1.320 6.061 C46
21 2 1.320 6.061 Cc47

99
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Runs 1 and 2 were carried out using well #1. The cell was
packed with 70 to 140 mesh Ottawa sand and no overburden pressure
was applied. Distilled water was floyed through fhe pack at a rate of
8 ml/minute, corresponding to an outlet velocity of 0.906 cm/minute.

In Runs 3, 4, 5 and 6, different overburden ﬁréssures Qere
applied, while other experimental conditions were kept similar to
those of Runs 1 and 2.

Runs 7, 8 and 9 were conducted using 80 to 120 mésh glass
.beads, and an overburden load of 1018 kPa in Run 7, and ’kpa in
Runs 8 and 9.

To determine the effect of flow rate, in Runs 10 and 11 the
water flow rate was changed tg 2 ml/minute (0.226 cm/minute) and

13.3 ml/minute (1.506 cm/minute), respectively,.and no load was applied.

In Runs 12 and 13, the overburden load was 1731 kPa, and the
fluid flow rate was 2 ml/minute and 13.3 ml/minute, reépcctively.
" Runs 14, 15 and 16 were carried out under different loading

pressures using 40 to 70 mesh Silica in order to evaluate the effect

of sand grain size on sand production.

In Run 17, the cell was packed with 80 to 120 mesh glass beads.
The test was conducted using well #3, under a load of 1018 kPa. Runs
18 and 19 differed from Rﬁn 17 in that the sandpacks consisted of 170
to 325 mesh glass beads and 70 to 140 mesh Ottawa sand, respectively.
In Runs 20 and 21, well #2 was employed. In Run 20, the cell was

packed with 70 to 140 mesh Ottawa sand, and in Run 21, it was packed

with 80 to 120 mesh glass beads.
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TABLE 13: Well Tubing Specifications

Well #
1 Slots 2.3 ¢m long, 0.16 cm wide, 60° apart,
8.83 cm2 flow area
2 Round holes (.08 c¢m in diameter, 0.32 cm apart,
1.32 cm2 flow area
3 Round holes 0.11 cm in diameter, 0.32 CT apart,

5
2.51 ¢m”™ flow area

5.4.2. Radial Flow Results

For each radial flow test, the volume of wet sand (including the
pore volume) in each 50 ml sample of effluent was measured and the
sand concentration in the sample was plotted against thé‘cumulative
volume of effluent sand and water produced. The effect of overburden
pressure on sand production is presented in Figures 30 and 31.

Figure 30 shows the results of four runs carried é;t‘using 70 to 140
mesh Ottawa sand. The lowest sand production occurred when no over-
burden pressure was applied (Run 1). The sand concentration in the
first sample was 0.60 ml/ml, and the sand production decreased rapidly
to zero in subsequent effluent samples. At an overburden load‘of

1731 kPa, the sand concentration in the first sample was 0.66 ml/ml
and increased to 0.70 ml/ml thereafter. As shown in Figure 31, the
production of 80 to 120 mesh glass beads under varying loads was also
characterized by a higher concentration of beads in the effluent at high
ovgrburden pressure. However, the sand production did not decrease to
zero in&the absence of overburden load. iﬂ;tead, the concentration of

X,
~
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glass beads produced fluctuated w1th contlnued fluid injection,
decrea51ng gradually to a low value, and then suddenly increasing to

a hlghfyglue.

L 'y ’ o

NI ’
2 Flgures 3’ dnd 33 depict the effect of flow rate in the absence

uu

[ U—

of oyerburden ‘pressure and also at a hlgh oveyburden pressure Three
flow rates were 1nvest1gated Although the sand produCtlon was 1ower

when water was injected at a rate of 2 ml/m1nute “than thewsand

A

productlon at 8 ml/minute and 13.3 ml/mlnute in the absence of over-

) A N R

burden 1oed, the differences in the concentretidns of sand‘prddpagd at’s
thesehéIOW rates were not very sighificant affgx'thekfi£§£f?400hﬁf R
of effluent. When a-ppesshfejgf 173} kPa Qﬁesfépplied, £he§M§1uﬁ¢-h
of sand predqced'at a flow rate of 2 ml/minute'ﬁasvsubstaneiaily
lower than the volume prodbeed aghfhe highef flow‘patesb

y a

The effect of grain size on sand production 'is shown in
5 L ) LA N D )

[URSE——

Figures 34, 35 and 364:\fn Figure 34, the“séndieoncentrations produgced
at zero Qverbufdenyload are plotted fof;}7Q to‘140 meéh‘Ottawaannd
and 40‘to 70 hesh'Siiica,dyhile in Fiéure/ss; phe:sand’eoncen%rat;ons
produced aé a pressure.of i7Si kPa are presehted*fbr'these‘sand grain
sizes. It was noted that sand product1on was - ﬂorelpronounced for the
flner grained sand than for the coarser sand regardless of the value
" of the overburden'load., Slmllarly, as sthn.in Flghre 36, the 170 to
«325 “Fesh giass‘beéds wereibroduced in gregfer amounts than. the 80
to 120 ‘mesh beads. | |
The concentratlon of sand produced in Run 4, ih.hhich anéhlar 70

4

-to 140 mesh Ottawa sand was employed, and the concentratlon of sand

(N

S

v
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produced in Run 7, which was carried out using spherical glass beads
of similar grain size, are plotted in Figure 37. It was observed that
the spherical beads were produced in greater amounts than the angular
sand. In addition, wﬁile the concentration of spherical beads
produced remained constant in each effluent sample, the angular sand
production was characterized by a gradual decrease to a low value,
followed by a production surge to a high value.

The effect of perforation shape and size of the tubing repre-
senting the well is shown in Figure 38. All wells led to the produc-
tion of glass beads in the effluent. However, the greatest con-
centration of spherical beads produced occurred when using the slotted
well (Well #1). Increasing the perforation size from 0.08 cm
(Well #2) to 0.11 cm (Well #3) resulted in a slight decrease in the
amount of sand produced. Tests were also éonducted employing Ottawa
sand of grain size similar to that of the-spherical sand. No sand
was found in the effluent for Runs 19 and 20, which were carried out
using Well #3 and Well #2, respectively. Substantial sand production
- occufréd, however, in Run 4, in which Well #1 was employed. .

The reproducibility of radial flow tests was investigated for
Ottawa sandpacks under overburden pressures of 0 and 1731 kPa. The
results are shown in Figures 39 and 40. The reproducibility of the
tests was found to be adequate at low overburden loads, while excellent
'reproducibility was obtained,gt high loads. In addition, the
reproducibilities for glass bead and silica sandpacks not subjected

to overburden loads were examined. As indicated by Figures 41 and 42,

although the concentration of sand produced in each effluent sample

110 &
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was not 51m(lar for the runs conducted under the same experimental
]
cond1t1ons \he congentratlon of sand in the effluent followed a
\ e
51m11ar productlon trend and magnitude range.

L]

5.4.3. Discussion of Sand Production Results

The radial flow experiments revealed that minimal amounts Qf
sand were prdeced‘when ghe following conditions were met: low
overburden loads,ulow'ﬁlow rates, large sand g;ain size, and angular
grain shape. The variables were fdbnd to be interdependent' although
each of the stated condltlons served to lower sand productlon, the
amount of sand produced depended on the cumulative effect of the
‘goverg}ng variables. Fon—instence, the absence of an overburdenﬁioad

led:to reducing sand production to zero in Run -1, in which the sand-

pack éoneisted of angular sand. However; the absehce‘of awﬁoverburden
load reduced only slightly the sand production in Run 8, in which the
cell was packed with Spherical_beads.

The plots presented in Figures 30 to 38 served to epmpare the
amount of sand produced from tests in which one variable was changed

[y

whilef{all other experihental conditions were kept constant. However,
the radial flow tests were conducted using three>we11 tubings having
different flow areas, and were carried out 2r three different flow
rates; In order to compensate for the effect of area and time of flow,
the sand flux was determined by calculating the volume of dry sand’
produeed in the effluent assﬁming a porosity of 40%, and dividing by
the total area of flow and the flow time of»the effluent. When the ®

.-resulting values were plotted against time for all radial flow tests,



three types of curves were obtained. In the first type of curve,

shown in Figure 43, the sand flux had a high initial value and grad-

ually decreased with time until a sand flux value of zero was obtained.

This type'of curve was characteristic of experiments where the sand
"formed stable arches around the perforations, leadlng to a decrease in
sand productlon unt11 only water was produced In the second curve
type, the‘sand flux alternately increased and decreased with time (see
.Figure 44l, indicating that unstable sand arches were formed and were‘
subsequently destroyed. As shown in Figure 45, in'the third_type of
‘curve, no arches wefe forﬁed andithe sand fluxvgradeally in¢reased
with tiﬁe. |

The eand flux valﬁeg‘obfained were fodnd‘fb ranée from 0.0 ﬁo
- 2.0 cm)minute for the experiments in whlch the slotted well tubing
tkall #1) was used, and-from 0.0 to 10.0 cm/minute for the;
experlments }n which' the roune holé well tublngs‘(Wells/#z and 3) were
employed. -The results of the experimeqts carried'out using Well #1
are.-shown in ?igures 46, 47 aﬁdyis, while the.resulte of the experi-

ments conducted using Wells #2 and 3 shown in Figure 49.

fhe sand flux curves_are‘breSen‘ed in Figure 46 for Runs I, 3 “
and 5, in‘which the overburden’pres§ e Qas cﬁanged while other
operatlng conditions were kept” constant /:ﬁt was no;ed that in the
absence of an overburden lo;; (Run 1), t e s%nd around the perfora-

2

tions bridged readily, and sand productlon decrecased to Zero.

14 minutes>after the start of the experiment’ At an overburden load

of 611.0 kPa (Run 3), the amount oﬁ sand produced decreased gradually

and became negllg1b1e 64 mlnutes after ‘the start of the»experiment.

gé‘g
» e
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The overburden pressure in Run 5 was 1731.3 kPa, and led to a gradual
increase in the sand production, indicating that the sand did not
arch at this high load. The sudden fluctuations in the sand flux
values shown in the curves of Runs 3 and 5 reflected the manner in
which the sand flowed from the tubing outlet. Increasing sand flux
pulses corresponded to sand flow in gushes, while decreasing pulses
indicated sand flow in trickles. !
The results of Runs 1, 10, 11 and 12 are shown in Figure 47.
Runs 1, 10 and 11, in which a flow rate of 8; 2 and 13.3 ml/minute
was employed respectively, were conducted in the absence of an over-
burden load. Run 12 was conducted under a pressure of 1731.3 kPa
at a.flow rate of 2 ml/minute. Because of the low flow rate employed
«in Experiments 10 and 12, the time required to collect the initial
sambles of effluent was about 20 minutes, thus rendering the
comparison of results at low times difficult. In order to extend the
curves of Runs 10 and 12 to low times, additiénal data points were

determined by assuming that the rate of sand produced was related to

time by a function of the form:

Q=a, +a tzA

0 1t+a

2

where Q is the rate of dry sand pfoduced in ml/minute
t 1is the time from the start of the experiment in minutes

and a a and a, are constants.

0’ "1

A sample calculation is provided in Appendix B.
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The curves of Runs 1, 10 and 11 in Figure 47 show that arching
of the sand occurred in the absence of an overburden pressure,
regardless of the flow rates used to conduct the experiments. It was
noted, however, that the time required for sand production to cease
increased as the flow rate decreased, while the initial sand flux
values increased as the flow rate increased. Although the sand still
formed arches at a flow rate of 2 ml/minute when the overburden
load was 1731.3 kPa (Run 12), the sand flux values were found to be

generally higher than those obtained when the load was 0.0 kPa

(Run 10);h\§3.9and arches were formed at high overburden pressures
"when the flow rate was 8 ml/minute 6r higher (see Run 5 in ?igure 46) .

The curves in Figure 48 show the effect of sand grain size at
low overburden pressures (Runs 1 and 15) and high overburden pressures
(Runs 5 and 16). Sand arching occurred in both experiments 1 and 15
when no overburden load was applied. However, the sand flui values
of Run 1, in which the cell was packed with 70 to 140 nesh Ottawa
Sand, were higher than those of Run 15, in which the sand pack
consisted of 40 to 70 mesh sifica. At high overburden pressures,
no arching was noted in Run S, prepared using smaller sand grains,
while unstable arches were formed in Run 16, prepared using larger
sand grains.

The effect of grain size on sand production is also shown in
Figure 49; Runs 17 and 18. Because both experimehts were prepared
using spherical glass beads, no arches were formed in either experi-
ment, and the sand flux curves gradually increased with time. The

sand flux values of Run 18, in which the pack consisted of smaller



grains, were much higher than those of Run 17.

Runs 17 and 19 differed from each other in the shape of sand
used to pack the cell. The pack in Run 17 consisted of spherical glass
beads and that of Run 19 consisted of angular sand. It was observed
that no sand was produced in Run 19, which indicated that sand arches
were almost spontaneously formed around the perforations. As mentioned
previously, the sand flux curve in Run 17 increased with time, and no
arches were formed.

The effect of tubing perforation size on sand production is
shown in Runs 17 and 21 of Figure 49. Although Run 17 was conducted
using a tubing with larger_perforations (0.11 cm in diameter) than the
tubing used in Run 21 (0.08 cm in diameter), the sand fiux values of
Run 21 were much higher than those of Run 17. As shown in Table 12,
the flow velocity out of the well was 3.19 cm/minute in Run 17, and
6.06 cm/minute in Run 21. The increase in outlet velocity resulted
from the decrease in the-total flow area of the perforations, and caused

the sand to be produced at higher rates.

5.4.4. Discussion of Sand Production Mechanisms
Ay

In their experimental study of the failure mechanisms of

)
A

unconsolidated sands, Hall and Harrisberger (1970) a¥served that sand
production was caused by failure of the sand to form stable arches.
The stability of an arch was found to depend on the degree of
dilatancy and cohesiveness of the sand. Angular sand was noted to
form stable arches, while round-grain sand failed to arch due to lackv

of surface restraint. Their observation was confirmed in the-present



tests. Hall and Harr@sberggr reported that at high loads, the arches
formed by angular sand failed due-to grain crushing and ‘breaking. In
the present study, the SEM photomicrographs did not indicate any
difference in the grain size of angular sand produced at high loads
and that produced in the absence of overburden loads. The failure of
sandkarches at high overburden pressures must then have been due to
other factors. Based on calculations made assuming elastic material
behaviour, Durrett et al. (1977) prea%d that overburden pressures
I

would cause formation failure aroun!“i*%ﬁ@ellbore during production.
5 " e o ¥

s

It is believed that the continuous ¢ duction observed at high
loads 1s due to the replacement of the sand produced by the overlying
material, thus leading to the destruction of arches (Vaziri, private
communication).

The effect of flow rate on sand production was investigated bv
Tippie and Kohlhaas (1973). They reported that the smaller arches
formed at low flow rates were more stable than the larger arches

associated with large flow rates. These observations would explain

why less sand is produced when the fluid is injected through the pack

at a low flow rate. 'The/;uthors also observed two types of .r:h
failure: continuing failure that led to a continuous product:on of
small amounts of sand, and massive failure in which large amounts of
sand were produced in a short period of time. Both types of arch
failure were noted in the radial flow tests conducted. At high
loads, sand flowed in gushes, while at low loads, the sand tended to

flow with the water at a steady rate.
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' The conditions whic? led to the formation of sand arches, or

‘to increased sand production from the radial model are summarized in
Table 14. As shown in Table 14, when a low overbur&en pressure was
eﬁplied, érchingﬁof the sand occurred in allltests except those

packed using spherical sand. In the tests carried under high over-
burden pressures, stable sand arches were formed when a low flow rate
was employed, while no arching occurred at higher flow rates. However,.
unstable“arches were formed at higher flow rate; when the pack,
consisted of large sand grains. None of the experiments conducted-
using spherical gless beads showed any tendency to form arches around -
the petfotatiens.

"As indicated ih Table 14, in the tests which exhibited arching
behavibur, the time required for the sand production to cease variee
with the operatlng conditions. While sand arches were formed very
slowly at low flow rates in the tests u51ng the slotted tubing,

_archlng occurred rapidly at higher flow rates when no overburden

o0

pressure was applied. It was .noted, howeﬁer, that sand arches were

!
v

formed instantaneously when round hole thbings were used{“eyen'though%

the tests were conducted under moderate overburden loads.

5.5. TWO- PHASE FLOW TESTS ' )

! !’:’.‘v’/

The 11near flow tests conducted in unconsolldated porous* packs
showed that the permeab111ty of the packs was not altered due to the
flow of fines. An experiment consisting of four steps was therefore

-

eondgcted in a copsolidated core to investigate the effect of fi
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Table 14: Factors Aff;cting Sand Production ,
— ]
Run# | Pfessure ~ Flow Rate Grain Size ‘gga%ﬁzéhépev
1 ‘Low Mediumf’ Medium Angular
3 o Medium Medium Medium Angulaf
5 . High ; | Medium Medium ~ Angular
7 ‘Medium Medium = Medium Spherical
8 Low (; Medium blfMedium Spheriéal
16 ; Low - Low - Medium “Angular
" Low High Medium _ Angular
12 High } Low Medium Aﬁgular
13 : "High High' ~ Medium Angular
15 % Low | Medium? Large’ Anéular
| k ; High : Mediué Large Angular
. gediu@ tMedium Medium Spherical
;;‘Qfgihm Medium Small ' Spherical
jﬂ}Q"‘ ' fM;6ium © Medium Me@ium ‘Angular
750‘ ' Yy?diUm Medium ‘Medium Angular
21 >>J?ﬁedium y r 3Medium' ' Medium Spherical
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Table 14: (Continued)

Perforation Size and Shape Comments

Run# -
1 Slotted, large flow area " Sand flux decreased;
‘ ‘ Arched rapidly
3 Slotted, large flow area Sand flux decreased;
' Arched slowly
5 Slotted, large flow area - Sand flux increased;
‘ No arching
7 - Slotted, large flow area Sand flux increased;
} : No arching
8 Slotted, large flow area 5 Sand flux increased;
' No arching
10 * Slotted, large flow area Sand flux decreased;
, Arched slowly _
11  .:Slotted, large flow area = Sand flux decreased;
‘ ; C Arched rapidly
12 Slotted, large flow area Sand flux decreased;
o : Arched slowly
13 Slotted, large flow area ~ Sand flux increased;
' .No arching
15 Slotted, large flow area Sand flux decreased;
' Arched rapidly
16 Slotted, l%fge flow area Sand flux fluctuated;
' Unstable arches
17 Round holes, medium flow area Sand flux increased;
No arching
18 Round holes, medium flow area Sand flux increased;
, No arching
19 Round holes, medium flow area No sand proguced;
: : Spon*aneoys arching
20 Round holes, small flow area No 'sand produced;
. : Spontaneous arching
21 Round holes, small ffow area - Sand flux increased;

No arching.




migration on relative permeability. The first part of the experiment
involved oil flooding a Berea sandstone core with Hamiltop Lake
crude, followed by waterflooding with 2% (w) NaCi. In the second
part of the experiment, the core was again 0il flooded with Hamilton
Lake crude,  then warerflooded with 30% (w) brine to examine the

effect of salt concentratlon on relative permeability. In Parts 3

and 4, the first and second*exp&g;mqﬁtﬂl Steps were repeated in order

to allow the movement of fines tg‘be detécted The relative perme-
abilities to the brine and the crude were calcplated for eachzstep,
and the absolute permeability of the Beree core was determined before
and afrer tesring. The experimental results are given in Tables C48

.

te‘csf{ .

" ‘Plots of relative permeabilities to the crude and the brine
5”Eus water saturation are presented in Figure 50 for the four
ek?erimental'steps. The highest relative permeability values were

a9

he Berea core was waterflooded with 2%

obtained in Step 1, in whichel
brine. When the core was waterflooded with 30% brine in Step 2, the

relative permeablllty to Hamilton Lake crude decreased significantly

(66.7% decrease at connate water saturation), and the relative

: bermeability to brine decreased moderately. In Step 3, when the core
was waterflooded once again with 2% brine, the relative permeability
to the crude was fqund.to be higher than its value in Step 2, but
lower than the initial relative permeability calculated in Step 1

" (19.6% lower ‘at connate water saturation). In the final step,
waterflooding: the core with 30% brine led to a subs?dﬁtial decrease

in the relative permeabilities to oil and brine. The relative
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permeability to the crude was noted to decrease by 83.7% at connate
water saturation over its initial vaiue, and by 50.9% over its
value i; Step 2. ‘ —

In a study of the effect of salt ‘concentration on core
permeability, Khilar (1981) reported tﬂat a critiéal salt concentra-
tion existgd, above. which no reduction to‘core permeability due to
migration of fines occurred. The reduction in core permeability was
attributed to the release oflclay particlés from the pore walls when
the salt concentration fell below the critical salt concentration,
and fheir plugging of pore constrictions as they travelled with the
flu}d. It was suggested that particle release was mainly due to the

double layer forces of repulsion, which are large at low salt

concentrations. In the present test, by comparing Steps 1 and 2,

and Steps 3 and 4, of Figure 43, it was observed that increasing the

salt concentration from 2% NaCl to 30% NaCl led to a decrease in

the relative permeabilities. The highest salt concentration investigated
in the work of Khilar was 3% (w) NaCl. It is possible that the effect
of salt concentration on permeability would be different or even

reversed at the high concentrations used in this test.

Comparing Steps 1 and 3, which were carried out using 2% NaCl.
it was noted‘that the vaiues of relgtive permeability in Step 3 were
smaller than those in Step 1, a}though the concentration of salt in the

“'brine was similar. The relati&e permeability values were aisg_found to
be iower in Step 4 than in Step 2, although both stéps were conducted

using 30% NaCl. The decrease in relative permeability may have been

- due to further plugging of the core pores by fines migration. The



absolute permeability of the Berea core decreased from an initial
value of 0.661,um? to a value of 0.247 um2 at the end of the
experiment. This drastic reduction in absolute permeability also
suégested that more pores became plugged with continued fluid flow
through the core.

The presence of an oil phése in addition to the water phase may
also have contribued to the reduction in core permeability. As
discussed by Muecke (1979), particle‘wettabili;y and surface/interfacial
forces tend to play a dominent role in the flow of fines when
multifluid phases. are present in the porous medipmf Muecke obsegVed
that in two-phase flow experiments, the oil/water interface displaced

the fines ahead of it, causing some fines to bridge at pore restrictions.

No movement of fines was discerned when the wetting phase hecame immobile.

’

This experiment constituted a preliminary study of the effect of
fines migration on relative permeability. ' Although several observations
were drawn’ from the experimental results, additional research is needed

to better identify the various factors affecting the migration of fines

associated with multiphase flow.



6. CONCLUSIONS

This investigation was designed to examine how various
/
/

operating conditions affect the flow of fines iq/éorous media and
7

sand production in a radial flow model simulating a wellbore. Based
on the experimental work conducted, the following conclusions can be

drawn: ' . o P

\ . .
1. The concentration of fines in the effluent increases as the

fluid flow rate and the initial amount of fines in the paqk are
increased. Sand pack% consisting of large, sphefical sand grains
yield a higher concené¥5tion of fines in the effluent. than packs with
-small, ‘angular grains. Very little movement of fines'is detected
when the density of fines is increasgd:

¢ s

2. Within certain ranges of experimental conditions, the amount
of fines produced is directly proportional to the interstitial velocity,

the initial amount of fines in-place, and the sand grain size. This

relationship doeS/hot hold when the sand pack consists of large

spherical glass éeads, or when high-density fines are employed.

"

3,\m For the sand grain sizes empldyed, which reproduce the grain
sizes encountered in Lloyaminster, only a small pért (less than 1%)
of the fines initially presunt in the pack are able to move rqugh
the pores:- It is there‘ore concluded that the size of movablé'fines in

the unconsolidated formations of Llovdminster does not exceed 20 .m.
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4. Sand production increases as the overburden pressure and
the fluid flow rate are increased. More sand is produced from
spherical, small-grained sandpacks than from angular, large-grained

packs.

5. Arching of the sand occurs when low overburden pressures
are applied, unless the pack consists of spherical glass beads. When
high overburden loads are applied, sand arches are formed when the

fluid is flowed at a low rate.

6. In two-phase flow in a Berea sandstone core, the relative
permeabilities to oil and brine deéreased when the salt concentration
in the brine was increased from 2% NaC? to 30% NaCll The absolute
permeability of the core decreased after continued fluid flow due to

plugging of pore restrictions caused by the migration of fines.



7. RECOMMENDATIONS

"1. The effect of the suspension - carrying fluid on the flow of
fines should be determined by.conducting experiments using fluids of

different viscosities and densities.

2. Flow of fines studies should be undertaken at different
ratios of pore diameter to particle diameter in order to determine how
the flow mechanism of fines is influenced by the ratio of pore diameter

to particle diameter.

3. Linear flow tests should be conducted by placing the core
holder in a vertical position and flowing the fluid in both the upward
and downward directions, to investigate the effect of gravity on the .

flow of fines.

4. Experiments should be carried out to examine how the

operating variables affect sand production in multiphase flow.

5. Investigations of fines migration in multiphase flow should
be conducted to determine to what extent relative permeabilities to
oil and brine are altered when the salt concentration in the brine and

the displacement sequences are varied.
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APPENDIX A.

Item

ﬂRuska Volumetr1c Dlsplacement Pump
.40 to 480 cm /hr )
230 Volts Max. Pressure 4000 psi

. -

Stainless Steel Cyllnder
Volume 1000 cm3
Max. Pressure 8000 psi

Millipore Block Filter
Filter Type SC “

[

‘ Pressure Transducer Model DP 215
Plates Model 9 - 40

Fluke Digital Multimeter
Model 8010 A - \

ngpigr 10 RPM 115 Volts
Timer 10 A °125 Volts

v

~EXPERIMENTAL EQUIPMENT SPECIFICATIONS

-

Sugglier

Ruska Instrument Corporation

"6121 Hillcroft Avenue
"Houston, TX 77036

U.S.A.

'Roblnson D.B. & Associates Ltd.

9419 - 20 Avenue

Edmonton,,Alberta

Axd

+Canada

Millipore Corporation
Bedford, Massachussetts
U.S.A. 01730

-~

Validyne Engineering Corporatlon

Northrldge CA 91324
U.S.A.
R.A.E. Industrial Electromics Ltd.

11680 - 170 Street
Edmonton, Alberta

Canada

Technical Services

Rm 132 Chem/Min Bldg.
University of Alberta *
Edmonton, Alberta

Canada
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M It : “sippl i
\ em Stpplier .
Turbidimeter ' H.F. Instruments Divisjgil®.
DRT - 200 Series Shaban Manufécturing} )
0to 1 and 4 to 20 mA 3052 Metro Parkway SE8P
' Ft. Myers, FL. 33901 - 7539

U.S.A. |
Enerpac Hydraulic Press Acklands Limited
0 to 10,000 1bf : 12410 - 142 Street

Edmonton, Alberta

‘Canada
Graduated Centrifuge Tubes Fisher Scientific Co. Ltd.
50 ml Pyrex #8080 . 10720 - 178 Street

Edmonton, Alberta

Canada
Rotair Industrial Glass Beads Dyer S.J. Specialties Ltd.
80 - 120 mesh a 10505 - 114 Street
120 - 200 mesh €dmonton, Alberta’
170 - 325 mesh B -Canada p
Brass Tﬁ%er Sieves 5 . Fisher Scientific 'Co. Ltd.

© 10720 - 178 Street
Edmonton, Alberta
Canada
. ey
Mettler Balance | Mettler Instrument Corporation.
Model AE 166 P.0. Box 71
* : L4

0 to 162 grams . Hightstown, N.J. 08520

U.S.A.
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y'\
It ;
em . . Suegbler
Vibrator Leader Equipment Ltd.
17630 - 102 Avenue
hd Edmonton, Alberta
Canada
Abbe Refractometer Fisher Scientific Co. Ltd.

Model. A300A
110 Volts 0.5A

5

o 10720 - 178 Street "
Edmonton, Alberta

. Canéda
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APPENDIX B: SAMPLE CALCULATIONS

DETERMINATION OF POROSITY IN THE RADIAL MODEL

Ottawa Sand 70 - 140 Mesh

Overburden Pressure = 0 kPa

9.975 cm .

Radius of cell =

Area of cell = 312.59.cm’

~Radius of central tubing = 0.635 cm
MR ) 2

Area of central tubing = 1.267 cm

Effective sand pack area = 311.323 cm2

Height of sand in the cell = 13.4 cm

VoluMe of sand in the cell = 4171.73 cm3
Pore volume from refraction'anély§is = 800.0 cr‘n3
Porosity = 800/4171.73 = 0.1918 or 19.18%
DETERMINATION OF POROSITY IN THE LINEAR MODEL

., Large Core Linear Flow Run # 15
Mass of barite in core holder and column = 280.0 g
Mass of sand in core holder and column = 1204.568 gs

Mass of sand and barite in core holder and calumn =g1§84.568 g

ST

Mass of sand and barite in column = 254.764 35§§'~f”v‘
; ‘ , R

(280.0) (254.764)/1484.568

Mass of barite in column

48.050 g ;

Mass of barite in core holder = 231.949 g

147
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Mass of sand in column = 254.764 - 48.050 = 206.714 g S
Mass of sand in core holder = 997.854 ¢

Voluhe of sand in core holder = 997.854/2.634 = 378.836 cm>

s

Volumé of barite in core holder = 231.949/4.213 = 55.056 cm’

Total splids volume = 433.892 cm3

Volume of core holder = 521.20 cm> .

Porosity = (521.20 - 433.892)/521.20 =.0.1675 or 16.75%

DETERMINATION OF PARTICLE SIZE DISTRIBUTION
| oy | :

: G
Barite Fines - S

Particles Measured From Figure 7(b)
Photograph Magnification = 2400x

“a
8

The equivalent particle radius was determined from the equation

'

{ ko - . W.L>

where R is the equivalent particle radius in mm
W is the measured particle width in mm

and L is the measured particle length in mm

Dimensions of the particles measured from the microphotograph are

listed in Table Bl.

The volumerf«éach particle was determined using the equation:

where V is the sphere volume in um>

and r is the sphere radius in um.
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Table B1: Dimensions of Barite Particles

./‘

Length,mm Width,mm Equivalent Unmagnified
: Radius,mm Radius, um

10 8 5.046 2.103
15 6 5.352 2.230
9 8 4.787 1.997
6 3 2.394 0.997
4 2 1.596 } 0.665
6 2 1.954 0.814
4 3 1.954 0.814
34 27 17.094 7.122
4 4 2.257 0.940
20 - 20 11.284 4.702
23 7 7.159 . 2.983
2 2 1.128 0.470
e 3 3 1.693 * 0.705
18 17 9.869 4.112
5 4 2.523 1.051
24 20 12,361 5.150
38 26 17.734 7.389
5 4 2.523 1.051
3 3 1.693 0.705
43 32 20.928 8.720
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The total volume was obtained by adding the volume of all particles.

Total particl{?%%blume = 7536.1'ﬁm3
o '

16.8 um3 or 0.223% of total volume.

For 1 <r < 2 um, particle volume = 42.9 um° or 0.570% of total volume.

“Jfor r.< 1 um, particle volume

For 2 <r < 3 um, particle volume = 196.6 um3 or 2.608% of total volume.

For 3 < r < 4 um, particle volume = 0 ums.

726.6 um3 or 9.642% of total volume.

i

For 4 < r < 5 um, particle volume

572.3 ym or 7.593% of total volume.

For 6 < r < 7 um, particle volume = 0 ums.

- ' +

For 5 < r < 6 um, particle volume

For 7 < r < 8 um, particle volume = 3203.4 um® or 42.508% of total volume.

3

For 8 < f < 9 um, particle volume = 2777.5 um” or 36.856% of total volume.

. DETERMINATION OF RELATIVE PERMEABILITIES -

The Berea sandstone core was saturated with 2% NaCl, having a

oy

viscbsity of 1.07 cp, and the pore volume and absolute permeability

of t core were determined.

3

253 cmd

H

Pore volume

0.6611 um?

Absolute Permeabilityv

The core was then oilflooded with Hamilton Lake crude, and the
initial water sataration was obtained.

Initial water saturation =‘df%éi3&m , o
. N : ﬂ | . i
The core was,thén‘Waterflooded'yith 2% NaCl, injetted at

200 cn’/hr. Effluent ‘samples were coliected, and thé amounts of oil -, . =
o =) - R o
‘The data

_and water in each sample were measured: i$gproyiquﬁ?h ThbieiBZﬁ; 5,

il
{ P e

i

. b



Table B2: Waterflooding Data

. Vol.,ml Water Vol.,ml

# Tot 0il Vol.,ml Pres.,kPa

1 20 < 0.00 20.00 350

2 20 ; 0.00 20.00 353
3 20 0.00 20.00 355

4 20 0.00 20.00 358

5 20 0.00 20.00 360

6 10 2.50 7.50 354

7 10 7.00 3.00 348

B 10 9.00 1.00 346

9 10 9,25 . 0.75 345

10 10 9.50 0.50 343

11 10 9.50 0.50 342
12. 20 19.00 1.00 ¢
13 25 19.50 0.50 - 340

14 50 49.00 1.00 340
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The relative permeabilities were obtained using the following

calculation steps:

Step 1: The average water saturation was calculated from the equation:
Sw = Swi + Np/Vp

where Sw is the average water saturation
. . @, . . .
Swi is the initial water saturation
. ' . . 3
Np 1is the volume of oil produced in c¢m

. . 3
and Vp 1is the core pore volume in cm

Step 2: Values of Sw were plotted against the cumulative pore
volume of‘water injected, Qi, and the slopes dSw/dQi were

"obtained.
P A

Step 3: The water  saturation at the outlet was calculated using the

equation:

Sw, = Sw - Qi dSw/dQi

where Sw2 is the water saturation at the outlet.

\

Step 4: The fractional flow of oil and the fractional flow of water

were determined from:

f02 = (Swl-Swz)/Qi
\ fw2 =1 - fo2 5 o

' 2
where fo2 is the fractional flow of oil at the outleﬁ,

and fw, 1is the fractional flow of water at the outlet.



1

© The calculated results of Steps 1, 2, 3 and 4 are shown in

Table B3,

’

Step 5: The average effective viscosity of fluids in the core
, ;

was calculated from the equation:

.

\"L = ib(ap/q)/ (apb/ab)

b
where’ pb is the viscosity of the brine in mPa.s
Ap 1is the pressure drop across the é@re during the

waterflood in RPa |

Apb is the pressure dfop dufing the single-phase flow
in kPa |

q 1is the volumetric injection rate during the water-
flood in cms/hr

gqb 1is the volumetric injection rate during the single-

phase flow in cms/hr.

and A is the average effective viscosity in mPa.s.

Step 6: Values of X-l were plotted against Qi and the slopes

dx 1/in were obtained.

Step 7: Point values of effective viscosity were determined using

the equation:

vl =t D e lraai

2

where kél‘ is the point effective viscosity in mPa.s.

153
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Table B3: Intermediate Steps Results
Sample# Sy Q; dsw/in S,2 foz fw2
1 0.3004 0.079 1.000 0.2214 1.0000 0.0000
2 0.3794 0.158 1.000 0.2241 1.0000 0.0000
3 0.4585 0.237 1.000 0.2215 1.0000 0.0000
4 0.5375 0.316 1.000 0.2215 1.0000 0.0000
5 0.6166 0.395 0.750 0.3206 0.7494 0.2506
6 0.6462 0.435 0.308 0.5122 0.3080 0.6920
7 0.658t 0.474 0:.100 0.6107 0.1000 0.9000
8 0.6620 0.514 0.077 0.6224 0.0770 0.9230
9 0.6650 0.553 0.050 0.6373 0.0501 0.9499
10 0.6670 0.593 0.051 0.6368 0.0501 0.9499
11 0.6689 0.632 0.051 0.6367 0.0509 '0.9491
12 0.6729 0.711 0.020 0.6587 0.0200 0.9800
13 0.6749 0.810 0.020 0.6587 0.0200° 0.9800
14 0.6788 1.010 0.020 0.6586 0.0200 0.9800
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Step 8: The oil and water relative permeabilities were calculated

using the equations:

krw uwW fw,/k£1

kro = po. fo,,/,\;1

where uw is the brine viscosity in mPa.s
po 1is the o0il viscosit¥y in mPa.s
krw 1is the brine relative permeability

and kro 1is the oil relative permeability.

The calculations resulting from Steps 5, 6, 7 and ‘8 are

presented in Table B4,

DETERMINATION OF ADDITIONAL DATA POINTS FOR RUN 10

The rate of.sand produced was assumed to be related to time

by a function of the form:

where Q is the rate of dry sand produced in ml/minute
t. is the time from the start of the experiment in
minutes

and aO, a1 and a are constants.

2

The volume of sand produced is then given by the equation:

B



Table B4: Final Steps Results

Sample# 7*\_—1 ,mPa.s ci>\-—1'/d'(2i )\2 1,mPa.s krw kro
1 13.249 1.443 13.135 0.000 0.815
2 13.363 0.949 13.213 0.000 0.810
3 13.438 1.443 13.096 0.000 0.817
4 13.552 0.962 13.248 0.000 0.808
5 13.628 5.676 13.386 0.024 0.704
6 13.401 5.846 10.8568# 0.068 0.304
7 13.173 1.875 12,284 0.078 0.087
8 13.098 0.974 12.597 0.078 0.065
9 13.060 1.900 12.009 0.085 0.045
10 12.984 0.974 12.406 0.082 0.043
11 12.946 0.468 12.650 0.083 0.043
12 12.909 0.384 12.636 0,083 0.017
13 12.871 0.000 12.871 0.081 0.017
14 12.871 0.000 12.871 0.082 0.017




157
&
- 1 2 1 3
Vs = aot + 3 alt 3 azt : .

‘ L

If the porosity of sand in the sample is assumed to be 40%, from

o .
Table C36, the volumes of dry sand produced are:

’
Vs = (21.0)(0.60) = 12.6 ml for t ranging from 0 to 20.5 min.
Vs = (7.0)(0.60) = 4.2 ml for t ranging from 20.5 to 43.3 min.
Vs o= (4.5)(0:6§T5 = 2.7 ml for t ranging from 43.3 to 64.8 min.

The Vs value’ were&substituted into the expression for volume
fo sand produced usiﬁg the”corréSponding time ranges. Three equations
. RO . 4

were obtained: ﬂJt_ v-§

2]

120:550 +210.1a, + 2,871:7a, = 12.6

1 2"
_— ”,‘“ .’?2‘?36 + 727.3a, +27,189.2a, = 4.2
© 2178 + 1,175.1a,+64,480.8a, = 2.7

) 1
1 s ' ’
’ “‘f‘.‘ B o

These equations;were solved for ad,a1 and a,, and the resulting

values. were ‘substituted .into the equation for rate of sand produced
< v N P ' '

to yield tﬁe’fbllowing'éxpresﬁiqns:

i
—

Q % 0.9228 - 0.0349t + 0.0004t°

The rate of sand produced t = 4 minutes is:

+

0.7889 ml/minute.

Do
1]

The sand flux at t 4 minutes is:

Q/A = 0.7889/8.832 = 0.089 cm/minute.

-
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Table C1: Small Core lﬁnear Flow Run #1

Legend:

Glass Beads 50-100 mesh
Flow Rate = 8cc/min
Fines = Glass Beads < 45um
Mass of Fines = 20.0 grams

éaﬁple#_ -Volume,ml Conc. ,NTU Conc.,G/ML

2

A

Mass,G 4
1 30 40.0 0.0005870 0.017610+%
2 15 10.0 0.0001350 . 0.002030
3 15 , 5.0. 0.0000700 0.001050
4 15 . 4.0 '0.0000520 0.000780
5 , 150 4.0 0.0000520 0.000780
6 20 1.5 0.0000165 0.000330
7. 5 30 . .2.5 0.0000325 0.000975
8 ’ 30 1.2 0.0000100-  0.000300
9 - 30 . 1.0 0.0000050 - 0.000150
10 30 - 0.8 0.0000050 - 0.000150
11 30 1.5 0.0000165 0.000495
12 30 1.2 0.0000100 0.000300

F

o



Table C2: Small Core ﬂinear Flow Run #2

160

%ﬁi ; Leggnd.
- Glass Beads 50-100 mesh
) Flow Rate = B8cc/min
~Fines = Glass Beads < 45um
‘Mags of Fines = 20.0 grams
’qsample# Volume,ml Conc.,NTU Conc.,G/ML Mass,G
\ - .
1 30 25,07 0.0003850 0.011550
2 15 23.0 : 0.0003550 0.005325
3 15 6.0 0.0000860  0.001290
w & 15. 0 -0.,0000700 ©  0.001050
5 0 0.0000520 0.000780
6 1\ 8 0.0000220 0.000440
7 1.6 0.0000200 0.000600
8 1.6 0.0000200 0.000600
9 2.0 0.00008R55 0.000765
10- 30 2.0 0.0000255 0.000765
11 30 2.0 0.0000255 0.000765
12 30 1.8 0.0000220

0.000660,

t



" Sample#

Table

C3: Small Core Linear Elow Run #3

Legend:

Glass Beads 50-100 mesh
Flow Rate = Bcc/min
Fines = Glass Beads < 45um
Masgss of Fines = 60.0 grams

161

Volume,ml Conc. ,NTU Conc.,G/ML Mass,G

1 30 -0.0005870 0.017610
2 - 15 0.0005200 - 0.007800
3. 15 . 0.0001050 0.001575
4 15 ,0.0001050 ~ 0.001575, -
5 15 00000520 0.000780°
6 20 0.0000Q165 0.000330
7 30 0.0000050 0.000150
8 ' 30 0.0000050  0.000150 .
9 30 0.0000050 0.000150 .
10 30 0.0000050 0.000150
11 30, 0.0000050 0.000150
12 30 o 0.0000050 0.000150



.

Table C4: Small Core Linear Flow Run #4

Legend:

‘Glass Beads 50-100 mesh
Flow Rate = 4cc/min
Fines = Glass Beads < 45um
Mass of Fines = 20.0 grams

)

‘Conc.,G/ML

Mass,G

162

Sample# Volume,ml Conc. ,NTU
1 30 6.5 . 0.000“20 0.0027600
2 15 22.0 0.0003430 0.0051450
3 15" 4.0 0.0000520 0.0007800
4 ?15iu 2.0 0.0000255 0.0003825
5° 154 . 2.0 0.0000255 0.0003825
6 20 41,0 0.0000050 0.0001000
7 30 'B.6 0.0000050 0.0001500
8 30 0,.*‘85 ~0.,0000000 0.0000000
9 30 . 0%3 . - 0.0000000 . 0.0000000
10 30 0.3 0.00008¢0 0.0000000
11 30 0.3 0. 0000000 0.0000000
12 30 0.4 - 0.4#00050Q 0.0&01§g0g
' - - A

¥

g
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Table CS: Small Core Linear Flow Run #5
Y .
Legend:
Glass Beadsii-S mesh
Flow Rate 8cc/min

Fines = Glass Beads < ¢5um
Mass of Fines = 20.0 grams

4

Sample# Volume,ml Conc.,NTU Conc.,G/ML 7“1&‘”" Q
1 .30 ¥ 60,0 - 0.0008600 “SHlAA
2 .18 - 40.0 .0.0005870 %P
3 1 @ 20.0  siwenaa@, 0003000: WD
4 15 ' 15.0 9 F. 0002200  0.003300 ‘
5 15 15.0 ¥ .0002200 0.003300 .
6" 20 7.0 . 0000980 0.001960
7 - 30 4. r0.00p0615 0.001845
8 ¢ 30 3.5 R 0.0000450 0.001350
9 30 2.5 747, Q.0000325 - - 0.000975
o 5 %30 2.0 , .0.0000255 0.000765
R . R 30 1.5 0.0000165 0.000495
127 30 1.5 0.0000165 0.000495
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»

Tagle C6: S@ali Core Linear Flow Run #6 - | Y

R

Legend:

Glass Beads 4-6 mesh
. Flow Rate = 8cc/min
Fines = Glass Beads < 45um
Mass of Fines = .0 grams

5

Sample# volume,ml :Conc.,NTU Conc.,G/ML = Mass,G
1 30 . - 80.0 0.003 1000 0.033000
2 15 . 35.0 0.00Q5200 0.007800
3 15 - 23.0 0.00835%60 0.005325
4, 15 20.0 0.0083000 0.004500
R 15 , 18.0 0.0002700 0.004050 |
6 20 7.5 0.000102Q;  0.002040 y
7 30 4.0 0.0000520 0,001560 "
8 30 3.0, , 0.0000385 0.001155
9 30 1.5 . " 0.Q000165 0.000495
10 30 1.5 0.0000165 0.000495
11 30 1.2 .'0.0000100 0. 00
12 30 ¥ 1.0 © 0.0000050 - 0.0NEH50 .
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Table C7: Small Core Linear Flow Rﬁﬁalv;;'

, _— | T 165

_ B chond-

Glass Beads -6 mesh
" Flow Rate -ﬂBcc/mxn
Fines = Glass Beads < 45um
Mass of Fines = 20,0 grams

: ~,;o.

.

Samplﬁ’g;’?’g VoFumemi Conc.,NTU Conc.,G/ML Mass,G
K 30 . 70,0 -  0.0010000  '0.030000
2 15 67.0 ° -0.0009700° . 0.0145§0 "
3 15 23.0 .  0.0003550%  0.005325 _
3 is . 12. 0 0.0001630  0.002445 °
5 15 15.0 o .0.0002200  0.003300
6 20 10.0 ® 0.0001350  0.007000
7 .30 6.5 0.0000920  0.002760
8 30 5.0 0.0000700  0.002100
9 30 5.2 0.0000412  0.001236
10 30 2.0 0.0000520  0.001560
1 C3 5. 0 0.0000700  0.002100
12 3 4.5 0.0000615  0.001845
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Table C8: Small Core Linear Flow Run #8

Legend:
., Glass Beads 50-100 mesh

166

# Flowv Rate = 8cc/min ai
L No Fines Added - A
. 4 I
. ‘ : : + )‘*.
Sampley Volu@ﬁwml Conc.,NTU Conc.,G/ML Mass,G =
i R 34 v“% :.5.50 . 0.0000785 0.0023550
sl 2 v, 15 ' 1.50 0.0000165 0.0002475
3 : 2.40 0.0000310 0.0004650
4 ‘yg; 2.00 0.0000255 0.0003825
5 5_“ 1.20 0.0000100 0.0001500
6 qé/ 0.80 %0.0000050 0.000.1000
7 %p 0.55 -0.0000050 0.0001500
8 L3 0.64 0.0000050 0.0001500
© s 9 ma& 0.50 0.0000050 0.0001500
10 - 130 0.45 0.0000050 0.0001500
11 P 0.45 0.0000050 ~  0.0001500
o | 3 A
';31;; ""f o : v 3
.o . I.’ ’ﬁ{*)“* /
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Table C9: Small Core Linear Flow Run #9

“k' i " Legend:

e 2 SESy

Glass Beads 50-100 mesh
Flow Rate = 8cc/min
Fines = Glags Beads < 45um
Mass of Fines = 20.0 grams
Dry Packing

Sample# Volume,ml Conc.,NTU Conc.,G/ML Mass,G
1 30 64.0 0.0009200 0.0276000
2 15 2.0 '0.0000255 0.0003825
3 15 ﬁ2.0 0.0000255 0.0003825
4 18 ~2.0 0.0000255 0.0Q03825
-5 15 2.0 0.0000255 0.0003825
6 20 1.5 0.0000165 . 0,0003300
7 30 1.3 0.0000115 0.0003450
8 30 1.5 0.0000165 0.0004950
9 30 1.6 0.0000200 0.0006000
10 30 . 2.0 0.0000255 0.0007650
AR 30 2.5 0.0000325 0.0009@50"‘“
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Table C10: Small Core Linear Flow Run #10

Legend:

Glass Beads 50-100 mesh
Flow Rate = B8cc/min
Fines = Glass Beads < 45um
Mass of Fines = 20.0 grams

-, Dry Packing

o "

. . o 2 ' . 7
Sample# = Volume,ml  Conc.,NTU Conc.,G/ML Mass,G
1 30 65.0 0.0009350 ".0280500
2 15 7.5 0.0001020 °0.0015300
3 15 2.0 0.0000255 0.0003825
4 15 2.0 0.0000255 003825
5 15 2.0 0.0000255 13825
6 ’ 20 1.2 0.0000100 2000
7 30 1.0 040000050 000 500
8 30 1.1 0.0000050 0.0001500
9 30 1.0 0.0000050 0.0001500
10 ;g 1.0 0.0000050 0.0001500 ~
11 1.5 0.0000165 0.0004950




Table C11: Large Core Linear Flow Run #1

Legend:

Ottawa Sand 50-100 mesh
Flow Rate = 8cc/min

No Fines Added

‘169

Sample# Pressure Drop,PSI Conc.,NTU «Conc.,G/ML Mass,G
1 0.68 1.5 0.0000165 0.00033
-2 0.72 0.8 0.0000050 0.00010
3 0.71 0.6 0.0000050 0.00010
4 0.70 0.6, 0.0000050 0.00010
5 0.70 1.0 0.0000050 0,00010
6 0.69 0.7 0.0000050 0.00010
7 0.68 0.8 0.0000050 0.00010
8 0.68 0.7 0.0000050 0.00010
9 0.68 1.8 0.0000220 0.00044
10 0.68 4.0 0.0000520 0.00104
M 0.69 7.0 0.0000980 0.00196
12 0.69 6.7 0.0000950 0.00190
13 0.69 2.6 0.0000335 0.00069
14 . 0.71 1.5 0.0000165 0,00033
15 0.68 1.2 0.0000100 0.00020

Sample Volume = 20 ml
L4 -,

A
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Table C12: Large Core Linear Flow Run #2

.Legend:

Ottawa Sand 50-100 mesh
‘ Flow Rate = Bcc/min
.Fines = Glass Beads < 45um
Mass of Fines = 103.130 grams

&

170

‘Sample# Pressure Drop,PSI Conc.,NTU Conc.,G/ML Mass,G
P 1.02 4.0 0.000052 0.00104
C2 1.27 3.5 0.000045 0.00090
3 72,06 21.0 0.000320 0.00640
4 . 2.26 71.0 0.001010 0.,02020
5 -M.75 85.0 0.001190 0.02380
6 1.19 . 78.0 0.001088 0.02176
7 1.45 75.0 0.001050 0.02100

8 1.23 75.0 0.001050 0.02100 -

9 1.23 100.0 0:001300 0.02600 .
10 1.22 130.0 0.001700 0.03400
11 1.22 120.0 0.001540 0.03080
12 1.20 74.0 0.001040 0.02080
13 1.22 39.0 0.000575 0.01150
14 1.23 20.0 0.000300 0.00600
13.0 0.000185 0.00370

1.23

Sample Volume = 20 ml

==

Y



éﬁﬁ
‘. 171

stle C13: Larqge Core Lincaf Flow Run #3

Legend:

Ottawa Sand 50-100 mesh
Flow Rate = 8cc/min
Fines = Glass Beads < 45um
Mass of Fines = 103.130 grams

Sample# Pressure Drop,PSI Conc.,NTU Conc.,G/ML Mass,G

1 1.84 1.5 0.0000165 0.000330
2 1.76 1.5 0.0000165 0.000330
3 1.65 3.6 0.0000464 0.000928
4 1.59 7.8 0.0001038 0.002076
5 1.60 36.0 0.0005338 0,010676
- 6 1.58 55.0 0.0007864 0.015728
7 1.57 100.0 0.0013000 0,026000
8 1.56 100.0 0.0013000.0,026000
9 1.53 77.0 0.0010770 0.021540
10 1.53 58.0 0.0008400 0.016800
11 1.53 42.0 0.0006150 0,012300
12 1.51 35.0 0.0005200 0.010400
13 1.49 29.0 0.0004420 0.008840
14 1.48 21,0 0.0003200 0.006400
15 1.49 17.0 0.0002550 0.005100

~ Sample Volume = 20 ml

»
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Table C14: Large Core Linear Flow Run #4
- 1 T ‘

" Legend:

Ottawa Sand 50-100 mesh
Flow Rate = 8cc/min
. Fines = Glass Beads < 45um -
Mass of Fines = 183,218 grams ?

Sample#, Pressure Drop,PSI Conc.,NTU Conc.,G/ML Mass,G

10

WO ON & W

.82 . 9.2 - 0.0004230-0,002460
3,64 58.0 0.0008 7016800
: 3.48 | 120.0 0.0015400 0.030800
N 3.51 300.0 0.0036000 0.072000
. 3.50 1460.0 0.0054000 0.108000
3.51 500.0 0.0058700 0.117400
3.46 490.0 0.0058000 0.116000
3.43 560.0 0.0066000 0.132000
3.43 520.0 0.0061300 0.122600 -
3.44  360.0 0.0044000 0.088000
3.38 © 140.0. 0.0017800 0.035600
3.32 82.0 0.0006150 0.012300
3.35 " 14.0 0.0002100 0.004200
3.3% 6.0 0.0000860 0.001720
3.29 - 3.2 0.0000412 0.000824

Sample Volume = 20 ml
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Table C15: Large Core Linear Flow Run #5
~Legend’: -
A )
- Ottawa Sand 50-100 mesh
B T Flow Rate = 8cc/min
- Pines = Glass. Beads < 325 um
Mass of Fines = 209.068 grams
Sample# Pressure Drop,PSI' Conc.,NTU Conc.,G/ML Mass,G
1 4.66 270.0 0.0031700 0.063400Q -
2 4.54 ¢ 730.0 0.0089500 0.179000
3 4,38 & 1730.0 0.0089500 0.179000
4 * 4.33 ’ + 680.0 0.0164400 0.328800 °
5 4.28 -*% 610.,0 0.0218100 0.436200
6 4.31 *x% 510,0 0.0240000 0.480000
7 4.31 =% 570.,0 0.0201900 0.403800
8 4.40" *¢ 600.0 0.0214200 0.428400
9 4.26 - 590.0 0.0070000 0.140000
10 4.20 : " 410.0 0.0048800 0.097600
1" 4.20 110.0 070013800 0.027600
12 4;4ﬂ . 36.0 .0.0005338 0.010676
13 4.0 11.0 0.0001500 0.003000
14 : 4. 5.2 0.0000736 0.001472
15 4.15 2.9 0.0000374 0.000748

\

Sample Volume = 20 ml o~
+ Diluted with 20 ml distilled water
*s Diluted w1th/40 ml distilled water
s2x Diluted wztu 60 ml d1st111ed water
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Table C16: Lagge Core Linear Flow Run #6

"

Legejnd:

Ottowa Sand 50-100 mesh
Flow Rate = 13,3cc/min

X

"Fines = Glass Beads < 4Sum
‘Mass of Fines = 114,344 grams

—

Sample# Pressure Drop,PSI Conc;,NTU_ Coné;,G/ML“‘Mass,G

10

VO UGB WK —

1.64

- 1,63
1.61,

1.66

1.65

1.67

1.67

1.63

1.66

1.66

‘ 1.67
. 1.67
T 1,67
.67

1.67

49.0
64.0
110.0
95.0
94.0
130.0

.200.0

200.0
170.0
170.0
150.0
95.0
45.0
22.0
15.0

0.000705
0.000920
0.001380
0.001250
0.001246
0.001700
0.002600
0.002600
0.002200
0.002200
0.001850
0.001250
0.000650
0.000343

- 0.000220

0.01410
0.01840
0.02760
0.02500
0.02492

174

0.03400

-.0.05200

0.05200
0.04400
0.04400
0.03700
0.02500
0.01300
0.00686
- 0.00440

Sample Volﬁme = 20 ml

"

,-'_<



Table C17: Large Core Linear flow Run #7

Legend: L
“Ottawa Sand 100-325 mesh
Flow Rate = Bcc/min
No Fines Added

~

Sample# Pressure Drop,PSI Conc.,NTU Conc.,G/ML Mass,G -
1 1.77 17.0 0.0002550 0.005400
2 1.63° 7.4 - 0.0001015 0.002030
3 1.54 1.8 0.0000220 0.000440
4 1.52 ' 1.0 0.0000050 0.000100.,
5 1.50 \ 4.5 0.0000615 0.001230
6 1.53 23,0 - 0.0003550 0,007100
7 1,53 34.0. 0.0005100 0.010200
8 1.52 65.0. 0.0009350 0.018700
9 7.52 83.0 ' 0.0011500 0.023000 -

10 1.52 50.0  0.0007183 0.014366
11 1.51 19.0 0.0002850 0.005700
12 ~ 1453 " 10.0 0.0001350 0.002700
13 | 1.53 9.5 0.0001275 0.002550
14 © ¥.55 -~ 8.6  0.0001160 0.002320
15 1.58 7.0 0.0000980 0.001960
)
A

L RN

Sample Vblumef- 20 ml
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Table C18: Large Core Linear Flow Run #8
. . A} »
Legend: t
-Ottawa sand 100-325 mesh !
Flow Rate = Bcc/min
Fines = Glass Beads < 45um
Mass of Fines = 107.740“3rams
Sample# Pressure Drop,PSI Conc.,NTU Conc.,G/ML Mass,G

1 2.73 ! 10.0 0.0001350 0.002700
2 2.72 2.7 0.0000348 0.000696
3 2.72 11.0 0.0001500 0.003000
4 2.63 73.0 0.0010300 0.020600
5 2.61 130.0 0.0017000 0.034000
.6 2,58 130.0 0.0017000 0.034000
7 2.60 120. 0.0015400 0.030800
8 2.55 35.0 0.0005200 0.010400
.9 2.58 30.0 0.0004560 0,009120
10 2.51 21.0 0.0003200 0.,006400
11 2.55 30.0 0.0004560 0.009120
12 2.57 23.0 0.0003550 0.007100
13 2.60 8.5 0.0001275 0.002550
14 2.60 3.4 0.0000438 0.000876

15 2.56 1.0 0.0000050

0.000100

Sample Volume = 20 ml
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Table C19: Large Core Linear Flow Rup #9
Legend: -
Silica 40-70 mesh
Flow Rate =(8cc/min
No Fines Added
Sample# Pressure Drop,PSI Conc.,NTU Conc.,G/ML Mass,G
1 0.49 66 0.0009525 0.019050
2 0.51 ; 110 0.0013800 0.027600
3 5 0.50 140 0.0017800 0.035600
4 7 L 0.47 210 0.0027000 0.054000
5 0.47 260 -0.0031000 0.062000
6 0.47 250 '0.0030250 0.060500
7 0.45 250 0,0030250 0.060500
8- 0.43 250 0.0030250 0.060500
9 0.42 270 0.0031700 0.063400
10 . 0.41 250 0.0030250 0.060500
11 0.37 180 0.0023500 0.047000
12 0.38 94 0.0012460 0.024920
13 0.31 36 ‘0.0005338 0.010676
14 0.30 13 0.0001850 0.003700
15 - 0.27 8 0.0000950 0.001900

Sample Volume = 20 ml -
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A

Large Core Linear Flow Run #10

Table C20:

Legend:

Silica 40-70 mesh
Flow Rate = Bcc/min
No Fines Added

Sampleg TPressure Drop,PSI Conc.,NTU Conc.,G/ML .Mass,d

1 0.25 65 0.0009350
2 0.29 94 0.0012460
3 0.37 110 0.0013800
4 0.28 120 0.0015400
5 0.22 140 0.0017800
6 0.28 - 170 0.0022000
7 0.33 210 0.002700Q
8 0.30 230 0.0028630
1 9¢ 0.32 250 0.0030250
10 0.24 260, 0.0031000
11 0.33 170 0.9022000
12 0.29 95 . 0.0012500
13 0:35 64 0.0009200
14 ] 0.35 37 0.0005476
15 0.31

16 0.0002400

0.018700

178

0.024920

0.027600
0.030800
0.035600
0.044000
0.054000
0.057260
0.060500
0.062000

0.044000

0.025000
0.018400
0.010952
0.004800

Sample Volume = 20 ml



Table C21: Large Core Linear Flow Run #11

Legend:

Silica 40-70 mesh -
~ Flow Rate = 8cc/min o
Fines = Glass Beads <;45 bl ¢ &
Mass of Fines = 107, 740agr ¥

179

. R gl
Mass ,G

Sample# Pressure Drop,PSI Conc.,NTU Conc.,G/ML
1 1.07 12.0 0.000163 0.00326
2 0.94 29.0 0.000442 0.00884
3 0.94 250.0 0.003025 0.06050
4 0.85 310.0 0.003750 0.07500
5. 0.77 = 110.0 0.004140 0.08280
6 0.73 * 150.0 0.005550 0.11100
7 0.69 * 140.0 0.005340 0.10680
- 8 0.65 390.0 0.004760 0.09520
9 0.65 270.0 0.003170 0.06340
10 0.65 120.0 0.001540 0.03080
- 11 0.62 100.0 0.001300 0.02600
12 0.62 120.0 0.001540 0.03080
13 0.62 120.0 0.001540 0.03080
14 0.65 120.0 0.001540 0.03080
93.0 0.001242 .0.02484

15 0.65

Sample Volume = 20 ml
& Diluted with 40 ml distilled water




Sample#

Table C22: Large Core Linear Flow Run #12

Legend:
Glass Beads 100-325 mesh

Flow Rate = 8cc/min
No Fines Added

.

Pressure Drop,PSI Conc.,NTU Conc.,G/ML Mass,G
1 5.23 73.0 0.0010300 0.020600
2 5.18 170.0 0.0022000 0.044000
3 5.14 210.0 0.0027000 0.054000
4 5,17 190.0 0.0025000 0.050000
5 5,12 220.0 0.0027813 0.055626
6 5.17 250.0 0.0030250 0.060500
7 5.14 230.0 0.0028630 0.057260
8 5.15 250.0 0.0030250 0.060500
9 5.10 250.0 0.0030250 0.060500
10 5.14 240.0 0.0029440 0.058880
1 5.14 120.0 0.0015400 0.030800
12 5,11 -48.0 0.0006900 0.013800
13 5.10 20.0 0.0003000 0.006000
14 5.13 9.4 0.0001260 0.002520
15 5.13 4.3 0.0000578 0.001156

Sample Volume = 20 ml

e
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Table C23: Large Core Linear Flow Run #13

Legend:

Glass Beads 100-325 rhesh
Flow Rate = 8cc/min
Fines = Glass Beads < 45 um
Mass of Fines = 86.941 grams

Sample# Pressure Drop,PSI Conc.,NTU Conc.,G/ML Mass,G

1 5.58 47.0 0.0006750 0.013500
2 5.54 1.0 0.0000050 0.000100
3 5.56 30.0 - 0.0004560 0.009120
¢ 5.55 .200.0 0.0026000 0.052000
5 5.55 270.0 - 0.0031700 0.063400
6 5.5¢4 270.0 0.0031700',0.063400
7 . 5.52 300.0 0.0036000 0.072000
8 5.48 - 340.0 0.0041500 0.083000
9 5.45 220.0 - , 0.0027813 0.055626
10 5.43 150.0 0.0018500 0.037000
11 5.39 240.0 0.0029440 0.058880
12 5.39 130.0 0.0017000 0.034000
13 5.35 61.0 0.0008700 0.017400
14 5.42 36.0 0.0005338 0.010676
15 5.50 26.0 0.0004000 0.008000

Sample Volume = 20 ml
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Table C24: Large Core Linear Flow Run #14

Legend:

Ottawa Sand 50-100 mesh "
Flovw Rate = 8cc/min
Fines = Barite < 20 um
Mass of Fines = 104.667 grams

Sample# Pressure Drop,PSI Conc.,NTU Conc.,G/ML Mass,G

1 0.64 3.0 0.0000355 0.000710
2 0.92 1.0 0.0000050 0.000100
3 0.87 1.0 0.0000050 0.000100
4 0.84 0.6 0.0000050 0.000100
5 0.80 0.8 0.0000050 0.000100
6 0.90 - 3.0 0.0000100 0.000200
7 0.92 1.0 0.0000050 0.000100
8 0.91 0.4 0.0000050 0.000100
9 0.96 0.6 0.0000050 0.000100
10 0.98 1.2 0.0000050 0.000100
11 0.95 2.3 0.0000050 0.000100
12 0.87 3.4 0.0000170 0.000340
13 0.89 1.8 0.0000050 0.000100
14 0.85 1.5 0.0000050 0.000100
15 0.79 1.0 0.0000050 0.000100

'Sample Volume = 20 ml



Table C25: Large Core Linear Flow Run #15

Ottawa Sand 50-100 mesh
‘Flow Rate = B8cc/min
Fines = Barite < 20 um

P -f.egend:

Mass of Fines = 231,949 grams

Drop,PSI Conc.,NTU

Sample# Pressure Conc.,G/ML Mass,G
1 4.77 39.00 0.0001250 0.002500
2 5.31 1.40 0.0000050 0.000100
3 5.32 0.74 0.0000050 0.000100
4 5.30 0.80 0.0000050 0.000100
5 5.30 0.80 0.0000050 0.000100
6 5.35 0.60 0.0000050 0.000100
7 5.32 0.40 0.0000050 0.000100
8 5.39 0.55 - 0.0000050 0.000100
9 5.43 1.20 0.0000050 0.000100

10 5.46 1.60 0.0000050 0.000100
M 5.47 2.50 0.0000050 0.000100
12 5.49 3.00 0.0000100 0.000200
13 5.52 4.00 0.0000117 0.000234
14 5.51. 4.20 0.0000121 0.000242
15 5.48 6.00 0.0000153 0.000306

Sample Volumé = 20

ml

.
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Table C26: Large Core Linear Flow Run #1§

Legend:

Silica 40-70 mesh
Flow Rate = Bcc/min
Fines = Calcium Carbonate <

fum

Mass of Fines = 67.728 grams

’

184

Sample# Pressure Dgop,PSI Conc.,NTU Conc.,G/ML Mass,G
1o 1.18 x 750.0 0.0037800 0.075600
2 1.25 * 760.0 0.0038150 0.076300
3 1.15 x» 480.0 0.0019350 0.038700
4 1,15 14.0 0.0000517 0.001034 -
5 1.16 6.8 0.0000365 0.000730
6 1.16 . 6.4 0.0000340 0.000680
7 1.16 w 4.3 0.0000287 0.000574
8 1.18 18.0 ,0.0000600 0.001200
9 _ 1.18 .21.0 0.0000665 0.001330 "

10 1.20 - 6.9 0.0000369 0.000738
11 1.16 7.3 9.000037¢ 0.000740
12 \ 1.16 4.4 0.0000291 0.000582
13 : 1.18 4.2 0.0000283 0.000566
14 I 1.18 7.3 0.0000370 0.000740
15 1.01 7.5 0.0000372 0.000744-

e

Sample Volume = 20 ml -
¢ Diluted with 120 ml distilled water
*+ Diluted with 80 ml distilled water
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_'Tabie C27: Radial Flow Run #1

Legend: -

OttawaTSand 70~ 140 mesh
Flow Rate = B8cc/min
Pressure = (0.0 kPa

Well #t
- Loading Time ,MIN Sand volume ML Total Volume, ML
Pressure ,KPA o
0.0 3.40 30.00 50
0.0 3.88 19.00 50
0.0 . " 5.92° 2.00 "50
0.0 6.17 0.05 50
0.0, 6.10 0.00 . 50
0.0 6.20 0.00 50
0.0 6.17 0.00 ) - 50
0.0 " 6.18— 0.00 50




186
v‘ 1
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_ Table C28: Radial Flow Run #2
: \
> -
Legend:
. o
_ Ottawa Sand 70-140 mesh
R Flow Rate = 8cc/min o
Pressu = 0,0 kPa
Well #1-
Loading Time,MIN Sand volume,ML Total Volume, ML
« Pressure , KPA :
0.0 4.73 o 25,00 : 50
0.0 3.80 23.00 50
0.0? 3.70 19£00 50
0.0 5.75 : 4,50 50
0.0 6.07 0.50 ‘ - 50
0.0 6.00 1.00 50
- 0.0 6.00 0.05 : 50
0.0 6.15 0.00 50




Table C29: Badial Flow Run #3

'Legend: .

' Ottawa Sand 70-140 mesh
Flow Rate = 8cc/min
Pressure = 611,0 kPa

Well #1
Loading Time ,MIN Sand volume,ML Total Volume, ML
Pressure ,KPA . ' ’
611.0 4.62. 27.0 50
611.0 4,28 23.0 .50
' 611.0 4.88 - 22.0 " 50
611.0 3.72 250 50
611.0 4< 55 17.0 50. .
_611.0 5.60 | 9.0 50
611.0 4.88 : 16.0. . 50
611.0 5.25 \ 8.0 50
611.0 5.88 6.5 50 .
611.0 5.82 5.0 . 50
611.0 5.82 7.5 ' 50

187
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Loading
Pressure, KPA

-

5 .
Table C30: Radial Flow Run #4

Legend:

Ottawa Sand 70-140 mesh
Flow Rate = 8cc/min
Pressure = 1018.4 kPa

Well #1°°. °

‘Tiﬁe,MIN Sand volume,ML Total Volume ,ML

1018.4
1018.4
1018.4
1018.4
1018.4
1018.4
1018.4

4

4

5.93 26

4.32 25
4,65 .24
5.20 ' 28
4.10 32
3.75 31
2.82 30
4.00 26
3.53 26
3.83 25
4.10 24
4.13 23
3.03 26
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Table C31: Radial Flow Run #5

Legend:

Ottawa Sand 70-140 mesh
© Plow Rate = 8cc/min
Pressure = 1731.3 kPa

Well #1
Loading Time,MIN Sand volume,ML Total Volume, ML
Pressure, KPA
1731.3 4.92 33 50
1731.3 3.65 35 i 50
1731.3 3.83 35 e : 50
1731.3 : 3.47 35 : 50
1731.3 3.67 v 35 50
1731.3 3.08 35 o 50
1731.3 3.28° - 35 - - 50
1731.3 2.47 35 50
1731.3 3,33 35 50
1731.3 2.75\ 36 50
1731.3 2.43 36 50
1731.3 4 2.88 35 50
1731.3 2.33 J 35 50
1731.3 2.30 36 50

1731.3 2.37 36 50
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Tgble C32: Radial Flow Run #6

Legend:

Ottawa Sand 70-140 mesh
Flow Rate = 8cc/min

¢ . Pressure = 1731,3 kPa
Well #1 -
Loading Time ,MIN Sand volume,ML Total Volume, ML
. Pressure,KPA ) N
1731.3 4.35 33 ‘ 50
1731.3 3.65 34 50
1731.3 3.40 § 33 50
1731.3 2.85 35 50 -
1731.3 3.13 34 . 50 °
1731.3 2.82 35 . 50
1731.3. 2.95 35 .50
1731.3 2.80 34 . . 50
1731.3 2.80 35 50 ()
1731.3 2.63" - 35 50
1731.3 " 2.48 35 a 50
1731.3 2.50 35 50
1731.3 2.30 35 50
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Table C33: Radial Flow Run #7

| Logond:'_‘

Glass Beads 80-120 mesh
" Flow Rate = 8cc/min

- Pressure = 1018.4 kPa &
Well 41 N
Loading Time ,MIN g%nd volume ,ML. Total Volume, ML -
Pressure,KPA ‘
1018.4 6.12 - .37 . 50
1018.4 4.87 38 : 50
1018.4 3.93 38 ) 50
1018.4 3.10 . 38 ' 50
1018.4 2.53 38 50
.-1018.4 \ 2.30 ' 38 50
1018.4 2.17 38 ‘ 50
1018.4 2.08 T 38 50
1018.4 2.02 39 ) 50

1018.4 . 2.10 A 39 - 50




| \
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Table C34: Radial Flow Run #8

t

"\ Legend:

Glass Beads 80-120 mesh

S ) Flow Rate = Bcc/min

Pressure = 0.0. kPa

- . Well #1
Loading Time ,MIN Sand volume,ML Total Volume, ML
Pressure  KPA
0.0 6.77 34 50
0.0 6.27 34 50
0.0 6.37 35 50
0.0 6.27 35 50
0.0 3.07 37 50
0.0 3.03 37 50
0.0 3.58 ' 35 50
0.0 6.03 29 50
0.0 7.38 25 50
0.0 ., /2,62 - - 37 50
0.0 1.55 38 50
0.0 1.72 38 50
0.0 ~ 1.93 35 50
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Table C35: Radial Flow Run #9

" Legend:
Glass Beads 80-120 mesh \
Flow Rate = 8cc/min \
Pressure = 0.0 kPa '
Well #1
Loading Time ,MIN Sand volume,ML Total Volume,ML
Pressure, KPA :
0.0 5.63 35 50
0.0 4.50 35 50
0.0 3.22 37 50
0.0 3.57 B 36 50
0.0 5.37 32 50
0.0 7.58 30 50
0.0 0.97 39 ' 50
0.0 1.02 39 50
0.0 1.10 39 50
0.0 1.20 39 50
0.0 1.40 39 50
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Table C36: Radial \Flow Run #10 ' : \*;

Legend:

Ottawa Sand 70-140 mesh
Flow Rate = 2¢c/min
Pressure = 0,0 kPa

Well ¥1 .

< gj:

Loading - Time,MIN Sand volume,

Pressure, KPA '

0.0 20.47 . 21.00 S0
0.0 22.82 7.00 - 50
0.0 21,55 " 4.50 S0
0.0 23.68 2.50 , S0
0.0 23.92 1.00 S0
0.0 24.72 0.75 S0
0.0 24.03 1.00 50
0.0 24.93 0.40 : 50
0.0

24.87 0.20 ' 50
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Table C37: Radial Flow Run #11

’

Legend:

Ottawa Sand 70-140 megh
Flow Rate = 13,3cc/min
Pressure = 0.0 kPa

Well #1
Loiaing Time,MIN Sand volume, ML Total Volume ML, .

Pregsure, KPA )

0.0 1.17 35.00 50

0.0 1.37 22,00 50

0.0 3.03 17.00 50

0.0 3.03 9.00 50

0.0 3.58 0.90 50

0.0 3.58 ' 0.05 50
L) 0.0 3.72 0.00 50

0.0 3.77 0.00 50

0.0 3.65 0.00 : 50

0.0 3.72 0.00 50

0.0 3.68 0.25 50




Loading
Pressure, KPA

Table C38: Radial Flow Run #12

Ottawa Sand 70-140 mesh
Flow Rate = 2cc/min
Pressure =

Time ,MIN. Sand volume,ML Total Volume,6 ML

Legend:

Well #1

——

1731.3 kPa

1731.
1731.
1731.
1731.
1731.
. 1731,
1731,
1731.
1731.
1731.

3

WWwWwwwwwww

18.65
20.50
20.50
23.77
21.72
22.72
22.82
23.88
23.20
23.08

20.
15.
10.

OO & O~ O

NUNoOULOUMOOOO

50
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Loading
Pressure ,b KPA

Table C39: Radial Flow Run #13

. Legend:

Ottawa Sand 70-140 mesh
Flow Rate = 13.3cc/min
Pressure = 1731.3 kPa
Well #1

Time ,MIN Sand volume , ML Total Volume,6 ML

1731,
1731,
1731,
1731,
1731,
1731,
1731,
1731,
1731,
1731,
1731.
1731,
1731,
1731.
1731,
1731,
1731,
1731,

1731,
1731.

3
3
3
3
3
3
3
3
3
3

wWwwww

3
3
3
3
3

2.85 31 )
12,92 31
2.50 35
2.37 37
2.33 38
1.82 37
1.75 39
1.63 38
1.43 38
1.43 38
1.50 39
0.25 34
1.20 32
2.10 37
1.68 .37
1.43 37
1.47 40
1.33 39
0.67 32
0.33 - 43

50
50
50
50
50
50
50
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Table C40: Radial Flow Run #1¢

Legend:

Silica 40-70 mesh
Flow Rate = Bcc/min
Pregssure = 0.0 kPa

Well #1
Loading Time ,MIN Sand volume ML Total Volume, ML
Pressure,KPA
I
0.0 6.62 16.50 50
0.0 4.03 . 17.00 50
0.0 6.20 0.75 50
0.0 6.28 0.75 50
.0 6.20 0.00 50
0.0 6.20 0.00 50
0.0 6.17 0.00 50
0.0 6.20 0.00 50
0.0 6.17 0.00 50
0.0 6.20 0.00 50
0.0 6.17 0.00 50
0.0 4,28 0.00 50




Table C41: Radial Flow Run #15

. F

N Legend:
Silica 4d-7Q'mesh .
Flow Rate = 8cc/min
\ Pressure = (0.0 kPa.

Well #1 ' R
Loading Time,MIN Sand volume,ML Total Volume, ML
Pressure,KPA ‘ v,

0.0 C4.72 ' 15.0 50
0.0 6,52 1.5 50
0.0 6.13 0.0 50
0.0 6.23 0.0 50
0.0 6.20 0.0 50
0.0 6.15 0.0 50
0.0 6.22 0.0 50
0.0. 6.25 0.0 .

» ol
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Table C42: Ra6ialﬁFIQW‘Run #16

Legend;

Silica 49-?0 meshﬁlﬁ
Flow Rate = 8cc/min-
Pressure = 1731.3 kPa

Well #1
5(‘,
Loading Time,MIN Sand volume,ML Total Volume ML
Pressure,KPA ’
1731.3 5.00 - 25 50
1731.3 3.83 23 ) 50
1731.3 3.43 22 50
.1731.3 . 3.72 , 23 . 50
"1731.3 3.50 21 50
1731.3 4.17 - 18 50
1731.3 3.80 21~ 50
1731.,3 4.62 15 \ 50
1731.3 © 4.35° 18 . 50
1731.3 ~ 3.78 19 50
1731.3 5.20 10 . 50

173}.3 . 4.03 19 ~ 50




Table C43: Radial Flow Run #17.

Legend:

* Glass Beads 80-120 mesh
Flow Rate = 8cc/min
Pressure = 1018.4 kPa

f \\\

Well #3
Loading Time ,MIN Sand volume,ML Total Volume, ML
Pressure,KPA : ‘
1018.4 - 8.77 E 23 50
1018.4 6.52 - 26 50
1018.4 5.00 25 50
1018.4 5.27 25 50
1018.4 4.50 26 50
1018.4 4.25 25 50
1018.4 4.30 28 50
1018.4 5.20 28 50
1018.4 4.30 25 50
1018.4 "3.47 _ 22 50
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Loading
Pressure, KPA

i

Table C44: Radial Flow Run #18

’

Glass Beads

Time,MIN Sand volume, ML Total Volume ML

Legend:

- Well #3

170-325 mesh
Flow Rate = 8cc/min
Pressure = 1018.4 kPa

1018.4
1018.4
1018.4
1018.4
1018.4
1018.4

1018.4

1018.4
1018.4
v 1018.4
1018.4
1018.4
1018.4

5.52

4.63

3.25
3.13
2.30
2.20
1.88
1.92
1.75
1.03
1.02
1.65

1.58

39
43
42
43
44

43 -

47
43
44
43
43
46
46
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Loading
Pressure , KPA

Table C45:;Radial Flow Run #19

'Legend:

Ottawa Sand 70-140 mesh
Flow Rate = 8cc/min
Pressure = 1018.4 kPa
Well #3

Time ,MIN Sand volume,ML Total Volume, ML

1018.4
1018.4
1018.4
1018.4
1018.4
1018.4

6.30
6.13
6.18
5.08
6.17
6.13

OO OCOO0OO
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‘Table C46: Radial Flow Run #20

Legend:

‘Ottawa Sand 70-140 mesh
Flow Rate = B8cc/min
Pressure = 1018.4 kPa

4

Well #2
Loading Time ,MIN__Sand volume,ML Total Volume, ML
Pressure,KPA '
1018.4 5.87 0 50
1018.4 5.88 0 50
1018.4 5.95 0 50
1018.4 6.00 0 50
1018.4 5.88 0 50
1018.4 6.03 0 50
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Loading
Pressure ,KPA

Table C47: Radial Flow Run #21

Legend:

Glass Beads 80-120 mesh
Flow Rate = 8cc/min
Pressure = 1018.4 kPa
Well #2

Time,MIN Sand volume,ML Total Volume,ML

)

!

1018.4
1018.4
1018. 4
1018.4
1018.4
1018.4
1018.4
1018.4
1018.4
1018.4

5.62" 27
5,40 28
4.48 27
4:03 29
3.90 28
3.33 29
3.23 28
3.23 28
3.23 27
3.33 27
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Table C48: Two-Phase Flow Step #! -

i
[P

Legend:

Berea Sandstone Core ¥
Saturated with 2% Brine
0il Flooded with Hamilton Lake Crude
Waterflooded with 2% Brine
Initial Oil Saturation = 77.87%
Residual 0Oil Saturation = 31.52%

Sample# Water Vol.,ml 0il Vol.,ml Pres.,kPa krw kro
1 0.00 20,00 350 0.000 0.815
2 0.00 20.00 353 0.000 0.810
3 0.00 20.00 355 © 0.000 0.817
4 0.0C , 20.00 358 0.000 0.808
5 0.00 20.00 360 0.024 0.704
6 2.50 7.50 354 0.068 "'0.304

"7 7.00 - 3.00 348 0.078 0.087
8 9.00 1.00 346 0.078 0.065
9 9.25 0.75 345 0.085 0.045

10 9.50 0.50 343 0.082 0.043

11 8.50 0.50 342 0.083 - 0.043.

12 19.00 1.00 341 0.083 0.017

13 19.50 0.50 : 340 0.081 0.017

14 49.00 1.00 340 0.082 0.017
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Table C49: Two-Phase Flév‘w'mSte‘pﬂ#z~

Legend:

Berea Sandstone Core
0il Flooded with Hamilton Lake Crude j
Wwaterflooded with 30% Brine
Initial Oil Saturation = 71,84%
Residual Oil Saturation = 29,94%

Sample# Water Vol.,ml Oil Vol.,ml Pres.,kPa krw kro
1 0.0 50.0 510 0.000 0.271
2 0.0 25.0 550 0.000 0.266
3 0.0 20.0 580 0.037 0.102
4 9.0 6.0 600 0.054 0.034
5 13.0 . 2.0 . 620 0.071 0.022
6 14.0 1.0 650 0.063 0.019
7 14.0 1.0 675 0.057 0.013
8 14.5 0.5 695 0.047 . 0.004
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Table C50: Two-Phase Flow Step #3

Legend:

Berea Sandstone Core
Saturated with 2% Brine
~ 01l Flooded with Hamilton Lake Crude
Waterflooded with 2% Brine
Initial Oil Saturation = 67.49%
Residual 0Oil Saturation = 24.41%

v

Sample# Water Vol.,ml Oil.Vol.,ml Pres.,kPa krw kro
1 0.0 50.0 480 0.000 0.655
2 0.0 25.0 465 0.000 0.674
3 0.0 24.0 450 0.042 0,215
4 6.5 3.5 448 0.058 0.147
5 8.0 2.0 445 0.063 0.044
6 14.0 1.0 443 0.063 0.021
7 30.0 1.0 441 0.064 0.013
‘8 49.0 1.0 440 0.064 0.013
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Table CS51: Two-Phase Flow Step #4

Legend:

Berea Sandstone Core
0il Flooded with Hamilton Lake Crude
Waterflooded with 30% Brine
"Initial Qil Saturation = 63.93%
Residual 0il Saturation -‘22.63%

Sample# Water Vol.,ml Oi. Vc..,ml Pres., kPa krw kro
1 0.0 50.0 985 0.000 0,133
2 0.0 @ " 40.0 1075 0.005 0.314
3 2.5 7.5 1095 0.025 0.026
4 8.0 2.0 1115 0.027 0.020
5 8.5 1.5 1135 0.032 0.015
6 9.9 1.0 1165 0.034 0.008
7 19.0 1.0 1220 0.025 0.002

’. :?
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