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Abstract

Excess water production is a common problem in readnd hydrocarbon rate declining oil and
gas fields. Increased water production rates reduicand gas production, increase the cost
related with fluid lifting, handling and disposal produced water and negatively impacts the
hydrocarbon production economics. Among the vartealniques for water control, silicate gel
system is known to be an effective and environnignfaendly method for water shutoff
treatment. This gel system usually contents twanmmamponents, which are the liquid silica and
activator. The system that has a low viscosity ¢(alrlike water) is mixed and pumped from
surface in liquid form. The gelation time has betssigned to be delayed under reservoir
conditions thus allowing sufficient time for therpped fluids to reach the designated distance
from the treatment well. After certain time, a hayel is formed that blocks high permeable

zones and eliminate unwanted flow of water towanésproduction wells.

This thesis focuses on the laboratory qualificabdém sodium silicate gel system for designing
and implementing water shutoff treatments in tleddfiLab rheology measurements were carried
on sodium silicate gel samples using the Anton Pdesomter MCR302. Two test modes were
run with the specific purposes: the Dynamic-Mecbah{DMA) mode is employed to determine

the onset of the gelation (sol-gel transition tioregel point) and the viscosity increase versus
time; the Amplitude sweep mode is used to assesdottmed gel's shear strength at a given
viscosity. Gel point and gel strength play an intgor role in designing successful water shutoff
treatments since the first determines the requiired for injecting the gelant system into the

reservoir and other determines the force the forgeéadan withstand under shear conditions.

The effects of silicate and activator concentratjgresence of divalent ions (e.g.”Caig®),
temperature, and gelant dilution on sol-gel tramsitime were investigated. A general equation,
which describes the relation between sol-gel ttemmsitimes with all mentioned factors, was

developed for field application’s design later.
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1 Introduction

Water flooding is the easiest and cost-effectiveamér maintaining reservoir pressure and
increasing oil production efficiency. However, dte high mobility of water compared to
reservoir oil, most of the injected water flowsaihgh the high permeability zones, leaving large
amounts of upswept oil in the reservoir. Subsedyeoil production rate is reduced while water
production is increased over time, thus leadingekzessive water production. Economic
concerns are related not only with the large anwuohtoil remaining in the reservoir, but also
with the large time-increasing costs associated wlie produced water in terms of lifting,
processing, treating and reinjection and/or dishoBaerefore, improve oil recovery factors
could be achieved by addressing the problem of sskee water production and its effective
utilization to displace mobile reservoir oil. A igpl water shutoff treatment could reduce water
production by 75% to 90% and increase oil produnchy 1,000% (Portwood, 1999).

There are several mechanical and chemical methioals dan be applied to reduce water
production, both with near-well and in-depth treats. An example of a mechanical near-well
treatment is cement bridge plugs, which can beayeypl to isolate the most productive layers.
However, in reservoir where the different layers ar communication, this method will not

affect the fractional flow because of fluid cro&saf (Skrettingland, et al., 2012). For this case,
chemical in-depth treatments are more advantagewas the mechanical methods. Injected
chemicals are designed to form gel in designatedes, which can be fractures, high water
permeability zones, thief zones, etc. Subsequethiéyjnjected water is diverted into non-swept

zones of the reservoir yielding increased oil recgy

Polymers have been studied and used more thaatsilior water-shutoff operation. However,
these robust and effective chemical systems arerdily listed either as black or red according
to Norwegian environmental regulations and areetioee not being used in Norway (Bjarn, et
al., 2011). Recent studies and field tests haveodstrated the feasibility and efficiency of
silicate gel as water-control chemicals. Moreoegéicate is categorized as a green chemical and
is more environmental friendly than most other cioaits used for diversion, which is one of the
most preferable criteria for chemical usage in Non{Stavland, et al., 2011).

Introductior
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As any other system, silicate gel systems haver tbein advantages and disadvantages.
Recognizing these advantages, various studies bege performed to better understand the
silicate gel systems’ behavior and tested diffesefditives to improve their performance (Vinot
et al. (1989), Nasr-El-Diret al. (2005)).

In this work, a sodium silicate solution is studiasl a means of addressing water production
issues. The gelling system contains of 2 main comapts: commercial sodium silicate solution
and activator. The mixture with the designed cotretion of components is injected into
formation and forms a rigid gel at the requireddiand at reservoir temperature. There are
several factors that control the gelation time le# gel system, such as gelling agent (sodium
silicate itself) and activator concentration, mixirwater salinity and most importantly,

temperature.
The main objectives of this thesis are to:

» Evaluate the effects of different factors on thieged transition time.
» Derive a general equation that can be used tordaterthe sol-gel transition time.

» Assess the strength of the formed gel based om streas at specific viscosity of gel.

n Introductior
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2 Literature Survey

In this section a thorough review of available boakd scientific papers is presented. Firstly,
the origins of water production are summarized.o8dly, an overview of possible impacts of
excess water production is presented. And lastlg different solutions to control water
production correspond to each circumstance are ieeahand silicate gel system is highlighted

as an effective method for water control.

2.1 Origins of water production

Formation water produced together with oil and gasisually considered as an undesirable
byproduct of hydrocarbon production. Besides then&dion water, the injected water during

water flooding or for pressure maintenance alsdrimutes to the water content in the produced
hydrocarbon/water fluid mixture at surface.

The water is considered as “good water” when itdpoes oil with it and at a rate below the
WOR (water-oil ratio) economic limit. However, detfield becomes more depleted, the amount
of produced water increases and at some point t&d&RWxceeds the economic limit. At this

stage, the water is considered as “bad water” cessive water (Bailey, et al., 2000)

There are numerous technologies developed to dahioexcessive water production, but the
mechanism of its occurrence must be understooddardo design an effective treatment. In
individual wells, the source of most excessive watm®duction can be classified as one of ten
basic types. The ten basic problem types vary feasy to the most difficult to solve (Bailey, et
al., 2000):

» Casing, tubing or packer leaks Leaks through casing, tubing or packers allovewa
from non-oil productive zones to enter the produtstring.

* Channel flow behind casing Failed primary cementing can connect water-bgazones
to the pay zone.

» Moving oil-water contact a uniform oil-water contact moving up into afpeated zone

in a well during normal water-driven production dead to unwanted water production.

- Literature Surve
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» Watered-out layer without cross-flowA common problem with multilayer production
occurs when a high-permeability zone with a flowries (such as a shale bed) above and
below is watered out.

* Fractures or faults between injector and produeetn naturally fractured formations
under water-flood, injection water can rapidly teéarough into producing wells.

» Fractures or faults from a water layer Water can be produced from fractures that
intersect a deeper water zone.

* Coning or cusping- Coning occurs in a vertical well when there s @QWC near
perforations in a formation with a relatively higartical permeability.

* Poor areal sweep- Edge water from an aquifer or injection duringtev flooding
through a pay zone often leads to poor areal sweep.

» Gravity-segregated layer In thick reservoir layer with good vertical peyability,
gravity segregation can result in unwanted watétyanto a producing well.

» Watered-out layer with cross-flow Water cross-flow can occur in high-permeability

layers that are not isolated by impermeable batrier

2.2 Impact of excessive water production

Excessive water production has a serious impadieteh operations and the environment into
which it is discharged. The produced water is eitbeparated down-hole and injected into
another formation, or brought together with oil sorface and separated there. Operational
expenses, including lifting, separation, pumpingg aeinjection add to overall cost of oil
production. Once the water is separated from pitan be either re-injected into formation or
disposed to the environment. The produced water aftparation still contains minor parts of
hydrocarbons, sand, metals and chemicals, which ptag the formation pores or create
corrosion when re-injected, or can be harmful te #nvironment. Thus, in any case, the
necessary treatment is a mandatory step to adseisafety side for operation and also conform
to regulations. In 2002, produced water was esathéd cost the petroleum industry about USD
45 billion, annually (U.S. Department of Energy 200These costs include the expense to life,
dispose of or re-inject produced waters, as welthas capital investment in surface-facility
construction, and other environmental concernsr(Bjet al., 2011).

Literature Surve
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In addition, as the well ages, more water comes hotrehole, building up the wells’ hydrostatic
pressure. In order to gain the same productiorefmdy the pressure difference between bottom
hole and wellhead need to be adjusted accordieglyer by increasing bottom-hole pressure or
reducing wellhead pressure. At some point, wheseheo pressures reach their limits and can
no longer be adjusted, the production rate wilkglyadecrease or the well will even “die”. Gas-

lift or down-hole pump can help to cure the welt butra cost will be added to operation.

2.3 Water control solutions

After the source/mechanism of excess water proonids identified, the proper solution should
be taken. The solutions to control water productiorrespond to each circumstance and can be

defined as follow:

» Solutions to prevent early excess water production.
» Solutions to reduce the excess water production.

» Solutions for isolation pathway/ water shut-off.

2.3.1 Solutions to prevent early excess water production

The best solution for any problem is to preverbatore it happens. The solutions/techniques

should be considered from planning/designing st&gee of them are:

* Well-placement technology: enabling operators tdingige production or injection
programs, improve reservoir performance, achieghdr extraction ratios, and reduce
field-development and minimize water productionhl8mberger, 2001).

» Horizontal well: With this type of well, the prolmlewith gas and water coning can be
delayed due to larger drainage area in comparewsitiical well (Wu, et al., 1995).

* Implementation of smart/intelligent wells: Theyaall for the completion of multiple
reservoir intervals (zones) in a single wellboreacle zone can be monitored and
controlled individually from surface. If excess waentry from an oil-producing interval
is indicated, an operator can shut in that intemaille still producing from other zones

without the need of running intervention equipm@&thiozer, et al., 2009).

Literature Surve
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» Design of perforation intervals: Design of type guiforation intervals in cased hole can

also help to delay the gas and water coning.

2.3.2 Solutions to reduce excess water production

When the water breakthrough has already occurnedgtcess water production keeps increasing
with time. There are various solutions/techniques tan be applied to reduce the excess water
volume brought to surface. By doing so, the opesatan significantly reduce the total cost of
lifting, surface facilities for produced water treeent, storage and re-injecting, thus the cost of
the production of oil is greatly reduced. Reducofgexcess water production also helps to
reduce the environmental impact of oil and gas ajmar and environmental risk associated with

re-injection wells. Some of popular techniques are:

* Downhole oil-water separation (DOWS): This techiyylds installed at the bottom of the
well and separates oil and gas from water, anajestis most of the water into another
formation, which is usually deeper than the prodgcformation. DOWS effectively
removes solids from disposal fluid and thus avasddids plugging in the injected
formation. These installations are often used irlswef little value, with a low oil
production and a high water cut (Bowers, et al9&)9

» Polymer injection: Water soluble polymer is injett® formation in order to increase
viscosity and thus reduce mobility of injected wateeduction of the water mobility
helps to avoid early water breakthrough and impreweep efficiency. This method is
more effective in high heterogeneous formationarid high viscosity oil.

2.3.3 Solutions for isolation pathway/ water shut-off (W)

These solutions involve both mechanical and chdmiehods/techniques, that can “shut off”
water-bearing channels or fractures within the fatron and prevent water from making its way
to the well.

Literature Surve
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Mechanical Blocking Devices

Packers, plugs setting and cement are traditi@ainiques to solvaeear-wellbore problems,
such as casing leaks, flow behind casing, risinfjobo water and watered-out layers without

cross-flow (Bedaiwi, et al., 2009).

In recent years, various new technologies with athgeous features have been presented giving
very effective results for water shut-off. One gémple is the PosiSet mechanical plugback tool,
which can be deployed on coiled tubing or wirelare applied in both cased- and open-hole
wells. PatchFlex technology with the advantagesr dkeditional bridge plug (the inflatable
sleeves are custom-built to match the length of ghdorated intervals and can withstand
wellbore cross-flow pressures. After setting, theege becomes a composite liner inside the
casing and can be re-perforated later to allowtrgea the zones) allows operator to shut off the

water-producing zones and produce the new oil zbeksv them (Bailey, et al., 2000).

Water shut-off chemicals

If the mechanical blocking devices are mainly feanrwellbore problems, chemical solutions
have a larger range of application in term of faioradepth away from the wellbore and can
address several water-type problems presented dtiose2.3.1. By selection of chemicals
system, chemicals can be either injected to nedramea to block the most water productive
layers (with higher efficiency compared with medkeah techniques), or used as in-depth
treatment to block high water permeability fractizenes. They are injected as solutions and
gels are formed within the reservoir. These ges @esigned to be strong enough for long
periods of time, at given formation temperaturdingg, and pH; they are also able to withstand
the applied drawdown pressure during hydrocarbodymtion. This application is called profile
modification or conformance control, which diveitgected water to un-swept zones and
improves the distribution of injected fluids in Beigeneous reservoirs (Vafaie Sefti, et al.,
2007).

With significant advantages such as flexibility farmping without a work-over rig, high control
of setting time, deeper penetrations into formatease of cleaving, lack of milling time, and an
easy removal from the well-bore by water recirdolatPerez, et al., 1997), chemical solutions

have become more used and more successful nowadays.

Literature Surve
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The chemicals most used for water shut-off arerpelg and sodium silicate gels.

Polymeric gels are obtained by cross-linking higila/ar low molecular weight polymers with
crosslinkers (normally metal ion or metallic comqas). The chemical gelling solution (gelant)
is prepared by adding the polymer to water, follogviby a crosslinker. Under a specific
temperature and time, a crosslinking (gelationktiea starts between the two components to
form a three-dimensional cross-linked polymer nekwovhich is referred as “gel”. The two
most commonly used polymers are partially hydradlyzpolyacrylamides (HPAM) and
biopolymers (e.g., xanthan) (Karmakar, et al., 2006

Silicate gels are created based on principle oficed) its pH. This is done by adding acidic
activators to aqueous solution of sodium silicalbe use of silicate gels for petroleum
application has arisen already in 1922, howevebétsefits and field potential were not really
appreciated for a long time (Lakatos, et al., 2012)ot et al. (1989) listed several possible
reasons why the operators do not appreciate tlwate. One of the reasons it was pointed out
was that the mechanism of silicate gelation, paldrty under reservoir conditions, is poorly

understood. It's a premise for an increasing nunobbstudies on silicates gel these days.
The main advantages of silicate gels are (Lakatoal,., 1999):

* Low viscosity of treating solutions, viz. good péaeent selectivity.
» Short to moderate pumping time before onset oftgela

» Flexible chemical mechanism.

» Good chemical and chemical stability.

» Excellent thermal and mechanical resistivity.

» Easy gel breaking in case of technical failures.

» Simple and cost-effective surface technology.

* Environmentally categorized as a “green” chemical

Various silicate-based technologies have been sseéral times worldwide. Field applications
demonstrate ample examples for outstanding andiymstatistic and lessons to learn (Lakatos,
et al., 2012).

Algysé field (Hungary) is one large scale example of eceasful water shutoff treatment using a
combined silicate/polymer gel. . Until now (2012)pre than 80 jobs were performed. The

Literature Surve
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statistical evaluation of program proved that 6@6& the treatment was technically successful;
meanwhile 40% of the jobs were economic. One ofrtfeest successful program brought a
cumulative surplus of oil production totaled mdnart 100,000 t from 1981 until 1998 (Lakatos,
etal., 2012).

In June of 2011, a single well pilot injection afdsum silicate in the Snorre field, offshore
Norway, was carried out successfully. Acid hydrocial acid (HCI) was used as activator in this
job. An in-depth permeability restriction of apprmately 40m away from the wellbore and
permeability reduction of more than 100 were adkieand confirmed by post fluid infectivity

measurements and transient falloff tests (Skrd&mdj et al., 2012).

However, as any other systems, the silicate systeaws also disadvantages-. (Lakatos, et al.,

1999): state the following disadvantages:

* Gelisrigid and prone to fracture.
* Gel shows syneresis and thus reduces blockingesitiy.
» Silicates are prone to form precipitates insteagebf

+ Gelation time is hard to control.

Recognizing the disadvantages of the systems, uastudies and tests have been performed to
overcome the mentioned shortcomings; different tagdi was proposed and tested. For
example, addition of acid phosphate into alkaline silicaeduced influence of salinity of
formation water on the gelling time (Beecroft, 1968he gelation of a silicate system still
happened even though the pH remained constant (#idnadding hydrolysable esteirsto the
alkaline silicate solution as a dispersed phaser@¥@mulsion) (Vinot, et al., 1989); Glyoxal and
urea were also tested as gelling agent (actividorgodium silicate gelling system. These works
have also shown that as a result of a unique gelatiechanism, the properties of gel and the
chance to have permanent and efficient barrier &ion under harsh reservoir conditions were

significantly improved (Lakatos, et al., 1999).

Literature Surve
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3 Theoretical Background

In this section the required theoretical backgrofordhis study is discussed. A short description
about chemistry of sodium silicate, then how tlieate gel is formed using which gelling agents
are presented sequentially. Then influential factorsilicate gel kinetics are identified in order
to derive a general equation for sol-gel transittone. Evaluation of gel strength and gel

syneresis is also explained. A section of basioldgcal concepts is presented at last.

3.1 Chemistry of sodium silicate

Sodium silicate is manufactured by heating siliod aodium carbonate to temperatures above

1300°C to form a water-soluble glass referred amtéwglass” (ller, 1979).

The sodium silicate chemistry is complex and ny funderstood, but according to ller (1979)

the following fundamental equilibria are involved:

Si0, + H,0 = Si(OH), (3.1)
Si(OH), + OH™ = HSiO5 + H,0 (3.2)
2HSi05 = Si,02 + H,0 (3.3)
Si,0%~ + H,0 = HSi,03~ + H* (3.4)
HSiO3 + OH™ = Si02™ + H,0 (3.5)

Generally, sodium silicates are identified by HB&,:Na,O ratio, n. Alkalinity increases by
decreasingl. The commercial sodium silicates are producedl@ssgs having varying in the

range of 1.6 to 3.9.

At a given ratio, the density of a solution is degent on total solids content. The higher the
ratio is, the lower the density at a given concdrdn. The viscosity of a sodium silicate solution
is a function of concentration, density, ratio @ethperature. The viscosity strongly increases

when ratio increases.
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3.2 Gel formation

The pH of commercial silicate solutions ranges frapproximately 10 to 13, depending on the
Si0,:Na;O molar ratio. The stability of a sodium silicate igadn depends to a large extent on
pH. All sodium silicate solutions will polymerize tform a silica gel when the pH value is
reduced below 11The development of the gel can be described wehfeowing steps (ller,
1979):

1. Polymerization of monomer to form particles.

2. Growth of particles.
3. Linking of particles together into branched chaitt'gen networks, finally extending

throughout the liquid medium, thickening it to d.ge

Succeeding steps in polymerization from monomelatge particles and gel or powder have
been represented schematically by ller (1979) &gare 3.1.

MON?MER
DIMER
cycuc
pris: T PARTICLE
or
pH 7 =10 WITH oH 7—10 WITH
SALTS PRESENT ,;'"m SALTS ABSENT

% &, (,\S;m \
Vs 1O nm B
"E : gg/

3 % 30nm

THREE -DIMENSIONAL
GEL NETWORKS

.

1I00nm

SOLS

Figure 3.1. Schematically illustration of polymeuion of silica(ller, 1979)
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In basic solution (B) particles in sol grow in sizéh decrease in numbers; in acid solution or in

presence of flocculating salts (A), particles aggte into three-dimensional networks and form
gels (ller, 1979).

Water molecules are captured and locked in a n&twbrsilicate molecules. There are many

configurations of polymerization. One simplifiedndiguration is presented in Figure 3.2 (Bol, et

al., 1998) The degree of the polymerization increases asrieaepses move down.

The rate and extent of sodium silicate polymeraratis affected by several factors. To

understand and control gelation time, we shoulé thlese factors into the account and know in

which direction they affect the gel system. Thesgdrs are presented below:

pH: When the pH of solutions decreases, the polyagon process happens faster.
Molar Ratio: An increase in silica ratio resultshigher degree of polymerization.
Dilution rate: At a constant pH, dilution de-polynzes silica, the polymerization
process occurs more slowly.

Salts: Act as catalysts and increase the ratelgiaization.

Temperature: Gelation process is accelerated hehigmperatures.
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Figure 3.2. Simplified silicate polymerizatiofBol, et al., 1998)
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3.3 Gelling agents

Decreasing the pH will initiate the gelling procedgssodium silicate solution. The simplest way
to reduce pH of the solution is to add the acicchSsystems have been applied for many years
and a lot of work has been done on optimizing &iétacid systems water control purposes
(Stavland, et al., 2011).

Despite the fact that acids have been widely uede are plenty of other chemicals that can be
used as gelling agents. Krumriaeal. (1985) presented an overview of such agents (ab&eT
3.1).

In this work, a silicate/alkali metal salt systerasastudied. Since the gelling agent is a type of
salt, this system is considered to be safer thaficagel system. The salt solution is easy to

prepare and was used in this work at concentrdtivbn
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Table 3.1. Gelling agents for sodium silicatiirumrine, et al., 1985)

Type Compound(s) Examples
Inorganic Acids HCl, H,S0,4, HNO3
Ammonium Salts (NH,),C03, (NH,4),S0,4, NH,CI
Alkali Metal Salts Na,Zn0,, NaHSO,, KF, K,Zn0,, NaCl

Polyvalent Metal Salts Cations Al, B, Ti, Zr, &y, Si with
anionHCO;, CH;CO;,0H~

Organic Acids Formic, acetic, propionic and
corresponding Al, Ba, Ca, Mg, Zn salts

Aldehydes Formaldehyde, paraformaldehyde,
glyoxal, benzaldehyde

Polyhydric Alcohols Ethyleneglycol, dextrin, adbse,
glycerin, starches, sugars

Esters, Amides, Lactones  Ethylacetate, ethylrofidlomate, formide
dimethylformide

Polymers Polystyrene, dipolvynilbenzene, polyester
resins, latex polyvinyl alcohol

Surfactants Most nonionic and many anionic
surfactants
Natural Minerals Organic Compounds Proteins, pepyiges, gelatins, asphalt

Inorganic Compounds Clay, fly ash, shale, gypssutiur

3.4 Silicate gel kinetics

One of the main objectives of this work is to defe unified sol-gel transition time correlation

that describes the relationship between sol-gelsitian time and formation parameters (e.qg.,
temperature, water salinity, presence of divalensj amount of sodium silicate and activator)
that affect the gel system. That equation can theelused to design the silicate gel system for

field applications under specific reservoir coraht and operator objectives.
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As mentioned earlier, sol-gel transition time iiaction of several variables. A unified sol-gel
transition time correlation which describes thegall transition time for silicate gel system will
be derived in this work with respect to the follogivariables:

* Sodium silicate solution concentration;
« Activator concentration;
e Temperature,

« Divalent ion concentration: €aand Mdg*.

Stavlandet al. (2011)derived a general equation of bulk gelation time diticate gel system,
which was formed by a sodium silicate solution wigldrochloric acid HCI 2M as activator. The

equation has the following form:
t, = A x a5l x @fIHCl x o¥VICa®™] y gFa/RT (3.6),

where §— gelation time (days);
A — multiplication factord = 2.1 x 1078;
[Si] — silicate concentration (Wt%);
[HCI] — concentration of hydrochloric acid 2M @4j;
[C&*] — concentration of calcium ion (ppm);
E, — activation energy (kJ/molk,, = 77 k] /mol,;
R — gas constant (kJ/mK), R = 8.314 kJ /mol - K
T — absolute temperature (K);
a, f, y —empirical constantg, = —0.6,f = —0.7,y = —0.1.

Noted that the “gelation time” referred by the authin Equation (3.6) is defined as the time at
which the gelant solution was characterized as3gal a gel code system (see Table 4.2). This
gel code classification will be described in moegails in section 4.2.

Equation (3.6) was formed by combining all funciowhich describe the effects of each
individual factor on gelation time. The exponengguation was used by Stavlaeal (2011)

in all cases since it was provided the best agraemigh the experiment results.

Theoretical Backgrour




Rheological Evaluation of a Sodium Silicate Gel for Water Management in Mature Oilfields

Based on the concept of Equation (3.6), a unifiedgsl transition time correlation will be
developed for the silicate gel system considerethim work, which will include all functions

that describe the effects of each individual factoisol-gel transition time as follows:

teg = A% f(ISS]) X f([Ac]) X f([Ca®*T) x f([Mg?*]) x ePa/RT 3.7),
where 44— sol-gel transition time (hrs);
A — matching coefficient;
[SS] — concentration of sodium silicate solut{et%);
[Ac] — concentration of activator (wt%);
[C&*] — concentration of calcium ion (ppm);

[Mg?*] — concentration of magnesium ion (ppm).

Equation (3.7) is formed from five individual fumms, where the sol-gel transition time is a

function of only one factor, while the others agpkconstant.

1. Sol-gel transition time as a function of sodiunncaile solution concentration:

tsg = f([SSD) (3.8)
2. Sol-gel transition time as a function of activatoncentration:

tsg = f([Ac]) (3.9)
3. Sol-gel transition time as a function of ion®eoncentration:

tsg = f([Ca®*]) (3.10)
4. Sol-gel transition time as a function of ion Mgoncentration:

tsg = f(IMg**]) (3.11)
5. Sol-gel transition time as a function of temperatur

tyg =& - eFalRT (3.12),

where ¢ - empirical constant.
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For most chemical reactions, it is common to asstivaethe temperature dependency
is given by the Arrhenius equation (Stavland, gt2011).

All five functions are determined experimentallysbd on experiment results. However the
matching coefficient A is obtained by matching theeasured data to the unified sol-gel

transition time correlation.

In order to find these functions, the sol-gel tiaos time has to be measured for different
sodium silicate solution and activator concentragioAdditionally, calcium and magnesium
content in the makeup water has to be varied. Sointkese experiments have to be done for

different temperatures to estimate the effect wigerature on time of gelation initiation.

3.5 Gel strength

After prepared at surface, the silicate gel sotutioll be injected into formation. The required
injected volume and injection time are calculatebdal on sol-gel transition time, desired
effective distance, available pumping rate, and wggctivity. After injection, the well will be
shut-in for certain period of time, in the depemgof the sol-gel transition time and the desired
gel strength. The formed gel must be strong endagtithstand the injection pressure when the

flow is resumed.

This work is aimed to assist in the design a watertoff treatment at an injection well in a
naturally fractured formationA minimum pressure gradienimust be applied to initiate the gel

extrusion through the fracture or in other words,nake gel “flow”. This pressure gradient
suggests the gel material exhibits a yield strésshe low deformation range, the material
exhibits a stable, solid-like structure which dés elastic behavior. But when the deformation
exceeds the tolerance, the structure is destroyedre material flows (Wang, et al., 2006). For
a gel with yield stressg,,, under stationary (steady state) condition, Eitchl (1983) used a

simple force balance to calculate the minimum pnesgradient, dP/dl, required for gel to

extrude through two smooth parallel plates sepdrayedistance w (see Appendix B):

dp/dl = 2t,/w (3.13)
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From this minimum pressure gradient, theximum differential pressure the formed gel can
withstandis:

APy =~ dl (3.14)

The yield stress of formed gels will obtained frahoratory experiments.

3.6 Gel syneresis

Syneresis is a process, in which the formed sdigml after a certain period of time tends to
contract, expelling water. This process clearly affect the long-term effectiveness of a silicate
treatment. This phenomenon is most pronounced git kilicate concentrations and/or high
temperatures (Vinot, et al., 1989).

The target for this silicate gel application is atare oil field, which has been producing for a
long time under water flooding. The target produttivell produces at high water cut levels and
the only residual oil exists in the region of silie gel deployment. Under this condition, the gel
syneresis is expected to be very low, almost inogmt, thus this effect was not considered in
this work.

3.7 Basic Rheological concepts

Rheological experiments do not merely reveal infatiton about flow behavior of liquids but
also about deformation behavior of solids. The eation here is that a large deformation

produced by shear forces causes many materidisid¥ezger, 2011).

Silicate gels display a viscoelastic behavior, negarthat their properties are intermediate
between those of elastic solids and viscous ligudillatory test are chosen in this work since
it is used examine all kinds of viscoelastic matlsti from low-viscosity liquids to polymer
solutions and melts, dispersions, gels, and ey solids.

For an elastic solid, application of a shear sfressauses the solid to deform by a “strain” or

distancey. If the stress it not too large, the solid relai@ds original shape after the stress is
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removed. When performing oscillatory tests on iyeadlastic materials, i.e completely
inflexible, stiff ad rigid solids, Hooke’s law ape$ as follows (Mezger, 2011):

() =Gy (D) (3.15),

with the complex shear modulus G*and the time dependent values of the sine funstain
andy. G* can be imagined as the rigidity of the testtenals, i.e. as the resistance against

deformation.

SinceG* = 7(t)/y(t) = const, ther(t)-curve is always “in phase” with thgt)-curve, i.e both

curves are occurring without any delay betweengtrasd response in the form of sine curves.

The time derivative of the sinusoidal strain fuanty (t) results in the strain rate (or shear rate)

function y(t) which occurs in the form of a cosine function.

If a solid is deformed significantly, the defornmatimay become plastic, meaning that the solid
will not completely relax to its original shape afthe stress is released (Callister, 1997). For
common solids, the point (stress) at which plaisébavior begins is labeled as tyield point

(oryield stress.

For a viscous fluid, no elastic deformation occwgen a shear stress is applied. Instead, the
fluid flows dispersing the applied force and eneagyheat (Macosko, 1994). When performing

oscillatory tests on ideally viscous fluids, Newtlaw applied as follows (Mezger, 2011):
() =7n"-y(t) (3.16),

with thecomplex viscosityn*, and the time-dependent value of the sine funstadnr andy. n*

can be imagined as th viscoelastic flow resistai@esample.

Sincen* = t(t)/y(t) = const, the(t)-curve is always “in phase” with thet)-curve, i.e. both
curves are appearing without any delay betweeneprasd response, showing the same

frequency.

For a viscoelastic material, elements of both ®laanhd viscous character are exhibited
(Macosko, 1994).

A common method to assess the viscoelastic nafumeaterials uses measurement of stresses
during the application of a sinusoidal oscillatsigear strain. Formally, the sinusoidal strain (or
deformation) function is presented by (Mezger, 2011
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y(t) =, - sinwt (3.17),
with the shear strain amplituglg(%), and the angular frequenayin (rad/s) or in{™1).

With the presetting shear strginas in equation (3.17), the measuring resutturve will have
the following form (Mezger, 2011):

(t) = 1, - sin(wt + 6) (3.18),
with the phase shift anglebetween the preset and the resulting curve, wkidsually specified

in degrees® or rarely in rad.

For ideally elastic behavia¥ = 0°, for ideally viscous behavias = 90° and for viscoelastic
behavior, the stress wave will be shifted by aprmiediate phase ang)é < § < 90° (Mezger,
2011).

The curves in Figure 3.3 illustrate strain waxe), strain rate wave(t) and shear stress wave

7(t).

X
A
y 7o
/7-0 \/
- ”-’ ry -;:"1— ~—
4 - 7
cE - :

A .

Time

Figure 3.3. lllustration of dynamic measuremen{Macosko, 199%

The stress wave(t), is generally separated into two waves with thmes&requency. One wave,
7'(t), is in phase with the strain wave, while the otvawe,z’’(t), is 90 out of phase with the
strain wave. In this way, the stress wave is sépdrmto an elastic component and a viscous
component (Macosko, 1994).
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Elastic or storage modulus G’is a measure of the deformation energy stored bysdmple
during the shear process. G’ representseflastic behaviorof a material ands defined by
(Mezger, 2011):

G'=1,/Y (3.19)

Loss modulus G”is a measure of the deformation energy used up byaheple during the
shear process and therefore afterwards, it is flasthe sample. G” represents thescous

behaviorof a test material and defined by (Mezger, 2011):
G" =15/Y (3.20)
The phase angle or loss andiejs related t&5’ andG” through Equation 3.21:
tand = G"/G’ (0° <6 <90° (3.21)

As indicated in Figure 3.3, the wave is in phase with the straip) (vave, while the’ wave is

in phase with shear ratg)(

The complex viscosityln*|, is defined by (Mezger, 2011):

Il =02+ (") = J (6" /w)" + (6'/w)’ (3.22)

Complex viscosity can be interpreted as the appatiscosity of viscoelastic solution/materials,

which are composed of both an elastic and viscousop.

The complex modulug( |, is defined by (Mezger, 2011):

1G*] =V (G2 +(G")? =15/Vo = In"|w (3.23)

In this work, rheology measurements of silicategystem were performed in order to obtain the

rheology properties, thus define gelation time @fgystem and gel strength according to time.
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4 Laboratory Equipment and Experimental Procedures

In this section, the equipment and chemicals therewsed in this work will be presented and

measurement modes used are also explained in brief.

4.1 Chemicals and equipment

In all experiments, a commercial sodium silicattuson system was used which contains 15
wt% of sodium silicate. The activator was prepasedording to requirements of the achieved
sol-gel transition timeThe density of sodium silicate solution and activattas measured and

their values were 1.097 g/érand 1.038 g/cri respectively. In all the experiments, except ones

in section 5.2, the concentrations of chemicakaimples are represented in weight percentage.

A thin layer of approximate one milliliter (1 mlhitkness of n-decane was added on the top of
the sample to minimize evaporation. It is expedhed the presence of n-decane with the gelant
system in the described form will have no impacti@gelation process, sol-gel transition time,
and properties of the created gel. This hypothesis tested with experiments which were

performed on two samples and described later iticd®es.1.

The Anton Paar Rheometer MCR 302 was used in thidysto measure the rheological
properties of all samples prepared. The concengfiader measuring system CC27, also called
bob/cup system was used in all measurements. CQ&sists of an inner cylinder (bob) and an
outer cylinder (cup). During the experiments, tlod lis set in motion by the setting parameters
from the user while the cup remains stationary. fifedion of the bob is dictated by the input

parameters selected from the user. This meassystgm requires a sample volume of 19 ml.

The temperature control is ensured by a Peltieesysproviding rapid heating and cooling with
accuracy of 0.0°C. A solvent trap ST-CYL-C/Qivas used to minimize evaporation of the
sample, especially at high temperatures. Solvept iticludes an upper and a lower part, which
should be placed at a reasonable distance to awoitct that will create friction between them;
they should also be not too far away from each rotiece the solvent trap will lose its

functionality.
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Solvent trap

Bob

Figure 4.1. Anton Paar Rheometer MCR302: the measigr system CC27 along with the solvent trap.

4.2 Measuring modes

All samples were undergone through two oscillatest modes in the order presented below:

1. Dynamic-Mechanical Analysis (DMA) Test Mode— This test was run in in order to
determine thégel point”. Temperature is kept constant during a given DMt ti.e., all
tests conducted at isothermal conditions. During tkst, the sample is subjected to a
controlled shear strain(t) = y, - sinwt, with:

e aconstant angular frequeney= 10 rad/s, and

* aconstant oscillatory strajiy = 1% .
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Figure 4.2. Preset of an oscillatory test with arstant amplitude and a constant

frequency, here with controlled strai(Mezger, 2011)

These two parameters show how fast and how mushecéively, the bob turns during the
test. They were chosen based on the recommendatien by Mezger (2011).

The oscillatory strain recommendation)f < 1% was tested to verify if the chosen strain

value is appropriate for the gel system under claration.

DMA tests on three samples with 24 g of sodiuntait solution and 6 g of activator at
different oscillatory strains of 0.1%, 1% and 10%re performed to confirm the chosen
strain value. The measured viscosity curves otlihee samples are presented in Figure 4.3.
Note that the y axis represents the complex viggositested samples.
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Figure 4.3. Viscosity vs. time of three samples si@&d during a DMA test
conducted at three strain amplitudes.

The sharp increase of the measured viscosity iteidae start of gelation time or transition
from sol to gel. Figure 4.3 shows that the staftgedation at strain amplitudes of 0.1% and
1% were very close to each other, which mean tiatgel system behaves practically the
same way under these applied strains. The samgievls exposed to a 10% strain took a
bit longer time to start gelling probably due tee tfact that it was exposed to a larger
deformation, which yielded larger disturbancesh® sample. In addition, due to this large
deformation, the formed gel broke around 5.6 hopesak on viscosity curve, with a

subsequent sharp reduction of the measured vigcpsite that the gel tends to slightly

recover its viscosity after 6.6 hours but it neweturns the viscosities prior to its break).
Obviously, the applied strain value of 10% shoudtl e used for the silicate solution under
investigation. Concluding, these tests confirmaheice of a strain value (1%) for the DMA

test conducted in this work.
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Another requirement for the oscillatory strain att it must be within the LVE (Linear
Visco-Elastic) range. The selected value of 1%s8at this condition as confirmed by the
results from the second mode test. Finally, as shiosmAppendix A, the oscillatory strain
can be converted into deflection angle using theniea:

@=811-10"3-y =81.1-1073-0.01 = 0.811 - 1073 rad = 0.811 mrad ~ 0.05°.

This states that for the selected 1% oscillatorgistof 1%, the bob turns around only by

0.5’ during the DMA test, indicating a very small defation applied to the sample.

There are several methods reported in literatudetme the gelation time. Sydansk (1990)
proposed thebottle testing methodwhich provides a semi-quantitative measurement of
gelation rate and gel strength. In this method dineeloped gel strength was expressed with
the use of an alphabetic code, of A through J, showTable 4.1. The normal procedure
followed is as follows: (a) gelant solution is fartated and placed in the bottle at a specific
temperature, (b) the bottle is inverted during eaading time at different intervals and the
gel strength codes are recorded, and (c) gelatimmis considered as the time when change
is no longer observed in the gel strength codegMdabefti, et al., 2007).

Table 4.1. Bottle-test gel strength cod&ydansk, 1990)

A | No detectable gel formed.

B | Highly flowing gel.

c | Flowing gel.

D | Moderately flowing gel.

g | Barely flowing gel.

F | Highly deformable non-flowing gel

G | Moderately deformable non-flowing gel.
H | Slightly deformable non-flowing gel.

[ Rigid gel.

J | Ringing rigid gel.
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The bottle testing method was used by Staviendl. (2011) for establishing the gelation
time of a silicate solution, but the authors pragaba simpler coding system, which contains
only 4 gel codes, to describe the gel context andetermine the degree of gelation as
shown in Table 4.2. Stavlard al.(2011) reported the gelation time as the timelatiwvthe

gelant solutiorwas characterized by one of the gel code in thileta

Table 4.2. Classification of gel cod¢Stavland, et al., 2011)

Gel code Description
0 Clear and low viscous fluid
1 Cloudy and low viscous fluid
2 Cloudy and high viscous
3 Rigid gel

Note that the accuracy of bottle testing methodeddp heavily on the gelation time

definition (letter or code) used as well as ontdsing frequency.

Al-Anzi et al.(2011) implemented thstatic shear method (viscometeryith the viscosity

of each gelant solution recorded versus time biseometer and defining the gelation time
at the time (point) on the graph where the solutistosity started to build up sharply.
Figure 4.4 shows one example from their work ofghagphical determination of the gelation
time. As Figure 4.4 demonstrates, sometimes Very difficult to define the point of a
sharp viscosity increase, especially for the sofutepresented by the black square points.
The static shear method is more accurate compartetbottle testing one, but it is not so

easy in keeping consistency when defining the mgeladoint.
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Figure 4.4. Viscosity of WSO (water shut-off) systas a function of both time
and temperature at 40°5(Al-Anzi, et al., 2011)

The two described methods — bottle test and ssag@r using viscometer — clearly do not
give the same gelation time when used in the sahian. The same word “gelation time”

is used but it represents different stages of getipn process in each method.

In this work, a more accurate and consistent metisogroposed, thelynamic shear
method in defining the sol-gel transition time (ofterfeeed by some authors, e.g., Al-Anzi
et al (2011) as the gelation time), using the AntonrFRt@eometer. However, in this work
instead of “gelation time” (where the solution allg achieves some degree of gelation), the
transition time () is recorded when the solution transitions frorhteegel at the onset of
gelation process. The principal of this metho@xplained as follows: Initially before the
gel forms, the sample displays the behavior ofjaidi with G” > G’, therefore the sample is
still in the sol state. At the transition pointetbel starts to set with G’ > G”, and the sample
display more-and-more a gel-like and eventuallydskike behavior. The time pointgat
the intersection of the curves of G’ and G” indesathe sol/gel transition point, or briefly,
the “gel point”. At this time G’ = G” or tah= G"/G’ = 1 (Mezger, 2011). The gel point can

be detected accurately by using the measured GGandlues versus time.

The left panel of Figure 4.5 shows the recordedag® modulus G’, loss modulus G”, and

phase anglé values versus time during a DMA test on a silicaikition system. The right
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panel in Figure 4.5 presents the measured viscositye versus time. It should be noted
that the gel point on the left panel correspondshto point of sharp change of viscosity

curve on the right panel.

-
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Figure 4.5. Determination of gel point.

2. Amplitude Sweep (AS) Mode— During this test, the sample is subjected tonareasing
oscillatory strain (0.01% to 1000%) in a logaritontiamp profile, while the angular
frequency and temperature are kept constant (10 rad s~1). The measured storage and
loss moduli, G’ and G”, are examined as a funcbbstrain. Amplitude sweeps are mostly
carried out for the sole purpose of determiningliting of the LVE range, which defines the

limiting shear strain y,; of a formed gel.
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Figure 4.6. Preset of a shear strain amplitude s\eer briefly,

strain sweefMezger, 2011)

The limiting shear strainy, represents the largest deformation or shear s&aiplitude,
below which the measured storage and loss modular@ G” retain a constant plateau
value, i.e., the sample structure is preserved.yFory;, the structure of sample has been
already changed irreversibly, or it is even comglietdestroyed (Mezger, 2011y, is
defined either by onset of a decrease noted oresu®’ and G” plotted versus shear strain
(Figure 4.7) or by a significant increase in the &ive (Figure 4.8) over a preset range of
the tolerated deviation, e.g., as 5% or 3% (or eM@¥). The used defines the desired range
of tolerance, then thg, value is to be determined by the analysis progdanthis work,
since the G’ and G” curves, plotted as a functibrsteear strain, of the examined gelant
solutions showed a similar behavior to the one aegion Figure 4.7 b with the G” curve
always having the tendency to deviate from platesglue before the G’ curve, thg, was

defined as the strain amplitude at which G dessalby 5% from its plateau value.
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s

T lg v N gy

a) b)

Figure 4.7. Strain amplitude sweep of a) a sampl®wing gel-like character in
the LVE range, i.e. G'’>G"; b) a sample showing tlobaracter of a viscoelastic liquid
in the LVE range, i.e. G">G’ Mezger 2011).

T gy

Figure 4.8. Strain amplitude sweep of a sample shianG” — peak(Mezger, 2011)

The limiting shear straig, is associated with a critical shear stregsThis critical shear
stress is also calledyteld stress or “yield point. No significant change of the internal
structure occurs as long as stresses below thd pigiht are applied, and therefore, no
yielding behavior or deformation can be observedhis range. In this works, was
determined as the shear stress that corresporttie &stimated limiting shear straiy, as
shown in Figure 5.4 in the next chapter. From tleddystress value one can estimate the
pressure gradient required for the formed gel texteuded through a formation fracture
(see Section 5.10).
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The AS mode was run on the same sample after tlaiaye has occurred and the gel
reached a substantially higher viscosity than thgiral silicate system. The output values
of this test depend on the post gel-point time gample is tested, since its viscosity, and

thus the structure of the gel, grows with time.
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5 Results and discussions

This section describes the experiments that warégedaout in this work; the results obtained, as
well relevant discussions associated with the lafooy observations. The experiments are
grouped according to the objective of each experinseries. All samples in each experiment
group were tested under both test modes, which deseribed on section 4.2. Data analysis and

discussion are presented at the end of each gfeexperiment

5.1 Examine the effect of n-decane on sol-gel transitatime

As discussed in section 4.1. Chemicals and equipraethin n-decane layer of approximately 1
ml thickness was added at the top of the sampieitamize evaporation. This section tests the
hypothesis that the addition of n-decane will hageimpact on the gelation process, sol-gel
transition time, and properties of the created gel.

Two samples with the same composition namely, 2 godium silicate solution and 8 g of
activator were tested in DMA mode and at tempeeatiir20C to investigate any impact of n-
decane on the sol-gel transition time. Solvent tk@s used in both experiments but n-decane
was added on top of only one of the samples. Twoements were conducted at room
temperature (ZC) to make sure that the absence of n-decane,drtr@nexperiments, will not
cause significant water vaporization, which wileate uncertainties on the estimated sol-gel

transition time. The viscosity curves obtained friovo experiments are plotted in Figure 5.1.
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Figure 5.1. Examine the effect of n-decane on salgransition time.

The sol-gel transition time of the sample withotdatane was 2.49 hrs while the corresponding
one for the sample with n-decane was 2.52 hrs. diffierence between two experiments was
only 2 minutes, 1.83% error, which can be consdie® a negligible difference considering all

potential uncertainties. Moreover, the two visgpsitirves presented in Fig. 5.1 are almost

overlapping, which shows the behavior of the twmslas is practically the same.

From these experiments, it can be concluded tRaptbsence of n-decane has no impact on the
gelation process, sol-gel transition time, and progs of the created gel, and therefore the
reported results in the remaining of this work weher-decane was used to avoid water

vaporization are accurate.
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5.2 Effects of gel system components concentration orlgpoint

Test purpose

Examine the dependence of sol-gel transition tinme tbe concentration of gel system
components: sodium silicate solution and activaterd also assess the gel strength for each

sample.

Gel preparation

Sodium silicate solutiowas weighed in a glass beaker udiigTTLER TOLEDO AB104-S/FACT
weight scaleand then the calculated amount of activator veked to the same beakdihe final
solution was then put aside for mixing on magnstiicer for least 5 minutes, before pouring the
entire sample into the measuring cup. 1 ml of ,mdecwas added on the top of the sample to

minimize evaporation.

Compositions of samples are presented in the Talle

Temperature setting

Temperature was set in a ramp profile, which stiaftem 20C - ambient room temperature to
40°C - designed test temperature, in the first 10 mteimuof experiment. After that the

temperature was kept constant at@o0

Test procedure

Each sample was first tested under DMA mode to firelsol-gel transition time. After the gel
point has achieved, the measurements were contiougaiserve the viscosity growth. When the
viscosity has reached to a certain value, meariagsample has reached to a certain degree of
gelation, the first mode discontinued for 1 minued started the second mode (Amplitude

sweep) to assess the gel strength at that time.

With the purpose of checking gel strength versogetia sample with 25% of activator was
chosen to run the amplitude sweep at differentogig values after the gel point was identified.
For each time, after mixture has gelled, we hadad until the viscosity reached to a certain

designed number, and then start the amplitude sviéepconstant amplitude mode was usually
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run at first to have easier way on monitoring vigtpovalue and also to check the repeatability

on gel point.

Test results and discussion

a. Determination of sol-gel transition time

Table 5.1 presents the sol-gel transition time ebtesal samples at different component
concentrations and at 4D. In addition, the viscosity, and storage and lossluli G’ and G” at

gel point are also recorded.

Table 5.1. Test results of samples at different gmment concentrations at 4C

Sample | Sodium silicate| Activator Sol-gel G &G"at Viscosity at
solution (%) (%) transition gel point gel point

time (hrs) (Pa) (Pas)
1 65.0 35.0 0.28 1.372 0.195
2 72.8 27.2 0.69 2.2759 0.015
3 75.0 25.0 0.93 2.807 0.398
4 77.0 23.0 1.25 3.422 0.484
5 78.6 214 1.53 3.81 0.539
6 80.0 20.0 2.14 4,143 0.586
7 81.8 18.2 2.93 4.899 0.693
8 83.0 17.0 3.92 5.4399 0.769
9 84.5 155 5.78 6.021 0.852
10 86.0 14.0 8.34 7.218 1.021
11 86.7 13.3 10.19 7.8324 1.108
12 87.5 125 12.30 9.094 1.288
13 89.3 10.7 21.45 11.38 1.610
14 90.9 9.1 32.79 14.661 2.073

As we can see from the table, when the concentrafi@ctivator decreased or the concentration

of sodium silicate solution increased, the mixtucesk longer time to gel.

We also notice that the viscosity, storage mod@uand loss modulus G” values of mixtures at
gel points were following a trend (except the samp). Their values are higher at lower

concentration of activator or at higher concentratf sodium silicate.
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The measured results of sol-gel transition timéha dependence of activator are plotted in the
Figure 5.2.
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Figure 5.2. Sol-gel transition time as a functiorf activator concentration

in a constant total weight sample.
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Figure 5.3. Viscosity curves of some samples &40

It might not be so clear for all the curves in #igure 5.3 but looking at the last two viscosity
curves (one with 13.3% and the other with 10.7%adaivator), it can be noticed that they have
different slopes. These slopes characterize thedspieviscosity growth: the higher the slope, the
faster the viscosity grows.

Table 5.2. Growth of viscosity at different actieatconcentration

Activator, Viscosity, (Pas)
(%) 10 50 90 140 240 340 450 510
35.0% 0.07 0.14 0.19 0.23
25.0% 0.14 0.3 0.4 0.5 0.65 0.77 0.80

23.0% 0.16 0.34 0.46 0.57
18.2% 0.75 1.09 0.88 1.1 1.45 1.7§
15.5% 0.51 1.17 1.58 1.99 2.64 3.1
13.3% 0.75 1.8 2.45 3.11 4.18 5.0¢
10.7% 1.21 3.09 4.27 5.46

o

W T

5.95 6.38

* the table presents time in hrs for each samplén \given activator concentration to reach specifiscosity after

gel point
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By comparing two extreme cases, which are sample 36% activator and sample with 10.7%
activator, we can see a clear difference in theogsy growth rate. The sample with 35%
activator took only 0.23 hrs (almost 14 min) toatedo viscosity 140 Ps, while sample with
10.7% needed almost 5.5 hrs to reach to the satne wé viscosity. In this analysis, we see
again the effect of activator in acceleration dagien process. The more activator in the sample,

the faster gel structure develops.

The experiments in this section have given us soe@s and knowledge about how the gelling
process is affected by the solution componentsanation. However, since the concentration
of sodium silicate solution and activator alwaysoyed together, we cannot derive equation to
describe the relation between the sol-gel transitime with either activator or sodium silicate
solution individually.

Realizing this problem, we will carry the experirteeim the different way in the next sections.

b. Determination of viscoelastic properties of formedyels

The amplitude sweep mode was run in all the samydés after the DMA mode is stopped to
evaluate the viscoelastic properties. At this tieech sample has reached to a certain degree of
gelation with certain value of viscosity. It's ddtilt to set-up amplitude sweep test at the same
viscosity for all samples, so then the amplitudeepvwwas carried at different values of viscosity,

whichever we got at the time we stopped the DMA tes

An example of test result of sample with 15.5% afvator is presented below.
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Figure 5.4. Amplitude sweep on sample with 15.5%aofivator.

Limiting value of LVE range/, and yield stress/ yield poimnf, of this sample were detected by

analysis program and they equal 6.4% and 221 Radingly.

Table 5.3 presents values of limiting value of Lkéagey,, yield stresg,,, storage modulus G’

and loss modulus G” of all samples at their testsdosity values.
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Table 5.3. Viscoelastic properties of the formed. ge

Activator | Viscosity @ Limiting Yield stress | G' within G" within
(%) start of AS value of (Pa) LVE range LVE range
test (Pa.s) | LVE range (Pa) (Pa)
(%)

25.0% 510 6.62 376 5450 187
23.0% 157 5.52 102 1760 62.5
21.4% 253 7.39 206 2570 72.7
20.0% 480 7.39 374 4720 113
18.2% 154 7.71 126 1680 45.9
17.0% 369 6.52 242 3770 73.7
15.5% 346 7.84 267 3520 63.6
14.0% 828 7.1 606 8520 123
10.7% 227 5.48 117 2280 44.9
9.1% 164 2.43 39.2 1650 47.2

Results from amplitude sweep on samples with 25%ct¥ator, at different viscosity values are

presented below:

ou,,,

2302, V=54Pas

Activatord 25%, 2302, V= 156 Pas

Activator 25%, 0802, V=510Pas

10 10°

Strain y

10’
—_—

"2
10 %

Figure 5.5. Amplitude sweep on sample with 25% ofigator at different viscosity.
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On the left side of the Figure 5.5, we have theosgty curve of sample with 25% of activator,
which achieved from DMA test. The two dotted lirsbeow the viscosity values, at which the
amplitude sweep was performed.

As we can see from graphs, the higher viscosigy,higher G’, G” and the gel obtained. The

higher shear stress the stronger the gel will be.

5.3 Comparison and validation with literature results

Bjogrnet al. (2011) performed a study on the same sodium &lisalution (“liquid silica”) using
the same activator. However, these authors usedffaredt equipment (Brookfield PVS
Rheometer) and a pressurized configuration in exdito using larger samples (>200 ml)
compared to this work. The “gelation time” term wdefined as the time required before the
sealant starts to build viscosity. The experimaevese performed at temperatures ranging from
50°C to 150C and results are presented in Figure 5.6 below.

Brookfield Viscosity method

~&— 200 mi liquid silica + 5 ml activator
+— 200 mi liquid silica + 7.5 ml activator
+— 200 mi liquid silica + 10 ml activator
+— 200 ml liquid silica + 15 ml activator
+— 200 mi liquid silica + 20 ml activator

5 +— 200 mi liquid silica + 25 ml activator

+- 200 mi liquid silica + 30 ml activator

.=y
= <
Q 44
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S \
O
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2 - . \
. .
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. .
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Temperature (°C)

Figure 5.6. Gel-setting time from use of a BrookiiiePVS RheometeBjarn, et al., 2011)
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Test purpose

With the purpose of comparing our measurement naellogy and validation with the results

from Bjgrn’s work (2011), three samples were sel@to test.

Gel preparation

Due to limited availability of the chemical and @lthe small required amount of sample for
measurement, the total volume of mixtures werecediby 10 times compared to the samples’
volumes used by Bjgrn et al. (2011); the ratiohaf various components was kept the same. At
this stage, together with the use of n-decanesoheent trap was also available to further reduce
sample evaporation. Distilled water was filled lve tower part of solvent trap to create a seal
between upper and lower part. Water must be fikgt high care to avoid water dropping to the

sample.

Temperature setting

Temperature was set in a ramp profile starting f&AC - ambient room to temperature 060
— the designed test temperature, with the increabeéved during the first 10 minutes of the
experiment. After that the temperature was kepstzon at 6€C.

Test procedure

Three samples were tested in only DMA mode to édtine sol-gel transition time.

Test results

Table 5.4 presents the comparison between results literature and experiments done in this

work.
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Table 5.4. Comparison between Bjgrn et @011)gelation time and experiment results of this work.

Sample Components Bjorn et al. Sol-gel Difference
(2011) transition (%)
Sodium silicate | Activator | gelation time | time — this
solution (ml) (ml) (hrs) work (hrs)
20 3 2.15 2.6 20.9%
20 2.5 4.4 5.73 30.27%
20 2 6.8 8.79 29.3%

Our sol-gel transition time is always longer thatatjon time from Bjgrret al. (2011) gelation
time results. The differences are large; howevey tire quite in the same range. The reason for
this deviation could be explained by:

» The difference in used equipment’'#’s obviously that with pressurized configuratim
Bjorn et al. (2011) work, the samples exposure tmae homogeneous temperature
environment. Since the pressurized configurationaisseal closed system during
measurement, the heat loss is less in compare théhbob/cup system in this work.
That's could be the reason that makes the gelaappened earlier.

» The difference in nature of reported point8jarn et al. (2011) might have used a certain
degree of gelation as a reference and reportegella¢ion time when the samples reached

that degree. And this degree of gelation couldifferént with the one used in this work.

5.4 Effect of activator concentration on sol-gel trangion time
Test purpose

Because of the mentioned issue at the end of sestity we should carry the experiments in the
way, which enable us to derive the function betwseargel transition time and one component
only. In this section, we will keep concentratioh smdium silicate constant while varying
concentration of activator. In order to do thattevaneed to be added to the sample. Distilled
water was used for these experiments, so it casuleethat there are no effects from other ions
on sol-gel transition.
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Gel preparation

In these experiments, the concentration of sodilivate solution in the sample was kept
constant at 80 wt%, while the concentration ofdbgvator and distilled water were varidthe

total weight of gel solution was designed to bedixat 30 g.

Sodium silicate solution was weighed in a glasskbeaand then the calculated amount of
distilled water and activator were added to theesaeeaker sequentially. The final solution was
then put aside for mixing using a magnetic stifagrleast 5 minutes, before placing it into the

measuring cup. A solvent trap and n-decane wera aseneasures to reduce evaporation.

Temperature setting

Temperature was set in the same way as in sectoiT &st temperature was’@0

Test procedure

All the samples were tested in 2 modes as in seétid.

Test results and discussion

a. Sol-gel transition time

Experiment results are presented in Table 5.5 ahded transition time is plotted vs. activator

weight concentration in Figure 5.7.

Table 5.5. Effect of activator on sol-gel transitidime.

Sam| Total | Sodium | Activato | D | Activator Sol-gel | G'&G" | Viscosity
ple | sample| silicate r(9) w (%) transition at gel at gel
weight | system (9) time (hrs) point point
) ) (Pa) (Pa.s)
1 0 20.00% 2.69 0.60519 4.2786
2 1 16.67% 6.22 0.7401 5.2332
3 30 24 4.5 1.5| 15.00% 9.93 0.84313 5.9618
4 4 2 | 13.33% 18.32 0.92802 6.5621
5 3.5 25| 11.67% 33.60 1.1427 8.0802
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Figure 5.7. Sol-gel transition time vs. activatomight concentration.

A power function was chosen that best-fitted theasneed data and the resulting expression
isy = 1.3666- 1073 - x~*7045  where y is sol-gel transition time and x is aator
concentration. Since the power regression typeritestthe relation better than the exponential

type, so then, the equation (xx) will be replacgd b
tsg = 1.3666- 1073 - [Ac]~*70%5 (Ac — Activator)
This equation is valid for solution with 80% of &aeh silicate solution.

As we can see from the graph, the sample with higbivator concentration, the faster it gels.

b. Viscoelastic properties of formed gels

Table 5.6 presents values of limiting value of Lx&age, yield stress, storage modulus and loss
modulus of all samples at their tested viscosilyes
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Table 5.6. Viscoelastic properties of the formed. ge

Sample| Sodium | Viscosity @ Limiting Yield G' within | G" within
silicate | start of AS value of | stress (Pa) LVE LVE
system | test (Pa.s) | LVE range range (Pa) | range (Pa)

(%) (%)
1 86.67% 529 6.77 351 5280 78.8
2 83.33% 366 6.94 242 3640 55.2
3 80.00% 376 6.9 252 3790 53.9
4 76.67% 2400 4.07 978 23949 283.4
5 70.00% 2.92 16.1 3.64 27.1 9.74

5.5 Effect of sodium silicate concentration on sol-gatansition time

Test purpose

In this section, the effect of sodium silicate cemictation on sol-gel transition time is examined
with the activator concentration kept constant e/lthie silicate and distilled water concentrations

in the total sample are varied accordingly; thaltateight of the sample is kept constant at 30 g.

The sample number 4 from Table 5.5, which cont&#hsgy of sodium silicate solution, 4 g of
activator and 2 g of distilled water, was choserb¢othe base case experiment in this section.

The activator concentration was kept constant &83P3.

Gel preparation

Gel preparation was carried on the same proceduiresection 5.4.

Temperature setting & Test procedure

The same way was performed as in section 5.2.t&egierature was 40.
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Test results and discussion

a. Sol-gel transition time

Experiment results are presented in Table 5.7 avlehed transition time is plotted vs.

concentration of sodium silicate solution in Fig&r8.

Table 5.7. Effect of sodium silicate solution onlsgel transition time

Sol-gel transition time, t; (hrs)

y = 8.4029x3:5437

R?=0.9936

CTTT———

—e

70%

75%

Concentration of sodium silicate solution, (%)

80%

85%

90%

Sam | Total Sodium | Activato | DW | Sodium | Sol-gel | G'& G" | Viscosity
ple | sample | silicate r (9) (9) silicate | transitio at gel at gel
weight | system system | ntime point point
9) (9) (%) (hrs) (Pa) (Pa.s)
1 26 0 86.67% 14.13 1.1357 8.0308
2 25 1 83.33% 16.23 1.0459 7.3957
3 30 24 4 2 80.00% 18.32 0.92802 6.5621
4 23 3 76.67% 20.80 0.8753 6.1893
5 21 5 70.00% 30.41 0.57099 | 4.0375
100 -

Figure 5.8. Sol-gel transition time versus weighdricentration of sodium silicate solution.
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Among the Trend/Regression Type, again the powsetion fitted the best to measured points
and its equation ig = 8.4029-x"35%37 where y is sol-gel transition time and x is
concentration of sodium silicate solution in thempée. Since the power regression type
described the relation better than the exponetyfied, so then, the equation (xx) will be replaced
by:

tsg = 8.4029 - [SS] 735437 $S — sodium silicate solution)

This equation is valid for solution with 13.33%audtivator.

From experiments in this section, we see the simifi@ct as with activator on sol-gel transition

time in a way that, the higher concentration atatke, the shorter sol-gel transition time sample
required. However, it seems that the activator ddigher effect on sol-gel transition time than
silicate. In order to see it clearly, we will compahe effect of these two components in next

sub-section.

b. Viscoelastic properties of formed gels

Table 5.8 presents values of limiting value of Lxéage, yield stress, storage modulus and loss

modulus of all samples at their tested viscosilyes.

Table 5.8. Viscoelastic properties of the formed. ge

Sample| Activator | Viscosity @ Limiting Yield G' within | G" within
(%) start of AS value of stress (Pa) LVE LVE
test (Pa.s) | LVE range range (Pa) | range (Pa)
(%)
1 20.00% 108 6.23 70.4 1129 33.3
2 16.67% 54.6 4.01 22.7 571.8 23.1
3 15.00% 286 7.65 211 2890 49.6
4 13.33% 53 3.51 18.1 535.4 22.9
5 11.67% 33.1 3.6 11.3 334.3 26.4
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5.5.1 Comparison between activator and sodium silicate #&fcts on sol-gel

transition

In order to compare the effects of activator ardigo silicate on the sol-gel transition time, the
experimental results from sections 5.4 and 5.5boted together as shown in Figure 5.9 below.
The blue line indicates the relationship betweelrgsb transition times with concentration of

activator at constant concentration of sodium aiécsolution equals 80%, and the red line
indicates the relationship between sol-gel tramsitimes with concentration of sodium silicate
solution at constant activator concentration eqidl83%.

20% - I I T 80%
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Sol-gel transition time, t, (hrs)

Figure 5.9. Sol-gel transition time versus activatand sodium silicate solution concentration.

Figure 5.9 shows that the gel formation rate iseansensitive to the change of the activator
concentration than the silicate concentration. &@mple, an increase by 10% of the activator
concentration (from 10% to 20%) decreased the sbtrgnsition time of the examined sample

from the original 64.37 hrs down to 2.69 hrs —@ditr62 hrs difference. Meanwhile, with a 10%

increase of the sodium silicate solution conceiatna{from 70% to 80%) reduced the sol-gel

transition time from 30.41 hrs to 17.27 hrs — canlgund 13 hrs difference.
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5.5.2 Comparison between silicate gel and polymer gel sgsn in term of viscosity

growth

In order to compare the viscosity growth betweditade gel and polymer gel system, some
works on polymers has been reviewed. The polynsmogity curves, which are presented on the
left side of Figure 5.10, are achieved from workeldy Sydansk (1990). The viscosity curve of
silicate gel, which is presented on the right sifid=igure 5.10, is achieved when testing the

sample with 24 g of sodium silicate solution angl & activator at 61C.
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* $5(24g)+Ac(6g)
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*140°F [60°C] 4 * 60 degC
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n TIME (hr) Time (hrs)
Polymer Silicate gel

Figure 5.10. Viscosity growth of polymer vs. silteagel system.
From Figure 5.10, it is clear that polymer anccaile gel have different mechanism for viscosity
growth.
Polymer:
®=  Rapid change, the viscosity starts to increasd dfiar adding cross-linker.
® Viscosity reaches to almost constant value at tioeoé gelling process.
Silicate gel:

= Slow change, it takes certain time (in the depeocéei gel composition) for viscosity to

start a sharp increase.
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®  Viscosity rate keeps increasing until it reachea tmnstant rate, which is expressed in a

constant slope.

m  After sometimes, the growth rate decreases sligbtbpe reduced).

5.6 Temperature effects

This work is aimed to design a water shutoff treatmat an injection well in a naturally
fractured formation using the silicate gel systemdar investigation. The effective distance of
the formed gel in the formation is designed to ladf vay between the injection and the
production well. The temperature at production wsllaround 68C and the temperature at
injection well is around 4C (temperature is cooled down due to continuousmiaiection).
Therefore, the silicate system pumped into fornmatiall be exposed to various temperatures
which may affect its gelation time. In order to exae this temperature dependency of the
silicate system the tests were conducted at teryyesaof 46C, 45°C, 50C, 55C and 66C.

From literature review of previous related workss wnow that temperature accelerates the
gelation process (Stavlamd al (2011), Bjgrret al (2011)), i.e., the higher the temperature, the
faster the gel will be formed. This effect shoulsioabe included in the unified sol-gel transition
time correlation.

A sample with 24 g of sodium silicate solution, @fgactivator and 2.5 g of distilled water was
chosen to test the gelation process at temperatfitd8C, 45C, 50C, 55C and 66C.

Temperature setting

Temperature was set in a two linear ramp profiesncrease the temperature from room
temperature 2 to desired test temperature @550C, 55C and 66C) and followed by a

constant temperature profile of desired test teatpes:

 First linear ramp profile: increase temperaturefi2dC to 40C in 10 minutes.
« Second linear ramp profile: increase temperatuwm fd0C to desired test temperature
45°C, 50°C, 55°C and 66C in 2.5; 5; 7.5; 10 minutes, respectively.

» Third constant temperature profile: temperatuteefst constant at desired test value.
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Test procedure

All samples were tested at both test modes asitledaabove.

Test results and discussion

The sol-gel transition times of the sample with@2df sodium silicate solution, 6 g of activator
and 2.5 g of distilled water at different temperaguare presented in the table below:

Table 5.9. Sol-gel transition time at various termptires.

Temperature T, (1/K) Sol-gel Viscosity @ | G' &G" @
transition gel point, gel point,
°C °K time, (hrs) (Pa.s) (Pa)
40 313.15| 0.003193 5.09 0.52578 3.7176
45 318.15| 0.003143 3.76 0.48283 3.4140
50 323.15| 0.003095 2.68 0.46465 3.2844
55 328.15| 0.003047 1.91 0.43169 3.0508
60 333.15| 0.003002 1.43 0.42001 2.9644

The temperature effects significantly on sol-gahsition time. The temperature increase 610
shortened the sol-gel transition time almost 2 $imealso effected on gelation rate, which can
be seen on slope of viscosity curves on Figure.5.11
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Figure 5.11. Viscosity growth at different tempetags.

The sol-gel transition times are plotted versudierse absolute temperature in Figure 5.12.
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Figure 5.12. Sol-gel transition time vs. inversesaute temperature.
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The relation between sol-gel transition time angeise of absolute temperature is best described
by the exponential function, which is also can béten in the form of Arrhenius’ equation as

follows:
tsg = §x efa/RTk = 2.5432 x 1079 x e67111%,
Sincex = 1/Tk, thenE,/R = 6711.1, then the activator energy used in this work is:
E, =6711.1 X 8.314 x 1073 = 55.8 kJ/mol.

The function, which describes the effect of temperg can be written again as follows:

6711.1

tyg = 2.543 X 10 x e Tx

5.7 Divalent ion effect

On the way from surface to final destination in fbemation, the silicate gel system will meet
with injected and formation water, which containalent ions C& and Md*. These ions have

some effects on gel system, specifically on soltgaisition time. At high concentration, they
might even cause precipitation of calcium or magmessilicate. There will be a need of pre-
flush in that case before injecting the silicaté gution. Results from the following tests will

show how sol-gel transition time is affected byresence Cd or Mg’ separately.

5.7.1 Effect of ion C&®*
Gel preparation

Before preparing sodium silicate samples for thipeeiment, distilled water with various
concentrations of calcium ion €asuch as 100, 300, 500, 750 and 1000 ppm was nfade u
separate bottles, using calcium chloride dehydtai€h.2H,0.

After that, 30 g of each sample was made up frong ¥ sodium silicate solution, 6 g of

activator and 2.5 g of distilled water, which con&al the desired concentrations of calcium ion

cat,
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Starting with 24 g of sodium silicate solution, nhadding 6 g of activator, and finally 2.5 g of
distilled water with the desired concentration af @vere added into a glass beaker sequentially.
The final solution was then put aside for mixingngsa magnetic stirrer for least 5 minutes,
before placing it into the measuring cup of Rhe@mneAs mentioned previously, a 1 ml layer of
n-decane was added on the top of all samples amdddition of solvent trap was used as

measures to reduce vaporization effects.

Temperature setting

The testing temperatures wer€@050FC and 66C. They are set in the same way as described
in section 5.6.

Test procedure

All the samples were tested in 2 modes as desciibgection 5.2.

Test results and discussion

a. Sol-gel transition time

Experiment results are presented in Table 5.10safldel transition time is plotted vs. activator
weight concentration in Figure 5.13.
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Table 5.10. Sol-gel transition time at various €aoncentration and temperature.

T, | Sam| Total | Sodium | Activat | DW | Ca®* | Ca®in | Sol-gel G'& | Viscosity
(°C) | ple | sample | silicate | or (g) (%) in total transition | G" at at gel
weight | solution DW, | sample,| time (hrs) gel point
) (9 (ppm) | (ppPm) point (Pa.s)
(Pa)
1 0 0 5.09 0.52578| 3.7176
2 100 7.69 4.91 0.53181| 3.7603
40 3 300 23.08 4.36 0.52287| 3.6972
4 500 38.46 3.94 0.51302| 3.6273
5 750 57.69 3.43 0.49673| 3.5123
6 1000 76.92 3.07 0.49199| 3.4787
1 0 0 2.68 0.46465| 3.2844
2 100 7.69 2.52 0.46905| 3.3156
325 73.85% | 18.46%| 7.69%
50 3 300 23.08 2.23 0.46124| 3.2598
4 500 38.46 2.08 0.46102| 3.2587
5 1000 | 76.92 1.57 0.46184| 3.2622
1 0 0 1.43 0.42001| 2.9644
2 100 7.69 1.34 0.43925| 3.099
60 3 300 23.08 1.23 0.42883| 3.0242
4 500 38.46 1.13 0.44433| 3.139
5 1000 | 76.92 0.92 0.46293| 3.2647

*the concentration of ion G4 in distilled water was converted into the concatitm of C&" in total weight of

sample (30g) and the last value was used to pistugesol-gel transition time in Fig.5.13.

As we can see from Table 5.10, the highe?*@ancentration, the shorter sol-gel transition time

The temperature also accelerates the gelation gsooehis case.
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Figure 5.13. Effect C&" on the sol-gel transition time.

The relation between sol-gel transition time and*Gan at 46C is best described by an
exponential function as follows:

tsg = 5.1119 x ¢~0.007ICa*"],

This equation will be used to build the unified-gel transition time correlation (3.7), while the
test results at 3¢ and 60C will be used to check how accurate the estimatibrsol-gel
transition time at higher temperatures, using tieegal equation; thus finding the coefficient

and develop the general equation for higher tentpess.

b. Viscoelastic properties of formed gels

Table 5.11 presents values of limiting value of Lkdage, yield stress, storage modulus and loss

modulus of all samples at their tested viscosilyes.
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Table 5.11. Viscoelastic properties of the formes gt the presence of ion Ga

T, | Sample| Ca®in Viscosity | Limiting Yield G' within | G" within
(°C) total @ start of | value of | stress (Pa) LVE LVE
sample, AS test LVE range (Pa)| range (Pa)
(ppm) (Pa.s) range (%)
40 1 0 4040 1.64 674 40694 575.2
2 7.69 1900 4.09 775 18897 297.9
3 23.08 1430 4.72 684 14354 240.6
4 38.46 2390 3.99 968 24024 386.1
6 76.92 2560 3.27 850 25809 427.2
50 1 0 1210 2 246 12221 275.8
2 7.69 3870 3.03 1180 38819 748.7
3 23.08 2010 5.63 1170 20365 441.1
4 38.46 2140 3.3 723 21631 474.2
5 76.92 2950 3.27 988 29869 651.6
60 1 0 1720 5 57 1010 17605 503.1
2 7.69 4030 4.06 1670 40526 1030.2
3 23.08 4170 4.52 1790 41723 1085.5
4 38.46 3120 2.37 765 31773 877.7
5 76.92 2300 4.73 1180 23941 727.3

The results from Table 5.11 are plotted in the Fégibelow.
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Figure 5.14. Viscosity vs. storage modulus of fomngel in the presence of ion €a

Fig 5.14 shows that the storage modulus is in fimektionship with the system viscosity and

that it does not depend on temperature. Increaiagviscosity leads to an increased storage
modulus.
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Figure 5.15.Viscosity vs. loss modulus of formed igethe presence of ion Ca
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Figure 5.15 shows that, the loss modulus is a fonaif both system viscosity and temperature.

Apparently, at the same viscosity value, if thepgenature is higher, then the G” is higher.
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Figure 5.16. Viscosity vs. yield stress of formes in the presence of ion Ga

Figure 5.16 does not show a clear relationship éetwyield stress and viscosity. However,
despite some out-of-trend points, it seems thaigiter viscosities, the formed gels have higher
yield stresses. However, as the system viscostneases further (last blue diamond point), the

gel most likely became brittle, thus leading to éowield stresses.

5.7.1 Effect of ion Mg**
Gel preparation

Similarly with the experiments with calcium ion,foee making samples for experiment, distilled
water with various concentrations of calcium ion“fsuch as 100, 300, 500 and 750 ppm was

made up in separate bottles, using magnesium deldehydrate MgGIl6H,O.
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After that, 30 g of each sample was made up frong 2 sodium silicate solution, 6 g of
activator and 2.5 g of distilled water, which conéal desired concentrations of calcium ion

Mg®" in the same manner as in the experiments with iGa.

Temperature setting

The testing temperatures were’@Cand 66C. They are set in the same way as described in

section 5.6.

Test procedure

All the samples were tested in 2 modes as desciibgection 5.2.

Test results and discussion

a. Sol-gel transition time

Experiment results are presented in Table 5.12safldel transition time is plotted vs. activator

weight concentration in Figure 5.17.

Table 5.12. Sol-gel transition time at various K¥fgoncentration and temperature.

T, | Sar | Total | Sodium | Activat | DW | Mg® | Mg®in| Sokgel G'& | Viscosity
(°C) | ple | sample| silicate | or(g) (%) | in DW, total transition | G" at at gel

500 38.46 0.93 0.47325| 3.3433

weight | solution (ppm) | sample, | time (hrs) gel point
) @ (ppm) point (Pa.s)
(Pa)
1 0 0 5.09 0.52578| 3.7176
2 100 7.69 4.88 0.51603| 3.6486
40 3 300 23.08 4.08 0.51095| 3.6125
4 500 38.46 3.17 0.5081 | 3.5923
5 325 | 73.85% | 18.46%| 7.69% | 750 57.69 2.19 0.49464| 3.4965
1 0 0 1.43 0.42001| 2.9644
2 300 23.08 1.13 0.44872| 3.1677
60
3
4

750 57.69 0.69 0.45979| 3.2434
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As we can see from Table 5.12, the higher*Mepncentration, the shorter sol-gel transition

time. The temperature also accelerates the gelptimeess in this case.
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Figure 5.17. Effect of Mg*ion on sol-gel transition time.

The relation between sol-gel transition time andMuon at 46C is best described by the linear

function, which is not the same form as with the @£, as follows:
tsy = —0.0517 x [Mg**] + 5.194.

This equation will be used to build the unified-gel transition time correlation (3.7), while the
test results at 6C will be used to check how accurate the estimatiosol-gel transition time at
higher temperature, using unified sol-gel tranaitiime correlation; thus finding the coefficient

and develop the unified sol-gel transition timeretation for higher temperatures.

The difference in resulting functions, which delserthe relationship between sol-gel transition
time and divalent ion Gadand Md" could be due to the higher potential of #in causing
precipitation in the solution than EaThis phenomenon was noticed during mixing thepas
While ion C&" at its highest concentration of 1000 ppm in ditilwater (or 76.92 ppm in total
sample), only made the sample turned into a sbigatjue state, the presence of 38.46 pprfi Mg
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in sample already created some precipitation. Eighil8 below shows two samples: one

contains ion C& and the other only Mg, but at the same concentration 76.92 ppm.

a b

Figure 5.18. Silicate gel system in contact withvalient ions: a. C&"; b. Mg?".

It is clearly seen that Mgresulted to a white precipitant which flows at the of the sample
(see Figure 5.18.b). The black particles seeneabtiitom of the glass beakers in both samples

are additives originated from the sodium silicaikigon.

The injected sodium silicate system will meet witjected water that exists in the formation and
will be diluted. The dilution will reduce the comteation of two main components of the gel
system, which are sodium silicate solution andvattr, thus will affect the sol-gel transition

time.

In this section, experiments will be carried in aywto stimulate this situation, in which the
injected gel system (sodium silicate solution aativator) will be mixed with distilled water in

increased manner of quantity.
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b. Viscoelastic properties of formed gels

Table 5.13 presents values of limiting value of LK4Age, yield stress, storage modulus and loss

modulus of all samples at their tested viscosilyes

Table 5.13. Viscoelastic properties of the formes gt the presence of ion M

T, | Sar | Mg#in Viscosity | Limiting Yield G' within | G" within
(°C) | ple total @ start of | value of | stress (Pa) LVE LVE
sample, AS test LVE range (Pa) | range (Pa)
(ppm) (Pa.s) range (%)
1 0 4040 1.64 674 40694 575.2
40 2 7.69 1450 4.65 691 14674 242
3 23.08 1100 6.04 681 11119 194.7
4 38.46 872 5.06 445 8739.1 165.1
1 0 1720 5.57 1010 17605 503.1
60 2 23.08 2480 3.07 788 25133 714.2
3 38.46 2770 4.41 1280 28312 820.6
Data from Table 5.13 are also plotted in the Figurelow.
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Figure 5.19. Viscosity vs. storage modulus of forngel in the presence of ion M
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Figure 5.20. Viscosity vs. loss modulus of formegl in the presence of ion Mg,
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Figure 5.21. Viscosity vs. yield stress of formezl i the presence of ion Mg,

All three Figures showed the similar behaviors,chifiave been observed in the samples with
ion C&".
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5.8 Dilution effect

The injected sodium silicate system will meet witjected water that exists in the formation and
will be diluted. The dilution will reduce the comteation of two main components of the gel
system, which are sodium silicate solution andvatdr, thus will affect the sol-gel transition
time.

In this section, experiments will be carried in aywo stimulate this situation, in which the
injected gel system (sodium silicate solution aativator) will be mixed with distilled water in

increased manner of quantity.
Gel preparation

In all samples, the quantities of sodium silicabduton (24 g) and activator (6 g) were kept

constant. Distilled water was then added in eaatpaat amounts of 2.5 g, 5gand 7.5 g.

The procedure of preparing samples is the same @&vious experiments.

Temperature setting

Four samples were tested at temperatuf€ 40nly two samples were tested alG@nd 66C.

The temperatures are set in the same way as dedénisection 5.6.

Test procedure

All the samples were tested in 2 modes as deschibsektion 5.2.

Test results and discussion

a. Sol-gel transition time

Experiment results are presented in Table 5.14sahdel transition time is plotted vs. activator

weight concentration in Figure 5.22.

Results and discussic



Rheological Evaluation of a Sodium Silicate Gel for Water Management in Mature Oilfields

Table 5.14. Sol-gel transition time at differentldiion degree.

T, Sam | Total Sodium | Activat DW Sol-gel | G'&G" | Viscosity
(°C) | ple | sample | silicate or (wt%) | transitio at gel at gel
weight | solution | (wt%) n time point point

(9) (Wt%) (hrs) (Pa) (Pa.s)

1 30 80.00% | 20.00%| 0.00% 2.69 0.60519 | 4.2786

40 2 325 73.85% | 18.46% | 7.69% 5.09 0.52578 | 3.7176
3 35 68.57% | 17.14% | 14.29% 8.96 0.48434 | 3.4248

4 37.5 64.00% | 16.00% | 20.00% 15.75 0.43516 | 3.077

= 1 30 80.00% | 20.00% | 0.00% 1.50 0.57575 | 4.0663
2 325 73.85% | 18.46%| 7.69% 2.68 0.46465 | 3.2844

50 1 30 80.00% | 20.00% | 0.00% 0.89 0.57555 | 4.0515
2 325 73.85% | 18.46%| 7.69% 1.43 0.42001 | 2.9644

The results from Table 5.14 show that dilution simeng effect on sol-gel transition time. Every
time 2.5 g of distilled water was added to the gpdtem, it made the sol-gel transition time

longer almost 2 times.
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Figure 5.22. Effect of system dilution on sol-gehnsition time.

Results and discussic




Rheological Evaluation of a Sodium Silicate Gel for Water Management in Mature Oilfields

The relation between sol-gel transition time andoemtration of distilled water in the sample at
40°C is best described by the exponential functiofobews:

tsg = 2.6376 x 87826[DW],

However, this function will not be used to builcethnified sol-gel transition time correlation.
The dilution effect will be expressed by the redtutin concentrations of two main components,
sodium silicate solution and activator. The expenmresults in this section will be used to

check how accurate the estimation of sol-gel ttarstime under dilution effect.

b. Viscoelastic properties of formed gels

Table 5.15 presents values of limiting value of Lkdage, yield stress, storage modulus and loss

modulus of all samples at their tested viscosilyes.

Table 5.15. Viscoelastic properties of the formesl gnder dilution effect.

T, Sample DW Viscosity | Limiting Yield G' within G"
(°C) (Wt%o) @ start | value of stress LVE within
of AS LVE (Pa) range LVE
test range (Pa) range
(Pa.s) (%) (Pa)
1 0.00% 108 6.23 70.4 1129 33.3
. 2 7.69% 4040 1.64 674 40694 575.2
3 14.29% 1100 5.19 580 11067 160.8
4 20.00% 58 4.48 27 612.3 13.7
= 1 0.00% 5550 1.78 993 55655 1187.1
2 7.69% 1210 2 246 12221 275.8
60 1 0.00% 8800 1.09 960 88491 2315.8
2 7.69% 1720 4.79 868 17605 503.1
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5.9 Derivation and verification of unified sol-gel transition time correlation

All derived functions between sol-gel transitiomé& and different factors, which are studied in
this work, are found and listed in Table 5.16.

Table 5.16. Summarization of all equations.

N° Factors Equation
1 Activator tsg = 1.3666 x 1073 - [Ac]~*70%5
2 Sodium silicate solution tsg = 8.4029 X [SS] 735437

9 6711.1
3 Temperature tsg = 2.5432 X 10 " Xe Tx
4 C&" ion tsg = 5.1119 x g ~0.007[ca*"]
5 Mg ion tsg = —0.0517 X [Mg?*] + 5.194

The unified sol-gel transition time correlationtis&e combination of all five equations above.
The matching coefficient = 5.9717 x 10~* is found based on various attempts to match the
unified sol-gel transition time correlation withettconducted experiments results at different
temperatures. However, it is noted that at highceatrations of divalent ions, above 1000 ppm
in distilled water for C& and 500 ppm for Mg and at temperature 8D, the general equation
gives a large deviation from the experiment datar. &ample, 7.2% is difference between
experimental and predicted values at concentraifoh000 ppm C& at 60C. The difference
increased to 36.6% at the same?fMgpncentration and at the same temperature. Tisemear

this large deviation could be explained by the jpition, which starts to occur in the presence
of high concentrations of divalent ions.

The unified sol-gel transition time correlationnstten in the final form as follows:

6711.1
tsg = 5.9717 X 107* x [Ac]~*7%%5 x [SS]735437 x 107 x ¢ Tk x e~0007[ca®"]

x (—0.0517 X [Mg?*] + 5.194).
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Using this equation, the sol-gel transition timen d&e estimated from a given gel solution’s
composition and at a given reservoir condition ¢eariration of divalent ion Gaand M@";

reservoir temperature).

However, additional multiplication coefficients areeded to add to the unified sol-gel transition
time correlation in the dilution cases to matchékperiment data with predicted values. Since in
the dilution cases, the total weight of gel systaaneased, the ratio between gel system weight
before dilution and gel system weight after dilatioeed to be included into the unified sol-gel
transition time correlation. In the Dilution effesection, four cases were studied with added
water increased from 0 to 7.5 g (2.5 g of distikeater was added each time) to the gel system
with original total weight 30 g (24 g of sodiumisdte solution and 6 g of activator). So then the

additional coefficient are calculated and listedhia Table below.

Table 5.17. Additional multiplication coefficient®r dilution cases.

Sample Total Additional
sample | multiplication
weight (g) coefficient

1 30 1

2 325 0.92
3 35 0.86
4 37.5 0.8

Additional experiments were conducted to test aaufy the derived unified sol-gel transition
time correlation both within and outside of its fmmature range 4G to 6(C. The composition

of samples, test temperature and measured salagesition results are presented in Table 5.18.
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Table 5.18. Experiments for verification of derivenhified sol-gel transition time correlation.

Sam

Total

Activa | Sodium | DW | ca”, | Mg#, Test Sol-gel Differe
ple | sample | tor silicate | (%) | (ppm) | (ppm) | temperature transition nce
weight | (%) | solution time, (hrs) (%)
(9) (%) oc | o |Calcu | Meas
lated | ured

1 25% 68% 7% 0 0 35 308.15 2.38 2.21 7.2%
2 18% 75% 7% 0 0 45 318.1 3.97 4.01 1.0%

3 30 18% 75% 7% 0 0 53 328.16 2.09 1.98 5.0%
4 19% 74% 7% 0 0 55 328.15 1.70 1.66 2.5%
5 14% 79% 7% 0 0 65 338.15 3.09 2.25 27.3%
6 14% 79% 7% 0 0 70 343.15 2.3 1.66  28.4%
7 325 18.5%| 73.8%| 7.7% 11.54 11.54 40 313.15  4.24.17 2.3%

8 0.0% 0.0% |7.7% | 23.08 9.23 50 | 323.15| 4.21 4.11 2.4%

The tests on sample 7, 8 and 9 were performed dbthe unified sol-gel transition time
correlation when both of the divalent ions’Cand Md* exist in the sample simultaneously.

The sol-gel transition time from first five expeents are plotted in the same graph with the

curves, which are generated from unified sol-gahgition time correlation at temperature§G35
40°C, 45°C, 50C, 55'C, 60°C and 65C.
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Figure 5.23. Verification of the unified sol-gel &msition time correlation.

The test points within the temperature range dtC4® 60C (points 2, 3 and 4) show a good
agreement with the predicted values (dashed lilied)apolation of the unified sol-gel transition
time correlation outside the development temperatge (points 1 and 5) yields higher errors

against measured experimental values.

The test points 7 and 8 with the presence of botaleht ions C&" and Md* also show a good

agreement with predicted values.
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5.10Maximum differential pressure the formed gel can wihstand

The yield stress of formed gels was obtained fregosed test mode and is in the relation with

gel viscosity at testing time.

One example of calculation is presented in thisi@@cwhich demonstrates how the maximum
differential pressure is estimated from the yietcess of sample with composition of 14%
activator (the rest is sodium silicate solutiony, tbeating a natural fracture as a set of two
parallel, smooth and impermeable planes. Figurd Bepresents the Amplitude sweep test on

this sample at viscosity equals 828 s.

[ ]
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Pa ' -
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T |
’ | 3 - G' Storage Modulus
y Ty 710 & o Losebodie
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Figure 5.24. Amplitude sweep on sample with 14%aofivator.

Test analysis based on measured date gives thie oésield stress equals 605 Pa (as shown in
Figure 5.24).

One example of maximum differential pressure caltoih at an effective distance of formed gel
L =20 m and a fracture width w = 0. 02 m is gi\astow:
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2:606
0.02

AP,y = 2%dL = 20 = 12.12 - 10° Pa = 12.12 bar.

In this work, the maximum differential pressureg @&stimated for a single fracture, which
connects between injection and production welbjifierent fracture widthsw, vary from 1mm

to 5 cm and effective distances of formed gel m fifacture L = 20, 50 and 100 m. The results
are plotted in Figure 5.25.
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Figure 5.25. Maximum differential pressure the fored gel (14% of activator) can withstand at

different fracture widths and effective distanceofn injection well.

Figure 5.25 shows an inverse relation between maxindifferential pressure and fracture
width; the smaller the fracture width, the highesximum differential pressure the formed gel

can withstand or in other words, a larger presguaidient is needed for gel extrusion.

At the same fracture width, the longer the effextdistance, the more difficult is the gel

extrusion, since the formed gel now can withstagtiér differential pressure.
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Liu et al. (2001) have reported in their work ttia¢ calculated pressure gradient, Equation 3.14
greatly underestimates the pressure gradient mjéior gel extrusion through fractures in core

flooding experiments. The reasons are:

* Macosko (1994) mentioned that for viscoelastic male wall-slip effects were
particularly prevalent during yield stress measweimBecause of the impermeability of
the wall, the layer of particles adjacent to theareter wall was typically more dilute
than the bulk dispersion. During flow, the shede igradient caused particles to migrate
away from the wall. The thin, dilute layer near thall had a much lower viscosity —
creating the impression that the bulk fluid wapging along the wall. Since the yield
point was a flow/no-flow as well as a transitiorimidrom elastic solid to viscous liquid,
the existing thin, dilute layer acted as if thelgipoint had been reached and the material
had already started to flow (Wang, et al., 2006)e Measured yield stress, in this case,
was lower than its actual value.

* Gels propagate through fractures by worm-holingodgh immobile concentrated
(dehydrated) gel. Since these wormholes are narrtha@ the fracture width, this could
partly explain the higher pressure gradient duthmg gel extrusion experiments (Wang,
et al., 2006).

* In difference with smooth surface of measuring pmént, inherent presence of fracture
wall surface heterogeneities (non-smooth surfane)the existence of small secondary
fractures and/or wormholes in the core sample megease significantly the differential

pressure, which was estimated based on the abmyéesapproach.

For this work, the calculation was just a demonsmato show the relationship between gel
rheological properties (yield stress) and fractpreperties (width and effective distance). It
helps to predict the relative increase of maximutffei@ntial pressure, which the formed gel can
withstand when the shut-in time is carried for lengme, since for a longer time, the viscosity
of formed gel will be higher, thus earns the higyietd stress. However as mention in previous
section, in some cases when the viscosity wasitgig gel became more brittle and actually has

lower limiting value of LVE range and also loweel stress than the gel with lower viscosity.
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6 Conclusions and Recommendations

Based on the observations from the experiments wated during this study, the following

conclusions can be made:

1. The gelation kinetics of silicate gel system istecolled by the concentration of silicate, the

concentration of activator as well as temperaturé presence of divalent ions @and

Mg?).

The higher the concentration of activator in thé gyestem, the faster the gelation
process, which leads to shorter sol-gel transiiioe.

Higher concentration of sodium silicate also tetmshorten the sol-gel gelation
time, but at a lower intensity compared with thévator one.

Temperature has a significant effect on the gelawocess — the higher the
temperature, the shorter the sol-gel transitioretemnd the faster the gelation rate.
The relation between sol-gel transition time andperature can be described using
the Arrhenius equation.

The presence of divalent ions GaMg®") also makes the sol-gel transition time
shorter. M§*ion has a higher potential for precipitation thaef ‘CConcentration of
500 ppm Mg§" in the makeup water (distilled water) caused pitation, while a
concentration of 1000 ppm of €dn makeup water resulted only to a more opaque
gel solution.

Separate equations of sol-gel transition time veeneeloped in relation to each one
of these factors (sodium silicate concentratiomivator concentration, temperature,
divalent ion concentration (€2 Mg®")), and a single unified sol-gel transition time
correlation a function of all variables was derivbg combining all separate
equations along with a matching coefficient. Thiatching coefficient was found
based on various attempts to fit the experimerssli®with unified sol-gel transition
time correlation.

Dilution of the sodium silicate system will reduite2 concentration of both sodium

silicate and activator, thus increase the sol4geldition time.

2. The general equation did not result into a verydgosatch between the estimated and

measured values when there is high concentratiaivafent ion (starts from 1000 ppm for
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C&* and 500 ppm for M) and at high temperature @@). This could be due to the
precipitation caused by the divalent ions at thgg ftoncentration.

3. Results from test experiments show a good estimdtmm unified sol-gel transition time
correlation in the temperature range of@@o 60C since the function of temperature effect
was built based on experiments in this range.

4. The storage modulus G’ of a formed gel is in diggciportion with viscosity, regardless the
temperature, while the loss modulus G” is in dingiportion with viscosity and also the
temperature.

5. In general, the yield stress is in directly promortwith viscosity except for a few
experiments in which results were out of trend. Thases could come from measurement
itself or from analysis program. Despite that fattwas noticeable that at very high
viscosities, the formed gel became brittle and wapable of withstanding a large
deformation, thus leading to a low limiting valueL&/E range and a low yield stress value.

6. The viscosity growth of a silicate gel system appea behave differently from a polymer
system. The viscosity growth of silicate gel follbwhe sequence of: a very low viscosity
trend for a certain time period (prior to sol-galrsition time); a sharp increase after the sol-
gel transition time; an increased growth rate we#ching a constant rate (constant slope on
viscosity curve); and a slight decrease of theosgyg growth rate.

7. The gel strength of formed gel was evaluated bygutaling the maximum differential
pressure the formed gel can withstand, which isvddrbased on the minimum pressure
gradient required to extrude the formed gel throtwyh smooth parallel plates at a given
yield stress. However, this approach greatly urstenates the pressure gradient required
for gel extrusion through fractures in core floaglexperiments or field conditions due to:

» Wall-slip effects from equipment, which resultdomer measured yield stress.

» Gels propagate through fractures by worm-holingpugh immobile concentrated
(dehydrated) gel and these wormholes are narrdvaerthe fracture width.

* Inherent presence of fracture wall surface hetereigjes (non-smooth surface) and

the existence of small secondary fractures andéwmlvoles in the core sample.
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Recommendations for further works would be:

+ Besides C4 and Md" ions, other divalent ions in the injected and fation water
such as B&, Mn**, SQ?, etc. will also affect the gel kinetics. The dedvunified
sol-gel transition time correlation will then indie the effect of those divalent ions
and give better estimation.

« Conduct experiments outside the temperature rahg°€ to 60C, so that the
function of temperature effect can be rebuilt, viahwill lead to better estimation
from unified sol-gel transition time correlationtime wider range of temperature.

* Perform core flooding experiments on core samptesdevelop a correlation
between calculated and measured values of maximiffiereshtial pressure the

formed gel can withstand.
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APPENDICES

Appendix A: Conversion between raw data (deflection anglep) and rheological
parameter (shear deformation y) for concentric cylinder measuring system (CCMS)
(Mezger, 2011)

Yy = (60[s/min] - Cs, * @) /21 = 9.55[s/min] - Cs, - ¢ (A1)

where(C, — factor is the same for all ISO cylinder MS, ipdadent of the radii of bob and cup

since it always show the vald@g, = 1.291 min/s.

Appendix B: Relation between yield stress and maximum yield stss and maximum

pressure drop in a fracture and in a porous matrix(Bird, et al., 1983)

The gel is assumed to behave like a Bingham flline relation between the shear stress and the
velocity gradient (or shear rate) in a shear flanw=wy(y) is (x is the flow direction and y the

perpendicular to the shearing plane):

_ av,
Tyx = To + UBE Tyx > Ty

vy ' B

& =0 Tyx < Tp

wheret, is the yield stress ang; the Bingham (or plastic) viscosity.
Under stationary (steady rate) conditions, the eguaf motion is:

VP+V-T=0 (B.2)
where p is the pressure field and the stress tensor.

The fracture is modeled by two parallel platesesfgth L separated by a distance w (fracture
width). The location of both plates is given lpy= +w/2. Then, projecting the (vectorial)

equation (2) onto the flow and pressure gradiemtction x:

d
VP + - Tyx =0 (B.3)
i.e.,
Tyx = —VP-y+C (B.4),
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where the integration constant C is zero becauskeeo§ymmetry of the problem. This equation
clearly shows that the shear stress is maximuimeatvall:

Twall = iW VP/Z (BS)

Therefore the Bingham fluid will withstand pressigeadients that do not exceed the value
27Ty /W.
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