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ABSTRACT

Removing oil-based drilling fluid (OBDF) filter cake is a difficult task. Low
removal efficiency of filter cake may result in pay zone damage, including drilling fluid
filtrate incompatibilities with reservoir fluids, fines migration, and undesirable change of
permeability and porosity. The cost-effective and single-stage application of new
surfactant/oxidant system to enhance the removal efficiency of OBDF filter cake and
minimize the formation damage and corrosion damage.

Rotational viscometer optimized the formulation of OBDF by regulating the
rheological properties. Filter press simulated various high-pressure/high-temperature
(HP/HT) well conditions in laboratory to form the OBDF filter cakes and remove them
from sandstone disks. Drop shape analysis was performed to illustrate non-ionic
surfactant treatment on OBDF emulsion. Inductively Coupled Plasma (ICP) equipment
disclosed the cleanup mechanism of filter cake components by breakers. Formation
damage was disclosed by experimental results of X-ray Computed Tomography (CT)
scan and Coreflood implements. Corrosion rate was tested with L-80 metal to determine
the most efficient corrosion inhibitor concentration.

Surfactant used in the new removal system breaks OBDF emulsion and thus
expands the contact area between dense filter cake and effective breaker. Coated breaker
can be circulated out of wellbore after the removal work, based on its low density and
tightly coated property. HP/HT filter cake removal tests indicate the optimized new

system can disperse and remove the OBDF filter cake by up to 98 wt% removal



efficiency. After 12 hours filter cake removal test, the optimized surfactant/oxidant
system results in 4.38 % loss of initial porosity mostly and carried out the retained
permeability up to 72.66 %. 1.5 and 2 wt % of 0% coated persulfate with 5 vol % of
Rodine 31-a gave an industry accepted corrosion rate of 0.033 Ib/ft? and 0.045 Ib/ft?,
respectively, although pitting was still present on the faces of coupon.

With optimized formulation and soaking time, the cleaning solutions will benefit
the oilfield industry significantly by removing OBDF filter cake under challenging well
conditions. The new surfactant/oxidant system minimizes the effects of drilling fluids on
formation properties, based on its quick removal steps, high removal efficiency, and

acceptable formation damage and corrosion damage.
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1. INTRODUCTION

1.1. Problem with OBDF Filter Cake
1.1.1. OBDF Filter Cake

Various functions of drilling fluids during drilling operations are including: (1)
exert hydrostatic pressure over the permeable formation, suppress the formation
pressure, and prevent well blowouts; (2) remove and carry drill cuttings from the
downhole to well surface; (3) cool and lubricate drill bit in downhole condition. Drilling
fluids are commonly categorized into three general types, namely water-based drilling
fluids (WBDF), oil-based drilling fluids (OBDF) and synthetic based drilling fluids
(SBDF). OBDF systems were developed and introduced in the 1960s.

The application rate of OBDF currently has reached over 80% in North America
and Mexico. They can provide relatively excellent capacities for clay swelling inhibition,
good lubrication performance, pollution reduction, thin filter cake characters, borehole
walls collapse prevention, and high temperature stabilization. OBDF are significant
sources of chemical exposure during drilling operation, and they might cause
subsequently environmental effects on oil and gas formations after drilling operation.

Based on positive differential pressure between OBDF and pore-throat pressure,

OBDF will form filter cake during the introduction of filtrate into the target zone. Filter

! *Reprinted with permission from “A Cost-Effective Application of New Surfactant/Oxidant System to
Enhance the Removal Efficiency of Oil-Based Filter Cake” by J. Zhou et al., 2018. SPE-190115-MS,
Copyright 2018 by Society of Petroleum Engineers.
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cake have very thin thickness (no more than the space between formation surface and
rig), and very low permeability (range from 0.01 mD to 0.0001 mD). Filter cake controls
filtrate through the porous formations, reduces the filtrate invaded into formation, and
minimizes the invasion of drilling fluids additive which have particles with small size.

OBDF is one type of drilling fluids that can enhance wellbore stability in water-
sensitive reservoirs. OBDF includes oil as the continuous phase and water as the
dispersed phase, in conjunction with viscosifiers, emulsifiers, filtration control agents,
and weighting materials. OBDF can provide relatively excellent capacities for clay
swelling inhibition, good lubrication performance, pollution reduction, thin filter cake
characters, borehole walls collapse prevention, and high temperature stabilization. Based
on positive differential pressure between OBDF and pore-throat pressure, OBDF will
form filter cake during the introduction of filtrate into the target zone (Figure 1). OBDF
filter cake is composed of colloid particles and water-in-oil emulsion (water droplets
dispersed in an oil phase, as shown in Figure 2).

Most of filter cake compositions can be attributed to the drilling fluid weighting
material, and the rest are functional additives, such like viscosifiers, emulsifiers,
alkalinity control agents, and filtration control agents. OBDF filter cake solids are
mainly hydrophobic, and the filter cake permeability is much lower than the rock
permeability. Filter cake is used as a barrier between the wellbore and the formation. It

minimizes unwanted propagation of solids and fluids.
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Figure 1 Filter cake formation.
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Figure 2 Water—in—oil emulsion. Reprinted with permission from SPE-190115-MS.

In open-hole completions, OBDF filter cakes can cause formation damage like
plugging of pore throats, sticking of drill pipes, and shrinkage of borehole. In the oil and
gas industry, before a well is put into production, a cleaning solution is applied to
disperse, break down, and remove the filter cake (Allogo et al. 2016). Although the
surface tension of oil is lower than of water, OBDF filter cake could be adsorbed and

retained on the formation surface tightly after the drilling. Inadequate removal of filter



cake in HP/HT conditions creates the potential of pore-throat plugging and drawdown

wellbore pressure (Alimuddin et al. 2016).

1.1.2. Formation Damage from OBDF Filter Cake

Development of drilling and completing horizontal wells can drive the enlarged
production flow area, which boosts production of oil or gas. However, these horizontal
wells have long open-hole sections that contact with the drilling fluid and filter cake for
long periods of time which might cause formation damage (Bennion et al. 1996;
Christian et al. 2009; Vickers et al. 2011; Menezes et al. 2012). Siddique et al. (2017)
explained that in oil and gas industry, the drilling process produces three main types of
wastes: drill cuttings, drilling fluid filtrate and filter cake.

Main factors of OBDF formation damage refer to the solids phase invasion,
multi-phase flow effect, wettability reversal, emulsion or filter cake plugging. In view of
mechanically drilling equipment, filter cake might also cause the stuck pipe incidents
together with the near well-bore formation damage. Operator companies employ several
methods to mitigate the stuck pipe incidents (Figure 3). These methods consist of
decreasing the drilling fluids density to minimize the overbalance, minimizing stationary
time, increasing drill collar or drill string stabilization, but all will highly raise the
drilling costs and drilling periods.

Yonebayashi et al. (2017) designed a series of laboratory works to identify the
reasons that formation damage caused by OBDF filter cake, such as near well-bore

formation damage (including wettability change, emulsion or filter cake blockage), or

4



plugging in certain sections of the case hole that including the perforation tunnel. They
found that a certain level of formation damage was concerned from the near-wellbore
area in the oil-bearing zone of the reservoir, other than from the certain sections of the
case hole.

It is imperative to design filter cake cleaning solutions which can help in
mitigating the issues and costs arising due to the oil-based filter cake. To design a
sustainable and viable filter cake management and removal plan, the first step is to
identify the basic composition and the sources of pollutants inside the oil-based filter
cake. OBDF filter cake is composed of colloid particles and water droplets dispersed in
an oil phase (water-in-oil emulsion).

About 70 % to 80 % of the mineral composition of filter cake can be attributed to
the drilling fluid weighting material, and the rest are functional additives, such like
viscosifiers, emulsifiers, alkalinity control agents, and filtration control agents. OBDF
filter cake solids are mainly hydrophobic, and the filter cake permeability is much lower
than the rock permeability. Filter cake consist of diesel or mineral oil containing
different types of polycyclic aromatic hydrocarbons (PAHS) and are also considered as a
flammable hazard source.

Although the surface tension of oil is lower than of water, filter cake could be
also adsorbed and retained on the formation surface after the drilling. The change in
wettability of the formation surface from water-wet to oil-wet by the emulsifiers of
OBDF, would heighten the flow resistance of oil and gas in the percolation channel,

adversely affecting well production (Siddique et al. 2017, Figure 4). Emulsifiers inside



OBDF created water-in-oil emulsions, altered the formation surface to be more oil-wet,

and made oil-wetting components of OBDF invaded into the formation pore throats.
The contact surface between formation water and oil-wetting components of

OBDF filter cake, can easily form stable water-in-oil emulsion under the effect of

emulsifiers that may damage reservoirs by plugging pore throats and fractures.

Wellbore

Impermeable Formation

Permeable Formation
Filter Cake

Pipe Sticking
Impermeable Formation

Figure 3 Pipe sticking incidents in drilling.



Wellbore

Impermeable Formation

Production Zone

Filter Cake Plugging

Impermeable Formation

Figure 4 Filter cake plugging in production.

1.1.3. Remove OBDF Filter Cake

Different mechanisms have been developed and improved, which aimed at
treating filter cake. They are including non-biological treatment processes, disposal
options and bioremediation technologies. After completion of drilling, a cleanup
treatment to remove the OBDF filter cake is needed to minimize skin damage and
formation damage, extend production flow, and restore the productive zone to a near-
natural state.

The most important function of cleanup treatment for OBDF filter cake is to
break down the external water-in-oil emulsion, wash the damaged zone of formation
surface, and store the formation’s fluid transfer properties. The cleaning steps of OBDF
filter cakes fall primarily into three major parts: (1) break OBDF emulsion with the
degradation of emulsifiers inside OBDF filter cake; (2) lower the surface tension and

reduce the contact angle between formation surface and oil-wetting additives inside
7



OBDF filter cake; (3) breakdown the long chains of organic additives to lower the
viscosity and the resistance of flow, and upgrade the rate of circulating out; (4) dissolve

weighting materials if possible.

1.2. Application of Surfactant and “Breaker” to Clean OBDF Filter Cake

Formate brines, live mineral acids, HCI, organic acids, chelating agents, or a
combination of these additives, are conventional chemicals to remove water-based
drilling fluid (WBDF) filter cake. Multiple stages and large volumes of solvents are
always applied in OBDF filter cake removal using conventional chemicals. Single-stage
cleaning solutions have been proposed, tested, and applied into drilling work because of
their simple operation and economic application. The new surfactant/oxidant system
developed in this work will be single-stage, and the optimized formula will also be

examined in the laboratory.

1.2.1. Surfactant Treatment for OBDF Emulsion

Basic surfactant consists of a hydrophilic (strongly attracted to water) part and a
hydrophobic (very little attraction for water) part. When added to form an aqueous
cleaning solution, the hydrophilic part arranges itself toward the water phase while the
hydrophobic part tries to remove itself from the water by attaching to any surface beside
water.

The major surfactant classes are anionic, cationic, amphoteric, and nonionic
surfactants. Surfactants are classified by the ionic charge of the hydrophilic group in

water solution. Anionic surfactant has a negative charge. They tend to be affected by
8



water hardness ions and generate higher foam levels, than other surfactant classes
(Anton et al. 1990 and 2007). Cationic surfactants might attach on sandstone surface
(have negative charges) and induce chemical pollutes to sandstone reservoirs.

Amphoteric surfactants develop a negative or positive charge depending on
whether the pH of solution is alkaline or acidic. Amphoteric surfactants provide
mildness, intensify wetting properties, low foaming characteristics, stability, and good
hydrotropic or coupling ability. Nonionic surfactants do not have an ionic charge. They
are lower foaming and are less affected by water hardness ions (Ca and Mg). Nonionic
surfactant does not dissociate when dissolved in water and have the broadest range of
properties depending upon the ratio of hydrophilic-lipophilic balance (HLB). This
balance is affected by temperature. The hydrophobic ability is strengthened, and
solubility is cut down as temperature is elevating (Yaghmur et al. 2002).

Surfactants adsorb onto a variety of surfaces in the process to lower the surface
tension between the different media (Bourrel et al. 1982; Parekh and Sharma 2004).
When treat OBDF filter cake, the surfactant was optimized to reduce capillary force,
destroy the emulsion on: (1) filtrate-cake surface; (2) the mixture of oil-based filtrate and
formation water; (3) the solid-phase cementing structure (Menezes et al. 1989; Zanten et
al. 2010).

The surfactant must flocculate the water droplets in OBDF emulsion firstly.
During flocculation, the droplets clump together forming aggregates or flocs.
Coalescence follows the flocculation and is the second step in the breaker process.

During coalescence, water droplets fuse to form larger drops. Coalescence leads to
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complete phase separation (oil and water) and emulsion breaking. This displacement
changes properties like interfacial viscosity or elasticity of the protecting film, thus
enhancing destabilizations.

The surfactant makes the reservoir water wet, break the water-in-oil emulsion,
hence resulting to faster cleanup and recovery of hydrocarbon (Yan et al. 1993). It will
lower the surface tension of the liquid, helping the hydrocarbon to overcome the
resistance of a liquid/gas interface (El Sherbeny et al. 2013; Sabatini et al. 2003).

Davison et al. (2000) firstly used the combination of surfactant and
inorganic/organic solvent to remove oil-based filter cakes. Al-Otaibi et al. (2010) stated
that in Saudi Arabia many sandstone reservoirs are drilled with invert emulsion drill-in
fluid to avoid the risk of clays swelling, but production impairment due to drilling fluids
damage effect was observed in some horizontal wells drilled with inverted emulsion
drill-in fluid and completed with stand-alone screens because of improper mud
management. They proposed a single-stage microemulsion based treatment to remove
OBDF filter cake screen blockage.

The microemulsion composes of sodium brine, surfactant, corrosion inhibitor,
and organic acid breaker. Microemulsion system can also be a single-phase that oil and
water are co-solubilized by the surfactants and it can be designed as a treatment for
OBDF displacement/cleanup and removal of formation damage in open-hole and cased
hole (Ezrahi et al. 1999; Garti et al. 2004; Quintero et al. 2009; Darugar et al. 2012;
Brege et al. 2012). Mesophase systems (surfactant and acid blend) are customized blends

based on microemulsion technology.
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They have been used to destroy invert emulsion filter cakes that weighted by
calcium carbonate in open-hole production and water injection applications (Christian
2009; Quintero et al. 2010; Pietrangeli et al. 2014; Addagalla et al. 2015 and 2016). The
mesophase systems have high oil solubilization, high diffusion coefficients through
porous media, and the reduction of interfacial tension between organic and aqueous
phases to near zero, making them excellent candidates for removing formation damage

in sandstone.

1.2.2. Oxidant and Formic Acid Treatment for Filter Cake Components

The degradation and cleanup of organic components of filter cake is achieved by
reducing the fluid viscosity using chemical additives called ‘breakers”. There are many
different types of breakers used in the industry, but they can be divided into two
categories: enzymes and oxidizers.

Numerous laboratory studies have been conducted by using these enzymes and
oxidizers to understand and migrate the damage caused by use of crosslinked polymer
fluids (Imgam et al. 2014). Enzymes only attack specific biopolymer chains, and always
lose their effectiveness when quickly denatured in high temperatures.

Oxidizers work by reacting with active sites on the polymer chains, and, under
ideal conditions, will break the polymer chain at key linkages, thus degrading the
polymer strand to its base units of simple sugars (O’Driscoll et al. 1998).

Ammonium persulfate and sodium persulfate are the most common oxidants

used in the industry (Sarwar et al. 2011). Al-Muntasheri et al. (2017) stated that in
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polymer-based aqueous fluids, persulfate breakers can be used to reduce fluid viscosity
by degrading polymer chains and reducing the molecular weight of polymers.
Ammonium persulfate and sodium persulfate salts dissociate in water to form the
persulfate anion (S20s%), which has a strong oxidation potential (E° = 2.01V) and
generates sulfate-free radicals that react with polymers.

These sulfate-free radicals will extract any hydrogen atoms on the polymer
backbones. Ammonium persulfate has a higher solubility in water than sodium
persulfate and potassium persulfate (Persulfate Technical Information 2011). Equations
1, 2, and 3 lay out the electromotive force data and indicate that S;Os?" has the strongest

oxidation potential.

S208% +2H + 287 7 2HSO4, EO=2.12Vucueeiiiiniinrnnnnnnns Equation 1
H2O02 +2H "+ 260 —»  2H20, EP=L.77Vueiieeneiniirennennnn. Equation 2
HSOs + 2H*+2ec —» HSOs + H20, E’=1.44V................ Equation 3
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Different products will be created by the reaction of persulfate ions with water.
The reactive products of persulfate ions with water might be H2O2, HSO4", and HSOs".
Higher solubility of ammonium persulfate promotes it to produce higher concentration
of H202, HSO47, and HSOs" in dilute acidic condition. These three breakers, H202, HSO4
, and HSOs", can strongly break down OBDF filter cake layers and components. Coated
chemicals always have resistance to release in the exposure conditions such as higher

temperature and hydrogen sulfide.

A surfactant is an amphiphilic molecule, composed of a hydrophobic tail group
with a carbon chain length, and a hydrophilic head group (Okoro et al. 2015). The
viscosities of surfactants used in the oil and gas industry may vary from less than 1 cp, to
slightly more than 1,000 cp. These surfactants act as emulsifiers and oil-wetting agents.
They are composed of organic, fatty-acid soaps (Salazar et al. 2007).

Many factors can affect the surfactants’ behavior, including salinity and
temperature, and these factors will be discussed in this report. Surfactant-enhanced in-
situ chemical oxidation (Hoag 2010), creates the solubilized oil-in-water micro-emulsion
and destroys the non-aqueous phase. The oxidants (sodium persulfate and hydrogen
peroxide) generate powerful free-radical oxidant systems and destroy solubilized

contaminants.

Dense non-aqueous phase liquid (DNAPL) is denser than water, but does not
dissolve in water, and this term is used primarily to denote groundwater, surface water,

and sediment contaminants. At the molecular level, surfactant grubs and solubilizes the
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DNAPL, then free radicals are made by activating oxidants. OBDF filter cake can be
dispersed and removed by a surfactant/oxidant system with the same mechanism. This
research proposes a brine-based OBDF filter cake removal system, which penetrates,
disperses, and removes the OBDF filter cake, depending on the powerful oxidant

(persulfate salts) and non-ionic surfactant.

Ammonium persulfate and sodium persulfate are the most common breakers
used in the industry (Sarwar et al. 2011). Ammonium persulfate has a higher solubility
(Figure 5) in water than sodium persulfate and potassium persulfate. Figure 6 gives the
molecular structures of sodium persulfate (Na2S20g) and ammonium persulfate

[(NH4)2S20g].
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Figure 5 Solubility of common persulfate salts in water. “Reprinted from

[Persulfate Technical Information 2011].
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Figure 6 Molecular structures of (a) sodium persulfate and (b) ammonium
persulfate. Reprinted with permission from SPE-190115-MS.

Different products will be created by the reaction of persulfate ions with water
(Equations 4, 5, 6, and 7). The removal efficiency of a persulfate breaker is highly
dependent on pH and temperature. The pH values of the new surfactant/oxidant system
will be measured after soaking the OBDF filter cake 4, 8, and 12 hours under differential

pressure and temperature conditions.

Neutral (pH 310 7): S;08* + H:O —»  2HSOs4 + %02 cevverevmnen. Equation 4

+

Dilute acid (pH > 0.3; [H*] < 0.5M): S;08> + 2H,0 i» 2HSO4 + H20y,

............................ Equation 5

Strong acid ([H*/ > 0.5M): $20¢> + H.O —» HSOs + HSOs,
............................. Equation 6

Alkaline (pH > 13): $:0s> + OH- —» HSOs + SO+ % 0y,
.............................................. Equation 7
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When treat OBDF filter cake, the surfactant was optimized to reduce capillary
force, destroy the OBDF emulsion (water-in-oil emulsion). Surfactant adsorption will
always increase the production based on lower capillary pressure when removing filter
cakes from reservoirs with small pore throats. The surfactant must flocculate the water

droplets in OBDF emulsion firstly.

During flocculation, the droplets clump together forming aggregates or flocs.
Coalescence follows the flocculation and is the second step in the breaker process.
During coalescence, water droplets fuse to form larger drops. Coalescence leads to
complete phase separation (oil and water) and emulsion breaking. This displacement
changes properties like interfacial viscosity or elasticity of the protecting film, thus
enhancing destabilizations (Yan et al. 1993; Sabatini et al. 2003; EI-Sherbeny et al.

2013).

After the breakdown of OBDF emulsion, filter cake cleanup is achieved by
reducing the fluid viscosity using chemical additives called ‘breakers”. Oxidizers work
by reacting with active sites on the polymer chains, and, under ideal conditions, will
break the polymer chain at key linkages, thus degrading the polymer strand to its base
units of simple sugars (O’Driscoll et al. 1998). Al-Muntasheri et al. (2017) stated that in
polymer-based aqueous fluids, persulfate breakers can be used to reduce fluid viscosity

by degrading polymer chains and reducing the molecular weight of polymers.
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1.2.3. Formic Acid

Formic acid (HCOOH) is the simplest carboxylic acid. It is commercially
available in various concentrations and relatively cheaper than the other organic acids,
like oxalic acid, lactic acid and citric acid et al. Formic acid is much less corrosive to
metals than the strong acids like HCI and HF. Formic has density of 1.192 g/cm?® and pH
is <1.

Completion fluids with low surface tension are required to reduce the capillary
forces. Formic acid has the lowest surface tension than acetic, and lactic acid systems
(Al Moajil et al. 2015). Al-Otaibi et al. (2010) used the combination of acetic acid and
surfactant to remove CaCOs weighted invert emulsion drilling fluids filter cake.
Binmogbil et al. (2009) proposed an in-situ acid-precursor which can generate formic
acid, to facilitate the reactivity of the produced acid with calcium carbonate weighting
materials, after incorporated a special surfactant blend to alter the wettability of the oily
filter cake. Formic acid can dissolve CaCOs and form calcium formate Ca(HCOy)z.

Formic acid can also react with Mnz04 to product two chemical, which depends
on charge of Mn ion: Mn(OCOH)2+2H0 (it is for Mn?*) and Mn3
(OCOH)s[OCOH]3+2H:0 (it is for Mn3*). The red monoclinic crystals of Mn(l1) formate
dehydrate [Mn(OCOH),+2H,0] are obtained by the reaction of formic acid with MnzO4
(Kemmitt and Peacock 1973). Al Moajil et al. (2008; 2010; 2012) published a series of
papers to manifest that at temperature above 212, formic acid will have the highest
Mn3O;4 dissolve ability than sulfonic acid, malic acid, citric acid, lactic acid, and acetic

acid.
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2. PREVIOUS STUDIES

With well-established surfactant additives, the OBDF emulsion can be broke down
to expand the contact area between dense filter cake and effective breaker. Davison et al.
(2000) firstly used the combination of surfactant and inorganic/organic solvent to remove
oil-based filter cakes. Al-Otaibi et al. (2010) stated that in Saudi Arabia many sandstone
reservoirs are drilled with invert emulsion drill-in fluid to avoid the risk of clays swelling,
but production impairment due to drilling fluids damage effect was observed in some
horizontal wells drilled with inverted emulsion drill-in fluid and completed with stand-
alone screens because of improper mud management. They proposed a single-stage
microemulsion (composes of sodium brine, surfactant, corrosion inhibitor, and organic
acid breaker) based treatment to remove OBDF filter cake screen blockage.

Microemulsion system can also be a single-phase that oil and water are co-
solubilized by the surfactants and it can be designed as a treatment for OBDF
displacement/cleanup and removal of formation damage in open-hole and cased hole
(Ezrahi et al. 1999; Garti et al. 2004; Quintero et al. 2009; Darugar et al. 2012; Brege et

al. 2012).
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3. OBJECTIVES

The cleanup mechanism and the removal efficiency will be investigated when
applying the new surfactant/oxidant system to clean OBDF (with clay and without clay)
filter cake in this research. This paper proposes the application of the new removal
system (5 or 18 wt% KClI-based) to optimize OBDF filter cake removal efficiency and

minimized the damage with the new surfactant/oxidant system (Figures 7, 8, and 9).
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Figure 7 Performance evaluation of OBDF.
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Cleanup Process of OBDF Filter Cake
I

Form Filter Cake ‘ Er?wruelzilz) 2 ‘ Remove Filter Cake

Sandstone Disk Formation Damage Evaluation

Coreflood CT Scan
Effects on Permeability Effects on Porosity

Figure 8 Chart description of OBDF filter cake cleanup process and relative
formation damage evaluation based on disk level.
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Figure 9 Experimental methods of removal system formation damage evaluation.
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4. >EXPERIMENTAL STUDIES

4.1. Experimental Set-Ups
4.1.1. Equipment

Equipment operated in laboratory consist of: Hydraulic Core-cutting Machine,
Nitrogen Pressure Cylinder, Rolling Oven, Drilling Fluid Multi-Mixer, Rotational
Viscometer, X-ray Computed Tomography (CT) Scan, High Pressure and High
Temperature (HP/HT) Filter Press, Inductively Coupled Plasma (ICP), X-ray Diffraction
(XRD), Coreflood, Drop Shape Analysis, Parr Benchtop Corrosion Reactor.

4.1.2. Materials
4.1.2.1. Novel Surfactant/Oxidant Formulations.

Four cleaning solutions were prepared and tested to optimize the cleanup of filter
cakes. The variable parameters to prepare the new surfactant/oxidant system were the
type and quantity of coated persulfates. The KCI concentration of each cleaning solution
was 5 or 18 wt%. A corrosion inhibitor at 0.3 wt% was added to each cleaning solution.
Figure 10 and Table 1 show the components of the cleaning solutions tested in the

present study.

*Reprinted with permission from “A Cost-Effective Application of New Surfactant/Oxidant System to
Enhance the Removal Efficiency of Oil-Based Filter Cake” by J. Zhou, 2018. SPE-190115-MS, Copyright
2018 by Society of Petroleum Engineers.
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0 wt% Coated Persulfate 1 20 wt% Coated Persulfate 2

Non-ionic Surfactant

Figure 10 Components of the new surfactant/oxidant system. Reprinted with
permission from SPE-190115-MS.
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Table 1 Formulations of the new surfactant/oxidant system. Reprinted with
permission from SPE-190115-MS.

0 wt%
20 wt%o 40 wt%
Coated Corrosion
Cleaning  5or 18 wt% Coated Coated Non-ionic
Sodium Inhibitor,
Solution KCI, cm? Ammonium Ammonium Surfactant, g
Persulfate 1, wt%
Persulfate 2, g  Persulfate 3, g
g
Bl 250 125 - - 6.25 0.3
B2 250 - 15.625 - 6.25 0.3
B3 250 - - 20.825 6.25 0.3
B4 250 4.175 5.2 6.95 6.25 0.3

4.1.2.2. OBDF Formula
The prepared OBDF in this paper can also be called Invert-Emulsion Drilling
Fluids (IEDF). IEDF is one type of OBDF that has the stable ability to form water-in-oil
emulsion and control sand production, with the adding of emulsifiers into conventional
OBDF formulation. 1.7 S.G. OBDF was mixed using a multi-mixer in a stainless-steel
mixing cup.
The functional descriptions of each component are as follows:
(1) The prepared OBDF had mineral oil as the continuous phase, and water as
the dispersed phase. Mineral oil is less toxic than diesel oil, and the oil
retention properties of OBDF with mineral oil are less than OBDF with diesel

(Jha et al. 2014).

26



Mineral oil was added to the OBDF in the amount of 161.7 g. The specific
gravity of used mineral oil was 0.79-0.81 (at 15.6 C) and the viscosity of mineral oil was
1.9-2.2 cp (at 40<C) (Rehman et al. 2012).

(2) 18.7 g lime was added to control the alkalinity of OBDF. Lime can reinforce
the pH value of OBDF to 10. Lime is an inorganic compound with the chemical formula
as Ca(OH).. It is a colorless crystal or white powder.

(3) Two types of viscosifiers, named modified hectorite and modified smectite,
were added into targeted OBDF, for improving the viscosity of OBDF in HP/HT
conditions. Modified hectorite and modified smectite are both lipophilic minerals, which
are modified by oil-wetting agent.

The oil-wetting agent is quaternary fatty acid amine in this research. These
lipophilic minerals present as finely dispersed particles in oil phase, which can easily
invade into pore throats and seepage channel of oil-bearing zone. Earth materials
containing oil are called oil-bearing zone (oil-bearing sediments), which also include oil
sands (tar sands).

(4) The emulsifiers added to OBDF were blend of polyamide and mineral oil,
and blend of glycol ether with fatty acid. Emulsifiers in OBDF provided high
viscoelasticity and shear properties of non-Newtonian fluids.

Water-in-oil emulsion was formed among mineral oil, water and emulsifiers in
prepared OBDF. The emulsion can cause wetting reversal, such as transform wettability
on rock surface from hydrophilicity to lipophilicity. Accordingly, the oil phase and

lipophilic colloid are more easily attached to the rock surface.
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(5) 97 wt% CaCl, with amount of 10 g was added to achieve osmotic wellbore
stability when drilling water-sensitive reservoirs. Osmosis is the spontaneous movement
of molecules through a semi-permeable membrane into a region of higher molecules
concentration, to equalize the ions concentrations on both sides of membrane.

CaCl: balanced the Ca concentration between formation water and OBDF, thus
prevent Ca invading into OBDF from formation water.

(6) 16.7 g organophilic lignite was lipophilic mineral modified by quaternary
fatty acid amine, to provide filtration control and rheological stability. Lignite, also
called brown coal, is the lowest rank of coal due to its relatively low heat content.
Organophilic lignite as bridging materials helped to form low permeable filter cake.

(7) 40 g Calcium carbonate (CaCOg3) with a density of 2.78 g/cm? and a mean
pore size (D50) of 50 pum, 205 g manganese tetroxide (Mn3zO4) with a density of 4.8
g/cm® and a D50 of 1 um were used as the weighting materials in OBDF (Zhou and
Nasr-El-Din 2017).

With the adding of Mn304, OBDF achieved very low plastic viscosity (PV) at the
fluid density requirement and the ability to suspend Mn3O;4 at lower fluid viscosity
(Franks and Marshall 2004). The size distributions of weighting materials were
measured by sieve analysis tester because size distributions significantly affect the shut-
off process and the ability of OBDF to flow back to the wellbore.

Same size range of weighting materials in this study was sieved with specific

micron mish before using. The chemical compositions of used weighting materials in
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this study were evaluated by X-ray Fluorescence (XRF) equipment (Al Moajil and Nasr-
El-Din 2013).

Mn30;4 is a strong oxidant because it has tetragonal symmetry and
nonstoichiometric behavior when compared with a tetrahedral MnO and octahedral
Mn.O3 (Gillot et al. 2001; Berbenni and Marini 2003). Mn304 has 74.3 wt% Mn ion and
CaCOs has 38.9 wt% Ca ion. These two concentrations were recorded as important
values, to evaluate the ability of cleaning solutions to dissolve weighting materials in
ICP elements evaluation. OBDF (Tables 3 and 4) were mixed using a multi-mixer in a

stainless-steel mixing cup.
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Table 2 XRF analysis of OBDF weighting materials. Reprinted with permission
from SPE-190115-MS.

Mn30Oa4 CaCOs

Element wt% wt%
Mn 74.3 -

Ca - 38.9
Fe 2.5 -

Zn 0.3 -

Pb 0.2 -

K 0.1 -

Si 0.1 0.2
Al - 0.1
Mg - 0.3
Ba - 0.1
Sr - 0.1
Total 100 100
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Table 3 OBDF (with clay) formulation. Reprinted with permission from SPE-

190115-MS.
Laboratory Field o
Mixing
Component Function (per 320 cmd) (per bbl) Time
] ) ) ~ (minutes)
Quantity Unit Quantity Unit
Continuous
Mineral Qil
Phase 161.7 g 161.7 bbl -
Organophilic Clay Viscosifier 4 g 4 Ibm 10
Ca(OH): Alkalinity Control ~ 18.7 g 18.7 Ibm 10
HT Primary
Polyamide/Mineral Oil Blend
Emulsifier 10 g 10 Ibm 10
HT Secondary
Glycol Ether/Fatty Acid Blend
Emulsifier 10 g 10 Ibm 10
Deionized Water Dispersed Phase 16.3 g 0.045 Ibm 10
Osmotic Wellbore
CaCl (97 wt%)
Stabilizer 10 g 10 Ibm 10
HT Filtration
Organophilic Lignite
Control 16.7 g 16.7 g 10
HT Filtration
CaCOs (2.71 g/cm®, Dso = 50 pm)
Control 40 g 40 Ibm 10
Mn3zOa (4.8 g/cm?, Dso=1 pm) Weighting Material 205 g 205 Ilbm 15
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Table 4 OBDF (without clay) formulation. Reprinted with permission from SPE-
190115-MS.

Laboratory Field Mixing
Components Function (per 320 m®) (per bbl) Time

Quantity Unit Quantity Unit (minutes)

Continuous
Mineral Oil
Phase 161.7 g 161.7 bbl -
Polymer Viscosifier 4 g 4 Ibm 10
Ca(OH): Alkalinity Control ~ 18.7 g 18.7 Ibm 10
HT Primary
Polyamide/Mineral Oil Blend
Emulsifier 10 g 10 Ibm 10
HT Secondary
Glycol Ether/Fatty Acid Blend
Emulsifier 10 g 10 Ibm 10
Deionized Water Dispersed Phase 16.3 g 0.045 Ibm 10

Osmotic Wellbore
CaCl2 (97 wt%o)

Stabilizer 10 g 10 Ibm 10
HT Filtration
Organophilic Lignite
Control 16.7 g 16.7 g 10
HT Filtration
CaCOs (2.71 g/cm?®, Dso = 50 pm)
Control 40 g 40 Ibm 10
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Weighting
Mn3Oa4 (4.8 g/cm?, Dso=1 pm)
Material 205 g 205 Ibm 15

4.1.2.3. Berea Sandstone Disks

The mineralogy of Berea sandstone disk was measured by an X-ray diffraction
(XRD) test (Figure 11). According to Table 5 and Figure 12, Berea sandstone disks
used to complete this research mainly consist of 81.79 wt% quartz, 9.07 wt% muscovite

and other minimal minerals.

Figure 11 Display of X-Ray diffraction spectrum (XRD) equipment. Reprinted with
permission from SPE-190115-MS.
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Table 5 X-Ray diffraction (XRD) of Berea sandstone disk.

permission from SPE-190115-MS.

Reprinted with

Mineral Formula Concentration, wt%o

Quartz SiO; 81.79
Muscovite KAI2(AlSi3010)(F,OH)2 9
Kaolinite Al2Si;05(0OH)4 6

KAISi3Og — NaAISisOg —
Feldspar 3
CaAl,SiOg
Others 0.21
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Commander Sample ID

Commander Sa

| Berea.raw

| COD 1011097 O2 Si Quartz low

| COD 8005471 AI2.748 Ba0 044 CI0.005 Cr0.062 Fe0 039 H1.820 KD.857 Mg0.081 Nz0. 103 O11.095 Si3 11 Ti0.003 Muscovite
| COD 1011045 Al2 H4 09 Si2 Kaolinite 2M

| COD 9000768 Al1.18 BaD. 19 K0.59 Na0.22 08 Si2.82 Feldspar

Counts

,,l.hl,; l .

1
50 60 70

T T
30 40

34

2Theta (Coupled TwaTheta/Theta) WL=1,54060

Quartz=81.79%

2Theta WL=1.54060

Feldspar=3.43%

Kaolinite=5.71%

ra— ey

Muscovite=9.07%

Figure 12 X-Ray diffraction (XRD) of Berea sandstone disk. Reprinted with
permission from SPE-190115-MS.
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Three types of sandstone disks were prepared by slicing and smashing same
sandstone blocks. Type 1 disks were 2.5 in. in diameter and 1 in. in thickness, which
were used for the HP/HT filter press test, to form and remove OBDF filter cake. Type 2
disks were 1.5 in. in diameter and 1 in. in thickness, which were used for the coreflood
test and CT scan test, to evaluate the formation damage by cleaning solutions. Type 3
disks were with size of 0.62 in. * 0.72 in. * 0.25 in., and they were used for the contact
angle test, to evaluate the effects of surfactant.

The permeability of Berea Sandstone Disk was indicated from the Coreflood test.
The selected Berea Sandstone Disks had an initial permeability of 50 mD. CT scan
provided the porosity number of sandstone disks. Three types of net disks (Wnet disk) were
dried in oven for 8 hours, and then saturated in 5 wt% KCI solution 24 hours, to simulate
the formation condition. After that, weight of net disk (Wyet disk) was measured as a
parameter of calculate the removal efficiency.
4.1.2.4. Corrosion Inhibitor

Significant scientific and technological efforts have been made to control
corrosion problems. The most effective and efficient corrosion inhibitors are organic
compounds that have © bonds, heteroatoms (P, S, N, and O) and inorganic compounds
(Liu et al. 2015). The corrosion rates have been found to depend on the concentrations of
the pollutants mainly chloride and sulfate ions, where the largest deterioration if found
for the largest chloride concentrations (Garcia et al. 2003). High corrosion rates for low

carbon steel at marine test sites while for weathering steels the corrosion rate is
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substantially smaller under the same conditions but even smaller in rural and industrial
sites (Oh et al. 1996).

As shown in Figure 13-a, Rodine 31a was used as the corrosion inhibitor of
novel surfactant/oxidant system. The main composition of Rodine 31a are including 1,3-
diethyl-2-thiourea, sulfuric acid, and alkylphenol ethoxylate.
4.1.2.5. L-80 Coupon

L-80 is always used in sour wells. Several metal coupon obtained from Imotron
Instruments BV have the compositions shows in Figure 13-b. L-80 is a type of low-
carbon steel and was used to perform the corrosion test in this research (de Wolf et al.

2012).
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4.1.2.6. Crude Oil
The definition of crude oil could be explained as the mixture of naturally existing
hydrocarbons that has been refined to be diesel, gasoline, heating oil et al. and the

classification of it are mainly according to the origins and contents inside. Heavy crude

39



oil will have lower API gravity but with more heat when burning, when compared with
light oil.

The main constituents of the crude oils, saturates, aromatics, resins, and
asphaltenes (SARA) were determined to establish the relationship between the stability
and composition of crude oil. The saturate fraction consists of nonpolar material
including linear, branched, and cyclic saturated hydrocarbons. Aromatics are more
polarizable because they contain one or more aromatic rings. The distinction between
resins and asphaltenes is that resins are miscible with heptane or pentane and asphaltenes

are insoluble in that (Fan et al. 2002).

4.2. Drop Shape Analysis

Wettability (Figure 14) is an important parameter when determine the flow and
distribution of reservoirs fluids in porous formations (Quintero et al. 2017). Wettability
affects oil-water relative permeability, fluid movement, cleaning effectiveness, and
solids mobilization.

Water-in-oil emulsion inside of filter cake was reported to alter core wettability
by Menezes et al. (1989). Significant transformation of wettability can change the gas or
liquid phase flow resistance and may induce the adsorption of solid particles and

emulsion on the rock surface.
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Figure 14 Wettability definition. Reprinted with permission from SPE-190115-MS.

Drop Shape Analysis (Figure 15) was used to measure the contact angle among
Berea Sandstone Disk, water and crude oil drop. The contact angles of a crude oil
droplet on the disk surface were measured to study the wettability change of sandstone
rocks treated by different solutions.

Net sandstone disks were dried in rolling oven for 8 hours firstly. After drying,
these disks were pre-treated by four different solutions: (1) Saturated in 5 wt% KClI
solution for 24 hours, to measure the initial wettability of sandstone disk. (2) Saturated
in OBDF (with clay or without clay) emulsion for 24 hours, to measure the wettability of
sandstone disk after polluted by OBDF emulsion. (3) Saturated in blend of OBDF
emulsion and 2.5 wt% surfactant (1:1 ratio) for 24 hours, to measure the wettability

recovery of sandstone disk with the treatment of surfactant for OBDF emulsion.
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Figure 15 Drop shape analysis.

When measuring the contact angle, the sandstone disk was held in a cell that
fulling with water. As the surrounding temperature of disk was heated up to 250 F, the
contact angle was measured using the captive drop method, with injection of a crude oil
drop to the disk surface. Crude oil drop was maintained on the disk surface for at least 2
minutes before using Drop Shape Analysis software to capture the drop image and the
contact angle value. The higher contact angle represented the higher contact area
between crude oil and disk surface, lower hydrophobicity of the surface, and lower

interfacial tension. Equation 8 was used to calculate the emulsion breakdown efficiency.
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Emulsion Breakdown Efficiency =

Odisk saturated by emulsion—Odisk saturated by surfactant+emulsion

............................ Equation 8

Odisk saturated by emulsion

Where
Oinitiar =the contact angle among initial disk, water, and crude oil;
BOtreated by emutsion=the contact angle among disk saturated by OBDF
emulsion, water, and crude oil;
Osaturated by surfactant+emulsion—the contact angle among disk saturated

by OBDF emulsion and surfactant,

water, and crude oil.

4.3. Rheological Properties Test

The rheological properties of OBDF were measured by a rotational viscometer
(Figure 16) under 250F. This equipment calculated values for the plastic viscosity
(PV), yield point (YP), and 10 seconds/10 minutes gel strengths. All rheological

properties were measured based on APl 13B-1 recommendations.
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Figure 16 Rotational viscometer. Reprinted with permission from SPE-190115-MS.

The PV and YP are parameters from the Bingham plastic (BP) rheology model.
BP rheology model is a two-parameter rheological model widely used in the drilling
fluid to indicate the flow properties. Bingham plastic fluids guide as a linear shear-stress
with shear-rate behavior.

PV is the slope of the linear line and YP is the threshold stress. PV value
represents the viscosity of a drilling fluid when extrapolated to infinite shear rate,
expressed in units of cp. YP represents the stress required to move the fluid. Sufficiently
low PV values are achieved with appropriate YP numbers that aid in the minimization of

particles sag and enhanced overall wellbore cleaning.
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In the present study, the rolling speeds of rotational viscometer were fixed at
3rpm (reading viscosity=03), 6rpm (reading viscosity=0s), 300rpm (reading
viscosity=0300), and 600rpm (reading viscosity=0s00) rev/min, accordingly, the shear
rates of cylinder were 5.11, 10.21, 510.67, and 1,021.38 seconds™. The PV and YP

values of OBDF could be calculates from Equations 9 and 10:

PV = 0600 - 03000ccceeeteeeeienaceceesennncceecnssscccssnnssccessncessscnns Equation 9

YP = 0300 - 0.5%06000cceccceeeeaeeeeeeeeaseeessenassscccsnnsssccsnnsnn. Equation 10

The gel strength represents the dial reading on the viscometer after keeping the
fluid static for an interval of 10 seconds/10 minutes and indicates the suspension ability
of the fluid for drilling cuttings (Wagle et al. 2016). The gel strength of drilling fluid is a
very important property that determines if the drilling fluid can carry out its basic
functions of adequately suspending the cuttings and transporting them to the surface

while supporting the stability of the formation (Olatunde et al. 2012).

4.4. Filtration Properties Measurement

Filtrate of OBDF might result in introduction of an immiscible liquid in
sandstone reservoirs, causing entrapment of an additional third phase in the porous

media that would exacerbate formation damage effects.
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Spurt loss and total volume of filtrate are two important factors to be
investigated. Spurt loss means instantaneous liquid that passes through a filter medium
prior to deposition of filter cake. Total filtrate volume represents total volume of liquid

passes through filter cakes driven by differential pressure in 30 minutes.

In general, minimize the values of spurt loss and total filtration volume is one of
the useful method to prevent severe formation damage. HP/HT filter press (Figure 17)
measured the filtration properties under simulated formation conditions (140</300 psi,
190F/300 psi, and 250 F/500 psi). Filter loss was measured at static conditions, the
filtration fluids were collected for a total of 30 minutes. The filtrate volume was
recorded as a function of time. Spurt loss and total filtrate volume were obtained from

the 30 minutes filtration test.
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Figure 17 HP/HT filter press. Reprinted with permission from SPE-190115-MS.

4.5. Filter Cake Removal Test
4.5.1. Filter Cake Formation

HP/HT filter press equipment was handled to form filter cake at 250 F heating
temperature and 500 psi differential pressure using the Mn3Os weighted OBDF.
Formulated OBDF was aged in an HP/HT filter press cell. Type 1 (2.5 in. in diameter and
1 in. in thickness) disks were used to form and remove OBDF filter cake in HP/HT filter
press.

The Berea Sandstone Disks were used as the filter media and the filter cake was

formed on the top of Berea Sandstone Disk. After 30 minutes heat-aging period, the OBDF
47



filter cake was generated successfully with 500 psi nitrogen differential pressure to
atmosphere. The filter cake was photographed, and the thickness and weight (W core + initial
filter cake) Were determined before the treatment from cleaning solutions.
4.5.2. Properties of Filter Cake

The thickness of filter cake was measured using vernier caliper. The permeability
of OBDF filter cake can be calculated from Equation 11. It was a statement of Bourgoyne
et al. (1991) model. The calculated permeability was a function of total filtrate volume
and square root of time. The pressure drop across the filter cake was determined as the
difference between the total applied differential pressure and the pressure drop across the
disk (calculated using Darcy’s equation for linear flow). The filtrate viscosity was

assumed to be constant as 0.32 cp at 250° F (Mahmoud et al. 2017).

Vp=8.4%107° /K. +Ap * (}:ﬁ — 1) * A * % Equation 11

Where
A=the cross-sectional area of the core, in.?
Kc= the permeability of the filter cake, D
V¢=the total filtrate volume, ft3
Ap=the pressure drop across the filter cake, psi
p=filtrate viscosity, cp
fsc=the volume fraction of the solids in the filter cake
fsm=the volume fraction of the solids in the drilling fluid
t=the time of filtration, seconds
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4.5.3. Filter Press Test

Formulated OBDF were aged in an HP/HT filter press cell. OBDF filter cakes
were built on Berea sandstone disks under simulated formation conditions (140 /300
psi, 190F/300 psi, and 250 F/500 psi). After the creation of the filter cakes (Figure 18),
the new surfactant/oxidant system filled the cell above the filter cakes, and then the cell
was put back into the filter press to conduct the filter cake removal process. The cleaning
solution samples were collected during 4, 8, and 12 soaking hours to test the pH values
and the filter cakes (Figure 19) were also taken out from cell after soaking 12 hours to
test the removal efficiencies.

Static fluid loss tests were performed based on APl 13B-1 recommendations.

Equation 12 was used to calculate the removal efficiency.

W disk + initial filter cake — Waisk + remaining filter cake

Removal Efficiency =
y W dqisk + initial filter cake — Whnet disk

.......................................................................................... Equation 12

Waisk + initial fitter cake = the weight of disk plus the weight of filter cake
before being cleaned by the cleaning solution
Waisk + remaining fitter cake = the weight of disk plus the weight of filter
cake after being treated by the cleaning

solution
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Whet aisk = the weight of net disk before the filter cake formed solution;
and W 1s the weight of net disk before the filter cake

formed.

2.51n.

Thickness: 0.01~0.1 in.
Filter Cake

Figure 18 Berea sandstone disks with filter cake formation. Reprinted with
permission from SPE-190115-MS.
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Figure 19 Berea sandstone disks after filter cake removal. Reprinted with
permission from SPE-190115-MS.
4.6. Average Permeability Ratio (Kfinal/Kinitial) Calculation

Tjon-Joe-Pin et al. (1993) stated that disk flow testing can be used to measure the
effectiveness of a cleaning solution treatment. The cross-sectional area (A) and the
thickness (L) of the Berea sandstone disks were carefully measured and recorded. The
disks were placed in a disk holder, and then loaded into a filter press.

This filter press allowed differential pressure (4P) to be applied in radial and
vertical directions. Before the formation of OBDF filter cake on disk, 5 wt% KCI flowed

through the blank disk in the initial direction, which was defined as the treatment
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direction. The flow rate (Q) was recorded in cm®/second. After the cleaning of OBDF
filter cake using the new surfactant/oxidant system, disk flow testing was repeated in the
production direction, which was the reverse of the treatment direction.

5 wt% KCI solution (with viscosity as ) was assumed to be Newtonian fluids,
and the permeability of the disk (Kinitiai OF Kfina) Was calculated using Darcy’s equation
(Equation 13). The average permeability ratio (Kfinal / Kinitiar) Was used to indicate the
permeability percent change of Berea sandstone disks after OBDF filter cakes removed

by cleaning solutions.

, o WQrinar*A W Qumitiar*A_ ~ L .
Kfinal / Kinitial = APl / APsL Qfmal / Q|n|t|al ........................ Equatlon 13

Where
Q =flow rate, cm®/min
L = disk thickness, in.
K=effective permeability, mD
u=fluid viscosity, cp
Ap=differential pressure, psi

A=cross-sectional area, in.

4.7. Inductively Coupled Plasma (ICP) Analysis and pH Test
The cleaning solution samples were collected from the HP/HT filter press cell

after 4, 8, and 12 soaking hours. The pH meter (Figure 20) was used to measure the pH
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change of cleaning solutions before and after the reaction with filter cake components.
Inductively Coupled Plasma (ICP) (Figure 21) test was used to analysis the elements of
cleaning solution residuals, thus evaluate the ability of cleaning solutions to dissolve
weighting materials.

There were two weighting materials of OBDF filter cake: CaCO3z and Mn3Qa.
Calcium ion was the key parameter to evaluate the concentration of dissolved CaCO3
and manganese ion was the key parameter to evaluate the concentration of dissolved
Mn30s in cleaning solutions. Cleaning solutions samples collected after 12 hours filter
cake removal test were filtered by filter papers firstly, to remove the effects of solids on
the ICP results. Then cleaning solutions were diluted to 500 ppm, to satisfy the
concentration requirement of ICP test. Elements concentrations were obtained from the

digital software of ICP equipment.
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Figure 20 pH meter. Reprinted with permission from SPE-190115-MS.

Figure 21 Inductively coupled plasma (ICP). Reprinted with permission from SPE-
190115-MS.
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4.8. Permeability Loss Calculation from Coreflood Equipment

Coreflood test (Figure 22) was used to measure the permeability of Berea
Sandstone Disks before and after the treatment of cleaning solutions at optimized
wellbore conditions (250F and 500 psi). Standard coreflood apparatus consists of a core
holder, a sample cylinder for injection of fluids, an injection pump, and two pressure
transducers. The selected net Berea Sandstone Disks were from the same sandstone
block that had an average permeability of 50 mD in this study.

After the removal of filter cake, Type 1 (2.5 in. in diameter and 1 in. in
thickness) disks cut into Type 2 (1.5 in. in diameter and 1 in. in thickness) disks, to
satisfy the size requirement of coreflood test. Types 2 disks were dried 8 hours in oven,
and then saturated in 5 wt% KCI solution for 24 hours. After the pre-treatment, Type 2
disks were brought to measure the retained permeability by coreflood equipment.

Firstly, 5 wt% KCI solution was injected into production side of the disks
(reverse to the side that formed filter cake, which was treatment side). Three different
flow rates (2, 4, and 6 cm®/min) were fulfilled by injection pump of coreflood
equipment, and inlet/outlet pressures were measured using digital software. The retained
permeability of disk, which represented a ratio between the initial and final permeability,

was calculated by Equations 14 and 15 (Elkatatny and Nasr-El-Din 2012).
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122.812xq+uxh
K = —‘12"
Ap*d

Where
d=diameter through which water flow, in.
h= disk thickness, in.
K=permeability of the disk, mD
g=Fflow rate, cm3/min
«=fluid viscosity, cp

Ap=differential pressure, psi

Where
Ks=final permeability, mD
Ki= initial permeability, mD

K= retained permeability
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Figure 22 Coreflood test. Reprinted with permission from SPE-190115-MS.

The pre-treatment steps of disks are summarized as follows:
1. Form clay-free OBDF filter cake on sandstone disk (~ 50 mD) at 250F /
500 psi;
2. Use 5wt% brine—based cleaning solutions to remove filter cake by
soaking 12 hours at 250 F / 500 psi;
3. Saturated sandstone disk by 5 wt% brine;

4. Perform Core flood tests @ 74°F / 1,000 psi differential pressure.

4.9. X-Ray Computed Tomography (CT) Scanning
CT scanning combines a series of X-ray views taken from various angles and
computer processes to create cross-sectional images of the samples. CT scanning

(Figure 23) is a radiological imaging technique that measures density distribution (Zhou
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and Nasr-El-Din 2017). CT numbers are normalized values of the calculated X-ray
absorption coefficient of a pixel (picture element) in a computed tomogram that provide
radio density which is expressed in Hounsfield units (HU).

Because X-ray attenuations are related to density, the CT image gives the density
distribution within every point of the object scanned. For reference, the CT number of
water is 0 HU and air is -1,000 HU. CT scan provided the porosity number of sandstone
disks before and after the treatment of OBDF filter cake by cleaning solutions. After
measurement of retained permeability, Type 2 Berea sandstone disks were dried in oven
for 8 hours and scanned by CT, to measure the value of CTary, treated disk. Then they
were saturated in 5 wt% KCI solution for 24 hours, to carry out the value of CTwet,
treated disk.

The porosity of disks after the treatment of cleaning solutions could be obtained

from Equation 16. Assume the CT numbers of 5 wt% KCI (CTuwrine) Were both 54.47.

, CTyet—CT .
Porosity, v0l% = —22 010 e Equation 16
CTprine—CTair

Where
CTyer = the CT number of wet disk
CTgry = the CT number of dry disk
CTprine = the CT number of brine

CT,ir = the CT number of air
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Figure 23 X-Ray computed tomography. Reprinted with permission from SPE-
190115-MS.
The pre-treatment steps of disks are summarized as follows:
1. Form clay-free OBDF filter cake on sandstone disk (~ 50 mD) at 250F /
500 psi;
2. Use 5wt% brine—based cleaning solutions to remove filter cake by
soaking 12 hours at 250F / 500 psi;
3. Saturated sandstone disk by 5 wt% brine;

4. Perform CT Scan test.
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4.10. Compatibility Test
4.10.1. Primary Causes for Formation Damage
The primary causes for formation damage are criteria into seven types as shown
in the following list:
(1) Type of drilling fluid used
(2) Emulsifiers over loading
(3) Fines migration
(4) Emulsion blockage
(5) Bridging package design
(6) Losses while drilling
(7) Completion fluid incompatibility with reservoir fluids
4.10.2. OBDF Emulsion
An emulsion is a temporarily stable mixture of immiscible fluids, such as oil and
water. Common emulsions can be oil suspended in water or water suspended in oil.
OBDF emulsions created in this research were emulsions of water suspended in oil.
Deionized water was the dispersed phase and was present as droplets in the
mineral oil. Dispersed phase is being carried by a continuous phase which is a common
feature of multiphase flows. The test goal was to observe the mixing/separation between
the cleaning solution (B4), OBDF emulsion, and crude oil.
The compatibility tests were carried out in the laboratory where equal amounts (a
combination ratio of 50/50) of the tested solutions were poured into a 10 cm? cylinder.

The cylinder was placed at stable room temperature (without disturbing it) for 48 hours
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and observed for mixing/separation, in accordance with the protocol of Addagalla et al.
(2016).
4.10.3. Crude Qil

The crude oil used to perform the compatibility test with cleaning solution have
the SARA analysis as shown in Table 6. Light oil and heavy oil have different
performance before and after mixed with B4 cleaning solution when attached on glass
container (Figure 24).

Table 6 SARA analysis.

Oil Type Heavy Oil Light Oil
Saturates 31% 51%
Aromatic 25.90% 33%
Resin 15.75% 6%
Asphaltene 27.50% 10%

Density 1.0 g/cc 0.8 g/cc
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4.11. Corrosion Damage Analysis
4.11.1. Corrosion in the Oil Industry

The basic definition of corrosion in the oil industry can be explained as the
destructively external/internal attack of a metal due to its reaction with the environment.
Bad effects due to failure to remedy of corrosion wells are including in: (1) undesirable
dump flooding of the oil reservoirs; (2) or oil seepage and hydrocarbon contamination in
shallow water bearing strata (Agiza and Awar 1983).

In the following list, the types of common corrosion existing in the oil industry
are given in detail (Agiza and Awar 1983):

1. Internal attack:
a. Producing CO2 and organic acid (sweet corrosion);
b. Producing H2S (sour corrosion);

2. External attack:
a. Exposure to atmospheric oxygen (oxygen corrosion);
b. Electro-chemical corrosion (flow of electric current).

Generate a leak-rate profile is one of the most common methods of determining
if a corrosion problem exists. Corrosion considerations are made before wells be drilled
and during the drilling and completion process, the compatibility among mud, cement,
and casing systems that relatives to corrosion must be tested very carefully. As we all
know, even minor errors in judgement at this starting time will plague the whole well’s

entire life (Bradshaw and Division 1978).
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4.11.2. Corrosion Rate Test Steps and Calculation

Parr 4520 bench top reactor (Figure 25) was used to perform corrosion rate
measurement after the applying of effective corrosion inhibitor (CI) for L-80 coupon
under specific conditions. The corrosion test steps are list as follows:

a. Tested solution: 0% coated sodium persulfate, and corrosion inhibitor;

b. Metal Coupon (L-80): 1 in. x 2.3 in. x 1/16 in. with two holes of 3/16 in.;

. Tested conditions: 250°F; >1,000 psi; 6 hours duration.

d. L-80 metal coupon was removed and cleaned with deionized water and
acetone;

The 800 mL tested solution will be mixed 20 minutes, which was required to fill
the vessel corrosion reactor. Nitrogen is used to purge oxygen away from system and
maintain a minimum pressure of 1,000 psi.

The industry accepted corrosion rate is 0.05 Ib/ft. If C.R. represents the

corrosion rate, then the following Equation is used to calculate C.R.:

Wi—Wg

C.R = m ................................................................. Equatlon 17
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Figure 25-a Parr 4520 bench top reactor.
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Figure 25-b Schematic of Parr 4520 bench top reactor.
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Figure 25-c Schematic of L-80 coupon.
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5. 3RESULTS AND DISCUSSION

5.1. Rheological Properties and Filtration Characteristics Compare between OBDF
with and without Clay

OBDF rheological properties are given in Figures 26, 27, 28, and 29. For OBDF
with organophilic clay, at 140 F condition, PV, YP, and 10 sec./10 min. gel strength
values were same for OBDF with clay and without clay, which were 24 cp, 3 1b/100 ft?,
and 1 Ib/100 ft?, respectively. With an increase of temperature and pressure from 140 F
to 250 F, PY values decreased from 24 to 10 cp, and the YP point increased from 3 to 12
Ib/100 ft2.

The organophilic clay used in OBDF formula did not continuously maintain a
stable viscosifier function in HP/HT conditions. OBDF without clay had stable
rheological properties under three simulated downhole conditions, 140, 190 F, and
250F. Their PV, YP, and 10 sec./10 min. gel strength values maintained as 24 cp, 3
Ib/100 ft?, 2 Ib/100 ft2, and 61 Ib/100 ft?, respectively.

OBDF without clay had lower spurt loss (< 2.7 cm?®) and lower total filtration
volume (< 6.2 cm®) than OBDF with clay, but the differences between these two drilling

fluids were smaller than 2 cm?® after 30 minutes filtration (Figures 30 and 31).

3 *Reprinted with permission from “A Cost-Effective Application of New Surfactant/Oxidant System to
Enhance the Removal Efficiency of Oil-Based Filter Cake” by J. Zhou et al., 2018. SPE-190115-MS,
Copyright 2018 by Society of Petroleum Engineers.
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Figure 26 OBDF plastic viscosity properties trend with the increasing
of temperature. Reprinted with permission from SPE-190115-MS.
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YP vs. Temperature
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Figure 27 OBDF yield point properties trend with the increasing of temperature.
Reprinted with permission from SPE-190115-MS.
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Figure 28 OBDF 10 seconds gel strength properties trend with the increasing of
temperature. Reprinted with permission from SPE-190115-MS.
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Figure 29 OBDF 10 minutes gel strength properties trend with the increasing of
temperature. Reprinted with permission from SPE-190115-MS.
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Figure 30 Spurt loss values of OBDF (30 minutes filtration test). Note: The
filtration properties were the same when the tests performed on Berea sandstone
disks that being saturated with 5 or 18 wt% KCI. Reprinted with permission from
SPE-190115-MS.
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Figure 31 Total filtrate values of OBDF (30 minutes filtration test). Note: The
filtration properties were the same when the tests performed on Berea sandstone
disks that being saturated with 5 or 18 wt% KCI. Reprinted with permission from
SPE-190115-MS.

5.2. Effects of Clay Components, Soaking Time, and Persulfate Type

The new surfactant/oxidant removal systems (B1, B2, B3, and B4) were used to
remove filter cakes under 140 F/ 300 psi, 190 F/300 psi, and 250 F/500 psi conditions.
Figures 32 and 33 show pH values of the new surfactant/oxidant system under different

soaking times during the removal tests.
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Figure 32 pH values of the new surfactant/oxidant system used to clean OBDF

(with clay) filter cakes. Reprinted with permission from SPE-190115-MS.

74



A
i

5
-

12

B4
B4

BSSE\ -
i

£554444
m e

)
W=

<
m

¥

o7
an]

B3
F250°F / 500 psi

#250°F / 500 psi

ah
2
m

Ay

-

mﬂ =
o i
a]

-~
M, ©
NS
e
o 2

i~
Tﬁ o
= o O = o O
anjea Hd anjea Hd

Q%\

i
Soaking Time, hours

Soaking Time, hours

= 190°F / 300 psi
Z190°F / 300 psi

B2

4

5 wt% KCI-Based Cleaning Solution
18 wt% KCI-Based Cleaning Solution

®140°F / 300 psi
140°F / 300 psi

Figure 33 pH values of the new surfactant/oxidant system used to clean OBDF
(without clay) filter cakes. Reprinted with permission from SPE-190115-MS.
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OBDF clay components didn’t affect the cleaning solution’s pH values
significantly. With the soaking time increased from 0 to 12 hours, pH values of
ammonium persulfate (B2, B3, and B4) decreased, but for sodium persulfate (B1), the
pH values increased. H in B1 solution were consumed by the sodium persulfates, which
caused the increase of pH value. For B2, B3, and B4, the capsules of ammonium
persulfates broke down with the increasing of temperature, consumed the OH" ions and

caused the decrease of pH value.

5.3. Removal Efficiency of the New Surfactant/Oxidant System

The optimized system (B4) is the combined solution of sodium persulfate,
ammonium persulfate, and non-ionic surfactants. The filter cake removal test results are
displayed in Tables 7 and 8.

The new surfactant/oxidant system degraded the filter cake by up to 98 wt%
removal efficiency. Salinity of removal system did not affect the removal efficiency
significantly. As the soaking time was increased from 4 to 12 hours, the removal
efficiency was increased from 50 to 98 wt%.

The removal efficiencies of OBDF (without clay) filter cakes were at most 20
wt% higher than OBDF (with clay) filter cakes. Ksinal / Kinitiar Values of Berea sandstone
disks nearly equals to 1 (Table 9) under three simulated downhole conditions,

140 /300 psi, 190 F/300 psi, and 250 F/500 psi, which mean that the new

surfactant/oxidant system affects the formation permeability slightly.
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Table 7 Removal efficiency (5 wt% KCI-based cleaning solution). Reprinted with
permission from SPE-190115-MS.

Removal Efficiency, wt%

5 wt% KCI-Based 140F/300 psi 190F/300 psi 250 F/500 psi
Soaking | OBD OBDF | OBD OBDF | OBD OBDF
Cleaning Solution | Times | Fwith withou | Fwith withou | Fwith withou

Clay tClay | Clay tClay | Clay tClay

4 hours | 50.7 61.1 64.8 71.4 74.6 80.7

Bl 8 hours | 56.3 65.7 70.4 76.0 80.2 85.3

12 hours | 60.3 71.3 74.4 81.6 84.2 90.9

4 hours | 52.9 67.3 70.0 77.6 79.8 86.9

B2 8 hours 62.1 74.5 76.2 84.8 86.0 941

12 hours | 69.2 79.4 83.3 89.7 931 98.0

4 hours 54.9 74.5 69.0 84.8 78.8 941

B3 8 hours | 60.9 81.1 75.0 914 84.8 98.0

12 hours | 65.9 86.0 80.0 96.3 89.8 98.0

4 hours | 57.8 78.1 71.9 88.4 81.7 97.7

B4 8 hours | 64.1 85.7 78.2 96.0 88.0 98.0

12 hours | 72.3 87.8 86.4 98.1 96.2 98.0
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Table 8 Removal efficiency (18 wt% KCI-based cleaning solution). Reprinted with
permission from SPE-190115-MS.

Removal Efficiency, wt%
18 wt% KCI-
140F/300 psi 190 /300 psi 250 F/500 psi
Based
Soaking
OBD OBDF | OBD OBDF | OBD OBDF
Times
Cleaning Solution F with withou | Fwith withou | Fwith withou
Clay tClay | Clay tClay | Clay tClay
4 hours 60.4 66.7 72.2 76.3 78.5 81.7
Bl 8 hours 66.0 71.3 77.8 80.9 84.1 86.3
12 hours | 70.0 76.9 81.8 86.5 88.1 91.9
4 hours 65.6 72.9 77.4 82.5 83.7 87.9
B2 8 hours 71.8 80.1 83.6 89.7 89.9 95.1
12 hours | 78.9 85.0 90.7 94.6 97.0 98.0
4 hours 64.6 80.1 76.4 89.7 82.7 95.1
B3 8 hours 70.6 86.7 824 96.3 88.7 98.0
12 hours | 75.6 91.6 87.4 98.0 93.7 98.0
4 hours 67.5 83.7 79.3 93.3 85.6 98.7
B4 8 hours 73.8 91.3 85.6 98.0 91.9 98.0
12 hours | 82.0 93.4 93.8 98.0 98.0 98.0
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Table 9 Average permeability ratio (Krinal / Kinitial). Reprinted with permission from
SPE-190115-MS.

Condition | OBDF Type | Bl B2 B3 B4
140F/300 with 1.07 1.04 092 091
psi without 1.02 101 101 0.98
190 /300 with 1.15 111 094 0.93
5 wt% KCI-Based
psi without 1.07 105 1.04 0.98
250 F/500 with 1.17 115 0.88 0.95
psi without 112 109 1.06 0.99
140F/300 with 1.16 118 109 0.92
psi without 1.09 116 115 0.97
190F/300 with 128 124 110 093
18 wt% KCI-Based
psi without 116 119 117 0.97
250 F/500 with 131 128 106 0.95
psi without 124 122 119 097

5.4. Breakdown Treatment on OBDF Emulsion

OBDF filter cake is hard to be removed because OBDF emulsion occupies as a
protective barrier between breakers and filter cake components, which prevents the
aqueous-based breakers to attack the interface of filter cake. Surfactant additive of
cleaning solutions can break the water-in-oil emulsion, thus extend the attack area

between breakers and OBDF filter cake components.

79



The experimental results of Drop Shape analysis were shown in Figures 34, 35,
36, 37, and 38. They demonstrated the function of surfactant in filter cake removal
system. Initial Berea sandstone disk was water-wet because Disk A had a contact angle
of 58.25°C for crude oil droplet. Compared Disk A, B, and C, the contact angles
expanded from 58.25°C to 106.21 °C and 161.79°C after polluted by OBDF with clay
and without clay, respectively.

The OBDF with clay emulsion breakdown efficiency was 23.11% and the OBDF
without clay emulsion breakdown efficiency was 59.86% (Table 10). This phenomenon
stated that OBDF without clay emulsion could be more significantly broken by non-
ionic surfactant.

Treatment of surfactant recovered the contact angle from 106.21°C to 81.67°C
and 161.79°C to 64.95°C as observed. The disk had returned to its initial water-wet state,
much like sandstone reservoir upon treatment with cleaning solutions. The contact
angles of Disk D (81.67°C) and E (64.95°C) were still higher than the initial contact
angle of net disk (58.25°C). In summary, surfactant can significantly break down the

water-in-oil emulsion inside of OBDF filter cake.
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Water-Wetting

B0 Water

Qil

BOsw

Figure 34 Contact angle measurement. Disk A: net sandstone disk; contact
angle=58.25°C. Reprinted with permission from SPE-190115-MS.
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Oil-Wetting

Water

Bs0

Osw N Oil

Figure 35 Contact angle measurement. Disk B: sandstone disk polluted by OBDF
with clay-free emulsion; contact angle=161.79°C. Reprinted with permission from
SPE-190115-MS.
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Oil-Wetting

Water
B30

Figure 36 Contact angle measurement. Disk C: sandstone disk polluted by OBDF
with clay emulsion; contact angle=106.21°C. Reprinted with permission from SPE-
190115-MS.
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Water-Wetting

B0 Water

Qil

Figure 37 Contact angle measurement. Disk D: sandstone disk saturated by blend
of OBDF with clay-free emulsion and 2.5 wt% surfactant (1:1 ratio), contact
angle=64.95°C. Reprinted with permission from SPE-190115-MS.
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Figure 38 Contact angle measurement. Disk E: sandstone disk saturated by blend
of OBDF with clay emulsion and 2.5 wt% surfactant (1:1 ratio), contact
angle=81.67°C. Reprinted with permission from SPE-190115-MS.
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Table 10 Drop shape analysis of disks that treated by OBDF emulsion and
surfactant. Reprinted with permission from SPE-190115-MS.

OBDF with Clay OBDF without Clay
Emulsion Emulsion
Initial Contact Angle 106.21 °C 161.79 °C
Treated Contact Angle 81.67 °C 64.95 °C
Emulsion Breakdown Efficiency 23.11% 59.86%

5.5. Dissolve Weighting Materials

Based on measured pH values of the new surfactant/oxidant systems (B1, B2,
B3, and B4), the cleaning solutions prepared by ammonium persulfate and sodium
persulfate removed OBDF filter cakes in dilute acid condition. The reactive products of
persulfate ions with water might be H202, HSO4", and HSOs".

Ammonium persulfate-based cleaning solution (B2, B3, and B4) removed OBDF
filter cake more effectively than sodium persulfate-based cleaning solution (B1),
according to the experimental results of filter cake removal efficiency. Higher solubility
of ammonium persulfate promotes it to produce higher concentration of H2O2, HSOy4’,
and HSOs" in dilute acidic condition. These three breakers, H.O,, HSO4, and HSOs", can
strongly break down OBDF filter cake layers and components (Table 11).

Coated chemicals always have resistance to release in the exposure conditions
such as higher temperature and hydrogen sulfide. Based on ICP results (Figures 39 and

40), B4 cleaning solutions had highest solubility (12,080 ppm) of Mn3O4 than the
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solubility of B1, B2, and B3 cleaning solutions (6,670 ppm, 7,353 ppm, and 11,830
ppm) at 250°F and 500 psi. For CaCO3 weighting material, the solubility of four removal
system were 435 ppm, 540 pm, 690 ppm, and 720 ppm after treated by new

surfactant/oxidant systems at 250°F and 500 psi.

Table 11 Function and number of solids existing in filter cake. Reprinted with
permission from SPE-190115-MS.

Lab

3
Components Function (per 320 cm’)

Quantity| Unit

Lime [Ca(OH),] Alkalinity Control 18.7 g
CaCl, (97 wt%) Osmgttl:b‘iﬁfybore 10 g
3 _ HT Filtration
CaCO, (2.71 g/em’, Dy, = Control/Weighting 40 g
50 pm) Material
3 —
Mn;0, (4.8 g/em’, Dg, =1 Weighting Material 205 g

pm)
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Figure 39 Dissolution of Ca?* after soaking clay-free OBDF filter cake 12 hours at
250°F/500 psi. Reprinted with permission from SPE-190115-MS.
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Figure 40 Dissolution of Mn?* / Mn3* after soaking clay-free OBDF filter cake 12
hours at 250°F/500 psi. Reprinted with permission from SPE-190115-MS.
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5.6. Formation Damage Analysis

Based on above experimental results, OBDF without clay had better rheological
properties and filtration characters than OBDF with clay. The filter cake formed by
OBDF without clay had higher removal efficiency than the filter cake formed by OBDF
with clay. The following analysis of formation damage would focus on the OBDF
without clay filter cake treated by new surfactant/oxidant system under 250 and 500
psi.

Results of coreflood test are disclosed in Figure 41. After the OBDF filter cake
removal test, the permeability loss percentage of disk that treated by B1, B2, B3, and B4
were 72.66%, 49.47%, 46.3%, 32.18%, respectively. The coreflood test indicated B4

system caused least damage on the permeability of sandstone reservoir than others.
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® |nitial Permeability, mD
® Final Permeability, mD

- 13.73 72.66% Loss | —
-

Bl

48.96
49.47% Loss

46.30% Loss 49.27
B3
I

Removal System Type

50.41

32.18%

Permebaility, mD

Figure 41 Permeability loss of disks that soaked 12 hours by different removal
systems at 250F and 500 psi. Reprinted with permission from SPE-190115-MS.
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The obtained CT images disclosed from the ImageJ software and the calculated
porosity values were exposed in Figure 42 and Table 12. After soaking filter cake by 12
hours, under 250 F heating temperature and 500 psi differential pressure conditions, the
porosity loss percentage of disk that treated by B1, B2, B3, and B4 were 45.16%,
33.74%, 28.89%, 4.38%, respectively.

These phenomena could also be explained by ICP test, B4 system dissolved
higher concentration of weighting materials than B1, B2, and B3 systems. The products
of reaction between breakers and weighting materials might plug into the porous throats

of formation surface, which might cause the higher declination of porosity than oxidant.
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Treated | Treated | Treated | Treated

Initial

Figure 42 CT images of Berea sandstone disks from different view direction.
Reprinted with permission from SPE-190115-MS.
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Table 12 Porosity loss of disks after the treatment of different cleaning solutions.
Reprinted with permission from SPE-190115-MS.

Treatment Bl B2 B3 B4
Initial Porosity, vol% 7.22 7.35 7.09 7.18
Final Porosity, vol% 3.96 4.87 4.98 6.87

Porosity Loss, % -45.16% - 33.74% - 28.89% - 4.38%

5.7. Compatibility of Emulsion, Crude Oil, and Removal System

The phase behavior of the compatibility test between OBDF emulsion and B4

cleaning solution is given in Figure 43. The density of B4 solution is 1.2 g/cm® and the

density of OBDF emulsion is 1.6 g/cm®. When 5 ¢m® B4 solution was put into 5 cm?

OBDF emulsion, B4 and OBDF emulsion gradually formed one mixture in 5 hours. Then

the mixture separated back into B4 and OBDF emulsion after 43 hours.

The phase behavior of the compatibility test between crude oil and B4 cleaning

solution is given in Figures 44 and 45.
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Figure 43 Compatibility of OBDF (without clay) emulsion and cleaning solution

(B4). Reprinted with permission from SPE-190115-MS.
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Figure 44 Compatibility of light oil and cleaning solution (B4).
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Figure 45 Compatibility of heavy oil and cleaning solution (B4).
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The increased volume of the mixture and B4 are both functions of time.
Ammonium persulfates precipitated in the bottom due to their insoluble coating. In
conclusion the test results above indicate the good compatibility of the optimized new

surfactant/oxidant system (B4) with OBDF emulsion.

5.8. Corrosion Damage Analysis

The experimental results of corrosion damage analysis test is given in Table 13.
Figures 46 to 55 show the coupon damage and solution color change of corrosion tests 1
to 5.

The corrosion rates of 2 wt% 0% coated persulfate with 5 vol% corrosion
inhibitor and 1.5 wt% 0% coated persulfate with 5 vol% corrosion inhibitor were 0.045
Ib/ft? and 0.033 Ib/ft?, respectively, which are both acceptable corrosion rates for
industry. When the concentration of 0% coated persulfate were 3 or 8, 5 vol% or 7 vol%

corrosion inhibitor concentration cannot control the corrosion damage effectively.
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Table 13 Corrosion rate comparison.

0 % Coated CI Concentration,
Test Number Corrosion Rate, Ib/ft?
Persulfate, wt% vol%

1 8 5 0.099

2 8 7 0.125

3 3 5 0.079

4 2 5 0.045

5 1.5 5 0.033
Front of Coupon Back of Coupon

® .
Figure 46 Coupon damage of corrosion test 1: 8 wt% 0% coated persulfate and 5
vol% CI concentration.
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Treatment Solution

Figure 47 Solution color change of corrosion test 1: 8 wt% 0% coated persulfate
and 5 vol% CI concentration.

Front of Coupon Back of Coupon

Figure 48 Coupon damage of corrosion test 2: 8 wt% 0% coated persulfate and 7
vol% CI concentration.
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Treatment Solution

Figure 49 Solution color change of corrosion test 2: 8 wt% 0% coated persulfate
and 7 vol% CI concentration.

Front of Coupon Back of Coupon

\J ‘ L2
Figure 50 Coupon damage of corrosion test 3: 3 wt% 0% coated persulfate and 5
vol% CI concentration.
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Treatment Solution

Figure 51 Solution color change of corrosion test 3: 3 wt% 0% coated persulfate
and 5 vol% CI concentration.

Front of Coupon Back of Coupon

Figure 52 Coupon damage of corrosion test 4: 2 wt% 0% coated persulfate and 5
vol% CI concentration.
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Treatment Solution

Figure 53 Solution color change of corrosion test 4: 2 wt% 0% coated persulfate
and 5 vol% CI concentration.

Front of Coupon Back of Coupon

Figure 54 Coupon damage of corrosion test 5: 1.5 wt% 0% coated persulfate and 5
vol% CI concentration.
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Treatment Solution

Figure 55 Solution color change of corrosion test 5: 1.5 wt% 0% coated persulfate
and 5 vol% CI concentration.
5.9. Field Application Recommendation
5.9.1. Advantages of Novel Surfactant/Oxidant System

The design consideration of novel surfactant/oxidant system is to make it to be
non-aromatic solvent. Non-aromatic compound is either not cyclic or not planar, while
an aromatic compound is cyclic or planar and have a stable conjugation. The non-
aromatic properties of novel surfactant/oxidant system are including >100°C high flash
point, clean sand surfaces more easily, and enhances surfactant action to wet sand
surfaces.

The novel surfactant/oxidant system could self-diffuse into damaged zone. It can

incorporates/solubilizes the oil, removes OBDF emulsions, and water wets all solids
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100%. The reaction of treatment process has no energy needed contact time and is
spontaneous action to mobilize crude oil, remove near wellbore damage, water wet
surfaces.
5.9.2. Application of Novel Surfactant/Oxidant System

When treat cased-hole completions, the basic application of novel
surfactant/oxidant system is basic application. There are several extended applications of

novel surfactant/oxidant system, as follows:

> Extended Application of Novel Surfactant/Oxidant System:
i. Chemical Damage Remediation:

1. Acid Remediation;
2. Dirill-in Fluid Filtrate;
3. Polymer Block;
4. Brine Incompatibility

ii. Trapped Oil Treatment:
1. Wettability Alteration

iii. Perforation Damage Remediation:
1. Charge Debris;
2. Trapped Solids

iv. Heavy Hydrocarbon Deposition Treatment:
1. Asphaltene/Paraffin

v. Water-Block Clearance:
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1. Reduced Reservoir Pressure;
2. Water Production;
3. Completion Fluid Invasion
5.9.3. Post Treatment Success Factors
Here are some recommendations for post treatment success factors that should be
considered seriously when apply the novel surfactant/oxidant system into field
treatment:
» Did we treat a viable reservoir?
» Did we identify the damage?
o Emulsion? OBDF?
o Water-block?
o Polymer block?
o Heavy crude deposition?
o Fluid/fluid incompatibility?
» Did we contact the affected zone(s)?
o Did we require zonal isolation?
o Did we use an isolation technique?
» Did we allow for soak time?
These problems are highly recommended to be considered and solved before and

during the application of novel surfactant/oxidant system.
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5.9.4. Target Applications/Wells
5.9.4.1. Injection treatment of removal system

As shown in Figure 56, when perforated wells are treated, 35 gal per foot of
perfs is preferred, also with 3-4 ft radial treatment applied. When we treat perforated and

fractured wells, 50 gals per ft of perfs is recommended.

,’// V

35 gal per foot of perfs
~3-4 feet radial treatment
Ex: 10 feet = 350 gallons

Perforated
wells

K 4

Perforated and 50 gal per foot of perfs
Fractured wells =« Ex: 10 feet =500 gallons

; )
Figure 56 Injection treatment of removal system.
5.9.4.2. Tools of Injection System

Figure 57 shows the pictures of ISAP straddle packer retrievable bridge plug,
and retrievable packer that used for injection system.
5.9.4.2.1. ISAP Straddle Packer

In order to remove the suspected damage more effectively a coiled tubing-based

solution was implemented which involved the application of ISAP straddle packer tool.
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This tool provide pinpoint accuracy for conventional, horizontal and multilateral
stimulation treatment. Treatment valve allows precise injection of treatment fluid and
adjusted element spacing helps in straddling the long interval (Singh et al. 2013).
5.9.4.2.2. Retrievable Bridge Plug
Retrievable bridge plug tools were initially deployed on electric line and set
using explosive methods. The use of slickline technology provides operational flexibility
as the plug can be set when conditions dictate and requires only a slickline crew. The
following lists are the priorities for the design of this type of plug (Gee et al. 1993):
* To minimize the diameter of the tool in order to maximize access through the
completion;
» To make the tool suitable for as wide a range of tubing weights within each size
range. E.g. for a 5-1/2” plug to cover weights from 17 1b/ft to 23 1b/ft;
* That all sizes of the plug up to and including 7” should be deployable by slickline
manipulation only to avoid the requirement for hydraulic setting if possible;
* etal
5.9.4.2.3. Retrievable Packer
There are two types of production packer when we finish the completion:
permanent or retrievable packer. The most reliable option of extreme conditions is
permanent packer. Because permanent set offers simplicity, requiring few moving parts.
Hostile environments are typically addressed with permanent packers, both for

management of cost and concerns for the long-term integrity of the retrieval mechanism.
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The retrievable option offers the most flexibility and potential economy in cases where
the removal is anticipated in the short-term, or repeatedly in the life of the well. Some of
the retrievable packer models still dictate limitations in their internal diameter
specifications, associated with the internal bypass and retrieval mechanisms (Triolo et al.

2002).

..
Lol Ll e
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i
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3 ;-:' l;‘-‘i: o " ,A;
Retrievable Retrievable
Straddle Packer ~ Bridge Plug Packer

Figure 57 Tools of injection system.
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5.9.5. Successful Field Cases with Similar Treatment Processes

In this section, four successful field cases with similar treatment processes are
explained in detail.

Case 1: In south Texas, there was a perforated casing well with low production
rate and water block problem. The injection method of treatment solution was pumped
down annulus and soaked in perfs. Before treatment, the production rate was 23 Mcf per
day, and the production rate was increased to 146 Mcf per day after whole treatment.

Case 2: Same in south Texas, the perforated and frac’d well had a problem with
“produced” OBDF. Treatment solution was injected with coil-tubing placement and
squeezed into fractures. The pre-treatment and post-treatment production rate were 1.9
MMcf per day and 4.6 MMcf per day, respectively.

Case 3: In central Texas, there was existing a perforated casing well that had
emulsion block problem. We applied injection method of pumping down production
tubing and soaked the treatment solution in perfs. The production rate of this well was
increased from 420 Mcf per day to 720-820 Mcf per day when finished the treatment.

Case 4: There was a limestone reservoir drilled with OBDF and there was
barefoot completion in open hole. The injection method of treatment solution was that
spotted in casing and perforated 30 ft section in toe and soaked the solution in perfs. The
pre-treatment production rate and the post-treatment production rate were 1.5 MMcf per

day and 2.2 MMcf per day, with the increasing of 0.7 MMcf per day.
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Figure 58 Successful cases of cleaning solution application.
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6. “CONCLUSION

The present study conducted a comprehensive evaluation of the brine-based new

surfactant/oxidant system to remove OBDF filter cake with quick removal steps and

high removal efficiency. The following conclusions were obtained:

1. OBDF without clay additive had lower spurt loss and lower filtrate volume than

clay-based OBDF. The difference might be explained by the replacement of clay
with a cross-linked polymer in the OBDF formula. Under HP/HT conditions, a
cross-linked polymer used in OBDF performed as a better viscosifier and
stronger filtration loss-control agent than clay components.

. The filter cake removal test results indicated that the optimized new system
degraded the filter cake by up to 98 wt% removal efficiency.

Based on measured pH values (1 to 3) of the new surfactant/oxidant systems (B1,
B2, B3, and B4), the cleaning solutions will remove OBDF filter cakes in dilute
acidic conditions. With the increasing of temperature, acrylic resins released
away from persulfate, consumed the OH" ions, and caused the cut down of pH
value.

Optimized surfactant/oxidant system (B4) caused the formation permeability

with 32.18% loss and formation porosity with 4.38% loss, which were lower than

4 *Reprinted with permission from “A Cost-Effective Application of New Surfactant/Oxidant System to
Enhance the Removal Efficiency of Oil-Based Filter Cake” by J. Zhou et al., 2018. SPE-190115-MS,
Copyright 2018 by Society of Petroleum Engineers.
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B1, B2, and B3 systems (permeability loss with 72.66%, 49.47%, 46.30%, and
porosity loss with 45.16%, 33.74%, 28.89%).

. After soaking OBDF (without clay) filter cake 12 hours at 250 F and 500 psi, B3
and B4 cleaning solutions had higher solubility (11,830 ppm and 12,080 ppm) of
Mn304 than B1 and B2 cleaning solutions (6,670 ppm and 7,353 ppm). For
CaCOs weighting material, the solubility of four removal system were 435 ppm,
540 pm, 690 ppm, and 720 ppm after treated by new surfactant/oxidant systems
at 250 F and 500 psi.

. 1.5 wt% and 2 wt% of 0% coated persulfate with 5 vol% of Rodine 31-a gave an
industry accepted corrosion rate of 0.033 Ib/ft?> and 0.045 Ib/ft> on L-80 coupon,
respectively, although minor pitting was still present on the faces of the coupon.
The Fe and Mn concentrations in 6 hours reaction solution of 1.5 wt% 0% coated
persulfate with Rodine 31-a were lower (820 ppm and 3 ppm) than that of 2 wt%
0% coated persulfate with Rodine 31-a (1,055 ppm and 5 ppm) respectively,

under 250 ¥ and 1,000 psi conditions.

. As a non-aromatic solvent, the novel surfactant/oxidant solution can self-diffuse

into damaged zone to incorporate/solubilize the oil, break OBDF emulsions, and
water-wet most of solids. The process is no energy needed-just soaking time.
The application of the novel cleaning solution is non-customized for cased-hole
completions, including basic application as OBDF filter cake removal, and
extended applications as chemical damage remediation, trapped oil treatment,

perforation damage remediation, heavy hydrocarbon deposition treatment, and
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water-block clearance.

9. For only perforated casing well type, the treatment method of novel cleaning
solution is recommended as pumped treatment down annulus and soaked in
perforations to clear water block, or as pumped treatment down production
casing and soaked in perforations to clear emulsion block.

10. For perforated and fractured casing well types, the treatment methods of novel
cleaning solution are recommended as soaked in perforations and squeezed into
fractures to clear OBDF filter cakes.

11. For barefoot completion in open hole, the treatment method is recommended as
spotted in casing and perforated 30 ft section in toe and soaked in perforations to

clear near wellbore damages caused by OBDF filter cakes.

With optimized formulation and soaking time, the cleaning solutions will benefit
the oilfield industry significantly by removing OBDF filter cake under challenging well
conditions. The new surfactant/oxidant system minimizes the effects of drilling fluids on
formation properties, based on its quick removal steps, high removal efficiency, and

acceptable formation damage and corrosion damage.
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