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RESUMO 

Palavras Chave: Perda de Circulação, Polímeros Reticulados, Reologia, RMN.  

A perda de circulação é um dos maiores problemas apresentados durante a perfuração 

de poços. A perda de circulação tem sido um dos fatores que geram altos custos e maior 

tempo de operações não produtivas offshore e onshore. Diversos estudos são desenvolvidos 

para resolver este problema da melhor maneira possível, pois requer a preparação e a 

circulação de pílulas de fluidos de tratamento com diferentes componentes através dos 

sistemas de perfuração. Um método para combater a perda de circulação inclui o uso de 

sistemas de polímeros reticulados formadores de gel, que podem conter ou não sólidos, e que 

gelificam e selam as zonas de perda. 

Este estudo apresenta uma metodologia de trabalho experimental para o projeto de 

um gel de polímero reticulado para o combate de perda de circulação. Dois tipos de géis 

apresentados na literatura foram escolhidos para avaliação, o primeiro, um gel simples 

consistindo apenas da mistura entre um agente gelificante e um agente reticulante com a 

salmoura, e o segundo, tendo como base a mesma formulação do primeiro, mas com a 

formação de uma polimerização in-situ pela adição de ácido acrílico e de persulfato de 

amônio. Este segundo sistema levou a um incremento das redes reticuladas, mostrando assim 

ser a melhor opção por ter um melhor desempenho nas avaliações de cinética de reação e de 

estabilidade. Estas avaliações tiveram como base estudos reológicos, de ressonância nuclear 

magnética e testes de garrafa de Sydansk. A capacidade de filtração dos géis foi analisada por 

meio de testes de filtração estática em discos de alta permeabilidade.  

Com os resultados obtidos dos testes, foi possível definir um gel com as melhores 

caraterísticas para o combate de perda de circulação. Este foi submetido a um processo de 

otimização através de um planejamento experimental a uma temperatura de 70°C, chegando 

assim a formulações ótimas, avaliadas por meio das superfícies de resposta dos diferentes 

resultados reológicos e de ressonância nuclear magnética. Foram obtidas três formulações do 

gel com boa estabilidade, boa cinética e diferentes valores do Módulo de platô G'p. Estas 

formulações foram avaliadas em testes de filtração estática adaptado, sendo constatado que 

os géis com altos valores de Módulo de platô G' conseguem resistir valores de pressão 

maiores. 

Concluindo, o planejamento experimental permitiu determinar a influencia de cada 

uma das variáveis analisadas nos resultados, facilitando a escolha das formulações 

promissoras e que atendem aos objetivos desejados para aplicação em um campo alvo. 

  



 
 

ABSTRACT 

Key Words: Lost Circulation, Cross-linked Polymers, Rheology, NMR. 

Lost circulation is one of the biggest problems presented during wellbore drilling. Lost 

circulation has been one factor that generates high costs and longer non-productive time of 

offshore and onshore operations. Several studies have attempted to solve the lost circulation 

in the best possible way since it requires the preparation and circulation of a new pill with 

different components through the system. One method to combat this problem includes the 

use of cross-linked gel-forming polymer systems, which may or may not contain solids, which 

would gel and seal unwanted areas and prevent losses. 

This experimental study presents a working methodology for designing a cross-linked 

polymer gel to combat lost circulation. Two types of gels were chosen from the literature to 

be evaluated. The first one is a simple gel, which is only a mixture between a gelling agent and 

a cross-linking agent with brine. The second one is based on the same formulation as the first 

system, but it includes an in-situ polymerization due to adding acrylic acid and ammonium 

persulfate, which led to an increase in the reticulated networks. The study pointed out the 

second gel as the best option since it had a more robust formulation on reaction and stability 

kinetics obtained by rheological studies, NMR, and Sydansk bottle testing. The filtration 

capacity of the gels was analyzed through static filtration tests on high permeability disks. 

With the results obtained from the tests, it was possible to define a gel with the best 

characteristics for combating lost circulation. That was subjected to an optimization process 

through an experimental design at a temperature of 70 °C, thus reaching optimal formulations 

evaluated through response surfaces of the different rheological and NMR results. Three gel 

formulations were obtained with good stability, good kinetics, and different values of the 

Plateau Module G'p to be evaluated in an adapted static filtration test. Therefore, it was 

ratified that gels with high values of Plateau Module G'p can resist higher pressure values. 

In conclusion, the design of experiments allowed us to determine the influence of each 

of the analyzed variables on the results, facilitating the choice of promising formulations that 

fulfill the desired characteristics for a target field application.  
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1 INTRODUCTION 

The upstream activities of the oil and gas industry refer to all stages involved, from 

exploration to field abandonment. Those activities include exploration, appraisal, 

development planning, production, decommissioning phases, and economic, legal, and 

technical aspects  (Jahn et al., 2008; David et al., 2017; Bleackley and Strathman, 2011). 

Seismic and geological studies and the drilling of exploratory wells allow us to verify 

areas of potential interest. During drilling, formation and fluids information is collected by 

electrical logs to determine the depth and the amount of oil and/or gas available in the 

exploration area. Once the exploration stage success has been proved, the appraisal stage is 

carried out in which reservoir features are improved, helping to reduce economic and 

reservoir uncertainties for its subsequent development. An adequate production/injection 

strategy must be designed during the field development phase, establishing the wellbore unit 

arrangements and production installations. The production phase starts with the first 

commercial hydrocarbon is produced. After oil and gas extraction and separation, they are 

transported to be processed and distributed (downstream activities). The reservoir production 

time is limited to its economic profitability. Hence, the wells will be plugged and abandoned. 

The useful life of oil and gas fields varies between 15 and 30 years and up to 50 years for large 

reservoirs (Paulauskiene, 2018; Speight, 2015). 

Drilling engineers are in charge of designing and implementing drilling programs to drill 

and casing the well in the fastest, cheapest, and safest way possible, taking all environmental 

considerations into account (Bourgoyne et al., 1986). Once the drilling stage is completed, the 

production or completion engineers assume responsibilities (Caenn et al., 2011). 

According to Islam and Hossain (2020), drilling operation is the most expensive stage 

of the oil industry and can represent almost a quarter of the total field cost. Therefore, 

significant operational, technical, and financial efficiencies are required. The drilling phase 

needs to be well designed and operated to guarantee maximum safety for engineers and 

operational workers, looking for minimal formation damage and applying the lowest costs in 

the shortest time possible. The most common drilling problems are, in no particular order, 

pipe sticking, lost circulation, hole deviation, drilling failures, borehole instability, mud 

contamination, hole cleaning, drilling-induced formation damage, and hydrogen sulfide-

bearing zones (Hassan, 2018). 

Lost circulation can occur while drilling, running casing/liner, completing, or cementing 

the well. Correcting this problem requires a high non-productive time, besides the amount of 

the drilling fluid lost into the formation. From the historical point of view, lost circulation is 

one of the most contributing factors to the high completion and drilling operations costs. 

Solving the problem takes a long time since it requires preparing a new pill with different 
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components and circulating that pill through the system, resulting in a  non-productive time 

(Feng and Gray, 2018). According to Elkatatny et al.(2020), lost circulation interventions 

require up to 3 days to control onshore well, whereas the duration increases to 7 days in 

offshore wells. Those costs can reach approximately one billion dollars per year, including 

drilling mud loss, time loss, and treatment costs. Just treatment fluids to mitigate loss can cost 

around 200 million dollars annually. Lost circulation in onshore drilling operation costs near 

65,000 dollars per day, whereas it is about 120,000 dollars per day in the offshore drilling 

operation. The annual mud loss into rock formations is about 1.8 million bbl. 

The knowledge of different types of formations in which the lost circulation can occur 

helps prevent and manage this problem. Selection of an appropriate LCM or strengthening 

fluids and different downhole conditions must be considered. Fluid loss can be classified into 

different types, seepage loss occurs when drilling fluid flows through large porous or highly 

permeable formation, such as loose sand and gravels; partial loss refers to circulation loss 

through unconsolidated or fractured formations; and, finally, severe loss and no fluid return 

can happen due to the presence of cavernous, faults or fractures. Some of the standard and 

recommended practices of preventive and restorative measures are summarized in a decision-

making flow chart shown in ANNEX A (Magzoub et al., 2020). 

Many authors have shown the efficiency of cross-linking polymers in several laboratory 

and field studies focusing on lost circulation (Cole et al., 1995; Chang et al., 1998; Al-

Muntasheri et al., 2008; Gibson et al., 2011; Gamage et al., 2014; Jiang et al., 2019). Cross-

linked polymer gels are high-strength materials resulting from physical or chemical cross-

linking bonds between polymer chains (Luzardo et al., 2015). 

The evolution in cross-linking polymers research has been acquiring great importance 

due to the versatility of its mechanical properties and uses in areas such as health, food, 

engineering, among others (Ahmad, 2001; Russell et al., 2019). One of those research was 

developed by Hussain et al. (2018) and consists of a method to prepare a novel hydroxyethyl 

cellulose based on self-healing HEC/PAA-Fe3+ cross-linking polymer gel with robust mechanical 

properties. The incorporation of dynamic metal-ligand interactions in a physically (H-bonded) 

cross-linked network enhanced the gel mechanical properties and self-healing efficiency 

without external intervention, thus showing properties of interest for the gel application as 

lost circulation control agent. 

1.1. Motivation 

Besides the additional cost and non-productive time, lost circulation can also damage 

hydrocarbon-bearing zones. Formation damage can happen any time during the lifecycle of a 

wellbore (drilling, completion, production, or work-over operations) and includes 

permeability plugging by solids invasion, wettability alteration, phase trapping, interaction 

resultant of the incompatibility between fluids and rocks. Solids invasion is a common type of 

LCM treatment-induced formation damage and occurs when LCM containing solids moves into 
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the formation and occupies the matrix pore space. Its severity is very high in open hole 

completions (Patel and Singh, 2016). Besides, LCM treatments are not suitable in severe loss 

cases (Lavrov, 2016). 

Various laboratory-scale studies have demonstrated the potential of cross-linked 

polymer gels in controlling the severe lost circulation ( Himes et al. 1994; Cole et al., 1995; 

Chang et al., 1998; Al-Muntasheri et al., 2008; Gibson et al., 2011; Songire and Uppuluri, 2014; 

Gamage et al., 2014; Jiang et al., 2019). However, these fluids are complex, requiring 

knowledge improvement and problems overcoming, such as large-scale production, costs, and 

logistics. It is crucial to integrate cross-linked polymer gels characterization, kinetic evaluation, 

and laboratory-scale stability with field operations scales. 

According to Songire and Uppuluri, 2014, or Himes et al. 1994, treatment procedures 

using cellulose derivative cross-link polymers are reversible using different breakers or 

internal breakers, making this method more favorable to be less or non-harmful to the 

formations. 

1.2. Objectives 

The present work aims to design a solid-free cross-linking polymer to remediate lost fluid 

circulation in cavernous, fault, or fractured formations. 

The results of this project are expected to reach the following objectives: 

• Characterize and evaluate cross-linked polymer gel systems by rheology, NMR, and 

bottle testing. 

• Study the behavior of the cross-linked polymer gel system to be selected employing a 

design of experiments. That will be achieved by analyzing response surfaces obtained 

through rheology and NMR results. 

• Evaluate the performance of the cross-linked polymer gel system through static 

filtration tests on high permeability discs. 

 

1.3. Dissertation Structure 

This work is composed of six chapters. 

Chapter 1 presents the introduction, the knowledge gap that motivated this work, and 

the objectives to contribute to different topics of existing knowledge. 

Chapter 2 covers the basic concepts and theories for rheology, NMR, lost circulation 

problems, and cross-linking polymer gel systems. This chapter also includes characterization 

procedures applied to cross-linking polymers, influencing parameters on their rheological 

behavior, and stability and kinetics evaluation methods. 
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Chapter 3 introduces all the materials, devices, and equipment used and a detailed 

explanation of the experimental methods applied to develop this research. 

Chapter 4 shows the results obtained and the discussions regarding the methodology 

applied to achieve those results. 

Finally, Chapter 5 exhibits the main conclusions obtained throughout this research.
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2. LITERATURE REVIEW 

This chapter presents a literature review of lost circulation and concepts related to cross-

linked polymers. 

2.1. Lost Circulation and Mechanisms 

Lost circulation refers to the inflow of drilling fluid into formation instead of returning to 

the surface. That occurs due to a differential pressure between the wellbore hole and the 

formation pore pressure. It is usually classified by literature as one of the most common problems 

during drilling operations, causing considerable economic losses for the oil and gas industry 

(Lavrov, 2016; Chen et al., 2017; Feng and Gray, 2018).  

The drilled formation information allows minimizing the lost circulation problem by 

controlling the fluid properties, the penetration rate, weight on the bit, revolutions per minute 

(RPM), and strokes per minute (SPM). The information obtained requires specific data, which are 

generally limited. Therefore different methods to prevent and mitigate lost circulation events are 

developed (Al-Hameedi et al., 2017). 

The lost circulation can be detected by controlling the mud tank levels. A decrease in it 

means that volume is being lost towards the formation, leading to severe problems in drilling 

processes. When the annular section is not filled with fluid, the hydrostatic pressure decreases 

until the differential pressure between the mud column and the formation is not enough to 

prevent the inflow of formation fluids into the well, with the potential to result in a kick, an 

explosion, or an underground blowout. Lost circulation can also lead to the drill string sticking 

(DeGeare, 2003; Ezeakacha et al., 2018). According to DeGeare (2003), that happens when the 

drilling fluid hydrostatic pressure fractures the unconsolidated or high permeable formations, and 

the drilling fluid flows into the fractures causing washouts (see Fig. 2.1). 

 When the hydrostatic pressure exceeds the fracture gradient of an intact formation 

and/or pore pressure of formations with open fractures, lost circulation can occur. Aadnøy and 

Looyeh (2019) list the most common consequences of excessive hydrostatic pressure as follows:  

• Excessive overbalanced mud weight  

• Rock cuttings remaining in the annulus due to low hole cleaning  

• Elevated viscosity and rheological properties  

• Restricted annular space  

• Excessive surge pressure while running the drill string or casing in the hole 

• Combination of the above factors 
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Fig. 2.1 Lost Circulation / Kick Scenario / Differential Sticking At or Near Loss Zone (adapted from DeGeare, 2003) 

Drilling engineers aim to maintain equivalent circulation density (ECD) within the mud 

density window to avoid lost circulation or wellbore instability events. The failure causes a 

discontinuity on the possible stability profiles, ranging from fluid formation influx to severe or 

total drilling fluid loss and wellbore collapse (Cook et al., 2011), see ¡Error! No se encuentra el 

origen de la referencia.. 

At point A, the ECD window (purple section) lies between the pore pressure (blue line) and 

the fracture gradient (red line). In the depleted zone (B), the pore pressure and the fracture 

gradient shift to lower pressure levels. The production in the interval causes the ECD window to 

become narrower. At point C, there is a formation with poor mechanical properties, where the 

lower limit of the ECD window is defined by the wellbore collapse pressure and not by the pore 

pressure (green line). At point D, the pore pressure is high, and the fracture gradient is low, being 

a challenge to maintain the hydrostatic pressure into the ECD window (Cook et al., 2011). 

 Table 2.1 shows the classification of lost circulation based on the severity of the loss. 

Table 2.1 Types of lost circulation (adapted from Elkatatny et al., 2020) 

Classification Typical loss rate (bbl/h) 
Seepage <25 

Partial 25-100 
Severe >100 
Total No returns 

Fig. 2.3 shows potential zones for lost circulation. In that figure, A refers to unconsolidated 

and depleted zones; B shows the induced fractures by excessive pressure; C is cavernous or 

fissures in carbonates formation; D is high permeability and high porosity formation, and E 

represents natural fractures, geological faults, and transition zones between carbonates and hard 

shale (API, 2001). 
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Fig. 2.3 Lost circulation sections (adapted from American Petroleum Institute API-, 2001) 

 A low overbalance in formations with fissures or naturally fractured can be enough to 

generate lost circulation. These formations are generated by geological movements that occur 

after sedimentation and compaction, and their highest frequency of occurrence is near faults and 

areas affected by tectonic forces and stresses. The initial loss rate can be low (leakage); however, 

it can quickly become severe if drilling continues. These areas have caused some of the most 

recorded troublesome lost circulation incidents (Kumar et al., 2011; Chellappah et al., 2018).  

Cavernous and vugular openings are usually found in carbonate and limestone formations. 

In those cases, losses during drilling often are characterized by sudden and complete losses, with 

the bit often dropping several feet. Frequently the loss rates exceed rig pumping capabilities. The 

caverns result from water percolation through the formations over geological periods creating 

channels. Caverns can be part of a more extensive system where the voids may range from 

pinholes to tunnels. The pore pressure in these formations usually is sub-normal, meaning they 

are below the freshwater gradient (0.433 psi/ft). Caverns are the most challenging lost circulation 

zones to re-establish circulation (Beda and Carugo, 2001). 
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The elastic limit is a characteristic of settable material, determining the system sealing 

ability to withstand under the applied differential pressure. The maximum pressure gradient that 

a seal can sustain at the fracture in the well during a pressure increase is simulated by two plates 

that consider a Bingham fluid flow. That procedure helps to determine the shear stress in the 

fracture walls (see Eq. 2.1). Therefore, to ensure efficient plugging, the shear stress at the wall 

must not exceed the settable material yield stress (Lavrov, 2016; Lecolier et al., 2005). 

where 𝑤ℎ  is the hydraulic width of the fracture and 𝜏𝑦 is the yield stress of the settable material.  

Cement sealing treatment is an effective system in vugular formations because cement 

compressive strength is higher than other settable systems (Lavrov, 2016). 

The use of granular particles and flakes is effective against seepage or partial losses, but 

not for severe and total losses. Particles used as lost circulation materials (LCM) are known to 

decrease in size and change shape as they circulate. That is caused by different effects, such as 

particles impact among themselves or the bottom hole. Therefore, laboratory studies are 

required to estimate the degree of particle mechanical degradation (Lavrov, 2016). Many 

combinations or blends of settable material and LCM were evaluated in laboratory tests to 

determine their efficiency to treat all kinds of lost circulation. Different scenarios were evaluated 

to optimize the formulations. Alsaba and Nygaard (2014) observed that LCM’s blends require a 

good particle distribution to guarantee their ability to seal a wide range type of fractures. 

Cross-linked polymers are viscoelastic material composed of one or more polymers and 

cross-linking agents, typically metal ions or bifunctional organic molecules. The cross-linking 

process, or reticulation, involves the chemical or physical bonding of polymer chains, creating a 

three-dimensional network. The cross-linking bonds provide anchor points and allow for elastic 

energy storage, thus providing elastic properties for the gel. Despite the small amount of polymer 

relative to solvent, polymer gels can have high strengths. The elasticity of the polymer gel 

depends on the solvent amount and the flexibility of polymer chains. The gel strength reflects, 

among other aspects, the solvent thermodynamic quality. In some cases, a fragile gel is formed 

when the solvent has a low thermodynamic quality compared to the polymers (Feng and Gray, 

2018)(Moradi-Araghi, 2000). 

The two-liquid pill systems consist, as their name says, of two liquids that are separately 

pumped until they reach the loss zone and come into contact with each other forming a seal at 

the bottom hole. Spacers are shifted to avoid a possible mixing between these fluids before the 

interest zone. These two fluids can be pumped through different methods (Lavrov, 2016). 

|𝛻𝑃|𝑚𝑎𝑥 = 2𝜏𝑦𝑤ℎ  Eq. 2.1 
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Cross-linked polymer systems are different from cement because cement plug technology 

is typically applied to non-production zones and is an irreversible process. That is the main reason 

cross-linked polymers appear as an alternative for lost circulation control. This system has high 

gel strength, a relatively low cost, and it can be removed before reservoir production beginning 

(Luzardo et al., 2015). Songire and Uppuluri (2014) demonstrated various breakers performance 

(oxidizers or delayed-release acids) and self-degrading cross-linked hydroxyethyl cellulose 

systems. 

2.3. Cross-linked Systems  

The main objective of cross-linking systems is to avoid undefined deformations under an 

applied overload, therefore restricting the movement of the chain. However, the segments of 

molecular cross-linked polymers remain flexible, under suitable temperature conditions, the 

polymer mass becomes rubbery or rigid, and the system can only flow if there is a rupture of the 

covalent bonds (Brydson, 2017). 

On the other hand, if the cross-linking degree increases, also called cross-link density, the 

distance between cross-links segments decreases, and a tighter and less flexible network forms, 

and the segment motion becomes more restricted. Only the rigid (glass-like) state will exist in 

polymers with a high cross-link density. That state is commonly encountered when using 

thermosetting plastics such as phenolic, aminoplastic, and epoxide resins (Brydson, 2017). 

Cross-linked polymers can be classified into physical and chemical hydrogels based on their 

cross-linking mechanism, as in Fig. 2.6. 

Physically cross-linked hydrogels or reversible gels have gained significance due to their 

relative easiness of production and the advantage of not using cross-linking agents during their 

synthesis protocol. Physical interactions between different polymer chains prevent the 

dissolution of physically cross-linked gels. The selection of hydrocolloid type varies according to 

the concentration and polymer pH, which leads to the formation of a wide variety of gel textures. 

This investigation area has currently received considerable attention in food, pharmaceutical, and 

biomedical applications (Varaprasad et al., 2017). 

The covalent bonding of polymers forms chemical or permanent cross-links through the 

polymerization of end-functionalized macromonomers. The hydrogel structure absorbs large 

amounts of water thanks to hydrogen bonds, swelling properties, and elastic modulus. The kind 

and degree of cross-linking affect the molecule transport and the network properties. Chemical 

cross-linked hydrogels can be obtained from natural, synthetic, or synthetic/natural polymers 

(Maitra and Shukla, 2014). 
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Cross-linked-HEC Fluid The study shows a procedural study of the use of an HEC 
and zirconium cross-linking system, showing its 

compatibility with different brines and breakers, performing 
kinetic and stability tests at different temperatures and pH, 

forming a gel capable of stopping the loss of fluids in 2 
Darcies formations and temperatures up to 290 ° F. 

(Chang et al., 1998) 

Activated cross-linked pills The authors describe the development and application of 
chemically activated cross-linked pills of different 

generations capable of sealing fluid loss areas and 
showing a procedural and compatibility study with different 

types of accelerators, retarders and spacers. 

(Bruton et al., 2001) 

Chemically Activated Cross-
linking Pill 

This paper shows the design and planning of chemically 
activated cross-linking pills applied to avoid lost circulation 

in the sub-salt loss zone of the Hassi Messaoud field, 
showing reductions in non-productive time 

(Ferras et al., 2002) 

Carboxymethylhydroxyethyl 
cellulose pill (CMHEC) 

This paper evaluates the effects of permeability and pH in a 
zirconium-based cross-linked fluid loss pill, showing that 

the system efficiency is highly dependent on the differential 
pressure applied. 

(Vollmer and 
Lejeune, 2005) 

Colloidal Dispersion Gel 
(CDG) 

The authors evaluate the technical procedure and 
economic analysis of a colloidal dispersion gel application 

in the Daqing Oilfield. They showed the effect of 
temperature, pH, and biodegradation on these systems. 

(Chang et al., 2006) 

Pre-Cross-linked Pills This study characterizes pre-cross-linked solids-free pills 
and their capability to inhibit fluid loss under various 

conditions of temperature and flow rates in high 
temperature-high pressure cells and alkoxide disks 

representing a perforated formation. 

(Gibson et al., 2011) 

Fluid-Loss-Pill Formulation This paper studies a solids-free fluid-loss pill based on a 
synthetic water-soluble polymer and a metal-based cross-

linker, evaluating the gel-stability by static aging test, 
kinetics at different pH and temperature, fluid-loss control in 

HP/HT filter press, and gel break experiments. 

(Gamage et al., 
2014) 

Cross-linked hydroxyethyl 
cellulose (CLHEC) system 

This article studies the ability to control the loss of solid-
free pills based on a cross-linked gel in an HP/HT fluid loss 
cell. It also shows the compatibility and kinetic reaction with 
different types of breakers applying a pressure differential 

of 100 psi and 260 °F. 

(Songire and 
Uppuluri, 2014) 

HPAM/PEI cross-linked gel The authors analyzed the rheological behavior, differential 
scanning calorimetry, and effectiveness of the HPAM and 
PEI gel system as LCM in a synthetic core at a particular 

pressure using a 300 Darcies value of permeability at room 
temperature. 

(Hashmat et al., 
2016) 

Polyacrylamide cross-linked 
system 

The authors evaluated the lost circulation control capacity 
of HPAM and phenol-formaldehyde in a synthetic core 

composed of a transparent plexiglass cylinder and packed 
with glass beads, varying the permeability between 300 

and 2960 Darcies. 

(Hashmat et al., 
2017) 

Cross-linked partial 
hydrolysis polyacrylamide 

gel 

The authors evaluated the capacity of PHPA gels to 
remediate lost circulation under high-temperature 

conditions and different pH ranges. They evaluated  the 
viscoelastic gel property and gel compressive strength. The 
fluid loss control capacity was measured by a gel plugging 
agent material test apparatus using a removable cylindrical 

iron with different width slots. 

(Jiang et al., 2019) 
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The use of cross-linked polymeric gels is very extensive in many industries. There are 

infinite combinations between cross-linking agents and polymers. Many of them can serve as an 

excellent solution to lost circulation problems, and the formulation proposed by Hussain et al. 

(2018) can be one of those. That consists of a synthesis of iron (III) containing 

hydroxyethylcellulose, HEC, based hydrogel with a mixture of in situ polymerized poly acid acrylic, 

PAA, that develops high mechanical properties. The reaction process is represented in Fig. 2.7. 

 

Fig. 2.7 Schematic diagram for the synthesis of HEC/PAA-Fe3+ hydrogel (adapted from Hussain et al. 2018) 

2.4. Rheology 

Different types of rheometers allow obtaining stress or strain responses applied to 

complex materials. Historically, rheometers were categorized as stress-controlled (a force is 

applied and the resulting deformation is measured) or strain-controlled (a deformation is applied, 

and the resulting force is measured). A new range of versatile rheometers allows performing both 

types of tests. Although strain-controlled instruments are more expensive than stress-controlled 

ones, they allow higher oscillation frequencies to be accurately probed and do not require 

frequent inertial calibration (Grillet et al., 2012). 

2.4.1. Rotational Test 

The relationship between stress and shear rate somewhat defines the rheological 

behavior of fluids. For Newtonian fluids, there is a proportionality constant between these 

parameters, defined as dynamic viscosity. However, for non-Newtonian fluids, the relationship 

between stress and shear rate has a non-linear behavior. In this case, the term apparent viscosity 

is preferable, meaning the viscosity the fluid would have in that flow condition if it were 

Newtonian. Mathematically, the stress-shear ratio is known as the flow equation, and its graphical 

representation is called the flow curve (Machado, 2002). Fig. 2.8 shows flow curves for some 

fluids according to the shear stress behavior, and Table 2.3 shows the equation for each kind of 

fluid. 
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Fig. 2.10 Outline of the five states of polymer solutions (adapted from Szopinski et al., 2015) 

The determination of the possible concentration regimes in polymer solutions ranges from 

the diluted regime to the semi-dilute one until the concentrated regime is reached. That makes it 

possible to understand the behavior of the polymer chains in the solution. The Brownian motion 

causes the polymer chains to fluctuate in solution. When concentrations are low, these individual 

polymer chains adopt a random spiral conformation, separating from each other and moving 

independently. When the individual chains initiate a physical interaction with each other, the 

overlapping concentration, c*, occurs. Under a dilute regime, c < c*, the translational diffusion of 

molecules in solution is not affected by intermolecular overlap. The molecules pack together, 

occupying a hydrodynamic volume. When the concentration increases, the semi-dilute regime is 

reached, resulting in an entanglement of the chains in the solution. The transition from the semi-

dilute to the concentrated one occurs at the critical concentration of aggregation (c**), where 

the appearance of the aggregates can be observed, and the molecules can no longer contract 

(Oliveira et al., 2013). 

Currently, there is a wide selection of polymers. One of them is cellulosic derivatives, such 

as hydroxyethylcellulose (HEC) and carboxymethylcellulose (CMC). HEC is a linear polysaccharide 

non-ionic polymer based on a modified cellulose structure with hydroxyethyl side chains (see Fig. 

2.11). It is used as bulk thickeners for high-density brine fluids, such as clear completion fluids, 

gravel packs, and fracturing fluids, but it is not typically used in drilling fluids because it has no 

solids suspension ability (Caenn et al., 2011). 
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Fig. 2.11 Molecular structure of the hydroxyethylcellulose (HEC) 

CMC is similar to HEC but is a linear polysaccharide anionic polymer modified with 

carboxymethyl (CM) (see Fig. 2.12). Its functionality depends on the degree of substitution (DS), 

the number of CM side chains, and molar mass (MW). Its uses are as fluid loss control in drilling 

operations; high MW is a bulk thickeners with minimal low shear-rate viscosity and minimal 

suspending ability (Caenn et al., 2011)(Fink, 2015). 

 
Fig. 2.12 Molecular structure of the carboxymethyl cellulose (CMC) 

 Castelain et al. (1987) determined the transition regimes of cellulose derivatives in 

aqueous solutions by plotting the apparent viscosity at a specific shear rate versus polymer 

concentration in the logarithmic scale, see Fig. 2.13. 
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Fig. 2.14 Schematic diagram of a parallel-plate rheometer (adapted from Osswald and Rudolph, 2002) 

When presetting the strain γ, the τ-curve behaves as a phase-shifted sine function due to 

a viscoelastic component, with a phase shift angle δ between the preset and the resulting curve 

(see Eq. 2.6). The shifting angle is usually specified in degrees [°], or in some cases, in rad. 

Sometimes, δ is referred to as the loss angle, as showed in Fig. 2.15. 

 
Fig. 2.15 Stress and strain time-dependent function test (adapted from Mezger, 2014) 

𝛾̇𝑥𝑦(𝑡) =  𝛾̇0 𝑠𝑖𝑛 𝜔 𝑡 
Eq. 2.4 

 𝜏𝑥𝑦(𝑡) =  𝜏0 𝑠𝑖𝑛 𝜔 𝑡 
Eq. 2.5 

 

𝜏𝑥𝑦(𝑡) =  𝜏0 𝑠𝑖𝑛(𝜔 𝑡 +  𝛿) Eq. 2.6 
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Due to the phase shift, the overall behavior of a viscoelastic material can be subdivided 

into two parts, one that considers only the purely elastic part (δ = 0°), and one that considers only 

the purely viscous part (δ = 90°). That is expressed by Eq. 2.8. 𝐺 = 𝐺′ + 𝐺′′ Eq. 2.7 

where G’ is the storage or elastic modulus, and it is a measure of the deformation energy stored 

by the sample during the shear process. After the load removal, that energy is entirely available, 

and it acts as the driving force for the deformation process, compensating partially or entirely the 

previous deformation of the structure. Materials storing the total applied deformation energy 

shows completely reversible deformation behavior since, after a load cycle, they occur with an 

unchanged shape (Mezger, 2014). G’’ is the loss or viscous modulus, and it is a measure of the 

deformation energy used by the sample during the shear process. Table 2.5 summarizes the 

responses of the phase-shift angle. The energy spent during the flow is used to heat the sample 

and the surrounding environment (Mezger, 2014). 

Table 2.5 Responses of the phase shift angle, viscous and loss modulus 

Completely viscous 
behavior 

Viscoelastic 
behavior of a 

liquid 

The behavior of a half 
elastic half viscous 

material 

Viscoelastic gel 
behavior 

Completely elastic 
behavior 

δ = 90° 90° > δ > 45° δ = 45° 45° > δ > 0° δ = 0° 
tanδ → ∞ tanδ > 1 tanδ = 1 tanδ < 1 tanδ →0 
(G’ → 0) G’’ > G’ G’ = G’’ G’ > G’’ (G’’ → 0) 

The kinetic tests are used to evaluate the behavior of the material with properties of 

setting, chemical curing, or particular evolution over time. It can be performed under both shear 

conditions, measuring the established temperature, i.e., these tests are carried out under 

isothermal conditions and constant low shear conditions, to keep the test in the linear 

viscoelasticity range (LVE) to avoid disturbances in the reaction kinetics and guarantee a cross-

linking process (Mezger, 2014). Fig. 2.16 shows the critical time (tCR) or the time referring to the 

point where the curves of G’, G’’ start to sloping up with time, and tSG, representing the gelling 

onset or the point where tan 𝛿 = 1. 
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Fig. 2.18 Kinectic evaluation of Xanthan gum solutions with Cr3+ at different temperatures ( adapted from Marudova-

Zsivanovits et al., 2007) 

In the linear viscoelastic range, both the G’(γ)- and G’’(γ)-curves display constant plateau 

values. Linear-elastic behavior is found whenever Hooke’s law is valid for the raw data in terms 

of Eq. 2.8 or the rheological parameters as in Eq. 2.9, respectively. Linear-viscous behavior is 

found whenever Newton’s law applies for Eq. 2.10 or Eq. 2.11, respectively.  

MA /ϕA = const Eq. 2.8 

where MA is the amplitude of the torque in the oscillatory test, mNm, and ϕA is the amplitude of 

the deflection angle, mrad. τA /𝛾̇A = const (= G*) Eq. 2.9 

where τA is the shear stress amplitude in oscillatory tests, Pa, γA is strain amplitude, Pa, and G* is 

the complex shear modulus (Pa). τA/𝛾̇ A= const (= η*) Eq. 2.10 

where τA is the shear stress amplitude, γ A is shear rate amplitude, s-1, and η* represents the 

complex viscosity, Pa۰s.  

The Cox-Merz relationship shows the following relationship for unbound polymers when 

held in the linear viscoelastic range: 

|η*| = η0 Eq. 2.11 

where |η*| represents the complex viscosity, which is measured via oscillatory tests (Pa۰s), and 

η0 the zero-shear viscosity, which is determined via rotational tests (Pa۰s). 
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For a gel or a solid case, G’ > G”, the elastic behavior is predominant over the viscous one 

as in Fig. 2.19, where the material exhibits somewhat characteristic stiffness in gels, pastes, 

among others. But certain types of dispersions, foods, and other materials show low viscosity flow 

behavior at high shear rates. Still, the elastic modulus exceeds the viscous one (G’ > G’’) in the 

linear viscoelasticity range, LVE. In this case, they indicate gel-like consistency in the low-shear 

rate range, i. e, 𝑦 ̇ ≤ 1s-1 or 𝑦 ̇ ≤ 0.01s-1 for practical uses. Nevertheless, a weak gel structure can 

still impart a certain consistency and stability to these kinds of gels (Mezger, 2014). 

 

Fig. 2.19 Example of a strain amplitude test for a gel in the LVE range (adapted from Mezger, 2014) 

In a liquid case, the viscous behavior dominates the elastic one (see Fig. 2.20). It is even 

possible to see this behavior in highly viscous materials with intertwined chains of molecules 

despite not having a consistent chemical network or physical network.. At rest, suspensions or 

emulsions are usually not stable since flow can occur at apparent rest. (Mezger, 2014). 

 
Fig. 2.20 Example of strain amplitude sweep test for a viscoelastic liquid in the LVE range (adapted from Mezger, 2014) 
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 Weng et al., 2007, and Hvidt, 2013, applied a controlled shear stress test to find the Linear 

viscoelasticity range in the gels studied by each work. This measuring range (LVE) is considered 

the limiting value of the shear stress, or briefly, as the yield point τy. The tolerated deviation range 

has to be defined previously by the user; 10% is commonly used. Additionally, to determine the 

flow stress value, it is needed to pay attention to the pre-condition of G’ > G’’, therefore, the 

occurrence of a gel-like character or solid-state in the LVE range. Then, when reaching the 

crossover point G’ = G’’, the gel-like character with G’ > G’’ changes to the liquid state, showing 

G’’ > G’. This point is called the flow point, τf, and the area between τy and τf is called the 
performance zone where the sample still has the characteristics of a gel with G’> G’’, despite, the 

reversible-elastic deformation range has been already exceeded as shown in Fig. 2.21 (Mezger, 

2014). 

 
Fig. 2.21 Amplitude sweep, presented with shear stress τ plotted on the x-axis( adapted from Mezger, 2014) 

Frequency sweep tests are performed at different frequencies, where the amplitude is 

kept at a constant value (and measuring temperature). Sometimes, the term dynamic oscillation 

is used as a synonym for variable frequency. The frequency represents the inverse of time; 

therefore, the short-term behavior is predicted at high-frequency values and the long-term 

behavior at low frequencies (Mezger, 2014). 

Cross-linked polymers show the attachment of macromolecules through bonds that can 

be chemical or physical, restricting the movement of the molecules to each other through the 

length of these bonds. High maximum deformation values are obtained in a network showing 

some degree of cross-linking, delimited by the LVE range. Highly cross-linked polymers can be 

deformed only in a minimal range before irreversible deformation or, in some cases, destroyed, 

as shown in Fig. 2.22 (Mezger, 2014). 
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Zeron et al., 2008,  evaluated the use of low-field NMR as a non-intrusive technique to 

monitor gelation rates and characterize gel strength. That is based on the evolution of the 

transverse relaxation time (T2), at the same time, analyzed a common problem in gels called 

syneresis. 

Syneresis is the process first identified in colloidal solutions whereby the spontaneous 

gel contraction results from liquid expulsion (GeoffTanner, 2003). In 1928, Kunitz analyzed 

gelatin gel syneresis and realized two important factors affecting this phenomenon: osmotic 

pressure and polymeric gel matrix elasticity. Osmotic pressure is the standard 

thermodynamic quantity used to evaluate the driving force of the transfer of water from one 

phase to another. Due to not being destructive techniques, the methods used in NMR are 

used for a possible correlation between free or slightly bound water with potential syneresis 

(Mizrahi, 2010). 

Continuing with the study presented by Romero-Zeron et al., 2008, they developed two 

graphs from the NMR test. Fig. 2.26 shows the gels evolution and the syneresis effect 

appearance in one of them. Fig. 2.27 illustrates the normalized amplitude and reaction time 

as a function of relaxation time, allowing us to observe the changes that the gel spectrum 

endures with the time. 

 
Fig. 2.26 Relaxation rate vs. time (adapted from Romero-Zeron et al., 2008) 
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Fig. 2.27 Amplitude index vs. relaxation time ( adapted from Romero-Zeron et al., 2008) 

 

2.6. Bottle Testing Method 

According to Sydansk and Smith, 1988, it is possible to provide a semiquantitative 

measurement of gelation rate and gel strength by bottle testing. It consists of inverting a bottle 

containing the gel and observing its behavior in a short time. Depending on how quickly the fluid 

flows and how much one can assign a strength code. By performing several tests with the system 

at a constant temperature, it is possible to observe the parameters as a function of time. The gel-

strength code developed and used to characterize the bottle- testing data is included in Table 2.6. 

Table 2.6 Gel Strength Codes of Bottle Testing (Sydansk and Smith, 1988) 

CODE: 

A No detectable gel formed: The gel appears to have the same viscosity as the original polymer solution 
and no gel is visually detectable. 

B Highly flowing gel: The gel appears to be only slightly more viscous than the initial polymer solution. 

C Flowing gel: Most of the detectable gel flows to the bottle or ampule top upon inversion 

D Moderately flowing gel: A small portion (about 5 to 15%) of gel doesn’t readily flow to the bottle or 
ampule top upon inversion. 

E 
Barely flowing gel: The gel can barely flow to the bottle or ampule to and/or a significant portion (>15%) 

of the gel doesn’t flow upon inversion. 

F Highly deformable nonflowing gel: The gel does not flow from the bottle or ampule top upon inversion. 
The gel just flows reach short of the bottle or ampule top. 
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filtration. From the number of shown mechanisms, it is clear that formation damage control is 

challenging as it can include more than one mechanism at a time (Peden et al., 1984). 

Table 2.7 Parameters influencing borehole filtration (adapted from Peden et al., 1984) 

Rock Properties 
Wellbore Fluid 

Properties 
Wellbore Hydraulic 

Conditions 
Physical Environment of 

Wellbore 
a) Tortuosity 
b) Relative Permeability 

to both in-situ and 
invading fluid 

c) Mean pore sizes 
d) porosity 

a) Type of Fluid 
b) Base fluid properties 

(filtrate), particularly 
viscosity 

c) Chemical activity of 
constituent, e.g., 
surface activity 

d) Concentration of 
constituent particles 

e) Shape and size 
distribution of 
constituent particles 

f) Rheological 
properties of the fluid 

g) Type of cross-link 

a) The annular velocity 
of mud flow 

b) The duration and 
sequence of the 
various methods of 
filtration in the 
borehole 

c) The shear stress/rate 
on the filter cake 
surface 

d) The mud circulation 
rate and nozzle 
discharge velocity 

a) Temperature of fluid 
in the borehole 

b) Absolute pressure in 
the borehole 

c) Differential pressure 
between borehole and 
formation 

d) Inclination angle of 
the wellbore 

e) Frequency and 
severity of physical 
contact between the 
drill string and the 
filter cake on the 
borehole wall 

f) Drilling rate 
g) Rotary speed and 

type of bit 
 

Static filtration occurs when fluid pumping is interrupted, creating a difference between 

the hydrostatic pressure in the wellbore and the reservoir pore pressure, and from that point, 

static filtration occurs. Static filtration rates are controlled by the continuous thickening of the 

mud cake (Calçada et al., 2011).  

Spurt loss is the fluid loss per area before forming a filter cake and is very significant in 

naturally fractured reservoirs. It is directly proportional to reservoir permeability and is an 

essential part of the fracturing operation, and an efficient fluid-loss additive would not only coat 

the fracture face but also prevent excessive spurt loss from occurring (Speight, 2016). 

Spurt-loss occurs in an initial brief period of rapid fluid loss and has been observed in 

laboratory experiments. Because of its brevity, it is commonly characterized as an apparent 

positive interception on plots of fluid-loss volume versus square root of time, as is shown in Fig. 

2.29 (Soliman, 1994). 
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2.8.1. Statistical Analysis 

One of the most common problems for experimenters is determining the influence of one 

or more variables on another variable. In statistical language, the objective of the person carrying 

out the experiments is to discover the function of the factors on the answers, or at least to obtain 

a satisfactory approximation. One way to calculate the effects can be done by codifying the 

original variables where the real values of 2k factors are replaced by factors -1 ≤ xi≤+1. This 

methodology is widely applied because coded variables are very useful to determine the relative 

importance of factor effects (Montgomery, 2017). Eq. 2.13 shows how to calculate and solve the 

coded values 

𝑐𝑜𝑑𝑒𝑑 𝑣𝑎𝑙𝑢𝑒 =  𝑟𝑒𝑎𝑙 𝑣𝑎𝑙𝑢𝑒 − 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑣𝑎𝑙𝑢𝑒𝑠𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑣𝑎𝑙𝑢𝑒 −𝑚𝑖𝑛𝑖𝑚𝑢𝑚 𝑣𝑎𝑙𝑢𝑒  Eq. 2.13 

The statistical model used to describe the responses is related to the fit of a linear model 

to the planning points, where the matrix equation that describes the model is Eq. 2.14. 𝑦 = 𝑋𝛽 Eq. 2.14 

where �̂� is a column vector with the answers, X is a matrix with each column corresponding to a 

factor or interaction, and each row is an experiment, and β is a column vector containing the 

model coefficients. For a factorial 22 case, the model would be developed as follows(Barros Neto 

et al., 2010): 

𝑦 = [�̅�1�̅�2�̅�3�̅�4]; 𝑿 = [1 𝑥1   𝑥2 𝑥1,2] ;  𝜷 = [ 𝑏0𝑏1𝑏2𝑏1,2] 
In order to calculate the intercept (𝑏0), it is necessary to add the column of 1’s to the left 

of all columns, and the equation of the linear fit for a factorial DOE 22 would be as follows in Eq. 

2.15. 𝑦(𝑥1, 𝑥2) = 𝑏0 + 𝑏1𝑥1 + 𝑏2𝑥2 + 𝑏1,2𝑥1,2 + 𝜀(𝑥1, 𝑥2) Eq. 2.15 

where 𝜀 is the random error associated with answer 𝑦(𝑥1, 𝑥2). Furthermore, solving these 

equations implies finding β, which is done by the following matrix equation Eq. 2.16: 𝛽 = (𝑋𝑇𝑋)−1𝑋𝑇𝑦 Eq. 2.16 

where T indicates the transpose of X, and (⋅)−1indicates the inversion of a matrix. 
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2.8.2. Analysis of variance 

The examination of residues is essential for us to assess the quality of fit of any model. 

First, the residues must be small because if a given model leaves many residues, it is probably a 

flawed model. The most used method to numerically evaluate a model fit quality is the Analysis 

of Variance (ANOVA). The standard error for the parameters is calculated using the covariance 

matrix, defined as in Eq. 2.17 (Barros Neto et al., 2010). 

𝐶𝑜𝑣(𝜷) = [ 𝑉(𝑏0) 𝐶𝑜𝑣(𝑏0, 𝑏1) 𝐶𝑜𝑣(𝑏0, 𝑏2)𝐶𝑜𝑣(𝑏1, 𝑏0) 𝑉(𝑏1) 𝐶𝑜𝑣(𝑏1, 𝑏2)𝐶𝑜𝑣(𝑏2, 𝑏0) 𝐶𝑜𝑣(𝑏2, 𝑏1) 𝑉(𝑏2) ] = (𝑿𝑇𝑿)−1𝜎2 

 

Eq. 2.17 

where σ2 is the experiment variance, V(𝑏1) is the variance of the parameter 𝑏𝑖  and Cov (𝑏𝑖, 𝑏𝑗) is 

the covariance between the parameters 𝑏𝑖  and 𝑏𝑗. Using an estimate for σ2, one can estimate the 

standard errors of the terms of b by the square root of the diagonal of the covariance matrix 

(since the standard deviation squared is the variance). The model quality analysis can be done 

through ANOVA. This methodology involves performing the decomposition of the variance of the 

model into components referring to the regression, the residue, and if there are replicates, the 

pure error, and the lack of adjustment (Barros Neto et al., 2010). 

Table 2.8 Analysis of variance table (ANOVA) for a linear model used by the combined squares method (adapted from Barros 

Neto et al., 2010) 

Variation Source Sum of Squares (SS) Degrees of Freedom Mean Squares (MS)  

Regression (R) 𝑆𝑆𝑅 =∑∑(�̂�𝑖 − �̅�)2𝑛𝑖
𝑗  𝑚

𝑖  𝑝 − 1 𝑀𝑆𝑅 = 𝑆𝑆𝑅𝑝 − 1 

Residual (r) 𝑆𝑆𝑟 =∑∑(𝑦𝑖𝑗 − �̂�𝑖)2𝑛𝑖
𝑗  𝑚

𝑖  𝑛 − 𝑝 𝑀𝑆𝑟 = 𝑆𝑆𝑟𝑛 − 𝑝 

Pure error (Pe) 𝑆𝑆𝑃𝑒 =∑∑(𝑦𝑖𝑗 − �̅�𝑖)2𝑛𝑖
𝑗  𝑚

𝑖  𝑛 −𝑚 𝑀𝑆𝑝𝑒 = 𝑆𝑆𝑝𝑒𝑛 − 𝑚 

Lack of Fit (LoF) 𝑆𝑆𝐿𝑜𝐹 =∑∑(�̂�𝑖 − 𝑦�̅�)2𝑛𝑖
𝑗  𝑚

𝑖  𝑚− 𝑝 𝑀𝑆𝐿𝑜𝐹 = 𝑆𝑆𝐿𝑜𝐹𝑚 − 𝑝 

Total (T) 𝑆𝑆𝑇∑∑(𝑦𝑖𝑗 − �̅�)2𝑛𝑖
𝑗  𝑚

𝑖  𝑛 − 1  

Parameters: ni is the number of repetitions at level i; m is the number of distinct levels of 

the factor; n = ∑ni is the total number of observations; p is the number of parameters; ŷ is the 

predicted value,  y̅ is the total average value,  y̅i is the average value of level i; yij is the j-th 
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repetition of the i-th level. The calculation of the mean square (MS) is done by dividing the 

quadratic sum by the number of degrees of freedom. 

The quadratic regression and residual sums, when added together, are equivalent to the 

total sum of squares (SS)  𝑆𝑆𝑇 = 𝑆𝑆𝑅 + 𝑆𝑆𝑟. The residual sum of squares can be divided into two, 

the lack of fit and the pure error,  𝑆𝑆𝑟 = 𝑆𝑆𝑃𝑒 + 𝑆𝑆𝐿𝑜𝐹 . The Mean squares 𝑀𝑆𝑅, 𝑀𝑆𝑟 , 𝑀𝑆𝑃𝑒   and 𝑀𝑆𝐿𝑜𝐹  are obtained by dividing the sum of squares by the number of degrees of freedom. Several 

quality parameters can be extracted from Table 2.8. The best known is the explained variance 

coefficient, 𝑅2 = 𝑆𝑆𝑅/𝑆𝑆𝑇. In essence, the closer to 1, the greater the regression contribution, 

and the smaller the residual found. This value can be overestimated if the number of parameters 

is large, in which case the adjusted explained variance coefficient is used, 𝑅′2 = 𝑀𝑆𝑅/𝑀𝑆𝑇. If 

there are replicates, it is possible to estimate the maximum percentage explainable variation, %𝑚𝑎𝑥 = (𝑆𝑆𝑇 − 𝑆𝑆𝑒𝑝)/𝑆𝑆𝑇. In this case, the proximity of R2 to %max is evaluated. Exceptionally 

for performing a regression of a simple line, the linear correlation coefficient r is equal to the 

square root of R2 (Barros Neto et al., 2010). 

Besides, statistical tests can be carried out to assess the quality of the model and assess 

whether there is a lack of adjustment. Two F statistics can be calculated and compared with the 

F distribution. First, the need for terms other than b0 is assessed: �̂�𝑝−1,𝑛−𝑝 = 𝑀𝑆𝑅/𝑀𝑆𝑟  
Eq. 2.18 

If �̂�𝑝−1,𝑛−𝑝  is greater than 𝐹𝑝−1,𝑛−𝑝 tabulated value, it is concluded that the existence of 

these terms is justified. Another test that can be done, if there are replicates, is: �̂�𝑛−𝑚,𝑚−𝑝 = 𝑀𝑆𝑝𝑒/𝑀𝑆𝐿𝑜𝐹 
Eq. 2.19 

In this case, signs of lack of fit are assessed. If this calculated value is greater than the 

tabulated value, this indication is achieved. Therefore, it is necessary to increase the number of 

parameters, interactions, or add a quadratic term, because there is a significant lack of fit. 

An estimate of σ2 is used to calculate the confidence interval of the parameters, MSr when 

there are no replicates or if the ratio MSPe / MSLoF is low. Otherwise, MSPe is used, especially if the 

observed noise is not random. The number of degrees of freedom of σ2 is equal to the number of 

degrees of freedom of the adopted square mean (Barros Neto et al., 2010). 

2.8.3. Response Surface Methodology 

Response surface methodology, or RSM, is a useful collection of mathematical and 

statistical techniques for problem modeling and analysis in which several variables influence the 
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response of interest, and the objective is to optimize this response. The response surface is 

usually graphically represented to help visualize the shape of a response surface. The contours of 

the response surface are often plot. Each contour corresponds to a particular height of the 

response surface. In the RSM evaluations, the relationship between the response and the 

independent variables is mainly unknown. Therefore, the objective is to find an adequate 

approximation for the functional relationship between the responses and the set of independent 

variables. If an expected fit is not achieved when a linear function model was applied, higher-

order fits should be used to correctly determine the responses model (see Eq. 2.15) 

(Montgomery, 2017). 
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3. MATERIALS AND METHODS 

This chapter includes the applied methodologies, related materials, and equipment used 

to develop the characterization and evaluation of this work. 

3.1. Fluids Components 

Based on the explanation of cross-linked polymer gels in 2.3, the components showed in 

Table 3.1 were selected to develop the present work. 

Table 3.1 Fluids composition 

Component Function 

Carboxymethylcellulose Gelant agent 

Hydroxyethylcellulose Gelant agent 

Sodium Chloride Densifying material 

Chromium (III) Acetate 
Hydroxide 

Cross-linker agent 

Iron (III) Chloride 
Hexahydrate 

Cross-linker agent 

Zirconyl Chloride 
Octahydrate 

Cross-linker agent 

Acrylic Acid Gelant agent 

Sodium hydroxide pH increaser 

Ammonium persulfate Polymerization initiator 

Deionized Water Fluid base 

Carboxymethyl cellulose (CMC) with molar mass of 250,000 g۰mol-1 and 700,000 g۰mol-1, 

both with a degree of substitution 0.9,  hydroxyethylcellulose (HEC) with a molar mass of 720,000 

g۰mol-1, acrylic acid (AA, purity = 99%), ammonium persulfate (APS, purity ≥ 98%), chromium (III) 
acetate hydroxide, iron (III) chloride hexahydrate, zirconyl chloride octahydrate and sodium 

chloride (purity ≥ 99%) were all supplied by Sigma-Aldrich. Sodium hydroxide PA (purity = 97%) 

was purchased from Êxodo Científica. The supplier informed the purity level of the chemicals, and 

no further purification procedures were applied. 

3.2. Methodology  

Based on the characteristics described for a lost circulation system in section 2.2, the work 

was developed in phases, as shown in Fig. 3.1. Each phase will be described in greater detail in 

later sections. 
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The nominal molar mass of the hydroxyethyl-cellulose (HEC) and carboxymethyl-cellulose 

(CMC) used in the present work was 720,000 and 250,000 g۰mol−1, degree of substitution 0.9, 

respectively. Each polymer concentration range was 600 ppm to 20,000 ppm for HEC and 600 

ppm to 300,000 ppm for CMC. Both polymers were prepared by dissolving the polymer in a brine 

of 300,000 ppm of NaCl. The powder was gently sprinkled in the vortex created by a vigorous 

stirring of the deionized water, using a magnetic stirrer at ambient temperature. The solutions 

were left still for 48 hours to hydrate the polymers thoroughly. 

The rheological characterization was carried out using a rheometer HAAKE MARS III 

equipped with a cone-and-plate geometry C35/2° Ti L (Radius Ri= 17,5 mm and ± delta Ri= 0,01 

mm). A modular temperature controller MARS (TM-PE-P), controlled the temperature. 

Temperature stabilization was reached after approximately five minutes and corresponded to 25 

°C ± 0.1 °C, 35 °C ± 0.1 °C, 45 °C ± 0.1 °C, 55 °C ± 0.1 °C, and 65 °C ± 0.1 °C, respectively for each 

case. The apparent viscosity as a function of shear rate was collected using a controlled rate (CR) 

mode in a share rate range from 0.001 s-1 to 10000 s-1, with 30 seconds of acquisition for each of 

the 20 points forming the whole curve. The cell pressure corresponded to the atmospheric 

conditions. A TM-IN-H compartment cover was used to insulate the sample and prevent solvent 

evaporation in each case. 

3.2.2. Cross-linker and System Selection 

As shown in Fig. 3.3, once selected the polymer in the previous phase, its compatibility 

with the cross-linker agents was evaluated. Depending on the analysis, two formulations were 

carried out. 

Initially, a brine was prepared by adding 240,000 ppm of NaCl to deionized water and 

stirring until complete dissolution of the salt. The polymer powder was added to the brine by 

sprinkling it onto the vortex created by a vigorous magnetic stirring at ambient temperature. 

The first formulation was prepared by adding cross-linker agent powder directly to the 

polymeric brine solution. The proportion of 1:3 cross-linker ion and polymer carboxylate groups 

(COO-) was used considering the polymer average molar mass and its substitution degree. Then, 

these components were mixed thoroughly using a magnetic stirrer at ambient temperature. 

The preparation of the second formulation was based on the formulation developed by 

Hussain et al. (2018), adapted to the objective and scope of this work. The procedure consisted 

of three steps. First, 770,000 ppm of the stock polymeric solution was mixed with 153,000 ppm 

of acrylic acid and 77,000 ppm of sodium hydroxide. The latter was used to neutralize the acid 

completely. Secondly, a solution composed of 870,000 ppm of deionized water, 124,000 ppm of 

ammonium persulfate, and 7,100 ppm of cross-linker agent was prepared. 
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Fig. 3.4 Anton Paar DMA - 4100 Densitymeter 

 
Fig. 3.5 Ms Tecnopon mPA210 pHmeter 

3.2.2.2. Gel Evaluation by Bottle Testing Method 

This qualitative testing was used because of its helpfulness and easiness of evaluating the 

kinetic of both systems. In this case, several containers of 25 ml with 5 ml were filled with gel 

solution, placed in a hot water bath at 40°C and monitored every minute by taking a photo after 

each inversion of the container to allow the gel behavior analyzes over time and to classify it 

according to the scale established in Table 2.6. 

3.2.2.3. Rheological Evaluation 

The rheological characterization was carried out in a HAAKE MARS III rheometer using a 

parallel-plate geometry P60 Ti L. Oscillatory stress of 1 Pa was applied at 1 Hz for an extended 

period (17 hours) to determine the evolution of G’ and G’’. A modular temperature controller 

MARS (TM-PE-P) kept the temperature constant at 40.0 °C. The pressure of the system was 

ambient. A TM-IN-H compartment cover was used to insulate the sample and prevent solvent 

evaporation during the measurements. 

3.2.2.4. NMR Evaluation 

Relaxation data were measured at 40°C using a BRUKER Minispec MQ-Series 7.5 

Relaxometer (Fig. 3.6) at a frequency of 7.5MHz. The CPMG parameters were set at follows: scan 

number =16, with phase shifting, recycle delay = 5 s, gain = 58 dB, pulse separation = 0.4 ms, pulse 

number = 4000. Both hydrogel formulations were monitored every 5 minutes for 2 hours to obtain 
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the gelation time. After that, data acquisition frequency changed once every hour up to 48 h to 

evaluate the stability of the samples. The transverse relaxation time (T2) was caused only by bulk 

relaxation since there is no effect from surface relaxation, and the relaxation caused by diffusion 

in a magnetic field is negligible. The T2 was obtained by the monoexponential, and the distribution 

of T2 values, relevant when studying syneresis, was obtained by applying a numerical inversion by 

the CONTIN method to the CPMG decay data, using the built-in software of the equipment. 

 
Fig. 3.6 BRUKER Minispec MQ-Series 7.5 

3.2.2.5. Static Filtration Test 

A High Pressure-High Temperature (HPHT) Filter Press 175 ml produced by Fann (Fig. 3.7) 

was used to carry out the static filtration experimental work. This test was based on the 

recommended practices in (API PFM, 2001) and (API 13B-1, 2017). Even though a filtration cell is 

not the adequate equipment to evaluate a circulation loss fluid, this equipment was used to 

compare the proposed systems and as an indication to select the best one among them. The test 

temperature was 40°C to match the other experiments. A differential pressure of 100 psi was 

applied through a disk of 40 Darcies, measured by mercury injection capillary pressure 

technology, as reported in the disk specifications. 

 
Fig. 3.7 Filter Press HPHT 175 ml  Fann 
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𝑁𝐸 =  𝑁𝐿𝑁𝑉𝑁𝐿 + 𝑁𝑅 Eq. 3.1 

The methodology applied to mount the fractional factorial DOE is explained through an 

example of 24−1 = 8 experiments. First, planning 23 is built, which is expanded using a generative 

expression. This expression dictates how the factor 4 column will be obtained, and it is directly 

related to the resolution and confusion of the effects on the contrasts (contrast is the calculated 

effect for reduced DOE). Table 3.2 is obtained using the generatrix 𝑰 = 𝟏𝟐𝟑𝟒, equivalent to 𝟒 =𝟏𝟐𝟑. 

Table 3.2 Fractional factorial DOE 𝟐𝟒−𝟏 with generatrix expression 𝟒 = 𝟏𝟐𝟑 

n 1 2 3 4=123 
1 − − − − 
2 + − − + 
3 − + − + 
4 + + − − 
5 − − + + 
6 + − + − 
7 − + + − 
8 + + + + 

It is possible to check if the new column was created correctly by counting the number of 

levels “+” and “-”, which must be equal in all columns. 

From the generatrix expression, it is possible to obtain the multiplications of columns that 

result in another column, based on two rules: 

1. A column multiplied by itself results in the column identity I, which has only “+”. 
After, 𝟏 ⋅ 𝟏 = 𝟐 ⋅ 𝟐 = 𝑰. 

2. Multiplications are distributive and commutative, that is, (𝟏𝟐)𝟑 = 𝟏(𝟐𝟑) =𝟏𝟐𝟑 = 𝟑𝟐𝟏 

The most common relationship is the expression that generates the fourth column. 

However, from 𝑰 = 𝟏𝟐𝟑𝟒, it is possible to reach 𝟏 = 𝟐𝟑𝟒, and this can be verified by multiplying 

the appropriate columns in Table 3.2. That means that the coefficients for calculating the effect 

of interaction 234 are equal to the coefficients of calculating 1. That results in the confusion of 

these two effects in the calculated contrast of 1. If there are more generative expressions (less 

DOE), more effects will be confused in contrast. In this example, the main contrasts l i are the 

confusion of the following effects: 𝑙1 = 𝟏 + 𝟐𝟑𝟒 
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𝑙2 = 𝟐 + 𝟏𝟑𝟒 𝑙3 = 𝟑 + 𝟏𝟐𝟒 𝑙4 = 𝟒 + 𝟏𝟐𝟑 

3.2.3.1. Rheological Evaluation 

The same equipment and geometry showed in item 3.2.2.3 were used to make the 

rheological evaluation for the DOE. Unlike the system selection stage, the thermal bath was used 

to regulate 70 °C at the plate geometry base. The rheometer was configured to perform three 

measurements to evaluate: the kinetics of the gel, the elastic module G’ and the viscous module 
G’’. For that, the following configuration in the rheometer were used: parallel-plate geometry P60 

Ti L and oscillatory stress of 1 Pa, applied at 1 Hz for a time of 3 hours. As proposed by Mezger 

(2014), to evaluate the consistency at rest and long-term storage gel stability, a frequency sweep 

test was carried out with a range of 0,01 Hz to 100 Hz and oscillatory stress of 1 Pa. Finally, a 

controlled shear stress test was studied with a range of 0,1 Pa to 1000 Pa and a constant 

frequency of 1 Hz to estimate the yield stress and the gel flow point. 

Additionally, a variation of the Hills equation presented by Turner et al. (2015) was used 

to determine the kinetic gelation constant. That was a consequence of the fit quality of the elastic 

modulus curves, G', see Eq. 3.2, where 𝐺′𝑚𝑖𝑛 is the minimum removal asymptote, 𝐺′𝑚𝑎𝑥 is the 

maximum value of elastic module (Pa), n is the Hill parameter (unitless) which reflects the 

steepness (sigmoidicity) of the curve, E is the asymmetry parameter (unitless) that provides 

significant flexibility in the initial rate and the curve shape, and 𝑘𝐻𝑖𝑙𝑙𝑠5 is represented in Eq. 3.3 , 

where 𝑡0.5 is the half-life or time for 50 % occurrence of the maximum value of G’. 

𝐺′ = 𝐺′𝑚𝑖𝑛  (𝐺′𝑚𝑖𝑛 + 𝐺′𝑚𝑎𝑥)(1 + ( 𝑡𝑘𝐻𝑖𝑙𝑙𝑠5)−𝑛)𝐸 Eq. 3.2 

 

𝑡0.5 = 𝑘𝐻𝑖𝑙𝑙𝑠5 (2(1𝐸) − 1)( 1−𝑛)
 

Eq. 3.3 

 

3.2.3.2. NMR Evaluation 

The same equipment described in item 3.2.2.4 was used again. The differences relayed on 

temperature that was 46 °C (recommended temperature in API PFM (2001)) and the CPMG 

parameters that changed for each experiment, the test time was 8 hours 
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4. RESULTS AND DISCUSSION 

This chapter describes the results obtained by applying the methodology shown in Chapter 

3.

4.1. Polymer Selection 

In this stage, the procedure described in item 3.2.1 is applied. Fig. 4.1 and Fig. 4.2 present 

the apparent viscosity versus shear rate for different HEC and CMC concentrations, 720,000 and 

250,000 g۰mol−1, respectively. Continuous lines represent the best power-law fits. One can see 

that the apparent viscosity increases with increasing polymer concentrations. That behavior may 

arise from the combined effects of molecular chain resistance and the increased entanglement 

among the polymer molecules. 

On the other hand, it is possible to note the decrease of the pseudoplastic behavior with 

the temperature increase for both polymers. 

 

 
Fig. 4.1 Viscosity versus shear rate curves of HEC solutions at 25°C 
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Fig. 4.2 Viscosity versus shear rate curves of CMC solutions at 25°C 

Fig. 4.3 and Fig. 4.4 show the concentration regimes and the correspondent transitions 

given by the slopes for both polymers, HEC, and CMC, respectively. The method used to calculate 

the transitions regimes consists of plotting the apparent viscosity versus polymer concentration 

at specific shear rates in logarithmic scales. The reference shear rate of 127 s-1 was chosen for this 

work because more points were measured at this shear rate. 
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As one can see in both tables that the transition from the diluted regime to the semi-

diluted one was not affected by the temperature increase, showing almost the same value for all 

temperature levels. On the other hand, the transition between semi-diluted to concentrated 

regimes seems to have been affected by the temperature, decreasing as temperature increased. 

Table 4.2 Values for C* and C** of CMC at different temperatures 

Temperature C* C** 

25°C ≈ 7000 ppm ≈ 22500 ppm 
35°C ≈ 7000 ppm ≈ 22000 ppm 
45°C ≈ 7000 ppm ≈ 21700 ppm 
55°C ≈ 7000 ppm ≈ 21500 ppm 
65°C ≈ 7000 ppm ≈ 21000 ppm 

The results for HEC and CMC were similar. In summary, C* was not affected by the 

temperature level in the transition of diluted to the semi-diluted regime. However, a small effect 

was observed in C** values obtained for the transition between semi-diluted to the concentrated 

regime, where it can be said that this effect is because the increase in temperature facilitates the 

movement of the polymer chains in concentrated solutions. Therefore it translates into a 

reduction in viscosity, generating lower values of c**. 

One of the reasons for the significant difference in viscosity at the same concentration of 

both polymers is the molar mass difference. Nevertheless, it is possible to note that the semi-

diluted regime is more significant in CMC than the HEC in this case. According to Ouaer and 

Gareche (2018) and Nguyen et al. (1996), it is crucial to define this regime since viscosity is a direct 

measure of a fluid’s resistance to flow; concentrated solutions show high viscosity because of the 

extra resistance present among the chains containing more molecules. For this reason, CMC was 

chosen as the base polymer to go through the next phases. That decision was based on the 

flexibility offered by CMC semi-diluted regime. The concentration chosen was 12,500 ppm, which 

is on approximately half of this regime for CMC. 

4.2. Cross-linker and System Selection 

Once the polymer was selected, its compatibility was evaluated to form a cross-linking 

system by adding metal ions. It was decided to decrease its concentration to 240,000 ppm to 

avoid solubility problems due to the high concentration of NaCl in the previous phase. First, a 

quick compatibility evaluation was performed using the bottle test method at room temperature; 

the mixture between CMC and Zirconyl Chloride Octahydrate did not have a gel formation. Then 

the mixture CMC and Iron (III) Chloride Hexahydrate was evaluated, where initially, a gel evolution 

could be observed on the Sydansk scale, but 5 minutes after a rigid gel had formed, it began to 

degrade. Therefore, and finally, the mixture between CMC and Chromium (III) Acetate Hydroxyde 

was carried out, where the latter did show the formation of a rigid and stable gel over time at 

room temperature conditions. Therefore Chromium (III) Acetate Hydroxyde was the cross-linker 

agent of choice for use in the next phases. 
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4.2.1. Preparation 

According to the concentrations established to carry out the two formulations proposed 

in item 3.2.2, and once the polymer and the base cross-linking agent were defined, the lost 

circulation systems were prepared. Table 4.3 shows the density and pH measurements for the 

first and second formulation. Table 4.4 presents the final composition obtained by mixing a and 

b fluids from the second formulation. 

Table 4.3 Fluids properties at 40°C 

Formulation Density (g/cm3) pH 

First 1.176 6.40 

Second 1.125 5.14 

 

Table 4.4 Concentration of components of the second system 

Components Concentration (ppm) Concentration (w/w%) 

Carboxymethyl cellulose 9596 0.96% 

Sodium Chloride 183505 18.35% 

Acrylic Acid 116984 11.70% 

Sodium Hydroxide 58874 5.89% 

Deionized Water 600214 60.02% 

Ammonium Persulfate 29157 2.92% 

Chromium (III) Hydroxide Acetate 1669 0.17% 

4.2.2. Gel evaluation by bottle testing method  

Applying the gel-strength codes defined by Sydansk (Table 2.6), it is possible to see both 

systems evolution at 40°C. Fig. 4.5 shows the evolution of the first system until it reached a value 

of I on the Sydansk scale at 41 minutes. The gel continued to evolve and, after 200 minutes, 

reached a state of ringing gel (J). That was not included in the photo because it was not possible 

to differentiate this state from the previous one. In the same way, Fig. 4.6 presents the process 

for the second system. It shows that a strong gel (I) formed at 24 minutes remained constant over 

time. Fig. 4.7 shows the gels after two days at 40°C. The first system suffered a significant 

syneresis effect between 19 and 44 hours, unlike the second one, which remained unchanged for 

two days. Sydansk bottle test method helped evaluate the gelling evolution; however, their 

results are only indicative, and it becomes inaccurate and inconvenient for long time scales, 

requesting complementary analysis by other techniques. 
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A B D G H I 
Fig. 4.5 Bottle test of the first system at 40°C 

A B D G H I 
Fig. 4.6 Bottle test of the second system at 40°C 
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Fig. 4.7 Bottle test of both systems after 2 days at 40°C, showing the syneresis on the first system 

4.2.3.  Rheological evaluation of cross-linked system 

The two formulated systems were submitted to oscillatory tests, and three zones of 

transition were identified in both formulations. Fig. 4.8 shows the evolution of G’ and G’’ for the 
first system where the transition zones are marked as points A, B, and C. It should be noted that 

G’’ was very noisy after 150 minutes. A moving average filter was applied to smooth out the data 

and help visualization. Point A, at 41 minutes, shows a transition in the slope of G’ and an abrupt 
change in G’’. Point B, at 230 minutes, shows a possible early stabilization of G’, and point C shows 
another transition of G’ at 570 minutes. From point B on, one can see that the viscous and elastic 
moduli are approximately parallel, a behavior characteristic of a gel. Fig. 4.9 shows the oscillatory 

0 min 7 min 10 min 13 min 31 min 41 min 

0 min 6 min 10 min 13 min 14 min 24 min 

19 hrs 44 hrs 20 hrs 44 hrs 
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rheological measurements of the second system. Again, three transitions are seen for the gel 

(Points A, B, and C). Point A, at 30 min, shows an abrupt change in both moduli, Point B, at 120 

min, correlates with the first stabilization of the elastic modulus G’, and Point C, at 350 min, 
characterizes other transition. A parallel behavior between the elastic and the viscous modulus 

evidenced the gel behavior. In this case, a faster and more stable gel formation of the second 

system is observed and compared to the first one. 

 
Fig. 4.8 Elastic (G’) and viscous (G’’) moduli vs time of the first system 

 
Fig. 4.9 Elastic (G’) and viscous (G’’) moduli vs time of second system 

4.2.4.  RMN evaluation of cross-linked system 

Both systems were monitored using low-field NMR. The T2 measured values were inverted 

to obtain the relaxation rate, which is proportional to the gel strength. The results were plotted 

against time (see Fig. 4.12). One can see that the first system reached the gelation point at 41 

minutes and stabilized at 570 minutes, while the second system reached the gel consistency and 

achieved faster stabilization, at 16 minutes and 30 minutes, respectively. 
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Fig. 4.12 Relaxation rate vs time of two hydrogel system 

 
Fig. 4.13 Relaxation rate vs time of the first system showing the syneresis effect 

Table 4.5 summarizes the results obtained through the different procedures used to 

characterize the fluids formulations and whose combined evaluation supported the Filtration Test 

planning. Sydansk’s bottle test method helped us to evaluate the evolution of the gel by images. 

Although the results depended more heavily on the evaluator, it allowed to determine part of the 

transitions through the photos. Some changes were notorious such as when the fluid started to 

became a rigid gel. This first transition was captured by the oscillatory test (Point A) and the 

relaxometry analysis (Gel Point). On the other hand, the third or final transition, from a rigid gel 

(Stage I) to a ringing gel (Stage J), was difficult to differentiate visually on the bottle test. That 

transition was observed and correlated only for the first system through rheological and NMR 

analyses. For the second system, that transition could not be correlated using relaxometry 

because once the second system reached the rigid gel state, the movement of water molecules 

was inhibited, and then, the NMR test could not differentiate additional changes into the system. 
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4.3. System Optimization 

At this stage, a new source of the CMC gelling agent was used because the provision of the 

previous one was not enough to complete the investigation process. The CMC molar mass 

changed from 250,000 g۰mol-1 to 700,000 g۰mol-1. Because of that change, the rotational 

rheological study was repeated to find the polymer concentration of 700,000 g۰mol-1, equivalent 

to that of the previous polymer with a lower molar mass 250,000 g۰mol-1. That was done by 

finding the same viscosity value for both CMC to reduce in some way the effects of the molar 

mass change. The preparation was described in Item 4.2.1, and test conditions are presented in 

section 3.2.3. 

Once the selection stage was completed, it was possible to verify that the rebuilt system 

was very similar to the original one. Therefore, the optimization step for this system was then 

performed. Applying the concepts of Eq. 3.1, the number of levels = 2, variables = 5, and central 

points = 3 were define to determine the number of experiments = 19. Table 4.6 defines the codes 

used for each of the analyzed variables and their respective values. Although the temperature is 

an essential factor in cross-linked polymer gels, its value was set at 70°C due to limitations of 

equipment temperature changes. 

Table 4.7 shows the fractional factorial DOE with 19 experiments and how the variables and 

their contrast changes according to each experiment. 

Table 4.7 was designed based on the matrix equation showed in Eq. 2.14 and Table 3.2.

Table 4.6 Variable code for experimental planning 

N° VARIABLE -1 0 +1. 

1 pH 5 7 9 

2 CMC 2000 ppm 4138 ppm 6275 ppm 

3 AA 50000 ppm 101500 ppm 153000 ppm 

4 APS 1000 ppm 1500 ppm 2000 ppm 

5 Cr3+ 3500 ppm  5300 ppm 7100 ppm 
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Table 4.7 Coded fractional factorial DOE, I=12345 

  0 1 2 3 4 5 1-2 1-3 1-4 1-5 2-3 2-4 2-5 3-4 3-5 4-5 

Exp 1 1 -1 -1 -1 -1 1 1 1 1 -1 1 1 -1 1 -1 -1 

Exp 2 1 1 -1 -1 -1 -1 -1 -1 -1 -1 1 1 1 1 1 1 

Exp 3 1 -1 1 -1 -1 -1 -1 1 1 1 -1 -1 -1 1 1 1 

Exp 4 1 1 1 -1 -1 1 1 -1 -1 1 -1 -1 1 1 -1 -1 

Exp 5 1 -1 -1 1 -1 -1 1 -1 1 1 -1 1 1 -1 -1 1 

Exp 6 1 1 -1 1 -1 1 -1 1 -1 1 -1 1 -1 -1 1 -1 

Exp 7 1 -1 1 1 -1 1 -1 -1 1 -1 1 -1 1 -1 1 -1 

Exp 8 1 1 1 1 -1 -1 1 1 -1 -1 1 -1 -1 -1 -1 1 

Exp 9 1 -1 -1 -1 1 -1 1 1 -1 1 1 -1 1 -1 1 -1 

Exp 10 1 1 -1 -1 1 1 -1 -1 1 1 1 -1 -1 -1 -1 1 

Exp 11 1 -1 1 -1 1 1 -1 1 -1 -1 -1 1 1 -1 -1 1 

Exp 12 1 1 1 -1 1 -1 1 -1 1 -1 -1 1 -1 -1 1 -1 

Exp 13 1 -1 -1 1 1 1 1 -1 -1 -1 -1 -1 -1 1 1 1 

Exp 14 1 1 -1 1 1 -1 -1 1 1 -1 -1 -1 1 1 -1 -1 

Exp 15 1 -1 1 1 1 -1 -1 -1 -1 1 1 1 -1 1 -1 -1 

Exp 16 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

Exp 17 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Exp 17 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Exp 17 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

 

Initially, six parameters were defined to be analyzed by DOE and response surfaces. Those 

measurements, obtained by rheological analysis, were: the plateau modulus, G'p, the constant 

Khills, stability. The yield point value could not be obtained because the gel values were higher 

than the equipment limits. 

The remaining measurements were obtained through the NMR, where the gelation onset 

time, Tg, was evaluated, and finally, the formation of syneresis in the gels was analyzed. The latter 

was not be included in the response surface as it was an analytic value. Plateau Modulus G’p. 

4.3.1. Plateau Modulus G’p 

The plateau modulus, G'p, was obtained by taking the mean value of the elastic modulus 

G’ values measured in the frequency test. That was done because those values stayed constant 
during the test. Once the results were obtained, the vector with model coefficients of each 

contrast by calculating the square root of the covariance matrix diagonal represented by Eq. 2.16. 

Consequently, the standard error was estimated for each of the contrasts by calculating the 

square root of the diagonal of the covariance matrix represented by Eq. 2.17. The experiment 

variance was calculated by applying the excel function VAR.S to the average of the replicates of 

Experiment 17, which resulted in 125009.39. The calculation of the standard errors allowed us to 
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Table 4.9. Analysis of variance (ANOVA) for modulus plateau, G’p 

Variation source 
Sum of 

Squares (SS) 
Degrees of 
Freedom 

Mean Squares 
(MS)  

Regression (R) 116030800 9 12892311 

Residual (r) 6377484 9 708609 

Pure error (Pe) 250019 2 125009 

Lack of Fit (LoF) 4782040 7 683149 

Total (T) 122408284.1 18   

R2 R2 
max MSLof / MSPe Distribution F 

0.95 1.00 5.46 19.35 

Additionally, through Fig. 4.15 and Fig. 4.16, a good fit could be observed by comparing 

the expected values with the measured ones, which should fall in a straight line with a unitary 

slope. 

 

Fig. 4.15 Result obtained vs expected modulus plateau, G’p 

 

Fig. 4.16 Residues left by a linear model for the modulus plateau, G’p 
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Fig. 4.19 and Fig. 4.20 show that the fit residuals were small, corroborating a good fit for 

the linear model of this test. 

 
Fig. 4.19 Result obtained vs expected of constant khills 

 
Fig. 4.20 Residues left by a linear model for the constant khills 

In the constant khills analysis case, the contrasts with great representativeness were the 

pH, the acrylic acid concentration, AA, and the carboxymethyl cellulose concentration, CMC. The 

high values obtained from the constant khills refer to a slower kinetic. Otherwise, the values were 

low. Fig. 4.21 and Fig. 4.22 show us that to obtain high values of the constant khills, represented 

by the color red, it is required low pH values and low acrylic acid concentrations. The graph can 

also indicate that by increasing the pH values, the polymerization is being accelerated since the 

amount of charges is increasing, resulting in lower values of the constant khills. 
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Table 4.15 Analysis of variance (ANOVA) for Tg 

Variation source 
Sum of 

Squares (SS) 
Degrees of 
Freedom 

Mean Squares 
(MS)  

Regression (R) 870.28 12 14503850 

Residual (r) 38.20 6 637748 

Pure error (Pe) 2.93 4 125009 

Lack of Fit (LoF) 22.82 2 597755 

Total (T) 908.48 18   

R2 R2 max MS lof / MS Pe Distribution F 

0.96 0.97 0.06 19.25 

Fig. 4.35 and Fig. 4.36 confirmed a good fit for the linear model again by applying the 

least-squares method. 

 
Fig. 4.35 Result obtained vs expected for Tg 

 
Fig. 4.36 Residues left by a linear model for stability of Tg 

The contrasts with great representativeness for onset gelation time, Tg, were the pH, 

acrylic acid concentration, AA, and ammonium persulfate concentration, APS. Fig. 4.37 and Fig. 
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5. CONCLUSIONS AND RECOMMENDATIONS 

This experimental study showed a workflow based on laboratory tests to design a water-

based fluid to control circulation loss. A DOE was also implemented to optimize the composition 

of the fluid. The main findings and recommendations for future works are summarized here. 

5.1. Conclusions 

The polymer selection study stage helped to determine the polymer type and the 

correspondent optimal polymer concentrations range for building a treatment fluid to be applied 

during drilling and completion operations. Thus, carboxymethyl cellulose was selected due to its 

broad semi-dilute regimen. 

The kinetics of gel systems were evaluated using three methodologies. The effectiveness of 

each method and concordance among them were evidenced, such as in the case of the rigid gel 

state determination. The methodologies also helped to identify the significant difference 

between the two proposed gel systems. A much more robust network of cross-linked chains was 

observed in the second system, which resulted in a more resistant gel with a more homogeneous 

behavior during the rheological and NMR tests. That was also demonstrated when the static 

filtration test was carried out. Although this test is not very representative for circulation loss 

evaluation, it helped us to evaluate the filtration capacity of the systems in high permeability 

disks, where the poor performance of the first system was evidenced. In contrast, the second 

system effectively controlled the loss in high permeability disks. 

By applying a fractional factorial DOE, the number of experiments was significantly reduced, 

and a great fit among all results and a linear model was found by applying the least-squares 

method. 

By analyzing the effects, pH was identified as the variable with the most significant effect 

on all the results. This result showed that when working with high pH values, weaker gels with 

less stability are generated. Besides, by accelerating the kinetics experiments and employing NMR 

tests, it was possible to observe the pH effect on the appearance of syneresis in the gels. The 

presented response surfaces can easily evidence that. 

The increase in AA concentration allowed us to obtain gels with high values of modulus 

plateau, G’p. However, the increase had a little negative effect on the stability and, in addition, 

faster kinetics at 70 °C. Otherwise, the NMR test evidenced that the AA concentration increase 

generated higher Tg values representing slower kinetics. That difference highlights the great 

importance of the temperature effect on the system composition. 

Initially, a high APS concentration seemed effective for the treatment fluid system 

performance, but as temperature increased, its effect on gel degradation was observed. 
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Therefore, the APS concentration range was reduced to make the system compatible with 70 °C. 

Due to that, the AA concentration influence during the obtaining of results was relatively small. 

However, the stability reduction resulting from APS concentrations increase could still be seen, 

besides a slight kinetics acceleration. 

Through response surfaces, it was also possible to see the CMC effect in the experiments. 

Despite not being as representative as other studied variables, slower kinetics could be observed. 

The modified static filtration test allowed us to evaluate the modulus plateau response in 

the filter press, showing that high modulus values improved the filtration control in high 

permeability disks. The graphs resulting from the test also helped determine the gelation and the 

stabilization points within the filter press. 

Despite not having carried out tests of lost circulation in fractures, the potential of the 

proposed system was evidenced throughout this work, showing both the resistance to pressure 

differential during the filtration tests, the kinetics that can be adjusted, and the gel stabilities that 

can be convenient during drilling and completion operations in reservoir areas. The self-

degradation that APS has on the system can be convenient for the treatment operations in 

reservoir zones. 

5.2. Recommendations 

Some recommendations for future work are: 

• Include the effect of temperature in the optimization of the system, due to the great 

importance it has on the cross-linking of polymers. 

• Expand the range of APS concentration towards lower values used in the present work to 

determine its effects better. 

• Carry out a study on the interest shear rates to show the effect it can have on the system. 

• Include a study on retarders, accelerators, and corrosion inhibitors since they are components 

of great importance depending on the depths and conditions in which the system will be 

applied. 

• Perform an evaluation of the NMR tests at the corresponding temperatures of the rheometer 

to homogenize the test conditions and to have more robust evidence of the techniques 

proposed in this work. 

• Evaluate the proposed system in both static and dynamic lost circulation tests in order to 

increase its representativeness in real cases. 
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