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Abstract 

This study explores the rheological characteristics of suspensions containing solid particles 

dispersed in aqueous matrix phase thickened with starch nanoparticles (SNP). The SNP 

concentration ranged from 5 to 35 wt% relative to the aqueous matrix phase, while the solids 

concentration of the suspensions varied from 0 to 57 vol%. Two different size solid particles were 

used in the experiments. Observations revealed that suspensions at constant SNP concentrations 

exhibited Newtonian behavior at low solids concentrations but transitioned to non-Newtonian shear-

thinning behavior at higher solids concentrations. Notably, an increase in SNP concentration led to 

an earlier onset of non-Newtonian behavior at lower solids concentrations. The rheological 

properties of non-Newtonian suspensions were effectively characterized using a power-law model, 

with the consistency index showing a positive correlation with suspension solids concentration at 

any given SNP level. Furthermore, the flow behavior index, indicative of shear-thinning behavior, 

decreased with increasing solids concentration, suggesting an amplification of shear-thinning 

tendencies in the suspensions. The effect of particle size on the rheological behavior of suspensions 

was found to be insignificant. Experimental viscosity and consistency data for both Newtonian and 

non-Newtonian suspensions aligned well with predictions from the Pal model.   
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1. Introduction 

 

Colloidal dispersions consist of particles, droplets, or bubbles dispersed within a different phase, with 

typical dimensions ranging from 1 to 1000 nanometers. Although colloidal species are conventionally 

characterized as having sizes between one nanometer and one micrometer, practical applications often 

extend this upper limit to accommodate diverse requirements, sometimes reaching tens or even hundreds 

of micrometers. These dispersions encompass phases that may exist in gas, liquid, solid, or supercritical 

states [1]. Suspensions, a subtype of colloidal dispersions, are complex mixtures distinguished by the 

presence of two distinct phases. The continuous phase, referred to as the dispersion medium, commonly 

appears as a liquid or semisolid substance, while the dispersed phase comprises particulate matter that 

remains largely insoluble in the external medium. Suspensions, encompassing dispersions of rigid 

particles within liquids, represent a diverse category of materials with significant industrial significance 

[2], [3]. Suspensions find extensive application across various industries and everyday settings. Within 

the food industry, they are present in products such as jellies, chocolate drinks, and ice cream. Industrial 

sectors utilize suspensions in ink, gel, and paint formulations. In biological and medical contexts, they are 

employed in liniments, protein solutions, polymer-encapsulated drugs, and cough syrups. Additionally, 

suspensions are integral to cosmetics and personal care products, including exfoliating scrubs and facial 

masks. Furthermore, they play crucial roles in petroleum production and mineral processing, notably in 

drilling fluids and industrial process tailings [1], [4], [5]. 

Despite the multitude of applications for suspensions, they commonly encounter challenges arising from 

their inherent instability, notably creaming and sedimentation. These instabilities directly affect the shelf 

life of numerous products [5]. Although sedimentation in suspensions can be beneficial for processes such 

as purification and settling, the inherent instability of suspensions presents a notable drawback in 

industries including food, pharmaceuticals, cosmetics, and paints and coatings [6]. The underlying cause 

of these instabilities lies in gravitational effects, where the differences in density between the suspending 

medium and particles play a fundamental role. Sedimentation arises when particles are denser than the 

suspending medium, while creaming occurs when the opposite is true. These instabilities in particle 

suspensions carry considerable implications for various industries, driving extensive research into 
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stabilization methods. To address these challenges and extend shelf life, rheological modifiers like 

thickeners are utilized to bolster stability and minimize sedimentation or creaming phenomena [7], [8].  

Following Stokes' law, the settling speed of particles inversely correlates with the viscosity of the 

suspending fluid. Consequently, increasing the medium's viscosity reduces the particles' settling speed, 

leading to suspension stabilization. This viscosity enhancement can be accomplished by incorporating 

additives like polymers or surfactants. Within the context of this study, starch nanoparticles are employed 

to achieve the desired viscosity increase. The Stokes velocity, represented as V, frequently acts as a scaling 

parameter in sedimentation rate calculations, deriving from Stokes' law, which balances buoyancy and 

frictional drag forces for individual particles of any shape. Stokes' law is introduced as follows:  

 

𝑉 =
𝑔𝐷2 |(𝜌𝑝 − 𝜌)|

18𝜂𝑚
 

 

(1) 

𝑉 represents the terminal velocity, also referred to as the sedimentation rate as explained earlier. 𝜌 denotes 

the fluid density, whereas 𝜌𝑝 indicates the particle density. The symbol 𝑔 represents the acceleration due 

to gravity, and 𝐷 stands for the particle diameter. 𝜂𝑚 signifies the viscosity of the matrix phase [8], [9]. 

The growing interest in nanoparticles stems from their reputation as sustainable materials derived from 

renewable sources. Nano-sized starch has emerged prominently in various industrial sectors, including 

medicine, pharmaceuticals, food, and packaging, owing to its favorable characteristics such as 

biocompatibility, biodegradability, cost-effectiveness, renewable sourcing, and non-toxicity. Despite their 

potential, nanoparticles, particularly starch nanoparticles, have not received extensive research attention 

in this context.  

This thesis research seeks to investigate the role of starch nanoparticles (SNP) as potential rheology 

modifiers and thickeners for solids-in-liquid suspensions, addressing a gap in current scientific research 

[10-14]. Since there has been limited research on the rheology of suspensions comprising solid particles 

stabilized and thickened by SNP, our study aims to investigate the rheological properties of suspensions 

containing two different type and size solid particles, both thickened by SNP. 
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2. Background 

 

2.1. Starch 

 

Starch, a natural and renewable polymer synthesized by various plant species, plays a crucial role as a 

primary source of stored energy for humans worldwide. Within plants, starch synthesis primarily occurs 

in specialized organelles called amyloplasts, which are found in tissues such as roots, tubers, and seeds. 

These amyloplasts produce storage starch, forming discrete granules with diverse shapes including round, 

oval, ogival, elongated, flat, lenticular, or polyhedral and sizes ranging from sub-microns to over 100 μm 

in diameter [12-14]. Figure 1 illustrates the varied shapes of starch granules originating from different 

plant sources. Starch, a natural polymer abundant in multiple renewable plant sources, is produced in 

quantities that often exceed market demands. As the most economically viable biopolymer and fully 

biodegradable, it sparks increasing interest in the non-food utilization of starch-based products. This trend 

is particularly notable in industries where synthetic polymers have historically held sway as the preferred 

materials [15]. Starch can be found in plant roots, stalks, crop seeds, and staple crops such as rice, corn, 

wheat, tapioca, and potato. Globally, maize constitutes the primary source, contributing 82% of starch 

production, followed by wheat (8%), potatoes (5%), and cassava (5%). The starch industry, crucial for 

extracting and refining starches through methods such as wet grinding, sieving, and drying, produces 

starch in various forms. Native starch, directly obtained from plants and comprised of smaller units known 

as granules, maintains its natural properties. The process of obtaining native starch involves cleaning, 

crushing, and separating plant material to isolate starch granules, which are then dried to form a fine white 

powder. In contrast, modified starch undergoes chemical modifications aimed at enhancing specific 

characteristics such as viscosity, stability, or gelatinization. These modifications cater to diverse industrial 

applications, including food processing, papermaking, textiles, and pharmaceuticals [16], [17]. 
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Figure 1 SEM and OM images illustrate starch granules sourced from different plants [18]. 

 

2.1.1 Chemical Content of Starch 

 

Starches, classified as polysaccharides, are formed by linking together multiple Monosaccharide (glucose) 

molecules through glycosidic bonds. Monosaccharides, the simplest form of carbohydrates with the 

general formula 𝐶𝑛𝐻2𝑛𝑂𝑛, act as fundamental building blocks for more complex carbohydrate structures. 

Starch granules possess a semi-crystalline arrangement, typically exhibiting a crystallinity ranging from 

15% to 45% [19]. 
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Starch consists of two distinct types of glucose molecules, referred to as amylose and amylopectin [20]. 

Both amylose and amylopectin consist of lengthy chains of glucose molecules connected by α-1,4-

glycosidic bonds. While amylose forms a linear chain, amylopectin features branching structures [20]. 

Figure 2 depicts the chemical structures of amylose and amylopectin. 

 

 

Figure 2 Chemical structures of amylose (linear) and amylopectin (branched), representing the main 

structural components of starch [21]. 

 

Amylose constitutes approximately one-quarter of starch and forms long, linear chains consisting of 

thousands of glucose units with α-1,4 glycosidic linkages. Upon cooling, amylose molecules associate to 
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form a three-dimensional network, contributing to the gelation of cooked starch pastes. Starches with high 

amylose content are capable of gelation, retaining their shape when molded. In contrast, starches lacking 

amylose primarily function as thickeners without forming gels. 

Amylopectin, comprising approximately three-quarters of starch polymers, features α-1,4 linkages in its 

glucose chain, similar to amylose, but with α-1,6 branching occurring every 15-30 glucose units. Unlike 

amylose, amylopectin molecules do not form chemical linkages upon association, thus unable to create 

gels. Starches with higher amylopectin content result in more viscous paste formations, while those with 

greater amylose content exhibit stronger gel properties [20]. 

 

2.1.2 Structure of Starch 

 

Starch exhibits a hierarchical structure that varies depending on the botanical origin, encompassing 

multiple levels of organization. At the macroscopic level, starch granules range from 2 to 100 micrometers 

in size and display variations in shape and size based on the plant source [17]. These granules consist of 

concentric growth rings composed of blocklets, further divided into amorphous and crystalline lamellae. 

Treatment with acid or degrading enzymes can render the concentric rings of starch granules visible, which 

can be observed using microscopy techniques such as light microscopy, atomic force microscopy, and 

scanning and transmission electron microscopy (SEM and TEM) [22], [23]. 

The arrangement of starch granules is complex and subject to extensive research, particularly concerning 

the crystalline structure. Despite this research, unanswered questions persist, including the specific roles 

of amylose and amylopectin in determining crystallinity. Amylopectin, a major constituent of starch, is 

presumed to underpin the crystalline regions within the granule, while the role of amylose in crystallinity 

remains uncertain. Both amylopectin and amylose potentially contribute to the formation of crystalline 

structures within starch granules, with amylopectin likely exerting greater influence due to its branching 

pattern and molecular configuration [12]. 

Within the solid growth rings of starch granules, a densely packed and orderly amylopectin configuration 

is observed, derived from the tight alignment of double helices formed between α-1,4 chains. The creation 

of these double helices serves as a physical mechanism to stabilize adjacent chains, occurring 

independently of enzyme activity and requiring chains with a minimum of 9 glucose residues. This process 
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is pivotal in defining the crystalline structure of growth rings, with resulting double helices exhibiting 

behavior akin to biopolymer liquid crystals, arranging into more or less compact configurations known as 

A-type or B-type structures [24]. Figure 3 depicts the structure of starch. 

 

Figure 3 Composition and Structure of Starch Granules [24]. 

 

2.2 Nano Starch 

 

Most starch utilized in food or industrial applications undergoes modification before use due to its elevated 

viscosity, propensity for retrogradation, variable digestibility, and solubility limitations. Therefore, in 

response to the challenges presented by starch, various modifications are pursued. It is worth discussing 

one particular type of modification: reducing particle size to the nanoscale, which will be explored in the 

following [25], [26]. 

The properties of materials are heavily influenced by the size and internal structure of their components. 

Nanomaterials, characterized by particle sizes in the nanometer range, display distinct and qualitatively 
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different properties compared to larger particles. Biomaterials, characterized by their internal 

nanostructures, biocompatibility, and biodegradability, are favored over synthetic polymer-based 

materials. Given its widespread availability, starch presents a promising option for nanoparticle synthesis 

[27], [28]. 

As discussed in previous section, starch granules exhibit a unique structure, comprising concentric layers 

of alternating amorphous and semi-crystalline growth rings that develop from the granule's hilum [29]. 

Starch nanocrystals (SNC) form as crystalline platelets when the semi-crystalline structure of starch 

granules is disrupted. While, the production of starch nanoparticles (SNP) often involves the precipitation 

of amorphous starch, resulting in modified starch with amorphous properties.  

Different methodologies are employed to produce Starch Nanocrystals (SNC), including hydrolysis 

techniques like acid [16], [30] or enzymatic methods [31], [32], and regeneration through co-

crystallization [33]. In contrast, techniques such as cross-linking regeneration [34], [35], mechanical 

treatments like extrusion [36], or the utilization of microfluidizers [37], are employed to generate starch 

nanoparticles (SNP), as illustrated in Figure 4 [38]. Approaches involving methods such as acid or enzyme 

hydrolysis, along with physical treatments, are classified as top-down, while bottom-up methods 

encompass processes like self-assembly and nanoprecipitation [39]. 

 

Figure 4 Different Techniques for Fabricating Crystalline and Amorphous Starch Nanoparticles. 
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2.2.1 Crystalline Nano Starch 

 

Hydrolysis, a chemical process involving the addition of water molecules to a substance, has long been 

utilized for starch modification and enhancement of its properties. There are two primary methods of 

hydrolysis employed for producing SNC: acid and enzymatic. Acid hydrolysis is the more widely adopted 

approach and has been the subject of extensive research in this field. Unlike the crystalline region, the 

amorphous portion of starch is more susceptible to hydrogen ion action. Thus, through mild acid 

hydrolysis, the amorphous component is selectively removed from starch granules, yielding nano-scale 

particles with increased crystallinity, known as starch nanocrystals (SNCs) [40]. The resulting products, 

including starch crystallites, starch nanocrystals, microcrystalline starch, and hydrolyzed starches, all 

represent varying degrees of hydrolysis. While these entities share similarities, they differ in the extent of 

hydrolysis they undergo [38].  

Hao et al. conducted research with the objective of improving the preparation efficiency and dispersion of 

starch nanocrystals (SNCs). Their study revealed a reduction in the duration of acid hydrolysis as a result 

of enzymatic pretreatment [41]. In recent years, there has been a notable shift towards the exclusive 

adoption of this method. For instance, Dukare et al. recently conducted research specifically targeting the 

synthesis of starch nanocrystals through enzyme hydrolysis [39]. 

Kim and Lim, describe the production of nanocrystals through the co-crystallization method, where 

crystalline starch nanoparticles were created via complex formation with n-butanol followed by enzymatic 

hydrolysis. The formation of the amylose–butanol complex, which included substantial amorphous 

matrices, necessitated the targeted removal of these for isolating the nanoparticles. This process was 

facilitated by enzymatic hydrolysis, specifically designed to preserve the crystalline particles [33].  

2.2.2. Amorphous Nano Starch 

 

Gelatinization is a crucial method for modifying native starch and producing starch nanoparticles. This 

process significantly affects the functional properties of starch through hydrothermal treatment involving 

heat and moisture. When raw starch granules are heated in water, their semi-crystalline structure is either 

reduced or eliminated, resulting in their breakdown and the formation of a dense, viscous solution. The 

viscosity of this solution is dependent on the source and concentration of the starch. Gelatinization, defined 
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as the breakdown of starch granules in water under heat, plays a pivotal role in starch modification 

processes [42].  

In recent times, mechanical modification methods have gained popularity to fulfill the growing demand 

for functionally enhanced starches across various industries. These techniques are favored for their 

environmentally friendly and sustainable characteristics [43]. In the realm of mechanical treatment for 

native starch, extrusion emerges as a notable method. It is characterized as an energy-efficient technique 

engineered to break down the structure of starch granules through the application of elevated shear, 

temperature, and pressure, ultimately promoting starch melting. Giezen et al. patented a method for 

preparing starch nanoparticles through reaction extrusion. involving the use of a twin-screw extruder and 

reversible crosslinkers like glyoxal. The findings suggest that by adding appropriate crosslinkers, starch 

particles with an average size of approximately 160 nm can be obtained [19].  

Microfluidization, a process of high-pressure homogenization, utilizes brief yet intense pressure 

application to reduce particle size. This method induces cavitation, shear, and turbulence simultaneously, 

as described by Koh et al. making it a dynamic process [44]. In the process of microfluidization, shear 

forces disrupt the covalent bonds of polymer chains, resulting in what is referred to as the 

mechanochemical action of homogenization [45]. Liu et al. aimed to produce starch nanoparticles through 

fluidization. In their study, an upgraded apparatus called the "industry-scale microfluidizer (ISM)" was 

employed to process potato starch. The ISM treatment significantly altered the structure of potato starch, 

resulting in changes to its thermal, pasting, and rheological properties [46].  

2.3. Applications of Starch nanoparticles 

 

Starch nanoparticles have garnered significant interest in both academic and industrial sectors due to their 

renewable nature and various advantageous properties. These nanoparticles find applications in diverse 

fields such as food, pharmaceuticals, cosmetics, and materials science. Starch's increasing popularity 

stems from its abundance in nature, biocompatibility, and biodegradability, making it an environmentally 

friendly alternative to conventional materials. Additionally, starch nanoparticles offer unique 

characteristics such as low density, non-toxicity, ease of surface modification, and functionalization, 

further contributing to their growing appeal and exploration in various industries. 
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2.3.1. Pickering Emulsions 

 

Emulsions consist of two immiscible liquids, where one liquid forms a droplet dispersed in the other 

liquid. The stability of emulsions is often achieved by adding a surfactant, which reduces the tension 

between the two liquids [47]. Pickering emulsions rely on solid particles, rather than surfactants, to 

stabilize the interface between the two phases [48].  In fact, in Pickering emulsions, the deposition of solid 

particles at the interface of liquids is intended to create a barrier that impedes the merging, or coalescence, 

of droplets. Pickering emulsions are recognized for their compatibility with biological systems, 

environmental sustainability, and non-toxic nature [49]. They are increasingly valued across diverse 

sectors such as cosmetics, food, biomedicine, and chemicals [50-53].To be effective, the solid particles in 

Pickering emulsions need to meet three criteria: they should infiltrate both the continuous and dispersed 

phases without dissolving in either, their absorption efficiency at the interface must be high, and their size 

should be smaller than that of the emulsion droplets they stabilize [54], [55]. 

Starch is considered a viable option as a stabilizer for Pickering emulsions due to its biodegradability and 

non-toxic properties, making starch granules highly suitable for this purpose. However, employing food-

grade starch particles to stabilize Pickering emulsions encounters several challenges. Specifically, native 

starch granules prove unsuitable due to their pronounced affinity for the water phase and larger particle 

size. Nano starch emerges as a favorable candidate for stabilizing Pickering emulsions due to its reduced 

particle size and modifiable hydrophilicity through modifications. Starch-based nanoparticles possess 

versatile characteristics such as amphipathicity, manageable size, and adaptable surface properties [55].  

2.3.2. Suspensions 

 

Suspensions, comprising solid particles dispersed in a liquid, are prevalent in everyday life and industrial 

applications. They find extensive use across various industries such as food, cosmetics, paints, ceramics, 

pulp and paper, petroleum, construction, pharmaceuticals, mineral processing, polymers, biotechnology, 

biomedicine, and more. Suspensions can experience instabilities, like creaming and sedimentation, caused 

by gravitational forces arising from differences in particle and suspending medium densities. The rheology 

of suspensions can be adjusted to minimize instabilities by increasing the viscosity of the suspending fluid 

or matrix phase. This is commonly accomplished through the addition of polymers, surfactants, and clays. 

Additionally, nanoparticles are being investigated as potential rheological modifiers for suspension matrix 
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fluids. Starch nanoparticles (SNP) are attracting significant interest across multiple scientific and 

technological domains owing to their distinctive characteristics at the nanoscale. Moreover, SNP are 

economical, renewable, biocompatible, and biodegradable nanomaterials, aligning with the principles of 

sustainable development [8]. 

2.3.3. Pharmaceutical industry 

 

The utilization of nanotechnology in addressing degenerative diseases, encompassing their diagnosis, 

monitoring, and management, has gained significant traction in recent times. Particularly, nanomedicine 

is spearheading research endeavors towards precise targeting and delivery of diagnostic, therapeutic, and 

pharmaceutical agents. Collaborative efforts between scientists, engineers, and physicians are directed 

toward meeting diverse requirements, spanning from laboratory development to practical pharmaceutical 

applications. Presently, drug delivery systems are being engineered to modify both the pharmacokinetic 

and pharmacodynamic profiles of medications, while also serving as reservoirs for the drugs they 

transport. Recent investigations into biodegradable starch-based polymers have unveiled their potential 

for a variety of biomedical applications. These materials possess a diverse range of properties that make 

them suitable for use in fields such as bone implants, drug delivery systems, and tissue engineering 

scaffolds. Additionally, starch nanoparticles (SNPs) have garnered significant interest in pharmaceutical 

applications due to their biocompatibility, biodegradability, and potential for controlled drug release [56].  
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3. Literature review 

 

3.1 Fundamentals of Rheology 

 

Rheology is the branch of science that investigates how materials respond to applied forces, particularly 

focusing on their deformation and flow properties. It encompasses the study of various substances, 

including liquids, solids, and viscoelastic materials, to understand their behavior under different conditions 

such as temperature, pressure, and shear rate [57]. In general, the assessment of rheological behavior 

involves subjecting a material to controlled and precisely defined deformation or strain over a specific 

duration. Concurrently, the resulting force response is measured (or vice versa). This method yields 

valuable insights into material parameters such as stiffness, modulus, viscosity, hardness, strength, or 

toughness [58]. This field is crucial in numerous industries, including manufacturing, food processing, 

cosmetics, and medicine, where understanding material flow and deformation is essential for product 

development and quality control [59].  

 

In Figure 5, we illustrate a configuration comprising two large parallel plates, each possessing an area 

denoted as A and separated by a distance labeled as Y. 

 

Figure 5 Graphical illustration of one directional shear flow. 

Positioned between these plates is a fluid, which could be either gas or liquid. Initially, the system is 

stationary, but at time t = 0, the lower plate is initiated into motion in the positive x direction at a constant 

velocity V. As time progresses, the fluid gradually acquires momentum, resulting in the establishment of 

a linear steady-state velocity profile, as depicted in the figure. It is crucial for the flow regime to remain 

laminar, characterized by a regular, organized motion akin to the pouring of syrup, as opposed to turbulent 
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flow observed in high-speed mixers. Once the state of steady motion is attained, a constant force denoted 

as F becomes necessary to sustain the motion of the lower plate. It is logical to express this force in the 

following manner:  

 

𝑆ℎ𝑒𝑎𝑟 𝑆𝑡𝑟𝑒𝑠𝑠 =
𝐹

𝐴
 ∝ 

𝑉

𝑌
 

𝐹

𝐴
= 𝜇

𝑉

𝑌
 

 

(2) 

This implies that the force should be directly proportional to the area and the velocity, and inversely 

proportional to the distance between the plates. The constant of proportionality, denoted as μ, is a 

characteristic property of the fluid, known as viscosity. 

 

As a consequence of the linear velocity profile, Equation 2 can be reformulated to apply to an infinitesimal 

segment of fluid, representing the differential form of this equation: 

 

𝑆ℎ𝑒𝑎𝑟 𝑆𝑡𝑟𝑒𝑠𝑠 = 𝜏𝑦,𝑥 = −𝜇
𝑑𝑉

𝑑𝑌
 

𝑆ℎ𝑒𝑎𝑟 𝑟𝑎𝑡𝑒 = 𝛾 =  
𝑑𝑉

𝑑𝑌
 

 

(3) 

Shear stress is denoted by the symbol τ, which represents a force exerted in the negative direction on a 

unit area perpendicular to the y-axis. The negative sign indicates that the shear stress opposes the direction 

of motion of a faster-moving fluid. Equation 3, also recognized as Newton’s Law of Viscosity, asserts that 

the shear force per unit area (shear stress) is directly proportional to the negative velocity gradient [60], 

[61]. 

3.2 Flow Behaviour of Suspensions 

 

One of the most ubiquitous rheological parameters encountered is viscosity, particularly in the context of 

suspensions, where it holds vital significance in describing their flow behavior. Fluids can be categorized 
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into two main groups based on their flow behavior: Newtonian and non-Newtonian. Understanding these 

behaviors is crucial for optimizing processes in various industries.  

3.2.1. Newtonian Fluids 

 

For a Newtonian fluid, the plot depicting shear stress versus shear rate, known as the flow curve, forms a 

straight line with a slope represented by μ. The constant μ, also known as the Newtonian viscosity, 

represents the ratio of shear stress to shear rate. As per its definition, this viscosity remains unaffected by 

changes in shear rate or shear stress, being solely determined by the material's properties, as well as its 

temperature and pressure. Newtonian fluids exhibit behavior consistent with Equation 3, known as 

Newton’s Law of Viscosity, wherein the relationship between shear stress and shear rate remains linear 

[62]. 

3.2.2 Non-Newtonian Fluids 

 

A non-Newtonian fluid is identified by its flow curve, where the relationship between shear stress and 

shear rate deviates from linearity. An example of flow curves for Newtonian and non-Newtonian fluids is 

illustrated in Figure 6. In non-Newtonian fluids, the apparent viscosity, does not remain constant under 

fixed temperature and pressure conditions. Rather, it is contingent upon various flow conditions such as 

flow geometry and shear rate [62]. Non-Newtonian fluids can be further classified into categories such as 

shear-thinning, shear-thickening, viscoelastic, and plastic fluids, depending on how their viscosity changes 

under different conditions [63-65]. 
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Figure 6 Flow behavior diagrams of Newtonian and non-Newtonian materials [66]. 

 

When suspensions are subjected to shear rate, they can exhibit two distinct types of non-Newtonian 

behavior: shear thinning, Shear thinning, commonly encountered in engineering applications, is the 

prevailing type of time-independent non-Newtonian fluid behavior. It is characterized by a gradual 

decrease in apparent viscosity (η) with increasing shear rate, and shear thickening, marked by an increase 

in viscosity with shear rate. This non-Newtonian behavior is believed to originate from the arrangement 

of suspended particles and their mutual interactions within the suspension. Specifically, in non-Newtonian 

suspensions displaying shear thinning or shear thickening behavior, the deviation from Newton's Law of 

Viscosity is often described using models such as the power law model. This model allows for a 

quantitative understanding of how viscosity varies with shear rate in these complex systems, providing 

valuable insights into the underlying mechanisms governing their flow behavior. This model will be 

further discussed in the following section [67]. 

 

3.3. Power Law Model 

 

The power law model, also known as the Ostwald-de Waele model, is a fundamental mathematical 

framework extensively employed in rheological studies to elucidate the relationship between viscosity (η) 
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and shear rate (γ) in non-Newtonian fluids, particularly those exhibiting shear-thinning behavior. This 

Relationship is formulated as: 

𝜏 = 𝐾𝛾𝑛 

 

(4) 

 

Where 𝜏 represents the shear stress, 𝐾 denotes the consistency index, 𝛾 signifies the shear rate, and n 

denotes the flow behavior index. 

In this model, the consistency index (K) reflects the fluid's resistance to flow, while the flow behavior 

index (n) quantifies the extent of shear thinning. By utilizing a log-log plot depicting viscosity against 

shear rate, we can generate a linear representation that facilitates the determination of both the flow 

behavior index (n) and the consistency index (K). These indices can be ascertained from the slope and 

intercept of the plot, respectively.  

A value of n less than 1 indicates significant shear thinning behavior, wherein viscosity diminishes as 

shear rate increases. Conversely, a value of n greater than 1 denotes shear thickening behavior, with 

viscosity increasing as shear rate rises. When n equals 1, the fluid behaves as a Newtonian fluid, 

maintaining constant viscosity irrespective of shear rate. Table 1 illustrates various values for the power-

law index and the corresponding fluid behavior they indicate [62]. 

 

Table 1 Power Law index values for different fluid behaviour 

Power-Law Index (n) Corresponding Fluid Behavior 

n < 1 Shear Thinning Fluid 

n = 1 Newtonian Fluid 

n > 1 Shear Thickening Fluid 

 

Thus, the apparent viscosity for a power law fluid can be expressed as:   

𝜂 =
𝜏

𝛾
= 𝐾𝛾𝑛−1 

 

(5) 
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3.4 Stability of Suspensions Thickened by Starch Nanoparticles 

 

Sedimentation and creaming are typical occurrences in suspensions and emulsions, representing the 

natural tendency of particles or droplets to either settle to the bottom or rise to the top of a fluid under the 

influence of gravitational forces. This process occurs due to the density disparity between the dispersed 

phase and the surrounding medium, leading to the separation of components based on their respective 

densities. Sedimentation often results in the formation of a sediment layer at the bottom of the container, 

while creaming leads to the accumulation of a concentrated phase at the top. Sedimentation and creaming 

are typically considered undesirable phenomena in various products, as they can significantly impact the 

shelf-life and overall quality. According to some estimates, sedimentation and creaming can lead to 

product instability, compromising its appearance, texture, and functionality. This instability may result in 

product separation, uneven distribution of ingredients, and altered sensory characteristics, ultimately 

reducing consumer satisfaction and market appeal. Moreover, these phenomena can also impact product 

performance and efficacy, leading to potential issues such as reduced effectiveness of active ingredients 

or compromised functionality in formulations such as emulsions and suspensions. As a result, 

manufacturers often invest considerable efforts in formulating products to minimize sedimentation and 

creaming, employing strategies such as particle size optimization, stabilizer incorporation, and proper 

storage conditions to ensure product stability and quality over time [68], [69]. 

As per Stokes' Law, the settling velocity of particles decreases as the viscosity of the surrounding fluid 

increases. This phenomenon results in the stabilization of suspensions. Stokes' Law pertains to the 

movement of solid particles within a fluid medium under conditions of low Reynolds numbers, 

specifically describing the behavior of small particles in such systems. 

The forces acting on the particle are gravity force (𝐹𝐺), drag force (𝐹𝐷), and buoyancy force (𝐹𝐵). 

The net force acting on the particle is given by: 

𝐹𝑛𝑒𝑡 = 𝑚
𝑑𝑈

𝑑𝑡
= 𝐹𝐺 − 𝐹𝐷 − 𝐹𝐵 

 

(6) 

 

𝑚
𝑑𝑈

𝑑𝑡
= 𝑚𝑔 −

𝑚𝑔𝜌

𝜌𝑝
−
𝐶𝐷𝐴𝑃𝜌𝑈

𝑡

2
 

 

(7) 
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In the equation 7, 𝐶𝐷 denotes the drag coefficient, and 𝐴𝑃 represents the projected area of the particle 

measured in a plane perpendicular to its motion, where 𝜌𝑝 is the particle density. By setting the net force 

to zero (𝐹𝑛𝑒𝑡 = 0) we establish the condition for the terminal velocity, as the particle ceases to accelerate 

when the net force acting upon it reaches equilibrium. When substituting the particle mass (m), the 

projected area (𝐴𝑃 ), and the drag coefficient (𝐶𝐷) into the equation 7, particularly when Reynolds number 

(Re) is less than 1, the terminal velocity of particles can be derived. 

For spherical particles: 

 

𝑚 =
𝜋𝐷𝑝

3𝜌𝑝

6
 𝑎𝑛𝑑 𝐴𝑃 =

𝜋𝐷𝑝
2

4
  

 

(8) 

In the regime of creeping flow around a spherical particle where the Reynolds number (𝑅𝑒𝑃) is less than 

0.1, the drag coefficient (𝐶𝐷) is determined by Stokes' Law as: 

𝐶𝐷 =
24

𝑅𝑒𝑝
 

(9) 

 

Therefore, utilizing the expression, the terminal settling velocity of spherical rigid particles can be derived: 

 

𝑈𝑡 =
𝑔𝐷𝑃

2(𝜌𝑃 − 𝜌)

18𝜇
 

 

(10) 

Hence, as demonstrated in the equation 10, this increase in viscosity can be achieved by introducing 

additives such as polymers or surfactants. In the scope of this investigation, starch nanoparticles are 

utilized to attain the targeted enhancement in viscosity [9]. 
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4. Materials and Methods 

4.1. Materials 

 

Two sets of experiments were conducted, each utilizing a suspension made with a distinct solid particle. 

Firstly, SG hollow spheres, also referred to as extendospheres, supplied by Sphere One, Inc. of 

Chattanooga, Tennessee, were employed. These commercially available hollow ceramic particles are 

known for their low density, high strength, and widespread use as lightweight additives across various 

resin systems. They effectively replace heavier and more expensive additives, thereby reducing material 

costs and overall density. SG hollow spheres find application in specialty cements, cementitious coatings, 

grouts, insulating roofing materials, high strength anchoring compounds, adhesives, mastics, industrial 

coatings, and thermoset coatings.  

Secondly, commercially available S-32 solospheres, also supplied by Sphere One, Inc., were utilized. 

These microsphere ceramic particles possess a semi-solid texture, offering exceptional properties such as 

durability, heat resistance, and corrosion protection. They are easily dispersible in high intensity mixing 

setups, making them valuable for a variety of applications including flame-resistant materials, refractory 

castings, coatings, self-leveling cements, and more. 

The liquid matrix was thickened using starch biopolymer nanoparticles obtained from EcoSynthetix Inc. 

in Burlington, Ontario, Canada. These nanoparticles are created via reactive extrusion, a method that alters 

native starch through a combination of mechanical and chemical processes. This customized approach 

yields starch biopolymer nanoparticles suitable for diverse applications. 

In experiments, a non-ionic surfactant, Triton X-100, supplied by the Dow Chemical Company, was 

utilized. 

To prevent bacterial growth in the dispersion, a biocide was incorporated. Specifically, Thor Acticide GA 

from Thor Specialties, Inc., Shelton, CT, USA, was utilized. Additionally, deionized water served as the 

solvent in all experiments. 

4.2. Preparation of SNP Dispersions 

 

To prepare SNP dispersions, we initially mixed 1wt% surfactant, 0.15 wt% biocide, and 98.85 wt% 

deionized water to form a solution, with the biocide serving as protection against bacterial growth. 
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Subsequently, SNP powder was added at concentrations ranging from 5 to 35 wt%. This dispersion process 

occurred at room temperature, around 22°C, and involved agitating the mixture in a homogenizer (Gifford-

Wood, model 1L, NOV process and flow technologies, Dayton, OH, USA) for 40-45 minutes to ensure 

thorough mixing. After homogenization and the removal of any entrapped air, the dispersion was left to 

settle overnight. It's important to note that "dispersion" refers to the blend of SNP and the aqueous phase 

before the addition of solid particles, while "suspension" describes the mixture of SNP dispersion and 

solid particles. 

4.3. Preparation of Suspensions of SG solid particles in SNP dispersions 

 

At room temperature (approximately 22°C), suspensions consisting of solid particles (SG hollow spheres) 

in SNP dispersion were meticulously prepared. This involved the gradual addition of a specified quantity 

of solid particles to a known amount of SNP dispersion, while ensuring gentle mixing using a 

homogenizer. Following the addition of the required solid particles, the mixture underwent high-speed 

shearing in the homogenizer for a minimum of 30 minutes. The process of suspension preparation is 

depicted in Figure 7. Subsequently, the prepared suspension was left overnight to facilitate the removal of 

any trapped air during the homogenization process. For the preparation of suspensions with higher solids 

concentration, a similar procedure was followed, with the gradual addition of solid particles to an existing 

suspension of lower concentration, followed by high-speed shearing in the homogenizer for approximately 

30 minutes. 

 

 

Figure 7 Creating a suspension of solid particles (specifically SG hollow spheres) within an SNP dispersion. 
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Table 2 provides comprehensive information regarding the compositions of Suspensions of SG Particles 

in Starch Nanoparticle (SNP) Dispersion, as investigated in this study. 

Table 2 Compositions of Suspensions of SG Particles in SNP Dispersion. 

SNP Concentration in the 
Dispersion Medium (wt%) 

SG Particle Concentration in 
 Suspension (wt%) 

SG Particle Concentration in  
Suspension (vol%) 

9.89 
Fourteen concentrations: 5, 
10, 15, 20, 25, 28, 31, 34, 37, 

39, 41, 43, 45, 47 

Fourteen concentrations: 6.78, 13.32, 
19.62, 25.69, 31.55, 34.97, 38.32, 
41.60, 44.82, 46.93, 49.01, 51.06, 

53.08, 55.08 

14.83 
Thirteen concentrations: 5, 

10, 15, 20, 25, 28, 31, 34, 37, 
40, 42, 44, 46  

Thirteen concentrations: 6.90, 13.53, 
19.91, 26.04, 31.95, 35.39, 38.76, 
42.05, 45.27, 48.43, 50.49, 52.53, 

54.54 

19.75 
Eleven concentrations: 5, 10, 
15, 20, 25, 30, 35, 38, 41, 44, 

47 

Eleven concentrations: 7.02, 13.75, 
20.21, 26.40, 32.36, 38.08, 43.59, 

46.79, 49.93, 53.00, 56.00 

24.71 
Twelve concentrations: 5, 

10, 15, 20, 25, 28, 31, 34, 37, 
40, 42, 44  

Twelve concentrations: 7.15, 13.98, 
20.46, 26.73, 32.73, 36.22, 39.62, 
42.94, 46.18, 49.34, 51.41, 53.44 

29.67 
Eleven concentrations: 5, 10, 
15, 20, 25, 28, 31, 34, 37, 40, 

42 

Eleven concentrations: 7.28, 14.22, 
20.84, 27.16, 33.21, 36.71, 40.12, 

43.45, 46.70, 49.86, 51.93 

34.60 
Ten concentrations: 5, 10, 
15, 20, 25, 28, 31, 34, 37, 

40.01 

Ten concentrations: 7.41, 14.46, 
21.17, 27.56, 33.65, 37.17, 40.60, 

43.94, 47.19, 50.36 

 

 

4.4. Preparation of Suspensions of S-32 solid particles in SNP dispersions 

 

Following the preparation of SNP dispersions, we gradually introduced known concentrations of solid 

particles, specifically S-32 solospheres, to form well-mixed suspensions. This process entailed slowly 

adding solid particles while continuously agitating the mixture using a homogenizer. Once all solid 

particles were added, the homogenization process continued for an additional 40 minutes. Subsequently, 

the suspensions were left undisturbed for at least 3 hours to allow any trapped air to escape.  
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To account for the temperature increase resulting from mixing, the suspensions were initially prepared at 

22°C (room temperature). The 3-hour resting period ensured that the suspensions returned to room 

temperature, ensuring stability for subsequent measurements. 

To achieve higher concentrations, we incrementally added more solid particles to existing suspensions 

with lower concentrations. This gradual addition continued until reaching a concentration where the 

mixture transitioned from a suspension to a more solid-like paste, making further homogenization 

impractical. 

Table 3 provides comprehensive information regarding the compositions of Suspensions of S-32 Particles 

in Starch Nanoparticle (SNP) Dispersion, as investigated in this study. 

Table 3 Compositions of Suspensions of S-32 Particles in SNP Dispersion. 

SNP Concentration in 
the Dispersion 
Medium (wt%) 

S-32 Particle 
Concentration in 

 Suspension (wt%) 

S-32 Particle Concentration in  
Suspension (vol%) 

5 

Nineteen concentrations: 
5, 10, 

 15, 20, 25, 30, 35, 40, 45, 
50, 

 55, 60, 62, 64, 66, 68, 71, 
73, 75 

Nineteen concentrations: 2.30, 
4.74,  

7.32, 10.07, 12.99, 16.10, 19.43, 
22.99, 26.81, 30.93, 35.37, 40.18, 
42.22, 44.32, 46.50, 48.76, 52.30, 

54.76, 57.32 

10 

Twenty-six concentrations: 
5, 10,  

15, 20, 25, 28, 31, 34, 37, 
40, 42, 

44, 46, 48, 50, 52, 54, 56, 
58, 60, 63, 66, 69, 72, 75, 

77 

Twenty-six concentrations: 2.23, 
4.57,  

7.04, 9.65, 12.41, 14.15, 15.94, 
17.81, 19.74, 21.74, 23.12, 24.53, 
25.98, 27.47, 28.99, 30.57, 32.18, 
33.84, 35.55, 37.30, 40.03, 42.88, 

45.87, 48.99, 52.27, 54.55 

15 

Twenty concentrations: 5, 
10, 

 15, 20, 25, 30, 35, 40, 45, 
50, 55, 58, 61, 64, 67, 69, 

71, 73, 75, 77 

Twenty concentrations: 2.14, 4.38, 
6.75, 

9.25, 11.88, 14.66, 17.61, 20.74, 
24.07,  

27.61, 31.39, 33.78, 36.27, 38.87, 
41.58, 43.45, 45.39, 47.38, 49.43, 

51.54 

20 

Seventeen concentrations: 
5, 10, 

 15, 20, 25, 30, 35, 40, 45, 
50, 55, 

58, 61, 64, 66, 68, 70 

Seventeen concentrations: 2.68, 
5.49,  

8.45, 11.57, 14.85, 18.32, 21.98, 
25.86,  

29.98, 34.35, 39.01, 41.95, 45.01, 
48.19, 

50.39, 52.65, 54.98  
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25 

Seventeen concentrations: 
5, 10, 

 15, 20, 25, 30, 35, 40, 45, 
50, 55, 

58, 61, 64, 66, 68, 70 

Seventeen concentrations: 2.74, 
5.62, 

8.65, 11.82, 15.17, 18.69, 22.41, 
26.34, 

30.49, 34.91, 39.59, 42.55, 45.62, 
48.81, 51.01, 53.26 

30 

Thirteen concentrations: 5, 
10, 

 15, 20, 25, 30, 35, 40, 45, 
50, 55, 
58, 61 

Thirteen concentrations: 2.81, 
5.75, 8.84, 12.07, 15.48, 19.06, 

22.83, 26.80, 
31.01, 35.46, 40.17, 43.14, 46.21 

35 
Nine concentrations: 5, 10, 
 15, 20, 25, 30, 35, 40, 45 

Nine concentrations: 2.87, 5.88, 
9.03, 

12.33, 15.78, 19.42, 23.24, 
 27.27, 31.51 

 

 

4.5. Measurements 

4.5.1. Viscosity Measurements 

 

Rheological assessments were carried out using Fann and Haake co-axial Couette viscometers. The Fann 

Model 35 viscometers are available in both six-speed and twelve-speed variants, providing direct-reading 

capabilities. With a rotational velocity range spanning from 0.9 to 600 revolutions per minute (rpm), these 

instruments are well-suited for evaluating the rheological properties of fluids, irrespective of their 

Newtonian or non-Newtonian nature. Operating as Couette rotational viscometers, they function by 

encapsulating the test fluid within the shear gap formed between an outer cylinder and an inner cylinder 

(bob), whereby viscosity measurements are derived from the viscous drag induced by the rotating outer 

cylinder on the fluid. The shear rate can be adjusted by modifying the rotor speed and the rotor-bob 

combination. Figure 8 depicts the configuration of the Fann Model 35 Viscometer setup. 
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Figure 8 Fann Model 35 Viscometer setup. 

 

The Haake Rotovisco RV 12 viscometer adopts a coaxial cylinder configuration for precise determination 

of shear viscosity across various temperatures and shear rates. Featuring a stationary outer cylinder and a 

rotating inner cylinder (bob), the rotational velocity can be adjusted from 0.01 to 512 rpm. The test fluid 

is confined within the annular space between these cylinders. Controlled rotation of the bob at a specified 

speed (rpm) imparts momentum to the adjacent fluid layer. The resistance to flow exhibited by the fluid, 

directly proportional to its viscosity, is gauged by the torque experienced by the bob. Utilizing the 

magnitude of this torque, in conjunction with the set rotational speed and the bob geometry, enables 

computation of crucial rheological parameters such as viscosity, shear rate, and shear stress. The resulting 

measurements are digitally displayed for streamlined data acquisition. Calibration of the viscometers was 

performed using a viscosity standard with known viscosities. Figure 9 depicts the configuration of the 

Haake Rotovisco RV 12 setup. All measurements and calibrations were executed at room temperature, 

approximately 22°C. Detailed dimensions of the viscometers utilized in this study are provided in Table 

4. 
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Figure 9 Haake Rotovisco RV 12 setup. 

 

Table 4 Relevant dimensions of viscometers used in this study. 

 

 

4.5.2. Size Distribution and Mean Diameter Measurements 

 

Size Distribution of Solid Particles: The size distribution and average diameter of the solid particles 

were determined by analyzing photomicrographs obtained using a Zeiss optical microscope equipped with 

Viscometer 

model

Fann 35 A/SR-12

(low torsion

spring constant)

Fann 35 A

(high torsion

spring constant)

Haake Roto-Visco 

RV 12 with MV I 

Haake Roto-Visco

RV 12 with MV II 

Radius of the 

Inner Cylinder, 
1.72 cm 1.72 cm 2.00 cm 1.84 cm

Radius of the 

Outer Cylinder, 
1.84 cm 1.84 cm 2.1 cm 2.1 cm

Length of Inner 

Cylinder
3.8 cm 3.8 cm 6.0 cm 6.0 cm

Gap Width 0.12 cm 0.12 cm 0.10 cm 0.26 cm
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transmitted light. To capture the photomicrographs, dilute suspensions were prepared, and images were 

taken using the Zeiss optical microscope. Subsequently, the size of the particles was measured from these 

images. 

Size distribution of starch nanoparticles: In this study, Dynamic Light Scattering (DLS) was employed 

to determine the size of starch nanoparticles (SNP). The measurements were conducted using a Zetasizer 

Nano zs90 instrument manufactured by Malvern Instruments Ltd. Specifically, the Zetasizer 6.20 software 

was utilized for both data acquisition and analysis. The SNP samples, comprising a dilute concentration 

of SNP in water, were tested in ZEN0112 low-volume disposable sizing cuvettes, and analyzed at a 

standard temperature of 25°C. Prior to analysis, a 120-second equilibration period was observed to ensure 

optimal sample stability. This method enabled precise and reproducible determination of both the average 

diameter of SNP particles and the particle size distribution. 
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5. Results and Discussion 

5.1. Analysis and Discussions on the Rheological Properties of SNP Dispersions 

 

Utilizing Dynamic Light Scattering (DLS), data was collected from four different concentrations of Starch 

Nanoparticle (SNP) dispersions: 0.05, 0.075, 0.085, and 0.09 wt% of SNP. Analysis revealed that the 

starch nanoparticles within the dispersions exhibited an average diameter of 21.73 nanometers. Figure 10 

visually illustrates the particle size distribution of these starch nanoparticles, as determined by the DLS 

measurements. 

 

Figure 10 Size distribution of starch nanoparticles. 

In this experimental setup, we meticulously prepared SNP dispersions across concentrations ranging from 

5 to 35 wt%. As shown in Figure 11, these dispersions exhibit complete uniformity, attributable to 

thorough agitation with the homogenizer. 
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Figure 11 Samples of SNP dispersions in the order of increasing SNP concentration from approximately 5 to 

35 wt%. 

Throughout the analysis of SNP dispersions at various concentrations, consistent Newtonian fluid 

behavior was observed in the examination of viscosity and shear rate. This indicates that viscosity remains 

constant as shear rate increases. Newtonian fluids, such as these dispersions, display a linear correlation 

between shear stress and shear rate, wherein viscosity remains consistent irrespective of the applied shear 

force. However, it is noteworthy that the viscosity of the dispersion increases with rising SNP 

concentration. Figure 12 depicts viscosity plotted against shear rate for all SNP dispersions investigated 

in this study. 

 

 

Figure 12 Viscosity versus shear rate plots of SNP dispersions. 
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5.2. Rheology of Suspensions of SG Particles in SNP Dispersions  

 

Figure 13 displays the particle size distribution of the SG hollow spheres, spanning from 10 to 340 µm. A 

comprehensive analysis of 500 particles was conducted to establish this distribution, resulting in a 

calculated Sauter mean diameter of 138 µm. Furthermore, Figure 14 showcases typical photomicrographs 

depicting the particles within the suspension. 

 

Figure 13 Size distribution of SG particles. 
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Figure 14 Typical photomicrographs of the SG particles. 

 

Figures 15 through 20 depict the flow curves, illustrating the relationship between viscosity and shear rate, 

for suspensions comprising SG particles in SNP dispersions. Within each figure, the concentration of SNP 

remains constant, while the concentration of SG particles varies. 

In this manner, we can observe how altering the concentration of SG particles impacts the flow behavior 

of the suspensions across various SNP concentrations. 
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Figure 15 Viscous flow behavior of suspensions at various SG volume fractions (φ) with a constant SNP 

concentration of 9.89 wt%. 
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Figure 16 Viscous flow behavior of suspensions at various SG volume fractions (φ) with a constant SNP 

concentration of 14.83 wt%. 
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Figure 17 Viscous flow behavior of suspensions at various SG volume fractions (φ) with a constant SNP 

concentration of 19.75 wt%. 
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Figure 18 Viscous flow behavior of suspensions at various SG volume fractions (φ) with a constant SNP 

concentration of 24.71 wt%. 
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Figure 19 Viscous flow behavior of suspensions at various SG volume fractions (φ) with a constant SNP 

concentration of 29.67 wt%. 
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Figure 20 Viscous flow behavior of suspensions at various SG volume fractions (φ) with a constant SNP 

concentration of 34.6 wt%. 
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5.3. Rheology of Suspensions of S-32 Particles in SNP Dispersions 

 

Based on the analysis of approximately 1000 particles, the Sauter mean diameter of S-32 particles was 

determined to be 14 micrometers. Additionally, the size distribution of S-32 particles was found to span 

from 2 to 20 micrometers. Moreover, Figure 21 presents photomicrographs depicting S-32 particles, 

acquired within our laboratory setting. 

 

Figure 21 Typical photomicrographs of the S-32 particles. 

 

The methodology employed for SG particles was replicated for S-32 particles. Figures 22 through 

2showcase the results derived from these experiments. Each figure illustrates the relationship between 

viscosity and shear rate for suspensions comprising S-32 particles in SNP dispersions. Across each figure, 

the concentration of SNP remains constant, while the concentration of solid particles is varied. 
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Figure 22 Viscous flow behavior of suspensions at various S-32 volume fractions (φ) with a constant SNP 

concentration of 5 wt%. 
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Figure 23 Viscous flow behavior of suspensions at various S-32 volume fractions (φ) with a constant SNP 

concentration of 10 wt%. 
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Figure 24 Viscous flow behavior of suspensions at various S-32 volume fractions (φ) with a constant SNP 

concentration of 15 wt%. 
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Figure 25 Viscous flow behavior of suspensions at various S-32 volume fractions (φ) with a constant SNP 

concentration of 20 wt%. 
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Figure 26 Viscous flow behavior of suspensions at various S-32 volume fractions (φ) with a constant SNP 

concentration of 25 wt%. 
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Figure 27 Viscous flow behavior of suspensions at various S-32 volume fractions (φ) with a constant SNP 

concentration of 30 wt%. 
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Figure 28 Viscous flow behavior of suspensions at various S-32 volume fractions (φ) with a constant SNP 

concentration of 35 wt%. 
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5.4. Analysis and Discussions on the Rheological Properties of Suspensions of Solid 

Particles in SNP Dispersion 

 

The depicted behavior in the graphs aligns well with the predictions of a power law model, as expressed 

by Equation 4. 

Some of the key findings observed through the plots include: 

• Within each SNP concentration, suspensions with lower solid concentrations exhibit Newtonian 

behavior, where viscosity remains constant regardless of shear rate. However, an increase in solid 

particle concentration leads to shear-thinning behavior, resulting in decreased viscosity with higher 

shear rates. Notably, both the degree of shear thinning and viscosity at high shear rates increase 

with higher SG and S-32 concentration. 

• Across all plots with increasing SNP concentrations, distinct patterns emerge. At lower SNP 

concentrations, most suspensions demonstrate Newtonian behavior, while non-Newtonian 

behavior is observed in fewer cases, primarily at higher solid particle concentrations. However, as 

SNP concentration rises, even suspensions with lower solid particle concentrations show shear-

thinning behavior. 

• With increasing SG and S-32 concentration within each SNP concentration, the consistency index 

(K) increases while the flow behavior index (n) decreases, indicating a shift towards shear-thinning 

behavior.  

Figure 29 and 30 illustrates the trend of the consistency index (K) and the behavior index (n) across all 

suspension sets with varying SNP concentrations. With a constant solid particle concentration, an increase 

in SNP concentration results in a noticeable rise in the consistency index. Moreover, there is a clear 

transition towards non-Newtonian shear-thinning behavior in suspensions with lower solid particle 

concentration as the SNP concentration increases. The increase in the consistency index as the particle 

volume fraction rises is a foreseeable outcome, as particles serve as impediments to flow, resulting in 

heightened flow resistance and consistency. Additionally, elevating the SNP concentration in a suspension 

with a fixed particle volume fraction leads to an increase in the viscosity of the matrix fluid (as illustrated 

in Figure 12). This relationship is widely acknowledged, with suspension viscosity being directly 
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proportional to the viscosity of the matrix fluid. Hence, the viscosity, and consequently the consistency 

index 𝐾, of the suspension correspondingly increase. 

At lower shear rates, particles collide and aggregate, trapping the matrix fluid within these aggregates and 

consequently increasing the viscosity of the suspension. With increasing shear rates, these aggregates 

break up, resulting in a decrease in viscosity. The rise in volume fraction of particles likely contributes to 

the observed enhancement of shear-thinning behavior and the reduction in the flow behavior index 𝑛 of 

the suspension, as it is probable that these changes are caused by the formation and subsequent breakup 

of particle aggregates under shear flow conditions [70]. 
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Figure 29 Comparison of consistency index (K) and flow behavior index (n) of suspensions of SG particles in 

SNP dispersions with different concentrations of SNP. 
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Figure 30 Comparison of consistency index (K) and flow behavior index (n) of suspensions of S-32 particles in 

SNP dispersions with different concentrations of SNP. 
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5.5 Evaluating Experimental Results in Comparison to Modeled Predictions 

 

The Mooney Model, expressed by Equation 11, and the Krieger-Dougherty model, represented by 

Equation 12, are commonly employed in literature to correlate relative viscosity against particle volume 

fraction data for concentrated suspensions of solid particles [71], [72]. 

𝜂𝑟 =
𝜂

𝜂𝑚
= [

2.5Ф

1 −
Ф
Ф𝑚

] 

(11) 

 

𝜂𝑟 =
𝜂

𝜂𝑚
= [1 −

Ф

Ф𝑚
]
−2.5Ф𝑚

 
(12) 

 

The relative viscosity of the suspension, denoted as 𝜂𝑟, is defined as the ratio of suspension viscosity (𝜂) 

to the viscosity of the matrix fluid (𝜂𝑚). 𝜑 represents the volume fraction of particles, while 𝜑𝑚 stands 

for the maximum packing volume fraction of particles. This maximum packing fraction, often assumed to 

be 0.58, corresponds to the glass transition volume fraction of hard spheres. 

Figure 31 illustrates our experimental findings for both Newtonian and non-Newtonian suspensions of SG 

hollow spheres, in SNP dispersions compared to the predictions generated by the Mooney and Krieger-

Dougherty models. In the case of Newtonian suspensions, the plot depicts the relationship between relative 

viscosity (𝜂𝑟) and particle volume fraction (𝜑). Conversely, for non-Newtonian suspensions, the plot 

shows how the relative consistency index (𝐾𝑟), defined as the ratio of the consistency index (𝐾) to the 

matrix fluid viscosity (𝜂𝑚), varies with 𝜑. 
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Figure 31 Comparison of experimental data for Newtonian and non-Newtonian suspensions of SG particles in 

SNP dispersions with the predictions of Mooney and Krieger-Dougherty models. 

Pal developed a novel viscosity model for asphaltene solutions, effectively addressing the challenge of 

accurately describing their viscosity behavior by accounting for the clustering of asphaltene 

nanoaggregates. This model was successfully applied to predict viscosity across various asphaltene 

systems and experimental conditions [73]. The Pal model is formulated as follows: 

 

𝜂𝑟 = [1 − {1 + (
1 − Ф𝑚

Ф𝑚
)√1 − (

Ф𝑚 −Ф

Ф𝑚
)
2

}Ф]

−2.5

 

(13) 

 

Figure 32 illustrates the comparison between the Pal model predictions and experimental data for both 

Newtonian and non-Newtonian suspensions of SG hollow spheres, and Figure 33 presents a similar 

comparison for suspensions of S-32 solospheres. In the case of non-Newtonian suspensions, the model 

employs the relative consistency index (𝐾𝑟) instead of relative viscosity (𝜂𝑟). Overall, the model provides 

a reasonable description of the experimental data, with an average percent error of approximately 10 

percent. However, it's worth noting that the model tends to overestimate relative viscosities. 
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Figure 32 Comparison of experimental data for Newtonian and non-Newtonian suspensions of SG particles in 

SNP dispersions with the predictions of Pal model. 

 

Figure 33 Comparison of experimental data for Newtonian and non-Newtonian suspensions of S-32 particles 

in SNP dispersions with the predictions of Pal model. 
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5.6 Stability of Suspensions 

5.6.1 Stability of Suspensions of SG Particles in SNP Dispersion 

 

Given the disparate densities between the suspended SG hollow sphere particles and the matrix phase, 

characteristic phenomena such as creaming, and sedimentation were anticipated. The SG hollow spheres 

exhibited an average density of 0.7486 g/ml, whereas the density of the matrix phase exhibited variability 

corresponding to the SNP content. Specifically, the matrix phase displayed a density of 0.9988 g/ml in the 

absence of SNP (0% content), which increased to 1.139 g/ml at 35 wt% SNP. Given the lighter nature of 

the particles relative to the matrix phase, an upward creaming effect was expected, signifying their 

tendency to rise within the suspension. 

Figure 34 illustrates samples of suspensions left undisturbed for a duration exceeding two months. In these 

samples, the matrix phase contains approximately 30 wt% SNP. The particle concentration, consisting of 

SG hollow spheres, ranges from 0 wt% in the leftmost bottle to 37 wt% in the rightmost bottle. As 

anticipated, the particles ascend to the surface of the sample, forming a highly concentrated suspension 

layer at the top. Concurrently, with an increase in particle concentration, the top layer of highly 

concentrated suspension expands. Intriguingly, certain particles also settle at the bottom of the bottles, 

implying that some particles exhibit greater density than that of the matrix phase. This observation 

suggests the possibility of non-hollow particles within the suspension, potentially comprising solid 

particles characterized by elevated density. 

 

Figure 34 Creaming/sedimentation in suspensions of particles (SG hollow spheres) in SNP dispersion when 

left unstirred for more than two months. The SNP concentration of the matrix phase is approximately 30 wt%. 

The particle concentration varies from 0 to 37 wt%. 
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An experiment conducted in our laboratory aimed to observe changes in the top layer of a suspension over 

time. As depicted in Figure 35, the formation and expansion of distinct layers are observed, with a top 

layer composed of light particles and a bottom layer of heavier particles. At the initial time point (t = 0), 

the suspension, comprising 25 wt% SG hollow particles in an aqueous phase without any SNP, exhibits a 

uniform distribution. Over time, distinct layers form and grow, with a top layer of light particles and a 

bottom layer of heavy particles becoming increasingly evident. The impact of SNP addition to the matrix 

phase significantly alters the creaming and sedimentation dynamics. The inclusion of SNP results in an 

increase in the viscosity of the matrix phase, leading to a reduction in the creaming and sedimentation 

rates of the particles. This effect is clearly illustrated in Figure 36, which demonstrates the growth of the 

top creamed particle layer over time. In cases where the SNP concentration is 0 wt%, the top layer 

undergoes rapid growth. Conversely, as the SNP concentration in the matrix phase increases, the growth 

rate of the top layer comprising light particles slows down considerably. This decrease in the upward 

movement of light particles, indicating reduced creaming, corresponds to the elevated viscosity of the 

matrix phase caused by the increased SNP concentration. Consistent with Stokes' law (Equation (1)), the 

velocity of particles exhibits an inverse correlation with the viscosity of the matrix phase. 

 

Figure 35 Separation of particles (SG hollow spheres) in a suspension (25 wt% particles, 0 wt% SNP) with 

time. 
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Figure 36 Growth of top creamed layer of SG hollow spheres with time in a suspension (25 wt% particles) with 

different SNP concentrations of the matrix phase. 

5.6.2 Stability of Suspensions of S-32 Particles in SNP Dispersion 

For S-32, a different form of instability, namely sedimentation, is observed. The S-32 particles 

demonstrated an average density of 2.0968 g/mL, while the density of the matrix phase varied with the 

SNP content. In particular, the matrix phase exhibited a density of 0.9988 g/mL when devoid of SNP (0% 

content), which increased to 1.19172 g/mL at 35 wt% SNP. Consequently, sedimentation of particles was 

anticipated and indeed occurred. 

Figure 37 depicts suspensions that have been left undisturbed for over 5 months. These suspensions 

contain approximately 30% by weight of SNP in the matrix phase. The particle concentration, composed 

of S-32 solospheres, varies from 0% in the leftmost bottle to 61% in the rightmost bottle. As expected, the 

particles create a densely packed suspension layer at the bottom. With increasing particle concentration, 

the highly concentrated suspension layer at the bottom expands. 
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Figure 37 sedimentation in suspensions of particles (S-32 solospheres) in SNP dispersion when left unstirred 

for more than five months. The SNP concentration of the matrix phase is 30 wt%. The particle concentration 

varies from 0 to 61 wt%. 

 

In a laboratory experiment, we investigated the evolution of the sedimentation process in a suspension 

over time. Figure 38 demonstrates the development and growth of the sediment layer as time progresses. 

Initially, at t = 0, the suspension contained 25wt% S-32 solospheres in an aqueous solution without SNP, 

showing a uniform distribution. With time, a distinct sediment layer formed and expanded. The 

introduction of SNP into the matrix phase notably influenced the sedimentation dynamics by increasing 

the viscosity of the solution, thereby slowing down the sedimentation rate of particles. This effect is 

evident in Figure 39, which compares the sedimentation process of a suspension containing SNP 20 wt% 

after 40 days that clearly indicates many particles have not yet settled, with the case of the S-32 suspension 

without SNP, in which the majority of particles settled within an hour, with complete settlement occurring 

after three days.  
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Figure 38 Separation of particles (S-32 solospheres) in a suspension (25 wt% particles, 0 wt% SNP) with time. 

 

 

Figure 39 Comparison of sedimentation behavior between suspensions with 20 wt% SNP and those without 

SNP. 
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6. Conclusions 

 

• The SNP dispersions maintain Newtonian characteristics throughout the entire concentration range 

investigated in this study, spanning from 5 to 35 wt% SNP. 

• At low particle concentrations, suspensions of SG hollow spheres and S-32 solospheres in SNP 

dispersions generally exhibit Newtonian properties. 

• At higher particle concentrations, the suspensions undergo a transition to non-Newtonian behavior 

characterized by shear-thinning. 

• The suspensions of SG particles exhibit non-Newtonian behavior at lower particle concentrations 

when the SNP concentration of the matrix phase is increased. For instance, in suspensions with a 

low SNP concentration of 9.89 wt%, the transition to non-Newtonian behavior occurs at a particle 

volume fraction of approximately 0.45. Conversely, with a high SNP concentration of 34.6 wt%, 

the suspension displays non-Newtonian characteristics at a considerably lower particle volume 

fraction of 0.074. Similarly, this trend is observed in suspensions with S-32 particles. At 10 wt% 

SNP, the suspension transitions to non-Newtonian behavior at a particle volume fraction of 

approximately 0.37. Conversely, with a high SNP concentration of 35 wt%, the suspension exhibits 

non-Newtonian characteristics at a considerably lower particle volume fraction of 0.158. 

• The power-law model provides a suitable description for the rheological behavior of non-

Newtonian suspensions comprising particles in SNP dispersions. 

• As the particle concentration rises at a constant SNP concentration, the consistency index increases 

while the flow behavior index decreases. 

• The experimental viscosity and consistency index data for both Newtonian and non-Newtonian 

suspensions align with the predictions of the Pal model across the entire range of particle 

concentrations examined. 

• Comparing the consistency data for S-32 suspensions using the Pal model and relating it to the 

results obtained for SG, it appears that the particle size of suspensions has a negligible effect on 

rheology within the investigated range of particle sizes. 

• Creaming and sedimentation in particle suspensions are notably diminished when the liquid matrix 

is thickened with starch nanoparticles, leading to more stable suspensions. 
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Appendices 

Appendix A: Rheological Data 

The following section contains all rheological data obtained from both viscometers. Section A.1 presents 

data for Suspensions of SG Hollow Spheres, ordered by increasing SNP concentration, while Section 

A.2 presents data for Suspensions of S-32 Solo Spheres, also ordered by increasing SNP concentration. 

Appendix A.1: Rheological Data of suspensions of SG hollow spheres in SNP dispersions 

 

Table 5 Rheological Data for Suspensions of SG Solid Particles in SNP Dispersion with SNP Concentration of 

9.89 wt%. 

 Shear Stress (mPa) Shear Rate ( 𝒔−𝟏) Viscosity (mPa.s)  

SNP, 9.89 wt% 

331.4325 51.069 6.489896023 

727.2525 102.138 7.120293133 

1123.0725 153.207 7.330425503 

2162.1 306.414 7.056139733 

1172.55 170.23 6.888033837 

2409.4875 340.46 7.07715297 

3596.9475 510.69 7.043309052 

7159.3275 1021.38 7.009465135 

SG, 5 wt%+ SNP, 9.89 wt% 

405.64875 51.069 7.943150444 

776.73 102.138 7.604711273 

1123.0725 153.207 7.330425503 

2211.5775 306.414 7.217612446 

1222.0275 170.23 7.178684721 

2508.4425 340.46 7.367803854 

3943.29 510.69 7.721494449 

8247.8325 1021.38 8.075185044 

4848.2475 599.04 8.093361879 

SG, 10 wt%+ SNP, 9.89 wt% 

479.865 51.069 9.396404864 

826.2075 102.138 8.089129413 

1222.0275 153.207 7.976316356 

2607.3975 306.414 8.509394153 

1419.9375 170.23 8.341288257 

3003.2175 340.46 8.821058274 
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4586.4975 510.69 8.980981613 

9682.68 1021.38 9.47999765 

2737.783 299.52 9.140568243 

5027.8615 599.04 8.393198284 

SG, 15 wt%+ SNP, 9.89 wt% 

628.2975 51.069 12.3029137 

1172.55 102.138 11.48005639 

1716.8025 153.207 11.20577062 

3201.1275 306.414 10.44706671 

1667.325 170.23 9.794542678 

3596.9475 340.46 10.56496358 

6021.345 510.69 11.79060683 

14531.475 1021.38 14.22729542 

5791.221 299.52 19.33500601 

10730.606 599.04 17.91300414 

SG, 20 wt%+ SNP, 9.89 wt% 

677.775 51.069 13.27174999 

1271.505 102.138 12.44889267 

1716.8025 153.207 11.20577062 

3596.9475 306.414 11.73884842 

1716.8025 170.23 10.08519356 

4240.155 340.46 12.45419433 

6763.5075 510.69 13.24386125 

17104.305 1021.38 16.74626975 

8754.852 299.52 29.22960737 

16298.64 599.04 27.20793269 

SG, 25 wt%+ SNP, 9.89 wt% 

776.73 51.069 15.20942255 

1271.505 102.138 12.44889267 

1914.7125 153.207 12.49755233 

5328.66 306.414 17.39039339 

2656.875 170.23 15.60756036 

5714.5845 340.46 16.7848925 

9979.545 510.69 19.54129707 

8485.431 149.76 56.66019631 

12571.6495 299.52 41.97265458 

23573.007 599.04 39.35130709 

47282.055 1198.08 39.46485627 

7048.519 119.808 58.8317892 
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4084.888 74.88 54.55245726 

6958.712 149.76 46.46575855 

9697.8255 299.52 32.37788962 

18992.85 599.04 31.70547877 

54017.58 1198.08 45.08678886 

4354.309 59.904 72.68811765 

5656.5105 119.808 47.21312851 

SG, 28 wt%+ SNP, 9.89 wt% 

1172.55 51.069 22.96011279 

1667.325 102.138 16.3242378 

2261.055 153.207 14.75817032 

5477.0925 306.414 17.87481153 

2607.3975 170.23 15.31690948 

5130.75 340.46 15.07005228 

8989.995 510.69 17.60362451 

4713.537 74.88 62.9478766 

8216.01 149.76 54.86117788 

12257.325 299.52 40.92322716 

22136.095 599.04 36.95261585 

51323.37 1198.08 42.83801583 

5970.835 59.904 99.6733941 

7228.133 119.808 60.33097122 

4623.73 74.88 61.74853098 

7946.589 149.76 53.06215946 

11493.9655 299.52 38.37461772 

22270.8055 599.04 37.17749316 

49527.23 1198.08 41.3388338 

5521.8 59.904 92.17748397 

6464.7735 119.808 53.95944762 

SG, 31 wt%+ SNP, 9.89 wt% 

1469.415 51.069 28.77313047 

2310.5325 102.138 22.62167362 

3300.0825 153.207 21.54002428 

6466.6425 306.414 21.1042658 

3300.0825 170.23 19.38602185 

6763.5075 340.46 19.86579187 

13442.97 510.69 26.32315103 

12457.36 170.23 73.17958057 

16633.36 340.46 48.85554838 
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24463.36 510.69 47.9025632 

43777.36 1021.38 42.86099199 

5297.2825 37.44 141.4872463 

9428.4045 74.88 125.9135216 

16837.482 149.76 112.4297676 

26626.445 299.52 88.89705195 

44902.1695 599.04 74.95688017 

56711.79 1198.08 47.3355619 

5701.414 29.952 190.351696 

8036.396 59.904 134.1545807 

12975.781 119.808 108.304796 

4938.0545 74.88 65.94624065 

8216.01 149.76 54.86117788 

11538.869 299.52 38.52453592 

21687.06 599.04 36.20302484 

50874.335 1198.08 42.46322032 

4893.151 59.904 81.6832098 

7677.168 119.808 64.07892628 

SG, 34 wt%+ SNP, 9.89 wt% 

16633.36 170.23 97.71109675 

27073.36 340.46 79.51994361 

32293.36 510.69 63.23476081 

54217.36 1021.38 53.08245707 

3231.7215 37.44 86.31734776 

5252.379 74.88 70.14395032 

8844.659 149.76 59.05888755 

14008.5615 299.52 46.77003706 

26357.024 599.04 43.99877137 

41669.1175 1198.08 34.77991244 

4848.2475 59.904 80.93361879 

7452.6505 119.808 62.20494875 

3501.1425 29.952 116.8917768 

3276.625 29.952 109.3958667 

5791.221 74.88 77.34002404 

10101.957 149.76 67.45430689 

14547.4035 299.52 48.56905549 

24920.112 599.04 41.60008013 

38301.355 1198.08 31.96894615 

5431.993 59.904 90.67830195 

8934.466 119.808 74.57320045 
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SG, 37 wt%+ SNP, 9.89 wt% 

2261.055 51.069 44.27451096 

4190.6775 102.138 41.02956294 

6268.7325 153.207 40.91674989 

14135.655 306.414 46.13253637 

5724.48 170.23 33.62791517 

13146.105 340.46 38.61277389 

18588.63 510.69 36.39904835 

15589.36 170.23 91.57821771 

26029.36 340.46 76.45350408 

37513.36 510.69 73.45622589 

68833.36 1021.38 67.39250818 

3635.853 37.44 97.11145833 

6419.87 74.88 85.73544338 

10012.15 149.76 66.85463408 

14951.535 299.52 49.91831931 

24381.27 599.04 40.70057091 

44138.81 1198.08 36.84128773 

4264.502 29.952 142.3778713 

5791.221 59.904 96.67503005 

9563.115 119.808 79.82033754 

5970.835 74.88 79.73871528 

7228.133 149.76 48.26477698 

10281.571 299.52 34.32682626 

19621.499 599.04 32.75490618 

56442.369 1198.08 47.1106846 

7183.2295 29.952 239.8247029 

9383.501 59.904 156.642311 

9563.115 119.808 79.82033754 

SG, 39 wt%+ SNP, 9.89 wt% 

3399.0375 51.069 66.5577454 

5081.2725 102.138 49.74908947 

6615.075 153.207 43.17736787 

14630.43 306.414 47.74726351 

8792.085 170.23 51.64826999 

19578.18 340.46 57.50508136 

21853.36 170.23 128.375492 

37513.36 340.46 110.1843388 

46909.36 510.69 91.85486303 
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79273.36 1021.38 77.61397325 

3950.1775 37.44 105.5068777 

7273.0365 74.88 97.12922676 

11538.869 149.76 77.04907185 

20160.341 299.52 67.3088308 

35337.724 599.04 58.99059161 

53568.545 1198.08 44.71199336 

5476.8965 29.952 182.8557859 

8575.238 59.904 143.1496728 

10506.0885 119.808 87.69104317 

4578.8265 37.44 122.2977163 

8305.817 74.88 110.9217014 

14682.114 149.76 98.03762019 

21687.06 299.52 72.40604968 

37133.864 599.04 61.98895566 

50874.335 1198.08 42.46322032 

6150.449 29.952 205.3435163 

9652.922 59.904 161.1398571 

12526.746 119.808 104.5568409 

3546.046 14.976 236.7819177 

3052.1075 11.9808 254.7498915 

3905.274 14.976 260.7688301 

3052.1075 11.9808 254.7498915 

SG, 43 wt%+ SNP, 9.89 wt% 

3995.081 18.72 213.4124466 

7093.4225 37.44 189.461071 

12751.2635 74.88 170.2893096 

21866.674 149.76 146.011445 

35427.531 299.52 118.2810196 

55723.913 599.04 93.02202357 

5162.572 14.976 344.7230235 

8260.9135 29.952 275.8050714 

13604.43 59.904 227.1038662 

19890.92 119.808 166.023304 

4354.309 11.9808 363.4405883 

4129.7915 18.72 220.6085203 

7362.8435 37.44 196.6571448 

13155.395 74.88 175.6863649 

23932.235 149.76 159.8039196 

42701.898 299.52 142.5677684 
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73775.12 599.04 123.1555823 

5072.765 14.976 338.7262954 

7766.975 29.952 259.3140692 

11898.097 59.904 198.6194077 

21238.025 119.808 177.2671691 

4174.695 11.9808 348.448768 

3635.853001 18.72 194.2229167 

6195.352502 37.44 165.4741587 

10550.992 74.88 140.9053419 

17915.16599 149.76 119.6258413 

30398.33901 299.52 101.490181 

50425.3 599.04 84.17684963 

61202.14 1198.08 51.08351696 

2333.6515 7.488 311.6521768 

3725.66 14.976 248.7753739 

5746.317501 29.952 191.8508781 

9383.500998 59.904 156.642311 

15759.798 119.808 131.5421174 

3321.5285 11.9808 277.2376219 

SG, 47 wt%+ SNP, 9.89 wt% 

11413.36 5.1069 2234.890051 

15589.36 10.2138 1526.303628 

108505.36 170.23 637.4044528 

6419.87 2.34 2743.534188 

8395.623999 4.68 1793.936752 

12706.36 9.36 1357.517094 

20878.79701 18.72 1115.320353 

34888.689 37.44 931.8560096 

56352.562 74.88 752.5716079 

2917.397001 0.234 12467.50855 

3456.239 0.468 7385.126068 

4938.0545 0.936 5275.699252 

6419.87 1.872 3429.417735 

9024.273 3.744 2410.329327 

13694.237 7.488 1828.824386 

21238.025 14.976 1418.137353 

34260.04001 29.952 1143.831464 

55185.071 59.904 921.2251436 

82755.82001 119.808 690.7370126 

3097.010999 0.0234 132350.8974 
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4444.116 0.0468 94959.74359 

5476.8965 0.0936 58513.8515 

6419.87 0.1872 34294.17735 

7632.264501 0.3744 20385.32185 

8036.395998 0.7488 10732.36645 

10012.15 1.4976 6685.463408 

12796.167 2.9952 4272.224559 

13604.43 5.9904 2271.038662 

19352.078 11.9808 1615.257579 

6734.194499 2.34 2877.860897 

9383.500999 4.68 2005.021581 

14457.5965 9.36 1544.615011 

24650.69101 18.72 1316.810417 

40546.53001 37.44 1082.973558 

64794.42 74.88 865.3100962 

3995.081001 0.234 17072.99573 

4893.150998 0.468 10455.45085 

6958.712 0.936 7434.521368 

9024.273 1.872 4820.658654 

12392.0355 3.744 3309.838542 

17106.903 7.488 2284.575721 

25458.954 14.976 1699.983574 

38570.776 29.952 1287.752938 

59855.035 59.904 999.1826088 

3321.5285 0.0234 141945.6624 

4578.8265 0.0468 97838.17308 

5925.9315 0.0936 63311.23397 

7362.843499 0.1872 39331.42895 

8575.238 0.3744 22903.94765 

10955.1235 0.7488 14630.23972 

13245.202 1.4976 8844.285524 

16927.289 2.9952 5651.472022 

17376.324 5.9904 2900.695112 

23932.235 11.9808 1997.548995 
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Table 6 Rheological Data for Suspensions of SG Solid Particles in SNP Dispersion with SNP Concentration of 

14.83 wt%. 

 Shear Stress (mPa) Shear Rate ( 𝒔−𝟏)  Viscosity (mPa.s) 
SNP, 14.83 wt% 

1024.1175 51.069 20.05360395 

2013.6675 102.138 19.71516478 

3052.695 153.207 19.92529715 

6070.8225 306.414 19.81248409 

3349.56 170.23 19.67667274 

6714.03 340.46 19.72046643 

10029.0225 510.69 19.6381807 

19875.045 1021.38 19.45901134 

11413.36 340.46 33.52335076 

14545.36 510.69 28.48177955 

24985.36 1021.38 24.46235485 

3995.081 149.76 26.67655582 

6689.291 299.52 22.33337006 

12616.553 599.04 21.06128639 

41803.828 1198.08 34.8923511 

3231.7215 119.808 26.97417117 

6727.95 230.4 29.20117188 

SG, 5 wt%+ SNP, 14.83 wt% 

1222.0275 51.069 23.92894907 

2409.4875 102.138 23.5905099 

3300.0825 153.207 21.54002428 

6367.6875 306.414 20.78132037 

3596.9475 170.23 21.12992716 

7010.895 340.46 20.59241908 

11414.3925 510.69 22.35092228 

22893.1725 1021.38 22.41396199 

12457.36 340.46 36.58979028 

15589.36 510.69 30.52607257 

28117.36 1021.38 27.52879438 

6240.256 149.76 41.66837607 

8575.238 299.52 28.62993456 

16882.3855 599.04 28.18240101 

33137.4525 1198.08 27.65879783 

5027.8615 119.808 41.96599142 

SG, 10 wt%+ SNP, 14.83 wt% 
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1568.37 51.069 30.71080303 

3052.695 102.138 29.88794572 

4091.7225 153.207 26.70715111 

7654.1025 306.414 24.97961092 

4289.6325 170.23 25.19903953 

9336.3375 340.46 27.42271486 

14234.61 510.69 27.87328908 

29275.77 1021.38 28.662956 

14545.36 340.46 42.72266933 

18721.36 510.69 36.65895161 

35425.36 1021.38 34.68381993 

3231.7215 74.88 43.15867388 

5881.028 149.76 39.26968483 

10057.0535 299.52 33.57723524 

19621.499 599.04 32.75490618 

54017.58 1198.08 45.08678886 

4578.8265 119.808 38.21803636 

SG, 15 wt%+ SNP, 14.83 wt% 

2211.5775 51.069 43.30567468 

3943.29 102.138 38.60747224 

4537.02 153.207 29.61365995 

10127.9775 306.414 33.05324659 

5427.615 170.23 31.88400987 

10919.6175 340.46 32.073129 

17252.7375 510.69 33.78319039 

11413.36 170.23 67.04670152 

17677.36 340.46 51.9219879 

22897.36 510.69 44.83612368 

43777.36 1021.38 42.86099199 

6419.87 74.88 85.73544338 

11179.641 149.76 74.65038061 

15400.57 299.52 51.41750134 

24381.27 599.04 40.70057091 

45036.88 1198.08 37.59087874 

6599.484 59.904 110.1676683 

9922.343 119.808 82.81870159 

SG, 20 wt%+ SNP, 14.83 wt% 

2854.785 51.069 55.90054632 

3547.47 102.138 34.73212712 

5279.1825 153.207 34.45784135 



74 
 

11364.915 306.414 37.09006442 

5922.39 170.23 34.79051871 

13690.3575 340.46 40.21135376 

22546.83 510.69 44.14973859 

14545.36 170.23 85.44533866 

22897.36 340.46 67.25418551 

31249.36 510.69 61.1904678 

57349.36 1021.38 56.14889659 

7407.747 74.88 98.92824519 

13335.009 149.76 89.04252804 

16298.64 299.52 54.41586538 

33541.584 599.04 55.99222756 

54915.65 1198.08 45.83637987 

6779.098 59.904 113.1660323 

11089.834 119.808 92.56338475 

SG, 25 wt%+ SNP, 14.83 wt% 

4289.6325 51.069 83.99679845 

7208.805 102.138 70.57906949 

8297.31 153.207 54.15751239 

16856.9175 306.414 55.01353561 

529.3425 10.2138 51.82620572 

9237.3825 170.23 54.26412794 

18390.72 340.46 54.01727075 

17677.36 170.23 103.8439758 

31249.36 340.46 91.7857017 

42733.36 510.69 83.67769097 

79273.36 1021.38 77.61397325 

7317.94 74.88 97.72889957 

13604.43 149.76 90.84154647 

22585.13 299.52 75.40441373 

45485.915 599.04 75.93134849 

71080.91 1198.08 59.3290181 

6060.642 59.904 101.1725761 

11314.3515 119.808 94.43736228 

SG, 28 wt%+ SNP, 14.83 wt% 

232.4775 3.06414 75.87039104 

4141.2 51.069 81.09028961 

7406.715 102.138 72.51674205 

10771.185 153.207 70.30478372 

22992.1275 306.414 75.03615207 
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232.4775 5.1069 45.52223462 

578.82 10.2138 56.67038712 

11216.4825 170.23 65.89016331 

22645.785 340.46 66.51525877 

6330.063 37.44 169.0721955 

11538.869 74.88 154.0981437 

20968.604 149.76 140.0147169 

31565.83 299.52 105.3880542 

44138.81 599.04 73.68257545 

69284.77 1198.08 57.82983607 

5566.7035 14.976 371.7082999 

9114.08 29.952 304.2895299 

14682.114 59.904 245.0940505 

18004.973 119.808 150.2818927 

SG, 31 wt%+ SNP, 14.83 wt% 

3501.1425 9.36 374.0536859 

6150.449 18.72 328.5496261 

11359.255 37.44 303.3989049 

20699.183 74.88 276.4313969 

37493.092 149.76 250.3545139 

64794.42 299.52 216.327524 

3411.3355 7.488 455.5736512 

6419.87 14.976 428.6772169 

10640.799 29.952 355.2617188 

18903.043 59.904 315.5556056 

33272.163 119.808 277.7123648 

5072.765 11.9808 423.4078693 

183 1.53207 119.4462394 

479.865 3.06414 156.6067477 

6417.165 51.069 125.6567585 

11068.05 102.138 108.3636844 

14234.61 153.207 92.9109636 

925.1625 5.1069 181.1593139 

1964.19 10.2138 192.3074664 

18737.0625 170.23 110.0690977 

SG, 34 wt%+ SNP, 14.83 wt% 

281.955 1.53207 184.0353248 

727.2525 3.06414 237.3431044 

8495.22 51.069 166.3478823 

13146.105 102.138 128.7092463 
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17895.945 153.207 116.8089252 

529.3425 5.1069 103.6524114 

1172.55 10.2138 114.8005639 

18440.1975 170.23 108.3251924 

5342.186 18.72 285.3731838 

10012.15 37.44 267.4185363 

18543.815 74.88 247.647102 

34170.233 149.76 228.1666199 

61202.14 299.52 204.3340678 

5431.993 14.976 362.7132078 

9473.308 29.952 316.2829861 

16029.219 59.904 267.5817808 

29320.655 119.808 244.7303602 

4533.923 11.9808 378.4324085 

4399.2125 9.36 470.0013355 

7228.133 18.72 386.1182158 

13335.009 37.44 356.1701122 

24560.884 74.88 328.0032585 

45485.915 149.76 303.725394 

78265.47 299.52 261.3029848 

4623.73 7.488 617.4853098 

8665.045 14.976 578.5954193 

13155.395 29.952 439.2159121 

22585.13 59.904 377.0220686 

38930.004 119.808 324.9365986 

3905.274 5.9904 651.9220753 

6599.484 11.9808 550.8383413 

SG, 37 wt%+ SNP, 14.83 wt% 

875.685 1.53207 571.5698369 

1865.235 3.06414 608.7303452 

15619.98 51.069 305.8603066 

22546.83 102.138 220.7486929 

1419.9375 5.1069 278.0429419 

2953.74 10.2138 289.1910944 

5836.1245 9.36 623.5175748 

9608.0185 18.72 513.2488515 

17106.903 37.44 456.9151442 

30218.725 74.88 403.5620326 

52670.475 149.76 351.6992188 

85450.03 299.52 285.2898972 
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3725.66 3.744 995.1014957 

5611.607 7.488 749.413328 

9293.694 14.976 620.572516 

16568.061 29.952 553.153746 

27075.48 59.904 451.9811699 

47371.862 119.808 395.3981537 

5072.765 5.9904 846.8157385 

8485.431 11.9808 708.2524539 

3995.081 4.68 853.6497863 

6958.712 9.36 743.4521368 

12616.553 18.72 673.9611645 

22944.358 37.44 612.8300748 

40995.565 74.88 547.4835069 

65692.49 149.76 438.6517762 

5791.221 3.744 1546.800481 

9922.343 7.488 1325.099225 

16478.254 14.976 1100.310764 

27075.48 29.952 903.9623397 

45845.143 59.904 765.310213 

67488.63 119.808 563.3065405 

5791.221 2.9952 1933.500601 

8485.431 5.9904 1416.504908 

13424.816 11.9808 1120.527511 

SG, 40 wt%+ SNP, 14.83 wt% 

1865.235 1.53207 1217.46069 

3448.515 3.06414 1125.443028 

4635.975 5.1069 907.7865241 

8693.13 10.2138 851.116137 

6330.063 4.68 1352.577564 

10057.0535 9.36 1074.471528 

16657.868 18.72 889.8433761 

28422.585 37.44 759.1502404 

47282.055 74.88 631.4377003 

77277.593 149.76 516.0095686 

6195.3525 3.744 1654.741587 

9563.115 7.488 1277.125401 

15580.184 14.976 1040.343483 

25728.375 29.952 858.986879 

43240.74 59.904 721.8339343 

70631.875 119.808 589.5422259 
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5342.186 2.9952 1783.582399 

8216.01 5.9904 1371.529447 

13784.044 11.9808 1150.511151 

5970.835 4.68 1275.819444 

9877.4395 9.36 1055.281998 

17196.71 18.72 918.6276709 

28871.62 37.44 771.1436966 

49886.458 74.88 666.2187233 

80959.68 149.76 540.5961538 

4354.309 1.872 2326.019765 

6644.3875 3.744 1774.676149 

10146.8605 7.488 1355.082866 

16298.64 14.976 1088.317308 

27614.322 29.952 921.952524 

45934.95 59.904 766.809395 

75571.26 119.808 630.7697316 

3950.1775 1.4976 2637.671942 

5701.414 2.9952 1903.51696 

9203.887 5.9904 1536.43947 

14502.5 11.9808 1210.478432 

SG, 42 wt%+ SNP, 14.83 wt% 

4932.84 1.53207 3219.722336 

6911.94 3.06414 2255.752022 

8594.175 5.1069 1682.855548 

12354.465 10.2138 1209.585561 

13501.36 5.1069 2643.748654 

22897.36 10.2138 2241.806184 

101197.36 170.23 594.4742995 

158617.36 340.46 465.8913235 

209773.36 510.69 410.7645734 

8305.817 2.34 3549.494444 

11089.834 4.68 2369.62265 

17106.903 9.36 1827.660577 

27524.515 18.72 1470.326656 

41624.214 37.44 1111.757853 

62100.21 74.88 829.3297276 

3321.5285 0.234 14194.56624 

4174.695 0.468 8920.288462 

5970.835 0.936 6379.097222 

8216.01 1.872 4388.894231 
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12077.711 3.744 3225.884348 

18274.394 7.488 2440.490652 

26267.217 14.976 1753.954127 

39648.46 29.952 1323.733307 

58956.965 59.904 984.1907886 

86258.293 119.808 719.971062 

3141.9145 0.0936 33567.46261 

3860.3705 0.1872 20621.63729 

4713.537 0.3744 12589.57532 

6060.642 0.7488 8093.80609 

8216.01 1.4976 5486.117788 

11359.255 2.9952 3792.486311 

16523.1575 5.9904 2758.27282 

23932.235 11.9808 1997.548995 

9024.273 2.34 3856.526923 

11987.904 4.68 2561.517949 

16747.675 9.36 1789.281517 

26895.866 18.72 1436.744979 

40995.565 37.44 1094.967014 

62010.403 74.88 828.1303819 

3950.1775 0.234 16881.10043 

4668.6335 0.468 9975.712607 

6150.449 0.936 6570.992521 

8395.624 1.872 4484.84188 

11853.1935 3.744 3165.917067 

17331.4205 7.488 2314.559362 

26357.024 14.976 1759.950855 

39558.653 29.952 1320.734943 

58507.93 59.904 976.6948785 

82755.82 119.808 690.7370126 

3141.9145 0.0936 33567.46261 

3815.467 0.1872 20381.76816 

4578.8265 0.3744 12229.77163 

5836.1245 0.7488 7793.969685 

7766.975 1.4976 5186.281384 

10910.22 2.9952 3642.568109 

15894.5085 5.9904 2653.330078 

26985.673 11.9808 2252.409939 

SG, 44 wt%+ SNP, 14.83 wt% 

17677.36 5.1069 3461.46586 
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26029.36 10.2138 2548.450136 

156529.36 170.23 919.5168889 

18094.78 2.34 7732.811966 

23662.814 4.68 5056.156838 

33541.584 9.36 3583.502564 

50874.335 18.72 2717.6461 

71889.173 37.44 1920.1168 

10101.957 0.234 43170.75641 

11359.255 0.468 24271.91239 

14143.272 0.936 15110.33333 

18004.973 1.872 9618.041132 

23662.814 3.744 6320.196047 

32374.093 7.488 4323.463275 

47955.6075 14.976 3202.163962 

67398.823 29.952 2250.227798 

5701.414 0.0234 243650.1709 

6599.484 0.0468 141014.6154 

7497.554 0.0936 80102.07265 

8979.3695 0.1872 47966.71741 

11269.448 0.3744 30100.02137 

13784.044 0.7488 18408.17842 

17555.938 1.4976 11722.71501 

23213.779 2.9952 7750.326856 

30577.953 5.9904 5104.492688 

42881.512 11.9808 3579.186031 

18184.587 2.34 7771.191026 

23662.814 4.68 5056.156838 

34170.233 9.36 3650.665919 

48539.353 18.72 2592.914156 

71978.98 37.44 1922.515491 

9563.115 0.234 40868.01282 

10550.992 0.468 22544.8547 

13613.4107 0.936 14544.2422 

17555.938 1.872 9378.172009 

23483.2 3.744 6272.222222 

33721.198 7.488 4503.365118 

48808.774 14.976 3259.132879 

66590.56 29.952 2223.242521 

6060.642 0.0234 259001.7949 

7766.975 0.0468 165961.0043 



81 
 

9114.08 0.0936 97372.64957 

10820.413 0.1872 57801.3515 

12706.36 0.3744 33937.92735 

16208.833 0.7488 21646.41159 

19172.464 1.4976 12802.12607 

23213.779 2.9952 7750.326856 

30847.374 5.9904 5149.468149 

43240.74 11.9808 3609.169671 

SG, 46 wt%+ SNP, 14.83 wt% 

17196.71 2.34 7349.021368 

18454.008 4.68 3943.164103 

27973.55 9.36 2988.627137 

51323.37 18.72 2741.633013 

72877.05 37.44 1946.502404 

23213.779 0.234 99204.18376 

25189.533 0.468 53823.78846 

27883.743 0.936 29790.32372 

32374.093 1.872 17293.8531 

37852.32 3.744 10110.12821 

44138.81 7.488 5894.606036 

57071.018 14.976 3810.831864 

70182.84 29.952 2343.177083 

35966.373 0.0234 1537024.487 

36325.601 0.0468 776188.0556 

37762.513 0.0936 403445.6517 

39379.039 0.1872 210358.1143 

41893.635 0.3744 111895.3926 

46294.178 0.7488 61824.48985 

50874.335 1.4976 33970.57626 

54915.65 2.9952 18334.55195 

55813.72 5.9904 9317.194177 

60753.105 11.9808 5070.872145 
 

Table 7 Rheological Data for Suspensions of SG Solid Particles in SNP Dispersion with SNP Concentration of 

19.57 wt%. 

Shear Stress (mPa)  Shear Rate ( 𝒔−𝟏)  Viscosity (mPa.s)  
SNP, 19.57 wt% 

2706.3525 51.069 52.99403748 



82 
 

5328.66 102.138 52.17118017 

8000.445 153.207 52.21983982 

15966.3225 306.414 52.10702677 

8891.04 170.23 52.22957176 

17648.5575 340.46 51.83738912 

25564.9575 510.69 50.0596399 

4982.958 74.88 66.54591346 

8934.466 149.76 59.65856036 

16478.254 299.52 55.01553819 

32733.321 599.04 54.64296374 

55364.685 1198.08 46.21117538 

4174.695 59.904 69.68975361 

7946.589 119.808 66.32769932 

11413.36 170.23 67.04670152 

20809.36 340.46 61.12130647 

30205.36 510.69 59.14617478 

53173.36 1021.38 52.06031056 

SG, 5 wt%+ SNP, 19.75 wt% 

3102.1725 51.069 60.74472772 

6021.345 102.138 58.95303413 

8841.5625 153.207 57.70991208 

16609.53 306.414 54.20617204 

9187.905 170.23 53.97347706 

19281.315 340.46 56.63312871 

28830.4725 510.69 56.45395935 

16633.36 170.23 97.71109675 

27073.36 340.46 79.51994361 

36469.36 510.69 71.41193288 

65701.36 1021.38 64.32606865 

3186.818 37.44 85.11800214 

5701.414 74.88 76.14067842 

10820.413 149.76 72.25168937 

21776.867 299.52 72.70588608 

41534.407 599.04 69.33494758 

64974.034 1198.08 54.23179921 

2378.555 29.952 79.41222623 

4533.923 59.904 75.6864817 

8754.852 119.808 73.07401843 

SG, 10 wt%+ SNP, 19.75 wt% 
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158.26125 3.06414 51.64948403 

4289.6325 51.069 83.99679845 

8445.7425 102.138 82.689523 

10919.6175 153.207 71.27362 

21705.7125 306.414 70.83786152 

232.4775 5.1069 45.52223462 

628.2975 10.2138 61.51456852 

12107.0775 170.23 71.12187922 

23932.2 340.46 70.29372026 

9669.485844 87.92291667 109.9768548 

13562.69426 142.98775 94.85214122 

11778.67052 140.762375 83.67769097 

9540.848327 121.3290833 78.63611976 

5252.379 37.44 140.2879006 

9563.115 74.88 127.7125401 

18184.587 149.76 121.4248598 

34170.233 299.52 114.08331 

57609.86 599.04 96.17030582 

4893.151 29.952 163.3664196 

8395.624 59.904 140.1513088 

14861.728 119.808 124.0462073 

SG, 15 wt%+ SNP, 19.75 wt% 

232.4775 3.06414 75.87039104 

5773.9575 51.069 113.0618869 

11216.4825 102.138 109.8169388 

13344.015 153.207 87.09794592 

25861.8225 306.414 84.40156945 

281.955 5.1069 55.21059743 

776.73 10.2138 76.04711273 

14383.0425 170.23 84.49181989 

28335.6975 340.46 83.2276846 

22897.36 170.23 134.508371 

41689.36 340.46 122.4500969 

57349.36 510.69 112.2977932 

103285.36 1021.38 101.1233429 

5342.186 37.44 142.6865919 

9563.115 74.88 127.7125401 

18004.973 149.76 120.2255142 

32823.128 299.52 109.5857639 

62818.666 599.04 104.8655616 
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4219.5985 29.952 140.8786892 

7856.782 59.904 131.1562166 

14861.728 119.808 124.0462073 

SG, 20 wt%+ SNP, 19.75 wt% 

183 1.53207 119.4462394 

479.865 3.06414 156.6067477 

8049.9225 51.069 157.6283558 

12898.7175 102.138 126.2871556 

17895.945 153.207 116.8089252 

479.865 5.1069 93.96404864 

1123.0725 10.2138 109.9563825 

19627.6575 170.23 115.3008136 

34381.36 170.23 201.9700405 

46909.36 340.46 137.7822945 

64657.36 510.69 126.6078443 

134605.36 1021.38 131.7877382 

4219.5985 18.72 225.4059028 

7587.361 37.44 202.6538729 

14502.5 74.88 193.6765491 

26716.252 149.76 178.3937767 

41893.635 299.52 139.8692408 

83294.662 599.04 139.0469117 

3546.046 14.976 236.7819177 

6330.063 29.952 211.3402444 

12167.518 59.904 203.1169538 

22944.358 119.808 191.5093984 

SG, 25 wt%+ SNP, 19.75 wt% 

479.865 1.53207 313.2134955 

1024.1175 3.06414 334.2267325 

11661.78 51.069 228.3534042 

18588.63 102.138 181.9952417 

23932.2 153.207 156.2082672 

727.2525 5.1069 142.4058627 

1568.37 10.2138 153.5540152 

26158.6875 170.23 153.6667303 

43777.36 170.23 257.1659519 

71965.36 340.46 211.3768431 

99109.36 510.69 194.0695138 

174277.36 1021.38 170.6293054 
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3635.853 9.36 388.4458333 

5970.835 18.72 318.9548611 

11269.448 37.44 301.0002137 

21687.06 74.88 289.6241987 

39648.46 149.76 264.7466613 

73326.085 299.52 244.8119825 

5791.221 14.976 386.7001202 

10461.185 29.952 349.2649907 

19082.657 59.904 318.5539697 

34260.04 119.808 285.9578659 

4713.537 11.9808 393.4242288 

SG, 30 wt%+ SNP, 19.75 wt% 

875.685 1.53207 571.5698369 

1815.7575 3.06414 592.5830739 

13640.88 51.069 267.1068554 

25515.48 102.138 249.8137814 

1222.0275 5.1069 239.2894907 

2607.3975 10.2138 255.2818246 

54217.36 170.23 318.4947424 

93889.36 340.46 275.7720731 

117901.36 510.69 230.8667881 

5207.4755 9.36 556.3542201 

9742.729 18.72 520.4449252 

18274.394 37.44 488.0981303 

33721.198 74.88 450.3365118 

63357.508 149.76 423.0602831 

4668.6335 7.488 623.4820379 

8799.7555 14.976 587.5905115 

15580.184 29.952 520.1717415 

29320.655 59.904 489.4607205 

54376.808 119.808 453.8662527 

3950.1775 5.9904 659.4179854 

7138.326 11.9808 595.8138021 

SG, 35 wt%+ SNP, 19.75 wt% 

2112.6225 1.53207 1378.933404 

3893.8125 3.06414 1270.76847 

5773.9575 5.1069 1130.618869 

9781.635 10.2138 957.6881278 

11413.36 5.1069 2234.890051 
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17677.36 10.2138 1730.73293 

89713.36 170.23 527.01263 

148177.36 340.46 435.2269283 

188893.36 510.69 369.8787131 

4623.73 2.34 1975.952991 

7452.6505 4.68 1592.446688 

13155.395 9.36 1405.490919 

22495.323 18.72 1201.673237 

40277.109 37.44 1075.777484 

70362.454 74.88 939.6695246 

3860.3705 1.872 2062.163729 

6734.1945 3.744 1798.663061 

11763.3865 7.488 1570.965077 

19711.306 14.976 1316.192975 

35158.11 29.952 1173.815104 

62100.21 59.904 1036.662159 

4533.923 1.4976 3027.459268 

6958.712 2.9952 2323.287927 

10550.992 5.9904 1761.316774 

16478.254 11.9808 1375.388455 

SG, 38 wt%+ SNP, 19.75 wt% 

5922.39 1.53207 3865.61319 

8891.04 3.06414 2901.642875 

10870.14 5.1069 2128.520237 

16510.575 10.2138 1616.496798 

16111.36 5.1069 3154.821908 

27073.36 10.2138 2650.664787 

111637.36 170.23 655.8030899 

189937.36 340.46 557.8845092 

268237.36 510.69 525.2449823 

7766.975 2.34 3319.220085 

12706.36 4.68 2715.034188 

22046.288 9.36 2355.37265 

38031.934 18.72 2031.620406 

66141.525 37.44 1766.600561 

4623.73 0.936 4939.882479 

7228.133 1.872 3861.182158 

12077.711 3.744 3225.884348 

19980.727 7.488 2668.366319 

34978.496 14.976 2335.636752 
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58418.123 29.952 1950.391393 

4803.344 0.3744 12829.44444 

6060.642 0.7488 8093.80609 

8485.431 1.4976 5666.019631 

12077.711 2.9952 4032.355435 

18633.622 5.9904 3110.580596 

31565.83 11.9808 2634.701356 

SG, 41 wt%+ SNP, 19.75 wt% 

8693.13 1.53207 5674.10758 

14383.0425 3.06414 4693.989994 

18934.9725 5.1069 3707.723374 

23941.36 5.1069 4688.041669 

42733.36 10.2138 4183.884548 

230653.36 170.23 1354.951301 

19890.92 2.34 8500.393162 

29230.848 4.68 6245.907692 

42342.67 9.36 4523.78953 

68386.7 18.72 3653.135684 

6240.256 0.234 26667.76068 

8126.203 0.468 17363.68162 

11628.676 0.936 12423.79915 

17196.71 1.872 9186.276709 

26267.217 3.744 7015.816506 

31026.988 7.488 4143.561432 

62998.28 14.976 4206.615919 

5252.379 0.1872 28057.58013 

8036.396 0.3744 21464.73291 

11359.255 0.7488 15169.94525 

16568.061 1.4976 11063.07492 

24022.042 2.9952 8020.179621 

35158.11 5.9904 5869.075521 

53927.773 11.9808 4501.182976 

SG, 44 wt%+ SNP, 19.75 wt% 

318349.36 170.23 1870.113141 

470773.36 340.46 1382.756741 

44138.81 2.34 18862.73932 

54915.65 4.68 11734.11325 

22315.709 0.234 95366.27778 

25009.919 0.468 53439.99786 
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29769.69 0.936 31805.22436 

38750.39 1.872 20699.99466 

50335.493 3.744 13444.30903 

70182.84 7.488 9372.708333 

12077.711 0.0234 516141.4957 

13694.237 0.0468 292611.9017 

15490.377 0.0936 165495.4808 

19890.92 0.1872 106254.9145 

24560.884 0.3744 65600.65171 

31476.023 0.7488 42035.28713 

39379.039 1.4976 26294.76429 

47102.441 2.9952 15725.97523 

64974.034 5.9904 10846.35984 

SG, 47 wt%+ SNP, 19.75 wt% 

63447.315 2.34 27114.23718 

79612.575 4.68 17011.23397 

44138.81 0.234 188627.3932 

47282.055 0.468 101030.0321 

54466.615 0.936 58190.82799 

63896.35 1.872 34132.6656 

78265.47 3.744 20904.23878 

31565.83 0.0234 1348967.094 

34260.04 0.0468 732052.1368 

37672.706 0.0936 402486.1752 

43240.74 0.1872 230986.859 

49527.23 0.3744 132284.2682 

57520.053 0.7488 76816.3101 

64794.42 1.4976 43265.50481 

76918.365 2.9952 25680.54387 

 

Table 8 Rheological Data for Suspensions of SG Solid Particles in SNP Dispersion with SNP Concentration of 

24.71 wt%. 

 Shear Stress (mPa)  Shear Rate ( 𝒔−𝟏) Viscosity (mPa.s)   

SNP, 24.71 wt% 

430.3875 3.06414 140.4594764 

8742.6075 51.069 171.1920637 

17401.17 102.138 170.3692064 

25812.345 153.207 168.4801935 
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776.73 5.1069 152.0942255 

1667.325 10.2138 163.242378 

28484.13 170.23 167.3273219 

31249.36 170.23 183.5714034 

56305.36 340.46 165.3802502 

82405.36 510.69 161.3608255 

153397.36 1021.38 150.1863753 

3366.432 18.72 179.8307692 

6330.063 37.44 169.0721955 

12122.6145 74.88 161.8938902 

23617.9105 149.76 157.7050648 

45934.95 299.52 153.361879 

79612.575 599.04 132.9002654 

2917.397 14.976 194.804821 

5072.765 29.952 169.3631477 

9832.536 59.904 164.1382212 

19307.1745 119.808 161.1509624 

SG, 5 wt%+ SNP, 24.71 wt% 

529.3425 3.06414 172.7540191 

11068.05 51.069 216.7273689 

20023.4775 102.138 196.0433678 

925.1625 5.1069 181.1593139 

1865.235 10.2138 182.6191036 

36469.36 170.23 214.2357986 

66745.36 340.46 196.0446455 

94933.36 510.69 185.8923417 

177409.36 1021.38 173.695745 

4264.502 18.72 227.804594 

8126.203 37.44 217.0460203 

15939.412 74.88 212.8660791 

31700.5405 149.76 211.6756177 

62908.473 299.52 210.0309595 

3590.9495 14.976 239.7802818 

6599.484 29.952 220.3353365 

12930.8775 59.904 215.860001 

22046.288 119.808 184.0134882 

2917.397 11.9808 243.5060263 

SG, 10 wt%+ SNP, 24.71 wt% 

380.91 1.53207 248.6244101 
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875.685 3.06414 285.7849184 

16164.2325 51.069 316.5175057 

1518.8925 5.1069 297.4196675 

3250.605 10.2138 318.2561828 

54217.36 170.23 318.4947424 

98065.36 340.46 288.0378312 

140869.36 510.69 275.8412344 

249445.36 1021.38 244.223854 

3456.239 9.36 369.2563034 

6599.484 18.72 352.5365385 

12616.553 37.44 336.9805823 

24785.4015 74.88 331.0016226 

48269.932 149.76 322.3152511 

3186.818 7.488 425.5900107 

5656.5105 14.976 377.705028 

10416.2815 29.952 347.7658086 

20429.762 59.904 341.0417001 

39828.074 119.808 332.4325087 

4489.0195 11.9808 374.6844535 

3141.9145 9.36 335.6746261 

5881.028 18.72 314.1574786 

11179.641 37.44 298.6015224 

21282.9285 74.88 284.2271434 

41354.793 149.76 276.1404447 

78894.119 299.52 263.4018396 

28347.61219 88.38297656 320.7361111 

24518.23123 81.37719922 301.2911659 

23148.63702 79.80375781 290.0695112 

22011.19527 77.78920703 282.9595019 

3995.081 11.9808 333.4569478 

SG, 15 wt%+ SNP, 24.71 wt% 

2310.5325 3.06414 754.0557873 

3250.605 5.1069 636.5123656 

6268.7325 10.2138 613.7512483 

89713.36 170.23 527.01263 

153397.36 340.46 450.5591259 

3635.853 4.68 776.8916667 

6419.87 9.36 685.883547 

12841.0705 18.72 685.9546207 

24875.2085 37.44 664.4019364 
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47371.862 74.88 632.6370459 

88234.047 149.76 589.1696514 

3097.011 3.744 827.193109 

5656.5105 7.488 755.4100561 

10595.8955 14.976 707.5250735 

20339.955 29.952 679.0850361 

39289.232 59.904 655.8699252 

74493.576 119.808 621.7746394 

4713.537 5.9904 786.8484575 

8665.045 11.9808 723.2442742 

3546.046 4.68 757.7021368 

6330.063 9.36 676.2887821 

12436.939 18.72 664.3663996 

23752.621 37.44 634.4182959 

46743.213 74.88 624.2416266 

3231.7215 3.744 863.1734776 

5881.028 7.488 785.3936966 

11493.9655 14.976 767.4923544 

20699.183 29.952 691.0784923 

39468.846 59.904 658.8682893 

74224.155 119.808 619.5258664 

9248.7905 11.9808 771.96769 

SG, 20 wt%+ SNP, 24.71 wt% 

3349.56 3.06414 1093.148485 

4833.885 5.1069 946.5399753 

8841.5625 10.2138 865.6486812 

147133.36 170.23 864.3209775 

5072.765 4.68 1083.924145 

9114.08 9.36 973.7264957 

17780.4555 18.72 949.8106571 

33721.198 37.44 900.6730235 

63447.315 74.88 847.3199119 

4354.309 3.744 1163.009882 

7946.589 7.488 1061.243189 

14861.728 14.976 992.3696581 

28153.164 29.952 939.9427083 

53029.703 59.904 885.244775 

6689.291 5.9904 1116.668503 

12302.2285 11.9808 1026.828634 
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SG, 31 wt%+ SNP, 24.71 wt% 

6240.256 2.34 2666.776068 

10685.7025 4.68 2283.269765 

18813.236 9.36 2009.961111 

35337.724 18.72 1887.698932 

65602.683 37.44 1752.208413 

4938.0545 1.872 2637.849626 

8844.659 3.744 2362.355502 

16253.7365 7.488 2170.637887 

30128.918 14.976 2011.813435 

54915.65 29.952 1833.455195 

4084.888 1.4976 2727.622863 

7452.6505 2.9952 2488.19795 

13649.3335 5.9904 2278.534572 

24875.2085 11.9808 2076.256051 

5970.835 2.34 2551.638889 

10461.185 4.68 2235.29594 

18723.429 9.36 2000.366346 

34888.689 18.72 1863.712019 

62908.473 37.44 1680.247676 

2872.4935 0.936 3068.903312 

4982.958 1.872 2661.836538 

8844.659 3.744 2362.355502 

16119.026 7.488 2152.647703 

29859.497 14.976 1993.823251 

53029.703 29.952 1770.48955 

4264.502 1.4976 2847.557425 

7587.361 2.9952 2533.173411 

13604.43 5.9904 2271.038662 

24560.884 11.9808 2050.020366 

SG, 34 wt%+ SNP, 24.71 wt% 

8989.995 1.53207 5867.874836 

13344.015 3.06414 4354.897296 

16955.8725 5.1069 3320.188862 

26950.3275 10.2138 2638.619074 

23941.36 5.1069 4688.041669 

36469.36 10.2138 3570.596644 

9338.5975 2.34 3990.853632 

16208.833 4.68 3463.425855 
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27614.322 9.36 2950.248077 

50874.335 18.72 2717.6461 

4174.695 0.936 4460.144231 

7587.361 1.872 4053.077457 

13649.3335 3.744 3645.655315 

24246.5595 7.488 3238.055489 

43555.0645 14.976 2908.324286 

77097.979 29.952 2574.051115 

3546.046 0.7488 4735.638355 

6374.9665 1.4976 4256.788528 

11449.062 2.9952 3822.469952 

20788.99 5.9904 3470.384282 

36460.3115 11.9808 3043.228457 

10506.0885 2.34 4489.78141 

17376.324 4.68 3712.889744 

29949.304 9.36 3199.711966 

53927.773 18.72 2880.757105 

4533.923 0.936 4843.934829 

8126.203 1.872 4340.920406 

14637.2105 3.744 3909.511351 

26177.41 7.488 3495.914797 

46743.213 14.976 3121.208133 

81857.75 29.952 2732.96441 

3680.7565 0.7488 4915.540198 

6599.484 1.4976 4406.706731 

11853.1935 2.9952 3957.396334 

21687.06 5.9904 3620.302484 

38660.583 11.9808 3226.878255 

SG, 37 wt%+ SNP, 24.71 wt% 

16114.755 1.53207 10518.28898 

25713.39 3.06414 8391.715131 

36469.36 5.1069 7141.193288 

59437.36 10.2138 5819.318961 

14322.886 2.34 6120.891453 

23707.7175 4.68 5065.751603 

41085.372 9.36 4389.462821 

73685.313 18.72 3936.18125 

4264.502 0.468 9112.183761 

6734.1945 0.936 7194.652244 

12167.518 1.872 6499.742521 
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21103.3145 3.744 5636.569044 

36684.829 7.488 4899.149172 

63716.736 14.976 4254.589744 

3276.625 0.3744 8751.669338 

5970.835 0.7488 7973.871528 

10461.185 1.4976 6985.299813 

17825.359 2.9952 5951.308427 

30937.181 5.9904 5164.459969 

54062.4835 11.9808 4512.426841 

16029.219 2.34 6850.09359 

24201.656 4.68 5171.294017 

44049.003 9.36 4706.090064 

76828.558 18.72 4104.089637 

4803.344 0.468 10263.55556 

8126.203 0.936 8681.840812 

13424.816 1.872 7171.376068 

22854.551 3.744 6104.313835 

39199.425 7.488 5234.965946 

66500.753 14.976 4440.488315 

3770.5635 0.3744 10070.94952 

6509.677 0.7488 8693.4789 

10820.413 1.4976 7225.168937 

18813.236 2.9952 6281.128472 

32463.9 5.9904 5419.320913 

56172.948 11.9808 4688.580729 

SG, 40 wt%+ SNP, 24.71 wt% 

24624.885 1.53207 16072.95032 

47953.36 5.1069 9389.915604 

76141.36 10.2138 7454.753373 

38031.934 2.34 16252.96325 

55185.071 4.68 11791.68184 

83474.276 9.36 8918.19188 

13065.588 0.234 55835.84615 

16298.64 0.468 34826.15385 

23303.586 0.936 24896.99359 

33631.391 1.872 17965.48665 

50604.914 3.744 13516.26976 

77726.628 7.488 10380.15865 

5072.765 0.0234 216784.8291 

6509.677 0.0468 139095.6624 
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8395.624 0.0936 89696.83761 

11179.641 0.1872 59720.30449 

16029.219 0.3744 42813.08494 

23123.972 0.7488 30881.37286 

33182.356 1.4976 22157.0219 

48539.353 2.9952 16205.71347 

71170.717 5.9904 11880.79544 

26056.09 0.9 28951.21111 

36698.8 1.8 20388.22222 

52051.215 3.6 14458.67083 

77801.68 7.2 10805.78889 

114867.67 14.4 7976.921528 

8073.58 0.09 89706.44444 

11254.16 0.18 62523.11111 

16392.02 0.36 45533.38889 

22875.51 0.72 31771.54167 

33090.065 1.44 22979.21181 

47953.16 2.88 16650.40278 

69972.56 5.76 12148.01389 

102512.34 11.52 8898.640625 

4097.855 0.036 113829.3056 

7094.94 0.072 98540.83333 

10520.18 0.144 73056.80556 

15413.38 0.288 53518.68056 

22019.2 0.576 38227.77778 

31316.28 1.152 27184.27083 

44527.92 2.304 19326.35417 

62143.44 4.608 13485.98958 

SG, 44 wt%+ SNP, 24.71 wt% 

71889.17299 2.34 30721.8688 

24201.65599 0.234 103425.8803 

31925.058 0.468 68215.9359 

45126.687 0.936 48212.27244 

64075.964 1.872 34228.61325 

6868.905 0.0234 293542.9487 

9069.176498 0.0468 193785.8226 

12167.518 0.0936 129994.8504 

17466.131 0.1872 93301.98184 

25997.796 0.3744 69438.55769 

29096.1375 0.7488 38857.02123 
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56621.983 1.4976 37808.48224 

83564.08301 2.9952 27899.33327 

70631.87501 2.34 30184.56197 

23573.00701 0.234 100739.3462 

32194.479 0.468 68791.62179 

44767.459 0.936 47828.48184 

64614.80601 1.872 34516.4562 

5162.571999 0.0234 220622.735 

7048.518998 0.0468 150609.3803 

10101.957 0.0936 107926.891 

16568.061 0.1872 88504.59936 

25638.568 0.3744 68479.0812 

38570.776 0.7488 51510.11752 

56621.983 1.4976 37808.48224 

83115.04799 2.9952 27749.41506 

66424.99 0.9 73805.54444 

91563.80501 1.8 50868.78056 

24588.13 0.09 273201.4444 

32172.59 0.18 178736.6111 

44894.90999 0.36 124708.0833 

61654.12 0.72 85630.72222 

86854.1 1.44 60315.34722 

119883.2 2.88 41626.11111 

5443.485 0.009 604831.6667 

7033.775 0.018 390765.2778 

10030.86 0.036 278635 

15291.05 0.072 212375.6944 

23731.82001 0.144 164804.3056 

35964.81999 0.288 124877.8472 

52234.71 0.576 90685.26042 

75844.4 1.152 65837.15278 

108873.5 2.304 47254.12326 

 

 

Table 9 Rheological Data for Suspensions of SG Solid Particles in SNP Dispersion with SNP Concentration of 

29.67 wt%. 

 Shear Stress (mPa)  Shear Rate ( 𝒔−𝟏) Viscosity (mPa.s)    
SNP, 29.67 wt% 
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677.775 1.53207 442.3916662 

1024.1175 3.06414 334.2267325 

25762.8675 51.069 504.4717441 

2557.92 5.1069 500.8752864 

5229.705 10.2138 512.0234389 

83449.36 170.23 490.2153557 

153397.36 340.46 450.5591259 

218125.36 510.69 427.1189175 

395605.36 1021.38 387.3243651 

4623.73 9.36 493.9882479 

9742.729 18.72 520.4449252 

18004.973 37.44 480.9020566 

36056.18 74.88 481.5194979 

71529.945 149.76 477.6305088 

3995.081 7.488 533.5311165 

8036.396 14.976 536.6183226 

14233.079 29.952 475.1962807 

28871.62 59.904 481.9648104 

58418.123 119.808 487.5978482 

6060.642 11.9808 505.8628806 

7645.425 14.4 530.9322917 

15168.72 28.8 526.6916667 

28930.845 57.6 502.2716146 

56271.6 115.2 488.46875 

106671.56 230.4 462.9842014 

5993.97 11.52 520.3098958 

11926.975 23.04 517.6638455 

23548.325 46.08 511.0313585 

SG, 5 wt%+ SNP, 29.67 wt% 

875.685 1.53207 571.5698369 

1964.19 3.06414 641.0248879 

3300.0825 5.1069 646.2007284 

6615.075 10.2138 647.6605181 

9325.36 10.2138 913.0157238 

99109.36 170.23 582.2085414 

185761.36 340.46 545.6187511 

270325.36 510.69 529.3335683 

6240.256 9.36 666.6940171 

11898.097 18.72 635.5821047 

23213.779 37.44 620.0261485 
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45485.915 74.88 607.4507879 

88054.433 149.76 587.9703058 

4803.344 7.488 641.4722222 

9383.501 14.976 626.5692441 

18274.394 29.952 610.1226629 

36056.18 59.904 601.8993723 

71799.366 119.808 599.2869091 

3905.274 5.9904 651.9220753 

7317.94 11.9808 610.8056223 

6911.445 14.4 479.9614583 

13456.1 28.8 467.2256944 

25933.76 57.6 450.2388889 

50522.09 115.2 438.559809 

84896.82 230.4 368.4757813 

5382.32 11.52 467.2152778 

10642.51 23.04 461.9144965 

20918.23 46.08 453.9546441 

SG, 10 wt%+ SNP, 29.67 wt% 

1271.505 1.53207 829.9261783 

2607.3975 3.06414 850.9394153 

4289.6325 5.1069 839.9679845 

8544.6975 10.2138 836.5835928 

13501.36 10.2138 1321.874327 

130429.36 170.23 766.1949128 

236917.36 340.46 695.8742877 

328789.36 510.69 643.8139772 

5342.186 4.68 1141.492735 

9114.08 9.36 973.7264957 

18364.201 18.72 980.9936432 

36505.215 37.44 975.0324519 

71978.98 74.88 961.2577457 

4399.2125 3.744 1175.003339 

7677.168 7.488 1025.262821 

15131.149 14.976 1010.359842 

29769.69 29.952 993.9132612 

59585.614 59.904 994.6850628 

3725.66 2.9952 1243.87687 

6554.5805 5.9904 1094.180773 

12436.939 11.9808 1038.072499 

3669.7 3.6 1019.361111 
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6238.63 7.2 866.4763889 

11926.975 14.4 828.2621528 

22875.51 28.8 794.2885417 

43855.105 57.6 761.3733507 

83428.86 115.2 724.2088542 

5015.33 5.76 870.7170139 

9602.705 11.52 833.5681424 

18410.465 23.04 799.0653212 

35353.17 46.08 767.2128906 

4159.02 4.608 902.5651042 

SG, 15 wt%+ SNP, 29.67 wt% 

1815.7575 1.53207 1185.166148 

3646.425 3.06414 1190.032113 

5971.8675 5.1069 1169.37232 

10944.35625 10.2138 1071.526391 

9325.36 5.1069 1826.031448 

15589.36 10.2138 1526.303628 

171145.36 170.23 1005.377196 

269281.36 340.46 790.9339129 

3501.1425 2.34 1496.214744 

5746.3175 4.68 1227.84562 

11044.9305 9.36 1180.013942 

20699.183 18.72 1105.725588 

42342.67 37.44 1130.947382 

82037.364 74.88 1095.584455 

4803.344 3.744 1282.944444 

9158.9835 7.488 1223.154848 

16747.675 14.976 1118.300948 

34260.04 29.952 1143.831464 

67488.63 59.904 1126.613081 

3905.274 2.9952 1303.844151 

6958.712 5.9904 1161.643964 

13963.658 11.9808 1165.502971 

3792.03 3.6 1053.341667 

7217.27 7.2 1002.398611 

13945.42 14.4 968.4319444 

27401.72 28.8 951.4486111 

53152.185 57.6 922.7809896 

100677.39 115.2 873.9356771 

5871.64 5.76 1019.381944 
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11376.49 11.52 987.5425347 

22386.19 23.04 971.6228299 

43610.445 46.08 946.4072266 

4831.835 4.608 1048.575304 

SG, 20 wt%+ SNP, 29.67 wt% 

3399.0375 1.53207 2218.591513 

6367.6875 3.06414 2078.132037 

10276.41 5.1069 2012.259884 

19578.18 10.2138 1916.836045 

15589.36 5.1069 3052.607257 

26029.36 10.2138 2548.450136 

205597.36 170.23 1207.762204 

380989.36 340.46 1119.042942 

5072.765 2.34 2167.848291 

8799.7555 4.68 1880.289637 

16433.3505 9.36 1755.69984 

31476.023 18.72 1681.411485 

60304.07 37.44 1610.68563 

4129.7915 1.872 2206.085203 

7587.361 3.744 2026.538729 

13245.202 7.488 1768.857105 

26536.638 14.976 1771.944311 

48629.16 29.952 1623.569712 

3366.432 1.4976 2247.884615 

5970.835 2.9952 1993.467882 

10550.992 5.9904 1761.316774 

20429.762 11.9808 1705.2085 

7156.105 3.6 1987.806944 

13823.09 7.2 1919.873611 

26790.07 14.4 1860.421528 

51378.4 28.8 1783.972222 

96518.17 57.6 1675.662674 

3058.05 1.44 2123.645833 

6055.135 2.88 2102.477431 

11498.82 5.76 1996.322917 

22263.86 11.52 1932.626736 

42203.65 23.04 1831.755642 

80370.61 46.08 1744.153863 

4709.505 2.304 2044.05599 

9602.705 4.608 2083.920356 
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SG, 25 wt%+ SNP, 29.67 wt% 

7901.49 1.53207 5157.394897 

15224.16 3.06414 4968.493607 

25416.525 5.1069 4976.898901 

23941.36 5.1069 4688.041669 

48997.36 10.2138 4797.172453 

293293.36 170.23 1722.924044 

458245.36 340.46 1345.959467 

6868.905 2.34 2935.429487 

13290.1055 4.68 2839.766132 

23213.779 9.36 2480.104594 

46473.792 18.72 2482.574359 

85450.03 37.44 2282.319177 

3501.1425 0.936 3740.536859 

5342.186 1.872 2853.731838 

10820.413 3.744 2890.067575 

19441.885 7.488 2596.405582 

37403.285 14.976 2497.548411 

70182.84 29.952 2343.177083 

5162.572 1.4976 3447.230235 

8844.659 2.9952 2952.944378 

16029.219 5.9904 2675.817808 

30308.532 11.9808 2529.758614 

3486.205 0.9 3873.561111 

6544.455 1.8 3635.808333 

12599.79 3.6 3499.941667 

23731.82 7.2 3296.086111 

46362.87 14.4 3219.64375 

87221.09 28.8 3028.510069 

5321.155 1.44 3695.246528 

10520.18 2.88 3652.840278 

19817.26 5.76 3440.496528 

38411.42 11.52 3334.324653 

72174.5 23.04 3132.573785 

4342.515 1.152 3769.544271 

8562.9 2.304 3716.536458 

16208.525 4.608 3517.475043 

SG, 28 wt%+ SNP, 29.67 wt% 

10523.7975 1.53207 6869.005659 
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18638.1075 3.06414 6082.655329 

27296.67 5.1069 5345.056688 

37513.36 5.1069 7345.622589 

61525.36 10.2138 6023.748262 

358021.36 170.23 2103.162545 

13155.395 2.34 5621.963675 

22809.6475 4.68 4873.856303 

43510.161 9.36 4648.521474 

79253.347 18.72 4233.618964 

3635.853 0.468 7768.916667 

5701.414 0.936 6091.254274 

10191.764 1.872 5444.318376 

18813.236 3.744 5024.902778 

34798.882 7.488 4647.286592 

65692.49 14.976 4386.517762 

2827.59 0.3744 7552.323718 

5072.765 0.7488 6774.525908 

9158.9835 1.4976 6115.774239 

16837.482 2.9952 5621.488381 

30128.918 5.9904 5029.533587 

55813.72 11.9808 4658.597089 

6483.29 0.9 7203.655556 

11621.15 1.8 6456.194444 

22508.52 3.6 6252.366667 

40001.71 7.2 5555.793056 

74131.78 14.4 5148.040278 

5198.825 0.72 7220.590278 

10092.025 1.44 7008.350694 

18899.785 2.88 6562.425347 

34680.355 5.76 6020.894965 

63672.565 11.52 5527.132378 

113032.72 23.04 4905.934028 

4403.68 0.576 7645.277778 

8257.075 1.152 7167.599826 

15352.215 2.304 6663.28776 

28258.03 4.608 6132.384983 

SG, 31 wt%+ SNP, 29.67 wt% 

18489.675 1.53207 12068.42703 

43777.36 5.1069 8572.198398 

74053.36 10.2138 7250.324071 
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23662.814 2.34 10112.31368 

39828.074 4.68 8510.272222 

71978.98 9.36 7690.061966 

4354.309 0.234 18608.15812 

6150.449 0.468 13141.98504 

10236.6675 0.936 10936.61058 

18543.815 1.872 9905.884081 

33361.97 3.744 8910.782585 

61202.14 7.488 8173.362714 

4264.502 0.3744 11390.2297 

8350.7205 0.7488 11152.13742 

15400.57 1.4976 10283.50027 

28781.813 2.9952 9609.312567 

52850.089 5.9904 8822.464109 

11131.83 0.9 12368.7 

20184.25 1.8 11213.47222 

35781.325 3.6 9939.256944 

66180.33 7.2 9191.7125 

115846.31 14.4 8044.882639 

5076.495 0.36 14101.375 

9480.375 0.72 13167.1875 

17615.32 1.44 12232.86111 

31989.095 2.88 11107.32465 

56026.94 5.76 9726.899306 

98475.45 11.52 8548.216146 

3853.195 0.288 13379.14931 

7645.425 0.576 13273.30729 

14312.41 1.152 12423.96701 

26423.08 2.304 11468.35069 

47830.83 4.608 10379.95443 

SG, 34 wt%+ SNP, 29.67 wt% 

78229.36 5.1069 15318.36535 

135649.36 10.2138 13280.98847 

7766.975 0.234 33192.20085 

12032.8075 0.468 25711.12714 

19980.727 0.936 21346.93056 

35068.303 1.872 18733.06784 

58867.158 3.744 15723.06571 

3007.204 0.0936 32128.24786 

5162.572 0.1872 27577.84188 
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8575.238 0.3744 22903.94765 

15939.412 0.7488 21286.60791 

29141.041 1.4976 19458.49426 

49886.458 2.9952 16655.46808 

81857.75 5.9904 13664.82205 

23731.82 0.9 26368.68889 

37310.45 1.8 20728.02778 

4159.02 0.09 46211.33333 

6666.785 0.18 37037.69444 

11376.49 0.36 31601.36111 

19205.61 0.72 26674.45833 

32050.26 1.44 22257.125 

53213.35 2.88 18476.85764 

88689.05 5.76 15397.40451 

5443.485 0.144 37801.97917 

9969.695 0.288 34616.99653 

17492.99 0.576 30369.77431 

28747.35 1.152 24954.29688 

46362.87 2.304 20122.77344 

75232.75 4.608 16326.55165 

SG, 37 wt%+ SNP, 29.67 wt% 

115813.36 5.1069 22677.8202 

65692.49 2.34 28073.71368 

14727.0175 0.234 62935.97222 

22225.902 0.468 47491.24359 

36056.18 0.936 38521.55983 

59046.772 1.872 31542.07906 

4713.537 0.0234 201433.2051 

4803.344 0.0468 102635.5556 

12526.746 0.1872 66916.37821 

20160.341 0.3744 53847.06464 

32912.935 0.7488 43954.24012 

52131.633 1.4976 34810.11819 

83564.083 2.9952 27899.33327 

34374.53 0.9 38193.92222 

51990.05 1.8 28883.36111 

81471.58 3.6 22630.99444 

7584.26 0.09 84269.55556 

11621.15 0.18 64561.94444 

19083.28 0.36 53009.11111 
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30092.98 0.72 41795.80556 

47096.85 1.44 32706.14583 

73214.305 2.88 25421.63368 

114256.02 5.76 19836.11458 

5749.31 0.072 79851.52778 

9725.035 0.144 67534.96528 

16269.69 0.288 56491.97917 

26423.08 0.576 45873.40278 

41225.01 1.152 35785.59896 

64467.71 2.304 27980.77691 

100677.39 4.608 21848.39193 

SG, 40 wt%+ SNP, 29.67 wt% 

32912.935 0.234 140653.5684 

46383.985 0.468 99111.07906 

5476.8965 0.0234 234055.406 

10595.8955 0.0468 226408.0235 

15669.991 0.0936 167414.4338 

25638.568 0.1872 136958.1624 

38301.355 0.3744 102300.6277 

59855.035 0.7488 79934.60871 

87588.08 0.9 97320.08889 

27768.71 0.09 308541.2222 

37432.78 0.18 207959.8889 

56760.92 0.36 157669.2222 

80370.61 0.72 111625.8472 

115846.31 1.44 80448.82639 

22508.52 0.072 312618.3333 

33090.065 0.144 229792.1181 

49788.11 0.288 172875.3819 

72541.49 0.576 125940.0868 

103980.3 1.152 90260.67708 

SG, 42 wt%+ SNP, 29.67 wt% 

65692.49 0.234 280737.1368 

87246.17 0.468 186423.4402 

25728.375 0.0234 1099503.205 

33182.356 0.0468 709024.7009 

43689.775 0.0936 466771.1004 

58956.965 0.1872 314941.0524 

80061.61 0.3744 213839.7703 
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48320.15 0.09 536890.5556 

65446.35 0.18 363590.8333 

94193.9 0.36 261649.7222 

17370.66 0.009 1930073.333 

23120.17 0.018 1284453.889 

33028.9 0.036 917469.4444 

45017.24 0.072 625239.4444 

61164.8 0.144 424755.5556 

86120.12 0.288 299028.1944 

118415.24 0.576 205582.0139 
 

Table 10 Rheological Data for Suspensions of SG Solid Particles in SNP Dispersion with SNP Concentration 

of 34.60 wt%. 

  Shear Stress (mPa)  Shear Rate ( 𝒔−𝟏) Viscosity (mPa.s)  
SNP, 34.60 wt% 

2557.92 1.53207 1669.584288 

5031.795 3.06414 1642.155711 

8198.355 5.1069 1605.348646 

16263.1875 10.2138 1592.275891 

11413.36 5.1069 2234.890051 

18721.36 10.2138 1832.947581 

4713.537 2.34 2014.332051 

8395.624 4.68 1793.936752 

15580.184 9.36 1664.549573 

30128.918 18.72 1609.450748 

56891.404 37.44 1519.535363 

3815.467 1.872 2038.176816 

7138.326 3.744 1906.604167 

13424.816 7.488 1792.844017 

25907.989 14.976 1729.967214 

47820.897 29.952 1596.584435 

86348.1 59.904 1441.441306 

3186.818 1.4976 2127.950053 

5791.221 2.9952 1933.500601 

10910.22 5.9904 1821.284054 

21058.411 11.9808 1757.679871 

5162.572 2.34 2206.22735 

8934.466 4.68 1909.073932 

15939.412 9.36 1702.928632 



107 
 

32104.672 18.72 1714.993162 

60483.684 37.44 1615.483013 

4084.888 1.872 2182.098291 

7407.747 3.744 1978.564904 

14053.465 7.488 1876.79821 

26446.831 14.976 1765.947583 

49886.458 29.952 1665.546808 

3276.625 1.4976 2187.917334 

5970.835 2.9952 1993.467882 

11314.3515 5.9904 1888.747246 

21821.7705 11.9808 1821.395107 

SG, 5 wt%+ SNP, 34.60 wt% 

3794.8575 1.53207 2476.947855 

7307.759999 3.06414 2384.930192 

11909.1675 5.1069 2331.975856 

15589.36 5.1069 3052.607257 

26029.36 10.2138 2548.450136 

26029.36 10.2138 2548.450136 

7048.519 2.34 3012.187607 

12347.132 4.68 2638.276068 

22854.551 9.36 2441.725534 

43061.126 18.72 2300.273825 

79073.73299 37.44 2112.012099 

3141.9145 0.936 3356.746261 

5611.607 1.872 2997.653312 

10371.378 3.744 2770.133013 

19531.692 7.488 2608.399038 

36056.18 14.976 2407.597489 

65602.68301 29.952 2190.260517 

4623.73 1.4976 3087.426549 

8485.431001 2.9952 2833.009816 

15939.412 5.9904 2660.825988 

29410.46201 11.9808 2454.799513 

7317.939999 2.34 3127.324786 

12436.939 4.68 2657.465598 

21597.253 9.36 2307.398825 

41714.02101 18.72 2228.313088 

75571.26 37.44 2018.463141 

3186.818 0.936 3404.720085 

5431.992999 1.872 2901.705662 
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9922.343001 3.744 2650.198451 

18723.429 7.488 2500.457933 

34439.65401 14.976 2299.656384 

63088.08699 29.952 2106.306323 

4623.73 1.4976 3087.426549 

8216.009999 2.9952 2743.058894 

15041.342 5.9904 2510.907786 

27973.55 11.9808 2334.864951 

SG, 10 wt%+ SNP, 34.60 wt% 

7703.579999 1.53207 5028.216726 

14185.1325 3.06414 4629.400909 

22447.875 5.1069 4395.597133 

23941.36 5.1069 4688.041669 

41689.36 10.2138 4081.669898 

10012.15 2.34 4278.696581 

18184.587 4.68 3885.595513 

32643.514 9.36 3487.554915 

63986.15699 18.72 3418.063942 

2827.59 0.468 6041.858974 

4264.502 0.936 4556.09188 

7946.588999 1.872 4244.972756 

14816.8245 3.744 3957.485176 

28961.427 7.488 3867.711939 

54017.58 14.976 3606.943109 

3770.5635 0.7488 5035.47476 

6599.484 1.4976 4406.706731 

12436.939 2.9952 4152.289997 

23528.1035 5.9904 3927.634799 

44498.038 11.9808 3714.112413 

10281.571 2.34 4393.833761 

18364.201 4.68 3923.974573 

33990.619 9.36 3631.476389 

66231.33199 18.72 3537.998504 

3007.204 0.468 6425.649573 

4623.73 0.936 4939.882479 

8350.7205 1.872 4460.854968 

15310.763 3.744 4089.413194 

28871.62 7.488 3855.718483 

54466.61499 14.976 3636.926749 

3815.467 0.7488 5095.442041 
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6734.1945 1.4976 4496.657652 

12571.6495 2.9952 4197.265458 

24022.042 5.9904 4010.08981 

45485.91501 11.9808 3796.567425 

SG, 15 wt%+ SNP, 34.60 wt% 

11364.915 1.53207 7418.012885 

19677.135 3.06414 6421.748027 

31249.36 5.1069 6119.04678 

53173.36 10.2138 5206.031056 

11987.904 2.34 5123.035897 

21866.674 4.68 4672.366239 

41714.021 9.36 4456.626175 

79432.96101 18.72 4243.213729 

2647.976 0.234 11316.13675 

3546.046 0.468 7577.021368 

5521.8 0.936 5899.358974 

9922.343001 1.872 5300.396902 

18813.236 3.744 5024.902778 

35337.724 7.488 4719.247329 

66051.718 14.976 4410.504674 

4264.502 0.7488 5695.11485 

7946.589001 1.4976 5306.215946 

14951.535 2.9952 4991.831931 

28871.62 5.9904 4819.648104 

55454.492 11.9808 4628.613448 

12347.132 2.34 5276.552137 

22495.323 4.68 4806.692949 

40277.109 9.36 4303.109936 

79073.73301 18.72 4224.024199 

2468.362001 0.234 10548.55556 

3635.853 0.468 7768.916667 

5431.993 0.936 5803.411325 

10101.957 1.872 5396.344551 

18543.815 3.744 4952.942041 

35427.531 7.488 4731.240785 

65961.911 14.976 4404.507946 

4803.344 0.7488 6414.722222 

8216.009999 1.4976 5486.117788 

15131.149 2.9952 5051.799212 

28602.199 5.9904 4774.672643 
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53927.773 11.9808 4501.182976 

6238.63 0.9 6931.811111 

11498.82 1.8 6388.233333 

21040.56 3.6 5844.6 

41958.99 7.2 5827.6375 

79636.63 14.4 5530.321528 

2813.39 0.36 7814.972222 

5137.66 0.72 7135.638889 

9480.375 1.44 6583.59375 

17982.31 2.88 6243.857639 

34252.2 5.76 5946.5625 

53580.34001 11.52 4651.071181 

120372.52 23.04 5224.501736 

2079.41 0.288 7220.173611 

4036.69 0.576 7008.142361 

7584.26 1.152 6583.559028 

14557.07 2.304 6318.172743 

28380.36 4.608 6158.932292 

SG, 28 wt%+ SNP, 34.60 wt% 

26801.895 1.53207 17493.9102 

42733.36 5.1069 8367.769097 

41444.6 2.34 17711.36752 

67488.63002 4.68 14420.64744 

7677.168001 0.234 32808.41026 

12436.939 0.468 26574.65598 

20699.183 0.936 22114.51175 

35337.72401 1.872 18876.98932 

60932.719 3.744 16274.76469 

2378.555001 0.0234 101647.6496 

3097.011 0.0468 66175.44872 

4264.502 0.0936 45560.9188 

6330.063 0.1872 33814.4391 

10730.606 0.3744 28660.80662 

18274.394 0.7488 24404.90652 

30847.37401 1.4976 20597.8726 

52131.63299 2.9952 17405.05909 

86348.09999 5.9904 14414.41306 

41175.179 2.34 17596.23034 

68835.73498 4.68 14708.49038 

7677.168001 0.234 32808.41026 
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12347.132 0.468 26382.76068 

20878.797 0.936 22306.40705 

35427.531 1.872 18924.96314 

59855.03499 3.744 15986.92174 

2109.134 0.0234 90133.93162 

2827.59 0.0468 60418.58974 

4174.695 0.0936 44601.44231 

6958.712 0.1872 37172.60684 

11179.641 0.3744 29860.15224 

18454.008 0.7488 24644.77564 

30757.56701 1.4976 20537.90532 

51502.984 2.9952 17195.17361 

85629.64401 5.9904 14294.4785 

19083.28 0.9 21203.64444 

30459.97001 1.8 16922.20556 

49665.78 3.6 13796.05 

74988.09 7.2 10415.0125 

3792.03 0.09 42133.66667 

5993.969999 0.18 33299.83333 

9786.2 0.36 27183.88889 

16147.36 0.72 22426.88889 

27524.05 1.44 19113.92361 

45995.88001 2.88 15970.79167 

73887.12 5.76 12827.625 

120250.19 11.52 10438.38455 

2813.39 0.072 39074.86111 

5015.330001 0.144 34828.68056 

8929.89 0.288 31006.5625 

15413.38 0.576 26759.34028 

25199.78 1.152 21874.80903 

38166.76001 2.304 16565.43403 

62755.09001 4.608 13618.72613 

SG, 31 wt%+ SNP, 34.60 wt% 

63613.36001 5.1069 12456.35513 

68386.7 2.34 29225.08547 

13784.044 0.234 58906.17094 

22944.358 0.468 49026.40598 

36505.215 0.936 39001.29808 

61920.59599 1.872 33077.24145 

3276.625 0.0234 140026.7094 
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4713.537002 0.0468 100716.6026 

7946.589 0.0936 84899.45513 

12885.974 0.1872 68835.3312 

21687.06 0.3744 57924.83974 

32553.707 0.7488 43474.50187 

53209.317 1.4976 35529.72556 

85450.03001 2.9952 28528.98972 

58507.93 2.34 25003.38889 

11269.448 0.234 48160.03419 

18813.236 0.468 40199.22222 

30398.339 0.936 32476.85791 

51952.019 1.872 27752.1469 

83923.31099 3.744 22415.41426 

3097.010999 0.0234 132350.8974 

3905.274 0.0468 83446.02564 

5701.414 0.0936 60912.54274 

8844.658999 0.1872 47247.11004 

14861.728 0.3744 39694.78632 

25458.954 0.7488 33999.67147 

42522.28399 1.4976 28393.61912 

71170.717 2.9952 23761.59088 

27157.06 0.9 30174.51111 

42203.65 1.8 23446.47222 

67281.3 3.6 18689.25 

111075.44 7.2 15427.14444 

5810.475 0.09 64560.83333 

8807.56 0.18 48930.88889 

13823.09 0.36 38397.47222 

22997.84 0.72 31941.44444 

37310.45 1.44 25910.03472 

59941.49999 2.88 20813.02083 

97741.47001 5.76 16969.00521 

2691.06 0.036 74751.66667 

4159.02 0.072 57764.16667 

7461.93 0.144 51818.95833 

12355.13 0.288 42899.75694 

20184.25 0.576 35042.10069 

32294.92 1.152 28033.78472 

51623.05999 2.304 22405.84201 

83673.51999 4.608 18158.31597 
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SG, 34 wt%+ SNP, 34.60 wt% 

22046.288 0.234 94214.90598 

35786.759 0.468 76467.43376 

57520.053 0.936 61453.04808 

3635.852999 0.0234 155378.3333 

5791.221002 0.0468 123744.0385 

10012.15 0.0936 106967.4145 

17645.745 0.1872 94261.45833 

29141.041 0.3744 77833.97703 

49257.809 0.7488 65782.3304 

79073.73299 1.4976 52800.30248 

20968.604 0.234 89609.4188 

33361.97 0.468 71286.26068 

54915.65 0.936 58670.56624 

4803.344 0.0234 205271.1111 

6599.484001 0.0468 141014.6154 

9742.728996 0.0936 104088.985 

16657.868 0.1872 88984.33761 

26446.831 0.3744 70637.90331 

45665.529 0.7488 60984.94792 

76469.33001 1.4976 51061.25134 

65813.34 0.9 73125.93333 

101166.71 1.8 56203.72778 

16025.03 0.09 178055.8889 

24832.78999 0.18 137959.9444 

37799.77 0.36 104999.3611 

59207.52 0.72 82232.66667 

91624.97 1.44 63628.45139 

4036.69 0.009 448521.1111 

5749.31 0.018 319406.1111 

9296.880001 0.036 258246.6667 

14190.08 0.072 197084.4444 

22263.86 0.144 154610.1389 

34863.84999 0.288 121055.0347 

51500.73 0.576 89410.98958 

78780.31999 1.152 68385.69444 

121351.16 2.304 52669.77431 

SG, 37 wt%+ SNP, 34.60 wt% 

36864.443 0.234 157540.3547 
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54287.00101 0.468 115997.8654 

86258.293 0.936 92156.29594 

5881.028 0.0234 251325.9829 

9652.922 0.0468 206259.0171 

16119.026 0.0936 172211.8162 

27344.901 0.1872 146073.1891 

45485.91501 0.3744 121490.1576 

73954.734 0.7488 98764.33494 

34170.23301 0.234 146026.6368 

54825.84301 0.468 117149.2372 

6060.642001 0.0234 259001.7949 

8575.238 0.0468 183231.5812 

13604.43 0.0936 145346.4744 

24291.463 0.1872 129762.0887 

40636.337 0.3744 108537.2249 

72877.05 0.7488 97325.12019 

83551.19 0.9 92834.65556 

21285.22 0.09 236502.4444 

32906.57 0.18 182814.2778 

49054.12999 0.36 136261.4722 

74988.09 0.72 104150.125 

111809.42 1.44 77645.43056 

5993.97 0.009 665996.6667 

8073.58 0.018 448532.2222 

11988.14 0.036 333003.8889 

18716.29 0.072 259948.4722 

28502.69 0.144 197935.3472 

44650.25001 0.288 155035.5903 

66669.64998 0.576 115745.9201 

99576.42 1.152 86437.86458 

SG, 40 wt%+ SNP, 34.60 wt% 

70991.10301 0.234 303380.7821 

13873.851 0.0234 592899.6154 

21327.832 0.0468 455722.906 

31116.795 0.0936 332444.391 

52760.28199 0.1872 281839.1132 

88952.50301 0.3744 237586.8136 

45628.89 0.09 506987.6667 

65324.02 0.18 362911.2222 

94560.89 0.36 262669.1389 
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10520.18 0.009 1168908.889 

15291.05 0.018 849502.7778 

23731.82 0.036 659217.2222 

36209.48 0.072 502909.4444 

54191.99 0.144 376333.2639 

81226.92001 0.288 282037.9167 

119149.22 0.576 206856.2847 
 

Appendix A.2: Rheological Data of suspensions of S-32 solo spheres in SNP dispersions 

Table 11 Rheological Data for Suspensions of S-32 Solid Particles in SNP Dispersion with SNP Concentration 

of 5 wt%. 

Shear Stress (mPa)  Shear Rate ( 𝒔−𝟏) Viscosity (mPa.s) 
SNP, 5wt% 

1172.55 340.46 3.444016918 

1766.28 510.69 3.458614815 

3201.1275 1021.38 3.134120014 

S-32, 5 wt%+SNP, 5 wt% 

2360.01 510.69 4.621218352 

2917.397 599.04 4.870120526 

S-32, 10 wt%+SNP, 5 wt% 

1766.28 306.414 5.764358025 

1964.19 340.46 5.769223991 

2557.92 510.69 5.008752864 

4883.3625 1021.38 4.781141691 

3097.011 599.04 5.169956931 

S-32, 15 wt%+SNP, 5 wt% 

1865.235 306.414 6.087303452 

2162.1 340.46 6.350525759 

2755.83 510.69 5.396287376 

5427.615 1021.38 5.314001645 

3456.239 599.04 5.769629741 

S-32, 20 wt%+SNP, 5 wt% 

2013.6675 306.414 6.571721592 

2261.055 340.46 6.641176643 

2953.74 510.69 5.783821888 

5823.435 1021.38 5.701536157 

3456.239 599.04 5.769629741 

S-32, 25 wt%+SNP, 5 wt% 
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2162.1 306.414 7.056139733 

2360.01 340.46 6.931827527 

3052.695 510.69 5.977589144 

5971.8675 1021.38 5.846861599 

3725.66 599.04 6.219384348 

S-32, 30 wt%+SNP, 5 wt% 

2360.01 306.414 7.702030586 

2557.92 340.46 7.513129296 

3250.605 510.69 6.365123656 

6367.6875 1021.38 6.234396111 

4533.923 599.04 7.56864817 

S-32, 35 wt%+SNP, 5 wt% 

2458.965 306.414 8.024976013 

2656.875 340.46 7.80378018 

6417.165 1021.38 6.282837925 

4533.923 599.04 7.56864817 

S-32, 40 wt%+SNP, 5 wt% 

2755.83 306.414 8.993812293 

2904.2625 340.46 8.53040739 

3794.8575 510.69 7.430843565 

8198.355 1021.38 8.02674323 

3725.66 599.04 6.219384348 

S-32, 45 wt%+SNP, 5 wt% 

875.685 51.069 17.14709511 

1469.415 102.138 14.38656524 

1964.19 153.207 12.82049776 

3250.605 306.414 10.60853943 

2261.055 170.23 13.28235329 

3547.47 340.46 10.41963814 

10226.9325 1021.38 10.0128576 

14545.36 1021.38 14.24088978 

8281.36 510.69 16.21602146 

S-32, 50 wt%+SNP, 5 wt% 

1716.8025 102.138 16.80865594 

2112.6225 153.207 13.78933404 

3745.38 306.414 12.22326656 

2360.01 170.23 13.86365505 

4091.7225 340.46 12.018218 

5724.48 510.69 11.20930506 
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12156.555 1021.38 11.90208835 

9325.36 510.69 18.26031448 

15589.36 1021.38 15.26303628 

S-32, 55 wt%+SNP, 5 wt% 

2162.1 102.138 21.1684192 

2953.74 153.207 19.27940629 

5526.57 306.414 18.03628424 

3250.605 170.23 19.09537097 

5872.9125 340.46 17.24993391 

8693.13 510.69 17.02232274 

17599.08 1021.38 17.23068789 

12457.36 510.69 24.39319352 

20809.36 1021.38 20.37376882 

S-32, 60 wt%+SNP, 5 wt% 

2755.83 102.138 26.98143688 

4141.2 153.207 27.03009654 

7703.58 306.414 25.14108363 

4438.065 170.23 26.07099219 

8346.7875 340.46 24.51620602 

12502.8975 510.69 24.4823621 

24674.3625 1021.38 24.1578673 

11413.36 340.46 33.52335076 

16633.36 510.69 32.57036558 

29161.36 1021.38 28.55094088 

1766.28 51.069 34.58614815 

4084.888 149.76 27.27622863 

7407.747 299.52 24.7320613 

14502.5 599.04 24.20956864 

3276.625 119.808 27.34896668 

S-32, 62 wt%+SNP, 5 wt% 

2112.6225 51.069 41.36800211 

3844.335 102.138 37.63863596 

5526.57 153.207 36.07256849 

10177.455 306.414 33.2147193 

5724.48 170.23 33.62791517 

10771.185 340.46 31.63715268 

16015.8 510.69 31.36109969 

14545.36 340.46 42.72266933 

19765.36 510.69 38.70324463 
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35425.36 1021.38 34.68381993 

4264.502 149.76 28.47557425 

7856.782 299.52 26.23124332 

16208.833 599.04 27.05801449 

48988.388 1198.08 40.88907919 

3725.66 119.808 31.09692174 

S-32, 64 wt%+SNP, 5 wt% 

2458.965 51.069 48.14985608 

4635.975 102.138 45.38932621 

6516.12 153.207 42.53147702 

12651.33 306.414 41.28835497 

7109.85 170.23 41.76613993 

13640.88 340.46 40.06602831 

20815.1175 510.69 40.75881161 

10369.36 170.23 60.91382248 

17677.36 340.46 51.9219879 

24985.36 510.69 48.92470971 

46909.36 1021.38 45.92743151 

5521.8 149.76 36.87099359 

10281.571 299.52 34.32682626 

20519.569 599.04 34.25408821 

51323.37 1198.08 42.83801583 

2827.59 59.904 47.20202324 

5072.765 119.808 42.34078693 

S-32, 66 wt%+SNP, 5 wt% 

3745.38 51.069 73.33959937 

7010.895 102.138 68.64139693 

10127.9775 153.207 66.10649318 

19528.7025 306.414 63.73306213 

10870.14 170.23 63.85560712 

21656.235 340.46 63.60874993 

26029.36 340.46 76.45350408 

37513.36 510.69 73.45622589 

71965.36 1021.38 70.4589477 

3186.818 37.44 85.11800214 

5431.993 74.88 72.54264156 

9563.115 149.76 63.85627003 

18992.85 299.52 63.41095753 

35607.145 599.04 59.44034622 
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60214.263 1198.08 50.25896685 

4623.73 59.904 77.18566373 

8216.01 119.808 68.57647236 

S-32, 68 wt%+SNP, 5 wt% 

5279.1825 51.069 103.3735241 

9979.545 102.138 97.70648534 

14383.0425 153.207 93.87979988 

29374.725 306.414 95.8661321 

15916.845 170.23 93.5019973 

18721.36 170.23 109.9768548 

34381.36 340.46 100.9850203 

50041.36 510.69 97.98774207 

95977.36 1021.38 93.96831737 

3366.432 37.44 89.91538462 

7317.94 74.88 97.72889957 

14053.465 149.76 93.83991052 

26626.445 299.52 88.89705195 

49527.23 599.04 82.6776676 

3276.625 29.952 109.3958667 

5521.8 59.904 92.17748397 

11808.29 119.808 98.56011285 

S-32, 71 wt%+SNP, 5 wt% 

13393.4925 51.069 262.262674 

25614.435 102.138 250.7826176 

1419.9375 5.1069 278.0429419 

2805.3075 10.2138 274.6585502 

44821.36 170.23 263.298831 

82405.36 340.46 242.0412383 

119989.36 510.69 234.9553741 

3860.3705 18.72 206.2163729 

8665.045 37.44 231.4381677 

15849.605 74.88 211.6667334 

31565.83 149.76 210.7761084 

59316.193 299.52 198.0375033 

3995.081 14.976 266.7655582 

7228.133 29.952 241.3238849 

15400.57 59.904 257.0875067 

27524.515 119.808 229.73854 

S-32, 73 wt%+SNP, 5 wt% 
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875.685 1.53207 571.5698369 

1716.8025 3.06414 560.2885312 

29275.77 51.069 573.25912 

2755.83 5.1069 539.6287376 

5130.75 10.2138 502.3350761 

90757.36 170.23 533.145509 

171145.36 340.46 502.6885978 

3995.081 9.36 426.8248932 

11269.448 18.72 602.0004274 

19890.92 37.44 531.2745726 

38750.39 74.88 517.4998665 

73775.12 149.76 492.6223291 

4533.923 7.488 605.4918536 

9563.115 14.976 638.5627003 

14502.5 29.952 484.1913729 

31565.83 59.904 526.9402711 

64345.385 119.808 537.070855 

3097.011 5.9904 516.9956931 

5521.8 11.9808 460.8874199 

S-32, 75 wt%+SNP, 5 wt% 

1518.8925 1.53207 991.3988917 

2706.3525 3.06414 883.233958 

4141.2 5.1069 810.9028961 

8297.31 10.2138 812.3626858 

4399.2125 4.68 940.0026709 

7317.94 9.36 781.8311966 

11359.255 18.72 606.7978098 

26177.41 37.44 699.1829594 

49527.23 74.88 661.4213408 

3186.818 3.744 851.1800214 

6868.905 7.488 917.3217147 

13963.658 14.976 932.4023771 

26177.41 29.952 873.9786993 

45036.88 59.904 751.8175748 

81857.75 119.808 683.2411024 

3456.239 2.9952 1153.925948 

5746.3175 5.9904 959.2543904 

8485.431 11.9808 708.2524539 
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Table 12 Rheological Data for Suspensions of S-32 Solid Particles in SNP Dispersion with SNP Concentration 

of 10 wt%. 

Shear Stress (mPa)  Shear Rate ( 𝒔−𝟏) Viscosity (mPa.s)  

SNP, 10wt% 

281.955 51.069 5.521059743 

628.2975 102.138 6.151456852 

974.64 153.207 6.361589222 

1964.19 306.414 6.410248879 

1123.0725 170.23 6.597382952 

2211.5775 340.46 6.495851201 

3349.56 510.69 6.558890912 

7010.895 1021.38 6.864139693 

4399.2125 599.04 7.343770867 

S-32, 5 wt%+SNP, 10 wt% 

331.4325 51.069 6.489896023 

677.775 102.138 6.635874993 

1073.595 153.207 7.007480076 

2162.1 306.414 7.056139733 

1172.55 170.23 6.888033837 

2458.965 340.46 7.222478412 

3448.515 510.69 6.752658168 

7208.805 1021.38 7.057906949 

4264.502 599.04 7.118893563 

S-32, 10 wt%+SNP, 10 wt% 

380.91 51.069 7.458732303 

677.775 102.138 6.635874993 

1123.0725 153.207 7.330425503 

2162.1 306.414 7.056139733 

1172.55 170.23 6.888033837 

2360.01 340.46 6.931827527 

3547.47 510.69 6.946425424 

7505.67 1021.38 7.348557834 

4444.116 599.04 7.418729968 

S-32, 15 wt%+SNP, 10 wt% 

430.3875 51.069 8.427568584 

875.685 102.138 8.573547553 

1271.505 153.207 8.299261783 

2458.965 306.414 8.024976013 

1370.46 170.23 8.050637373 
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2755.83 340.46 8.094431064 

4042.245 510.69 7.915261705 

8693.13 1021.38 8.51116137 

4893.151 599.04 8.16832098 

S-32, 20 wt%+SNP, 10 wt% 

430.3875 51.069 8.427568584 

925.1625 102.138 9.057965693 

1320.9825 153.207 8.62220721 

2656.875 306.414 8.670866866 

1469.415 170.23 8.631939141 

2854.785 340.46 8.385081948 

4339.11 510.69 8.496563473 

9484.77 1021.38 9.286230394 

4893.151 599.04 8.16832098 

S-32, 25 wt%+SNP, 10 wt% 

479.865 51.069 9.396404864 

925.1625 102.138 9.057965693 

1370.46 153.207 8.945152637 

2755.83 306.414 8.993812293 

1469.415 170.23 8.631939141 

2904.2625 340.46 8.53040739 

4537.02 510.69 8.884097985 

9583.725 1021.38 9.383114022 

5162.572 599.04 8.618075588 

S-32, 28 wt%+SNP, 10 wt% 

529.3425 51.069 10.36524114 

1024.1175 102.138 10.02680197 

1518.8925 153.207 9.913988917 

3052.695 306.414 9.962648573 

1716.8025 170.23 10.08519356 

3300.0825 340.46 9.693010926 

4982.3175 510.69 9.756050637 

10919.6175 1021.38 10.691043 

2917.397 299.52 9.740241052 

5656.5105 599.04 9.442625701 

S-32, 31 wt%+SNP, 10 wt% 

628.2975 51.069 12.3029137 

1222.0275 102.138 11.96447453 

1815.7575 153.207 11.85166148 
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3547.47 306.414 11.57737571 

1964.19 170.23 11.53844798 

3794.8575 340.46 11.14626535 

5823.435 510.69 11.40307231 

12651.33 1021.38 12.38650649 

3052.1075 299.52 10.18999566 

5746.3175 599.04 9.592543904 

S-32, 34 wt%+SNP, 10 wt% 

677.775 51.069 13.27174999 

1320.9825 102.138 12.93331081 

1914.7125 153.207 12.49755233 

3893.8125 306.414 12.7076847 

2112.6225 170.23 12.41040063 

4190.6775 340.46 12.30886888 

6417.165 510.69 12.56567585 

13442.97 1021.38 13.16157552 

3501.1425 299.52 11.68917768 

6599.484 599.04 11.01676683 

S-32, 37 wt%+SNP, 10 wt% 

727.2525 51.069 14.24058627 

1370.46 102.138 13.41772895 

2112.6225 153.207 13.78933404 

4190.6775 306.414 13.67652098 

2360.01 170.23 13.86365505 

4487.5425 340.46 13.18082154 

6763.5075 510.69 13.24386125 

14531.475 1021.38 14.22729542 

3546.046 299.52 11.83909589 

6779.098 599.04 11.31660323 

S-32, 40 wt%+SNP, 10 wt% 

776.73 51.069 15.20942255 

1518.8925 102.138 14.87098338 

2261.055 153.207 14.75817032 

4537.02 306.414 14.80682998 

2458.965 170.23 14.44495682 

4932.84 340.46 14.48875051 

7406.715 510.69 14.50334841 

15718.935 1021.38 15.38989896 

3905.274 299.52 13.03844151 
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7677.168 599.04 12.81578526 

S-32, 42 wt%+SNP, 10 wt% 

974.64 51.069 19.08476767 

1815.7575 102.138 17.77749222 

2656.875 153.207 17.34173373 

5427.615 306.414 17.71333882 

3102.1725 170.23 18.22341832 

5971.8675 340.46 17.5405848 

8989.995 510.69 17.60362451 

18539.1525 1021.38 18.15108236 

22897.36 1021.38 22.41806184 

S-32, 44 wt%+SNP, 10 wt% 

1024.1175 51.069 20.05360395 

1865.235 102.138 18.26191036 

2755.83 153.207 17.98762459 

5576.0475 306.414 18.19775696 

3151.65 170.23 18.5140692 

6120.3 340.46 17.97656112 

9138.4275 510.69 17.89427539 

18984.45 1021.38 18.58705869 

23941.36 1021.38 23.44020835 

S-32, 46 wt%+SNP, 10 wt% 

1073.595 51.069 21.02244023 

2112.6225 102.138 20.68400106 

3201.1275 153.207 20.89413343 

6466.6425 306.414 21.1042658 

3646.425 170.23 21.42057804 

7109.85 340.46 20.88306996 

10672.23 510.69 20.89766786 

21755.19 1021.38 21.29980027 

26029.36 1021.38 25.48450136 

3186.818 149.76 21.27950053 

5611.607 299.52 18.7353332 

11179.641 599.04 18.66259515 

S-32, 48 wt%+SNP, 10 wt% 

1271.505 51.069 24.89778535 

2360.01 102.138 23.10609176 

3596.9475 153.207 23.47769684 

7258.2825 306.414 23.68782921 
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232.4775 10.2138 22.76111731 

4141.2 170.23 24.32708688 

7950.9675 340.46 23.35360248 

12057.6 510.69 23.61040945 

24229.065 1021.38 23.72189097 

84.045 3.06414 27.42857702 

28117.36 1021.38 27.52879438 

3276.625 149.76 21.87917334 

6240.256 299.52 20.83418803 

11808.29 599.04 19.71202257 

S-32, 50 wt%+SNP, 10 wt% 

1568.37 51.069 30.71080303 

3052.695 102.138 29.88794572 

4487.5425 153.207 29.29071452 

8643.6525 306.414 28.20906519 

4932.84 170.23 28.97750103 

9484.77 340.46 27.85869118 

14135.655 510.69 27.67952182 

27692.49 1021.38 27.11281795 

30205.36 1021.38 29.57308739 

3815.467 149.76 25.4772102 

6958.712 299.52 23.23287927 

13514.623 599.04 22.56046842 

3186.818 119.808 26.59937567 

S-32, 52 wt%+SNP, 10 wt% 

2013.6675 51.069 39.43032955 

3547.47 102.138 34.73212712 

5130.75 153.207 33.48900507 

9880.59 306.414 32.24588302 

5971.8675 170.23 35.08116959 

10870.14 340.46 31.92780356 

16114.755 510.69 31.55486694 

19765.36 510.69 38.70324463 

34381.36 1021.38 33.66167342 

4354.309 149.76 29.07524706 

7946.589 299.52 26.53107973 

15580.184 599.04 26.00858707 

48180.125 1198.08 40.21444728 

3501.1425 119.808 29.22294421 
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S-32, 54 wt%+SNP, 10 wt% 

2458.965 51.069 48.14985608 

4635.975 102.138 45.38932621 

6714.03 153.207 43.82325873 

12651.33 306.414 41.28835497 

183 5.1069 35.83387182 

479.865 10.2138 46.98202432 

7307.76 170.23 42.92874346 

14135.655 340.46 41.51928274 

20864.595 510.69 40.85569524 

17677.36 340.46 51.9219879 

24985.36 510.69 48.92470971 

45865.36 1021.38 44.90528501 

3097.011 74.88 41.35965545 

5072.765 149.76 33.87262954 

9203.887 299.52 30.7287894 

18723.429 599.04 31.25572416 

54915.65 1198.08 45.83637987 

4354.309 119.808 36.34405883 

S-32, 56 wt%+SNP, 10 wt% 

183 3.06414 59.7231197 

2607.3975 51.069 51.05636492 

4833.885 102.138 47.32699877 

7109.85 153.207 46.40682214 

15125.205 306.414 49.36199064 

281.955 5.1069 55.21059743 

8891.04 170.23 52.22957176 

17401.17 340.46 51.11076191 

24624.885 510.69 48.21885097 

19765.36 340.46 58.05486694 

29161.36 510.69 57.10188177 

51085.36 1021.38 50.01601754 

3680.7565 74.88 49.15540198 

6689.291 149.76 44.66674012 

12257.325 299.52 40.92322716 

24291.463 599.04 40.55065271 

55364.685 1198.08 46.21117538 

2917.397 59.904 48.70120526 

5162.572 119.808 43.09037794 
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S-32, 58 wt%+SNP, 10 wt% 

3844.335 51.069 75.27727193 

7307.76 102.138 71.54790577 

10870.14 153.207 70.95067458 

21458.325 306.414 70.03049795 

331.4325 5.1069 64.89896023 

776.73 10.2138 76.04711273 

12057.6 170.23 70.83122834 

24031.155 340.46 70.58437114 

27073.36 340.46 79.51994361 

39601.36 510.69 77.54481192 

73009.36 1021.38 71.48109421 

5701.414 74.88 76.14067842 

10371.378 149.76 69.25332532 

19890.92 299.52 66.40932158 

38750.39 599.04 64.68748331 

4938.0545 59.904 82.43280081 

8665.045 119.808 72.32442742 

S-32, 60 wt%+SNP, 10 wt% 

331.4325 1.53207 216.3298674 

479.865 3.06414 156.6067477 

5724.48 51.069 112.0930506 

10771.185 102.138 105.4571756 

15619.98 153.207 101.9534355 

628.2975 5.1069 123.029137 

1271.505 10.2138 124.4889267 

16906.395 170.23 99.31501498 

20809.36 170.23 122.2426129 

36469.36 340.46 107.1178993 

51085.36 510.69 100.0320351 

95977.36 1021.38 93.96831737 

4174.695 37.44 111.5036058 

7407.747 74.88 98.92824519 

13963.658 149.76 93.24023771 

26985.673 299.52 90.09639757 

53568.545 599.04 89.42398671 

3456.239 29.952 115.3925948 

6150.449 59.904 102.6717581 

11628.676 119.808 97.06093082 
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S-32, 63 wt%+SNP, 10 wt% 

430.3875 1.53207 280.9189528 

7208.805 51.069 141.158139 

11364.915 102.138 111.2701933 

21804.6675 153.207 142.3216139 

1419.9375 5.1069 278.0429419 

2360.01 10.2138 231.0609176 

34381.36 170.23 201.9700405 

61525.36 340.46 180.7124479 

86581.36 510.69 169.5379976 

3815.467 18.72 203.8176816 

6509.677 37.44 173.869578 

13514.623 74.88 180.4837473 

26087.603 149.76 174.196067 

51053.949 299.52 170.4525541 

3186.818 14.976 212.7950053 

6060.642 29.952 202.3451522 

10910.22 59.904 182.1284054 

21597.253 119.808 180.2655332 

2917.397 11.9808 243.5060263 

S-32, 66 wt%+SNP, 10 wt% 

479.865 1.53207 313.2134955 

974.64 3.06414 318.0794611 

9385.815 51.069 183.7869353 

17302.215 102.138 169.4003701 

24822.795 153.207 162.0212849 

1419.9375 5.1069 278.0429419 

2458.965 10.2138 240.7492804 

34381.36 170.23 201.9700405 

55261.36 340.46 162.3138107 

79273.36 510.69 155.2279465 

145045.36 1021.38 142.0092032 

3546.046 18.72 189.4255342 

6330.063 37.44 169.0721955 

11179.641 74.88 149.3007612 

21327.832 149.76 142.4134081 

41085.372 299.52 137.1707131 

79522.768 599.04 132.7503472 

3007.204 14.976 200.8015491 
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5162.572 29.952 172.3615118 

9203.887 59.904 153.643947 

18184.587 119.808 151.7810747 

S-32, 69 wt%+SNP, 10 wt% 

974.64 1.53207 636.1589222 

1617.8475 3.06414 527.9939885 

18885.495 51.069 369.8035011 

2310.5325 5.1069 452.4334724 

4190.6775 10.2138 410.2956294 

7237.36 10.2138 708.5864223 

59437.36 170.23 349.1591376 

3815.467 9.36 407.6353632 

6779.098 18.72 362.1313034 

12616.553 37.44 336.9805823 

24291.463 74.88 324.4052217 

45934.95 149.76 306.723758 

84551.96 299.52 282.2915331 

3366.432 7.488 449.5769231 

5791.221 14.976 386.7001202 

10281.571 29.952 343.2682626 

19980.727 59.904 333.5457899 

37942.127 119.808 316.6910974 

4623.73 11.9808 385.9283186 

S-32, 72 wt%+SNP, 10 wt% 

1518.8925 1.53207 991.3988917 

2805.3075 3.06414 915.5285007 

4240.155 5.1069 830.2796217 

8148.8775 10.2138 797.8301416 

7237.36 5.1069 1417.172845 

12457.36 10.2138 1219.659676 

125209.36 170.23 735.5305175 

3546.046 4.68 757.7021368 

6330.063 9.36 676.2887821 

12885.974 18.72 688.353312 

23842.428 37.44 636.8169872 

48539.353 74.88 648.228539 

3366.432 3.744 899.1538462 

6150.449 7.488 821.3740652 

11179.641 14.976 746.5038061 
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20699.183 29.952 691.0784923 

40546.53 59.904 676.8584736 

77367.4 119.808 645.7615518 

2917.397 2.9952 974.0241052 

4803.344 5.9904 801.8402778 

8754.852 11.9808 730.7401843 

S-32, 75 wt%+SNP, 10 wt% 

3745.38 1.53207 2444.653312 

8792.085 3.06414 2869.348333 

14135.655 5.1069 2767.952182 

26406.075 10.2138 2585.333079 

12457.36 5.1069 2439.319352 

26029.36 10.2138 2548.450136 

6240.256 2.34 2666.776068 

11000.027 4.68 2350.43312 

20968.604 9.36 2240.23547 

40187.302 18.72 2146.757585 

74673.19 37.44 1994.476229 

3456.239 0.936 3692.563034 

5791.221 1.872 3093.600962 

9922.343 3.744 2650.198451 

18004.973 7.488 2404.510283 

33900.812 14.976 2263.676015 

62639.052 29.952 2091.314503 

3276.625 0.7488 4375.834669 

5252.379 1.4976 3507.197516 

9024.273 2.9952 3012.911659 

15939.412 5.9904 2660.825988 

27883.743 11.9808 2327.36904 

S-32, 77 wt%+SNP, 10 wt% 

21062.505 1.53207 13747.74325 

37513.36 5.1069 7345.622589 

62569.36 10.2138 6125.962913 

34798.882 2.34 14871.31709 

55813.72 4.68 11926.00855 

8844.659 0.234 37797.68803 

13514.623 0.468 28877.39957 

20968.604 0.936 22402.3547 

32463.9 1.872 17341.82692 
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50335.493 3.744 13444.30903 

80151.417 7.488 10703.98197 

7335.9014 0.0234 313500.0598 

9742.729 0.0468 208177.9701 

12975.781 0.0936 138630.1389 

16208.833 0.1872 86585.64637 

21417.639 0.3744 57205.23237 

26806.059 0.7488 35798.6899 

35158.11 1.4976 23476.30208 

50425.3 2.9952 16835.36993 

71080.91 5.9904 11865.80362 
 

Table 13 Rheological Data for Suspensions of S-32 Solid Particles in SNP Dispersion with SNP Concentration 

of 15 wt%. 

 Shear Stress (mPa) Shear Rate ( 𝒔−𝟏) Viscosity (mPa.s)  

SNP, 15wt% 

974.64 51.069 19.08476767 

1964.19 102.138 19.23074664 

3151.65 153.207 20.571188 

5625.525 306.414 18.35922967 

84.045 5.1069 16.45714621 

3250.605 170.23 19.09537097 

6417.165 340.46 18.84851378 

8495.22 510.69 16.63478823 

16708.485 1021.38 16.35873524 

20809.36 1021.38 20.37376882 

4848.2475 299.52 16.18672376 

9563.115 599.04 15.96406751 

S-32, 5 wt%+ SNP, 15 wt% 

1024.1175 51.069 20.05360395 

1964.19 102.138 19.23074664 

3151.65 153.207 20.571188 

5724.48 306.414 18.6821751 

84.045 5.1069 16.45714621 

3250.605 170.23 19.09537097 

6219.255 340.46 18.26721201 

8693.13 510.69 17.02232274 

18093.855 1021.38 17.71510603 
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21853.36 1021.38 21.39591533 

3007.204 149.76 20.08015491 

5342.186 299.52 17.83582399 

10281.571 599.04 17.16341313 

S-32, 10 wt%+ SNP, 15 wt% 

1073.595 51.069 21.02244023 

2162.1 102.138 21.1684192 

3052.695 153.207 19.92529715 

6070.8225 306.414 19.81248409 

84.045 5.1069 16.45714621 

3448.515 170.23 20.25797451 

6714.03 340.46 19.72046643 

9088.95 510.69 17.79739176 

18588.63 1021.38 18.19952417 

22897.36 1021.38 22.41806184 

3186.818 149.76 21.27950053 

5611.607 299.52 18.7353332 

11000.027 599.04 18.36275875 

S-32, 15 wt%+ SNP, 15 wt% 

1123.0725 51.069 21.99127651 

2112.6225 102.138 20.68400106 

3102.1725 153.207 20.24824257 

6219.255 306.414 20.29690223 

3448.515 170.23 20.25797451 

6812.985 340.46 20.01111731 

10375.365 510.69 20.31636609 

20963.55 1021.38 20.52473125 

26029.36 1021.38 25.48450136 

3007.204 149.76 20.08015491 

5701.414 299.52 19.0351696 

11179.641 599.04 18.66259515 

S-32, 20 wt%+ SNP, 15 wt% 

1419.9375 51.069 27.80429419 

2656.875 102.138 26.0126006 

3844.335 153.207 25.09242398 

7208.805 306.414 23.5263565 

4240.155 170.23 24.90838865 

7950.9675 340.46 23.35360248 

11018.5725 510.69 21.57585326 
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22348.92 1021.38 21.88110204 

27073.36 1021.38 26.50664787 

3186.818 149.76 21.27950053 

6060.642 299.52 20.23451522 

11359.255 599.04 18.96243156 

S-32, 25 wt%+ SNP, 15 wt% 

1419.9375 51.069 27.80429419 

2656.875 102.138 26.0126006 

3844.335 153.207 25.09242398 

7555.1475 306.414 24.65666549 

4141.2 170.23 24.32708688 

8346.7875 340.46 24.51620602 

12651.33 510.69 24.77301298 

25416.525 1021.38 24.88449451 

30205.36 1021.38 29.57308739 

3815.467 149.76 25.4772102 

6958.712 299.52 23.23287927 

13784.044 599.04 23.01022302 

2917.397 119.808 24.35060263 

S-32, 30 wt%+ SNP, 15 wt% 

1469.415 51.069 28.77313047 

2904.2625 102.138 28.4346913 

4388.5875 153.207 28.64482367 

8841.5625 306.414 28.85495604 

4833.885 170.23 28.39619926 

9781.635 340.46 28.73064383 

14877.8175 510.69 29.13277624 

34381.36 1021.38 33.66167342 

4444.116 149.76 29.67491987 

8305.817 299.52 27.73042535 

16657.868 599.04 27.8076055 

3456.239 119.808 28.8481487 

S-32, 35 wt%+ SNP, 15 wt% 

1815.7575 51.069 35.55498443 

3547.47 102.138 34.73212712 

5229.705 153.207 34.13489593 

10672.23 306.414 34.82944644 

5922.39 170.23 34.79051871 

11711.2575 340.46 34.39833607 
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17846.4675 510.69 34.94579393 

40645.36 1021.38 39.79455247 

4623.73 149.76 30.87426549 

9114.08 299.52 30.42895299 

17825.359 599.04 29.75654213 

3635.853 119.808 30.34733073 

S-32, 40 wt%+ SNP, 15 wt% 

133.5225 3.06414 43.57584836 

2409.4875 51.069 47.1810198 

4537.02 102.138 44.42048993 

6812.985 153.207 44.46914958 

13492.4475 306.414 44.0333911 

529.3425 10.2138 51.82620572 

7802.535 170.23 45.83525231 

14828.34 340.46 43.55383892 

22299.4425 510.69 43.66532045 

26029.36 510.69 50.96900272 

46909.36 1021.38 45.92743151 

3007.204 74.88 40.16030983 

5701.414 149.76 38.07033921 

11718.483 299.52 39.12420873 

21687.06 599.04 36.20302484 

54915.65 1198.08 45.83637987 

4533.923 119.808 37.84324085 

S-32, 45 wt%+ SNP, 15 wt% 

133.5225 3.06414 43.57584836 

2904.2625 51.069 56.8693826 

5576.0475 102.138 54.59327087 

8297.31 153.207 54.15751239 

16461.0975 306.414 53.7217539 

529.3425 10.2138 51.82620572 

9138.4275 170.23 53.68282618 

18341.2425 340.46 53.87194531 

27643.0125 510.69 54.12875228 

31249.36 510.69 61.1904678 

58393.36 1021.38 57.1710431 

4174.695 74.88 55.75180288 

7766.975 149.76 51.86281384 

14861.728 299.52 49.61848291 
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29859.497 599.04 49.84558126 

53837.966 1198.08 44.93687066 

3366.432 59.904 56.19711538 

6150.449 119.808 51.33587907 

S-32, 50 wt%+ SNP, 15 wt% 

183 1.53207 119.4462394 

281.955 3.06414 92.01766238 

4042.245 51.069 79.15261705 

7802.535 102.138 76.39208718 

11562.825 153.207 75.47191055 

23041.605 306.414 75.19762478 

479.865 5.1069 93.96404864 

875.685 10.2138 85.73547553 

13096.6275 170.23 76.9348969 

25663.9125 340.46 75.38011073 

16633.36 170.23 97.71109675 

29161.36 340.46 85.65282265 

40645.36 510.69 79.58910494 

78229.36 1021.38 76.59182674 

3007.204 37.44 80.32061966 

5431.993 74.88 72.54264156 

10191.764 149.76 68.0539797 

20070.534 299.52 67.00899439 

40187.302 599.04 67.08617455 

66410.946 1198.08 55.43114483 

4489.0195 59.904 74.93689069 

8485.431 119.808 70.82524539 

S-32, 55 wt%+ SNP, 15 wt% 

281.955 1.53207 184.0353248 

529.3425 3.06414 172.7540191 

6812.985 51.069 133.4074487 

13146.105 102.138 128.7092463 

19281.315 153.207 125.8513971 

677.775 5.1069 132.7174999 

1469.415 10.2138 143.8656524 

20666.685 170.23 121.4044822 

24985.36 170.23 146.7741291 

43777.36 340.46 128.582976 

63613.36 510.69 124.5635513 
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109549.36 1021.38 107.256222 

4354.309 37.44 116.3009882 

8395.624 74.88 112.121047 

16029.219 149.76 107.0327123 

32149.5755 299.52 107.3369909 

64165.771 599.04 107.1143346 

3411.3355 29.952 113.8934128 

6958.712 59.904 116.1643964 

13155.395 119.808 109.803978 

S-32, 58 wt%+ SNP, 15 wt% 

430.3875 1.53207 280.9189528 

677.775 3.06414 221.1958331 

9286.86 51.069 181.8492628 

17846.4675 102.138 174.7289696 

25861.8225 153.207 168.8031389 

1123.0725 5.1069 219.9127651 

1914.7125 10.2138 187.463285 

27791.445 170.23 163.2582095 

31249.36 170.23 183.5714034 

57349.36 340.46 168.4466898 

81361.36 510.69 159.3165325 

153397.36 1021.38 150.1863753 

3231.7215 18.72 172.6346955 

5791.221 37.44 154.6800481 

11089.834 74.88 148.1014156 

21956.481 149.76 146.6111178 

43150.933 299.52 144.0669505 

83564.083 599.04 139.4966663 

4938.0545 29.952 164.8656016 

9383.501 59.904 156.642311 

17825.359 119.808 148.7827107 

S-32, 61 wt%+ SNP, 15 wt% 

430.3875 1.53207 280.9189528 

727.2525 3.06414 237.3431044 

10771.185 51.069 210.9143512 

20914.0725 102.138 204.7628943 

1123.0725 5.1069 219.9127651 

2211.5775 10.2138 216.5283734 

36469.36 170.23 214.2357986 
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65701.36 340.46 192.978206 

94933.36 510.69 185.8923417 

177409.36 1021.38 173.695745 

4084.888 18.72 218.2098291 

7497.554 37.44 200.2551816 

14233.079 74.88 190.0785123 

27075.48 149.76 180.7924679 

51772.405 299.52 172.8512453 

3366.432 14.976 224.7884615 

6015.7385 29.952 200.8459702 

11404.1585 59.904 190.3739066 

21956.481 119.808 183.2638972 

S-32, 64 wt%+ SNP, 15 wt% 

529.3425 1.53207 345.5080381 

925.1625 3.06414 301.9321898 

10969.095 51.069 214.7896963 

21062.505 102.138 206.2161487 

1222.0275 5.1069 239.2894907 

2261.055 10.2138 221.3725548 

38557.36 170.23 226.5015567 

69877.36 340.46 205.243964 

99109.36 510.69 194.0695138 

3860.3705 18.72 206.2163729 

7677.168 37.44 205.0525641 

13873.851 74.88 185.2811298 

27883.743 149.76 186.1895232 

52221.44 299.52 174.3504274 

3456.239 14.976 230.7851896 

6060.642 29.952 202.3451522 

11628.676 59.904 194.1218616 

22495.323 119.808 187.7614433 

2917.397 11.9808 243.5060263 

S-32, 67 wt%+ SNP, 15 wt% 

529.3425 1.53207 345.5080381 

925.1625 3.06414 301.9321898 

11117.5275 51.069 217.6962051 

21656.235 102.138 212.0291664 

1419.9375 5.1069 278.0429419 

2557.92 10.2138 250.4376432 
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41689.36 170.23 244.9001939 

76141.36 340.46 223.6426012 

110593.36 510.69 216.556737 

4399.2125 18.72 235.0006677 

8485.431 37.44 226.6407853 

16298.64 74.88 217.6634615 

31476.023 149.76 210.1764356 

61202.14 299.52 204.3340678 

3995.081 14.976 266.7655582 

6644.3875 29.952 221.8345186 

13155.395 59.904 219.6079561 

26087.603 119.808 217.7450838 

3231.7215 11.9808 269.7417117 

S-32, 69 wt%+ SNP, 15 wt% 

529.3425 1.53207 345.5080381 

1024.1175 3.06414 334.2267325 

16114.755 51.069 315.5486694 

2112.6225 5.1069 413.6800211 

3794.8575 10.2138 371.5421782 

45865.36 170.23 269.43171 

86581.36 340.46 254.3069964 

121033.36 510.69 236.9996671 

3321.5285 9.36 354.864156 

5611.607 18.72 299.7653312 

11179.641 37.44 298.6015224 

20429.762 74.88 272.83336 

40456.723 149.76 270.1437166 

77547.014 299.52 258.9042935 

2872.4935 7.488 383.612914 

4938.0545 14.976 329.7312033 

9114.08 29.952 304.2895299 

17376.324 59.904 290.0695112 

33272.163 119.808 277.7123648 

3995.081 11.9808 333.4569478 

S-32, 71 wt%+ SNP, 15 wt% 

3250.605 1.53207 2121.707885 

7406.715 3.06414 2417.224735 

12750.285 5.1069 2496.678024 

22942.65 10.2138 2246.240381 
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14545.36 5.1069 2848.177955 

23941.36 10.2138 2344.020835 

267193.36 170.23 1569.602068 

495829.36 340.46 1456.351289 

5791.221 2.34 2474.880769 

10281.571 4.68 2196.91688 

18903.043 9.36 2019.555876 

33631.391 18.72 1796.548665 

63896.35 37.44 1706.63328 

2827.59 0.936 3020.929487 

4803.344 1.872 2565.888889 

8440.5275 3.744 2254.414396 

15580.184 7.488 2080.686966 

29051.234 14.976 1939.852698 

54017.58 29.952 1803.471554 

2872.4935 0.7488 3836.12914 

4533.923 1.4976 3027.459268 

7497.554 2.9952 2503.18977 

13424.816 5.9904 2241.055021 

23393.393 11.9808 1952.573534 

S-32, 73 wt%+ SNP, 15 wt% 

9831.1125 1.53207 6416.882062 

16807.44 3.06414 5485.20629 

26010.255 5.1069 5093.159255 

21853.36 5.1069 4279.183066 

41689.36 10.2138 4081.669898 

11269.448 2.34 4816.003419 

18813.236 4.68 4019.922222 

33721.198 9.36 3602.692094 

65692.49 18.72 3509.214209 

3276.625 0.468 7001.33547 

5252.379 0.936 5611.516026 

9293.694 1.872 4964.580128 

16478.254 3.744 4401.243056 

29365.5585 7.488 3921.682492 

52580.668 14.976 3510.995459 

3141.9145 0.3744 8391.865652 

4713.537 0.7488 6294.78766 

7677.168 1.4976 5126.314103 

13065.588 2.9952 4362.175481 
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22136.095 5.9904 3695.261585 

43959.196 11.9808 3669.136952 

S-32, 75 wt%+ SNP, 15 wt% 

17698.035 1.53207 11551.71435 

31249.36 5.1069 6119.04678 

74053.36 10.2138 7250.324071 

21956.481 2.34 9383.111538 

38391.162 4.68 8203.239744 

71889.173 9.36 7680.467201 

4803.344 0.234 20527.11111 

7003.6155 0.468 14964.99038 

10820.413 0.936 11560.2703 

19262.271 1.872 10289.67468 

34260.04 3.744 9150.651709 

60393.877 7.488 8065.421608 

3186.818 0.1872 17023.60043 

5117.6685 0.3744 13668.98638 

8305.817 0.7488 11092.17014 

14592.307 1.4976 9743.794738 

26087.603 2.9952 8709.803352 

48629.16 5.9904 8117.848558 

88952.503 11.9808 7424.587924 

S-32, 77 wt%+ SNP, 15 wt% 

48629.16 2.34 20781.69231 

80959.68 4.68 17299.07692 

8754.852 0.234 37413.89744 

14502.5 0.468 30988.24786 

25189.533 0.936 26911.89423 

43150.933 1.872 23050.71207 

73775.12 3.744 19704.89316 

4084.888 0.0468 87283.93162 

6150.449 0.0936 65709.92521 

9338.5975 0.1872 49885.67041 

15131.149 0.3744 40414.3937 

23932.235 0.7488 31960.78392 

39379.039 1.4976 26294.76429 

64794.42 2.9952 21632.7524 
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Table 14 Rheological Data for Suspensions of S-32 Solid Particles in SNP Dispersion with SNP Concentration 

of 20 wt%. 

 Shear Stress (mPa) Shear Rate ( 𝒔−𝟏) Viscosity (mPa.s) 
SNP, 20wt% 

2607.3975 51.069 51.05636492 

5031.795 102.138 49.26467133 

7406.715 153.207 48.3444947 

13987.2225 306.414 45.64811823 

430.3875 10.2138 42.13784292 

7703.58 170.23 45.25395054 

15422.07 340.46 45.29774423 

22942.65 510.69 44.92480761 

19765.36 340.46 58.05486694 

28117.36 510.69 55.05758875 

48997.36 1021.38 47.97172453 

3815.467 74.88 50.95442041 

6689.291 149.76 44.66674012 

12796.167 299.52 42.72224559 

25009.919 599.04 41.74999833 

48898.581 1198.08 40.81412009 

2917.397 59.904 48.70120526 

5252.379 119.808 43.83996895 

S-32, 5 wt%+ SNP, 20 wt% 

2854.785 51.069 55.90054632 

5427.615 102.138 53.14001645 

7950.9675 153.207 51.8968944 

15471.5475 306.414 50.49229963 

677.775 10.2138 66.35874993 

8792.085 170.23 51.64826999 

17104.305 340.46 50.23880926 

25317.57 510.69 49.57522176 

20809.36 340.46 61.12130647 

29161.36 510.69 57.10188177 

51085.36 1021.38 50.01601754 

3815.467 74.88 50.95442041 

6958.712 149.76 46.46575855 

13514.623 299.52 45.12093683 

26716.252 599.04 44.59844418 

53119.51 1198.08 44.33719785 
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2962.3005 59.904 49.45079627 

5701.414 119.808 47.58792401 

S-32, 10 wt%+ SNP, 20 wt% 

3102.1725 51.069 60.74472772 

5922.39 102.138 57.98419785 

8693.13 153.207 56.7410758 

16906.395 306.414 55.17500832 

430.3875 5.1069 84.27568584 

727.2525 10.2138 71.20293133 

9484.77 170.23 55.71738237 

18737.0625 340.46 55.03454885 

27692.49 510.69 54.2256359 

21853.36 340.46 64.18774599 

30205.36 510.69 59.14617478 

56305.36 1021.38 55.12675008 

3995.081 74.88 53.35311165 

7856.782 149.76 52.46248665 

15086.2455 299.52 50.36807392 

30218.725 599.04 50.44525407 

53568.545 1198.08 44.71199336 

3276.625 59.904 54.69793336 

6150.449 119.808 51.33587907 

S-32, 15 wt%+ SNP, 20 wt% 

3399.0375 51.069 66.5577454 

6466.6425 102.138 63.31279739 

9484.77 153.207 61.90820263 

18588.63 306.414 60.66508058 

430.3875 5.1069 84.27568584 

776.73 10.2138 76.04711273 

10474.32 170.23 61.53040005 

20567.73 340.46 60.4115902 

23941.36 340.46 70.32062504 

34381.36 510.69 67.32334684 

61525.36 1021.38 60.23748262 

4174.695 74.88 55.75180288 

7946.589 149.76 53.06215946 

15490.377 299.52 51.71733774 

31565.83 599.04 52.69402711 

55813.72 1198.08 46.58597089 
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3456.239 59.904 57.69629741 

6330.063 119.808 52.8350611 

S-32, 20 wt%+ SNP, 20 wt% 

3745.38 51.069 73.33959937 

6961.4175 102.138 68.15697879 

10325.8875 153.207 67.39827488 

20369.82 306.414 66.47809826 

479.865 5.1069 93.96404864 

875.685 10.2138 85.73547553 

11562.825 170.23 67.9247195 

22546.83 340.46 66.22460788 

26029.36 340.46 76.45350408 

36469.36 510.69 71.41193288 

64657.36 1021.38 63.30392214 

4803.344 74.88 64.14722222 

9338.5975 149.76 62.35708801 

17915.166 299.52 59.81292067 

35966.373 599.04 60.04001903 

59675.421 1198.08 49.80921224 

3950.1775 59.904 65.94179854 

7497.554 119.808 62.57974426 

S-32, 25 wt%+ SNP, 20 wt% 

3794.8575 51.069 74.30843565 

7010.895 102.138 68.64139693 

10523.7975 153.207 68.69005659 

21062.505 306.414 68.73871625 

1024.1175 10.2138 100.2680197 

11711.2575 170.23 68.79667215 

22794.2175 340.46 66.95123509 

15589.36 170.23 91.57821771 

27073.36 340.46 79.51994361 

37513.36 510.69 73.45622589 

66745.36 1021.38 65.34821516 

3097.011 37.44 82.7193109 

5431.993 74.88 72.54264156 

10550.992 149.76 70.45267094 

20564.4725 299.52 68.65809462 

41803.828 599.04 69.78470219 

68835.735 1198.08 57.45504056 
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4533.923 59.904 75.6864817 

8575.238 119.808 71.5748364 

S-32, 30 wt%+ SNP, 20 wt% 

4487.5425 51.069 87.87214357 

9039.4725 102.138 88.50254068 

13344.015 153.207 87.09794592 

26307.12 306.414 85.85482387 

1073.595 10.2138 105.1122011 

14729.385 170.23 86.52637608 

28682.04 340.46 84.2449627 

18721.36 170.23 109.9768548 

32293.36 340.46 94.85214122 

45865.36 510.69 89.81057001 

84493.36 1021.38 82.72470579 

3231.7215 37.44 86.31734776 

6150.449 74.88 82.13740652 

12077.711 149.76 80.64710871 

23573.007 299.52 78.70261418 

47641.283 599.04 79.52938535 

80869.873 1198.08 67.49956013 

4982.958 59.904 83.18239183 

9652.922 119.808 80.56992855 

S-32, 35 wt%+ SNP, 20 wt% 

4635.975 51.069 90.77865241 

9088.95 102.138 88.98695882 

13640.88 153.207 89.03561848 

27692.49 306.414 90.37605984 

15817.89 170.23 92.92069553 

18721.36 170.23 109.9768548 

34381.36 340.46 100.9850203 

47953.36 510.69 93.89915604 

88669.36 1021.38 86.81329182 

3546.046 37.44 94.71276709 

6419.87 74.88 85.73544338 

12706.36 149.76 84.84481838 

25009.919 299.52 83.49999666 

50335.493 599.04 84.02693142 

89042.31 1198.08 74.32083834 

2827.59 29.952 94.40404647 
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5342.186 59.904 89.17911993 

10191.764 119.808 85.06747463 

S-32, 40 wt%+ SNP, 20 wt% 

5378.1375 51.069 105.3111966 

10672.23 102.138 104.4883393 

16312.665 153.207 106.4746715 

19182.36 170.23 112.6849556 

19765.36 170.23 116.1097339 

36469.36 340.46 107.1178993 

57349.36 510.69 112.2977932 

109549.36 1021.38 107.256222 

3995.081 37.44 106.7062233 

7407.747 74.88 98.92824519 

13963.658 149.76 93.24023771 

27165.287 299.52 90.69607038 

53658.352 599.04 89.57390491 

2917.397 29.952 97.40241052 

5746.3175 59.904 95.92543904 

11359.255 119.808 94.81215779 

S-32, 45 wt%+ SNP, 20 wt% 

7456.1925 51.069 146.0023204 

15026.25 102.138 147.1171356 

23190.0375 153.207 151.3640858 

776.73 5.1069 152.0942255 

1617.8475 10.2138 158.3981966 

27692.49 170.23 162.6769077 

28117.36 170.23 165.1727663 

52129.36 340.46 153.1144922 

80317.36 510.69 157.2722395 

155485.36 1021.38 152.2306683 

2962.3005 18.72 158.2425481 

5297.2825 37.44 141.4872463 

9922.343 74.88 132.5099225 

19801.113 149.76 132.2189704 

38750.39 299.52 129.3749666 

76738.751 599.04 128.1028829 

4084.888 29.952 136.3811432 

8485.431 59.904 141.6504908 

16208.833 119.808 135.2900724 
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S-32, 50 wt%+ SNP, 20 wt% 

7456.1925 51.069 146.0023204 

15422.07 102.138 150.9924808 

24031.155 153.207 156.8541581 

826.2075 5.1069 161.7825883 

1667.325 10.2138 163.242378 

28484.13 170.23 167.3273219 

31249.36 170.23 183.5714034 

61525.36 340.46 180.7124479 

92845.36 510.69 181.8037557 

178453.36 1021.38 174.7178915 

3007.204 18.72 160.6412393 

5342.186 37.44 142.6865919 

9922.343 74.88 132.5099225 

18184.587 149.76 121.4248598 

39648.46 299.52 132.3733307 

76738.751 599.04 128.1028829 

4129.7915 29.952 137.8803252 

7407.747 59.904 123.6603065 

15041.342 119.808 125.5453893 

S-32, 55 wt%+ SNP, 20 wt% 

529.3425 1.53207 345.5080381 

925.1625 3.06414 301.9321898 

13096.6275 51.069 256.4496563 

25911.3 102.138 253.6891265 

1716.8025 5.1069 336.1731187 

3052.695 10.2138 298.8794572 

48997.36 170.23 287.8303472 

89713.36 340.46 263.506315 

130429.36 510.69 255.3983043 

3097.011 9.36 330.8772436 

5252.379 18.72 280.5758013 

10506.0885 37.44 280.6113381 

19531.692 74.88 260.8399038 

38121.741 149.76 254.5522236 

74358.8655 299.52 248.2601012 

4803.344 14.976 320.7361111 

8440.5275 29.952 281.8017995 

15669.991 59.904 261.5850528 



147 
 

31476.023 119.808 262.7205445 

3950.1775 11.9808 329.7089927 

S-32, 58 wt%+ SNP, 20 wt% 

529.3425 1.53207 345.5080381 

974.64 3.06414 318.0794611 

15916.845 51.069 311.6733243 

1815.7575 5.1069 355.5498443 

3547.47 10.2138 347.3212712 

57349.36 170.23 336.8933795 

105373.36 340.46 309.5029078 

155485.36 510.69 304.4613366 

3725.66 9.36 398.0405983 

6509.677 18.72 347.739156 

13335.009 37.44 356.1701122 

25099.726 74.88 335.1993323 

49527.23 149.76 330.7106704 

3546.046 7.488 473.5638355 

5701.414 14.976 380.7033921 

11000.027 29.952 367.2551749 

20699.183 59.904 345.5392461 

41085.372 119.808 342.9267829 

2917.397 5.9904 487.0120526 

4713.537 11.9808 393.4242288 

S-32, 61 wt%+ SNP, 20 wt% 

628.2975 1.53207 410.0971235 

1271.505 3.06414 414.9630892 

18291.765 51.069 358.1774658 

2013.6675 5.1069 394.3032955 

4091.7225 10.2138 400.6072666 

75097.36 170.23 441.1523233 

137737.36 340.46 404.562533 

4533.923 9.36 484.3934829 

7991.4925 18.72 426.8959669 

15759.798 37.44 420.9347756 

30667.76 74.88 409.5587607 

61112.333 149.76 408.0684629 

3635.853 7.488 485.5572917 

6868.905 14.976 458.6608574 

12616.553 29.952 421.2257278 



148 
 

22585.13 59.904 377.0220686 

49437.423 119.808 412.638747 

3097.011 5.9904 516.9956931 

5701.414 11.9808 475.8792401 

S-32, 64 wt%+ SNP, 20 wt% 

5229.705 1.53207 3413.489593 

8693.13 3.06414 2837.05379 

13640.88 5.1069 2671.068554 

24426.975 10.2138 2391.565823 

15589.36 5.1069 3052.607257 

26029.36 10.2138 2548.450136 

282853.36 170.23 1661.595253 

6509.677 2.34 2781.913248 

11000.027 4.68 2350.43312 

19352.078 9.36 2067.529701 

39558.653 18.72 2113.175908 

71978.98 37.44 1922.515491 

3456.239 0.936 3692.563034 

5611.607 1.872 2997.653312 

9383.501 3.744 2506.276976 

16478.254 7.488 2200.621528 

32104.672 14.976 2143.741453 

58507.93 29.952 1953.389757 

2917.397 0.7488 3896.096421 

4623.73 1.4976 3087.426549 

7766.975 2.9952 2593.140692 

13963.658 5.9904 2331.005943 

26626.445 11.9808 2222.426299 

S-32, 66 wt%+ SNP, 20 wt% 

8544.6975 1.53207 5577.223952 

14531.475 3.06414 4742.431808 

22052.055 5.1069 4318.090231 

22897.36 5.1069 4483.612368 

38557.36 10.2138 3775.025945 

9652.922 2.34 4125.180342 

17735.552 4.68 3789.647863 

32598.6105 9.36 3482.757532 

57340.439 18.72 3063.057639 

3635.853 0.468 7768.916667 



149 
 

5297.2825 0.936 5659.48985 

8754.852 1.872 4676.737179 

14951.535 3.744 3993.465545 

26357.024 7.488 3519.901709 

49527.23 14.976 3307.106704 

3141.9145 0.3744 8391.865652 

4668.6335 0.7488 6234.820379 

7273.0365 1.4976 4856.461338 

12392.0355 2.9952 4137.298177 

21327.832 5.9904 3560.335203 

41444.6 11.9808 3459.251469 

S-32, 68 wt%+ SNP, 20 wt% 

17599.08 1.53207 11487.12526 

34381.36 5.1069 6732.334684 

64657.36 10.2138 6330.392214 

20699.183 2.34 8845.804701 

34888.689 4.68 7454.848077 

62459.438 9.36 6673.01688 

5881.028 0.468 12566.29915 

10012.15 0.936 10696.74145 

18004.973 1.872 9618.041132 

31925.058 3.744 8526.991987 

57250.632 7.488 7645.650641 

2827.59 0.0468 60418.58974 

3546.046 0.0936 37885.10684 

4893.151 0.1872 26138.62714 

6689.291 0.3744 17866.69605 

9922.343 0.7488 13250.99225 

15759.798 1.4976 10523.36939 

26087.603 2.9952 8709.803352 

45575.722 5.9904 7608.126669 

78265.47 11.9808 6532.574619 

S-32, 70 wt%+ SNP, 20 wt% 

63613.36 5.1069 12456.35513 

126253.36 10.2138 12361.05661 

56711.79 2.34 24235.80769 

9563.115 0.234 40868.01282 

16478.254 0.468 35209.94444 

28153.164 0.936 30078.16667 



150 
 

47641.283 1.872 25449.40331 

80690.259 3.744 21551.88542 

3097.011 0.0234 132350.8974 

4623.73 0.0468 98797.64957 

6868.905 0.0936 73385.73718 

9832.536 0.1872 52524.23077 

15669.991 0.3744 41853.60844 

24560.884 0.7488 32800.32585 

41264.986 1.4976 27554.07719 

68656.121 2.9952 22922.04894 

 

Table 15 Rheological Data for Suspensions of S-32 Solid Particles in SNP Dispersion with SNP Concentration 

of 25 wt%. 

 Shear Stress (mPa) Shear Rate ( 𝒔−𝟏) Viscosity (mPa.s) 

SNP, 25 wt% 

281.955 1.53207 184.0353248 

578.82 3.06414 188.9012904 

7357.2375 51.069 144.0646478 

14333.565 102.138 140.3352817 

20914.0725 153.207 136.5085962 

628.2975 5.1069 123.029137 

1320.9825 10.2138 129.3331081 

22744.74 170.23 133.6118193 

26029.36 170.23 152.9070082 

46909.36 340.46 137.7822945 

67789.36 510.69 132.7407233 

124165.36 1021.38 121.5662731 

5297.2825 37.44 141.4872463 

10191.764 74.88 136.1079594 

19352.078 149.76 129.2206063 

38211.548 299.52 127.5759482 

74224.155 599.04 123.9051733 

4399.2125 29.952 146.8754173 

7991.4925 59.904 133.4049897 

15849.605 119.808 132.2917084 

S-32, 5 wt%+ SNP, 25 wt% 

578.82 3.06414 188.9012904 

7604.625 51.069 148.9088292 



151 
 

14778.8625 102.138 144.6950449 

21953.1 153.207 143.2904502 

677.775 5.1069 132.7174999 

1568.37 10.2138 153.5540152 

24031.155 170.23 141.1687423 

28117.36 170.23 165.1727663 

50041.36 340.46 146.9816131 

73009.36 510.69 142.9621884 

135649.36 1021.38 132.8098847 

3007.204 18.72 160.6412393 

5521.8 37.44 147.4839744 

10371.378 74.88 138.5066506 

20070.534 149.76 134.0179888 

40546.53 299.52 135.3716947 

80780.066 599.04 134.8492021 

4444.116 29.952 148.3745994 

8126.203 59.904 135.6537627 

16298.64 119.808 136.0396635 

S-32, 10 wt%+ SNP, 25 wt% 

578.82 3.06414 188.9012904 

8396.265 51.069 164.4102097 

16609.53 102.138 162.6185161 

24525.93 153.207 160.0836124 

727.2525 5.1069 142.4058627 

1667.325 10.2138 163.242378 

26950.3275 170.23 158.3171445 

30205.36 170.23 177.4385243 

54217.36 340.46 159.2473712 

78229.36 510.69 153.1836535 

146089.36 1021.38 143.0313497 

2827.59 18.72 151.0464744 

5566.7035 37.44 148.68332 

10371.378 74.88 138.5066506 

20160.341 149.76 134.6176616 

40815.951 299.52 136.2712039 

81408.715 599.04 135.8986295 

4444.116 29.952 148.3745994 

8216.01 59.904 137.1529447 

16388.447 119.808 136.7892545 



152 
 

S-32, 15 wt%+ SNP, 25 wt% 

578.82 3.06414 188.9012904 

8643.6525 51.069 169.2543911 

17153.7825 102.138 167.9471157 

25416.525 153.207 165.89663 

776.73 5.1069 152.0942255 

1766.28 10.2138 172.9307408 

27692.49 170.23 162.6769077 

32293.36 170.23 189.7042824 

57349.36 340.46 168.4466898 

82405.36 510.69 161.3608255 

153397.36 1021.38 150.1863753 

3276.625 18.72 175.0333868 

6150.449 37.44 164.274813 

11628.676 74.88 155.2974893 

23123.972 149.76 154.4068643 

46114.564 299.52 153.9615518 

4848.2475 29.952 161.8672376 

9114.08 59.904 152.144765 

18723.429 119.808 156.2786208 

S-32, 20 wt%+ SNP, 25 wt% 

578.82 3.06414 188.9012904 

9187.905 51.069 179.9115902 

18341.2425 102.138 179.573151 

27395.625 153.207 178.8144471 

826.2075 5.1069 161.7825883 

1815.7575 10.2138 177.7749222 

34381.36 170.23 201.9700405 

62569.36 340.46 183.7788874 

90757.36 510.69 177.7151697 

171145.36 1021.38 167.5628659 

3411.3355 18.72 182.2294605 

6330.063 37.44 169.0721955 

12616.553 74.88 168.4902911 

25099.726 149.76 167.5996661 

49976.265 299.52 166.8545172 

2917.397 14.976 194.804821 

5162.572 29.952 172.3615118 

10012.15 59.904 167.1365852 



153 
 

19801.113 119.808 165.2737129 

S-32, 25 wt%+ SNP, 25 wt% 

776.73 3.06414 253.4903758 

10672.23 51.069 208.9766786 

21260.415 102.138 208.1538213 

1172.55 5.1069 229.6011279 

2112.6225 10.2138 206.8400106 

37513.36 170.23 220.3686777 

69877.36 340.46 205.243964 

100153.36 510.69 196.1138068 

3635.853 18.72 194.2229167 

6958.712 37.44 185.8630342 

13873.851 74.88 185.2811298 

27883.743 149.76 186.1895232 

55723.913 299.52 186.0440471 

3231.7215 14.976 215.7933694 

5656.5105 29.952 188.852514 

11628.676 59.904 194.1218616 

22764.744 119.808 190.0102163 

S-32, 30 wt%+ SNP, 25 wt% 

380.91 1.53207 248.6244101 

578.82 3.06414 188.9012904 

9682.68 51.069 189.599953 

19380.27 102.138 189.745932 

29077.86 153.207 189.7945916 

974.64 5.1069 190.8476767 

1964.19 10.2138 192.3074664 

37513.36 170.23 220.3686777 

69877.36 340.46 205.243964 

103285.36 510.69 202.2466859 

3905.274 18.72 208.6150641 

7587.361 37.44 202.6538729 

15310.763 74.88 204.4706597 

29051.234 149.76 193.9852698 

57520.053 299.52 192.0407752 

3546.046 14.976 236.7819177 

6419.87 29.952 214.3386084 

12436.939 59.904 207.6144999 

23662.814 119.808 197.5061265 



154 
 

2827.59 11.9808 236.0101162 

S-32, 35 wt%+ SNP, 25 wt% 

578.82 1.53207 377.8025808 

1123.0725 3.06414 366.5212751 

15174.6825 51.069 297.1407801 

1716.8025 5.1069 336.1731187 

3201.1275 10.2138 313.4120014 

53173.36 170.23 312.3618634 

99109.36 340.46 291.1042707 

140869.36 510.69 275.8412344 

3007.204 9.36 321.2824786 

5791.221 18.72 309.3600962 

11089.834 37.44 296.2028312 

21597.253 74.88 288.4248531 

42342.67 149.76 282.7368456 

83025.241 299.52 277.1943142 

4713.537 14.976 314.739383 

9203.887 29.952 307.287894 

17196.71 59.904 287.0711472 

35068.303 119.808 292.704185 

4084.888 11.9808 340.9528579 

S-32, 40 wt%+ SNP, 25 wt% 

628.2975 1.53207 410.0971235 

1222.0275 3.06414 398.8158178 

18192.81 51.069 356.2397932 

1914.7125 5.1069 374.9265699 

3745.38 10.2138 366.6979968 

63404.56 170.23 372.464078 

117901.36 340.46 346.3001821 

174277.36 510.69 341.2586109 

3635.853 9.36 388.4458333 

7228.133 18.72 386.1182158 

13424.816 37.44 358.5688034 

27344.901 74.88 365.1829728 

53029.703 149.76 354.09791 

3141.9145 7.488 419.5932826 

6240.256 14.976 416.6837607 

10550.992 29.952 352.2633547 

21417.639 59.904 357.5327023 



155 
 

43150.933 119.808 360.1673761 

4758.4405 11.9808 397.1721838 

S-32, 45 wt%+ SNP, 25 wt% 

677.775 1.53207 442.3916662 

1568.37 3.06414 511.8467172 

26702.94 51.069 522.8796334 

2706.3525 5.1069 529.9403748 

4438.065 10.2138 434.5165365 

92845.36 170.23 545.4112671 

172189.36 340.46 505.7550373 

2827.59 4.68 604.1858974 

5252.379 9.36 561.1516026 

9922.343 18.72 530.0396902 

19890.92 37.44 531.2745726 

37942.127 74.88 506.7057559 

74583.383 149.76 498.0193843 

4309.4055 7.488 575.5082131 

8081.2995 14.976 539.6166867 

16119.026 29.952 538.1619257 

30667.76 59.904 511.9484509 

61112.333 119.808 510.0855786 

3546.046 5.9904 591.9547943 

6958.712 11.9808 580.8219818 

S-32, 50 wt%+ SNP, 25 wt% 

1222.0275 1.53207 797.6316356 

2458.965 3.06414 802.4976013 

3844.335 5.1069 752.7727193 

7753.0575 10.2138 759.0766904 

107461.36 170.23 631.2715738 

3725.66 4.68 796.0811966 

7183.2295 9.36 767.4390491 

13514.623 18.72 721.9349893 

26626.445 37.44 711.1764156 

52939.896 74.88 706.9964744 

3456.239 3.744 923.1407585 

5836.1245 7.488 779.3969685 

11538.869 14.976 770.4907185 

21597.253 29.952 721.0621327 

42252.863 59.904 705.342932 



156 
 

82666.013 119.808 689.9874215 

2827.59 2.9952 944.0404647 

4713.537 5.9904 786.8484575 

9383.501 11.9808 783.2115552 

4281.35 7.2 594.6319444 

8318.24 14.4 577.6555556 

16392.02 28.8 569.1673611 

32050.26 57.6 556.428125 

62755.09 115.2 544.7490451 

118659.9 230.4 515.0169271 

3547.37 5.76 615.8628472 

6605.62 11.52 573.4045139 

13089.11 23.04 568.1037326 

26056.09 46.08 565.453342 

10369.36 10.2138 1015.230375 

S-32, 55 wt%+ SNP, 25 wt% 

1469.415 1.53207 959.104349 

2953.74 3.06414 963.9703147 

4784.4075 5.1069 936.8516125 

9187.905 10.2138 899.557951 

13501.36 10.2138 1321.874327 

151309.36 170.23 888.8524937 

3007.204 2.34 1285.129915 

5387.0895 4.68 1151.0875 

9652.922 9.36 1031.295085 

17825.359 18.72 952.2093483 

36056.18 37.44 963.0389957 

70182.84 74.88 937.2708333 

4444.116 3.744 1186.996795 

8036.396 7.488 1073.236645 

14861.728 14.976 992.3696581 

30667.76 29.952 1023.896902 

57609.86 59.904 961.7030582 

3680.7565 2.9952 1228.885049 

6644.3875 5.9904 1109.172593 

12975.781 11.9808 1083.04796 

5137.66 7.2 713.5638889 

10520.18 14.4 730.5680556 

20306.58 28.8 705.0895833 

40124.04 57.6 696.5979167 



157 
 

77434.69 115.2 672.1761285 

4403.68 5.76 764.5277778 

8440.57 11.52 732.6883681 

16392.02 23.04 711.4592014 

32661.91 46.08 708.8088108 

3425.04 4.608 743.28125 

S-32, 58 wt%+ SNP, 25 wt% 

3745.38 1.53207 2444.653312 

7010.895 3.06414 2288.046564 

11068.05 5.1069 2167.273689 

21309.8925 10.2138 2086.382394 

11413.36 5.1069 2234.890051 

21853.36 10.2138 2139.591533 

5342.186 2.34 2282.98547 

9203.887 4.68 1966.642521 

16657.868 9.36 1779.686752 

35158.11 18.72 1878.104167 

66590.56 37.44 1778.594017 

4444.116 1.872 2373.99359 

7856.782 3.744 2098.499466 

14143.272 7.488 1888.791667 

28871.62 14.976 1927.859241 

54017.58 29.952 1803.471554 

3905.274 1.4976 2607.688301 

6689.291 2.9952 2233.337006 

11808.29 5.9904 1971.202257 

22585.13 11.9808 1885.110343 

3547.37 1.8 1970.761111 

6605.62 3.6 1834.894444 

13272.605 7.2 1843.417361 

26056.09 14.4 1809.450694 

49910.44 28.8 1733.001389 

94560.89 57.6 1641.682118 

3058.05 1.44 2123.645833 

5932.805 2.88 2060.001736 

10948.335 5.76 1900.752604 

21040.56 11.52 1826.4375 

40491.03 23.04 1757.423177 

77924.01 46.08 1691.059245 

4648.34 2.304 2017.508681 



158 
 

8807.56 4.608 1911.362847 

S-32, 61 wt%+ SNP, 25 wt% 

7555.1475 1.53207 4931.333098 

14333.565 3.06414 4677.842723 

23239.515 5.1069 4550.610938 

16633.36 5.1069 3257.036558 

37513.36 10.2138 3672.811295 

11269.448 2.34 4816.003419 

19621.499 4.68 4192.627991 

35607.145 9.36 3804.182158 

72787.243 18.72 3888.207425 

3725.66 0.468 7960.811966 

5611.607 0.936 5995.306624 

9383.501 1.872 5012.553953 

16837.482 3.744 4497.190705 

30218.725 7.488 4035.620326 

58507.93 14.976 3906.779514 

2917.397 0.3744 7792.192842 

4623.73 0.7488 6174.853098 

7677.168 1.4976 5126.314103 

13514.623 2.9952 4512.093683 

25548.761 5.9904 4264.950755 

49976.265 11.9808 4171.362931 

5137.66 1.8 2854.255556 

9725.035 3.6 2701.398611 

18471.63 7.2 2565.504167 

35475.5 14.4 2463.576389 

66302.66 28.8 2302.175694 

4526.01 1.44 3143.0625 

8318.24 2.88 2888.277778 

15658.04 5.76 2718.409722 

28747.35 11.52 2495.429688 

54069.66 23.04 2346.773438 

102145.35 46.08 2216.695964 

3669.7 1.152 3185.503472 

6850.28 2.304 2973.211806 

12844.45 4.608 2787.424045 

S-32, 64 wt%+ SNP, 25 wt% 

15521.025 1.53207 10130.75447 



159 
 

34381.36 5.1069 6732.334684 

61525.36 10.2138 6023.748262 

20609.376 2.34 8807.425641 

36684.829 4.68 7838.638675 

64704.613 9.36 6912.886004 

3276.625 0.234 14002.67094 

5611.607 0.468 11990.61325 

9563.115 0.936 10217.00321 

17196.71 1.872 9186.276709 

31206.602 3.744 8335.096688 

58148.702 7.488 7765.585203 

3097.011 0.0936 33087.72436 

4354.309 0.1872 23260.19765 

6015.7385 0.3744 16067.67762 

9293.694 0.7488 12411.45032 

15580.184 1.4976 10403.43483 

27075.48 2.9952 9039.623397 

48449.546 5.9904 8087.864917 

85450.03 11.9808 7132.247429 

5137.66 0.9 5708.511111 

9786.2 1.8 5436.777778 

18043.475 3.6 5012.076389 

33885.21 7.2 4706.279167 

62877.42 14.4 4366.4875 

112543.4 28.8 3907.756944 

4464.845 0.72 6201.173611 

8379.405 1.44 5819.03125 

15780.37 2.88 5479.295139 

28502.69 5.76 4948.383681 

52357.04 11.52 4544.881944 

94560.89 23.04 4104.205295 

4036.69 0.576 7008.142361 

7094.94 1.152 6158.802083 

12660.955 2.304 5495.206163 

23364.83 4.608 5070.492622 

S-32, 66 wt%+ SNP, 25 wt% 

53173.36 5.1069 10412.06211 

103285.36 10.2138 10112.33429 

45036.88 2.34 19246.52991 

77367.4 4.68 16531.49573 



160 
 

8754.852 0.234 37413.89744 

13604.43 0.468 29069.29487 

22495.323 0.936 24033.46474 

40366.916 1.872 21563.5235 

69913.419 3.744 18673.45593 

3007.204 0.0234 128512.9915 

4084.888 0.0468 87283.93162 

5611.607 0.0936 59953.06624 

8305.817 0.1872 44368.68056 

12257.325 0.3744 32738.58173 

19441.885 0.7488 25964.05582 

32463.9 1.4976 21677.28365 

55813.72 2.9952 18634.38835 

11988.14 0.9 13320.15556 

21774.54 1.8 12096.96667 

37065.79 3.6 10296.05278 

67892.95 7.2 9429.576389 

116090.97 14.4 8061.872917 

3180.38 0.18 17668.77778 

5871.64 0.36 16310.11111 

10397.85 0.72 14441.45833 

18349.3 1.44 12742.56944 

32784.24 2.88 11383.41667 

57250.24 5.76 9939.277778 

97863.8 11.52 8495.121528 

5137.66 0.288 17839.09722 

8807.56 0.576 15290.90278 

15291.05 1.152 13273.4809 

26790.07 2.304 11627.63455 

47341.51 4.608 10273.76519 

S-32, 68 wt%+ SNP, 25 wt% 

77185.36 5.1069 15113.93605 

75232.75 0.9 83591.94444 

118659.9 1.8 65922.16667 

13945.42 0.09 154949.1111 

22997.84 0.18 127765.7778 

37310.45 0.36 103640.1389 

62755.09 0.72 87159.84722 

106671.56 1.44 74077.47222 

3914.36 0.018 217464.4444 
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6605.62 0.036 183489.4444 

11009.5 0.072 152909.7222 

18471.63 0.144 128275.2083 

30949.29 0.288 107462.8125 

51623.06 0.576 89623.36806 

87465.75 1.152 75925.13021 

 

Table 16 Rheological Data for Suspensions of S-32 Solid Particles in SNP Dispersion with SNP Concentration 

of 30 wt%. 

 Shear Stress (mPa) Shear Rate ( 𝒔−𝟏) Viscosity (mPa.s)  

SNP, 30% 

578.82 1.53207 377.8025808 

1222.0275 3.06414 398.8158178 

19677.135 51.069 385.3048816 

2013.6675 5.1069 394.3032955 

3992.7675 10.2138 390.9189038 

63613.36 170.23 373.6906538 

116857.36 340.46 343.2337426 

168013.36 510.69 328.9928528 

312085.36 1021.38 305.5526445 

3501.1425 9.36 374.0536859 

7228.133 18.72 386.1182158 

13514.623 37.44 360.9674947 

26267.217 74.88 350.7908253 

51862.212 149.76 346.3021635 

3186.818 7.488 425.5900107 

5611.607 14.976 374.706664 

11359.255 29.952 379.2486311 

21956.481 59.904 366.5277945 

42252.863 119.808 352.671466 

4623.73 11.9808 385.9283186 

S-32, 5 wt%+ SNP, 30 wt% 

677.775 1.53207 442.3916662 

1518.8925 3.06414 495.6994458 

20270.865 51.069 396.930917 

2211.5775 5.1069 433.0567468 

4438.065 10.2138 434.5165365 

67789.36 170.23 398.22217 
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125209.36 340.46 367.7652588 

3905.274 9.36 417.2301282 

7317.94 18.72 390.9155983 

15310.763 37.44 408.9413194 

28781.813 74.88 384.3725027 

55993.334 149.76 373.8871127 

3321.5285 7.488 443.580195 

6689.291 14.976 446.6674012 

11628.676 29.952 388.2437233 

23034.165 59.904 384.5179788 

46473.792 119.808 387.9022436 

4982.958 11.9808 415.9119591 

S-32, 10 wt%+ SNP, 30 wt% 

727.2525 1.53207 474.6862089 

1419.9375 3.06414 463.4049032 

22249.965 51.069 435.6843682 

2310.5325 5.1069 452.4334724 

4537.02 10.2138 444.2048993 

69877.36 170.23 410.4879281 

134605.36 340.46 395.3632145 

4084.888 9.36 436.4196581 

8126.203 18.72 434.0920406 

15580.184 37.44 416.1373932 

29769.69 74.88 397.5653045 

59316.193 149.76 396.0750067 

3366.432 7.488 449.5769231 

6958.712 14.976 464.6575855 

12257.325 29.952 409.2322716 

25189.533 59.904 420.4983474 

49437.423 119.808 412.638747 

3007.204 5.9904 502.0038729 

5431.993 11.9808 453.3915097 

S-32, 15 wt%+ SNP, 30 wt% 

776.73 1.53207 506.9807515 

1617.8475 3.06414 527.9939885 

24229.065 51.069 474.4378194 

2607.3975 5.1069 510.5636492 

4982.3175 10.2138 487.8025319 

70921.36 170.23 416.6208071 
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136693.36 340.46 401.4960935 

4084.888 9.36 436.4196581 

8395.624 18.72 448.484188 

16029.219 37.44 428.1308494 

31476.023 74.88 420.3528713 

62010.403 149.76 414.065191 

3546.046 7.488 473.5638355 

7317.94 14.976 488.6444979 

12436.939 29.952 415.2289997 

25279.34 59.904 421.9975294 

51233.563 119.808 427.6305672 

3231.7215 5.9904 539.4834235 

5611.607 11.9808 468.38333 

5137.66 14.4 356.7819444 

10397.85 28.8 361.0364583 

20428.91 57.6 354.6685764 

40124.04 115.2 348.2989583 

78413.33 230.4 340.3356337 

3914.36 11.52 339.7881944 

8073.58 23.04 350.4157986 

16269.69 46.08 353.0748698 

S-32, 20 wt%+ SNP, 30 wt% 

776.73 1.53207 506.9807515 

1667.325 3.06414 544.1412599 

25466.0025 51.069 498.6587264 

2656.875 5.1069 520.252012 

5081.2725 10.2138 497.4908947 

79273.36 170.23 465.6838395 

4982.958 9.36 532.3673077 

9293.694 18.72 496.4580128 

17196.71 37.44 459.3138355 

35427.531 74.88 473.1240785 

68745.928 149.76 459.0406517 

3995.081 7.488 533.5311165 

7317.94 14.976 488.6444979 

15131.149 29.952 505.1799212 

28781.813 59.904 480.4656283 

55813.72 119.808 465.8597089 

3366.432 5.9904 561.9711538 

6419.87 11.9808 535.8465211 
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5871.64 14.4 407.7527778 

11621.15 28.8 403.5121528 

22630.85 57.6 392.8967014 

43426.95 115.2 376.9700521 

87465.75 230.4 379.625651 

4464.845 11.52 387.5733507 

9174.55 23.04 398.2009549 

17982.31 46.08 390.2411024 

S-32, 25 wt%+ SNP, 30 wt% 

875.685 1.53207 571.5698369 

1716.8025 3.06414 560.2885312 

26158.6875 51.069 512.2224344 

2805.3075 5.1069 549.3171004 

5328.66 10.2138 521.7118017 

88669.36 170.23 520.8797509 

5431.993 9.36 580.3411325 

9832.536 18.72 525.2423077 

20070.534 37.44 536.0719551 

38660.583 74.88 516.3005208 

75122.225 149.76 501.6174212 

4444.116 7.488 593.4983974 

8036.396 14.976 536.6183226 

16568.061 29.952 553.153746 

30667.76 59.904 511.9484509 

61202.14 119.808 510.8351696 

3546.046 5.9904 591.9547943 

7048.519 11.9808 588.317892 

3180.38 7.2 441.7194444 

6238.63 14.4 433.2381944 

12599.79 28.8 437.4927083 

24710.46 57.6 429.0010417 

48564.81 115.2 421.5695313 

94683.22 230.4 410.9514757 

5137.66 11.52 445.9774306 

10153.19 23.04 440.6766493 

19939.59 46.08 432.7167969 

S-32, 30 wt%+ SNP, 30 wt% 

974.64 1.53207 636.1589222 

2063.145 3.06414 673.3194306 
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3151.65 5.1069 617.13564 

6169.7775 10.2138 604.0628855 

10369.36 10.2138 1015.230375 

99109.36 170.23 582.2085414 

3097.011 4.68 661.7544872 

5521.8 9.36 589.9358974 

10191.764 18.72 544.4318376 

21327.832 37.44 569.6536325 

40546.53 74.88 541.4867788 

79343.154 149.76 529.8020433 

4444.116 7.488 593.4983974 

8575.238 14.976 572.5986912 

17286.517 29.952 577.1406584 

33182.356 59.904 553.9255475 

65602.683 119.808 547.5651292 

4084.888 5.9904 681.9057158 

7317.94 11.9808 610.8056223 

3669.7 7.2 509.6805556 

7339.6 14.4 509.6944444 

15046.39 28.8 522.4440972 

29359 57.6 509.7048611 

57861.89 115.2 502.2733507 

111687.09 230.4 484.7529948 

5993.97 11.52 520.3098958 

11988.14 23.04 520.3185764 

23731.82 46.08 515.0134549 

S-32, 35 wt%+ SNP, 30 wt% 

1617.8475 1.53207 1055.987977 

2854.785 3.06414 931.675772 

4388.5875 5.1069 859.3447101 

8544.6975 10.2138 836.5835928 

10369.36 10.2138 1015.230375 

113725.36 170.23 668.068848 

3815.467 4.68 815.2707265 

6824.0015 9.36 729.0599893 

14771.921 18.72 789.098344 

27883.743 37.44 744.7580929 

55813.72 74.88 745.3755342 

3097.011 3.744 827.193109 

6240.256 7.488 833.3675214 
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12347.132 14.976 824.4612714 

21866.674 29.952 730.0572249 

45036.88 59.904 751.8175748 

88952.503 119.808 742.4587924 

4803.344 5.9904 801.8402778 

9024.273 11.9808 753.2279147 

3058.05 7.2 424.7291667 

6483.29 14.4 450.2284722 

13089.11 28.8 454.4829861 

25322.11 57.6 439.6199653 

49910.44 115.2 433.2503472 

96885.16 230.4 420.5085069 

5015.33 11.52 435.3585069 

10153.19 23.04 440.6766493 

20551.24 46.08 445.9904514 

S-32, 40 wt%+ SNP, 30 wt% 

1865.235 1.53207 1217.46069 

3646.425 3.06414 1190.032113 

5625.525 5.1069 1101.55378 

11117.5275 10.2138 1088.481026 

13501.36 10.2138 1321.874327 

4489.0195 4.68 959.1922009 

7946.589 9.36 848.9945513 

16478.254 18.72 880.2486111 

32463.9 37.44 867.0913462 

63896.35 74.88 853.31664 

3635.853 3.744 971.1145833 

7228.133 7.488 965.2955395 

14367.7895 14.976 959.3876536 

26087.603 29.952 870.9803352 

51772.405 59.904 864.2562266 

3186.818 2.9952 1063.975027 

5970.835 5.9904 996.733941 

11000.027 11.9808 918.1379374 

3302.71 3.6 917.4194444 

6850.28 7.2 951.4277778 

14128.915 14.4 981.1746528 

28258.03 28.8 981.1815972 

55904.61 57.6 970.5661458 

107283.21 115.2 931.2778646 
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5626.98 5.76 976.90625 

11559.985 11.52 1003.47092 

22997.84 23.04 998.1701389 

45506.56 46.08 987.5555556 

4526.01 4.608 982.2070313 

S-32, 45 wt%+ SNP, 30 wt% 

2656.875 1.53207 1734.173373 

5180.2275 3.06414 1690.597525 

8445.7425 5.1069 1653.79046 

16263.1875 10.2138 1592.275891 

10369.36 5.1069 2030.460749 

17677.36 10.2138 1730.73293 

3995.081 2.34 1707.299573 

7048.519 4.68 1506.093803 

12167.518 9.36 1299.948504 

24201.656 18.72 1292.823504 

51952.019 37.44 1387.607345 

3007.204 1.872 1606.412393 

5611.607 3.744 1498.826656 

10191.764 7.488 1361.079594 

19711.306 14.976 1316.192975 

39648.46 29.952 1323.733307 

79163.54 59.904 1321.506744 

4354.309 2.9952 1453.762353 

8799.7555 5.9904 1468.976279 

18543.815 11.9808 1547.794388 

3547.37 3.6 985.3805556 

6972.61 7.2 968.4180556 

14373.575 14.4 998.1649306 

28258.03 28.8 981.1815972 

55415.29 57.6 962.0710069 

105815.25 115.2 918.5351563 

5871.64 5.76 1019.381944 

11743.48 11.52 1019.399306 

22997.84 23.04 998.1701389 

45506.56 46.08 987.5555556 

4893 4.608 1061.848958 

S-32, 50 wt%+ SNP, 30 wt% 

4487.5425 1.53207 2929.071452 
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8693.13 3.06414 2837.05379 

14333.565 5.1069 2806.705634 

27890.4 10.2138 2730.658521 

13501.36 5.1069 2643.748654 

26029.36 10.2138 2548.450136 

6419.87 2.34 2743.534188 

12257.325 4.68 2619.086538 

22854.551 9.36 2441.725534 

41983.442 18.72 2242.705235 

85539.837 37.44 2284.717869 

3007.204 0.936 3212.824786 

5342.186 1.872 2853.731838 

9922.343 3.744 2650.198451 

18094.78 7.488 2416.503739 

34978.496 14.976 2335.636752 

70182.84 29.952 2343.177083 

4264.502 1.4976 2847.557425 

8126.203 2.9952 2713.075254 

15759.798 5.9904 2630.842348 

27524.515 11.9808 2297.3854 

3180.38 1.8 1766.877778 

6116.3 3.6 1698.972222 

12477.46 7.2 1732.980556 

24832.79 14.4 1724.499306 

47586.17 28.8 1652.297569 

92481.28 57.6 1605.577778 

4893 2.88 1698.958333 

9786.2 5.76 1698.993056 

19083.28 11.52 1656.534722 

37432.78 23.04 1624.686632 

73520.13 46.08 1595.488932 

3914.36 2.304 1698.940972 

7584.26 4.608 1645.889757 

S-32, 55 wt%+ SNP, 30 wt% 

9682.68 1.53207 6319.998433 

19974 3.06414 6518.631655 

17677.36 5.1069 3461.46586 

31249.36 10.2138 3059.52339 

12616.553 2.34 5391.689316 

22585.13 4.68 4825.882479 
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44138.81 9.36 4715.684829 

89042.31 18.72 4756.533654 

3186.818 0.468 6809.440171 

5162.572 0.936 5515.568376 

9922.343 1.872 5300.396902 

19352.078 3.744 5168.824252 

37313.478 7.488 4983.103365 

72877.05 14.976 4866.25601 

5072.765 0.7488 6774.525908 

8844.659 1.4976 5905.888755 

16478.254 2.9952 5501.553819 

31116.795 5.9904 5194.44361 

56711.79 11.9808 4733.55619 

4403.68 0.9 4892.977778 

8073.58 1.8 4485.322222 

15780.37 3.6 4383.436111 

32294.92 7.2 4485.405556 

61776.45 14.4 4290.03125 

116702.62 28.8 4052.174306 

3180.38 0.72 4417.194444 

6605.62 1.44 4587.236111 

13578.43 2.88 4714.732639 

26423.08 5.76 4587.340278 

50766.75 11.52 4406.835938 

95417.2 23.04 4141.371528 

5626.98 1.152 4884.53125 

10887.17 2.304 4725.334201 

21040.56 4.608 4566.09375 

S-32, 58 wt%+ SNP, 30 wt% 

19974 1.53207 13037.26331 

33337.36 5.1069 6527.905383 

66745.36 10.2138 6534.821516 

25189.533 2.34 10764.75769 

47641.283 4.68 10179.76132 

5701.414 0.234 24365.01709 

7766.975 0.468 16596.10043 

12257.325 0.936 13095.43269 

22046.288 1.872 11776.86325 

41354.793 3.744 11045.61779 

75571.26 7.488 10092.31571 
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3456.239 0.1872 18462.81517 

5611.607 0.3744 14988.26656 

10281.571 0.7488 13730.7305 

18184.587 1.4976 12142.48598 

33721.198 2.9952 11258.41279 

64075.964 5.9904 10696.44164 

6238.63 0.9 6931.811111 

11009.5 1.8 6116.388889 

19939.59 3.6 5538.775 

39267.73 7.2 5453.851389 

74254.11 14.4 5156.535417 

4526.01 0.72 6286.125 

8807.56 1.44 6116.361111 

16881.34 2.88 5861.576389 

32417.25 5.76 5627.994792 

60920.14 11.52 5288.206597 

111687.09 23.04 4847.529948 

3669.7 0.576 6371.006944 

7094.94 1.152 6158.802083 

13761.925 2.304 5973.057726 

26300.75 4.608 5707.628038 

S-32, 61 wt%+ SNP, 30 wt% 

40124.04 0.9 44582.26667 

69605.57 1.8 38669.76111 

6483.29 0.09 72036.55556 

10214.355 0.18 56746.41667 

18838.62 0.36 52329.5 

34619.19 0.72 48082.20833 

61287.13 1.44 42560.50694 

106059.91 2.88 36826.35764 

3425.04 0.036 95140 

5626.98 0.072 78152.5 

9419.21 0.144 65411.18056 

15658.04 0.288 54368.19444 

29114.34 0.576 50545.72917 

50766.75 1.152 44068.35938 

89423.03 2.304 38812.07899 
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Table 17 Rheological Data for Suspensions of S-32 Solid Particles in SNP Dispersion with SNP Concentration 

of 35 wt%. 

 Shear Stress (mPa) Shear Rate ( 𝒔−𝟏)  Viscosity (mPa.s)  

SNP, 35 wt% 

2557.92 1.53207 1669.584288 

5031.795 3.06414 1642.155711 

8247.8325 5.1069 1615.037009 

15570.5025 10.2138 1524.457352 

8281.36 5.1069 1621.602146 

16633.36 10.2138 1628.518279 

3815.467 2.34 1630.541453 

6689.291 4.68 1429.335684 

12347.132 9.36 1319.138034 

26806.059 18.72 1431.947596 

48269.932 37.44 1289.261004 

3276.625 1.872 1750.333868 

6105.5455 3.744 1630.754674 

11808.29 7.488 1576.961806 

21597.253 14.976 1442.124265 

40187.302 29.952 1341.723491 

76469.33 59.904 1276.531283 

4848.2475 2.9952 1618.672376 

8844.659 5.9904 1476.472189 

16568.061 11.9808 1382.884365 

3180.38 1.8 1766.877778 

6238.63 3.6 1732.952778 

13089.11 7.2 1817.931944 

25444.44 14.4 1766.975 

49421.12 28.8 1716.011111 

93459.92 57.6 1622.568056 

5259.99 2.88 1826.385417 

11009.5 5.76 1911.371528 

20673.57 11.52 1794.580729 

41347.34 23.04 1794.58941 

77679.35 46.08 1685.749783 

4342.515 2.304 1884.772135 

8562.9 4.608 1858.268229 

S-32, 5 wt%+ SNP, 35 wt% 

2805.3075 1.53207 1831.057001 
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5477.0925 3.06414 1787.481153 

8989.995 5.1069 1760.362451 

17351.6925 10.2138 1698.847882 

10369.36 5.1069 2030.460749 

18721.36 10.2138 1832.947581 

4623.73 2.34 1975.952991 

8126.203 4.68 1736.368162 

14771.921 9.36 1578.196688 

31476.023 18.72 1681.411485 

58507.93 37.44 1562.711806 

3411.3355 1.872 1822.294605 

6419.87 3.744 1714.708868 

12616.553 7.488 1684.902911 

26716.252 14.976 1783.937767 

47731.09 29.952 1593.586071 

2962.3005 1.4976 1978.031851 

5521.8 2.9952 1843.549679 

10281.571 5.9904 1716.341313 

21597.253 11.9808 1802.655332 

3914.36 3.6 1087.322222 

8318.24 7.2 1155.311111 

16881.34 14.4 1172.315278 

32417.25 28.8 1125.598958 

62021.11 57.6 1076.755382 

113889.03 115.2 988.6200521 

3241.545 2.88 1125.536458 

7033.775 5.76 1221.141493 

13456.1 11.52 1168.064236 

26545.41 23.04 1152.144531 

50766.75 46.08 1101.708984 

5504.65 4.608 1194.585503 

S-32, 10 wt%+ SNP, 35 wt% 

2904.2625 1.53207 1895.646087 

5625.525 3.06414 1835.922967 

9286.86 5.1069 1818.492628 

18390.72 10.2138 1800.575692 

11413.36 5.1069 2234.890051 

19765.36 10.2138 1935.162231 

4354.309 2.34 1860.815812 

7946.589 4.68 1697.989103 
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15310.763 9.36 1635.765278 

32284.286 18.72 1724.587927 

61112.333 37.44 1632.273851 

3770.5635 1.872 2014.189904 

7183.2295 3.744 1918.597623 

13694.237 7.488 1828.824386 

24471.077 14.976 1634.019565 

49078.195 29.952 1638.561532 

3456.239 1.4976 2307.851896 

6150.449 2.9952 2053.435163 

11359.255 5.9904 1896.243156 

19890.92 11.9808 1660.23304 

6972.61 7.2 968.4180556 

13823.09 14.4 959.9368056 

27646.38 28.8 959.94375 

52112.38 57.6 904.7288194 

5626.98 5.76 976.90625 

11192.995 11.52 971.6141493 

22263.86 23.04 966.3133681 

43243.455 46.08 938.4430339 

4403.68 4.608 955.6597222 

S-32, 15 wt%+ SNP, 35 wt% 

3448.515 1.53207 2250.886056 

6565.5975 3.06414 2142.721122 

10721.7075 5.1069 2099.455149 

21161.46 10.2138 2071.84985 

13501.36 5.1069 2643.748654 

21853.36 10.2138 2139.591533 

4893.151 2.34 2091.090171 

9473.308 4.68 2024.211111 

18633.622 9.36 1990.771581 

34709.075 18.72 1854.117254 

68566.314 37.44 1831.365224 

3815.467 1.872 2038.176816 

7497.554 3.744 2002.551816 

15310.763 7.488 2044.706597 

30128.918 14.976 2011.813435 

57609.86 29.952 1923.406116 

3501.1425 1.4976 2337.835537 

6240.256 2.9952 2083.418803 
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12077.711 5.9904 2016.177718 

23483.2 11.9808 1960.069444 

5015.33 3.6 1393.147222 

10397.85 7.2 1444.145833 

21652.21 14.4 1503.625694 

40980.35 28.8 1422.928819 

78780.32 57.6 1367.713889 

4159.02 2.88 1444.104167 

8562.9 5.76 1486.614583 

17248.33 11.52 1497.250868 

34007.54 23.04 1476.021701 

66669.65 46.08 1446.824002 

3180.38 2.304 1380.373264 

6850.28 4.608 1486.605903 

S-32, 20 wt%+ SNP, 35 wt% 

3547.47 1.53207 2315.475141 

6763.5075 3.06414 2207.310208 

11117.5275 5.1069 2176.962051 

21804.6675 10.2138 2134.824208 

13501.36 5.1069 2643.748654 

22897.36 10.2138 2241.806184 

5611.607 2.34 2398.12265 

9563.115 4.68 2043.400641 

18274.394 9.36 1952.392521 

39019.811 18.72 2084.391613 

72877.05 37.44 1946.502404 

4444.116 1.872 2373.99359 

7722.0715 3.744 2062.519097 

14682.114 7.488 1960.752404 

31116.795 14.976 2077.777444 

58507.93 29.952 1953.389757 

3770.5635 1.4976 2517.73738 

6689.291 2.9952 2233.337006 

12167.518 5.9904 2031.169538 

25099.726 11.9808 2094.995827 

5259.99 3.6 1461.108333 

10275.52 7.2 1427.155556 

21040.56 14.4 1461.15 

41225.01 28.8 1431.423958 

79024.98 57.6 1371.961458 
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4464.845 2.88 1550.293403 

8562.9 5.76 1486.614583 

16759.01 11.52 1454.775174 

33151.23 23.04 1438.855469 

64223.05 46.08 1393.729384 

3302.71 2.304 1433.467882 

6972.61 4.608 1513.153212 

S-32, 25 wt%+ SNP, 35 wt% 

3695.9025 1.53207 2412.35877 

7060.3725 3.06414 2304.193836 

11711.2575 5.1069 2293.222405 

22794.2175 10.2138 2231.707836 

14545.36 5.1069 2848.177955 

23941.36 10.2138 2344.020835 

5701.414 2.34 2436.501709 

10550.992 4.68 2254.48547 

21238.025 9.36 2269.019765 

42252.863 18.72 2257.097382 

80959.68 37.44 2162.384615 

4668.6335 1.872 2493.928152 

8665.045 3.744 2314.381677 

17017.096 7.488 2272.582265 

35696.952 14.976 2383.610577 

64794.42 29.952 2163.27524 

4084.888 1.4976 2727.622863 

7497.554 2.9952 2503.18977 

14008.5615 5.9904 2338.501853 

27524.515 11.9808 2297.3854 

3058.05 1.8 1698.916667 

6360.96 3.6 1766.933333 

12722.12 7.2 1766.961111 

26056.09 14.4 1809.450694 

51133.74 28.8 1775.477083 

98597.78 57.6 1711.767014 

5259.99 2.88 1826.385417 

10581.345 5.76 1837.039063 

21162.89 11.52 1837.056424 

41714.33 23.04 1810.517795 

80859.93 46.08 1754.772786 

4281.35 2.304 1858.224826 
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8440.57 4.608 1831.72092 

S-32, 30 wt%+ SNP, 35 wt% 

15589.36 5.1069 3052.607257 

24985.36 10.2138 2446.235485 

6958.712 2.34 2973.808547 

11269.448 4.68 2408.001709 

20250.148 9.36 2163.47735 

41085.372 18.72 2194.73141 

80061.61 37.44 2138.397703 

4982.958 1.872 2661.836538 

9652.922 3.744 2578.237714 

18813.236 7.488 2512.451389 

33721.198 14.976 2251.682559 

66590.56 29.952 2223.242521 

4174.695 1.4976 2787.590144 

7677.168 2.9952 2563.157051 

15041.342 5.9904 2510.907786 

28422.585 11.9808 2372.344501 

5137.66 3.6 1427.127778 

9908.53 7.2 1376.184722 

19694.93 14.4 1367.703472 

38411.42 28.8 1333.729861 

74743.43 57.6 1297.628993 

4159.02 2.88 1444.104167 

8318.24 5.76 1444.138889 

15902.7 11.52 1380.442708 

31316.28 23.04 1359.213542 

60675.48 46.08 1316.742188 

3302.71 2.304 1433.467882 

6483.29 4.608 1406.963976 

S-32, 35 wt%+ SNP, 35 wt% 

18721.36 5.1069 3665.895161 

35425.36 10.2138 3468.381993 

8126.203 2.34 3472.736325 

14816.8245 4.68 3165.988141 

29051.234 9.36 3103.764316 

60304.07 18.72 3221.371261 

3950.1775 0.936 4220.275107 

7138.326 1.872 3813.208333 
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13784.044 3.744 3681.635684 

26357.024 7.488 3519.901709 

48269.932 14.976 3223.152511 

3905.274 0.7488 5215.376603 

6330.063 1.4976 4226.804888 

11044.9305 2.9952 3687.54357 

20474.6655 5.9904 3417.912911 

38121.741 11.9808 3181.902794 

4036.69 1.8 2242.605556 

7951.25 3.6 2208.680556 

16636.68 7.2 2310.65 

33151.23 14.4 2302.16875 

64100.72 28.8 2225.719444 

120984.17 57.6 2100.419618 

3425.04 1.44 2378.5 

6911.445 2.88 2399.807292 

14067.75 5.76 2442.317708 

26912.4 11.52 2336.145833 

52724.03 23.04 2288.369358 

100310.4 46.08 2176.875 

5504.65 2.304 2389.171007 

11192.995 4.608 2429.035373 

S-32, 40 wt%+ SNP, 35 wt% 

27073.36 5.1069 5301.329574 

48997.36 10.2138 4797.172453 

13604.43 2.34 5813.858974 

26267.217 4.68 5612.653205 

49257.809 9.36 5262.586432 

3501.1425 0.468 7481.073718 

6150.449 0.936 6570.992521 

11628.676 1.872 6211.899573 

22495.323 3.744 6008.366186 

42612.091 7.488 5690.717281 

75481.453 14.976 5040.161124 

3501.1425 0.3744 9351.342147 

5925.9315 0.7488 7913.904247 

10191.764 1.4976 6805.39797 

18633.622 2.9952 6221.161191 

34080.426 5.9904 5689.173678 

61471.561 11.9808 5130.839426 
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3547.37 0.9 3941.522222 

7033.775 1.8 3907.652778 

14067.75 3.6 3907.708333 

27891.04 7.2 3873.755556 

54069.66 14.4 3754.8375 

100799.72 28.8 3499.990278 

5993.97 1.44 4162.479167 

11926.975 2.88 4141.310764 

23854.15 5.76 4141.345486 

44283.26 11.52 3844.032986 

83795.85 23.04 3636.972656 

4893 1.152 4247.395833 

9847.365 2.304 4274.029948 

19144.445 4.608 4154.61046 

S-32, 45 wt%+ SNP, 35 wt% 

84493.36 5.1069 16544.94116 

23854.15 0.9 26504.61111 

38166.76 1.8 21203.75556 

54191.99 3.6 15053.33056 

74865.76 7.2 10398.02222 

98475.45 14.4 6838.572917 

8685.23 0.09 96502.55556 

13700.76 0.18 76115.33333 

21285.22 0.36 59125.61111 

31438.61 0.72 43664.73611 

43304.62 1.44 30072.65278 

55292.96 2.88 19198.94444 

73520.13 5.76 12763.91146 

94805.55 11.52 8229.648438 

5137.66 0.072 71356.38889 

9174.55 0.144 63712.15278 

16392.02 0.288 56916.73611 

25689.1 0.576 44599.13194 

37065.79 1.152 32175.16493 

50522.09 2.304 21927.99045 

66547.32 4.608 14441.69271 
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Appendix B: Power Law Variable Values and Actual Concentrations of Solid 

Particles in Each SNP Dispersion 

This appendix contains data on the Power-Law Variable Values for Weight Percent (wt%) 

Concentrations and Volume Fractions of Solid Particles in Each SNP Dispersion. 

Appendix B.1: Power Law Variable Values and Actual Concentrations of SG Solid 

Particles in Each SNP Dispersion 

 

Table 18 Power Law Variable Values and Actual Concentrations of SG Solid Particles in SNP Dispersion with 

SNP Concentration of 9.89 wt%. 

SNP, 9.89 wt% 

SG Particle 
Concentration in 

 Suspension 
(wt%)  

SG Particle 
Concentration in  

Suspension 
(Volume fraction) 

consistency index 
(K), 𝒎𝑷𝒂. 𝒔𝒏 

flow behavior index 
(n) 

relative viscosity  
( 𝑲𝒓) 

0 0 7 1 1 

5.000038 0.067843786 7.614714401 1 1.087816343 

10.00055558 0.133192153 8.712833711 1 1.24469053 

15.00053971 0.196167763 12.90612261 1 1.843731801 

20.00040781 0.256902523 15.76323207 1 2.251890295 

25.00068503 0.315519993 39.6007415 1 5.657248785 

28.00097638 0.349718952 42.67970305 1 6.097100436 

31.00090846 0.383211656 60.52748315 1 8.646783307 

34.00077441 0.41602293 68.39177576 1 9.77025368 

37.00054015 0.448172999 305.94 0.694 43.70571429 

39.00061354 0.469251834 480.84 0.663 68.69142857 

41.00061791 0.490050947 529.72 0.667 75.67428571 

42.9993974 0.510564085 626.29 0.689 89.47 

44.99920203 0.530819736 1566 0.644 223.7142857 

46.99837091 0.550806213 8730.9 0.361 1247.271429 
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Table 19 Power Law Variable Values and Actual Concentrations of SG Solid Particles in SNP Dispersion with 

SNP Concentration of 14.83 wt%. 

SNP, 14.83 wt% 

SG Particle 
Concentration in 

 Suspension 
(wt%)  

SG Particle 
Concentration in  

Suspension 
(Volume fraction) 

consistency index 
(K), 𝒎𝑷𝒂. 𝒔𝒏 

flow behavior index 
(n) 

relative viscosity 
( 𝑲𝒓) 

0 0 23.85925134 1 1.000000056 

5.001104052 0.069031447 27.44238702 1 1.150178108 

10.00047555 0.135330373 33.38672215 1 1.399319851 

15.00077724 0.19908916 51.78151848 1 2.170291123 

20.00037217 0.26043134 61.18420789 1 2.564381021 

25.00070176 0.319508462 76.42339038 1 3.203092737 

28.00019772 0.353907165 125.3092 1 5.252017561 

30.99986277 0.387559483 254.5912175 1 10.6705457 

33.99966544 0.420489105 309.9367719 1 12.99021436 

36.99959348 0.452718935 1215.4 0.773 50.94041095 

39.99961284 0.48427069 2132.5 0.728 89.37833335 

41.99952918 0.504937468 6635 0.5 278.0892107 

43.99951881 0.525318738 16674 0.345 698.848455 

45.99939785 0.545418541 37470 0.078 1570.460094 
 

Table 20 Power Law Variable Values and Actual Concentrations of SG Solid Particles in SNP Dispersion with 

SNP Concentration of 19.75 wt%. 

SNP, 19.75 wt% 

SG Particle 
Concentration in 

 Suspension 
(wt%)  

SG Particle 
Concentration in  

Suspension 
(Volume fraction) 

consistency index 
(K), 𝒎𝑷𝒂. 𝒔𝒏 

flow behavior index 
(n) 

relative viscosity 
( 𝑲𝒓) 

0 0 56.72693 1 1 

4.999728571 0.070219352 68.47995911 1 1.20718606 

10.00032537 0.137523029 95.3945404 1 1.681644686 

14.99972195 0.202062777 106.7029826 1 1.88099343 

20.00022596 0.264033449 159.8155161 1 2.817277722 

25.00021184 0.323566469 262.5369691 1 4.628083506 

29.99878587 0.380792857 635.45 0.877 11.20191063 

34.99881798 0.435875136 1378.933 0.725 24.30826064 

37.99880278 0.467937138 5739 0.609 101.1688805 

40.99905625 0.499291744 11868 0.55 209.2128025 
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43.9989644 0.529955901 36010 0.379 634.7955019 

46.99857242 0.559952614 58665 0.18 1034.164902 
Table 21 Power Law Variable Values and Actual Concentrations of SG Solid Particles in SNP Dispersion with 

SNP Concentration of 24.71 wt%. 

SNP, 24.71 wt% 

SG Particle 
Concentration in 

 Suspension 
(wt%)  

SG Particle 
Concentration in  

Suspension 
(Volume fraction) 

consistency index 
(K), 𝒎𝑷𝒂. 𝒔𝒏 

flow behavior index  
(n) 

relative viscosity 
( 𝑲𝒓) 

0 0 163.7088 1 1 

5.000489247 0.071491862 205.3732 1 1.254502581 

9.999392407 0.139800056 316.2976273 1 1.932073853 

14.95686572 0.204622881 686.7192679 1 4.194759074 

19.95963809 0.26727773 981.9012314 1 5.997849911 

24.96218893 0.327329251 1356.282821 1 8.284724102 

27.9638929 0.36218044 1969.7 0.851 12.03172437 

30.96566415 0.396185485 2931.7 0.851 17.9080095 

33.96741899 0.429373917 4819.9 0.823 29.4418989 

36.96931055 0.461776435 8044.2 0.778 49.13722757 

39.97204692 0.493428005 26916 0.501 164.4138158 

41.97135323 0.514094011 33842 0.581 206.7206255 

43.97066101 0.534442271 53134 0.535 324.5639653 
 

Table 22 Power Law Variable Values and Actual Concentrations of SG Solid Particles in SNP Dispersion with 

SNP Concentration of 29.67 wt%. 

SNP, 29.67 wt% 

SG Particle 
Concentration in 

 Suspension 
(wt%)  

SG Particle 
Concentration in  

Suspension 
(Volume 
fraction) 

consistency index 
(K), 𝒎𝑷𝒂. 𝒔𝒏 

flow behavior index 
(n) 

relative viscosity 
( 𝑲𝒓) 

0 0 485.1720268 1 1.000000055 

4.999986429 0.072789959 575.8564314 1 1.186911923 

9.999528921 0.142163321 923.7540964 1 1.903972398 

14.99969151 0.208368886 1129.478124 1 2.327995276 

20.00035606 0.271617326 1926.891014 1 3.97156269 

25.00072508 0.332093002 4176.2 0.848 8.607669033 

28.00042997 0.367118028 7053.8 0.838 14.53876151 

31.00039584 0.401249619 11872 0.839 24.46967261 
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34.00011429 0.434515961 22806 0.766 47.00601024 

37.0000154 0.466954138 37523 0.646 77.33958266 

40.00001467 0.498593813 94126 0.666 194.0054249 

42.00048099 0.519261984 134961 0.439 278.1714526 
 

Table 23 Power Law Variable Values and Actual Concentrations of SG Solid Particles in SNP Dispersion with 

SNP Concentration of 34.60 wt%. 

SNP, 34.60 wt% 

SG Particle 
Concentration in 

 Suspension 
(wt%)  

SG Particle 
Concentration in  

Suspension 
(Volume fraction) 

consistency index 
(K), 𝒎𝑷𝒂. 𝒔𝒏 

flow behavior index 
(n) 

relative viscosity 
( 𝑲𝒓) 

0 0 1823.835104 1 1 

5.000308749 0.074142183 3170.2 0.885 1.738205485 

10.0002925 0.144605413 4970.5 0.876 2.725301357 

15.00227714 0.211687323 6617.8 0.855 3.628508061 

20.00200341 0.275572447 8597.8 0.86 4.714132583 

25.00233489 0.336518061 14966 0.651 8.205786159 

27.99958264 0.37172016 21904 0.684 12.00985835 

30.99797074 0.405987928 31842 0.667 17.45881618 

33.99923614 0.439377134 62915 0.662 34.49599333 

37.00115194 0.471897288 88411 0.655 48.47532809 

40.0093178 0.503640203 167971 0.613 92.09769524 
 

Appendix B.2: Power Law Variable Values and Actual Concentrations of S-32 Solid 

Particles in Each SNP Dispersion 

 

Table 24 Power Law Variable Values and Actual Concentrations of S-32 Solid Particles in SNP Dispersion with 

SNP Concentration of 5 wt%. 

SNP, 5 wt% 

S-32 Particle 
Concentration in 

 Suspension 
(wt%)  

S-32 Particle 
Concentration in  

Suspension 
(Volume fraction) 

consistency index 
(K), 𝒎𝑷𝒂. 𝒔𝒏 

flow behavior index 
(n) 

relative viscosity 
( 𝑲𝒓) 

0 0 3.346 1 1 

5.00028913 0.02302642 4.746 1 1.418487642 



183 
 

10.00068385 0.047399324 5.299 1 1.583785322 

15.00060535 0.073237291 5.784 1 1.728711561 

20.00056974 0.100679434 6.094 1 1.821379274 

25.00053413 0.129879676 6.406 1 1.914870657 

30.00042006 0.161012053 7.077 1 2.115225845 

35.00046733 0.194276548 7.420 1 2.217867122 

40.00043138 0.229898149 7.840 1 2.343458829 

45.00021245 0.268135805 13.237 1 3.95660737 

50.00019314 0.309291955 13.926 1 4.16263073 

55.00005337 0.353711032 19.317 1 5.773760009 

60.00004744 0.401799633 27.412 1 8.193441177 

62.00000299 0.422165285 34.319 1 10.25791358 

63.99982737 0.443225247 43.851 1 13.10719371 

65.99976782 0.465018382 100.780 0.925 30.12329164 

67.99968407 0.487582042 109.640 0.974 32.77155879 

70.99978875 0.522967436 279.810 0.963 83.63562446 

72.99966993 0.547646603 550.890 0.988 164.661839 

74.99969438 0.573258087 1042.700 0.903 311.6645782 
 

Table 25 Power Law Variable Values and Actual Concentrations of S-32 Solid Particles in SNP Dispersion with 

SNP Concentration of 10 wt%. 

SNP, 10 wt% 

S-32 Particle 
Concentration in 

 Suspension 
(wt%)  

S-32 Particle 
Concentration in  

Suspension 
(Volume fraction) 

consistency index 
(K), 𝒎𝑷𝒂. 𝒔𝒏 

flow behavior index 
 (n) 

relative viscosity 
( 𝑲𝒓) 

0 0 6.48 1 1 

5.000083125 0.022270578 6.91 1 1.067318626 

10.00005492 0.045719376 7.11 1 1.097940426 

15.00003674 0.070443053 8.23 1 1.270318856 

20.00000995 0.096548382 8.64 1 1.33346295 

25.0000409 0.124154889 8.94 1 1.379672597 

28.00001458 0.141493743 9.97 1 1.538634748 

30.99999045 0.159452086 11.40 1 1.759008727 

34.00000932 0.178063978 12.46 1 1.922779507 

37.00003637 0.19736553 13.28 1 2.049861969 

40.00015158 0.217396341 14.43 1 2.227858455 

42.0004192 0.23117702 18.43 1 2.844624621 

44.00051394 0.245312287 18.99 1 2.931392776 
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46.00052066 0.25981663 21.03 1 3.246340698 

48.00075641 0.274707088 23.59 1 3.642137378 

50.00072732 0.289995458 27.47 1 4.241045888 

52.00062202 0.305699409 32.99 1 5.092615363 

54.00051385 0.321836719 41.77 1 6.448224819 

56.00147758 0.338434616 49.43 1 7.629695031 

58.001921 0.355499323 72.35 1 11.1682208 

60.00205119 0.373052655 168.97 0.901 26.08259844 

63.00173677 0.400346462 284.00 0.895 43.83889422 

66.00001669 0.428858376 308.01 0.87 47.54513313 

68.99999045 0.458703339 608.62 0.862 93.94798521 

71.99998545 0.489959224 1042.20 0.898 160.8763928 

74.99998701 0.52272834 3411.40 0.843 526.5915625 

77.0003212 0.545474069 26915.00 0.387 4154.661401 
 

Table 26 Power Law Variable Values and Actual Concentrations of S-32 Solid Particles in SNP Dispersion with 

SNP Concentration of 15 wt%. 

SNP, 15 wt% 

S-32 Particle 
Concentration in 

 Suspension 
(wt%)  

S-32 Particle 
Concentration in  

Suspension 
(Volume fraction) 

consistency index 
(K), 𝒎𝑷𝒂. 𝒔𝒏 

flow behavior index 
 (n) 

relative viscosity 
( 𝑲𝒓) 

0 0 18.097 1 1 

4.999975123 0.021372924 18.736 1 1.035313993 

10.00010067 0.043846988 19.627 1 1.084563818 

15.00196653 0.06751726 20.633 1 1.140114565 

20.00193357 0.092463203 23.428 1 1.294580879 

25.00191242 0.118801135 25.209 1 1.392960193 

30.00203727 0.146651681 29.057 1 1.605645104 

35.00173429 0.176145514 33.716 1 1.863042663 

40.00160089 0.207436348 43.688 1 2.414085126 

45.00142024 0.240692086 53.019 1 2.929684342 

50.00129112 0.276104529 104.630 0.937 5.781593402 

55.00118254 0.313890268 164.710 0.936 9.101464678 

58.00115156 0.337802377 237.880 0.921 13.14465678 

61.00103461 0.362715522 256.630 0.941 14.18073511 

64.00095503 0.388694997 295.840 0.915 16.34738213 

67.00087544 0.415810416 314.100 0.926 17.35638428 
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69.00082584 0.43455581 408.250 0.919 22.55887897 

71.00077256 0.453864 2891.000 0.869 159.749465 

73.00067479 0.473760305 6036.000 0.795 333.5343379 

75.00072933 0.49427406 11809.000 0.772 652.5359504 

77.0006297 0.515431168 28404.000 0.674 1569.53435 
 

 

 

 

Table 27 Power Law Variable Values and Actual Concentrations of S-32 Solid Particles in SNP Dispersion with 

SNP Concentration of 20 wt%. 

SNP, 20 wt% 

S-32 Particle 
Concentration in 

 Suspension 
(wt%)  

S-32 Particle 
Concentration in  

Suspension 
(Volume fraction) 

consistency index 
(K), 𝒎𝑷𝒂. 𝒔𝒏 

flow behavior index 
(n) 

relative viscosity 
( 𝑲𝒓) 

0 0 47.026 1 1 

5.0001327 0.026806393 51.445 1 1.093973178 

10.00012572 0.054953736 57.207 1 1.216511524 

15.00024701 0.084546856 61.274 1 1.302993157 

20.00004148 0.115697172 68.060 1 1.447295682 

24.99988228 0.148533431 73.430 1 1.561490799 

29.99964443 0.183195422 86.377 1 1.836805649 

34.99976009 0.219843027 89.976 1 1.913335625 

39.99975518 0.258648107 102.439 1 2.178368482 

44.99963477 0.299807002 146.353 1 3.112191791 

49.99966797 0.343543003 151.149 1 3.214185851 

54.9995734 0.390103269 349.060 0.943 7.422764828 

57.99961708 0.419512744 407.690 0.959 8.669532438 

60.99965944 0.450108156 454.280 0.979 9.660269312 

63.9998397 0.481964222 3349.700 0.843 71.2314082 

65.99991486 0.503939621 5861.400 0.768 124.642737 

67.99989161 0.526533852 13496.000 0.629 286.9925919 

69.99997589 0.549775855 29834.000 0.629 634.4203457 
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Table 28 Power Law Variable Values and Actual Concentrations of S-32 Solid Particles in SNP Dispersion with 

SNP Concentration of 25 wt%. 

SNP, 25 wt% 

S-32 Particle 
Concentration in 

 Suspension 
(wt%)  

S-32 Particle 
Concentration in  

Suspension 
(Volume fraction) 

consistency index 
(K), 𝒎𝑷𝒂. 𝒔𝒏 

flow behavior index  
(n) 

relative viscosity 
( 𝑲𝒓) 

0 0 139.7842277 1 1 

5.000158333 0.027454395 145.605055 1 1.041641517 

9.999990564 0.056241751 152.0110325 1 1.087469131 

15.00019137 0.086465861 164.3507475 1 1.175746007 

19.99985229 0.118231119 176.400406 1 1.261947853 

25.00006726 0.151665994 203.2451221 1 1.453991809 

29.99989764 0.186898878 205.5848779 1 1.470730148 

34.99998759 0.224083738 366.59 0.952 2.622541943 

40.00040573 0.263387965 415.5 0.969 2.972438357 

45.00026747 0.304990491 534.47 0.995 3.823535809 

50.00024315 0.349105065 880.52 0.918 6.299136996 

55.00035162 0.395966479 1115.2 0.925 7.978010242 

58.00032818 0.425509038 2339.6 0.915 16.7372245 

61.00054909 0.456200119 4992.3 0.799 35.71432974 

64.00050686 0.488102522 9603.5 0.727 68.70231471 

66.00014045 0.510077494 19414 0.638 138.8854832 

68.00001964 0.532650388 65639 0.646 469.5737216 
 

Table 29 Power Law Variable Values and Actual Concentrations of S-32 Solid Particles in SNP Dispersion with 

SNP Concentration of 30 wt%. 

SNP, 30 wt% 

S-32 Particle 
Concentration in 

 Suspension 
(wt%)  

S-32 Particle 
Concentration in  

Suspension 
(Volume 
fraction) 

consistency index 
(K), 𝒎𝑷𝒂. 𝒔𝒏 

flow behavior index 
 (n) 

relative viscosity 
( 𝑲𝒓) 

0 0 370.076 1 1 

4.999611362 0.028098251 411.708 1 1.112497052 

9.99964968 0.057524981 435.187 1 1.175939528 

14.99915883 0.088370647 426.396 1 1.152183757 

19.99930539 0.120748153 467.761 1 1.263958838 

24.99985321 0.154772867 609.360 0.946 1.646580559 
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30.00007262 0.190568412 684.260 0.943 1.848971402 

34.99995815 0.228276686 1007.100 0.864 2.721332679 

39.99950189 0.268055141 1159.500 0.939 3.133139947 

45.00025465 0.310092472 1690.200 0.886 4.56716959 

50.0002315 0.354568539 2660.500 0.902 7.189063243 

55.00153378 0.401722305 5450.500 0.913 14.72805458 

57.99901949 0.431362712 10340.000 0.763 27.94020445 

60.99944207 0.462138153 44466.000 0.797 120.1536877 
 

Table 30 Power Law Variable Values and Actual Concentrations of S-32 Solid Particles in SNP Dispersion with 

SNP Concentration of 35 wt%. 

SNP, 35 wt% 

S-32 Particle 
Concentration in 

 Suspension 
(wt%)  

S-32 Particle 
Concentration in  

Suspension 
(Volume fraction) 

consistency index 
(K), 𝒎𝑷𝒂. 𝒔𝒏 

flow behavior index 
 (n) 

relative viscosity 
( 𝑲𝒓) 

0 0 1620.517 1 1 

5.000021591 0.028746732 1530.778 1 0.944623336 

10.00029355 0.058810687 1573.312 1 0.970870099 

15.00032569 0.090281367 1840.854 1 1.135966739 

20.00030654 0.123261144 1902.322 1 1.173897852 

24.99976187 0.157857869 2335.600 0.95 1.441268171 

29.99966536 0.1942007 2460.300 0.884 1.518218908 

34.99945086 0.232420809 3577.900 0.885 2.207875231 

39.99961817 0.272671637 5922.400 0.87 3.654635476 

44.99984863 0.315116668 30017.000 0.522 18.52309758 
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Appendix C: Samples of Suspensions of Solid Particles in SNP dispersions  

In this section, images of samples of suspensions containing solid particles in SNP dispersions at each 

concentration of SNP are provided. 

Appendix C.1: Samples of Suspensions of SG Solid Particles in SNP dispersions 

 

 

Figure 40 Samples of suspensions of SG hollow spheres in SNP dispersion, with SNP concentration of 

approximately 10 wt% 

 

 

Figure 41 Samples of suspensions of SG hollow spheres in SNP dispersion, with SNP concentration of 

approximately 15 wt% 
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Figure 42 Samples of suspensions of SG hollow spheres in SNP dispersion, with SNP concentration of 

approximately 20 wt% 

 

 

Figure 43 Samples of suspensions of SG hollow spheres in SNP dispersion, with SNP concentration of 

approximately 25 wt% 

 



190 
 

 

Figure 44 Samples of suspensions of SG hollow spheres in SNP dispersion, with SNP concentration of 

approximately 30 wt% 

 

 

Figure 45 Samples of suspensions of SG hollow spheres in SNP dispersion, with SNP concentration of 

approximately 35 wt% 
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Appendix C.2: Samples of Suspensions of S-32 Solid Particles in SNP dispersions 

 

 

Figure 46 Samples of suspensions of S-32 solo spheres in SNP dispersion, with SNP concentration of 5 wt% 

 

 

Figure 47 Samples of suspensions of S-32 solo spheres in SNP dispersion, with SNP concentration of 10 wt% 

 

 

Figure 48 Samples of suspensions of S-32 solo spheres in SNP dispersion, with SNP concentration of 15 wt% 

 

 

Figure 49 Samples of suspensions of S-32 solo spheres in SNP dispersion, with SNP concentration of 20 wt% 
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Figure 50 Samples of suspensions of S-32 solo spheres in SNP dispersion, with SNP concentration of 25 wt% 

 

 

Figure 51 Samples of suspensions of S-32 solo spheres in SNP dispersion, with SNP concentration of 30 wt% 

 

 

Figure 52 Samples of suspensions of S-32 solo spheres in SNP dispersion, with SNP concentration of 35 wt% 
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Appendix D: Physical and Chemical Properties of Materials Used in This Research 

Appendix D.1: Microbicide 
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Appendix D.2: Starch Nanoparticle  
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Appendix D.3: SG Hollow Sphere 
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Appendix D.4: S-32 Solosphere 
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Appendix E: Apparatus Specification 

Appendix E.1 Fann Viscometer Model 35 
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Appendix E.2 Haake Rotovisco RV12 
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