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Abstract 

The research activities performed in this study focused on the cuttings transport process in 

horizontal annuli that represents the horizontal drilling phenomenon. Both experimental and 

numerical approaches have been adopted to investigate the efficient hole cleaning process. 

Numerous flow conditions were examined in laboratory conditions and the subsequent 

visualization was performed with the help of a high-speed camera. The effects of drilling 

parameters such as drill pipe’s rotational speed (RPM), eccentricity and flow rate were scrutinized 

throughout the experimental and computational fluid dynamics (CFD) analyses. The common 

findings indicate enhanced hole cleaning ability at increased RPM and eccentricity. On the other 

hand, an increasing trend for pressure drop across the annulus section is identified with the 

enhanced drill pipe’s rotation (RPM), eccentricity and flow rate. The last part of this study 

examined tensile and shear fracture examination to find out different strengths of isotropic rock 

samples and establish strength correlations among them. This study will contribute to an ongoing 

investigation to predict cuttings size distribution from rock formation properties and drilling 

parameters. Unconfined compressive strength and indirect tensile strength (UCS-ITS) and 

unconfined compressive strength and point load strength index (UCS-PLSI) correlations were 

developed. Additionally, the ultrasonic pulse wave measurement was performed to establish the 

unconfined compressive strength and primary wave velocity (UCS-VP) relationships for sandstone 

and medium strength rock like material (RLM). Ultimately, all fitted relationships were analyzed 

through a comparative study with published correlations. This study on isotropic rocks is a part of 

an investigation to predict cuttings size distribution and future research will take the lead from this 

current thesis. 
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1. Chapter 1. Introduction 

1.1. Background 

The most important function of the drilling fluid is to transport cuttings from the drill bit zone 

through the annulus to the surface facility. The inefficiency of this procedure causes drilling 

problems and depending on the amount and position of cuttings accumulation; the intensity may 

vary from stuck pipe issue to the lost circulation. Since the beginning of the 1980s, the 

experimental analysis of cuttings transport for deviated wellbores has been studied, which signifies 

various hole cleaning mechanisms. Findings argue that the high fluid flow rate is desired but hard 

to maintain through the annulus because of the limitation of pump capacity and high dynamic 

pressure. This fact becomes more evident for high-angle or horizontal drilling and so the effect of 

rotational speed comes into play when such a high flow rate cannot be achieved [1].  

After a certain period, around the mid-1980s, a basic understanding of cuttings transport in highly 

inclined wellbores was developed through experimental analyses. However, the requirement of 

new experimental data was also soaring up because of increasing demand in horizontal wells with 

longer lateral reaches. Therefore, in partnership with several companies, The University of Tulsa 

Drilling Research Projects (TUDRP) constructed a longer flow loop consisting of a 100-ft long 

and 8-inch diameter annulus test section. Similarly, new flow loops at British Petroleum, Heriot-

Watt U., Southwest Research, etc., were constructed with transparent annular sections to observe 

cuttings movement mechanism through the annuli. These newly developed flow loops were helpful 

to collect the required experimental data for cuttings transport at different drilling conditions [1]. 

Newly developed flow loops performed hundreds of tests at critical and subcritical flow conditions 

considering different drilling parameters. From these analyses, the critical fluid velocity concept 

was developed below which the cuttings start to accumulate in a bed. Moreover, the hole cleaning 
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data indicated that the impact of the drill pipe’s rotation depends on the cuttings’ size and the mud 

rheology. The rotational impact was reported more effective on smaller cuttings with viscous fluid 

[2]. The complete study on hole cleaning in inclined wellbore signified the combined effect of 

cuttings’ size, fluid rheology, flow rate and dynamic behavior of drill pipe for enhanced cuttings 

removal process [3].  

Moreover, the drilling hydraulics studies based on computational fluid dynamics [4], modelling 

[5] and experimental analysis [6] for single phase flow have been reported in a pipe geometry 

without considering annulus configurations, eccentricity and rotation. Additionally, wellbore 

hydraulics were analyzed for both single phase flow [7], [8] and two phase flow [9]–[16] for the 

single tubing configuration. Literature also reports the two phase flow mechanisms in the tubing 

geometry [17]–[21] as well as the three phase solid-liquid-gas flow for the same configuration 

[22]–[24]. On the other hand, recent studies for annulus configuration have been performed 

considering different hydrodynamics and drilling operating conditions for two phase flow [25]–

[27] and three phase flow [28]–[31]. All of these studies have performed in segregated ways, either 

performed experimentally or numerically. In this thesis, in the first part, we have combined both 

experimental and numerical studies. 

On the other hand, the remaining part of the thesis deals with isotropic rock strengths and 

subsequent correlations establishment. The unconfined compressive strength (UCS) is required to 

evaluate numerous geomechanical factors that influence wellbore instability as well as sand 

production capability [32], [33]. However, the UCS test requires exact measurement and specimen 

preparation, which is a time-consuming and expensive procedure to follow. Sometimes, it is 

impossible to get the core specimen's desired dimension, especially in highly jointed rock masses. 

Therefore, the point load strength index is considered for estimating the UCS of rocks considering 
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its simplicity and flexibility of testing specimens in both field and laboratory applications. Since 

the 1970s, researchers have developed several correlations between the UCS and point load index 

and the majority of them shows linear relationship. The correlation may vary depending on the 

textural, mineralogical factors as well as chemical composition and anisotropic behavior of the 

rocks [34]. 

Moreover, The UCS and indirect tensile strength correlation is helpful to determine essential rock 

characteristics as well. A number of studies in finding the relation between UCS and indirect 

tensile strength have reported linear relationships, whereas some investigations also suggested the 

non-linear relationships between them [35], [36]. 

Additionally, the dynamic measurement of rock specimen performed by ultra-sonic pulse wave 

velocity assessment is another method to evaluate elastic properties of rocks and develop 

subsequent strength correlation with primary wave velocity (VP). Therefore, a complete analysis 

of rock strength and the corresponding correlations were established based on static and dynamic 

measurements. 

In the next section the objective outlines the ultimate research goals of this current study based on 

the background discussed in this section. 

1.2. Objectives 

The purposes of this study were to find out the optimum cuttings transport process in horizontal 

annulus section and evaluate drilling performance for isotropic rocks through strength test of the 

samples. The cuttings transport analyses were divided into experimental and numerical 

assessments. On the other hand, the isotropic rock samples were tested in geomechanics frame for 

strength tests. The overall objective of this study can be articulated as follows: 
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• Analyzing the cuttings transport process and finding out the corresponding flow patterns 

at different drilling conditions based on experimental data derived from the fully 

instrumented flow loop system. 

• Developing a CFD based model to simulate cuttings transport in horizontal annulus 

showing prior validation with experimental results. 

• Performing several strength tests and establishing correlation among them to evaluate 

optimal drilling performance for isotropic rock samples.  

1.3. Co-authorship Statement 

This manuscript-based thesis contains four manuscripts (already published or accepted or 

submitted in the proceedings) in separate chapters. These manuscripts are the results of 

collaborative efforts from several individuals. As the first author of all manuscripts, I performed a 

significant portion of experimental and CFD analyses and played the lead role in writing the 

manuscripts. The contributions of co-authors are outlined below. 

 Chapter three represents a published journal article. Among the co-authors, M. Fahed 

Qureshi and Hicham Ferroudji were directly involved in data interpretation, especially flow regime 

analysis. They also contributed to the manuscript writing and revision process. The rest of the co-

authors conceptualized and supervised the experimental work and provided technical feedbacks 

during manuscript writing. 

 Chapter four embodies a presented and published conference proceeding, where the co-

authors helped planning the test matrix ensuring experimental facilities and supervised the 

experimental work. They also shared thoughtful suggestions during manuscript writing. 
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 Chapter five is a CFD-based conference manuscript, which is already presented in the 

proceeding and accepted for publication. The two co-authors, M. Azizur Rahman and Stephen 

Butt, directly supervised the work, ensured the high-performance computing facility and shared 

their critical feedbacks during manuscript writing. 

 Chapter six represents a submitted manuscript in a conference proceeding. Among the co-

authors, W. Quan and A. Abugharara were directly involved in experiments and data collection in 

the laboratory. The other co-authors supervised the work and participated with technical feedbacks 

during manuscript writing.  

1.4. Thesis Organization 

The thesis contains seven chapters altogether. The first chapter provides the introduction to the 

thesis having a proper background of the study. It also includes the objective of this research work, 

defining the purposes and motives. Additionally, the first chapter outlines the co-authors’ 

contributions to prepare the manuscripts. Lastly, the outline of the thesis is discussed chapter-by-

chapter in this ongoing section. The second chapter contains a comprehensive literature review, 

where a detailed discussion is presented with appropriate data and references. The third chapter 

comprises a published journal article representing an experimental work on cuttings transport and 

subsequent flow pattern analysis at different flow conditions. The chapter contains the schematic 

of the experimental facility, including a full specification of the flow loop used for the experiments. 

The chapter also reports the conclusive findings regarding cuttings bed height and flow patterns at 

different conditions. The fourth chapter of this thesis reports cuttings transport mechanism for 

aerated drilling. The chapter outlines the experimental facility, including testing conditions and 

details the findings at the end. Chapter five articulates a CFD analysis on cuttings accumulation 

trend in the horizontal annulus. This study reports model validation with mesh sensitivity analysis 
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and finally illustrates the findings in charts with appropriate contours. Chapter six contains a 

manuscript based on isotropic rock strength analysis, where two different rock types, namely 

sandstone and medium strength rock-like material (RLM), are tested in a fully calibrated 

geomechanics frame. Chapter 6 represents a part of an investigation to predict cuttings size 

distribution from rock formation properties and drilling parameters; however, this work continues 

as future research from this thesis. Lastly, chapter seven concludes the whole thesis with an 

appropriate conclusion and recommends future research prospects that could be continued from 

the current study. In summary, the primary outcomes of the research activities can be listed as 

follows: 

1. The experimental analysis on cuttings transport and flow pattern in nearly horizontal 

extended reach well is published in an article in the Journal of Advanced Research in Fluid 

Mechanics and Thermal Sciences in 2020. The article outlines the schematic of the 

experimental facility, including a detailed specification of the flow loop. The research 

reports the conclusive findings regarding cuttings bed height and flow patterns at different 

drilling conditions. 

2. The experimental findings regarding aerated drilling for cuttings transport in the horizontal 

well are presented and published in the proceedings of 4th Thermal and Fluids Engineering 

Conference (TFEC) at Las Vegas, NV, USA in 2019. The results indicate the cuttings bed 

height variation with air injection and drill pipe rotation. 

3. A CFD-based analysis of cuttings accumulation tendency at different drilling conditions is 

presented and accepted for publication in the proceedings of ASME 40th International 

Conference on Ocean, Offshore and Arctic Engineering, OMAE 2021. Confirming mesh 
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sensitivity and validation, the developed model indicates the impact of several drilling 

parameters on cuttings accumulation in the annulus. 

4. To evaluate the isotropic rock strengths and establish relationships among them, an 

experimental study is summarized, submitted and accepted in the proceedings of 74th 

Canadian Geotechnical Conference, GeoNiagara 2021. Several correlations are developed 

along with the ultrasonic pulse wave measurement for sandstone and medium strength 

RLM samples. Eventually, all fitted relationships are analyzed through a comparative study 

with published correlations. However, this is an ongoing investigation to predict cuttings 

size distribution from rock formation properties and drilling parameters. The study is 

continuing for future research, taking the lead from this current thesis.  
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2. Chapter 2. Literature Review 

2.1. Cuttings Transport in Horizontal Annulus 

Cuttings bed tends to form in the annulus as the inclination angle increases more than 350 and as 

the wellbore deviates towards horizontal from the vertical position, the problem gets intensified 

with increasing eccentricity at the bottom part of the annulus [1]. The investigation on mud 

rheology for cuttings transport indicates that the high-viscosity mud could be beneficial for vertical 

well drilling; however, it has the opposite impact on high-angle wellbores if the drill string’s 

rotation is negligible. The study opines that the low-viscosity mud can accelerate turbulence, which 

is more advantageous to cuttings transport in directional drilling [2]. Therefore, the dependency of 

cuttings transport on inclination angle, fluid rheology, hydraulics and eccentricity was evidently 

confirmed.  

However, further studies developed several cuttings transport models for highly inclined 

wellbores. Based on their laboratory investigations and field experiments, Zamora and Hanson 

proposed 28 rules of thump for improved cuttings transport process at high-inclination drilling [3]. 

On the other hand, Luo and Bern developed empirical charts based on their flow loop data to 

predict critical flow rate that will not allow cuttings bed formation in the deviated well. They 

further extended their study by comparing the prediction with field data [4].  

However, the previous discussion referred to the empirical models developed based on laboratory 

or field data. Therefore, a comprehensive mechanistic cuttings transport model was required to be 

developed that could be verified with experimental data afterward. In that regard, a two-phase 

(fluid-solid) interaction model that would be coupled and combined with a fluid flow model to 

simulate the complete cuttings transport technique was required. Considering this requirement, a 
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numerical model was proposed based on the field and laboratory data set [5]. A further study 

reported cuttings transport model based on fluid mechanics relationship, where three different 

transport modes: rolling, lifting and settling, were assumed and each of them was considered for a 

specific range of hole angle [6]. Moreover, the predicted model was compared with experimental 

data derived from the university of Tulsa drilling research projects (TUDRP) flow loop. Another 

mechanistic model was developed to predict cuttings bed height and critical flow velocity at 

subcritical flow conditions [7]. Eventually, a solid foundation on the cuttings transport process was 

laid based on the combined analysis of empirical and mechanistic models. The below table has 

summarized some existing literatures on the discussed models.  

Table 2.1. Cuttings transport models with considered parameters and targets of the analyses. 

Model 

Type 

Authors Considered Factors Target 

Empirical  

Wang et al. [8] 

Flow rate, cuttings injection rate, mud 

rheology, eccentricity, pipe rotation. 

cuttings  

bed height 

Ozbayoglu et al. [9] 

Flow rate, ROP, annuli size, inclination, 

mud rheology, pipe rotation, 

eccentricity 

cuttings bed 

area 

Loureiro et al. [10] 

Annuli size, cuttings density, local 

gravity, mud rheology, rotational speed 

ratio 

between 

mass of 

suspended 

particles  
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and initial 

mass of 

deposited 

cuttings 

Ozbayoglu et al. [11] 

Flow rate, ROP, annuli size, inclination, 

mud density and rheology 

cuttings bed 

area 

Mechanistic 

Duan et al. [12] 

Static force, drag force, lift force and 

Van der Waals force 

Critical 

resuspension 

velocity 

Larsen et al. [13] 

Mass generated by drill bit transported 

by mud 

critical  

transport 

fluid 

velocity 

Peden et al. [14] 

Drag force, friction force, gravity force 

and lift force 

minimum 

transport 

velocity 

Clark and Bickham 

[6] 

Buoyancy force, the plastic force, 

gravity force, lift force, drag force  

and pressure force 

minimum 

transport 

velocity 
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2.1.1. Multiphase Flow Mechanism in the Horizontal Annulus 

The multiphase flow confronted during the drilling operations could be the combination of three 

phases, including solid, liquid and gas [15]. The presence of such multiphase flow is a hard nut to 

crack for the petroleum industry, since the different phases constitute with different phase 

behaviors that are extremely complex to understand [16]. Moreover, these factors make it hard to 

predict the relationships among the flow rate, pipe configuration and pressure drop for multiphase 

flow formed in offshore fields and onshore processing facilities [17]. Hence, the study of cuttings 

transport is important to understand this complicated mechanism to ensure proper cleaning of the 

annulus section. Because cuttings accumulation may cause several issues, including lost 

circulation, differential sticking, flow impediments and eventually leads to inefficient hole 

cleaning [18]. 

In solid-liquid two phase flow, the traveling particles influence the adjacent fluid to manifest 

several flow patterns [19]. When the flow velocity ranges between moderate to low, the stationary 

bed is formed and the corresponding liquid phase flows over the bed leaving it at the bottom of the 

annulus. If the flow rate increases the stationary bed tends to disintegrate into moving dunes and 

the further enhancement of flow velocity causes the scouring effect in the annulus [20]. In the 

meantime, few particles are found to travel over the dunes, while most of them gather at the bottom 

of the dune. However, the high flow rate of the liquid phase demonstrates dispersed flow regimes 

in the horizontal annulus section [21]. 

The cuttings bed forms when the fluid flow rate is insufficient to avoid the cuttings accumulation 

in the annulus. If the cuttings bed increases in height, the flow area reduces, therefore, the annular 

speed enhances with increasing pressure drop until the equilibrium state is achieved [22]. The 

majority of cuttings transport models and correlations are also set up under equilibrium conditions 
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or steady-state conditions. In order to ensure effective drilling operations and efficient transport of 

cuttings, it is essential to know about different types of multi-phase flow regimes patterns that 

occur in the horizontal or vertical systems. However, slug flow is identified as the most effective 

flow regime for efficient cuttings transport process [22]. 

 

Figure 2.1. Cuttings transport through horizontal annulus section. 

2.1.2. Effect of Drilling Parameters and Conditions on Cuttings Transport 

The effect of rotational speed of the drill pipe is a proven mechanism for cuttings transport process. 

The rotation suspends the particles asymmetrically along the cross section of the annulus. Such 

impact is dominant on the cuttings transport process until the critical fluid velocity is achieved 

[23]. However, the impact of rotation on the pressure drop across the annulus shows an interesting 

finding while representing both increasing and decreasing trends of pressure gradient with 

changing RPM [51–54]. While determining the effect of drill pipe’s rotation in deviated wells, the 

presence of orbital motion is found effective for cuttings transport process [28]. It is found that the 

drill pipe’s orbital motion may appear within the range between 80 RPM to 110 RPM [29]. 

However, separate study confirmed the significant variation in frictional pressure drop in the 

annulus due to the orbital motion with increasing Reynolds number [30]. The impacts of drill pipe’s 

rotational speed and orbital motion are shown by the summary table below. 
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Table 2.2. Drill pipe's rotation and orbital motion’s impact on cuttings transport. 

Authors Rotational Speed Range Findings 

Bassal [31] -- 

Rotational speed improves 

hole cleaning process with a 

higher mud viscosity and 

smaller cuttings 

Sifferrman and Becker [32] 0-60 RPM 

Rotational speed shows the 

greatest impact on small 

cuttings and low ROP at near 

horizontal position 

Sorgun [33] 0-120 RPM 

The orbital motion reduces the 

critical velocity required to 

wipe out stationary cuttings 

bed. However, drill pipe’s 

rotation has no additional  

impact on hole cleaning after 

a certain RPM 

Sanchez et al. [28] 0-175 RPM 

Orbital motion can provide a 

better hole cleaning with high 

rotary speed at 900 inclination 

and low flow rate 
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Bilgesu et al. [34] 0-60 RPM 

Rotation provides with 

improved cuttings transport 

for smaller particles 

Li et al. [35] 0-200 RPM 

Rotation between 80-120 

RPM has significant impact 

on cuttings transport process 

The impact of eccentricity on the cuttings transport is another point of interest while examining 

the particles accumulation tendency in the horizontal annulus. Several studies have confirmed the 

impact of drilling parameters while varying the eccentricity up to 75% from concentric position 

[36]. The findings addressed that the cuttings tend to accumulate after a certain point of eccentricity 

as well as the drill pipe’s rotational speed has barely any influence on the particles transport process 

after a certain RPM. On the other hand, the experimental study on the pressure drop proposed that 

the pressure drop across the annulus may completely disappear with increasing eccentricity of the 

drill pipe [37]. On the other hand, the study on cuttings size reported the impact of pipe’s rotation 

on cuttings transport and indicated the improvement of efficiency up to twofold for smaller 

particles [38].  A summary table is provided here to indicate the particle size effect on the cuttings 

transport process. 

 

 

 



21 

 

Table 2.3. Impact of particles size on cuttings transport process. 

Authors Particles Size Range Findings 

Sanchez et al. [28] 2 to 7 mm 

At high rotational speed, the 

smaller cuttings are easier to 

transport with high viscosity 

mud 

Duan et al. [39] 0.45 to 3.3 mm 

Pipe rotation improves the 

transport efficiency of smaller 

cuttings compared with 

larger-sized cuttings 

Walker and Li [21] 0.15 to 7 mm 

Particles having average size 

of 0.76 mm is the most 

difficult ones to be removed 

by the water 

Mishra [40] 3 to 8 mm 

If water is the drilling fluid, 

larger particles are easier to 

transport 

Martins et al. [41] 2 to 6 mm 

Smaller particles are easier to 

transport than larger ones 

 

2.1.3. Effect of Annulus Configuration on Multiphase Flow 

The annulus configuration plays a vital role in cuttings transport mechanism. Two different 

annulus configurations having radius ratio of 0.76 and 0.94 were investigated for two-phase flow 
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mechanism. The experimented flow portrayed some hybrid regimes, including the common 

shapes, such as slug, plug, bubble and dispersed bubble [42]. Another experimental study was 

performed in horizontal and marginally diverged fully eccentric annuli with 0.5 radius ratio [43]. 

The mixtures of water-air and nitrogen-diesel were tested in that annulus. The flow patterns 

observed out in this investigation were comprised of stratified, dispersed bubble, annular and 

intermittent flows. Moreover, the conducted experiments on two phase flow in a larger size anulus 

(8.34-in×3.50-in) section identified stratified wavy, stratified-smooth, stratified to slug, slug, slug 

to annular and slug to dispersed bubble flow patterns [44].  

An interesting experimental study was performed on the flow obstructing geometry to investigate 

pressure drop in horizontal annulus section. In that study, some obstacles were positioned centrally 

and tangentially inside a 1-inch horizontal pipe to evaluate the pressure drop across the obstacles 

for two phase flow [45]. Another study reported flow regimes alterations in horizontal annulus 

originated by concentrically positioned central rod having different diameters inside a 2-inch 

acrylic pipe. Moreover, experimental analysis performed on a specially designed flow loop having 

a horizontal annulus of variable outer (3.67-inch, 4.5-inch) and inner diameters (1.92-inch, 2.25-

inch) depicted intermittent flow regimes for the setup restrictions [46]. 

2.2. Rock Strengths and Subsequent Correlations  

Rock strength evaluation is an essential primary step for drilling performance assessment that is 

also applicable for the activities, such as tunnel boring and mining. The unconfined compressive 

strength (UCS) of rocks provides valuable information regarding wellbore instability and sand 

production capability while drilling is performed [73-74]. Moreover, such information derived 

form UCS is somehow more significant than the mud weight or azimuth angle determination 

during drilling [49]. However, there is an internationally recognized standard to evaluate UCS of 
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rock samples [50]. The ASTM standard has specified the sample's length to diameter ratio in 

between 2:1 to 2.5:1. The minimum diameter of the specimen should be around 47 mm. Moreover, 

the specimen's diameter is required to be at least ten times the diameter of the largest mineral grain 

for the UCS test. 

2.2.1. Correlation between UCS and Point Load Strength Index (PLSI) 

Since the UCS testing requires exact measurements and precise preparations of the rock samples, 

sometimes, it becomes an expensive and time-consuming process to follow. Therefore, the point 

load strength index evaluation is considered for strength assessment for its simplified applicability. 

Similar to the UCS, the point load strength index also follows an ASTM standard for laboratory 

evaluation [51]. The ASTM standard for point load strength index (PLSI) test recommends any 

core specimen having the ratio of length to diameter between 1/3 to 1 should be suitable for axial 

loading test. Since the 1970s, several studies were performed and the subsequent correlations 

between the UCS and PLSI for different rock types were established. The correlation may vary 

depending on the textural, mineralogical factors as well as chemical composition and anisotropic 

behavior of the rocks [52]. The table summarizes several literatures that show correlations between 

UCS and PLSI. 

Table 2.4. The correlations between UCS and PLSI. 

Author (Year) Correlation Rock Type 

 

Smith (1997) 

 

𝑈𝐶𝑆 = 14.3 × 𝑃𝐿𝑆𝐼 Sedimentary 

Broch & Franklin (1972) 𝑈𝐶𝑆 = 23.7 × 𝑃𝐿𝑆𝐼 Several 



24 

 

Agustawijaya (2007) 

 
𝑈𝐶𝑆 = 13.4 × 𝑃𝐿𝑆𝐼 Several 

Rusnak & Mark (1999) 𝑈𝐶𝑆 = 20.6 × 𝑃𝐿𝑆𝐼 Sandstone 

Hassani et al. (1980) 𝑈𝐶𝑆 = 29 × 𝑃𝐿𝑆𝐼 Sedimentary 

Bieniawski (1975) 𝑈𝐶𝑆 = 23.9 × 𝑃𝐿𝑆𝐼 Sandstone 

Mishra & Basu (2012) 

 
𝑈𝐶𝑆 = 14.63 × 𝑃𝐿𝑆𝐼 Several 

V. K. Singh & Singh (1993) 𝑈𝐶𝑆 = 23.4 × 𝑃𝐿𝑆𝐼 Quartzite rock 

Vallejo et al. (1989) 

 
𝑈𝐶𝑆 = 17.4 × 𝑃𝐿𝑆𝐼 Sandstone 

Hawkins & Oivert (1986) 𝑈𝐶𝑆 = 26.5 × 𝑃𝐿𝑆𝐼 Limestone 

Das (1985) 𝑈𝐶𝑆 = 18 × 𝑃𝐿𝑆𝐼 Sandstone 

 

From the table it is prominent that the conversion factor from PLSI to UCS may vary from one 

rock type to another depending on the variations in their geological formations. However, it will 

be inaccurate to use a single conversion factor to evaluate the UCS value from PLSI for different 

rock types. Therefore, a range of conversion factor of 14-16 is proposed for softer rocks and 

another range of 21-24 is suggested for harder rocks [52]. 

2.2.2. Correlation between UCS and Indirect Tensile Strength (ITS) 

The tensile strength of the rock determines the load-bearing capability of the rock. In general, 

rocks tend to fail easily under tensile loading in comparison to compressive loading. The direct 
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approach for tensile strength test is a tedious process for laboratory testing. Therefore, the indirect 

test of tensile strength is an acceptable and reliable approach to follow in the laboratory 

environment. Because of the simplicity of the experimental setup and specimen preparation, the 

Brazilian strength test (BTS) is broadly practiced. For an indirect tensile strength test, the ASTM 

standard recommends a circular disk of rock specimen with a thickness to diameter ratio between 

0.2 and 0.75 [58]. In that case, the specimen's diameter should be at least ten times larger than the 

largest mineral grain. Several studies in finding the relation between UCS and indirect tensile 

strength have reported linear relationships. However, some investigations also suggested the non-

linear relationships between BTS and UCS [59][60]. There is a common assumption, which refers 

that the UCS is nearly ten times tensile strength for rocks. However, the conversion factor may 

vary from 4 to 10 for roadmaking rocks [61]. Some correlations derived from the literatures are 

listed below in the summary table. 

Table 2.5.  The correlations between UCS and ITS. 

Author Correlations Rock Type 

Brook (1993) 𝑈𝐶𝑆 = 15 × 𝐼𝑇𝑆 Sandstone 

Kahraman et al. (2012) 𝑈𝐶𝑆 = 10.61 × 𝐼𝑇𝑆 Different Rocks 

Hosking (1955) 𝑈𝐶𝑆 = (4 𝑡𝑜10) × 𝐼𝑇𝑆 Roadmaking Rocks 

Lumb (1982) 𝑈𝐶𝑆 = 14 × 𝐼𝑇𝑆 Igneous Rock 

Gupta and Rao (1988) 𝑈𝐶𝑆 = 9.72 × 𝐼𝑇𝑆 Quartzite 
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Altindag & Guney (2010) 𝑈𝐶𝑆 = 12.308 × 𝐼𝑇𝑆1.073 Different Rocks 

Nazir et al. (2013) 𝑈𝐶𝑆 = 9.25 × 𝐼𝑇𝑆0.947 Limestone 

 

2.2.3. Ultrasonic Pulse Wave Velocity Measurement  

Ultrasonic pulse wave velocity analysis can be utilized to evaluate dynamic rock properties. The 

non-destructive and simple analysis process make it suitable for various field applications. The 

measurement is performed based on the ASTM standard (ASTM D2845-08) for laboratory 

determination of pulse velocities and ultrasonic elastic constants of rock. The ultrasonic wave 

velocity provides necessary information regarding rock characterization process. Besides 

calculating elastic constants, the primary wave velocity (VP) can be used to establish correlations 

with UCS of the correspond rocks. The developed relationships between UCS and VP can be linear 

or power law. Some existing correlations from literature is summarized in the table below. 

Table 2.6. The correlations between UCS and primary wave velocity of rocks. 

Author (Year) Correlation Rock Type 

 

Kahraman (2001) 

 

𝑈𝐶𝑆 = 9.95𝑉𝑝
1.21 several 

Minaeian & Ahangari 

(2013) 
𝑈𝐶𝑆 = 0.005 𝑉𝑝 sedimentary 

 

Chary et al. (2006) 

 

𝑈𝐶𝑆 = 0.1564𝑉𝑝 − 692.41 sandstone 

Çobanoǧlu & Çelik 

(2008) 
𝑈𝐶𝑆 = 56.71 𝑉𝑝 − 192.93 several 
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2.2.4. Technical Gap and Contribution of Current Work 

Despite all the developed experimental facilities, researchers faced difficulties for in situ 

visualizations of cuttings transport. Literature addresses theoretical approaches to predict the flow 

behavior; however, defining flow regime and constructing the subsequent flow regime map is still 

a challenge to overcome with the help of theoretical models. Therefore, it is prominent that there 

is still room for experimental analysis regarding the flow mechanism in the annulus while 

transporting cuttings. This is precisely the area where the current study focused. The behavior of 

the flow pattern in multiphase flow has been addressed with comprehensive experimental 

investigations. Hundreds of frames captured by the high-speed camera were scrutinized for 

visualization purposes. The change in drilling parameters and constructing the subsequent flow 

regime maps while carrying solid particles is another unique aspect of the study that could be 

helpful to understand the complexity of multiphase flow. Moreover, inclusive numerical analysis 

is required to develop the fluid-solid interactive CFD model that can be validated with the existing 

empirical models. It also implies the industry demand in the reduction of tedious and expensive 

field experiments with the help of in-house numerical analyses. In this current study, these facts 

mentioned above have been considered while performing numerical investigations. On the other 

hand, literature also confirms that the strengths correlations for medium-strength rock-like material 

(RLM) are rare. To date, very few works have been done that reported both static and dynamic 

assessments on isotropic rock samples to develop strength correlations. However, these are 

essential information to evaluate drilling performance and subsequent cuttings size distribution 

while drilling such type of rock. The laboratory-based testing procedure reported in this thesis is a 

part of an investigation to predict cuttings size distribution from rock formation properties and 

drilling parameters. Future work will be hugely benefited from this current study. 
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Abstract 

During the drilling activity, in an extended reach well, the deposition of cuttings (solids) in the 

annulus can lead to issues such as differential sticking and inefficient hole cleaning. This makes it 

essential to identify different multi-phase flow patterns and study the effect of drill pipe 

eccentricity and rotational speed on cutting transport in the annulus.  Therefore, in this study, the 

experiments were conducted in a near-horizontal flow loop system, where the length of an annulus 

section was 6.16 m (20.2 ft) long and the outer and inner diameters were 4.5 in. (11.4 cm/0.37 ft) 

and 2.5 in. (6.4 cm/0.21 ft), respectively. A high-speed charge-coupled device (CCD) camera was 

used to perform the in-situ visualization of the multiphase-flow through the annulus. Then the 

recorded videos were used to investigate the cuttings transport for both 2 and 5 wt% solid 

concentrations. Glass beads having a diameter of 0.5-2 mm were used as cuttings for the 

experiments.1 The video recordings were used to scrutinize the flow behavior pattern which depicts 

the possible flow patterns for the gas-liquid-solid multiphase-flow through horizontal annuli. The 

effects of varying pipe eccentricity (0 to 75 %), drill pipe rotational speed (0- 120 RPM), air 
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pressure (0.4-0.8 bar) and solid concentration on the cuttings transport through the annulus were 

investigated. It was observed that high rotational speed and eccentricity of the drill pipe lead to 

better hole cleaning. At 30% eccentricity, the solid bed height was found to vary from 8 to 20 times 

at different rotational speeds for changing the solid concentration form 2 wt% to 5 wt%. Moreover, 

while different drilling conditions were tested for cutting transport, six distinguishable flow 

patterns were observed. The findings also show that 75% of eccentricity may not be optimum 

drilling conditions because of the contact between cutting and the drill pipe. The novelty aspect of 

this work was the use of three phases (solid, liquid and gas) to investigate the flow pattern behavior 

and cutting transport phenomena in the annular flow loop system by varying drill pipe rotational 

speed and drill pipe eccentricity. The flow map of this work can be used to develop 3-phase models 

to figure out optimum conditions for cutting transport in horizontal wells for enhanced oil 

recovery.  

Keywords: Cuttings transport; Flow pattern; Multiphase flow; Horizontal annulus; Eccentricity. 

3.1. Introduction 

Multiphase flow can take place through the whole production system intricate in fluids flowing 

across offshore oil and gas wells to the onshore facilities [1]. The multiphase flow can occur in the 

oil and gas reservoirs, the tubulars that link the reservoir to the surface and any flow lines that 

transport fluids from one facility to other processing facilities [2]. The multiphase flow 

encountered in the industry can be an amalgamation of a solid, liquid and gas phase [3]. The 

occurrence of multiphase flow in the petroleum industry forms complications, as the fluids 

involved are multicomponent mixtures whose phase behavior is extremely complex to determine 

[4]. This makes it difficult for engineers to predict the correlations between flow rates, pressure 

drop, and piping geometry (length, diameter, angle, etc.) for the multi-phase fluids produced across 
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offshore fields and onshore processing facilities [5]. The study of multi-phase flow across annulus 

is also essential to determine the cuttings transport phenomena and ensure proper cleaning of the 

annulus [6]. As deposition of cuttings (solids) in the annulus can lead to issues such as differential 

sticking, loss of fluid circulation, blockages and inefficient hole cleaning. 

3.1.1. Effects of Geometry 

Earlier in the 1980s, Salcudean, Groeneveld [7] conducted experimental work to study the effect 

of flow impediment geometry on pressure drop in horizontal two-phase (water-air) system. In this 

work, a pipe of diameter 1 inch consisting of impediments positioned centrally and tangentially 

was used to evaluate pressure drop. The effect of the level of flow impediment and flow shape 

impediments on pressure drop was evaluated. However, no two-phase flow-regimes were reported 

in their work. Osamusali and Chang [8], investigated multiphase flow (water-air) regime 

alterations in horizontal annuli designed by concentrically positioning central rod, with variable 

radiuses in an acrylic tube of diameter 2 inches. The inner and outer diameters ratios varied from 

0.375 to 0.675.  The flow regimes observed by Osamusali and Chang [8], included stratified wavy, 

stratified-smooth, slug, plug and annular. 

Ekberg, Ghiaasiaan [9], investigated two-phase flow regimes in thin horizontal annulus sections. 

They carried out experiments in two different annuli. The first annulus had the inner and outer 

diameters of 0.26 inch and 0.34 respectively, having an ID/OD ratio of 0.76. The second annulus 

had the inner and outer diameters of 1.30 inch and 1.38 correspondingly, providing an ID/OD ratio 

of 0.94. The two-phase flow regimes noted included some hybrid regimes and common flow 

regimes like a plug, slug, dispersed, bubble and churn flow. Lage, Rommetveit [10], carried out 

small scale experimental work to investigate the two-phase flow regimes in horizontal and 

marginally diverged fully eccentric annuli. The annulus had an inner and outer diameter of 2 inches 
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and 4 inch and correspondingly, providing an ID/OD ratio of 0.5. The fluids tested in the annulus 

were the mixtures of water-air and nitrogen-diesel respectively. The flow regimes observed by 

Lage, Rommetveit [10], comprised of the stratified, dispersed bubble, annular and intermittent 

flows. But, the complete flow regime maps cannot be developed out of their experimental work 

due to a limited number of data points. 

Zhou, Ahmed [11], conducted intensive two-phase (air-water) experiments in a larger size annulus 

with outer and inner diameters 8.34 inch and 3.50 inch correspondingly, providing ID/OD ratio of 

0.42. The flow regimes identified included stratified wavy, stratified-smooth, stratified to slug, 

slug, slug to annular and slug to dispersed bubble. Zhou, Ahmed [11], also provided a theoretical 

explanation for the flow regime transitions in the two-phase system. 

Omurlu and Ozbayoglu [12] and Metin and Ozbayoglu [13] investigated two-phase flow through 

a fully peculiar horizontal annulus. Their experimental loops involved variable outer diameters 

(3.67 inch, 4.5 inch) and variable inner diameters (1.92 inch, 2.25 inch) providing ID/OD ratios of 

0.52 and 0.5 respectively. They observed flow regimes visually and mainly observed intermittent 

flow regime due to setup confinements. Based on their observation, they develop a mechanistic 

model that helps to predict a flow regime in annulus based on the reference diameter. 

3.1.2. Effects of Eccentricity 

Sorgun, Osgouei [14], examined gas-liquid flow inside horizontal eccentric annulus using an 

Eulerian CFD model for two-phase flow, using different flow patterns, such as dispersed bubble, 

dispersed annular, plug, slug and wavy annular. The results of Sorgun, Osgouei [14] simulations 

were compared with the experimental data and they were found to be in an agreement of ±20-30% 

error in estimates of gas-liquid pressure losses. 
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Ettehadi Osgouei, Ozbayoglu [15] examined the pressure loss differences among horizontal, 

inclined and nearly vertical positions for three-phase flow in eccentric annuli. It was observed that 

because of the increased gas velocity in the wellbore, the total pressure loss changes moderately 

in the horizontal section. However, in the case of inclined and nearly vertical sections, total 

pressure loss decreases considerably with increased gas velocity. They also indicated that the 

conformal mapping could also be useful to describe the impact of eccentricity in the three-phase 

flow system.  

Gschnaidtner [16], carried out multiphase flow (air-water) experimental work in a concentric 

annulus with an outer diameter of 2 inch and an inner diameter of 1.3 inch, providing the ratio of 

0.65. The flow regimes inside the annulus were observed using an HD video camera. The flow 

regimes reported were characterized as intermittent and bubble flow as only a minor range of gas 

and liquid superficial velocities were investigated.  

Recently, another group [17], at Texas A & M University at Qatar (TAMUQ), observed flow 

regimes of two different multi-phase flow systems consisting of air-water and glass bead-water 

using a high-speed CCD camera in a horizontal annulus with a length of 240 inch and outer-inner 

diameters of 4.5 inch and 2.5 inch respectively, providing ID/OD ratio of 0.5. The flow regimes 

observed for the air-water system at different system pressure (0.2-0.4 bars) were characterized as 

bubbly and wavy. On the other hand, the flow regime observed for glass bead- water system at 0.3 

bar was observed as a stationary bed. Moreover, the Computational fluid dynamics model work 

was also conducted by our group to develop correlations for pressure losses in annular geometries 

[18, 19]. 

Based on the literature review, it is evident that the study of cutting transport is essential for smooth 

drilling operation and flow assurance [20-22]. The majority of work in cuttings transport has been 
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conducted using two-phase flow [23-27] and work using three-phase flow is limited [28-30]. 

Therefore, in this work, our group has used three phases (solid, liquid and gas) to investigate the 

flow pattern behavior and cutting transport phenomena in the same annular flow loop system by 

varying drill pipe rotational speed and drill pipe eccentricity. The group has used two different 

solid concentrations (2- 5wt %) and system operating pressure (0.4-0.8 bars) to visually observe 

the flow regimes within the system. In order to visualize the flow patterns, digital video recordings 

were collected and the image processing technique is applied for the corresponding videos. 

Different flow conditions and drilling parameters have been tested and subsequent analyses have 

also been performed to construct the desired flow map and flow regime. 

3.2. Background 

In the drilling activity, the fluid is pumped across the drilled pipe down to the hole. At that point, 

the fluid with cuttings flows back up to the surface via the annular space between the drilled pipe 

and the hole [31]. The hole cleaning is vital as it has a major influence on the drilling operations 

cost, time of operations and process safety. Insufficient hole cleaning can lead to issues such as 

differential sticking, premature wear out of drill bit, fracture formation and inducement of high 

torque or drag [32]. The type of fluid pumped and the other factors such as rotation of the drilled 

pipe affect the transport of cuttings. If cleaning of the annular hole is not carried out appropriately 

by the injection fluid, it may cause problems like pipe sticking, premature wear out of drill bit and 

lead to formation damages or issues in cementing or logging process [33]. It may also cause 

temporary hole blockages resulting in loss of circulation, excessive wear and tear in the pipe and 

more additives will be required in the drilling fluid which directly increases the cost of the drilling 

operation [34, 35]. Sometimes, the sticking of the solid particles at the lower annular section may 

also lead to a reduced penetration rate and also cause thickening of the pipeline [36]. 
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The different elements which affect the efficiency of the hole cleaning process include the injection 

rate of the fluid stream, inclination of hole angle, rotation of drill, the rate of penetration (ROP), 

fluid properties and type of cuttings present in the hole [37]. These elements also rely on the 

mechanics of fluid transportation [33]. For instance, lower turbulence levels in the injection flow 

through the annulus may lead to inappropriate carrying up of the cuttings across the narrow zones 

of the annulus causing hole cleaning issues [38]. 

3.2.1. Effect of Multiphase Flow Regimes on Cuttings Transport 

The transport of cuttings as a multiphase flow is essential for drilling operation, as it may help to 

reduce operation cost, reduce operation time, and improve the quality of well drilling and 

completion [39, 40]. The addition of the gas phase, into the flow system, helps to improve the 

cutting transport dynamics. The liquid phase of the blend provides cuttings moving capacity and 

assures that the cuttings move at the rate of fluid velocity, provided they are not present in the 

cuttings bed [41]. 

The most widely recognized flow regimes for effective cuttings transport are slug flow and 

dispersed-bubbly stream. The formation of cuttings beds occurs when the fluid flow rate in the 

annulus can't avoid cuttings deposition [42]. As the thickness of bed increases, the annular speed 

and the frictional pressure losses also increase due to restricted flow region, until equilibrium 

conditions or steady-state condition is achieved (rate of pumping and fluid properties, etc) [42]. 

The majority of cuttings transport models and correlations are also set up under equilibrium 

conditions or steady-state conditions. In order to ensure effective drilling operations and efficient 

transport of cuttings, it is essential to know about different types of multi-phase flow regimes 

patterns that occur in the horizontal or vertical systems. 
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3.2.2. Gas-liquid flow regimes 

In a horizontal annulus, the gas-liquid flow regimes can be classified as the bubble flow, the plug 

flow, the slug flow, the wavy flow, stratified flow, disperse flow and the annular flow [Fig.  3.1]. 

The bubbly flow contains small-sized distributed bubbles in the liquid [43]. The plug flow involves 

a combination of liquids and large size bubbles with some small-sized bubbles. The slug flow 

consists of a mixture of liquids and large gas slugs which have random frequency [43]. In the wavy 

flow, the gas phase tends to flow distinctly on top of the liquid phase and depicts a wavy surface 

and in the annular flow, the liquid tends to flow as a narrow film adjacent to the pipe wall [44]. In 

the stratified flow both liquid and gas maintain moderate velocities and fluid surface remain flat, 

whereas in the case of dispersing flow, both velocities are very high and dispersed gas bubbles are 

scattered along the whole cross-section. 

 

Figure 3.1. Flow regimes for gas-liquid two-phase flow in a horizontal pipe. 

In vertical or discretely deviated pipes, the most widely recognized flow regime for gas-liquid 

mixtures are bubble flow, slug flow, mist flow, churn flow and annular flow [45]. In the bubble 
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flow, the gas phase is circulated in the liquid phase and the fragile bubble moves upward in a zig-

zag motion. The wall of the pipe is in touch with the liquid phase [45].  In the slug flow, the gas 

exists as large bullet-shaped air pockets with the area close to the area of the pipe. These air 

pockets, also known as Taylor bubbles, move consistently upward and are isolated by slugs of 

continuous liquid that connects with the pipe and contain small-sized gas bubbles. The speed of 

gas bubbles is higher compared to the liquid [46]. This oscillatory flow of the liquid is distinctive 

of churn flow and it may not take place in smaller size pipes.  

In the Annular - Mist Flow, amid annular, the liquid phase flows consistently as an annular film 

on the wall with gas flowing as a central core. A portion of this liquid is entrained as small 

molecules in this gas core (mist flow) [47]. 

3.2.3. Solid-liquid flow regimes 

In liquid-solid flow, the solid particles traveling through the annuli can form various patterns [48]. 

The term stationary bed relates to the flow regime where the liquid streams over a stationary solid 

bed molded at the bottom of an annulus. This type of phase scattering takes place when the liquid 

velocity varies from moderate to low [48]. As the flow rate of the liquid rises, the stationary bed 

separates into a pattern depicting moving dunes and as the flow rate of the liquid rises further the 

occurrence of a scouring regime may take place [48]. In that case, few particles tend to travel over 

the solid dune, while most of the particles gather in the lower portion of the dunes. This mechanism 

forces the solids towards the direction of flow. The dispersed flow regime takes place as a result 

of a high liquid flow rate in the annular horizontal portion [49].   

There are different flow patterns like stratified, slug, plug and annular that can emerge as solid-

liquid-gas multiphase move across an annulus. In the case of plug flow, the gas bubbles travel 

across the top portion of the annulus and have no significant effect on the solid. As the airflow rate 
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rises the plug size increases and the formation of a slug flow regime occurs [49]. The carriage of 

cuttings in such multiphase flow tends to be complex as the particles tend to flow in the form of 

dispersed phase or tend to form a stationary bed. A liquid-gas interface is formed in the stratified 

flow as the liquid flows at the lower portion of the annulus [50]. The brief description of the flow 

regimes observed in this work is provided in the section below. 

 

Figure 3.2. Flow regimes for solid-liquid-gas multiphase flow. 

In Figure 3.2, Stratified flow is which the gas plugs tend to get lengthier till the gas and liquid flow 

discretely with a separate and comparatively smooth interface amid them. The gas flows in the top 

section and the liquid flows in the bottom section of the pipe. The Stratified wavy flow is that some 

waviness in the liquid is present although there is still an interface between air and water. The 

wavy pattern in the liquid is random and does not have any specific wave structure. The Slug flow 

is that when the flow rate of the gas is high, it shows the slug flow behavior in multiphase flow. It 

happens when the big gas pockets appear in the liquid in a random manner. Actually, the high flow 

rate and the high pressure of gas cause the accumulation of gas inside the annulus and show the 

slug behavior. While the Semi-slug flow, it is characterized as a flow where very large waves are 

present on the stratified layer. 
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3.3. Experimental Sections 

In this section, the details of the experimental setup, procedure, and methodology have been 

discussed briefly. 

3.3.1. Experimental setup 

The existing flow loop in the petroleum department at Texas A&M University at Qatar (TAMUQ), 

shown in Figure 3, is 18.7 ft (6.16 m) long. The annulus consists of an acrylic outer pipe and a 

stainless steel inner pipe. The inner diameter of the outer pipe and the outer diameter of the inner 

pipe are 4.5 in (0.1143 m) and 2.5 in (0.0635 m) respectively. In order to perform visualization, a 

high-speed Photron Fastcam CCD camera was used. The system can be operated in both concentric 

and eccentric conditions where the inner drill pipe can go up to 80% eccentricity. Additionally, to 

check the inclination effect on the near-horizontal drilling, the annulus section can be tilted from 

0° to -13°/+13°. The mixing tank having a capacity of 265 gal (1 m3) was used for mixing solid 

and liquid with the help of an agitator. This agitator was used to mix the solid beads 

homogeneously with the liquid. In order to keep the solid beads suspended, the agitator can be 

operated at different rotary speeds up to 200 RPM. 



48 

 

8

2

1

4
3

5

6

7

       9

10

11

1. Tank; 2. Slurry pump; 3. Ball valve; 4. Slurry flow meter; 5. Annulus; 6. High speed camera; 

7. Computer; 8. Air flow meter; 9. Hydro-cyclone; 10. Drain pump; 11. Pressure transducer. 

AIR

SOLID AND 

LIQUID

FLOW

RIM BOX

 

Figure 3.3. Schematic of flow loop at Texas A&M University at Qatar. 

The data acquisition system helps to acquire precise readings per second for each sensor integrated 

with the equipment of a flow loop system as shown in Figure 3.3. The data is displayed in the 

monitor containing the flow loop software. For aerated flow, air with variable pressure (0.4 bar 

and 0.8 bar) was injected inside the annulus along with water and solid mixture. Two different 

Coriolis flowmeters were used for measuring air and liquid flow rates. Both of them are Micro 

MotionTM branded having measurement accuracy of +/- 1.0%.  

The robust flow loop system also contains pressure transducer, two flow meters (one for slurry 

another for air), hydro-cyclone, pressure relief valves, data acquisition system (DAS), electrical 
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resistance tomography (ERT), and a highspeed charge-coupled device (CCD) camera with the 

computer display. A Toshiba branded slurry pump has a rating of 18.7 hp, 0.33 ft inlet and 0.166 

ft outlet, which was used to maintain the desired flow of slurry. The multivariate pressure 

transmitter (MVT), two digital pressure sensors, and two Coriolis flowmeters are used in the 

system to make sure the measurement and control of the fluid flow through the loop. 

3.3.2. Experimental procedure 

Before the initiation of the experiments, the water volume of about 300 liters is added into the tank 

(Figure 3.3). After achieving the stable flow through the annulus the solid particles (glass beads) 

are added into the system. The flow loop can handle the maximum flow rate of 0.0213 m3/s (21.3 

l/s) which corresponds to the maximum angular velocity of 3 m/s (Re ~ 2×105). A slurry pump 

with a maximum capacity of 650 kg/min was employed to pump the slurry from tank to annulus. 

The solids weight of about 6 kg (2wt%) and 15 kg (5wt%) are added into the tank and then well 

agitated. These solids are spherical glass beads having a diameter of 0.5-2 mm and a density of 

2650 kg/m3. 

The eccentricity of the inner pipe is controlled by a mechanical process built by the vendor 

(MARZOR LTD & CO) of the flow loop system. At first, the lock is released, and then the ratchet 

situated on top of the 3rd metallic flange is used to adjust the position of the inner pipe. The scale 

with an indicator on the same flange indicates the percentage of eccentricity. As the ratchet is 

turned, the indicator moves downward, and the eccentricity increases. While the indicator touches 

the halfway mark on the scale, it means 50% eccentricity is achieved. Similarly, the other values 

of eccentricity are measured based on the position of the indicator on the scale. Once the desired 

eccentricity is obtained, the locking system is engaged to ensure the inner pipe will not slip 
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anymore. Moreover, there are several O-rings at the joints of the annulus section. Their internal 

mechanism also helps to minimize the chances of pipe sagging.  

The solid dunes height, translational velocity, and type of flow pattern are visually observed by 

the help of the high-speed CCD camera (FASTCAM SA-X2) situated in front of the RIM 

(Refraction Index Matching) box, that records the images and videos of the solid dune across the 

RIM box. These recorded videos are used to investigate the cuttings transport for both 2 and 5 wt% 

solid concentrations. The video recordings help to scrutinize the flow behavior pattern which 

depicts the possible flow patterns for the gas-liquid-solid multiphase-flow through horizontal 

annuli. This helps to investigate the effects of varying pipe eccentricity (0 to 75 %), drill pipe 

rotational speed (0- 120 RPM), air pressure (0.4-0.8 bar) and solid concentration on the cuttings 

transport across the annulus. 

3.4. Results and Discussions 

The effects of drill pipe RPM (0-120) and eccentricity (0-75%) on the multiphase flow patterns in 

annulus were observed under different pressure conditions during the experiments. The purpose 

of these experiments was to visualize the type of flow and level of solid accumulation that occurs 

by varying the RPM and eccentricity parameters during the experiments. A high-speed CCD 

camera (Photron FastCam SA-X2) was used to visualize and conduct image analysis through the 

transparent section across the flow loop. The CCD camera recordings captured for each 

experimental condition were carefully examined and still, images were collected from these 

recordings as shown in the Tables below. These images were further enhanced to provide better 

visual illustrations of the type of flows, flow regimes and level of mixing occurring within the 

system. 
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3.4.1. Analysis for 2 wt% Solid Concentration 

In order to investigate the effect of drilling parameters such as drill pipe eccentricity and rotational 

speed on cutting transport, experiments were performed at different gas pressure. The change in 

parameters also showed different flow patterns inside the annulus. 

Table 3.1. Summary of the observation with 2 wt% solid at different drill pipe rotation, eccentricity 

and gas pressure. 

Phase 

Component 

Drill Pipe 

Rotational 

Speed (RPM) 

Gas Pressure 

(bar) 

Eccentricity 

(%) 
Flow Type 

Water, air and 

glass beads 
0 0.4 30 Stratified wavy 

Water, air and 

glass beads 
40 0.4 30 Stratified wavy 

Water, air and 

glass beads 
120 0.4 30 Stratified wavy 

Water, air and 

glass beads 
0 0.8 75 Stratified wavy 

Water, air and 

glass beads 
40 0.8 75 Bubbly stratified 

Water, air and 

glass beads 
120 0.8 75 Bubbly slug 

Overall analysis shows that at 0.4 bar gas pressure and 30% eccentricity of the drill pipe, the flow 

pattern remains as stratified wavy. For these cases, the contribution of air is not that high and liquid 

is the dominating phase inside the annulus [Table 3.1]. So, liquid may tend to compress the air at 

the top of the annulus while the weak airflow causes the waviness in the flow.  

However, at elevated gas pressure (0.8 bar), rotational speed (40 and 120 RPM) and eccentricity 

(75%) bubbly stratified and slug flow were observed [Table 3.1]. The combined impact of those 

parameters may cause such transformation of flow patterns. 

The dimensionless analysis was performed to calculate and compare the solid bed height at 

different drilling conditions. The dimensionless bed height was evaluated from the ratio between 



52 

 

actual bed height and the considered standard height. In our case, the considered standard height 

was the casing diameter (4.5 in or 114.3 mm). During our observation, some drilling conditions 

displayed very efficient cutting transport and hence, the subsequent bed height was also very thin. 

However, to report the experimented values correctly, the captured images were scrutinized by the 

graphics editor tool. In our study, we utilized the pixel-based analysis method of the Microsoft 

Paint application. This method considered a vertical straight line on the captured image. The 

intersection points between that straight line and the horizontal lines generated by the casing and 

solid bed were notified. The corresponding pixels of those points were recorded. From that 

information, the distance between the lowest and highest points was calibrated as the casing 

diameter (114.3 mm). Based on this calibration, the distance between the lowest point and the 

point on the solid bed line provided the actual bed height. Furthermore, the dimensionless bed 

height was calculated by taking the ratio. 

Figure 3.4 shows a clear decreasing trend of solid bed height with increasing rotational speed for 

different eccentricity. Higher the rotation better the agitation and that may increase shear stress 

too. This phenomenon does not allow the accumulation of the solid as a stationary bed. Moreover, 

when the eccentricity is enhanced the flow area reduces at the bottom of the annulus. Because of 

the rule of fluid dynamics (continuity equation for incompressible fluid), the corresponding flow 

velocity increases at the bottom at the same time and ensures less accumulation of solids. On top 

of that, our overall finding from visualization confirms that 2 wt% solid concentration is not high 

enough to get settled at the bottom of the annulus by superseding the liquid flow velocity. 
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Figure 3.4. Change in solid bed height with different rotational speed and eccentricity for 2 wt% 

solid concentration. 

However, 30% eccentricity with 0.4 bar gas pressure shows better hole cleaning than 75% 

eccentricity with 0.8 bar gas pressure. It clearly indicates that moderate eccentricity (30%) could 

be more desirable in the hole cleaning process than high eccentricity (75%). From the 

visualization, we also detected the contact between the drill pipe and cutting during high 

eccentricity. The friction between cutting and drill pipe due to the contact obstructs the cutting 

transport process through the annulus.  
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3.4.2. Analysis for 5 wt% Solid Concentration 

The gas pressure was kept constant at 0.8 bar with the fixed liquid flow rate, whereas the 

eccentricity and the drill pipe rotational speed were varied to observe the solid accumulation and 

corresponding flow regime. 

Table 3.2. Summary of visualization observed with 5 wt% solid at different drill pipe rotation and 

eccentricity at 0.8 bar gas pressure. 

Phase 

Component 

Drill Pipe 

Rotational 

Speed 

(RPM) 

Eccentricit

y (%) 

Flow 

Type 

Visualized Image 

 

Water, air 

and glass 

beads 

0 0 
Stratified 

wavy 

 

Water, air 

and glass 

beads 

120 0 
Bubbly 

wavy 

 

  

Cuttings 

Cuttings 

Liquid 

Gas 

Drill Pipe 
Gas-liquid interface 
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Table 3.3. Summary of visualization observed with 5 wt% solid at different drill pipe rotation 

and eccentricity at 0.8 bar gas pressure & eccentricity 30. 

Phase 

Component 

Drill Pipe 

Rotational 

Speed 

(RPM) 

Eccentricit

y (%) 

Flow 

Type 

Visualized Image 

 

Water, air 

and glass 

beads 

0 30 Stratified  

 

Water, air 

and glass 

beads 

40 30 Stratified 

 

Water, air 

and glass 

beads 

120 30 Slug 
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Without any eccentricity and rotational speed, we observed stratified wavy flow with a thick solid 

bed at the bottom of the annulus [Table 3.2]. However, if the rotational speed is increased to 120 

RPM without any eccentricity, the solids are dispersed in the annulus while the wavy flow contains 

some bubbles at the top of the flow. In that case, high RPM provides more shear stress and agitation 

in the fluid which accelerates the particles and pushes them away from their stationary position 

[Table 3.2]. In order to check the eccentricity effect, similar experiments were carried out for 30% 

eccentricity of the drill pipe. The identical rotational speed effect is also noticed the same as 

previous experiments. Moreover, the combined impact of eccentricity and rotational speed is found 

to provide better hole cleaning conditions. At 30% eccentricity [Table 3.3], stratified flow is 

investigated for both 0 and 40 RPM of the drill pipe [Figure 3.5]. However, at 120 RPM slug flow 

is recorded with the least amount of solid in the annulus [Table 3.3]. As eccentricity is increased 

the flow area at the bottom part of the annulus is decreased that causes higher flow velocity in the 

same region which eventually pushes more solid out of the annulus.  

 

Figure 3.5. Effect of rotational speed and eccentricity on solid accumulation for 5 wt% solid 

concentration. 
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Figure 3.5 shows the impact of the rotational speed of the drill pipe on cutting accumulation for 

both concentric and eccentric situations. The analysis clearly represents that at higher eccentricity 

solid bed height is comparatively lower than the solid bed height found for the concentric situation. 

It also depicts that the increasing rotational speed helps the hole cleaning process irrespective of 

eccentricity.  

From the aforementioned visualization Table 3.2 and Figure 3.5, it is clearly understandable that 

the drilling parameters like eccentricity and rotational speed of the drill pipe facilitate the cutting 

transport process for 5 wt% solid concentration.  

 

Figure 3.6. Variation in cutting accumulation for different concentrations of solid. 

The solid concentration plays a vital role in cutting accumulation and transportation processes. 

Higher concentration causes a thicker bed of solid inside the annulus. Figure 3.6 displays this 

practical fact where the solid bed height for 5 wt% is clearly higher than the 2 wt% solid bed. With 

the variation of the rotational speed, the corresponding solid bed height varies from 8 to 20 times. 
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Although the low concentration is showing less accumulation of cutting, in reality, the general 

drilling process deals with higher concentration having more than 2 wt% of solid.  

3.4.3. Flow Regime Maps 

The dimensionless numbers are used either to scale up or to scale down the phenomenon to 

determine the influence of parameters in different scales. Froud number is a dimensionless number 

represented by the ratio of the flow inertia to the external field that implies the effect of gravity on 

fluid motion. On the contrary, Weber number is another dimensionless parameter that analyse the 

interface between two fluids. It provides essential information regarding multiphase flow having 

curved surface at the interface. The effect of the liquid and gas Froude numbers times Weber 

number on the flow regime map of multi-phase flow in terms of liquid and gas flow pattern and 

distribution of the solid phase in the annulus is presented in the Fig. 3.7. As can be seen in Fig.  

3.7, a moving bed + slug wavy is stated at low values of liquid and gas Froude numbers times 

Weber number, however, the flow pattern is became moving/stationary bed + stratified wavy with 

an increase of the gas Froude numbers times Weber number. 

 

Figure 3.7. Three Phase Flow Regimes in the Horizontal Annulus. 



59 

 

Moreover, high values of liquid Froude numbers times Weber number results in moving bed and 

suspended asymmetric of the solid phase which allows achieving efficient cuttings transport and 

preventing the formation of the cuttings bed in the lower side of the annulus. Moreover, the orange 

color indicates an efficient cuttings transport process induced by the suitable parameters 

considered in this study, On the other hand, the dimensionless numbers adopted in this 

investigation may help to scale up findings of this study for comparison reasons. 

A flow regime maps [Figure 3.7] are developed using the modified gas and liquid Froude numbers 

reported by Eyo and Lao [51]. The Froude number is an essential dimensionless parameter for 

identifying the flow regime and it provides an indication of the ratio of the inertial forces to the 

external field. The gas and liquid Froude numbers can be expressed as: 

𝐹𝑟𝐺
=  √

𝜌𝐺𝑉𝑆𝐺

(𝜌𝐿−𝜌𝐺)𝐷𝐻𝑔𝑐𝑜𝑠𝜃
        (1) 

𝐹𝑟𝐿
=  √

𝜌𝐺𝑉𝑆𝐿

(𝜌𝐿−𝜌𝐺)𝐷𝐻𝑔𝑐𝑜𝑠𝜃
                    (2)  

In the above expressions, 𝑉𝑆𝐿, 𝑉𝑆𝐺, g, 𝐷𝐻, are the liquid superficial velocity, gas superficial 

velocity, gravitational acceleration, and hydraulic diameter respectively; while 𝜌𝐿, 𝜌𝐺  are the liquid 

and gas densities respectively. However, the Weber number is introduced to show the impact of a 

curved surface at the interface of multiphase flow and represented by the following equation: 

𝑊𝑒 =
𝜌𝑣2𝑙

𝜎
           (3) 

Here, 𝜌 is the mixture of solid and liquid density, 𝑣 is the velocity of the fluid, 𝑙 is the 

characteristics length and 𝜎 is the surface tension.  

https://en.wikipedia.org/wiki/Density
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Figure 3.8 outlines the development of the flow regime map with respect to the inner pipe rotation 

and liquid mass flow. 

 

Figure 3.8. Liquid mass flow vs. Inner pipe rotation in the horizontal annulus. 

As shown in Figure 3.8, high values of the inner pipe rotation has a positive effect on the 

accumulation of the solid particles where there is no formation of the stationary bed at 120 rpm 

even though for low liquid mass flow, however, for high liquid mass flow, suspended asymmetric 

+ bubbly occurs in the annulus due to the agitation effect induced by the inner pipe rotation and 

high quantity of the liquid volume fraction (Holdup) in the annular space. Moreover, it can be 

concluded from this Figure that liquid mass flow is the dominant parameter to handle cuttings 

transport issue till a certain limit like drilling pump capacity, additional pressure drop induced by 

the increase of flow rate, drilling operating window, etc. On the other hand, from the present study, 

rotation of the drill pipe is considered as the second dominant parameter on cuttings transport, 

especially, for low liquid mass flow. 
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3.5. Conclusions 

In this study, the impact of drilling parameters such as eccentricity and rotation of drill pipe on the 

cutting transport processes have been reported based on experimental analyses. The corresponding 

flow patterns of the multiphase flow for different drilling conditions have also been investigated. 

Two different concentrations of solids have been checked and their comparative analysis has been 

performed to find out the solid bed behavior inside the annulus.  

Based on the analysis showed in the results and discussions section, we can conclude that drilling 

parameters like eccentricity and rotational speed of the drill pipe facilitate the cutting transport 

process for different solid concentrations. The 75% eccentricity may not be the optimum drilling 

condition because of the contact between cuttings and the drill pipe. Due to the friction generated 

from the contact, the cutting transport hampers and may result in higher solid bed formation than 

30% eccentricity.  

Six different flow patterns were observed during the experimental analysis. Most of the 

visualization results confirm the stratified wavy pattern, whereas slug flow was observed at 

elevated gas pressure and rotational speed condition. At 30% eccentricity, the solid bed height was 

found to vary from 8 to 20 times at different rotational speeds for changing the solid concentration 

from 2 wt% to 5 wt%. 
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4. Chapter 4. Drilling Cuttings Transport in Horizontal Wells 

While Aerated Drilling 
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Abstract 

The design and application of a drilling operation rely highly on the hole cleaning process. When 

the fluid velocity is not enough for removing thick drilling cuttings bed, it might cause countless 

problems including high drag, increased probability of stuck pipe and greater hydraulic 

requirements. In this study, cuttings transport in aerated water drilling is investigated for horizontal 

and slightly inclined annulus. Numerous flow conditions were tested using a 6.16-m long test 

section with 4.5-in. casing (CSG) and 2.5-in. drill pipe (DP) having both concentric and eccentric 

annulus geometry. Findings indicate that the air injection considerably reduces the cuttings bed 

height and enhances cuttings transport efficiency in both horizontal and slightly inclined annulus 

as found in the visualization. Development in the cuttings transport efficiency by DP rotation is 

also distinctive even at the low range of angular velocity (40 RPM) resulting in making cuttings 

dispersed in the annulus.  

Keywords: Cutting Transport, Flow Loop, Aerated Fluid, Bed Height, DP Rotation. 
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4.1. Introduction 

The economics of the drilling process is greatly influenced by the cutting transport. Inadequate 

hole cleaning can cause stuck pipe, reduced weight on bit results in reduced ROP, transient hole 

blockage leads to lost circulation conditions, extreme drill pipe wear, additional cost for mud 

additives, and wasted time by wiper-trip schemes [1]. One of the most common cleanout options 

is circulating the cuttings out with an appropriate fluid or a mixture of fluids. For designing this 

cleanout operation, circulation fluid and proper range selection of flow rate should be considered. 

These factors need to be optimized to transport the drilling cuttings to surface in a cost-effective 

way.  

Cuttings transport in horizontal and deviated wells with a single-phase flow has been tested with 

considerable effort. Researchers have conducted experiments of effects of various parameters on 

drilling cuttings-bed formation using the University of Tulsa’s flow loop. Depending on the test 

results, they established correlations to predict critical velocity and pressure loss. The correlations 

provide a means of analyzing cuttings transport as a function of operating conditions, mud 

properties, well configuration and cuttings size [2, 3, 4, 5].  

For cuttings transport with two-phase flow in annulus, some experiments with aerated mud have 

been conducted by few researchers [6, 7, 8, 9]. Li et al. measured the bed height with different 

flowrate of gas/liquid mixed fluid. In this study, they stated the most significant factor for 

determining the hole cleaning performance is liquid volume fraction in the mixed fluid with air 

and water [10]. Also, they stated the need for optimization for circulation strategy because of the 

nonlinearity between the fluid flow rate and hole cleaning time. Naganawa et al. conducted over 

300 experiments about measuring hole cleaning performance and critical flow rate avoiding 

formation of cuttings bed [11]. They concluded the aerated fluid affected the cutting transport 
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significantly, its efficiency is better in horizontal or relatively low inclination wellbore. 

Additionally, the cutting transport behavior in highly inclined geometry heavily depended on the 

gas/liquid two phase flow pattern. However, their air injection experiments seem somewhat vague 

in terms of quantification such as flow rate or amount injection. Moreover, the linkage between 

two-phase flow pattern and cutting transport has not been stated specifically. For the recent years, 

many researchers have been studying the sand transport with aerated fluid in the pipe [12, 13, 14, 

15, 16]. Their studies mainly focused on the complex and unique sand flow patterns with various 

liquid and gas flow rate, however; those experiments were conducted with extremely low sand 

concentration. Due to complexity and the incomplete understanding of solid transport, it is 

challenging to utilize these data on the annulus in hole cleaning situations that should be handled 

with more solids. In this study, we conducted using 5% wt. of drilling cuttings concentration over 

100 combinations of various drilling parameters.  

4.2. Experimental Section 

The flow loop, shown in Fig. 4.1, consists of a 6.16m (18.7ft) long transparent acrylic pipe having 

an inner diameter of 11.4 cm (4.5in) and a concentric stainless-steel pipe simulating the drilling 

pipe with an outer diameter of 6.4 cm (2.5in). For visualization and image analysis through the 

transparent section, a high-speed CCD camera (PHOTRON FASTCAM SA-X2) recording system 

is equipped. The range of image recording speed was 1000-120000 frames per second (fps). The 

test section can simulate a concentric/eccentric annulus with DP maximum eccentricity of 80%. 

The loop is mounted on an aluminum rail and can be inclined in the range of -12 to 12o from 

horizontal. Cuttings particles and liquid is mixing and stored in a 1m3 (265gal) tank. The slurry is 

agitated with a mixer driven by a hydraulic motor. The slurry pump with a maximum capacity of 

approximately 650kg/min can pump slurry into the annulus. In order to make sure the aerated flow, 
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air is injected into the slurry flow before entering the test section varying the pressure from 0.35 

bar to 0.8 bar. The flow rates, liquid and gas, are measured by two Micro Motion™ Coriolis type 

flow meters. The accuracy of the flow-rate measurement is +/- 1.0%.  For drilling cuttings, we 

used glass beads with a diameter of 1 mm and a density of 2650 kg/m3. We made the agitator 

speed 130 and 160 RPM, but we only analyzed data sets with 160 RPM. Each experimental 

analysis consists of the following procedures: 

i) Ensure the circulation of fluid. 

ii) Start the mixing of cuttings. 

iii) After having a steady state, record 5 seconds with a high-speed camera 

iv) For the next stage, reduce the flow rate and repeat from step 3. 

v) Stop the cutting mixing process as well as the fluid circulation. 

A single experimental run comprises 5 stages of steady-state conditions with different fluid flow 

rates. From an initial high flow rate, the fluid flow rate was reduced to the subsequent flow rate 

after finishing the required evaluation for the stage. The reduction of fluid flow rate between the 

stages can cause the accumulation of cuttings in the test section which might require few minutes 

to achieve steady state. The flow phenomena and the flow patterns were observed visually and 

recorded with a digital camera. The flow rate, temperature, pressure, and density were monitored 

and recorded using a computer data acquisition system. 
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Table 4.1. Experimental conditions for the tests performed in the laboratory. 
 

 S.I Unit English Unit 

Hole OD 11.4 cm 4.5 in. 

Inner-pipe OD 6.4 cm 2.5 in. 

Water amount 300 ℓ 79.4 gal. 

Water flow rate 200~500 kg/min 53~132 gal/min 

Air pressure 0.25~0.75 bar 3.63~10.88 psi 

Cuttings amount 15 kg 33.1 lb 

Cuttings concentration 5                           %wt.                 Same  

Cuttings size 1 mm  0.04 in. 

Cuttings density 2650 kg/m3 165.7 Lb/ft3 

DP Rotation Speed 0,40,120               RPM                  Same  

DP Eccentricity 0,50                      %                       Same  

Test bed inclination 0˚,4˚,12˚                                         Same  

Fluid temperature 23~28 ℃ 73~82 ℉ 

Air injection 

Liquid and cuttings  

mixing tank 

Annular test bed 

Pipe rotation system 

Liquid flow meter Slurry pump 

Air flow meter High speed camera 

Figure 4.1. Schematic of TAMUQ flow loop. 
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4.3. Results and Discussions 

4.3.1. Stationary Bed Height with Aerated Water 

Every bed height shown in this paper is converted to a dimensionless bed height, h/D, which is 

defined as the equilibrium bed height, h, divided by the wellbore diameter, D. We measure the bed 

height using high speed camera, its axial length of test bed section is 5.5 m from the inlet. We first 

measured the dimensionless bed height variation with different flow rate of single-phase fluid, 

water, in Figure 4.2 Intuitively, the bed height is decreasing with higher superficial liquid velocity, 

this trend is distinct when the velocity is relatively low, below than 0.7m/s. Comprehensive finding 

from previous studies indicates that fluid flow velocity is the dominant variable on hole cleaning 

because of its direct relation to shear stress acting on the cuttings [10, 11, 17]. Even though some 

outliers that are suspected to be experimental error, air injection significantly decreases the bed 

height compared the same superficial liquid velocity. We stated the reason of experimental error 

due to complex and unique flow pattern of cuttings in the last part of this section. Specifically, this 

trend is distinct in relatively low superficial liquid velocity below 0.7m/s. For the superficial liquid 

velocity over 0.83m/s, the amount of reduction in bed height is less than the data sets below 

0.83m/s of superficial liquid velocity. This is the reason that we did not conduct the experiment 

regarding air injection with high superficial liquid velocity over 0.83m/s. 
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Figure 4.2. Variation of bed height for aerated water. 
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For the comparison of bed height decreasing trend, we presented the result of Li et al. [10] in the 

Fig. 4.2 by dashed straight lines. The data from the study was not collected in a consistent manner 

especially among different group, therefore, should not be compared straightforward. However, 

the comparison of the decreasing trend is still meaningful. The trend that injecting air decrease the 

cuttings bed height, but the extent of this effect is less than our result. Their values, 0.5 or 0.7m/s, 

are far higher than ours, relatively higher superficial gas velocity might cause lower liquid hold-

up in the wellbore. Reduced liquid hold-up gives rise to impose insufficient shear stress acting on 

cuttings. However, our findings also indicate that the injection of air causes the reduction of bed 

height and the images in Fig. 4.3 approve this statement. The image at the top of Fig. 4.3 shows 

the accumulation of solids which formed the thick bed at the bottom of the outer pipe. In that case 

the amount of air was less represented by a small gas pocket at the top of the gas-water interface 

and the corresponding gas pressure was 0.35 bar. On the other hand, image at the bottom, displays 

a big portion of gas at the top of the interface where the gas pressure was 0.8 bar. Moreover, the 

thick solid bed is converted into dispersed solids in the same image because of the increased air 

injection.  

As cuttings enter the annulus, they move over the stationary/moving bed and start accumulating 

behind the bed. Also, cuttings that eroded from the bed by fluid flowing are also accumulating and 

create a sizeable ‘dune’ of cuttings. When increasing superficial liquid velocities, these dunes start 

moving as a caterpillar. These dunes consist of a large amount of cuttings, have a distinct belly 

shape and random length, height and occurrence interval. These phenomena extremely make the 

reliable measurement of bed height and hole cleaning performance. When we start measuring the 

stationary bed height, it gradually changed the moving dune. The result can be varied depending 

on which bed we choose to measure, this is one of the reasons for inconsistent results. Previous 
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study pointed out this feature of cuttings moving behavior, when the fluid is faster than a “critical” 

velocity, the cuttings form dune and move on and off [18].  For reliable observation of bed height, 

finding the boundaries of cuttings flow pattern should be the first step. For this reason, each 

experiment should be conducted with smaller interval of fluid velocity in the next experiment. 

4.3.2. Stationary Bed Height with Different Drill Pipe RPM 

 

Figure 4.4. Variations of bed height for DP rotational speed. 

As shown in Fig. 4.4, two solid lines indicate that DP rotation helps to reduce the bed height in 

spite of one outlier which was marked with the red-colored circle. The outlier is suspected for the 

experimental error stated in the previous section. The dashed straight lines of Fig. 4.4 also indicate 

that the higher RPM reduces the amount of bed height [3] which can be compared with our 

obtained result. It is noteworthy that the amount of reduction between 0 RPM to 40RPM is more 
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than that from 40 to 80 RPM, further increasing pipe rotation only slightly reduces the bed height. 

Once the pipe is rotated, even at a low speed, a large amount of cuttings are agitated and moved 

up to a suspension layer. Increasing pipe rotation to 120 RPM brings more cuttings into suspension 

but not as many as when the pipe is rotated from 0 to 40 RPM. This explains why pipe rotation 

from 0 to 40 RPM makes a big difference for bed heights [3]. 

4.4. Conclusions 

In this study, experiments have been carried out at different flow conditions and observations are 

made for cuttings transport in aerated water drilling. The key findings are as follows: 

• Air injection significantly reduces the bed height and improves hole cleaning performance, 

especially in relatively low superficial liquid velocity. 

• The drill pipe’s rotation can reduce the bed height by agitating the cuttings and keeping 

them dispersed even at low angular velocity. 

• Cuttings enter into the annulus, they move over the stationary/moving bed and start 

accumulating as sand dune. The cuttings dune changes the shape in a random manner along 

with the flow. 

However, these were the outcomes of the initial experiments. The future comprehensive study will 

focus on providing more conclusive results. 
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Abstract 

The influence of rotational speed and eccentricity of the drill pipe as well as the effect of fluid flow 

rate on the accumulation of cuttings in the horizontal annulus are the focus of this study. 

Computational Fluid Dynamics (CFD) is utilized to model a horizontal annulus section which 

conveys solid-liquid two-phase flow at different drilling conditions. In this numerical study, the 

Eulerian multiphase flow model has been adopted for solid-liquid characteristics analysis. Here 

the basic continuity and momentum equations have been considered, which have further been 

reduced to solve the conservation of mass and momentum equations with appropriate boundary 

and initial conditions. The study has considered the transient, turbulent model (k-epsilon) with no-

slip conditions at pipe walls as well as velocity inlet and pressure outlet at the boundaries. The 

result indicates the clear impact of rotational speed on the cuttings removal process in the 

horizontal annulus section.2 As the rotational speed of the drill pipe increases, the cuttings 

concentration drops down significantly in the annulus section. Around 20% less accumulation is 
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noticed if the drill pipe rotation is increased from 0 RPM to 120 RPM, which happens due to 

momentum created by the rotation that does not allow the particles to be accumulated. The 

eccentricity has a significant impact on solid accumulation as well. However, with increased flow 

rate and eccentricity, the pressure across the annulus section drops substantially. The difference in 

pressure drop is noticed as much as around 61 Pa/m with the flow rate change. Consequently, a 

higher pressure drop per length for the higher velocity of fluid implies higher pumping power 

consumption. The findings from this study may help to understand the optimum operating 

conditions for horizontal drilling. The effects of drilling conditions are identified and the complex 

multiphase flow in the annulus is modeled that could be extended to further related studies. 

Keywords: Horizontal drilling, annulus, multiphase flow, cuttings accumulation, drill pipe 

rotation, eccentricity.  

5.1. Introduction 

Cuttings in horizontal drilling tends to form a bed instead of remaining distributed in the hole 

because of the gravitational effect of the solid particles. Therefore, in horizontal drilling or 

extended-reach well drilling, cuttings transport is considered a vital issue. The key factors that 

dominate the cuttings transport process include drill pipe rotational speed, diameter of the pipe, 

inclination angle and fluid velocity.  

Due to the rotational impact of the drill pipe, the cuttings remain distributed in a non-symmetric 

way that reduces cuttings accumulation in the hole at medium and high fluid velocities, and once 

the critical value of high fluid velocity is achieved, there is no impact of drill pipe rotation [1]. 

Observations derived from the high-speed camera visualization and electric resistance tomography 

(ERT) also agreed on the positive effect of drill pipe rotation till 120 RPM on the cuttings transport 

process during horizontal drilling at a moderate fluid velocity range [2–5]. Moreover, finding for 
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extended reach drilling declares the pipe rotation as one of the key factors, which improves the 

small cuttings transport efficiency up to twofold compared to large cuttings [6]. On the contrary, 

studies have reported the effect of change in RPM on the pressure drop across the annulus while 

confirming both increase and decrease in pressure drop with the change in rotational speed of the 

drill pipe [7–10].  

The rotational impact of drill pipe on hole cleaning is also examined in deviated wells, where the 

rotational speed with orbital motion is found effective for cuttings transport [11]. The drill pipe's 

orbital motion may appear during the rotational speed range of 80 – 110 RPM [12]. Another study 

on non-Newtonian fluid confirms a significant change in frictional pressure drop in the annulus 

for the drill pipe’s orbital motion with increasing Reynolds number [13]. 

In order to find out the impact of eccentricity, sensitivity analysis on cuttings transport has been 

reported by experimental studies, where the cases from concentric to 75% eccentric positions were 

analyzed with the change of drill pipe rotational speed, ROP and fluid flow rate [14]. The analysis 

concluded that the cuttings tend to accumulate after a certain point of eccentricity is achieved and 

the impact of the drill pipe’s rotational speed is also negligible after a certain RPM. Based on the 

experimental findings regarding the pressure drop in the annulus section, one of the studies argued 

that the pressure drop may completely disappear with increasing eccentricity [15]. 

In this study, a numerical method is considered to determine the impact of drilling parameters, 

such as RPM, eccentricity, and fluid velocity on cuttings accumulation tendency in a horizontal 

annulus of 4.5 in. OD and 2.5 in. ID. Moreover, the overall impact of these parameters on pressure 

drop in the annulus is also reported. Although numerous experimental research is performed in 

this field, there is still room for the numerical investigation that would address these critical 

features of horizontal drilling with the help of CFD software. 
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5.2. Model and Method 

5.2.1. Mathematical Equation 

Computational Fluid Dynamics (CFD) is utilized to model a horizontal annulus (4.5 in. OD and 

2.5 in. ID) which conveys solid-liquid two-phase flow at different drilling conditions. In this 

numerical study, the Eulerian-Eulerian multiphase flow model has been adopted for solid-liquid 

characteristics analysis. The turbulent flow inside the annulus is considered fully developed and 

the governing equations are as follows.  

The mass conservation equation for the liquid phase is expressed as  

𝜕

𝜕𝑡
(𝛼𝑙𝜌𝑙) +  ∇. (𝛼𝑙𝜌𝑙�̅�𝑙) =  ∆𝑚𝑠𝑙                                                                                                                (1)                                                    

The mass conservation equation for the solid phase is expressed as  

𝜕

𝜕𝑡
(𝛼𝑠𝜌𝑠) +  ∇. (𝛼𝑠𝜌𝑠�̅�𝑠) =  ∆𝑚𝑙𝑠                                                                                                              (2)                                                  

The momentum conservation equation for the liquid phase can be expressed as  

𝜕

𝜕𝑡
(𝛼𝑙𝜌𝑙�̅�𝑙) + ∇. (𝛼𝑙𝜌𝑙�̅�𝑙�̅�𝑙)  +  𝜌𝑙(2�̅� × �̅�𝑙 + �̅� × �̅� × �̅� )

=  −𝛼𝑙∇P + µ∇2�̅�𝑙 + 𝛼𝑙𝜌𝑙�̅� + 𝐾𝑠𝑙(�̅�𝑠 − �̅�𝑙) + ∆𝑚𝑠𝑙�̅�𝑠𝑙 − ∆𝑚𝑙𝑠�̅�𝑙𝑠                                    (3) 

Similarly, the momentum conservation equation for the solid phase can be expressed as  

𝜕

𝜕𝑡
(𝛼𝑠𝜌𝑠�̅�𝑠) + ∇. (𝛼𝑠𝜌𝑠�̅�𝑠�̅�𝑠) +  𝜌𝑠(2�̅� × �̅�𝑠 + �̅� × �̅� × �̅� )

=  −𝛼𝑠∇P + µ∇2�̅�𝑠 + 𝛼𝑠𝜌𝑠�̅� + 𝐾𝑙𝑠(�̅�𝑙 − �̅�𝑠) − ∆𝑚𝑠𝑙�̅�𝑠𝑙 + ∆𝑚𝑙𝑠�̅�𝑙𝑠                                   (4) 

Based on the considered Eulerian-Eulerian model, the particles and the liquid are assumed as 

continuous phases. The fluid and particles behaviors can be estimated by the differential equations 
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stated above, which imply that the particles pass through the control volume, where the mass and 

momentum are conserved. Here, ∆𝑚𝑠𝑙 denotes the mass transfer from solid to liquid phase and the 

∆𝑚𝑙𝑠 refers the mass transfer in the opposite direction. Therefore, due to the mass conservation, 

∆𝑚𝑠𝑙 = −∆𝑚𝑙𝑠. α indicates the volume fraction of the corresponding phase, 𝐾𝑙𝑠 is the liquid-solid 

momentum interchange coefficient and in this study, 𝐾𝑙𝑠 =  𝐾𝑠𝑙. 

 

Figure 5.1. Meshed domain for the annulus. 

5.2.2. Boundary Conditions and Mesh Sensitivity 

The study has considered the transient, turbulent model (Realizable k-ε) with no-slip conditions at 

pipe walls and velocity inlet and pressure outlet at the boundaries. The solid phase is defined by 3 

mm diameter silicon spheres with a density of 2600 kg/m3 and water is considered as the liquid 

phase. The inlet volume fraction of the cuttings is 1.17%. To ensure that the result of the present 

study is independent of the mesh adopted, a mesh sensitivity analysis is carried out to investigate 

the threshold value of the number of the elements in which the numerical results are no longer 

influenced. The sensitivity analysis shows that the pressure gradient roughly gets constant when 

the elements number reaches at 107316. For the numerical analysis, SIMPLE algorithm from 

ANSYS-Fluent platform has been adopted. 
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Figure 5.2. Mesh sensitivity analysis. 

5.2.3. Model Validation 

To validate the developed CFD model, an experimental analysis performed by Duan et al. [6] is 

considered, where a horizontal annulus section is experimentally tested to observe the cuttings 

concentration for different water velocities  (0.57 m/s, 0.85 m/s and 1.14 m/s) at 0 RPM of drill 

pipe. 

 
Figure 5.3. Model validation with experimental result of Duan et al. [6]. 

As depicted in Figure 5.3, a good agreement between the CFD model and the experimental results 

is clearly observed while both showing a similar decreasing trend of cuttings concentration with 
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increasing water velocity. The results are very close at lower velocity and a substantial difference 

is noticed at higher velocity. The percentage of errors between the results are 1%, 27% and 52% 

for 0.57 m/s, 0.85 m/s and 1.14 m/s velocities, respectively. The difference occurs because the 

CFD model always considers assumptions for numerical solutions, unlike real experimental 

analysis. These assumptions may cause the deviation in the results in a significant way at higher 

velocity and turbulence. Moreover, any geometrical dissimilarities between the CFD and 

experimental model might influence the results as well. However, the investigated zone (denoted 

by red box in Figure 5.3) in this study is restricted between 0.55 m/s to 0.65 m/s, where the CFD 

model is closely following experimental results with a minimal difference. Therefore, the model 

satisfies the validation and provides the confidence for further study. 

5.3. Results and Discussion 

As the drill pipe's rotational speed increases, the cuttings concentration drops significantly in the 

annulus section. At any given fluid velocity, the cuttings accumulation is much less at 120 RPM 

than that of 0 RPM, which happens due to the momentum created by the rotation that does not 

allow the particles to be accumulated at the bottom of the annulus. 

  

  

Figure 5.4. Solid volume fraction contours at different fluid velocity and rotational speed. 

As shown in Figure 5.5, around 20% less accumulation is noticed if the drill pipe rotation increases 

from 0 RPM to 120 RPM at 0.65 m/s fluid velocity. Initially, without rotation, a big difference in 
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concentrations is noticed for two fluid velocities. However, the gap between the concentrations 

minimizes with increasing RPM while both are showing a decreasing trend. It also signifies that 

at higher RPM of drill pipe, the effect of fluid velocity on the cuttings accumulation reduces. Here, 

the annulus geometry plays a vital role in the cuttings concentrations as the ratio of radius is as 

less as 0.56. Annulus having a higher ratio of radius may behave in a different manner with 

increasing fluid velocity. 

 

Figure 5.5. Effect of rotational speed on cuttings accumulation. 

The statement is justified by the experimental results obtained from the similar annular geometry. 

Huque et al. (2021) illustrate with high-speed camera images that the increasing fluid velocity can 

cause higher amount of suspended solids in the annulus [16]. The experiments were performed in 

a 4.5×2.5-in annulus, which is exactly same as the developed model of current study. 

However, with increased fluid velocity, the pressure across the annulus section drops substantially. 

The difference in pressure gradient is noticed as much as around 61 Pa/m with the flow rate change 

at 120 RPM.  Unlike cuttings concentrations, the pressure gradients for two different fluid 
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velocities always maintain a significant gap with increasing RPM while showing an increasing 

trend. A higher fluid flow rate results in a higher friction loss. In the case of turbulent flow, the 

friction loss is proportional to the square of fluid velocity. Consequently, a higher pressure drop 

per length is also obvious at higher velocity as demonstrated in Figure 5.6. 

 

Figure 5.6. Effect of rotational speed on pressure drop. 

Moreover, the agitation generated by the drill pipe rotation facilitates the turbulence of the 

multiphase flow in the annulus. Hence, a higher pressure gradient is observed for higher rotational 

speed as well. Therefore, it is prominent that RPM helps cuttings removal with a cost of higher 

pressure drop.  

The cuttings accumulation tendency is clearly distinguishable at different eccentricities of the inner 

pipe in the annulus. As shown in the figure below, the concept of eccentricity is illustrated. Here, 

E signifies the offset from the concentric situation. E = 0.5 indicates that the inner pipe has moved 
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annulus's bottom area reduces with increasing eccentricity, which results in higher flow velocity 

that does not allow the solids to be accumulated at the bottom region of the annulus section. 

 

  

  

Figure 5.7. Solid volume fraction contours at different eccentricity and rotational speed. 

The eccentricity becomes more effective with higher rotational speed. As shown in Figure 5.8, 

around 7% less cuttings accumulation occurs at higher RPM (120 RPM) and higher eccentricity 

(0.50) than that of lower RPM (40 RPM) and lower eccentricity (0.25) configuration. 

 

Figure 5.8. Change in cuttings concentration with eccentricity. 
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The change in pressure gradient with eccentricity shows different trends at different rotational 

speeds. As Figure 5.9 depicts, at a lower rotational speed (40 RPM), the pressure drop decreases 

with increasing eccentricity. However, the opposite trend is noticed at high rotational speed (120 

RPM). The pressure gradient difference is detected more than 50 Pa/m at the 0.50 eccentricity for 

two different rotational speeds. The two-phase flow inside the annulus is influenced by the 

agitation generated from the rotational speed. Additionally, the high eccentricity reduces the flow 

area at the bottom part of the annulus. The combined effect of high rotation and high eccentricity 

leads to higher friction loss as well as higher pressure drop.  

 

Figure 5.9. Variation in pressure drop with eccentricity. 

On the contrary, low ration (40 RPM) does not deliver significant agitational impact on multiphase 

flow in the annulus compared to high rotation (120 RPM).  Therefore, for a certain fluid velocity, 

the combination of high eccentricity (0.5) and high RPM (120 RPM) shows significant 

improvement in cuttings removal at the cost of a bigger pressure drop per unit length. 
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5.4. Conclusions 

Based on the analyses performed in this study the summary can be drawn as  

• The rotational speed of the inner pipe (drill pipe) reduces the chances of cuttings 

accumulation in the annulus. Increasing RPM decreases cuttings concentration. 

• At higher RPM, the effect of fluid velocity is not so significant as without rotation for 

cuttings removal. 

• Eccentricity enhancement from 0.25 to 0.5 reduces the tendency of cuttings accumulation 

in the annulus. However, the desired combination of high eccentricity and high RPM leads 

to a higher pressure drop per unit length.  

This study may contribute to future numerical analysis on cuttings distribution in the annulus 

where the reported drilling parameters could be considered for further investigation. 
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ABSTRACT 

Rock strength is an important parameter to evaluate rotary drilling performance in the petroleum 

industry. It also determines the drill bit type (such as Roller Cone (RC) bit or polycrystalline 

diamond compact (PDC) bit) used most efficiently for maximizing the drilling rate of penetration 

(ROP). This research concentrates on studying multiple rock strengths and establishing 

correlations among them to provide necessary information that could be explored to enhance 

drilling performance afterward. The study was conducted by applying several strength tests, 

utilizing a calibrated geomechanics loading frame. 3The applied loads and corresponding 

displacements were recorded and analyzed for strength determination in all tests. Two main rock 

types were tested, including natural isotropic sandstone and synthetic isotropic rock like material 

(RLM). The strength tests that were conducted on the NQ cores included indirect tensile strength 

(ITS) performed on disk samples, unconfined compressive strength (UCS) performed on standard 
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samples and point load strength index (PLSI) performed on core samples following axial PLSI 

tests. Moreover, acoustic analysis based on ultra-sound wave velocity measurement was adopted 

for the rock samples. The subsequent correlation between the UCS and primary wave velocity (VP) 

is developed as well as strength data correlations between UCS and ITS, UCS and PLSI were 

constructed. Hence, fitting relationships were obtained, and a comparative study with published 

correlations was conducted for detailed analysis.  

Keywords: Isotropic rocks, rock like material (RLM), tensile & shear strength, point load strength 

index, P-wave velocity. 

6.1. Introduction 

Evaluation of rock strength is an essential parameter for designing mining, geotechnical and 

petroleum engineering projects. The unconfined compressive strength (UCS) is required to 

evaluate several geomechanical factors that influence wellbore instability as well as sand 

production capability (Moos et al., 2003; Santarelli et al., 1990). The UCS of formation has been 

reported more influential than the mud weight or azimuth angle for drilling activity (Jaramillo, 

2004). The standard method for determining the UCS has been proposed by the scientific agency, 

such as ASTM and this standard is followed universally for the preparation and testing of rock 

specimens. 

However, the UCS test requires exact measurement and specimen preparation, which is a time-

consuming and expensive procedure to follow. Sometimes, it is impossible to get the core 

specimen's desired dimension, especially in highly jointed rock masses. Therefore, the point load 

strength index is considered for estimating the UCS of rocks considering its simplicity and 

flexibility of testing specimens in both field and laboratory applications.  
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Since the 1970s, researchers have developed several correlations between the UCS and PLSI for 

different rocks. The correlation may vary depending on the textural, mineralogical factors as well 

as chemical composition and anisotropic behavior of the rocks (T. N. Singh et al., 2012). A group 

of researchers investigated different rocks and reported that the value of UCS is nearly 24 times 

the PLSI value (Broch & Franklin, 1972). However, for sandstones, the conversion factor may 

vary from 20 to 23 according to different studies (Bieniawski, 1975; Rusnak & Mark, 1999). In 

the case of sedimentary rock, the UCS has found 29 times of point load index (Hassani et al., 

1980). In contrast, for the quartzite rock, the conversion factor is reported at 23.4 (V. K. Singh & 

Singh, 1993). Another study on limestone confirmed the conversion factor as much as 26.5 

(Hawkins & Oivert, 1986).  However, it will be inaccurate to use a single conversion factor to 

evaluate the UCS value from PLSI for different rock types. Therefore, a range of conversion factor 

of 14-16 is proposed for softer rocks and another range of 21-24 is suggested for harder rocks (T. 

N. Singh et al., 2012). 

On the other hand, the tensile strength of the rock determines the load-bearing capability of the 

rock. In general, rocks tend to fail easily under tensile loading in comparison to compressive 

loading. The direct approach for tensile strength test is a tedious process for laboratory testing. 

Therefore, the indirect test of tensile strength is an acceptable and reliable approach to follow in 

the laboratory environment. Because of the simplicity of the experimental setup and specimen 

preparation, the Brazilian strength test (BTS) is broadly practiced.  

The UCS and indirect tensile strength correlation is helpful to determine essential rock 

characteristics. This type of relationship has been utilized to report sandstone isotropy (Abugharara 

et al., 2019a). Several studies in finding the relation between UCS and indirect tensile strength 

have reported linear relationships. However, some investigations also suggested the non-linear 
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relationships between BTS and UCS (Altindag & Guney, 2010; Nazir et al., 2013). There is a 

common assumption, which refers that the UCS is nearly ten times tensile strength for rocks. 

However, the conversion factor may vary from 4 to 10 for roadmaking rocks (Hosking, 1955). 

Moreover, another study has reported that the compressive strength could be up to 20 times tensile 

strength for granite and 15 times for sandstones (Brook, 1993).  

On the other hand, ultrasonic wave velocity analysis is a well-established geo-engineering tool to 

evaluate dynamic rock properties. The non-destructive nature and simplicity of testing make it 

suitable for field and laboratory applications. The ultrasound wave analysis has been studied for 

sandstone characterization applied on different sample orientations (Abugharara et al., 2019b). 

Moreover, the circular ultrasonic wave velocity measurement approach has been adopted to 

investigate rock anisotropy (Abugharara et al., 2017). However, studies have confirmed the 

relationships between rock strength and P-wave velocity. Some of them have reported correlations 

between UCS and VP (Chary et al., 2006; Çobanoǧlu & Çelik, 2008; Kahraman, 2001; Minaeian 

& Ahangari, 2013), whereas different study also confirms the relationship between indirect tensile 

strength (ITS) and VP (Khandelwal, 2013).  

In this study, UCS, PLSI and ITS have been reported for two types of isotropic rocks, including 

sandstone and medium strength rock like material (RLM). Furthermore, the correlations between 

UCS and ITS, UCS and PLSI have been determined. Moreover, the dynamic rock properties have 

been evaluated based on standard ultrasonic wave velocity analysis. Consequently, the evaluated 

primary-wave (P-wave) velocity has been utilized to establish the correlation between UCS and 

VP. 
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6.2. Experimental Equipment and Procedure 

6.2.1. Geomechanics Loading Frame 

The geomechanics loading frame at Drilling Technology Laboratory (DTL) has the capability of 

performing different strength tests, including compressive strength (both UCS and CCS) test, 

Indirect tensile strength (ITS) test, point load strength index (PLSI) test. The loading frame can 

provide a maximum of 450 KN. The corresponding linear displacement is recorded with the help 

of an LVDT sensor. The data acquisition (DAQ) system can record the data from all the sensors 

at different sampling rates. The data was recorded at 100 Hz sampling rate for all the samples 

tested in the loading frame in this study. Before the tests, calibration was performed to ensure the 

reliability of the geomechanics loading frame. Figure 6.1 shows the different parts of the 

geomechanics loading frame located at the DTL. 

 

Figure 6.1. Geomechanics loading frame equipped with data acquisition (DAQ) system at DTL. 
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[1-Axial compression pressure piston, 2-Bottom compression plate, 3-Manual compression 

hydraulic pump, 4-Top fixed compression plate, 5-Control valves, 6-Safety bypass valve, 7-

Hydraulic fluid reservoir, 8-Data Acquisition System (DAQ-Sys)] 

6.2.2. Standard Test Procedure 

Two Different types of rock: sandstones and medium strength RLM were tested for different 

strength tests. For each type of rock, unconfined compressive strength (UCS), indirect tensile 

strength (ITS), point load strength index (PLSI) and compressive and shear wave velocity (Vp and 

Vs) have been measured and further correlation have been developed. Standard testing procedures 

have been followed for each type of test. The ASTM standards for rock characterization were 

mainly adopted for the testing process.      

6.2.2.1. UCS Test Procedure 

The UCS of the rock samples was performed based on the ASTM standard (ASTM D7012-14, 

2017) for 12 specimens of sandstone and medium strength RLM. The average length of the 

specimens was 105.32 mm and the average diameter was 47.16 mm, which ensured the height to 

diameter ratio (2.23:1) within the ASTM standard range of 2:1 to 2.5:1. Moreover, the specimens 

were ground by a grinder before the tests to ensure flat and parallel faces. As shown in Figure 6.2, 

the specimens were placed between the plates of the geomechanics loading frame, where the load 

was applied at a constant rate. Once the test is performed, the maximum load is recorded by the 

load sensor as the failure load, which is then used for UCS calculation according to Eq. [1]. 

σu =  
𝑃

𝐴
                                                                                                                                                                                          [1] 

Where, σu = unconfined compressive strength (MPa); P = failure load (N); A = cross-sectional 

area (mm2). 
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Figure 6.2. Rock sample before and after UCS test. 

6.2.2.2. Indirect Tensile Strength (ITS) Test Procedure 

An indirect test of tensile strength is an acceptable and reliable approach to follow in a laboratory 

environment because of the experimental setup and specimen preparation simplicity. In this study, 

a total of 38 sandstone and RLM specimens were examined for the ITS test. The tested circular 

disk specimens had the thickness to diameter ratio between 0.29 to 0.36, which satisfies the 

standard range of 0.2 - 0.75 (ASTM D3967-08, 2016). As shown in Figure 6.3, the specimens were 

placed between the flat plates of loading frame and because of the nature of tensile fracture, the 

crack propagated along the diameter as soon as the highest tensile stress point was achieved. The 

required tensile strength is calculated by Eq. [2].  

σt =  
2𝑃

𝜋𝑡𝐷
                                                                                                                                                                                                            [2] 

Where, σt = splitting tensile strength, (MPa) 

P = maximum applied load N (or lbf) 

t = thickness of the specimen, mm (or in.) 

D = diameter of the specimen, mm (or in.) 
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Figure 6.3. Rock sample before and after indirect tensile strength test. 

6.2.2.3. Point Load Strength Index Test Procedure 

In this current study, axial point load strength index was performed for 27 sandstone and RLM 

specimens. The samples maintained the length-diameter ratio between 0.5 to 0.53, within the 

recommended range (1/3 to 1) of the ASTM standard (ASTM D5731-16, 2016). As shown in 

Figure 6.4, the specimens were placed between the conical platens and the axial load was applied 

steadily at a constant rate. After testing, the specimens should be divided into equal pieces (Figure 

6.4) to ensure the valid test according to ASTM standard. The equation that measures the 

uncorrected point load strength index (𝐼𝑠) is  

𝑃 =
𝑃

𝐷𝑒
2                                                                                                                                                              [3] 

P = failure load, N 

De = Equivalent core diameter, mm and it is represented as 

De
2 = D2 for diametral core test (without penetration), mm2, or  

𝐷𝑒
2 =

4𝐴

π
, mm2 

A = WD = minimum cross-sectional area, mm2 
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Figure 6.4. Rock sample before and after point load index test. 

Since, the average core diameter (47.14 mm) was less than 50 mm, the size correction was applied 

by the below equation 

𝐼𝑠(50) = 𝐹 × 𝐼𝑠                                                                                                                               [4] 

Therefore, the size corrected point load strength index can be evaluated by Eq. [4], which is 

denoted by PLSI throughout this current study. 

The “size correlation factor” can be calculated as 

𝐹 = (𝐷𝑒/50)0.45                                                                                                                           [5] 

However, for the samples close to 50 mm diameter, the approximation below provides very 

negligible error 

𝐹 = √
𝐷𝑒

50
                                                                                                                                         [6] 

6.2.2.4. Ultrasonic Wave Velocity Measurement and Analysis Procedure for Rock 

The measurement was performed based on the ASTM Standard (ASTM D2845-08, 2008) for 

laboratory determination of pulse velocities and ultrasonic elastic constants of rock. As shown in 

Figure 6.5, Pulse is transmitted through the rock sample by one transducer and received by the 
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other one. The pulse and received wave are displayed in the oscilloscope screen. Both primary (P-

wave) and secondary (S-wave) wave information are received at the same time.  However, the 

primary wave or P-wave is the fastest wave that travels through the rock. The relationship between 

P-wave and UCS is an important aspect of this study. The P and S-wave velocities (VP and VS) are 

calculated by following equation 

𝑉𝑝 =
𝐿

𝑇𝑝
                                                                                                                                           [7] 

𝑉𝑠 =
𝐿

𝑇𝑠
                                                                                                                                            [8] 

Where, L = Core length or pulse propagation distance, m; TP = P-wave travel time, s; TS = S-wave 

travel time, s 

 

Figure 6.5. Ultrasonic wave velocity measurement setup. 

Moreover, dynamic elastic constants (dynamic elastic modulus, E and Poison’s ratio, µ) of rock 

can be evaluated form the density (ρ) and the ultrasonic wave velocities (VP and VS) by the 

following equations 

𝐸 = [𝜌𝑣𝑠
2(3𝑣𝑝

2 − 4𝑣𝑠
2)]/(𝑣𝑝

2 − 𝑣𝑠
2)                                                                                                [9] 

𝜇 = (𝑣𝑝
2 − 2𝑣𝑠

2)]/[2(𝑣𝑝
2 − 𝑣𝑠

2)]                                                                                                    [10] 
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6.3. Results and Discussions 

Different strength tests, including unconfined compressive strength (UCS), indirect tensile 

strength (ITS) and point load strength index (PLSI) have been carried out for two types of isotropic 

rock: sandstone and medium strength RLM. Here, all sandstone samples were collected from the 

same source of two big blocks of rock. They were initially cored for 6-inch samples and then all 

specimens for strength tests were collected from these 6-inch cylinders. However, for medium 

strength RLM, the same recipe and ingredients were used to cast several 6-inch cylinders, which 

were further cored to collect RLM specimens for the tests. The main goal was to determine the 

correlation between UCS and ITS and UCS and PLSI for rocks. Additionally, the acoustic 

measurements done for the samples provided valuable information about rock’s dynamic elastic 

constants. The subsequent correlation between UCS and VP is another aspect of the study. The 

table below provide the UCS values determined from the current study. 

Table 6.1. Determined UCS values of different rock types. 

Rock Type 

Density  

(Kg/m3) 

Average 

core diameter 

(mm) 

Average UCS  

(MPa) 

Sandstone 2270 47.1 59.72 

Medium Strength 

RLM 

2300 47.2 69.30 
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6.3.1. Correlations for Sandstone 

The data represented in the figure below shows the distribution of indirect tensile strength tests 

performed on sandstone samples. There were 16 samples and the average ITS value of samples 

was found 6.11 MPa as shown in Figure 6.6. 

 

 

Figure 6.6. Distribution of indirect tensile strength data (top) for samples (S-1 to S-16) and 

correlation between UCS and ITS for sandstone (bottom). 

When the UCS data is plotted against the ITS values with zero intercept, a fitted correlation of y 

= 9.6631x is spotted with the correlation coefficient (R2) value of 0.9934. That infers the 

conversion factor of 9.6631 between UCS and ITS. Hence, the evaluated value shows good 
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agreement with the commonly considered conversion factor value of 10. In that regard, it can be 

said that the determined correlation behaved as per expectation. 

On the other hand, the distribution of point load strength data and subsequent UCS and PLSI 

relationship has been developed through a fitted correlation in Figure 6.7. As depicted in the figure, 

the average point load strength value is 4.32 MPa. The correlation of y = 13.652x is determined 

from a zero intercepted linear relationship with a correlation coefficient (R2) of 0.9932. 

 

 

Figure 6.7. Distribution of point load index strength data (top) for samples (S-17 to S-31) and 

correlation between UCS and PLSI for sandstone (bottom). 

Table 6.2 shows some developed relationships between UCS and PLSI for different rock samples. 
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relationship with a conversion factor of 13.652. Hence, this study can be considered as an approved 

method to perform indirect strength evaluation for sandstone. 

Table 6.2. Correlations between UCS and point load strength index (PLSI) from different studies. 

Author (Year) Correlation Rock Type 

 

Smith (1997) 

 

𝑈𝐶𝑆 = 14.3 × 𝑃𝐿𝑆𝐼 Sedimentary 

Agustawijaya (2007) 

 

𝑈𝐶𝑆 = 13.4 × 𝑃𝐿𝑆𝐼 Several 

Mishra & Basu (2012) 

 

𝑈𝐶𝑆 = 14.6 × 𝑃𝐿𝑆𝐼 Several 

Vallejo et al. (1989) 

 

𝑈𝐶𝑆 = 17.4 × 𝑃𝐿𝑆𝐼 Sandstone 

Das (1985) 𝑈𝐶𝑆 = 18 × 𝑃𝐿𝑆𝐼 Sandstone 

 

6.3.2. Correlations for Medium Strength RLM 

The analysis performed on medium strength rock like material (RLM) has been represented in the 

figure below. Here as shown in Figure 6.8, the average tensile strength value is 6.90 MPa. On the 

other hand, the subsequent UCS and ITS correlation has been developed. A linear relationship 

with zero intercept provides the correlation of y = 9.7624x. This relationship indicates a conversion 

factor of 9.7624, comparable with the commonly assumed conversion factor, 10.  
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Figure 6.8. Representation of indirect tensile strength data (top) for samples (S-15 to S-36) and 

subsequent UCS-ITS correlation (bottom) for medium strength RLM. 

The point load strength tests performed for the medium strength RLM indicate an average value 

of 5.79 MPa. The developed correlation between UCS and PLSI for medium strength RLM shows 

a fitted straight line with an R2 value of 0.9549. From this correlation, a conversion factor of 12.273 

is found between UCS and PLSI for the medium strength RLM. To date, no study has reported the 

correlation for medium strength RLM. Therefore, the derived correlation can be helpful to 

determine the strength of such rock like materials during drilling application. However, as shown 

in Table 6.2, equations derived from the literature offer a range of correlation factors comparable 

to this current study. 
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Figure 6.9. Representation of point load index data (top) for samples (S-37 to S-48) and 

subsequent UCS-PLSI correlation (bottom) for medium strength RLM. 

6.3.3. Ultrasonic Wave Velocity Analysis for Specimens 

The acoustic measurement of rock provides essential information regarding dynamic elastic 

properties and can be utilized for developing correlations with rock strength. Table 6.3 shows the 

measured elastic constants determined from the tests performed at the Drilling Technology 

Laboratory (DTL) for sandstone and medium strength RLM.  
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Table 6.3. Rocks elastic constants measured by acoustic analysis. 

Rock Type Dynamic Elastic Modulus, E (GPa) Poison’s Ratio, µ 

Sandstone 23.31 0.10 

Medium Strength RLM 44.98 0.21 

Figures 6.10 and 6.11 depict the linear correlations between UCS and P-wave velocity for the 

tested rocks. However, published research on acoustic analyses for rocks concluded with different 

correlations, as shown in Table 6.4. The correlations vary with the rock types as well as geological 

origin of the rock samples.  

Table 6.4. Developed correlations between UCS and P-wave velocity (VP) reported in different 

studies. 

Author (Year) Correlation Rocks 

 

Kahraman (2001) 

 

𝑈𝐶𝑆 = 9.95𝑉𝑝
1.21 several 

Minaeian & Ahangari 

(2013) 

𝑈𝐶𝑆 = 0.005 𝑉𝑝 sedimentary 

 

Chary et al. (2006) 

 

𝑈𝐶𝑆 = 0.1564𝑉𝑝 − 692.41 sandstone 

Çobanoǧlu & Çelik 

(2008) 

𝑈𝐶𝑆 = 56.71 𝑉𝑝 − 192.93 several 
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In Figure 6.10, the UCS values of sandstone samples are plotted against the primary wave 

velocities. A fitted line plot with a correlation coefficient (R2) of 0.9882 is determined. As it 

appears, the relationship between UCS and VP is linear, having a conversion factor of 0.0179.  

 

Figure 6.10. Relationship between UCS and P-wave velocity (VP) for sandstone. 

On the other hand, a similar relationship for RLM samples is demonstrated in Figure 6.11. To date, 

no study has reported such relationship for medium strength RLM. The evaluated correlation factor 

is 0.017 ensuring a correlation coefficient (R2) of 0.9985.  Hence, the derived correlation can be 

considered to determine the strength of such rock like materials. 
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Figure 6.11. Relationship between UCS and P-wave velocity (VP) for medium strength RLM. 

Since the acoustic data can be obtained by non-destructive tests (NDT), such correlations may 

offer faster and easier way to evaluate rock strengths during field applications while dealing with 

isotropic rocks. However, a wider range of data may provide a better conclusive result.  
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6.4. Conclusions 

This research is the first part of a comprehensive study, where several rock strengths have been 

reported and their mutual correlations have been determined. Moreover, the dynamic measurement 

through ultrasonic wave velocity measurement and subsequent correlation with rock strength have 

been reported. The findings can be summarized as follows: 

• The indirect tensile strengths (ITS) for tested isotropic rock samples indicate an average 

value of 6.11 MPa for sandstone and 6.90 MPa for medium strength RLM. Moreover, in 

both cases, the subsequent relationships between UCS and ITS derived from fitted plots 

provide the confidence to utilize the correlations for future studies. 

• Moreover, the average point load strength index (PLSI) value for sandstone is determined 

4.32 MPa and 5.79 MPa for medium strength RLM. The fitted relationships with UCS have 

been developed for both cases, which may offer another way to determine rock strength 

from PLSI with less effort and cost-effective manner. 

• The acoustic analyses for the tested samples determine the dynamic elastic constants for 

isotropic rock specimens. Moreover, the developed correlations between UCS and VP can 

be utilized to evaluate rock strength from the acoustic measurement, which may offer a 

faster, cheaper and non-destructive way of rock strength analysis.  

The second part, “Tensile and Shear Fracture Examination for Optimal Drilling Performance 

Evaluation: Part – II,” is conducted by a different author  (Quan et al., 2021) and is not included 

in this thesis. Part - II contains the drilling test and reports the drilling performance for different 

drill bit types (RC and PDC). However, the present study's limitations consist of lacking a variety 

of rock sources and a limited collection of acoustic data. Future investigations will consider these 

aspects to support the findings of the current study. 
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7. Chapter 7. Conclusions and Future Recommendations 

This thesis dealt with cuttings transport mechanism in the horizontal annulus and reported isotropic 

rock strengths analysis to investigate cuttings size distribution from rock formation properties and 

drilling parameters. A comprehensive analysis of the cuttings transport process, including 

experimental and numerical investigations, has been reported. On the other hand, isotropic rock 

strengths evaluation is a part of ongoing research; additional parts and future study will lead from 

this thesis's findings. 

7.1. Cuttings Transport in Horizontal Annulus 

The cuttings transport mechanism has been analyzed broadly in several chapters of the thesis 

containing three manuscripts out of four, including experimental and numerical assessments.  

• The experimental analysis in the flow loop tried to find out the optimum drilling parameters 

depicting the flow regime maps at different flow conditions during the horizontal drilling 

process. 

• The experimental findings conclude that the drilling parameters like eccentricity and 

rotational speed of the drill pipe facilitate the cutting transport process for different solid 

concentrations. The 75% eccentricity may not be the optimum drilling condition because 

of the contact between cuttings and the drill pipe. Due to the friction generated from the 

contact, the cutting transport hampers and may result in higher solid bed formation than 

30% eccentricity.  

• Six different flow patterns were observed during the experimental analysis. Most of the 

visualization results confirmed the stratified wavy pattern, whereas slug flow was observed 

at elevated gas pressure and rotational speed condition.  
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• At 30% eccentricity, the solid bed height was found to vary from 8 to 20 times at different 

rotational speeds for changing the solid concentration from 2 wt% to 5 wt%. 

• Observations from the visualizations confirmed that the cuttings enter into the annulus, 

they move over the stationary/moving bed and start accumulating as sand dune. The 

cuttings dune changes the shape in a random manner along with the flow. 

• On the other hand, the numerical assessment utilized a CFD commercial package (ANSYS-

Fluent) to simulate the cuttings-fluid interaction in a suitable fluid domain. The analysis 

was performed after confirming mesh sensitivity and model validation.  

• The numerical assessments indicate the impact of several drilling parameters, including 

RPM, eccentricity and fluid velocity on cuttings accumulation and report the subsequent 

pressure drop in the annulus section. The study concludes that efficient cuttings transport 

may occur at higher RPM and eccentricity; however, it comes with a price of higher 

pressure drop.  

This study may contribute to future analysis on cuttings distribution in the annulus, where the 

reported drilling parameters could be considered for further investigation. 
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7.2. Isotropic Rock Strength Analysis 

The last portion of the thesis comprises the strength tests of isotropic rocks as part of an ongoing 

investigation to predict cuttings size distribution from drilling performance.  

• Tests are performed in a fully calibrated geomechanics frame. The UCS-ITS and UCS-

PLSI correlations are developed from the collected data, representing linear relationships 

with reliable correlation coefficients. 

• The indirect tensile strengths (ITS) for tested isotropic rock samples indicate an average 

value of 6.11 MPa for sandstone and 6.90 MPa for medium strength RLM. On the other 

hand, the PLSI value for sandstone was found 4.32 MPa and 5.79 MPa for medium strength 

RLM.  

• The acoustic analyses for the tested samples determine the dynamic elastic constants for 

isotropic rock specimens. Moreover, the developed correlations between UCS and VP can 

be utilized to evaluate rock strength from the acoustic measurement, offering a faster, 

cheaper and non-destructive way of rock strength analysis.  

• Eventually, all fitted relationships have been analyzed through a comparative study with 

published correlations.  

The second part, “Tensile and Shear Fracture Examination for Optimal Drilling Performance 

Evaluation: Part – II,” is conducted by a different author  (Quan et al., 2021) and is not included 

in this thesis. Part - II contains the drilling test and reports the drilling performance for different 

drill bit types (RC and PDC). However, the findings from the current study will play a significant 

role in the future evaluation of cuttings size distribution while drilling such type of rock. 


