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Summary
Controlling the downhole pressure is an important parameter for successful and safe drilling operations. Several types of weighting 
agents (i.e., high-density particles), traditionally barite particles, are added to maintain the desired density of the drilling fluid (DF). The 
DF density is an important design parameter for preventing multiple drilling complications. These issues are caused by the settling of the 
dense particles, an undesired phenomenon also referred to as sagging. Therefore, there is a need to understand the settling characteristics 
of heavy particles in such scenarios. To this end, simultaneous measurements of liquid phase flow patterns and particle settling velocities 
have been conducted in a Taylor-Couette (TC) cell with a rotating inner cylinder and stationary outer cylinder separated by an annular gap 
of 9.0 mm. Liquid flow patterns and particle settling velocities have been measured using particle image velocimetry (PIV) and particle 
tracking velocimetry (PTV) techniques, respectively. Experiments have been performed by varying the rotational speed of the inner cylin-
der up to 200 rev/min, which is used in normal drilling operations. Spherical particles with diameters of 3.0 mm or 4.0 mm and densities 
between 1.2 g/cm3 and 3.95 g/cm3 were used. The liquid phases studied included deionized (DI) water and mineral oil, which are the 
basic components of a non-Newtonian DF with a shear-thinning viscosity. The DF is a mud-like emulsion of opaque appearance, which 
impedes the ability to observe the liquid flow field and particle settling in the TC cell. To address this issue, a solution of carboxymethyl 
cellulose (CMC) with a 6% weight concentration in DI water was used. This non-Newtonian solution displays shear-thinning rheolog-
ical behavior and was used as a transparent alternative to the opaque DF. For water, PIV results have shown wavy vortex flow (WVF) 
to turbulent Taylor vortex flow (TTVF), which agrees with the flow patterns reported in the literature. For mineral oil, circular Couette 
flow (CCF) was observed at up to 100 rev/min and vortex formation at 200 rev/min. For CMC, no vortex formation was observed up to 
200 rev/min, only CCF. The settling velocities for all particles in water matched with the particle settling velocities predicted using the 
Basset-Boussinesq-Oseen (BBO) equation of motion. For mineral oil and CMC, the results did not match well with the predicted settling 
velocities, especially for heavy particles due possibly to the radial particle migration and interactions with the outer cylinder wall.

Introduction
Drilling is the most important operation that connects us to petroleum resources. This technology is a necessary step for both petroleum 
exploration and production (Islam and Hossain 2021). DFs, often referred to as drilling mud from the early use of clay and water mixtures, 
play an important role within the drilling industry, such as cleaning the hole by removing the drill cuttings, cooling, and lubricating the 
drillstring, lifting cuttings to the surface, carrying information about the formations, stabilizing the wellbore, controlling formation pres-
sure, and suspending cuttings among others.

In drilling operations, the most important parameter to manage is downhole pressure. Proper control of this pressure is crucial to avoid 
multiple complications like the entry of formation fluid or gas into the wellbore. To prevent such problems, it is important to use a dense 
DF to maintain optimal control over the pressure. To obtain the desired density and maintain sufficient hydrostatic pressure, different types 
of particulate weighting agents, commonly micron-sized barite particles, are added to the DF. However, if these agents settle or sag, they 
can lead to several problems during the drilling and completion of the well. These issues may include induced wellbore instability, mud-
weight fluctuations, well-control problems, downhole mud losses, and stuck pipes. From field experience and laboratory studies, it is well 
known that sag potential is higher in oil-based DF compared with water-based DF, due to the reduced base emulsion density compared 
with the water density.

When the sedimentation of the weighting particles occurs in a non-moving mud column, it is referred to as static sag, and when sedi-
mentation occurs in a circulating DF flow, it is known as dynamic sag (Maxey 2007; Ofei et al. 2021; Alade et al. 2023). Several experi-
mental studies have been conducted to measure sagging in DFs. Different techniques have been used, ranging from sag tests under static 
and dynamic conditions to the use of laboratory-scale flow loops (Omland et al. 2007; Ofei et al. 2021; Ahmed et al. 2022). Some of the 
most recent studies include the characterization of sagging through light scattering measurements, hydrostatic pressure measurements, 
and gamma densitometry (Ofei et al. 2021).

Sag tendency under static conditions can be studied by measuring the densities of the aged DF sample at the top and bottom sections 
of the cell. The static sag factor can be determined from the ratio of the density at the bottom cell to the sum of the densities at the top and 
bottom. The sag value should be below 0.53 to avoid sagging (Omland et al. 2007; Ofei et al. 2021; Ahmed et al. 2022; Al Jaberi et al. 
2023). This static testing can be performed at vertical and inclined cell orientations (Ahmed et al. 2022; Basfar et al. 2022).

Dynamic sag tendency can be characterized in both field and laboratory settings using the viscometer sag shoe test. Using a syringe, a 
specific volume of the DF is extracted and weighed before and after the rotational shear is applied. The dynamic sag factor is determined 
by calculating the difference in the specific densities of the sample before and after shear and then multiplying this difference by a sag 
index, which is based on hole angle, annular velocity, rotary speed, and interval length (Bern et al. 2010; Zamora 2011). A viscometer sag 
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shoe test value of 0.12 g/cm3 (Aldea et al. 2001; Basfar et al. 2018, Basfar et al. 2022; Elkatatny 2018; Ahmed et al. 2022) or less implies 
minimal sagging tendency and is considered a safe region, but a value above 0.19 g/cm3 indicates the beginning of a possible sag problem 
(Bern et al. 2010; Elkatatny 2018; Fadl et al. 2020).

Flow loops are considered the best equipment to provide reliable data concerning simulation and sag detection (Omland et al. 2007; 
Zamora 2011). The results from measurements using the flow loops are used as the baseline for developing sag-stable DFs and for 
approval of these fluids before their application in the field (Omland et al. 2007). Nguyen et al. (2009, 2011) evaluated dynamic sag in 
oil-based DFs using a flow loop and a modified rotational viscometer with the addition of a sag shoe. The authors concluded that an 
eccentric drillpipe induces more sag compared with a concentric drillpipe. Nguyen et al. (2014) evaluated the effects of annular velocity, 
pipe rotation, inclination angle, and eccentricity by using a barite sag flow loop equipped with a Coriolis mass flowmeter to measure the 
circulating density of the fluid. The authors concluded that the axial velocity and pipe rotation contributed almost 60% and 21%, respec-
tively, to sag prevention, and that changing the inclination angle in the range from 60° to 45° from the vertical has the least impact on sag 
prevention.

Ofei et al. (2021) studied barite sag in an oil-based DF before hot rolling and after hot rolling. The approach used was different from 
the traditional techniques used to study barite sag. One of the tests carried out using an optical stability analyzer showed that the after hot 
rolling fluid is more stable compared with the before hot rolling fluid. This was further confirmed by an analysis performed using the 
Turbiscan® Stability Index. Other characterization techniques used included gamma densitometry and hydrostatic pressure measure-
ments, which yielded consistent results in terms of the sedimentation behavior of barite particles in DF over time.

In connection with sagging in DFs, there have been numerous studies of particle settling velocity in Newtonian and non-Newtonian 
fluids that have resulted in several theoretical and empirical correlations for the drag coefficient (‍CD‍) in terms of the particle Reynolds 
number ‍

�
Rep = �lusD

�

�
‍, where ‍�l‍ is the fluid density, ‍us‍ is the particle velocity, ‍D‍ is the particle diameter, and ‍�‍ is the fluid viscosity. Jalaal 

et al. (2010) conducted a comparison of various correlations in their study and demonstrated that the drag coefficient correlation put for-
ward by Ferreira et al. (1998) accurately represented the resistive particle force for Reynolds number within the range of 0–105. Nasab 
(2017) determined experimentally the particle settling velocity through the free fall of three different solid particles in one Newtonian 
fluid (water) using a high-speed video camera to record the trajectory of the spheres and the MATLAB® image processing toolbox to 
analyze the recorded sequences of the particle motion. The author compared the experimental results with computational fluid dynamics 
simulations and a numerical solution, using a drag coefficient correlation based on previous experimental data (Schiller and Naumann 
1935), and concluded that the computational fluid dynamics simulations agreed more with the experimental data that had been obtained. 
Song et al. (2017) studied the settling behavior of spherical and nonspherical (sphere, cube, and cylinder) particles in three different 
Newtonian fluids, using a visualization apparatus and a high-speed camera system. The authors developed a new correlation for the drag 
coefficient for spherical and nonspherical particles. The formulation of this correlation accounts for both the particle’s sphericity and 
settling orientation, aiming to incorporate their effects.

In recent studies, different correlations have also been developed. Kalman and Matana (2022) reviewed empirical correlations and 

experimental works relating the ‍CD‍ of spheres to the Rep and Rep to the Archimedes number 
‍

�
Ar = �l

�
�s��l

�
gD3

�2

�

‍
, where ‍�s‍ is the particle 

density and ‍g‍ is the gravitational force. In addition, experiments with various spherical particles and Newtonian fluids were conducted 
using a high-speed video camera, and the data were analyzed using the tracking software to develop a new correlation of ‍CD‍ in terms of 
Rep. Most recently, Kalman and Portnikov (2023) carried out a series of experiments involving different particles and Newtonian fluids. 
They observed that a straightforward exponential function adequately represented the particle velocity in relation to distance, fitting well 
with all the experimental data. As a result, they formulated a concise exponential equation to describe the velocity of the particles.

Shah et al. (2007) demonstrated the insufficiency of the Newtonian fluid model to correlate the data of a single spherical particle mov-
ing in power-law fluids. The authors reanalyzed the previously published data on particle settling in several non-Newtonian fluids from 
five different investigations. A new model to predict the settling velocity of a spherical particle moving in inelastic power-law fluid was 
presented. They demonstrated that the new model predicted the measured particle settling velocity data better than the models using the 
Newtonian drag coefficient that was commonly used by researchers. The new model would be valid for a wide range of flow behavior 
index (‍n‍) ranging from 0.281 to 1.0 and Rep between 0.001 and 1,000. Zhu et al. (2022a, 2022b) studied the impact of the wall resistance 
effect on particle settling behavior in concentric and eccentric annuli filled with a stagnant fluid. The authors used a high-speed camera to 
capture the particle settling process in a transparent annulus with different gap values of ‍ı‍ filled with power-law fluids, but without any 
rotational shear. The tests were carried out with various dimensionless diameters ‍

�D
ı

�
‍ and Rep. In addition, the dimensionless parameter 

Ar (unrelated to the settling velocity) was introduced to establish a clear model for the settling velocity of spherical particles within the 
annulus. Malhotra and Sharma (2012) conducted an experimental study to understand and quantify the settling velocity of spherical glass 
particles of different diameters ranging from 1 mm to 5 mm in seven polymer-free viscoelastic fluids in unbounded and confined parallel 
plate scenarios. The authors demonstrated that the elasticity of the fluids could increase or decrease the settling velocity in the confined 
scenario by correlating the Weissenberg number ‍

�
We = 2�us

D

�
‍, where λ is the relaxation time of the fluid, to the wall factor (FW), which is 

the ratio of the settling velocity in the confined scenario to the unbounded scenario in the same fluid. They concluded that the retardation 
effect of confinement on the settling velocity decreased with increasing elasticity. Additionally, the retardation effect was reduced by the 
increase in the shear thinning behavior, characterized by low values of the flow behavior index (‍n‍). Okensaya et al. (2020) reported on the 
settling velocities of different spherical particles with a diameter ranging from 0.71 mm to 4.00 mm in stagnant viscoelastic and vis-
coinelastic power-law-type fluids. The authors used particle image shadowgraphy to determine the particle velocities. Their comparative 
analysis showed that as fluid elasticity increased, both particle Reynolds number and particle settling velocity decreased in viscoelastic 
fluids. Building upon these observations, the authors formulated explicit models derived from the gathered data to predict the settling 
velocity in stagnant viscoelastic and viscoinelastic fluids.

The literature review presented above highlights the challenges in analyzing the DF using experimental approaches due to its mud-like 
characteristics as an invert emulsion (Growcock and Harvey 2005; Deville 2022). Visualizing the internal interactions of different com-
ponents in the DF, such as barite particle sedimentation, is difficult due to its opaque nature. As an alternative approach, this work has 
utilized transparent model fluids with reduced complexity to study particle sedimentation in a TC cell. In the actual drilling operation, an 
axial flow would be superimposed on the rotational flow of DF, and consequently, the flow deviates from circular streamlines 
(Chandrasekhar 1981) and no longer fits the category of TC flow. Although the axial flow would affect the heavy particle sedimentation, 
we have not accounted for it in this work. By applying PIV and PTV techniques, the liquid flow patterns and particle sedimentation could 
be imaged and analyzed to quantify the settling behavior or sag of heavy particles at various rotational speeds (0–200 rev/min). The 
motion of individual particles of various sizes (3.0–4.0 mm) and densities (1.2–3.9 g/cm3) in different types of fluids, including the DF 

D
ow

nloaded from
 http://onepetro.org/SJ/article-pdf/doi/10.2118/219459-PA/3347625/spe-219459-pa.pdf/1 by Andres Velez on 07 February 2024



2024 SPE Journal 3

components (DI water and mineral oil) and a non-Newtonian CMC solution with shear-thinning viscosity like that of the DF, has been 
studied in this research.

In “Materials and Methods,” we provide a detailed description of the transparent model fluids used in this study and their properties 
compared with the DF. We also explain the PIV and PTV techniques used for imaging and analyzing liquid flow patterns and particle 
sedimentation. Additionally, we present an overview of the TC cell and the solid particles used. In “Results and Discussion,” we present 
the flow patterns observed in the fluids and particle sedimentation data obtained in the TC cell. The main results are then summarized in 
“Conclusions.”

Materials and Methods
Reference DF. The reference DF is an opaque oil-based DF, classified as a nonaqueous invert emulsion with a water-in-oil emulsion 
ratio of 20:80 and a density of 1.43 g/cm3. It was synthesized in our laboratory by blending nine components provided by MI-Swaco, 
Schlumberger in Norway. It exhibited a non-Newtonian shear-thinning rheological behavior, which was reported by Ofei et al. (2021).

Model System. The fluids used in the present experiments were DI water and mineral oil, which are Newtonian fluids with constant 
viscosities, and an aqueous CMC solution, which is a non-Newtonian, shear-thinning fluid. Several samples of the CMC solutions with 
different concentrations of 3%, 4%, 5%, and 6% by weight were synthesized and characterized using rotational rheometry. Table 1 
summarizes the properties of the fluids used in this experimental work. Compared with water, the viscosity of mineral oil was 10 times 
greater and the CMC 6% solution was about 270–330 times greater under the experimental conditions used.

Fluid Density (g/cm3) Viscosity (Pa·s) Kinematic Viscosity (m2/s)

DI water 0.998 0.001 1.0

Mineral oil 0.870 0.017 19.5

CMC 6% solution 1.001 0.278-0.337 277.7-336.6

Table 1—Fluid properties.

Spherical Particles. The test particles were spheres of different materials, sizes, and densities: polymethyl methacrylate (PMMA), 
cellulose acetate (CA), glass, and alumina. The particle diameter (‍D‍) was either 3.0 mm or 4.0 mm, and the particle density is listed in 
Table 2.

Material Particle Diameter (mm)
Density
(g/cm3)

PMMA 3.0 1.2

CA 3.0, 4.0 1.3

Glass 3.0 2.5

Alumina 3.0 3.9

Table 2—Spherical particle properties.

Rheological Characterization. The rheological properties of the reference DF and CMC solution were measured using an ARES-G2 
rheometer with a concentric cylinder geometry conforming to the standards sey by the Deutsches Institut für Normung (DIN). To obtain 
flow curves, we subjected the samples to shearing for 300 seconds at a range of shear rates up to 1,000 s−1 and held them at a constant 
temperature of either 25°C or 30°C. Although the CMC solution exhibited shear-thinning behavior, it did not possess a yield stress, unlike 
the oil-based DF. The yield stress would affect the particle sedimentation behavior, but the shear rates used in the present experiments 
were high enough such that the yield stress would not be relevant.

TC Cell Setup. The TC cell consisted of two concentric cylinders enclosed within an optical acrylic correction box. The purpose of the 
box was to reduce optical distortion caused by the curvature of the acrylic test section. The fixed outer cylinder had a radius of 28.0 mm 
(ro), while the inner cylinder, a metallic shaft with a radius of 19.0 mm (ri), was rotated using a direct-current (DC) motor. The resulting 
annular gap between the two cylinders was 9.0 mm (δ = ro-ri). Both the correction box and outer cylinder were transparent, allowing for 
clear optical access and flow visualization. Fig. 1 provides a depiction of the setup used in the laboratory.

PIV and PTV. PIV and PTV are well-established techniques to study liquid and particle motions in transparent fluids. The two methods 
were used to determine the velocity from the displacement of particles in a moving fluid during a prescribed time interval. PIV analyzes 
the displacement of a small group of seed particles between two successive images and calculates the velocity vectors in the interrogation 
region. The results are averaged over the interrogation region to obtain the mean velocity. On the other hand, PTV tracks the trajectories 
of large particles individually and calculates the instantaneous velocity from the distance traveled and elapsed time (Dracos 1996). PIV 
has a higher temporal resolution and provides a snapshot of the flow field, whereas PTV requires a longer time interval to track individual 
particles over larger distances.

Figs. 2 and 3 illustrate the experimental setup used in this study, involving a TC cell and the components for PIV and PTV measure-
ments. Table 3 provides a summary of the experimental conditions. A laser with a wavelength of 532 nm was used to generate a fan-shaped 
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thin light sheet of approximately 2-mm thickness by passing the laser beam through a cylindrical lens. The lens was adjusted to center the 
laser sheet through a metallic plate with a slit, allowing for visualization of the TC cell’s front plane. Hollow glass spheres with a specific 
gravity of 0.95 and a diameter of approximately 10 µm were used as seeding particles for PIV measurements to capture the liquid flow field 
in this plane. The inner cylindrical rod was rotated at speeds ranging from 0 to 200 rev/min, while a high-speed camera positioned perpen-
dicular to the laser sheet recorded the illuminated particles. To process the obtained images, two different image analysis programs were 
utilized. DaVis 8.2.1, which performs image preprocessing and cross-correlation procedures to determine the instantaneous velocity field 
from consecutive pairs of seed particle images, was used for PIV characterization. Image J, which allows for manual tracking of individual 
particles and obtaining their positions and vertical and horizontal velocities, was used for PTV characterization.

Fig. 2—Schematic for the PIV and PTV test facility.

Fig. 1—Layout of the TC cell setup.
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Fig. 3—Layout of PIV and PTV experimental setup.

Experimental Conditions

Inner cylinder radius (mm) 19.0

Outer cylinder radius (mm) 28.0

Rotational speed (rev/min) 25, 100, 200

Angular velocity (rad/s) 2.6, 10.5, 20.9

Frame rate for PIV (fps) 5,000

Frame rate for PTV (fps) 2,000

Shutter speed (seconds) 1/8,000

Frame size (pixels) 1,280 × 800

Table 3—Experimental conditions for PIV and 
PTV techniques.

TC Flow Regime. Various flow patterns can occur in a TC cell depending on the rotational speed of the inner rod. Fig. 4 shows the 
different flow transitions according to the fluid Reynolds number (Rel), calculated using Eq. 1:

Fig. 4—Flow regime in a single-phase TC flow (Yoshida et al. 2009).

	﻿‍
Rel =

ri!
�
ro � ri

�

�
,
‍� (1)

where ‍�‍ is the kinematic viscosity of the fluid and ‍!‍ is the angular velocity.
The five flow patterns observed by Yoshida et al. (2009) depicted in Fig. 4 are CCF (Rel < 92), Taylor vortex flow (TVF; 92 < Rel < 

138), WVF (138 < Rel < 1,020), modulated wavy vortex flow (MWVF; 1,020 < Rel < 1,380), and TTVF (1,380 < Rel < TTVF).
Taylor number is a dimensionless parameter that describes the relative importance of inertial to viscous forces in a fluid flow. There is 

a critical value, known as the Taylor critical value, that is used to determine the onset of turbulence in a fluid flow, and it represents a 
threshold value of the Taylor number above which a laminar flow becomes unstable and transitions to a turbulent flow. This value is 
approximately 1,700 and it is calculated using Eq. 2 (White 2016):

	﻿‍
Ta =

ri!2 �ro � ri
�3

�2
.
‍� (2)
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Table 4 summarizes the corresponding Reynolds and Taylor numbers for the fluids as well as the predicted flow pattern within the TC 
cell.

Fluid

Rotational Speed (rev/min)

25 100 200

Reynolds Number (Predicted Flow), Taylor Number

DI water 450 (WVF), 0.096×106 1,800 (TTVF), 1.5×106 3,600 (TTVF), 6.1×106

Mineral oil 40 (CCF), 0.076×104 160 (WVF),
1.2×104

315 (WVF),
4.7×104

CMC 6% solution 1 (CCF), 0.93 5 (CCF), 13.8 11 (CCF), 54.2

Table 4—Predicted flow for the three rotational speeds evaluated in the TC cell.

Theoretical Prediction of Particle Sedimentation. In particle dynamics, the BBO equation, based on Newton’s second law of motion, 
states that the rate of change in the particle’s momentum is equal to the sum of the forces acting on the particle, such as gravitational 
and buoyancy forces, drag force, added mass, and minor forces like Basset history force. The BBO equation for low Reynolds number 
(‍Rep � 0.2‍) is written as follows:

	﻿‍
1
6
�D3�s

dus
dt

= 3��D
�
ul � us

�
�

1
6
�D3rp +

1
12

�D3�l
d
dt

�
ul � us

�
+
3
2
D2p��l�

ˆ t

0

1
p

t� �

d
d�

�
ul � us

�
d� +

1
6
�s�D3g�

1
6
�l�D3g +

X
k

Fk,
‍�

(3)

where ‍D‍ is the particle diameter, ‍�s‍ is the particle density, ‍�l‍ is the liquid density, ‍�‍ is the fluid dynamic viscosity, ‍us‍ is the settling particle 
velocity, ‍ul‍ is the liquid velocity, ‍rp‍ is the pressure gradient, ‍� ‍ is the kernel time, ‍t ‍ is the time, ‍g‍ is the gravitational acceleration, and ‍Fk ‍ 
represents other forces. The terms on the right-hand side of Eq. 3 correspond to viscous drag force, pressure gradient, added mass, Basset 
or history force, gravity force, buoyancy force, and other forces, respectively.

Consider the 1D accelerated motion of a small, rigid, spherical, particle of diameter ‍D‍, falling vertically in an infinite stagnant, incom-
pressible Newtonian fluid. In this scenario, the fluid has no vertical movement, and no other particles are in motion within it, eliminating 
particle-particle interactions. The fluid flow field is also large, so the particle motion is not affected by the wall effect. The mass of the 
spherical particles is calculated as follows:

	﻿‍
m =

1
6
�s�D3.

‍�  
(4)

The pressure gradient term can be neglected because it is only important if a large liquid pressure gradient exists and if the particle density 
is smaller than the liquid density (Nasab 2017). If the particle density is greater than the liquid density, Basset history force can be 
neglected (Jalaal et al. 2010; Torabi and Yaghoobi 2011; Malvandi et al. 2014; Fakour et al. 2018). The simplified BBO equation of motion 
can be written as follows:

	﻿‍
m
dus
dt

= mg
�
1 �

�l
�s

�
�
1
8
�D2�lCDu2s �

1
12

�D3�l
dus
dt

,
‍�

(5)

where ‍CD‍ is the drag coefficient. The terms on the right-hand side of Eq. 5 correspond to the buoyancy force, drag force, and added mass. 
For purposes of comparison, two different correlations for the drag coefficient were used. These drag coefficients are applicable to 
Newtonian fluids; therefore, they are used in the calculation of the particle settling velocity in DI water and mineral oil. The first drag 
coefficient correlation (‍CD1‍) has a good agreement with experimental data for the particle Reynolds number (Rep) ranging from 0 to 105 
(Ferreira et  al. 1998; Jalaal et  al. 2010; Fakour et  al. 2018). The second correlation (‍CD2‍) agrees with data for ‍0 � Rep � 2 � 103‍ 
(Polezhaev and Chircov 2011).

	﻿‍
CD1 =

24
Rep

�
1 +

1
48

Rep
�
,
‍�

(6)

	﻿‍
CD2 =

21.12
Rep

+
6.3p
Rep

+ 0.25,
‍�  

(7)

where

	﻿‍
Rep =

�lusD
�

.
‍�  

(8)

With ‍CD1‍, the equation of motion can be rewritten as Eq. 9:

	﻿‍
a
du
dt

+ bu + cu2 � d = 0,
‍�  

(9)

where

	﻿‍
a =

1
12

�D3 �2�s + �l
�
,
‍�  (10)
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	﻿‍ b = 3�D�,‍�  (11)

	﻿‍
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1
16

�D2�l,‍�  
(12)

	﻿‍
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6
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�
�s � �l

�
,
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(13)

	﻿‍
u =

dy
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.
‍�  

(14)

Substituting Eq. 14 into Eq. 9, we can get the vertical trajectory equation for ‍CD1‍ in the form of:

	﻿‍
a
d2y
dt2

+ b
dy
dt

+ c
�
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dt

�2
� d = 0.

‍�  
(15)

With ‍CD2‍, the equation of motion can be rewritten as Eq. 16:

	﻿‍
a
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3
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‍�  
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where
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Substituting Eq. 14 into Eq. 16, we can obtain the vertical trajectory equation for ‍CD2‍ in the form of

	﻿‍
a
d2y
dt2

+ b
dy
dt

+ c
�
dy
dt

� 3
2
+ d

�
dy
dt

�2
� e = 0.

‍�  
(22)

Eqs. 9 and 16 are used to determine the particles settling velocity as a function of time, while Eqs. 15 and 22 are used to determine the 
vertical position of the particles as a function of time during their settlement in the fluid. These equations are nonlinear ordinary differen-
tial equations with known initial conditions of ‍u

�
0
�
= 0‍ and ‍y

�
0
�
= 0‍, which can be resolved analytically. To obtain more accurate results, 

MATLAB® was used.
For the case of the non-Newtonian fluid, the CMC solution follows the model of a power-law fluid, for which the shear stress is given 

by

	﻿‍ � = K
�
�
�n ,‍�  (23)

where ‍� ‍ and ‍�‍ are the shear stress and shear rate, respectively. The ‍n‍ and ‍K ‍ represent the flow behavior index and the consistency index 
of the power-law fluid. To obtain the flow and consistency index we must linearize Eq. 23 in the following form:

	﻿‍ log
�
�
�
= n log

�
�
�
+ log

�
K
�
.‍�  (24)

From plotting the results of Eq. 24, we can obtain the slope ‍
�
n
�
‍ and the intercept in the form of ‍log

�
K
�
‍ from where we obtain ‍K ‍ by solving 

‍10logK ‍.
Using the model developed by Shah et al. (2007), we have the following equation:

	﻿‍

q
C2�nD Re2p = A

�
Rep

�B ,‍�  (25)

where

	﻿‍ A = 6.1948n2 � 24.838n + 22.642,‍�  (26)

	﻿‍ B = �0.5067n2 + 1.3234n � 0.1744,‍�  (27)

and by definition, ‍CD‍ and Rep for the power-law fluid are given as (Shah et al. 2007):
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	﻿‍
CD =

4
3

�
Dg
u2s

��
�s � �l

�l

�
,
‍�

(28)

	﻿‍
Rep =

 
Dnu2�n

s �l
2n�1K

!
.
‍�

(29)

Therefore, by substituting Eqs. 28 and 29 into Eq. 25, we have the following equation:

	﻿‍

q
C2�n
D Re2p =

vuut4
3

"
g2�n

22
�
n�1

�
# "

Dn+2�nl
�
�s � �l

�2�n

K2

#
.
‍�

(30)

By rearranging Eq. 25 and substituting the solutions of Eqs. 26, 27, and 30, we can obtain the result for Rep:

	﻿‍
Rep =

�q
C2�nD Re2p

�

A

1
B

.
‍�

(31)

By rearranging Eq. 29 and substituting the result of Eq. 31, we can obtain the theoretical terminal velocity of a particle in a power-law 
fluid as follows:

	﻿‍
us =

 
2n�1KRep

Dn�l

! 1
2�n

.
‍�

(32)

Results and Discussion
Rheological Results. Fig.  5 shows the viscosity profiles of different CMC solutions. All concentrations showed a shear-thinning 
rheological behavior, meaning that the viscosity decreased with increasing shear rate with the highest viscosity obtained for the CMC 
solution with a 6% weight concentration. For this experimental study, it was decided to work with the 6% CMC weight concentration for 
the PIV and PTV measurements.

Fig. 5—Viscosity profiles for different CMC concentrations.

Fig. 6 shows comparisons of the shear stress and viscosity vs. shear rate data between the reference DF previously prepared and tested 
by Ofei et al. (2021), the CMC solution with a 6% weight concentration, and the mineral oil. The fluids were tested using PIV at three 
different rotational speeds (25, 100, and 200 rev/min), which are converted to s–1 units and marked as vertical dotted lines on the graph. 
At 25 rev/min, the DF viscosity was approximately 3.8 times higher than that of the CMC solution. At 100 rev/min, the DF viscosity was 
about 1.40 times higher than that of the CMC solution. Finally, at 200 rev/min, the CMC solution was approximately 1.08 times higher 
than that of the DF. From the rheological measurements of the CMC 6% solution, the values of ‍n‍ and ‍K ‍ were determined to be 0.865 and 
0.4477 Pa·s, respectively. It is noted that if Taylor vortices occur within the TC cell, then the actual viscosity of the fluid under rotational 
shear may be different from those obtained in the rheometer, as shown in Fig. 6.

PIV Measurements. PIV images of water were obtained at three different rotational speeds, and both horizontal and vertical velocity 
components were extracted as shown in Figs. 7 and 8, respectively. Cell formation can be seen in Fig. 7a at 25 rev/min, with clear 
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boundaries but less symmetry compared with the formation observed at 100 rev/min and 200 rev/min in Figs. 7b and 7c, respectively. 
The observed flow patterns match the predicted flow patterns at all rotational speeds. Specifically, WVF was observed at 25 rev/min, 
corresponding to a Reynolds number of 450. At 100 rev/min and 200 rev/min, TTVF was observed, corresponding to Reynolds numbers 
of 1,800 and 3,600, respectively.

Fig. 7—Horizontal velocity fields and flow patterns for water at different rotational speeds: (a) 25 rev/min, (b) 100 rev/min, and 
(c) 200 rev/min.

Fig. 6—Flow curves of the reference DF, CMC 6% solution, and mineral oil (MO): (a) shear stress and (b) viscosity.

D
ow

nloaded from
 http://onepetro.org/SJ/article-pdf/doi/10.2118/219459-PA/3347625/spe-219459-pa.pdf/1 by Andres Velez on 07 February 2024



2024 SPE Journal10

Fig. 8—Vertical velocity fields and flow patterns for water at different rotational speeds: (a) 25 rev/min; (b) 100 rev/min; (c) 200 rev/
min.

Fig. 8 shows the vertical velocity fields for all rotational speeds. In each cell, the y-velocity component exhibited a range of negative 
to positive velocities, providing clear evidence of the formation of Taylor vortices in water.

Next, the horizontal and vertical velocity fields for mineral oil are shown in Figs. 9 and 10, respectively, for the three rotational speeds. 
While Figs. 9a and 9b do not show any evidence of cell formation, resulting in a CCF pattern, Fig. 9c displays cell formation, although 
less clearly than in water (Fig. 7c). Interestingly, the predicted flow pattern for Rel = 160, which corresponds to 100 rev/min, is a WVF. 
However, the obtained results show a CCF flow pattern, as seen in Fig. 9b.

Fig. 9—Horizontal velocity fields and flow patterns for mineral oil at different rotational speeds: (a) 25 rev/min; (b) 100 rev/min; 
(c) 200 rev/min.
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Fig. 10—Vertical velocity fields and flow patterns for mineral oil at different rotational speeds: (a) 25 rev/min; (b) 100 rev/min; 
(c) 200 rev/min.

The vertical velocity fields shown in Figs. 10a and 10b also indicate no vortex formation for rotational speeds of 25 rev/min and 
100 rev/min, respectively. However, at 200 rev/min, the presence of Taylor vortices becomes apparent. Notably, the magnitudes of the 
vertical velocity are considerably lower than those of the horizontal velocity.

The horizontal and vertical velocity fields for the CMC solution are shown in Figs. 11 and 12, respectively. The flow pattern observed 
across all rotational speeds, corresponding to Reynolds numbers of Rel = 1, 5, and 11, was CCF, which agreed with the predicted flow 
pattern.

Fig. 11—Horizontal velocity fields and flow patterns for CMC 6% solution at different rotational speeds: (a) 25 rev/min; (b) 100 rev/
min; (c) 200 rev/min.
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Fig. 12—Vertical velocity fields and flow patterns for CMC 6% solution at different rotational speeds: (a) 25 rev/min; (b) 100 rev/
min; (c) 200 rev/min.

PTV Measurements
Effects of Rotational Speed and Particle Density on Vertical Settling Velocity. Figs. 13 through 15 show the particle velocity data 
obtained from PTV measurements in water, mineral oil, and CMC solution, respectively. Each data point represents the average velocity 
data obtained from about 100 particles. In water, the settling velocity decreased slightly as the rotational speed increased from 0 to 200 
rev/min. The heavier particles (‍D‍ = 3.0 mm and ‍�s‍ = 2.5 g/cm3 and 3.9 g/cm3) decreased their settling velocities by up to 10% as the 
rotational speed increased from 25 rev/min to 200 rev/min, as shown in Fig. 13a. The results for the mineral oil showed larger decreases 
of up to 20% in the settling velocity for the heaviest particle (Fig. 14a). For the CMC solution, the particle settling velocities were much 
lower than in water and mineral oil due to one or two orders of magnitude higher viscosity of the CMC solution. The particle settling 
velocity data showed mixed variations with the rotational speed, as shown in Fig. 15a. For the heavy particles (‍D‍ = 3.0 mm and ‍�s‍ = 2.5 
g/cm3 and 3.9 g/cm3), the settling velocity decreased as the rotational speed increased from 25 rev/min to 100 rev/min, but the settling 
velocities of all the particles increased sharply as the rotational speed increased from 100 rev/min to 200 rev/min.

Fig. 13—Particle settling velocities in water for different (a) rotational speeds and (b) particle densities.
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Fig. 14—Particle settling velocities in mineral oil for different (a) rotational speeds and (b) particle densities.

Fig. 15—Particle settling velocities in CMC 6% solution for different (a) rotational speeds and (b) particle densities.

The physical reason for these behaviors is unclear but may be due to the variations in the radial location of the particles, which may 
not have always been the same at the time the particles were captured by the video camera. For the CMC solution, due to low settling 
velocities and longer times needed to reach the video camera’s field of view, the particles could have migrated radially from the initial 
radial position and experienced some wall effects if they came close to the surface of the stationary outer cylinder.

On the other hand, the particle settling velocity clearly increased with the particle density, as shown in Figs. 13b, 14b, and 15b. For 
water and mineral oil, Figs. 13b and 14b illustrate a power-law relationship between the vertical velocity and particle density, while the 
variation is more linear for the CMC solution (Fig. 15b). Heavier particles experienced greater gravitational forces which would increase 
their settling velocity.

Effects of Rotational Speed and Particle Density on Horizontal Particle Velocity. The variations in the horizontal particle velocity 
with the rotational speed and particle density are shown in Figs. 16 through 18 for water, mineral oil, and CMC solution, respectively. 
In general, the horizontal particle velocity exhibited an expected increase with the rotational speed, in accordance with the greater drag 
force exerted on the particle by the faster-moving fluid (Figs. 16a, 17a, and 18a). On the other hand, there is a small effect of the particle 
density on the horizontal velocity, as indicated in Figs. 16b and 17b. Notably, this effect is more pronounced in water. In general, an 
increase in the particle density would lead to a decrease in the particle’s horizontal velocity as the heavier particles would move slower 
under the same drag force.
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Fig. 16—Horizontal particle velocities in water for different (a) rotational speeds and (b) particle densities.

Fig. 17—Horizontal particle velocities in mineral oil for different (a) rotational speeds and (b) particle densities.

Fig. 18—Horizontal particle velocities in CMC 6% solution for different (a) rotational speeds and (b) particle densities.
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From Figs. 18a and 18b, it is demonstrated that, in general, there is an increase in the horizontal velocity with an increase of rotational 
speed in the CMC solution as in the case of DI water and mineral oil. On the other hand, at 200 rev/min in Fig. 18a, heavy particles had 
significantly lower horizontal velocities than lighter particles, possibly due to a centrifugal force that could cause the heavy particles to 
migrate toward the stationary outer wall of the TC cell. Because the horizontal liquid velocity is the highest at the inner rod surface and 
decreases toward the surface of the stationary outer cylinder, heavy particles moving near the outer cylinder would also move more slowly 
than the lighter particles. Because of the slower settling speeds and longer settling times in the CMC solution compared with water and 
mineral oil, there was more time for the particles to migrate radially outward in the CMC solution. This was more so for heavy particles 
due to a centrifuge effect. These findings suggest that the high viscosity of the CMC solution substantially reduced particle motions in 
both horizontal and vertical directions, while centrifugal forces induced by the fluid rotation could cause heavier particles to migrate 
toward the outer cylinder wall, potentially influencing their horizontal and vertical velocities due to the wall effect.

Theoretical Settling Velocity. Theoretical settling velocities for various particles in DI water and mineral oil were predicted using Eq. 5 
and the drag coefficient correlations, both ‍CD1‍ and ‍CD2‍, for alumina, glass, PMMA, 3.0-mm CA, and 4.0-mm CA particles. For the non-
Newtonian CMC solution, the terminal velocities for the particles were predicted using Eq. 32. Fig. 19 shows the plots of instantaneous 
settling velocity against the vertical position for a 3-mm-diameter alumina particle with a density of 3.9 g/cm3 in water and mineral oil. 
For both fluids, the settling velocities reached terminal velocity values at the location of the video camera 150 mm below the fluid surface, 
which is indicated by a vertical line in Fig. 19. The terminal velocities were found to be higher in water than in mineral oil due to the 10 
times higher viscosity of mineral oil.

Fig. 19—Predicted settling velocity for alumina using different drag coefficients: (a) CD1 and (b) CD2.

For the CMC solution, Eq. 32 was used with ‍n‍ = 0.865 and ‍K ‍ = 0.4477 Pa·s to predict the terminal velocities for all the particles tested. 
The predicted terminal velocities for all three fluids and particles are listed in Table 5. As expected, the terminal velocities in the CMC 
solution were the lowest followed by mineral oil and water. Also, the drag coefficient correlation slightly affected the predicted terminal 
velocities for water and mineral oil.

Particle

Water (mm/s) Mineral Oil (mm/s) CMC (mm/s)

Predicted

Experimental

Predicted

Experimental Predicted ExperimentalCD1 CD2 CD1 CD2

Alumina 457 503 387 377 275 213 53 17

Glass 323 343 332 246 174 157 30 6

PMMA 118 109 96 76 55 31 5.7 0.8

CA 3 mm 146 139 137 95 68 44 8.1 0.4

Ca 4 mm 172 174 155 138 97 69 12 0.6

Table 5—Predicted and experimental particle settling velocities for the three fluids in the TC cell.

Comparison of Predicted and Measured Particle Velocities. A comparison of the predicted and measured settling velocities is 
presented in Table 5 and Fig. 20. In the case of water, the predicted results matched the experimental results for most particles, with both 
drag coefficient correlations, ‍CD1‍ and ‍CD2‍, providing a good agreement with the experimental data. However, for the case of alumina 
particle with the highest density, the predicted values were higher than the measured velocities by 18% for ‍CD1‍ and 30% for ‍CD2‍. For the 
mineral oil, the 1D particle motion equation with ‍CD1‍ overestimated the settling velocity by about 77%, and unlike the case of water, the 
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correlation ‍CD2‍ yielded a better agreement, overestimating by 29%. In the case of the CMC solution, the predicted settling velocities of 
the alumina particle were again much higher than the measured velocities by about 200%.

As the fluid elasticity has previously been reported to affect the particle settling velocity, we examined the rheological measurement 
results derived from both frequency and amplitude sweeps conducted on the CMC sample. Based on these results, the CMC solution used 
had negligible to no elastic property; thus, the fluid elasticity was ruled out as a potential factor influencing the particle settling velocity 
in the present results. A possible explanation for the overpredictions of the measured particle settling velocities in the CMC solution is 
that the slowly settling particles tend to migrate toward the stationary outer cylinder wall due to a centrifugal force, resulting in a wall 
effect that would reduce the settling velocity. This radial migration of particles due to the centrifugal force is consistent with the observed 
formation of a filter cake on the inner wall of a wellbore during drilling operations (Mohamed et al. 2020).

Conclusions
This work was aimed at investigating the flow patterns and particle settling velocities in various fluids in a TC cell. The experiments used 
two Newtonian fluids (water and mineral oil) and a non-Newtonian fluid (6% CMC solution) with a shear thinning viscosity similar to 
oil-based DFs, which could not be used due to their opacity. It is important to note that the particles used in this work were larger in 
diameter and spherical in shape compared with much smaller heavy particles such as barite particles with irregular shapes contained in 
oil-based DFs, so the present results cannot be considered to represent barite particle sedimentation in DFs. By analyzing the data 
obtained from this study, the following conclusions can be drawn:
1.	 The flow pattern for the 6% CMC solution was found to be CCF, with no occurrence of Taylor vortices, even at the highest rotational 

speed (200 rev/min). Given that CMC’s viscosity is only slightly higher (8%) than that of the DF at a rotational speed of 200 rev/min, 
Taylor vortices are not expected to occur in the actual oil-based DF.

2.	 The flow patterns for water were consistent with those reported in the literature: WVF at 25 rev/min and TTVF at 100 rev/min and 
200 rev/min. The flow patterns observed for the mineral oil were CCF at 25 rev/min and 100 rev/min and TVF at 200 rev/min, while 
the CMC solution showed CCF at all rotation speeds up to 200 rev/min.

3.	 The PTV results indicated that the particle settling velocity was affected by the rotational speed of the inner rod for all fluids tested. 
As expected, the particle settling velocity decreased as the fluid viscosity increased, where the highest settling velocity for alumina 
particles was observed in water (350–380 mm/s), while the lowest (9–17 mm/s) was in the CMC solution.

4.	 The particle settling velocity increased with particle density in all three fluids as expected due to a greater gravitational force.
5.	 Particle horizontal velocity increased with rotational speed in all three fluids. However, it is important to mention that there was a 

minor effect of particle density on the horizontal velocity. In general, an increase in particle density led to a decrease in the particle’s 
horizontal velocity.

6.	 The centrifugal forces generated by the fluid’s rotation in the TC cell could cause heavy particles to migrate toward the stationary outer 
wall, and the resulting wall effect would reduce the settling velocity of heavy particles in viscous fluids. This phenomenon may be 
related to the formation of a layer, known as a filter cake, on the inner wall of a wellbore.

Fig. 20—Comparison of predicted and measured particle settling velocities for (a) water, (b) mineral oil, and (c) CMC 6% solution.
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7.	 As for future research, the impact of various factors, such as particle radial migration, size distribution, concentration, wall effect, and 
fluid composition, can be investigated on the flow behavior of DFs. These additional insights can ultimately contribute to the develop-
ment of highly efficient DFs tailored to specific geological conditions and operational requirements.
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