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a b s t r a c t

In oil and gas well drilling operations, it is of great significance to accurately predict the drag coefficient
and settling velocity of drill cuttings in non-Newtonian drilling fluids. In this paper, the free-falling of 172
groups of spheres and 522 groups of irregular-shaped sand particles in Newtonian/non-Newtonian fluids
were investigated experimentally. It was found that the drag coefficient calculated based on Newtonian
correlations can result in a significant error when the particle settles in the non-Newtonian fluid.
Therefore, predictive models of drag coefficient were established respectively for different types of fluids.
The validity of the proposed drag coefficient model of spheres was verified by comparing it with the
previous works. On this basis, the drag coefficient model of irregular-shaped sand particles was estab-
lished by introducing a shape factor. The models do not use the shape factor that requires detailed three-
dimensional shape and size information. Instead, two-dimensional geometric information (circularity) is
obtained via image analysis techniques. The present new models predict the settling velocity of sand
particles in the power-law fluid and HerscheleBulkley fluid accurately with a mean relative error of
5.03% and 6.74%, respectively, which verifies the accuracy of the model.
© 2021 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This

is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

In oil and gas well drilling operations, drilling operations often
must be temporarily stopped due to operations such as replacing a
dull bit or making a connection. The circulation of drilling fluid in
the annulus must be terminated during the temporary stop (Agwu
et al., 2018). Drill cuttings begin to settle and deposit at the bottom
of the hole, resulting in a hole cleaning problem. Inadequate hole
cleaning can lead to some drilling problems, such as the high drag
and torque, stuck pipe, circulation loss, and well instability, which
increase operational costs (Guan et al., 2016; Sayindla et al., 2017).
Accurate calculation of the cuttings settling velocity allows the
cuttings deposition behavior to be effectively predicted and the
hole-cleaning performance to be effectively evaluated. Settling
velocity is sometimes required as an input for optimization and
design calculations (Okesanya et al., 2020). Settling velocity can
also be used to estimate the formation depth from which the cut-
tings are generated. Important information such as lithology,
porosity, permeability, and pore pressure can be obtained based on
cuttings analysis (Baldino et al., 2015).
y Elsevier B.V. on behalf of KeAi Co
The fluid drag force acting on a single free-falling particle is
proportional to the square of its settling velocity. After a short
period of initial acceleration, the force acting on the particles rea-
ches equilibrium. The particles eventually settle at a constant ve-
locity, the so-called settling velocity (also called the “terminal” or
“final” velocity). In a multiphase flow, the particle-fluid drag force
Fd can be expressed as:

Fd ¼
p
8
rlCdd

2
eqv

2
s (1)

where rl is the fluid density; deq is the equivalent diameter, deq ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6mp=prs

3
p

; mp is the mass of particle, when the particle is
spherical, deq is equal to diameter; rs is the particle density; Cd is
the drag coefficient; vs is the terminal settling velocity.

The terminal settling velocity is the constant velocity of free
settling particles, which is achieved when gravity force (Fg),
buoyancy force (Fb), and fluid drag force (Fd) balance. The drag
coefficient is defined as the ratio of the viscous drag force to the
kinetic energy acting on the falling particle. This is a parameter that
primarily describes the settling behavior of the particle. The drag
coefficient can be calculated by the nature of the fluid and particles
and the settling velocity (Stokes, 1851):
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Cd ¼
4
3
gdeq
vs2

rs � rl
rl

(2)

where g is the acceleration of gravity. For a smooth sphere, the drag
coefficient is a function of the particle Reynolds number Res, that is
Cd ¼ f ðResÞ. The particle Reynolds number is another main
parameter describing the settling behavior of the particle. It is
defined as the ratio of the inertial force to the viscous force expe-
rienced by the particle. In a Newtonian fluid, it is defined as follows
(Clift et al., 1978):

Res ¼ rfvsdeq
m

(3)

where m is the Newtonian fluid viscosity.
In 1851, Stokes proposed his analytical solution of the drag force

exerted by the fluid on a sphere under very slow or creeping flow
conditions (Res <0:1); this is the well-known “Stokes’ law” (Cd ¼
24=Res) (Stokes, 1851). Many scholars have investigated the free-
falling of smooth spheres across a broad range of particle Rey-
nolds numbers in the following 170 years. The relationship be-
tween Cd and Res is usually linked as an empirical correlation due to
the difficulty of obtaining an analytical solution. A considerable
number of correlations already have high prediction accuracy (e.g.,
Schiller and Naumann, 1933; Morsi and Alexander, 1972; Clift et al.,
1978; Levenspiel and Haider,1989; Brown and Lawler, 2003; Cheng,
2009; Barati et al., 2014). These research works can be compre-
hensively summarized and well-reviewed in several published re-
view papers (Agwu et al., 2018; Goossens, 2019) and
communication articles (Ramírez, 2017; Barati and Neyshabouri,
2018).

The correlations mentioned above were developed for Newto-
nian fluids. However, nearly all drilling fluids are non-Newtonian,
which exhibit complicated rheological characteristics such as
shear-thinning or yield stress behavior. Particles settle differently in
non-Newtonian fluids than the Newtonian fluids as well. The def-
initions of particle Reynolds number or apparent viscosity need to
be modified to ensure that the settling results coincide with the
standard Newtonian drag curve. This approach ensures uniformity
for various Newtonian and non-Newtonian fluids and allows for
convenient settling velocity predictions (Okesanya and Kuru, 2019).
The modified Res for a particle falling in power-law fluid and
HerscheleBulkley fluid are as follows (Acharya et al., 1976; Macha�c
et al., 1995). For the power-law fluids:

Res ¼
rfv

2�n
s dneq
K

(4)

And for the HerscheleBulkley fluids:

Res ¼
rfv

2�n
s dneq

K þ t0

�
deq
vs

�n (5)

where t0 is the yield stress, K is the consistency coefficient, and n is
the flow index. These parameters can be used to define the
rheology of a power-law fluid or HerscheleBulkley fluid; The
rheological models are defined as follows. For the power-law fluid:

t¼K _gn (6)

and for the HerscheleBulkley fluid:
1730
t¼ t0 þ K _gn (7)

where t is the shear stress and _g is the shear rate.
It is not only that the drilling fluid is mostly non-Newtonian

fluid, but also the cuttings encountered in actual drilling are
irregular in shape. Unlike spherical particles, the drag coefficient is
a function of both particle Reynolds number and shape for an
irregular-shaped particle. Cuttings with different shapes have
different stress states in the non-Newtonian drilling fluid leading to
variant settling velocities, and the settlement behavior is more
complex. Many researchers have described particle shape irregu-
larity (e.g., sphericity, circularity, roundness, and Corey shape fac-
tor) and established drag coefficient correlations as a function of
the shape factor (Dioguardi and Mele, 2015; Wang et al., 2018; Xu
et al., 2019; Sun et al., 2020). Sphericity is the most widely used,
which is defined as the ratio between the surface area of the
equivalent sphere and that of the actual particle. However,
compared to non-spherical particles with regular shapes, it is
difficult tomeasure the surface area of rough or fragile particles like
drill cuttings, and also difficult to practice in the field; indeed, it is
one of the most challenging parameters to be determined
(Dioguardi and Mele, 2015). Breakey et al. (2018) found that the
predictions using 2D side-view geometric data with an accuracy
close to that achieved by other correlations that require 3D geo-
metric data of particle surface area and volume. And detailed 3D
knowledge of cuttings’ geometry can only be obtained through
careful laboratory measurements. Even in a laboratory setting,
these measurements are not trivial (and frequently impossible to
obtain) for non-spherical cuttings particles.

A given prediction model is not likely to be popular or even
applicable in the petroleum engineering field if it relies on complex
measurement methods to describe irregular-shaped cuttings par-
ticles. Dioguardi and Mele (2015) found that the circularity is more
suitable when the secondary motions (such as rotations, oscillation
tumbling, etc.) of falling particles are not taken into account in the
analysis. With the increase of Reynolds number, the instability of
the separated shear layer will increase, and the phenomenon of
secondary motion will appear. Circularity is a 2D parameter that is
sensible to the irregularity of the contour of particles. It is defined
as the ratio of the maximum projection perimeter and the perim-
eter of the circle equivalent to the maximum projection area. Fang
(1992) pointed out that the cuttings settling is swinging when
Res >100, whereas the settling is stable when Res <100. We believe
that it is achievable to introduce the circularity c to establish the
drag coefficient correlations for irregular-shaped cuttings in non-
Newtonian fluid as Res <100. That is to say, the shape factor
description method that requires detailed 3D shape parameters
may not be used, and the drag coefficient and settling velocity of
the drill cuttings can be predicted only through the 2D shape
information.

In this study, we experimentally tested the settling velocity of
spherical particles and irregular-shaped sand particles in Newto-
nian and non-Newtonian fluids. We used image analysis technol-
ogy to identify the circularity of the irregular-shaped sand particle
and introduced it into the drag coefficient prediction model. The
proposed models show better prediction performance for the
settling velocity of irregular-shaped sand particles in non-
Newtonian fluids. Such information is of great importance for
predicting the settling velocity of irregular-shaped drill cuttings in
non-Newtonian drilling fluids in the petroleum industry, and for
perfecting the cuttings transport model of irregular-shaped
cuttings.



Table 1
Properties of test particles.

Type of material Particle size deq, mm Density rs, kg/m3

Steel 1, 2, 3, 4, 5 7930
Zirconia 1.0, 1.3, 1.5 6080
Glass 1, 2, 3, 4, 5 2500
Quartz sand particle 2.1e5.7 2650
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2. Experimental methods

2.1. Experimental setups and procedures

A photo of our settling experiment setup is shown in Fig. 1. The
experiment was carried out in a transparent plexiglass cylinder
with an inner diameter of 100 mm and a height of 1500 mm. The
image acquisition area was set at least 300 mm away from the
bottom of the cylinder. A high-speed camera (Revealer 2F04C) was
used to capture the settling process. The camera was connected
directly to a computer for data storage. The recording speed was
200 f/s. A high-frequency lamp illumination source (Jinbei EF-200
LED) and a white background were used to enhance the clarity of
particles in the image. The images registered were explored and
analyzed by image-treatment software.

The experiment was initiated by gently dropping a test particle
into the tube as close to the center as possible via a tweezer. The
data from any experiments in which the particle settling trajectory
deviated substantially from the central vertical line of the cylinder
were discarded. To minimize any uncertainty, each experiment of
the sphere was repeated in three replications, and only the data
with a maximum relative error of less than 5% was reserved for
fitting the drag coefficient correlation. However, each sand particle
has unique shape and size parameters. We chose to increase the
number of settling experiments to minimize the influence of
abnormal experimental data on the fitting results.
2.2. Test materials and fluid rheology

The test spherical particles were fabricated from steel, zirconia,
and glass to eliminate the influence of single material particles on
the measurement results. The white quartz sand was selected for
the irregular-shaped particle settling experiment. The particle-to-
cylinder diameter ratio was kept small to reduce the influence of
the wall effect on the data. The properties of the test particles are
shown in Table 1.

Different concentrations of glycerol, carboxymethyl cellulose
(CMC), and Carbopol aqueous solutions were selected as the test
fluids with different rheological models. This design also gave the
experiment data a broad range of particle Reynolds numbers. After
mixing the aqueous glycerol solution, the mixture fluid was sealed
for at least 12 h. Similarly, CMC powder, Carbopol powder, and tap
water weremixed and sealed to hydrate for at least 24 h. Before the
experiment, the test fluid was transferred into the cylinder and left
for enough time for the air bubbles to escape. The samples were
Fig. 1. Experimental setup layout to measure the settling velocity.

1731
collected to measure their rheological parameters at the test tem-
perature with an advanced rotational rheometer (Anton Paar MCR
92) between 1 and 1000 1/s shear rates. The fluid parameters were
fitted according to the corresponding rheological model. A total of
18 types of fluids with different rheological parameters were used
in the settling experiment. Their rheological parameters are listed
in Table 2.

2.3. Measurement of particle shape factor

The sand particles were placed in a small LED studio, and the
maximum projection plane was exposed to a camera (Nikon 1 J5)
above. Each image was taken with a 5568 � 3712 pixel resolution.
Using an image digital analysis program ImageJ (National Institutes
of Health, USA), to determine the circularity of particles. The orig-
inal digital image with an RGB color format captured by the camera
was first converted into an eighth-order grayscale image. A grey-
level-based threshold method was used to identify the particle
edge. The threshold value was set based on the difference between
the image background and the particle. The circularity of the target
particles on the image was measured using the “Analyze Particles”
function of ImageJ. The definition of circularity proposed in the
ImageJ user guide is (Ferreira and Rasband, 2012):

c ¼ 4p� AP

P2p
(8)

c is the particle circularity; AP is the area of maximum projection; PP
is the perimeter of maximum projection.

Similar to sphericity, for a spherical particle, c ¼ 1, whereas for a
projection of any other shape, c < 1. An example of the image
conversion for irregular-shaped sand particles is shown in Fig. 2.

The distribution of circularity and equivalent diameter param-
eters of all 522 groups of sand particles used in the experiment are
shown in Fig. 3. The equivalent diameter of the sand particles used
in the experiment is 2.1e5.7 mm, with a median of 3.6 mm. And the
circularity is 0.35e0.87, with a median of 0.75. The circularity of
most sand particles is concentrated between 0.7 and 0.8.

3. Results and discussion

We first carried out experimental measurements on the settling
velocity of spheres to develop a correlation between Cd calculated
by Eq. (2) and Res calculated using Eqs. (3)e(5). The experimental
data of 172 groups of spheres settling velocities were analyzed,
then the CdeRes relationship was plotted on a logarithmic scale
(Fig. 4). When the particle Reynolds number is low, the distribution
of the drag coefficient in different types of fluids conforms to the
predicted trend of Stokes' law. It is observed that the drag coeffi-
cient curve of Newtonian fluid is in close agreement with Stokes'
law, but contains a substantial error in the power-law fluid and
HerscheleBulkley fluid. For example, in the case of Res<0.1, the
mean relative error (MRE) between the experimental result in
Newtonian fluid and the prediction result of Stokes' law is only
2.32%. The MRE of that in the power-law fluid and
HerscheleBulkley fluid is 30.16% and 16.02%, respectively. The fluid



Table 2
Rheological properties of test fluids.

Test fluids Temperature, �C Density, kg/m3 Rheological parameters

t0, Pa K, Pa sn n

100 wt% glycerine 24.9 1260 0 0.8646 1
95 wt% glycerine 24.3 1250 0 0.3682 1
90 wt% glycerine 24.2 1230 0 0.1646 1
80 wt% glycerine 25.2 1210 0 0.044 1
50 wt% glycerine 25.2 1116 0 0.005267 1
2 wt% CMC 18.8 1005 0 4.7703 0.4781
1.75 wt% CMC 18.5 1004 0 2.921 0.5103
1.5 wt% CMC 20.1 1003 0 1.8028 0.5469
1.25 wt% CMC 18.6 1002.5 0 1.0256 0.5845
1 wt% CMC 20.0 1002 0 0.4927 0.637
0.5 wt% CMC 18.3 1001 0 0.0805 0.7697
0.25 wt% CMC 16.7 1000 0 0.0189 0.8886
0.125 wt% Carbopol 18.6 1000 2.5108 0.53235 0.63178
0.12 wt% Carbopol 18.5 1000 1.7841 0.42042 0.65337
0.115 wt% Carbopol 17.6 1000 1.3999 0.36572 0.66535
0.11 wt% Carbopol 17.3 1000 0.8463 0.27032 0.68951
0.105 wt% Carbopol 16.9 1000 0.5051 0.20109 0.71679
0.10 wt% Carbopol 19.8 1000 0.2152 0.136 0.7677

Fig. 2. An example of image conversion of irregular-shaped sand particles. (a) Original RGB image. (b) Converted into an eighth-order grayscale image. (c) Thresholding of eight-bit
image. (d) Drawing outlines.
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behavior index and yield stress are important rheological param-
eters that affect fluideparticle interactions. In this case, the drag
coefficient of a sphere in non-Newtonian fluid calculated based on
Newtonian correlations can result in a significant error.

We expect to establish a unified CdeRes relationship based on
the experimental data obtained to predict the sphere drag
1732
coefficient in the Newtonian fluid, power-law fluid, and
HerscheleBulkley fluid. And model switching between fluids with
different rheological properties can be avoided. A unified form of
prediction correlation can facilitate the construction of subsequent
cuttings transport model. The drag coefficient and settling velocity
can be predicted by modifying the relevant coefficients in the



Fig. 3. Distribution of circularity and equivalent diameter.

Fig. 4. Presentation of all spheres data and CdeRes relationships.
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model for fluids with different rheological properties. And the
CdeRes correlations can be extended and applied to irregular-
shaped sand particles. We reviewed several expressions of drag
coefficients (e.g., Schiller and Naumann, 1933; Levenspiel and
Haider, 1989; Cheng, 2009), each having a different accuracy and
range of applicability. We found that the five-parameter formula
(Eq. (9)) modified by Levenspiel and Haider (1989) has the best
goodness-of-fit:

Cd ¼ 24
Res

�
1þ AReBs

�
þ C
1þ D

�
ReEs

(9)

where A, B, C, D, and E are the correlation constants. The first term
on the right of Eq. (9) represents the decreasing trend of drag co-
efficient under laminar flow conditions. The second term repre-
sents the reduced decreasing trend under turbulent conditions. The
drag coefficient can be predicted by adding a complex turbulent
Newton's term to the extended Stokes's law. This inference is
supported by the scientific fundamental that the total drag is the
sum of laminar and turbulent components in any flow regime
(Goossens, 2019).

Regression analysis was performed on the 172 groups settling
data to obtain drag coefficient relations of spheres in the
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Newtonian fluid, power-law fluid, and HerscheleBulkley fluid. For
Newtonian fluids:

Cd ¼ 24
Res

�
1þ 0:174Re0:632s

�

þ 0:292
1þ 1765:61

Res

for 0:001<Res <680 (10)

for power-law fluids:

Cd ¼ 24
Res

�
1þ 0:741Re0:185s

�
þ 0:269
1þ 55:13

Re1:63s

for 0:001<Res <490

(11)

and for HerscheleBulkley fluids:

Cd ¼ 24
Res

�
1þ 0:282Re0:229s

�
� 167:28
1� 33000

Res

for 0:018<Res <86

(12)

To evaluate the drag coefficient prediction performance of the
proposed model, we compared Eqs. (10)e(12) against previous
representative correlations (Table 3) for the spheres falling in
Newton/non-Newtonian fluids. Three statistical parameters were
used to evaluate the presented model further, and the evaluation
results are listed in Table 4. MRE, maximum MRE, and root mean
square of logarithmic error (RMSLE) were used to quantify the
difference between the experimental and predicted values. MRE
and RMSLE were calculated as follows:

MRE¼ 1
N

XN
i¼1

��Cd;cal;i � Cd;mea;i
��

Cd;mea;i
� 100% (13)

RMSLE¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

XN
i¼1

	
ln Cd;cal;i � ln Cd;mea;i


2
vuut (14)

where N is the total number, Cd,cal represents predicted drag coef-
ficient, and Cd,mea represents measured drag coefficient.

As shown in Table 4, the predicted drag coefficients in the
Newtonian fluid by Eqs. (15)e(17) are close to the experimental
results; the average error is less than 4%. This further confirms the
reliability of the experimental measurements. For power-law fluid
and HerscheleBulkley fluid, we found that the experimental results
are close to the predicted values of Eqs. (18)e(20), with an average
error of about 15.6%. We believe that one reason for the error is
attributed to the different data points selected in fitting the rheo-
logical parameters of the non-Newtonian fluid. The proposed
model (Eqs. (10)e(12)) has a certain degree of reduction in the
three quantitative indicators and has a higher prediction accuracy
for the experimental results compared to the other models we
assessed. The MRE of the predicted value in power-law fluid and
HerscheleBulkley fluid are 6.38% and 6.59%, respectively, indicating
the accuracy of proposed correlations.

The above drag coefficient prediction model (Eqs. (10)e(12))
was applied to spheres. Then, we introduced circularity c to
improve the drag coefficient prediction accuracy of irregular-
shaped sand particles. At any given Reynolds number, the drag of
an irregular particle is greater than that of a sphere (Dioguardi et al.,
2018). In irregular particles, surface irregularities lead to increased
drag force and greater flow separation, thus reducing the settling
velocity compared to that of spherical particles (Shahi and Kuru,
2015). We made this observation in our experiments as well



Table 3
Examples of CdeRes correlations.

Reference CdeRes empirical correlations Eq.

Brown and Lawler (2003)
(Newtonian-)

Cd ¼ 24
Res

�
1þ 0:15Re0:681s

�
þ 0:407

1þ 8710=Res
for Res <2� 105

(15)

Cheng (2009)
(Newtonian-)

Cd ¼ 24
Res

ð1þ 0:27ResÞ0:43 þ 0:47
�
1� exp

	� 0:04Re0:38s

 �

for Res <2� 105
(16)

Levenspiel and Haider (1989)
(Newtonian-)

Cd ¼ 24
Res

�
1þ 0:186Re0:6459s

�
þ 0:4251

1þ 6880:95=Res
for Res <2:6� 105

(17)

Khan and Richadson (1987)
(Power-law- &HerscheleBulkley-)

Cd ¼ 	
2:25Re�0:31

s þ 0:36Re0:06s

3:45

for 1<Res <1000 (18)

Macha�c et al. (1995)
(Power-law- &HerscheleBulkley-)

Cd ¼ 24
Res

XðnÞ for Res <1

Cd ¼ 24
Res

XðnÞþ 10:5n� 3:5
Re0:32nþ0:13

s
for 1<Res <1000

XðnÞ ¼ 3ð3n�3Þ=233n
5 � 64n4 � 11n3 þ 97n2 þ 16n
4n2ðnþ 1Þðnþ 2Þð2nþ 1Þ

(19)

Okesanya et al. (2020)
(HerscheleBulkley-)

Cd ¼ 24
Res

ð1þ 0:12ResÞ0:35 þ 0:398
�
1� exp

	� 0:01Re0:9282s

 � (20)

Table 4
Prediction results of different models.

Reynolds number range Investigator Prediction error

MRE RMSLE Max. error

Newtonian fluids:
0.001<Res<680 Brown and Lawler (2003) 3.47% 0.045 14.77%

Cheng (2009) 3.72% 0.048 13.70%
Levenspiel and Haider (1989) 3.29% 0.043 15.77%
This study (Eq. (10)) 2.69% 0.033 10.59%

Power-law fluids:
0.001<Res<490 Khan and Richadson (1987) 17.29% 0.23 37.21%

Macha�c et al. (2009) 12.19% 0.14 30.23%
This study (Eq. (11)) 6.38% 0.08 18.93%

HerscheleBulkley fluids:
0.018<Res<86 Khan and Richadson (1987) 17.09% 0.18 41.6%

Macha�c et al. (1995) 19.56% 0.25 32.86%
Okesanya et al. (2020) 11.90% 0.15 25.02%
This study (Eq. (12)) 6.59% 0.08 17.31%
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(Fig. 5). The ratio of irregular-shaped particle drag coefficient Cd to
that of a sphere Cd,sph, under the same conditions, should be slightly
greater than 1. And the ratio is more significant at high Reynolds
numbers because of the influence of shape.

We analyzed the difference between the sand particles' exper-
imental Cd and the spheres’ prediction values Cd,sph under the same
parameters. It is convenient to use circularity f(c) as a function of
the natural logarithm of Cd/Cd,sph. Thus, the relationship form be-
tween particle shape factor c and Cd/Cd,sph is determined as follows:

Cd ¼Cd;sph exp½f ðcÞ� (21)

When c ¼ 1, in extreme cases, the drag coefficient of sand par-
ticles should be equal to that of a sphere. That is, when c ¼ 1, f
(c) ¼ 0. In order to ensure that Cd/Cd,sph ¼ 1 in the case of spherical
particles, we determined the relationship of f (c) by Eq. (22), based
on our 522 sets of experimental data.

f ðcÞ¼aRebs ð1� cÞl (22)

where a, b, and l are the correlation constants, obtained by
applying nonlinear fitting. The expressions are as follows. For
Newtonian fluids:

Cd ¼ Cd;sph exp
h
0:25Re0:24s ð1� cÞ0:49

i
for 0:02<Res <99

(23)
1734
for power-law fluids:

Cd ¼ Cd;sph exp
h
0:14Re0:41s ð1� cÞ0:29

i
for 0:003<Res <86

(24)

and for HerscheleBulkley fluids:

Cd ¼ Cd;sph exp
h
0:6Re0:43s ð1� cÞ1:23

i
for 0:13<Res <15

(25)

The predicted drag coefficient Cd;sphexpf ðcÞ calculated by the
proposed models (Eqs. (23)e(25)) were compared against the
experimental values calculated using Eq. (2), as shown in Fig. 6. And
the evaluation results of the proposed model are listed in Table 5.
The MRE of the predicted drag coefficient is 4.22%.

Now we established unified CdeRes correlations for irregular-
shaped sand particles in Newtonian/non-Newtonian fluids. The
settling velocity can be calculated by using the Newton iterative
method. And a trial-and-error method (as shown in Fig. 7) is
required if settling velocity is calculated using the above CdeRes
relationship.

According to the proposed drag coefficient models of spheres
(Eqs. (10)e(12)), Cd and Res of the falling sphere were calculated
through trial and error procedures, as shown in Fig. 8. As seen in
Fig. 8(a) that the predicted drag coefficient of the sphere in a



Fig. 5. Presentation of all sand particles data and CdeRes relationships. (a) Newtonian
fluid. (b) Power-law fluid. (c) HerscheleBulkley fluid.

Fig. 6. Comparison of measured drag coefficient Cd and calculated Cd;sphexpf ðcÞ.

Table 5
Prediction error of proposed model for irregular-shaped particles.

Fluid type Reynolds number range Prediction error

MRE RMSLE Max error

Newtonian fluids 0.02<Res<99 4.59% 0.059 17.08%
Power-law fluids 0.003<Res<86 4.10% 0.065 37.74%
HerscheleBulkley fluids 0.13<Res<15 3.98% 0.051 22.10%

Fig. 7. Flow chart of the iterative procedure.
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Newtonian fluid, power-law fluid, and HerscheleBulkley fluid is in
good agreement with the experimental value, with an MRE of
14.43%. At the same time, as seen in Fig. 8(b) that the predicted
settling velocity has anMRE of 6.77% compared to the experimental
data. The proposed model can better predict Cd and vs of the sphere
in fluids with different rheological properties.

Next, according to the proposed models (Eqs. (23)e(25)), the
drag coefficients of irregular-shaped sand particles in fluids with
different rheological properties were calculated as above and
compared with the experimental data (Fig. 9). The predicted drag
coefficient of sand particles in a Newtonian fluid, power-law fluid,
and HerscheleBulkley fluid have MRE of 8.04%, 8.99%, and 13.61%,
respectively. In Newtonian fluids, especially when the particle
1735
Reynolds number is large, a large MRE occurs. One reason is that
the irregular-shaped sand particles do not fall steadily. The



Fig. 8. Comparison of predicted results and experimental results. (a) Drag coefficient.
(b) Settling velocity.

Fig. 9. Comparison of predicted and experimental drag coefficient. (a) Newtonian
fluid. (b) Power-law fluid. (c) HerscheleBulkley fluid.
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secondary motions (such as rotations, oscillation tumbling, etc.)
affecting the fall trajectory of the irregular particles are easy to
found in a Newtonian fluid with low viscosity, which leads to sig-
nificant error relative to power-law fluid and HerscheleBulkley
fluid. The reason is that the Reynolds number of particles will be
larger when the particles settle in the Newtonian fluid with low
viscosity. With the increase of Reynolds number, the instability of
the separated shear layer will increase, and the phenomenon of
secondary motion will appear. The frequency of these secondary
movements seems to lessen or fade if the sedimentation process
occurs in non-Newtonian fluids in this paper.

Fig. 10 compares the predicted settling velocity and experi-
mental settling velocity of sand particles in a Newtonian fluid,
power-law fluid, and HerscheleBulkley fluid. The MRE of the
settling velocity in a Newtonian fluid, power-law fluid, and
HerscheleBulkley fluid is 4.04%, 5.03%, and 6.74%, respectively.
Although there is a certain degree of dispersionwith our model, the
data is well distributed in a straight line. The proposed model ap-
pears to reasonably predict the settling velocity of the experi-
mentally measured irregular-shaped particles.

4. Conclusions

In this study, two groups of new models were proposed to
predict drag coefficient and settling velocity, based on 172 groups of
spheres and 522 groups of irregular-shaped sand particles settling
1736
in a Newtonian fluid, power-law fluid, and HescheleBulkley fluid.
One group of models were proposed to predict the drag coefficients
of sphere settling in Newtonian/non-Newtonian fluids by modi-
fying the correlations proposed by Levenspiel and Haider (1989).
Another group of models for irregular-shaped sand particles
settling in Newtonian/non-Newtonian fluids were proposed based
on the prediction models for spheres; the shape factor (circularity
c) is introduced to describe the 2D geometric parameters through
image analysis technology. The settling velocity can be calculated
by using the Newton iterative method. The predicted data were in
close agreement with the experimental data. This work may pro-
vide a valuable reference for people interested in cuttings settling



Fig. 10. Comparison of predicted and experimental settling velocity. (a) Newtonian
fluid. (b) Power-law fluid. (c) HerscheleBulkley fluid.
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velocity, cuttings transport, and hole cleaning in drilling engi-
neering scenarios.
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