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ABSTRACT: Drilling fluids, commonly referred to as drilling mud, are pumped into the wellbore to expedite the drilling process by
moving drilling cuttings to the surface, suspending cuttings, controlling pressure, stabilizing exposed rock, and providing buoyancy,
cooling, and lubrication. Understanding the settling of drilling cuttings in base fluids is crucial for successfully mixing drilling fluid
additives. In this study, the response surface method Box−Benhken design (BBD) is used to analyze the terminal velocity of the
drilling cuttings in a polymeric base fluid of carboxymethyl cellulose (CMC). The impact of polymer concentration, fiber
concentration, and cutting size on the terminal velocity of the cuttings is investigated. The BBD of the three factors (low, medium,
and high) is used for two fiber aspect ratios (3 and 12 mm length). The size of the cuttings varied between 1 and 6 mm, while the
concentration of CMC was between 0.49 and 1 wt %. The concentration of the fiber was in the range of 0.02−0.1 wt %. Minitab was
utilized to determine the optimum conditions for reducing the terminal velocity of the suspended cuttings and then evaluate the
effects and interactions of the components. The results show good agreement between model predictions and the experimental
results (R2 = 0.97). According to the sensitivity analysis, cutting size and polymer concentration are the most crucial factors affecting
the terminal cutting velocity. Large cutting sizes have the most significant impact on polymer and fiber concentrations. The
optimization results revealed that a CMC fluid with a viscosity of 630.4 cP is sufficient to maintain a minimum cutting terminal
velocity of 0.234 cm/s with a cutting size of 1 mm and a 0.02 wt % of the 3 mm length fiber.

1. INTRODUCTION
Developing drilling fluid additives is still a critical challenge for
enhancing the drilling process.1 Drilling fluid or drilling mud is
circulated in the borehole for efficient and cost-effective drilling
operations.2−4 The drilling mud is composed of condensed
liquids that can be synthetic or oil- or water-based and contain
various heavy minerals and chemical additives pumped through
the drilling pipe to carry out specific tasks.5,6

Drilling fluids perform several crucial tasks, including
transporting cuttings to the surface, well control, cooling,
lubricating, and supporting a portion of the weight of the drill bit
and drill pipe.7−11 The transport path of the cuttings is
influenced by the well being drilled. Cuttings are moved from
the borehole to the surface while drilling wells along the

horizontal, built-up, and vertical portions. Cuttings quickly settle
down in the drilling fluid when drilling activities are stopped
under specific conditions, such as the connection of the drill
pipe. Cutting concentration in the vertical portion and cutting
bed thickness in the deviated sections are both impacted by
settling velocity.12,13 The chance that the cuttings may settle and
the cuttings may bury the drill bit inside the wellbore increases if
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the settling velocity is very high because the cutting bed or
cutting plug will soon form in the deviated portions.14−17 In
horizontal and deviated wells, efficient wellbore cleaning is
crucial. It may avoid issues like stuck pipe, lost circulation, high
torque and drag, and loss of control on equivalent circulation
density (ECD). Lastly, it can lower the cost of the drilling
operations.

Wellbore cleanout operation is the most widely used
technique in horizontal and highly inclined wells. Due to several
operational parameters, the process often involves complex and
costly procedures. If not appropriately performed, some parts of
the wellbore can be left uncleaned. The presence of solids in the
wellbore causes several operational problems including pipe
stuck, loss of circulation, drilling failures, borehole instability,
mud contamination, and producing formation damage.18,19 The
traditional method of improving hole cleanout operation
performance is applying viscous pills or gelled sweeps (i.e.,
viscous fluids formulated for wellbore cleanout operation). Even
though gelled sweeps effectively clean vertical wellbores, the
performance is low in a well’s highly deviated and horizontal
sections. Their particle lifting capability in horizontal config-
uration is low. As a result, they are unable to suspend deposited
particles.

Recently, many studies showed the use of drilling fluids that
include fibrous materials to enhance wellbore cleaning and
cutting suspension during the drilling operation.20−23 Field
experiments show that fiber-containing sweep fluids may
efficiently remove drill cuttings from wells that are horizontal
and strongly inclined.11 According to studies, cutting transport is
influenced by cutting parameters, fluid parameters, operational
factors, and formation parameters, with the fluid flow rate and
rheology being the most tightly regulated characteristics.24 The
drilling fluid’s flow regime and rheological characteristics are
crucial factors in well-cleaning operations.25 Adding fibers to the
drilling fluids slows down the cutting settling velocity, and it can
entirely suspend cuttings smaller than a threshold specified by
the base fluid’s characteristics and fiber content. This study aims
to identify the optimum condition for the settling velocity of
drilling cuttings in a fibrous carboxymethyl cellulose (CMC)

water-based fluid. Box−Behnken design (BBD) with four factors
and three replicates are used to generate statistical models for
optimizing the cutting terminal velocity and identifying its
stability areas. The terminal velocity was investigated using three
cutting sizes, three fiber concentrations, and two fiber lengths in
a CMC water-based fluid of three concentrations. A cylindrical
column, high-speed video camera, photography lighting, and a
PC were used to run and record the experiments.

2. EXPERIMENTAL SETUP AND METHODS
2.1. Materials. White polypropylene monofilament syn-

thetic fibers with a specific gravity of 0.91 and an average melting
point of 172 °C (FORTA Super-Sweep fiber) were used in this
study. Two types of these fibers are used with dimensions of 100
μm diameter and 3 and 12 mm length (concerning aspect ratios
of 30 and 120, respectively). Carboxymethyl cellulose (CMC)
polymers were used as base fluids with various concentrations.
Inert glass beads with a size range of 1−6 mm were employed to
mimic the actual drilling cuttings. Table 1 lists each material’s
sources and properties.
2.2. Fiber Stability. In the oil and gas business, fibers are

widely employed as a fluid additive to boost hydraulic fracturing
efficiency, decrease fluid filtration loss, and increase hole-
cleaning performance. A small amount of fibers is often spread in
the base fluid to get the required outcomes without making the
base fluid more viscous. The usefulness of fibers depends on
maintaining a consistent fiber dispersion, which can be difficult
in wellbore environments. To effectively use fibers in drilling and
completion operations, a greater understanding of fiber
suspension or stability in base fluids is required.20 The efficiency
of fibrous drilling sweeps in horizontal and severely deviated
wells has been demonstrated in numerous investigations.
Rheological characteristics of drilling fluids barely change
when a trace amount of flexible monofilament fibers is added
to them (concentrations less than 0.06 wt %). However, the
rheological properties of drilling fluids containing fibers at
concentrations higher than 0.09 wt % alter; a 0.4 wt % fiber
addition to a hydroxypropyl guar gel resulted in a threefold
increase in fluid viscosity.26−29 A small amount (0.02−0.04 wt

Table 1. Material Sources and Properties
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%) of fibers, when added to a dispersion of xanthan gum at a
concentration of 0.35%, lowered the particle settling velocity by
around 50%, according to an experimental study on spherical
glass bead particles. Previous studies selected a fiber
concentration range between 0.02 and 0.1%w to reduce settling
velocity and ensure easy fluid pumping and processing.29

2.3. Design of Experiments. The experimental design
statistical technique, BBD, is employed to assess the multi-
variable systems, examine the interaction impact of three
variables, and enhance the responsiveness of multiple variable
processes. The key benefit of the BBD methodology is that it
requires fewer experimental trials than other approaches to
analyze several factors.30

This study examined three variables in water-based polymeric
fluids with fiber lengths of 12 and 3 mm: base CMC
concentration, fiber concentration, and cutting size (Table 2).

For each fiber length, the BBD approach called for 45 sets of
experimental trials (Table 3). A total of 96 experimental trials
involving two fiber lengths were required. Experimental runs
were randomized to reduce error and eliminate bias while
maintaining the same settings.

The model of a second-order polynomial equation was
generated as a response to the surface method Box−Benhken
design and found to fit to a second-order polynomial with a
regression coefficient of 0.99. The interaction between the
variables and terminal velocity as a function of CMC
concentration, fiber concentration, and cutting size are shown
in eq 1.

V n n A n B n C n A n B n C

n A B n A C n B C
0 1 2 3 4

2
5

2
6

2

7 8 9

= + + +

× × + × (1)

A, B, andC are the three independent variables of themodel;A is
the cutting size; B is the fiber concentration; C is the polymer
concentration; V is the response variable; n0 is a model constant
variable; n1, n2, and n3 are linear coefficients; n4, n5, and n6
represent the quadratic effects; and n7, n8, and n9 indicate
interaction effects of the model (see Table 4). The P-value states
the significance of model-independent variables, where a P-value
less than 0.05 means that the variable is significant.
2.4. Experimental Procedure. The required amount of

CMC polymers was added to 50 L of tap water. The CMC was
added gradually while being stirred at a gradually increasing
stirring speed of up to 600 rpm for 3 h to prevent any
aggregation, ensure quick mixing, and ensure the production of a
homogeneous CMC fluid. The mixed CMC fluid was then left
for 24 h for hydration. The next day, the mixed CMC was
divided into containers to prepare 3 L of CMCfluid test samples.
According to the experimental design, the required amounts of
fibers were added to the samples gradually to prevent
coagulation and ensure a homogeneous mixture formation.
The required fibrous CMC fluid mixture was then transferred

into a cylindrical column of 53 cm height for measuring the
suspension settling.

A photography unit composed of lighting, a high-speed video
camera (FASTCAMSA3, Photron, Japan) which can capture up
to 2000 pictures per second, and a PC was used to process the
experimental data (see Figure 1). Particles were released from
the top of the column one at a time, where photography lighting
was used to monitor the particle motion, which is recorded by
the camera. The PC was used to control the video camera and
record the tracking profiles using Photron FASTCAM Viewer
software 4 (PFV4) provided by Photron. The recorded particle
motion is used to calculate the terminal velocity.

Table 2. Limits of the Studied Parametersa

factor levels

factors symbol low (−1) central (0) high (+1)

cutting size (mm) A 1 3.5 6
fiber (wt %) B 0.02 0.06 0.1
CMC (wt %) C 0.499 0.7495 1

aTwo lengths of fibers: 3 and 12 mm.

Table 3. Three-Factor Box−Behnken Experimental Design
for the 3 mm Fiber

run no. cutting size (mm) (A) fiber (wt %) (B) CMC (wt %) (C)

1 1 −1 0
2 0 1 −1
3 −1 0 −1
4 1 0 −1
5 1 0 −1
6 −1 −1 0
7 −1 0 −1
8 −1 1 0
9 0 1 1

10 0 0 0
11 1 1 0
12 0 0 0
13 −1 −1 0
14 0 0 0
15 1 0 1
16 0 0 0
17 1 −1 0
18 0 −1 1
19 0 −1 −1
20 0 1 1
21 −1 0 1
22 0 0 0
23 0 0 0
24 0 0 0
25 −1 −1 0
26 0 1 −1
27 −1 0 1
28 1 1 0
29 0 −1 1
30 −1 1 0
31 1 0 1
32 0 −1 −1
33 0 −1 −1
34 1 1 0
35 1 −1 0
36 −1 1 0
37 0 1 1
38 0 −1 1
39 1 0 1
40 0 0 0
41 0 0 0
42 −1 0 1
43 0 1 −1
44 1 0 −1
45 −1 0 −1
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It is worth mentioning that the normal classical equation for
particle terminal velocity cannot be accommodated directly in
these measurements because using different aspect ratios of
fibers hinders the particles during the settling process and
invalidates the concept of the classical terminal velocity formula.
In addition, the classical formula is not applicable because the
fluids tested in this are all non-Newtonian fluids, and the
viscosity is a function of shear rate.

Tracker (a free video analysis and modeling tool from Open
Source Physics, OSP) tracks the suspension cuttings independ-
ently by measuring the displacement in the vertical and
horizontal axes with time, generating multiple variables such
as velocity and acceleration. The settling time is calculated from
the particle trajectory using the software. The tracking process
starts by uploading the required experimental video recording to
the tracker application, then defining the X and the Y axes, and
setting the column’s length. Also, we need to set the number of
frames per second. Then, we define the tracking object by
including its area inside the tracking circle to help the program
track it easily with minor errors.

After tracking, five columns of data will be generated (Figure
2). An Excel sheet was used to define the terminal velocity for
each trajectory and BBD to create a response surface regression
for the experiment (Figure 3). The terminal velocity was
calculated at a steady state using eq 2.

v
y y

t tterminal
0

0
=

| |
(2)

where y0 is the initial particle displacement in cm at t0 in seconds
and y is the displacement in cm at any time t in seconds. A
regression equation for cutting size, fiber wt %, and CMC wt %
was generated for each fiber length. Using the SigmaPlot
program, the 3 and 12 mm fiber length regression equations
were used to plot 3D figures for interaction between design
parameters.

A rheometer is used to test CMC rheological behavior.
Experiments were carried out using an Anton Paar Modular
Compact Rheometer (MCR) 302 Rheometer utilizing a
Couette cell with 24 and 30 mm diameter and length,
respectively. The shear rate varied from 0.01 to 100 s−1, and
the measurements were performed at room temperature (20 ± 1
°C).

3. RESULTS AND DISCUSSION
3.1. Rheological Behavior. Studying the base CMC fluids’

rheology is essential to understand better their solid carrying
capacity and hydrodynamics. The shear rate was restricted to 1−
100 s−1. Over the full range of shear rates, the apparent fluid
viscosity increased with the increase in polymer concentration
from 0.5 to 1 wt %. Both concentrations of polymeric
suspensions exhibit significant shear thinning.

Based on the low shear rate data extrapolation, the yield stress
term is derived from the y-intercept of the linearized equation of
shear stress vs. shear rate plot with the coefficient of
determination R2 (Table 5). The yield stress, which measures
the maximum amount of tension that fluid can endure before

Table 4. P-Values and Regression Coefficients

3 mm length fiber V1 12 mm length fiber V2

term n value P-value n value P-value

n0 4.405 0.000 4.106 0.000
n1A 1.038 0.000 0.849 0.000
n2B 10.77 0.000 13.63 0.000
n3C 12.03 0.000 11.15 0.000
n4A2 0.071 0.000 0.071 0.000
n5B2 35.50 0.283 35.50 0.283
n6C2 7.433 0.000 7.433 0.000
n7A × B 1.537 0.001 1.537 0.001
n8A × C 1.178 0.000 1.178 0.000
n9B × C 21.83 0.000 21.83 0.000

Figure 1. Experimental setup.
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Figure 2. Experiment tracking and analysis using Tracker software.

Figure 3. BBD design from Minitab.
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yielding, is an essential factor.31,32 The power law model
represents the linearized equation of the low shear rate data (eq
3).

k0= + (3)

where τ0 is the yield stress, k is the consistency index, and γ̇ is the
shear rate.

The Cross model was also used to describe the rheological
behavior of the CMC solution (eq 4)

k
( )

1 ( )n
0=
+

+
(4)

where η(γ̇) is the viscosity as a function of shear rate and η0, η∞,
k, and n are coefficients. The zero-shear viscosity η0 is
approached at very low shear rates, while the infinite shear
viscosity η∞ is approached at high shear rates.

Figure 4 shows the non-Newtonian behavior of different
concentrations of CMC solutions. The non-Newtonian
behavior of the CMC solutions is fitted using the power law
and cross model (eq 4), and the results are summarized in Table
5.
3.2. Regression Modeling. Experimental design for the 3

mm length fiber results in terminal velocity values shown in
Table 6. A second-order polynomial regression model
investigated the link between the three parameters and the
terminal velocities V1 and V2 for the 3 and 12 mm length fibers.

The outcomes of the terminal velocity regression equation for
3 and 12 mm are displayed in eqs 4 and 5, respectively.

V A B C A

B C A B A C
B C

4.405 1.0380 10.77 12.03 0.07129

35.5 7.433 1.537 1.1776
21.83

1
2

2 2

= + +
+ × ×

+ × (5)

V A B C A

B C A B A C
B C

4.106 0.8494 13.63 11.15 0.07129

35.5 7.433 1.537 1.1776
21.83

2
2

2 2

= + +
+ × ×

+ × (6)

The coefficients and their signs in eqs 1, 5, and 6 are generated
by the software. Coefficients with positive signs show synergistic
effects, whereas coefficients with negative signs indicate a
negative impact on the stability response.33 Therefore, terms
with positive signs positively impact terminal velocity, whereas
the ones with negative signs have the opposite effect. For
instance, the quadratic terms A2, C2, and B × C and the linear
term A in eq 4 all have positive signs, indicating that they
influence the terminal velocity. The stability of the response
decreases when other coefficients have negative signs, such as
the first-order terms B and C and second-order terms B2, A × B,
and C.

The significance of coefficients and the impact of the
interaction’s combined terms are assessed using the probability
P-value. P-values smaller than 0.05 indicate that a coefficient is
more likely to affect the response significantly.34,35 The
regression terms and accompanying P-values are displayed in
Table 5. The V model indicates that every term is meaningful,
except B2, which may be excluded without changing the model’s
prediction. The coefficient of determination, or R2, represents
the proportion of variation in the dependent variable (V). The
R2 value indicates strong links between independent and

Table 5. Power Law and Cross Model Fitted Data

power law cross model

CMC wt % τ0 (mPa) k (mPa·s) R2 η0 (mPa·s) η∞ (mPa·s) n k (mPa·s)
0.5 5.0 88.5 0.99 94.6 1.1 × 10−5 1.1 0.03
0.75 37.8 273.1 0.99 346.9 3.2 × 10−5 0.6 0.03
1 217.6 741.2 0.99 1180.9 3.1 × 102 0.7 0.2

Figure 4. Viscosity of different CMC solutions vs shear rate.
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dependent variables. Accordingly, the model correlation has
strong fitting values, with an R2 value of 0.97.
3.3. Model Validation. Good model prediction versus

experimental runs is observed in models V1 and V2. Equation 4
for the 3 mm fibers and eq 5 for the 12 mm fibers were used to
predict the terminal velocity. The observed and predicted
terminal velocities of the suspended particles and the related
error percentages are given in Table 7. The results show that
most points are within a 30% error margin, indicating excellent
agreement between experimental and anticipated values. The
lowest error values for model V1 are shown at point II, and when
the fiber weight percent approaches the upper restrictions (+1)
of components, the error rises rapidly. AlthoughmodelV2 shows

the same manner of error increment with fiber weight percent, it
clearly shows a high error ratio compared to model V1. This may
be because of the 12 mm fiber tendency to form a structured
network23 that blocks the path of the suspended cuttings and
causes unpredictable trend.
3.4. Response Surface Analysis. 3D response surface plots

were used to describe the regression equations that predicted the
impact of cutting size, fiber (wt %), and CMC (wt %) on the
terminal velocity of the cutting. The response surface plots were
generated by changing two different independent variables and
keeping the third independent variable constant, and the results
are shown in Figure 5.

Minimizing the terminal velocity is the ultimate objective of
this study. The Pareto chart in Figure 6 shows the significant
effect of independent factors on the dependable factor (terminal
velocity). In contrast to the impacts of cutting size and CMC
concentration, fiber concentration and fiber length effects are
insignificant (Figure 6); decreasing the cutting size or increasing
polymer concentration significantly decreases terminal velocity.
Although CMC concentration substantially affects the terminal
velocity, cutting size has a more significant impact. The effect of
reducing the terminal velocity with increasing CMC concen-
tration is because of the relatively significant change in the
viscosity (Figure 4). Another observation that could be inferred
from Figure 5 is the different effect of increasing cutting size
versus increasing fiber length from 3 to 12 mm.

Figure 5 also shows the combined impact of the two factors on
the terminal velocity. It clearly illustrates that combining CMC
wt % with cutting size shows the most significant effects among
other factors. However, fiber weight and length affect the
terminal velocity, and the combination of the fiber weight and
fiber type, as well as duplication of the fiber weight, have no
effect (Figure 6).

A perfect drilling fluid preparation factor ratio could be
selected using contour plots (Figure 7) within the zone where
the cutting terminal velocity is between 0 and 0.5 cm/s. Figure
7c shows that the region where CMC wt % is larger than 0.9
CMC wt % and cutting size equal to or smaller than 3.5 mm
could be set as a perfect preparation range. Figure 7 also shows
two other ranges, as shown in Figure 7a,b. We conclude from
contour plots that fiber wt % has minor impacts on the terminal
velocity, as drilling fluid preparation regions do not change with
fiber wt % (Figure 7a,c).

Figure 8 illustrates design-independent factors’ interaction
with the cuttings’ terminal velocity. When cutting size interacts

Table 6. BBDTerminal Velocity Response Data for the 3 mm
Length Fiber

run
order

cutting size
(mm)

fiber (wt
%)

CMC (wt
%)

terminal
V (cm/s)

1 6 0.02 0.7495 2.565
2 3.5 0.1 0.499 1.886
3 1 0.06 0.499 0.297
4 6 0.06 0.499 5.206
5 6 0.06 0.499 5.239
6 1 0.02 0.7495 0.109
7 1 0.06 0.499 0.291
8 1 0.1 0.7495 0.067
9 3.5 0.1 1 0.256
10 3.5 0.06 0.7495 0.809
11 6 0.1 0.7495 2.140
12 3.5 0.06 0.7495 0.805
13 1 0.02 0.7495 0.109
14 3.5 0.06 0.7495 0.805
15 6 0.06 1 1.933
16 3.5 0.06 0.7495 0.807
17 6 0.02 0.7495 2.565
18 3.5 0.02 1 0.305
19 3.5 0.02 0.499 2.680
20 3.5 0.1 1 0.257
21 1 0.06 1 0.060
22 3.5 0.06 0.7495 0.803
23 3.5 0.06 0.7495 0.814
24 3.5 0.06 0.7495 0.799
25 1 0.02 0.7495 0.109
26 3.5 0.1 0.499 1.903
27 1 0.06 1 0.064
28 6 0.1 0.7495 1.960
29 3.5 0.02 1 0.297
30 1 0.1 0.7495 0.069
31 6 0.06 1 2.067
32 3.5 0.02 0.499 2.565
33 3.5 0.02 0.499 2.622
34 6 0.1 0.7495 2.050
35 6 0.02 0.7495 2.433
36 1 0.1 0.7495 0.068
37 3.5 0.1 1 0.255
38 3.5 0.02 1 0.312
39 6 0.06 1 1.950
40 3.5 0.06 0.7495 0.813
41 3.5 0.06 0.7495 0.807
42 1 0.06 1 0.065
43 3.5 0.1 0.499 1.868
44 6 0.06 0.499 5.223
45 1 0.06 0.499 0.294

Table 7. Experimental Value Confirmation

0.02 fiber
wt %, 3.5 mm
cutting size

0.06 fiber
wt %, 3.5 mm
cutting size

0.1 fiber
wt %, 3.5 mm
cutting size

parameters

0.5
CMC
wt %

1
CMC
wt % 0.75 CMC wt %

0.5
CMC
wt %

1
CMC
wt %

3 mm Fibers (V1)
experimental
value

2.62 0.30 0.81 1.89 0.26

model
prediction

2.58 0.30 0.86 1.83 0.41

error% 1.5 0 6.2 3.2 57
12 mm Fibers (V2)

experimental value 2.02 0.27 0.46 0.83 0.14
model prediction 1.99 0.18 0.40 1.01 0.06
error% 1.5 33 13 22 57
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Figure 5. For 3 mm fibers, panels (a, b) show the effects of CMCwt % and fiber wt % for 3.5 and 6 mm cutting sizes, respectively, (c) shows the effects
of cutting size and fiber wt % for 0.499CMCwt%. For 12mmfiber, panels (d, e) show the effects of CMCwt% and fiber wt % for 3.5 and 6mm cutting
sizes.
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with other factors, the mean terminal speed is high. This is
especially true when cutting size interacts with CMC
concentration. This shows that cutting size is the most
important factor on its own and with CMC concentration.
Figure 6 could be used to reach the same conclusion.

3.5. Response Surface Optimization. Another technique
for analyzing the optimization response surface is the desirability
function. The response’s projected values are converted into a
dimensionless scale called d. The range of the desirability
function is between d = 0 and d = 1, where d = 0 denotes
undesirable response values and d = 1 denotes an entirely

Figure 6. Pareto chart of the standardized effects.

Figure 7.Contour plots for terminal velocity ranges for the 3 mm fiber: (a) fiber wt % vs cutting size with constant 0.75 CMCwt %, (b) CMCwt % vs
cutting size with constant 0.06 fiber wt %, and (c) CMC wt % vs fiber wt % with constant 3.5 mm cutting size.
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desirably response.36 By focusing on reducing the terminal
velocity, the optimization was finished.

All desirability values met the desired minimum terminal
velocity and were acceptable (d = 1). According to response
data, the final terminal velocity is dominated by cutting size. The
variables affecting the optimization of terminal velocity are
shown in Figure 9. The vertical straight line shows the chosen
factor level for each factor, and the horizontal dotted line
represents the anticipated response value.

4. CONCLUSIONS
In this work, the terminal velocity of drilling cuttings was
examined utilizing the Box−Behnken design with three
replicates to derive models of the terminal velocity as a function
of cutting size, CMC concentration, and fiber concentration.
The terminal velocity was investigated using three cutting sizes
of 1, 3.5, and 6 mm, three fiber concentrations of 0.02, 0.06, and
0.1 wt %, and two fiber lengths of 3 and 12 mm in a water-based
drilling fluid of three CMC polymeric concentrations of 0.499,
0.7495, and 1 wt %. Models demonstrated that cutting size and

Figure 8. Design factor interaction plot.

Figure 9. Optimization response.
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polymer concentration influenced the terminal velocity the
most.

The following is a summary of the main findings:
• Cutting size represents the most important factor

affecting the terminal velocity of the cuttings.
• Higher polymer concentrations improve fluid viscosity

and decrease the terminal velocity of cuttings. At low
polymer concentrations, the effects of fiber concentration
on fluid viscosity are more noticeable; increasing the fiber
concentration increases the fluid viscosity and creates
networks that could hinder the settling. As a result, the
impact of fiber concentration is correlated to polymer
concentration.

• The combination of cutting size and CMC concentration
results in a significant interaction.

• CMC fluids with a viscosity of 630.4 cP are sufficient to
maintain a minimum terminal velocity of 0.234 cm/s with
a cutting size of 1 mm and a fiber concentration of 0.02 of
the 3 mm length fiber.
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