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Abstract: Drilling bits are essential downhole hardware that facilitates drilling operations in high-
pressure, high-temperature regions and in most carbonate reservoirs in the world. While the drilling
process can be optimized, drilling operators and engineers become curious about how drill bits react
during rock breaking and penetration. Since it is experimentally expensive to determine, the goal of
the study is to maximize the rate of penetration by modeling fluid interactions around the roller cone
drilling bit (RCDB), specifying a suitable number of jet nozzles and venturi effects for non-Newtonian
fluids (synthetic-based muds), and examining the effects of mud particles and drill cuttings. Ansys
Fluent k-epsilon turbulence viscous model, a second order upwind for momentum, turbulent kinetic
energy, and dissipation rate, were used to model the specified 1000 kg/m3 non-Newtonian fluid
around the roller cone drill bit. The original geometry of the nozzles was adapted from a Chinese
manufacturer whose tricone had three jet nozzles. The results of our six redesigned jet nozzles
(3 outer, 39.12 mm, and 3 proximal, 20 mm) sought to offer maximum potential for drilling optimiza-
tion. However, at a pressure of 9.39 × 104 Pa, the wellbore with particle sizes between 0.10 mm and
4.2 mm drill cuttings observed an improved rate of penetration with a rotation speed of 150 r/min.

Keywords: synthetic-based mud; drill bits; Ansys Fluent; k-epsilon turbulence; ROP

1. Introduction

Fluid (mud) design is crucial for downhole tools in the petroleum industry. The rheo-
logical profiles [1] of these engineered fluids must be suitable for cooling and lubricating
drilling bits in the HPHT reservoirs.

Drill bits [2] are said to have the highest potency for crushing formation rocks and
creating holes subsurface. The roller cone drill bit (RCDB) [3], which is being investigated
in this study, crushes the floor of the formation bed with exerted weights from the drill
bit, rotation of the drill pipe, and the jet impact force of fluids from the drill bit nozzles.
Noticeably, there is a considerable amount of heat generated from RCDB cutters during rock
interactions in the formation [4,5]. The continuous thermal cooling and friction effect add
an economic cost to the design and replacement of drill bits; for this reason, engineering
synthetic-based muds (SBM) for this study as proposed by Van Ort [6] helps to prevent
accelerated wear of the drilling bit and effectively transports solid formation particles to
the surface.

Nozzles of drill bits, non-Newtonian fluids (SBM), and the lithology of the forma-
tion [7] predict ROP optimization for this study. A constant rotation speed set at about
150 r/min for soft shale and other formation drill cuttings is shown in Figure 1, and the
properly designed fluid hydraulics can be used to prevent the accumulation of drill cuttings
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on the surfaces of the drilling bits (balling) and also reduce the power consumption. Due to
the difficulty of accurately reproducing well conditions [8], experimental methods to create
bit design are costly. Real-time data evaluation should go hand in hand with the choice and
optimization of the drill bit and drilling parameters if you want to obtain the best drilling
performance at the lowest possible cost and time. The fluid flow pattern should be tuned
for the pressure distribution and velocity profile beneath the drill bit in order to support
the improvement in drilling hydraulics.
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The impact of bit design elements might be comprehended and used to enhance bit
hydraulics with the aid of computational methodologies. A computational technique [9–13]
called computational fluid dynamics (CFD) is useful for modeling fluid flow phenomena
in drill bit designs with complex geometries that involve bit rotation and multi-phase
conditions downhole of the well. Through the application of CFD to improve drill bit
design, drilling performance can be boosted.

Moslemi and Ahmadi (MA) [14] used one of the computational methods to track
spherical particles from the bottom of the wellbore to the surface. Their discrete particle
modeling sought to compare the cutting-transport ratio (Ct) with the rate of penetration
using a polycrystalline diamond compact (PDC) drill bit. Simulation results explain that
hydraulic performance is further achieved if the nozzle jet velocity increases and the
cutting-transport ratio (Ct) increases too. Interestingly, MA’s model elaborates that the Ct
at certain instances decreased slightly with seven nozzles as compared to a five-nozzle
PDC drill bit. Further, a finite element modelling to investigate the thermal-mechanical
wear of (PDC) drill bit in the wellbore and its influence on rate of penetration (ROP)
was conducted by earlier researchers [5]. Their redesign of drill bit hydraulics and cutters
resulted that chamfered geometric cutter was better with synthetic-based muds (SBM) while
stinger designed cutter was also better with oil-based muds (OBM) as demonstrated in
Figure 1. However, to define the robustness of cutters under different fluid rheological effect
expounded that the periods between 0.004 to 0.005 s appears that the chamfered cutters
in Figure 1a was able to withstand extreme temperature at 145 ◦C under the influence of
SBM rheology. Similarly, Stinger at same periods was able to withstand 140 degrees Celsius
based on OBM in Figure 1b.

Interestingly, the cost-time index of drill operations is meant for drill managers and
operators to determine and devise magnificent means of optimizing cost and time to achieve
better returns on investment without disconcerting environmental and safety standards
in the oil and gas industry. However, optimizing the rate of penetration (ROP) [15,16] in
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drilling wells is one of the logical ways to determine whether or not the efficiency of drilling
is achieved. The relationship between ROP and drilling cost is inversely proportional; a
higher ROP reduces the cost of drilling operations [17].

Excerpts from researchers demonstrate the need to optimize drilling operations in the
petroleum industry [18]. The challenge of simulating pressure-velocity profiles of synthetic-
based muds around roller cone drill bits is because of the substantial design parameters
and the applicable physics for simulations. While focusing on Eulerian–Eulerian flow
equations [19], the study used Ansys Fluent for its 3D simulation analysis and was set to:

• Redesign tricone or RCDB considering Hebei Crossing Drill Bit.
• Resize, design, and increase the number of RCDB nozzles.
• Define flow restrictions in the wellbore and in the drill bit.
• Optimize ROP by investigating the flow of muds and particle sizes in single phase.

2. Methods

This part of the section exposes the novelty of the current research by considering the
structural framework of the models used to comprehend the impact and the significance of
synthetic-based mud (SBM) [20] on the rate of penetration, and elaborating a predictive
analysis for the venturi effect of the drilling fluids in drill bits.

2.1. Drilling Data

The conventional means of drawing analysis is through acceptable structured data.
The very objectives of this current study employed data from an open source, which come
from an oilfield. For the above listed objectives, the 4-year data are filtered to give applicable
meaning to the current research. However, it examines the depth (m), weight on bit (kg/m),
speed of rotation (m/s), jet impact force (kg), and rate of penetration (m/h), as illustrated
in Table 1 from its original imperial units.

Table 1. A 4-year sampled oilfield drilling data [21].

Imperial Units

Depth, ft 3231 3592 3608 4021 4156 4156 4251 4267 4500 4749

WOB (klb/in) 1.57 2.86 3.29 1.86 4.00 3.14 2.57 3.00 2.86 2.57

Rotary Speed (r/min) 155 160 165 165 190 155 160 180 165 155

Jet impact force (klb) 1.86 1.82 2.35 1.77 1.85 2.16 2.00 1.96 2.22 2.24

ROP (ft/h) 31.3 25.3 45.0 16.5 32.2 35.6 15.9 29.5 22.0 17.6

Metric Units

Depth, m 984.81 1094.8 1099.7 1225.60 1266.74 1266.74 1295.70 1300.58 1371.60 1447.49

WOB (kg/m) 28,062 51,120 58,805 33,245 71,496 56,124 45,936 53,622 51,120 45,936

Rotary Speed (m/s) 0.93 0.96 0.99 0.99 1.13 0.93 0.99 1.07 0.99 0.93

Jet impact force (kg) 843.68 825.54 1065.94 802.86 839.15 979.80 907.18 889.04 1006.98 1016.05

ROP (m/h) 9.54 7.71 13.72 5.03 9.81 10.85 4.85 8.99 6.71 5.36

As labeled in Table 1, several factors contribute to the optimization of the rate of
penetration. The factors listed in Tables 1 and 2 cannot be justified without drilling
fluids. The current research takes solace in the earlier scientific research conducted by
Okon et. al. [22] whose synthetic-based drilling fluid was considered the main contributor
in this current research. Drilling fluids coupled with the exerting weight on the drill bit
generate enough force to keep crushing the formation bed in the wellbore. Cuttings [23]
from the said formation are expected to interact with the drilling fluids to loosen up and
fill up the void spaces [24]. Figure 2 illustrates expected cuttings from different formations.
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Table 2. IADC Recommended drilling parameters for drill bit application [25].

Type/IADC code 116, 117 126, 127 136, 137 216, 217 317 337

WOB (kN/mm) 0.35~0.9 0.35~1.00 0.35~1.05 0.35~1.20 0.70~1.30 0.80~1.40

RPM (r/min) 150~80 150~70 120~60 90~50 80~45 75~45
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2.2. Ansys Framework

An effective drilling optimization is better achieved by the nature of the drilling
cuttings from the formation that is being drilled, as illustrated in Figure 2. The rate of
penetration (ROP) coupled with non-Newtonian fluids (SBM) is modeled and simulated
using Ansys Fluent. The algorithm in Figure 3 explains how drilling fluids can be used to
optimize ROP.
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Figure 3. Ansys Fluent Algorithm for ROP optimization.

There are two main guides for validating ROP from the drilling data in Table 1. The
field data are termed ‘dirty data’ because considerable data scrutiny must be conducted to
suit the current study. The data are limited to the weight on the drilling bit, the jet force,
and the drill pipe rotation.

The other aspect of validating the drilling process is to define the pressure-velocity
of the non-Newtonian fluid; synthetic-based mud takes into account continuity and mo-
mentum. The cross-sectional structure of the roller cone drilling bit with an accurate metric
design, as shown in Figure 4, reveals the inner venturi and exposes how fluids are expected
to flow in three dimensions.
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The Reynolds number for the simulation process is expected to be high at different
pressures and velocities; this was set to 4000. The k-epsilon turbulence model was set to
define kinetic energy and dissipation rate in a 2nd order upwind.

2.3. Modelling

During ground breaking, particles ranging in size from 0.10 mm to 4.2 mm, based
on vibratory sieving and image analysis, move in the drilling wells [26]. Most often, it
is difficult to define the physics around particle dispersion in reference to drill cuttings
and non-Newtonian fluid particles. Earlier studies conducted by [27] applied Eulerian
equations to determine fluid particle-particle behavior in aid of removing filter cakes and
transporting drill cuttings to the surface.

This section of the current study models ROP and demonstrates the venturi effect in
the drilling bit.

2.3.1. ROP Model

There have been several proposed models for ROP and Table 3 selects a few traditional
models relevant to this study. The importance of these models defines the tendency of bits
coupled with drilling fluids to efficiently cut through the formation beds in the well.

Table 3. Modelling ROP.

Author Equation Models Focus

Bourgoyne and Young [28] (1)
dD
dt = exp

[(
a1 +

8
∑

j=2
ajxj

)]
Widely used in the oil and

gas industry.

Maurer [29] (2) ROP = K
S2

(
W
db
− Wo

db

)2
N Rolling cutting bit.

Motahhari et al. [2] (3) ROP = Wf
GNyNα

dbS
Polycrystalline diamond

compact (PDC) bit.

Undoubtedly, Bourgoyne and Young’s ROP model is widely used in the oil and gas
industry today [30]. The development of this model in 1974 considered eight different
parameters where a1 to a8 denote the strength of the drilled formation, drill bit tooth,
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pore pressure, pressure difference, weight on the drill bit, hydraulic jet impact, formation
compaction, and rotary drilling. However, t and D denotes time and depth, respectively.

Maurer [29] developed Equation (2) in Table 3; its model places emphasis on rolling
cutting bits, which is paramount to this study since the current study simulates roller cone
drilling bits. Maurer, in this Equation (2), explains how rock debris or cuttings are removed
from the teeth of the drilling bit to optimize perfect cleaning. W and Wo represent weight
on the bit and weight on the bit threshold, where K denotes the drillability constant, N and
db also denote rotary speed and drill bit diameter, respectively.

The modeling of a polycrystalline diamond compact bit proposed by Motahhari et al.
considers wf as wear, G as bit geometry, rock interaction coefficient α and y are ROP
coefficients, and S represents rock strength [31].

2.3.2. General Equations

The continuity equation is used to express the volume percentage of the solid-liquid
flow in the hypothetical wellbore. The force, mass, and speed of the solid-fluid movement
in the wellbore are described by the sum of all momentum acting on the solid-liquid phases;
and Equations (4) and (5) are models considered from Epelle-Gerogiorgis (EG) [27].

Volume fraction solid phase as, solid phase density ρs, liquid phase density ρl , liquid
velocity

→
v s, velocity interphases

→
v ls−sl , gravity (g), mass transfers

.
mls−sl , and external force

→
F s are all included in the flow continuity and momentum parameters. The high-pressure
injection of drilling fluids and the rotational speed of the drilling pipe in the wellbore,
however, make Equation (2)’s turbidity force relevant.

Momentum,

1
ρrs

(
∂

∂t
(asρs) +∇·

(
asρs

→
v s

)
=

n

∑
l=1

( .
mls −

.
msl
))

, (4)

∂

∂t

(
asρs

→
v s

)
+∇·

(
asρs

→
v s
→
v s

)

= −as∇p−∇ps +∇·=τq + asρs
→
g

+
n
∑

l=1

(
Kls

(→
v l −

→
v s

)
+

.
mls
→
v ls −

.
msl
→
v sl

)
+

 →
F s +

→
F li f t,s

+
→
F vm,s +

→
F td,s

 ,

∂

∂t

(
asρs

→
v s

)
+∇·

(
asρs

→
v s
→
v s

)

= −as∇p−∇ps +∇·
=
τq + asρs

→
g +

n

∑
l=1

(
Kls

(→
v l −

→
v s

))
+

→F s +
→
F li f t,s

+
→
F vm,s

 . (5)

Previous research [19,27,32] has provided explanations for the effective review of the
solid-liquid exchange coefficient, Ksl . When the volume percentage of the liquid phase,
al > 0.8, then, Ksl , is transformed from Equations (6)–(9). The current study does not,
however, predict that the fluid will flow in a uniform laminar flow due to the rotating
drill pipe and the release of drilling fluids [33] from the bit’s nozzles to improve rate of
penetration. Under these conditions, a turbulence model would be created by the pressure
and velocity scales, and high Reynolds numbers would be anticipated. For this model, it
was thought that the variables changing around the transport equation in a single-phase
flow represented by Equations (10) and (11) would affect the rate of dissipation (k) and the
kinetic energy (ε).
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Solid-liquid exchange coefficient,

Ksl =
3
4

CD

(
asalρl

∣∣∣→v s −
→
v l

∣∣∣)
ds

al
−2.65 , (6)

Drag coefficient;

CD =
24

al Res
[1 + 0.5(al Res)

0.687] , (7)

Reynolds number of the solid particle phase;

Res =

(
ρlds

∣∣∣→v s −
→
v l

∣∣∣)
µl

, (8)

where al ≤ 0.8, then,

Ksl = 150
as(1− al)µl

alds2 + 1.75
ρlas|

→
v s −

→
v l |

ds
. (9)

Dissipation rate and Kinetic energy,

∂

∂t
(Cαραkα) +∇·

(
Cα

(
ραUαkα −

(
µ +

µtα

σk

)
∇kα

))
= Cα(Pα − ραεα) + T(k)

αβ (10)

∂

∂t
(Cαραεα) +∇·

(
CαραUαεα −

(
µ +

µtα

σε

)
∇εα

)
= Cα

εα

kα
(Cε1Pα − Cε2ραεα) + T(ε)

αβ . (11)

2.4. CFD Simulations

Simulating ROP at the wellsite is a cost-effective aspect to consider. Experimental
techniques can be very expensive, both in the field and in the laboratory. Substantive
data from the fields can be readily modeled and simulated to achieve the target goals,
optimizing drilling conditions. The pressure-velocity profiles were monitored using the
data in Tables 1 and 2 with Ansys Fluent software. Fluid turbulence around the complex
mill teeth of roller cone drill bits (RCDB) was simulated to optimize the rate of penetration.

The mill-teeth CJ117 TCI tricone bit from the Chinese manufacturer Hebei Crossing
Drill Bit [25], with a size of 17.5 inches, is used in this investigation. Moreover, with three
jet nozzles and an inner diameter of 39.12 mm, the product is capable of drilling both oil
and water wells. The mill-teeth CJ117 TCI tricone entire drill bit weight is 250 kg.

2.4.1. Assumptions

The efficacy of simulating ROP optimization with the said non-Newtonian fluid
(synthetic-based mud) considers the following assumptions:

• The diameter of the well is the size of the drill bit at 444.5 mm.
• The diameter of each jet nozzle is set to 39.12 mm.
• The length of the drill bit is assumed to be 380 mm.
• The study holds the efficiency of the non-Newtonian fluid constant, since this has

already been proven in our earlier research.
• The flow of fluid is in a single phase and no particles or drill cuttings collisions

are expected.
• Heat is assumed to have been generated at 66.85 ◦C (340 ◦K) [34].
• The speed of drill bit rotation was assumed at 150 r/min.
• The mill tooth of the 250 kg drill bit is excluded to ease the complexity of the simulation.
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2.4.2. Geometry, Boundary, and Mesh

Modeling fluid behavior in drill bits and its interactions with other drill cuttings (solid
formation particles) in the wells to optimize the rate of penetration is a complex situation.
The applied geometry considers the above simulation assumptions to reduce the extended
difficulties in real time.

DesignModeler from Ansys 2022 R2 was used to design a 444.5 mm geometry roller
cone drilling bit. The three nozzles of the drill bit in modern design were considered, and
Figure 5 shows an additional three nozzles at the center of the drill bit that were created to
support the purpose of the current study by optimizing the rate of penetration.
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Figure 5. 3D RCDB Geometry.

Successful geometry was imported into the mesh setup, and CFD Fluent was selected
for the applicable simulation. The boundaries of the designed drill bit were selected at a
maximum thickness of 2 mm and 1.5 mm at two different inflation options, as depicted in
Figure 6. Moreso, during meshing, the element and maximum size of the drill bit were set
to 1.22 mm and 2.44 mm, respectively, and the tetrahedral mesh generated a total number
of nodes of 240,813 and elements of 660,087 in Figure 7.

Figure 8a,b complete the complexity of the simulation conducted. The inner walls
of the roller cone drill bit were extracted from the main design. The vertical cylinder
and curved pipes represent the flow of the synthetic-based mud or non-Newtonian fluids
through the inlet to the nozzles and from the 6 nozzles to the formation bed.
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However, the same design processes were conducted for the mud flow, from the
geometry through boundaries, mesh, and final simulation. While simulating, the energy
equation for the model was turned on, and the turbulent kinetic energy and its dissipation
for the liquid-solid (SBM) were set to a 2nd order upwind. The density of the mud was
1000 kg/m3, with an inlet velocity of 2 m/s and a temperature of 66.85 ◦C (340 ◦K). The
simulation process was set to iterate 420 times but was conducted at 125, and this reveals
faster computational analysis, aiding better decision-making prognosis.



Energies 2023, 16, 4185 10 of 16Energies 2023, 16, x FOR PEER REVIEW 10 of 16 
 

 

  
(a) 

  
(b) 

Figure 8. Extraction of fluid container from the 3D RCDB (a) mesh (b) mesh shows flow directions. 

However, the same design processes were conducted for the mud flow, from the ge-

ometry through boundaries, mesh, and final simulation. While simulating, the energy 

equation for the model was turned on, and the turbulent kinetic energy and its dissipation 

for the liquid-solid (SBM) were set to a 2nd order upwind. The density of the mud was 

1000 kg/m3, with an inlet velocity of 2 m/s and a temperature of 66.85 °C (340 °K). The 

simulation process was set to iterate 420 times but was conducted at 125, and this reveals 

faster computational analysis, aiding better decision-making prognosis. 

3. Results and Discussion 

Several unanticipated factors arise when the wellbore penetration rate is optimized. 

The pressure and velocity profiles for the simulated roller cone drill bit are discussed in 

this section. 

Drill bit nozzles are crucial in maximizing the rate of penetration. To increase the 

drilling bit’s effectiveness in the wellbore, research on the design of the original three noz-

zles led to the creation of three more nozzles. The newly created nozzles have a diameter 

of 20 mm, as opposed to the three original nozzles’ 39.12 mm sizes. Figure 8’s nozzles 

show higher jet velocities, with each nozzle displaying an inlet velocity of 10 m/s. In this 

investigation, the empirical finding that the 39.12 mm diameter nozzle outflows slower at 

a reduced pressure than the 20 mm diameter nozzles do not need to be questioned. How-

ever, the geometry of the aforementioned design caused the flow to become turbulent by 

increasing the Reynolds number to over 4000. Based on the venturi effect emanating from 

the structural design of the roller cone drill bit, this gives rise to the absence of laminar 

flow. Modern modeling of nozzles in drill bits raises an objective means to consider when 

optimizing penetration in the wellbore. Not far from the intended research guide [35,36], 

Figure 8. Extraction of fluid container from the 3D RCDB (a) mesh (b) mesh shows flow directions.

3. Results and Discussion

Several unanticipated factors arise when the wellbore penetration rate is optimized.
The pressure and velocity profiles for the simulated roller cone drill bit are discussed in
this section.

Drill bit nozzles are crucial in maximizing the rate of penetration. To increase the
drilling bit’s effectiveness in the wellbore, research on the design of the original three
nozzles led to the creation of three more nozzles. The newly created nozzles have a
diameter of 20 mm, as opposed to the three original nozzles’ 39.12 mm sizes. Figure 8’s
nozzles show higher jet velocities, with each nozzle displaying an inlet velocity of 10 m/s.
In this investigation, the empirical finding that the 39.12 mm diameter nozzle outflows
slower at a reduced pressure than the 20 mm diameter nozzles do not need to be questioned.
However, the geometry of the aforementioned design caused the flow to become turbulent
by increasing the Reynolds number to over 4000. Based on the venturi effect emanating
from the structural design of the roller cone drill bit, this gives rise to the absence of laminar
flow. Modern modeling of nozzles in drill bits raises an objective means to consider when
optimizing penetration in the wellbore. Not far from the intended research guide [35,36],
we propose that an additional three 13 mm nozzles can bring the safe drilling operation
optimization we seek.

Solid particles emanating from the synthetic-based mud or the non-Newtonian fluids
coupled with the cuttings from the formation bed influenced the simulation process [37,38].
Figure 9 demonstrates the flow velocities of these muds at different nozzles, and the inter-
action with the drill cuttings had an adverse effect on the rate of penetration optimization.
Nonetheless, an increase in the drill cuttings and mud particles in the simulation reduces
the rotation speed of the drill bit and hence affects the net ROP. Conversely, what the
simulation study sought to have achieved was the ROP optimization, hence, an RPM of
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150 r/min, as stipulated in Table 2, achieved a greater result by overcoming the weights of
the said particles both in the mud and cuttings for perfect hole cleaning [39].
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Our Ansys Fluent-based 3D simulation study was compared to Kirencigil and
Sivagnanam’s (KS) [40,41] simulation model, which took the polycrystalline diamond
compact (PDC) drill bit into account. The comparison of the design parameter sum-
mary, which includes the simulation’s geometry and flow rates, is provided in Table 4.
Though six standard round nozzles were considered based on KS and Ansys Fluent models,
Wells et al. [42] in Houston investigated and presented various nozzle geometries for ROP
optimization with an emphasis on roller cone and PDC drill bits. Their analyses were
also compared to the current study based on pressure-velocity-turbulence profiles. As
indicated in Figure 10, the shape, inlet, and outlet of the nozzles (standard circular, star,
slot, Y, cross, flute, dual-jet, and K) did not significantly modify the jet flow compared
to the round nozzles based on an equal optimization numerical analysis. This, however,
validates the current study based on the conventional nozzle used for roller cone bit ROP
optimization investigations.

Table 4. Ansys Fluent fluid-drill bit simulation parameters for validation.

Drill Bit Solver Viscous
Model Fluid Boundary Solution Methods

Kirencigil [41]
Polycrystalline

diamond
compact

Pressure-
based steady

state
k-omega

Liquid-solid
ρ = 949 kg/m3

µ = 0.005
kg/m·s

Inlet velocity = 16 m/s
Outflow (standard wall)

Simple pressure-velocity
coupling, 1st order

upwind for momentum,
turbulent kinetic energy,

dissipation rate

Sivagnanam [42]
Polycrystalline

diamond
compact

Pressure-
based steady

state
k-omega

Liquid-solid
ρ = 1500kg/m3

µ = 0.04kg/m·s

Inlet velocity = 57 m/s
Outflow (standard wall)

Simple pressure-velocity
coupling, 1st order

upwind for momentum,
turbulent kinetic energy,

dissipation rate

Current Study
Tricone or
roller cone

drill bit

Pressure-
based steady

state
k-epsilon

Liquid-solid
ρ = 1000 kg/m3

µ = 0.06 kg/m·s

[Momentum (Inlet
velocity at 20 m/s),
Thermal at 340 ◦K]

Outflow (standard wall)

Simple pressure-velocity
coupling, 2nd order

upwind for momentum,
turbulent kinetic energy,

dissipation rate
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Figure 10. 3D nozzle geometry for jet flow-ROP investigation (a) standard circular nozzle, (b) star
nozzle, (c) slot nozzle, (d) Y-nozzle, (e) cross nozzle, (f) flute nozzle, (g) dual-jet nozzle, (h) K-nozzle,
(i,j) simulation of jet flow in standard circular nozzle (conventional) and K-nozzle (unconventional)
adapted from Ref. [42], 2003, Wells, M.

Moreover, the parameters for the complex designs are not far from each other, as stip-
ulated in Table 4. The current research uses a different viscous model, introduces a thermal
condition to the flow, and increases the stability of the order upwind regarding momentum,
turbulence, and dissipation rate. Moreover, the fluid type under examination selected the
liquid-solid at a density of 1000 kg/m3, as stipulated by the Ansys Fluent constants.

Nonetheless, the nozzle diameter for each simulation, as indicated by K-S models in
Table 4, is considered pressure drops at 20 mm and 12 mm, respectively, whereas the current
research focuses on the 39.12 mm and 20 mm nozzles. It is indicated that the pressure at
the bottom of the drill bit is directly proportional to the size of the nozzles. The higher the
pressure, the smaller the nozzles, and the lower the pressure, the bigger the nozzles.

KS model employed 6 and 7 nozzles for PDC drill bits, respectively; our current
research employs 6 nozzles for roller cone drilling bit. While each of these authors explained
the virtue of increasing the number of nozzles on PDC drill bits to improve the rate of
penetration in the wellbore, Figure 9 further illustrates the fluid-nozzle investigation’s
overall pressure. The fact that the pressure increases from −9.69 × 101 Pa to 6.39 × 104 Pa
is interesting since it actually explains why the initial pressure must begin at zero. The
blue (low pressure) and red (high pressure) demarcations show where mud flow occurs at
different pressures. Additionally, it could be noticed that the three 20 mm proximal nozzles
started flowing with low pressure before subsequently regaining some adequate pressure.
In a similar fashion, the flow in the three outer 39.12 mm nozzles started off at low pressure
before being tuned at higher pressures. The rate of penetration is efficiently improved by
the direct relationship between the flow rate of the 1000 kg/m3 mud (non-Newtonian) and
the overall pressure in the newly developed nozzles. It is crucial to note that at a pressure of
6.39 × 104 Pa, particles with sizes ranging from 0.10 mm to 4.2 mm in the wellbore would
conveniently be carried by the fluid gel’s ability to suspend and transport the said particles.
Nevertheless, adding the extra three proximal nozzles to the simulation increases the total
pressure needed to optimize ROP.

4. Conclusions

Fluid dynamics in the wellbore breeds excess curiosity for study. The flow of non-
Newtonian fluids or synthetic-based mud around the roller cone drill bit for the opti-
mization of the rate of penetration called for its simulation. The focus of this study is to
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encourage a redesign of flow paths that can contribute to the original flow geometry for
ROP and drilling optimization.

• The 20 mm and 39.12 mm diameters of the six nozzles at an RPM of 150 r/min
provided the required flow pressure-velocity profiling to improve ROP.

• The density and particle sizes of the mud and the drill cuttings observed an optimized
rate of penetration at an RPM of 150 r/min.

The formulated synthetic-based mud used for this study can be again considered
using nanoparticles for its mud designs to reduce the size of particle flow occupancy and
movement in the near future. Additionally, the complexity of the drill bit design can be
improved to further buttress nozzle simulations. Most importantly, the simulated drill bit
is suitable and recommended for soft and low-compressive-strength rock formations, as
shown in Figure 2. Most importantly, this current study admonishes fluid engineers in
the oil and gas industries about the potential parameters to implement while simulating
hydraulic fluids with redesigned drill bit concepts to obtain the ideal rate of penetration in
extremely tight reservoirs. Prior to beginning drilling operations, this should let staff and
management make an informed decision based on an accurate computer forecast.
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Nomenclature

CFD computational fluid dynamic
RPM (r/min) revolution per minute
OBM oil-based mud
SBM synthetic-based mud
a ROP coefficient
an formation and drill parameters
as solid phase volume fraction
al liquid phase volume fraction
CD drag coefficient
D depth, m
db drill bit diameter
ds particle diameter, m
E distance between centers, m
e eccentricity
εα kinetic energy
→
F s solid phase force, N
→
F li f t,s lift force, N
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→
F vm,s virtual mass force, N
→
F td,s turbulence dispersion force, N
G coefficient of bit-rock geometry
g gravity, m/s2

K drillability constant
kα rate of dissipation
Kls interphase momentum exchange coefficient
.

mls mass transfer from liquid phase to solid phase, kg/s
.

msl mass transfer from solid phase to liquid phase, kg/s
NPα rotary speedvolume fraction pressure
Ps solids pressure, Pa
ρs solid phase density, kg/m3

ρl liquid phase density, kg/m3

Ri center of inner tube
Res particle Reynolds number
Ro center of outer tube, m
RT cuttings transport ratio
S rock strength
t time, hr
µ viscosity, Pa·s
µl fluid viscosity, Pa·s
µtα turbulence viscosity, Pa·s
Va velocity of cuttings transport, m/s
Vt fluid velocity in annulus m/s
→
v l liquid phase velocity m/s
w f wear
w weight on bit
wo weight on bit threshold
→
v s solid phase velocity m/s
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