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Abstract: High-temperature geothermal well resource exploration faces high-temperature and high-
pressure environments at the bottom of the hole. The all-metal turbodrill has the advantages of
high-temperature resistance and corrosion resistance and has good application prospects. Multistage
hydraulic components, consisting of stators and rotors, are the key to the turbodrill. The purpose
of this paper is to provide a basis for designing turbodrill blades with high-density drilling fluid
under high-temperature conditions. Based on the basic equation of pseudo-fluid two-phase flow and
the modified Bernoulli equation, a mathematical model for the coupling of two-phase viscous fluid
flow with the turbodrill blade is established. A single-stage blade performance prediction model
is proposed and extended to multi-stage blades. A Computational Fluid Dynamics (CFD) model
of a 100-stage turbodrill blade channel is established, and the multi-stage blade simulation results
for different fluid properties are given. The analysis confirms the influence of fluid viscosity and
fluid density on the output performance of the turbodrill. The research results show that compared
with the condition of clear water, the high-viscosity and high-density conditions (viscosity 16 mPa·s,
density 1.4 g/cm3) will increase the braking torque of the turbodrill by 24.2%, the peak power
by 19.8%, and the pressure drop by 52.1%. The results will be beneficial to the modification of
the geometry model of the blade and guide the on-site application of the turbodrill to improve
drilling efficiency.

Keywords: high-temperature drilling fluid; two-phase flow; turbodrill blade; multi-stage simulation;
performance prediction

1. Introduction

Hot dry rock (HDR) [1] is a renewable clean resource with abundant reserves, and the
development of HDR resources can reshape the resource structure, which is beneficial to
the sustainable development of the economy, resources, and the environment at large [2].
The bottom of the HDR well hole is a high-temperature and high-pressure environment,
and the temperature of the geothermal stratum is high, typically greater than 200 ◦C and
even up to 500 ◦C [3]. In addition, the huge frictional loss between the slender drill string
and the borehole wall causes problems such as a poor surface driving feasibility of the rig
and an insufficient strength of the drill pipe. Therefore, it is an inevitable choice to use
downhole-powered drilling tools. There are two basic types of downhole driving tools:
the screwdrill and the turbodrill [4]. The screwdrill has good mechanical properties, but
its rubber stators cannot adapt to the high-temperature working conditions at the bottom
of the hole. The all-metal turbodrill has the advantages of high-temperature resistance
and corrosion resistance. It is a kind of hydraulic motor driven by the pumped fluid. As
shown in Figure 1, drilling fluid transfers its hydraulic power to the mechanical power of
the turbine rotor while flowing through the turbine stages. Practical work shows that an
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all-metal turbodrill with impregnated diamond bits [5] has a good temperature adaptability
and a high efficiency in terms of the hard rock [6].
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drilling fluid can be increased from 1.2 g/cm3 to approximately 1.4 g/cm3 for high-temper-
ature poly-sulfonated drilling fluids drilled in the deep coring of Well Songke-II. There-
fore, in view of the flow properties of high-temperature drilling fluids, it is of great signif-
icance to develop a theoretical method for the design of high-temperature turbodrills un-
der the conditions of viscous fluid media with two-phase flow. 

Wang et al. [8] reviewed recent advances in multiphase flow modeling for Compu-
tational Fluid Dynamics (CFD). Seale et al. [9] described the design enhancements made 
to a turbodrill to accomplish the goals of establishing a shorter tool with more power to 
address current and future applications. Liu et al. [10] proposed a novel method to opti-
mize the performance of a multi-stage multiphase pump by theoretical prediction based 
on Oseen vortex and verified the method by CFD. Mokaramian et al. [11] presented nu-
merical simulations of a downhole turbine motor, which were optimized for coiled tube 
turbodrilling in deep hard rock mineral exploration applications, and studied the CFD 
simulations of a single-stage turbodrill performance with different rotation speeds and 
mass flow rates [12]. Beaton [13] described the design enhancements made to the Turbo-
drill to accomplish the goals of establishing a shorter tool with more power on Coiled 
Tubing. Andrea et al. [14] performed a fluid-solid coupled simulation by CFD to verify a 
coupled dynamic model. Wang et al. [15] proposed the law of energy transfer of a turbo-
drill blade and built a computational model of a single-stage blade on the ANSYS CFD for 

Figure 1. Typical turbodrill schematic.

To maintain the stability of deep borehole walls and the stratum, the use of high-
density and high-temperature-resistant drilling fluids is possible in HDR wells. High
temperatures will affect the flow properties of drilling fluids, which have critical effects
on drilling performance [7], including the density, viscosity, shear force, and sand content.
The effect of high temperatures on the rheological properties of water-based drilling fluids
can be specified by the relationship between temperature and viscosity, which can be
divided into three cases: (1) the viscosity decreases as the temperature increases, which
is mainly manifested in the reduction of the dynamic shear force of the drilling fluid; (2)
solidification occurs after high temperatures, and the drilling fluid loses fluidity; and (3) the
viscosity of the drilling fluid decreases first and then increases as the temperature increases.
The viscosity range of drilling fluids is between 11.88–35.58 mPa·s. At the same time, to
stabilize the borehole wall and prevent a high-pressure stratum, the density of the drilling
fluid can be increased from 1.2 g/cm3 to approximately 1.4 g/cm3 for high-temperature
poly-sulfonated drilling fluids drilled in the deep coring of Well Songke-II. Therefore, in
view of the flow properties of high-temperature drilling fluids, it is of great significance
to develop a theoretical method for the design of high-temperature turbodrills under the
conditions of viscous fluid media with two-phase flow.

Wang et al. [8] reviewed recent advances in multiphase flow modeling for Computa-
tional Fluid Dynamics (CFD). Seale et al. [9] described the design enhancements made to a
turbodrill to accomplish the goals of establishing a shorter tool with more power to address
current and future applications. Liu et al. [10] proposed a novel method to optimize the
performance of a multi-stage multiphase pump by theoretical prediction based on Oseen
vortex and verified the method by CFD. Mokaramian et al. [11] presented numerical simu-
lations of a downhole turbine motor, which were optimized for coiled tube turbodrilling
in deep hard rock mineral exploration applications, and studied the CFD simulations of a
single-stage turbodrill performance with different rotation speeds and mass flow rates [12].
Beaton [13] described the design enhancements made to the Turbodrill to accomplish the
goals of establishing a shorter tool with more power on Coiled Tubing. Andrea et al. [14]
performed a fluid-solid coupled simulation by CFD to verify a coupled dynamic model.
Wang et al. [15] proposed the law of energy transfer of a turbodrill blade and built a
computational model of a single-stage blade on the ANSYS CFD for the Ø127 turbodrill
applied in a crystallized section under high-temperature and high-pressure conditions.
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Mokaramian et al. [16] presented a methodology for designing multistage turbodrills with
asymmetric rotor and stator blade configurations, and the simulation results were carried
out using a CFD code for the proposed small-size model of the turbodrill stage with differ-
ent drilling fluid types and various mass flow rates. Hariri et al. [17] investigated the effect
of various flow rates, densities, and crude oil viscosities in the steady-state condition of
the performance of an industrial turbine flow meter (12 in. with 15 blades), utilizing CFD
techniques. Jr et al. [18] considered two different drilling fluid types: sea water and brine
and different flow rates to investigate how the velocity vectors, pressure profile, output
power, and other performance parameters of the turbodrill are affected. Li [19] studied
the energy transmission system of the turbodrill tool using CFX software and discussed
the possible influence of the drilling fluid viscosity on the performance of turbine blades.
Cusini et al. [20] explored a finite-volume discretization for the multiphase flow equations
coupled with a finite-element scheme for the mechanical equations. Betsy et al. [21] carried
out CFD analysis to study the fluid-solid coupled effects between blood flow and the stent.

In summary, current research on the design and performance prediction of turbodrill
blades is mainly based on the basic principles of axial-flow turbomachinery, using the
energy conservation and momentum moment theorems of fluid. There are three main
aspects to be improved: (1) The high-temperature and high-density drilling fluid system
has a high solid phase content and a large viscosity change at high temperatures. The flow
through the blade can no longer be described by an ideal fluid. The current design theory of
turbodrill blades based on the Euler equation of ideal fluids is no longer applicable. (2) The
application of energy conservation to single-stage blades ignores the effects of two-phase
flow and the viscous shear stress of the fluid, resulting in insufficient mathematical models
for the output performance of the turbodrill. (3) Turbodrill simulation research is usually
aimed at single-stage or below 10 stages, and there are more than one hundred stages of
turbodrill blades applied in the field. In this case, the CFD simulation will consider the
mutual coupling effects between each stage of the turbodrill to improve the accuracy of the
performance prediction.

Based on the flow properties of high-temperature drilling fluids, the basic equation of
solid-liquid two-phase flow and the modified Bernoulli equation, a mathematical model
for the coupling of two-phase viscous fluid flow with a turbodrill blade is established. A
single-stage blade performance prediction model is proposed and extended to multi-stage
blades. A 100-stage turbodrill channel model was established using Solidworks. The model
was imported into Gambit for meshing. Fluent was used to set the boundary conditions
and determine post-processing solutions to obtain the contour diagrams and performance
data of the 100-stage turbodrill under different fluid properties, including torque, power,
and pressure drop. A comparison of the mathematical models and simulations confirms the
influence of two-phase flow, fluid viscosity, and fluid density on the output performance
of the turbodrill. The research results help to invert and optimize the design of the basic
blade shape and structure of the turbodrill and provide a basis for predicting the actual
mechanical properties of high-temperature downhole turbodrills.

2. Model and Methodology
2.1. Hypothesis of the Model

A turbodrill is a non-volume downhole hydraulic motor, the most important of which
is the hydraulic component made of the stator and the rotor [22]. Figure 2 shows a schematic
diagram of a stator and rotor combination of a single-stage turbodrill blade. When the
high-pressure drilling fluid passes through the tunnel, it first flows through the stator
blade 1 and then flows out. It interacts with the lower rotor blade 2, and the moment
of momentum changes. The mechanical energy of the rotation shaft 3 is obtained, and
the drill bit is driven to destroy the rock, thus completing the single-stage blade action.
The entire turbodrill power section is composed of hundreds to thousands of single-stage
blades stacked in series.
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The model is established based on the Navier–Stokes equation of incompressible fluids
and the following assumptions: (1) the drilling fluid between the blades is simplified into a
solid–liquid two-phase fluid; (2) the pseudo-fluid hypothesis is introduced by assuming
that the solid particles dispersed in the fluid are fluids that fill the entire space without
gaps; (3) the blades of the turbodrill are smooth and infinitely thin; and (4) there is no flow
loss or fluid compression loss out of the stator cylinder.

2.2. Governing Equation of Pseudo-Fluid Solid-Liquid Two-Phase Flow

A two-fluid model (separated flow model) is used here to discuss the basic equations
of solid-liquid two-phase flow, where the solid phase is considered as pseudo-fluid.

For the solid phase,
∂(CSρS)

∂t
+

∂
(
CSρSui

S
)

∂xi = 0 (1)

where CS represents the volume concentration of the solid phase in the mixture; ρS is the
density of the solid phase; and ui

S is the velocity of the solid pseudo-fluid in the direction i.
For the liquid phase,

∂[(1− CS)ρL]

∂t
+

∂
[
(1− CS)ρLui

L
]

∂xi = 0 (2)

The two equations are added to obtain the continuous equation of the mixture as
a whole:

∂ρ

∂t
+

∂(ρui)

∂xi = 0 (3)

Clearly, the average density ρ of the two-phase mixture is

ρ = CSρS + (1− CS)ρL (4)

The equation of motion of the liquid phase also becomes the Navier–Stokes equation
of incompressible fluid, as follows:

ρL
DVL

Dt
= ρLg−∇p + µL∇2VL + FSL (5)

where VL represents the velocity vector of the liquid phase fluid, p is the pressure of the
liquid, µL is the dynamic viscosity of the liquid phase, and FSL is the force vector of the
solid phase to the liquid phase in the two-phase flow.

For the solid phase, the equation of motion is

ρS
DVS
Dt

= ρSg−∇p + µS∇2VS + FLS (6)

FLS and FSL are the interaction forces between the two phases, with equal magnitudes
and opposite directions, including the resistance, the buoyancy caused by the density of
the two phases, and the forces caused by the acceleration of the particle’s additional mass.
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It can be known from the law of conservation of energy that the rate of change of
energy in a system is equal to the sum of the work done by the external force in a unit of
time and the heat transferred to it. The energy equation of the viscous fluid expressed by
the internal energy is

ρ
De
Dt

= ρq +∇ · (k · ∇T) +∇ · (P · V)− V · (∇ · P) (7)

The constitutive equation of a Newtonian fluid is

P = −pI + τ = −pI + 2µE− 2
3

µ(∇ · V)I (8)

Formula (8) can be substituted into (7):

ρ
De
Dt

= ρq +∇ · (k · ∇T)− p(∇ · V) + Φ (9)

where
Φ = 2µE2 − 2

3
µ(∇ · V)2 (10)

Φ is the viscous dissipation function, and it represents the energy dissipation due
to the work done by the viscous force. It is given by the expression in the rectangular
coordinate system as

Φ = µ

[(
∂u
∂y + ∂v

∂x

)2
+
(

∂v
∂z +

∂w
∂y

)2
+
(

∂w
∂x + ∂u

∂z

)2
]

+ 2
3 µ

[(
∂u
∂x −

∂v
∂y

)2
+
(

∂v
∂y −

∂w
∂z

)2
+
(

∂w
∂z −

∂u
∂x

)2
]
≥ 0

(11)

For the liquid and solid pseudo-fluid phases, the energy equations follow the formulas
derived above. In fact, during the flow of fluid through the turbodrill, it is assumed that
the blade wall is smooth, and mechanical energy is lost from the work done by the surface
force between the fluid and the wall, including the viscous shear friction between the fluid
molecules of the liquid phase, the fluid molecules of the solid phase, and the work done by
the interaction forces between the solid and liquid phases.

2.3. Blade Energy Conversion Model Based on Two-Phase Flow

The blade energy conversion model follows the modified Bernoulli equation [3]
assuming that the actual turbulent flow is a laminar flow on average. First, the Bernoulli
equation for a two-phase flow is given as follows. The energy per unit mass of the liquid in
the turbodrill channel is

EL =
P
ρL

+
VL

2

2
+ gZ (12)

The energy per unit mass of the solid pseudo-fluid in the turbodrill channel is

ES =
VS

2

2
+ gZ (13)

The energy per unit mass of the two-phase flow drilling fluid in the turbodrill chan-
nel is

E = (1− CW)

(
P
ρL

+
V2

L
2

+ gZ

)
+ CW

(
VS

2

2
+ gZ

)
(14)

When VS = VL,

E = (1− ρSCV)
P
ρL

+
V2

L
2

+ gZ (15)
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where CW and CV are the mass concentration and volume concentration of the solid phase,
respectively, ρS and ρL are the densities of the solid phase and the liquid phase, respectively,
VS and VL are the velocities of the solid phase and the liquid phase, respectively, and gZ is
the potential energy of the position.

Figure 3 is a planar development view of the stator and rotor blade of the turbodrill,
in which the flow routine can be divided into two parts: one is from the stator entrance 0-0
to the stator exit 1-1, and the other is from the rotor entrance 1-1 to the rotor exit 2-2.
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In terms of the first stage stator, the pressure energy of the fluid will be transformed
into kinetic energy and a partial hydraulic loss due to a lack of mechanic energy output.
According to the Bernoulli equation, the energy at the input and output of the turbodrill
stator is shown as 

E0 = (1− CW) P0
ρL

+ V0
2

2 + gZ0

E1 = (1− CW) P1
ρL

+ V1
2

2 + gZ1

E0 = E1 + hs1

(16)

where E0 and E1 are the energies of the drilling fluid at the inlet and outlet of the first stage
turbodrill stator, respectively; P0 and P1 are the pressures of the drilling fluid at the inlet
and outlet of the first stage turbodrill stator, respectively; V0 and V1 are the absolute speeds
of the drilling fluid at the inlet and outlet of the first stage turbodrill stator, respectively; Z0
and Z1 are the heights of the drilling fluid at the inlet and outlet of the first stage turbodrill
stator, respectively; and hs1 is the mechanical loss of the drilling fluid as it passes through
the first stage turbodrill stator.

In terms of the first stage rotor, most energy will transform into mechanical energy
and hydraulic loss due to mechanical rotational energy output. According to the Bernoulli
equation, the energy at the input and output of the turbodrill rotor is shown as

E1 = (1− CW) P1
ρL

+ V1
2

2 + gZ1

E2 = (1− CW) P2
ρL

+ V2
2

2 + gZ2 − ω2R2

2

E1 = E2 + hr1 + hW

(17)

where E2 is the energy of the drilling fluid at the outlet of the first stage turbodrill rotor;
P2 is the pressure of the drilling fluid at the outlet of the first stage turbodrill rotor; V2 is
the absolute speed of the drilling fluid at the outlet of the first stage turbodrill rotor; Z2
is the height of the drilling fluid at the outlet of the first stage turbodrill rotor; hr1 is the
mechanical loss of the drilling fluid as it passes through the first stage turbodrill rotor; hW

is the mechanical energy translated to the rotor; ω2R2

2g is the energy consumption caused by
the centrifugal force component; ω is the angular velocity; and R is the radius of a point on
the wall.
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According to Formulas (16) and (17), the pressure energy of the first stage stator and
rotor and the overall static pressure drop of the stator and rotor can be written as follows:

(1− CW)∆Ps1
ρL

= V1
2−V0

2

2 + g(Z1 − Z0) + hs1

(1− CW)∆Pr1
ρL

= V2
2−V1

2

2 + g(Z2 − Z1) + hr1 + hW − ω2R2

2

∆Ps1 + ∆Pr1 = ρL
1−CW

(
V2

2−V0
2

2 + (Z2 − Z0) + (hs1 + hr1 + hW)− ω2R2

2

) (18)

Repeating the procedures above for a turbodrill with all K stages, all the static pressure
drop can be written as

∆P =
ρL

1− ρsCV

(
VK

2 −V0
2

2
+ g(ZK − Z0) +

K

∑
i=1

(hsi + hri) +
K

∑
i=1

hWi − K
ω2R2

2

)
(19)

where
K
∑

i=1
(hs1 + hr1) is the mechanical energy loss of the multi-stage turbodrill blades,

and its value is difficult to calculate through formulas and will be obtained through a
subsequent numerical simulation analysis of the fluid.

According to the moment of momentum theorem, the torque of the liquid flow acting
on the turbodrill shaft in the first stage is

M1 = CSρSQR · (V1u −V2u) + (1− CS)ρLQR · (V1u −V2u)

= [(1− CS)ρL + CSρS] ·QR · (V1u −V2u) = ρQR · (V1u −V2u)
(20)

The output torque on the rotation shaft driven by the i stage turbodrill blade is
calculated as

Mi = ρQR ·
[
V(2i−1)u −V(2i)u

]
(21)

In fact, due to the viscosity of the drilling fluid, (21) also needs a viscosity-related
term, so that this term is F(µ). When considering the viscosity of the two-phase flow, the
conversion torque is

Mi = ρQR ·
[
V(2i−1)u −V(2i)u

]
+ F(µ) (22)

where Mi is the transformation torque of the i stage turbodrill blade, ρ is the average density
of the two-phase flow, Q is the average flow rate of the drilling fluid, V(2i−1)u and V(2i)u are
the circumferential components of the inlet and outlet speeds of the i stage turbodrill blade,
respectively, and F(µ) is a viscosity-related term.

The transfer power of the i stage turbodrill blade is calculated as

Ni = Miω = ρQRω ·
[
V(2i−1)u −V(2i)u

]
+ F(µ)ω (23)

For a multi-stage turbodrill, the corresponding torque (power) is the sum of the
abovementioned single-stage torque (power), which is

M = ρQR ·
K
∑

i=1

(
V(2i−1)u −V(2i)u

)
+ KF(µ)

N = ρQRω ·
K
∑

i=1

(
V(2i−1)u −V(2i)u

)
+ KωF(µ)

(24)

2.4. Simulation Process of the Turbodrill

CFD is the analysis of a system containing fluid flow through computer numerical
simulation calculations and image display. By 3D modeling and meshing of the turbodrill
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blade channel and the subsequent use of CFD software to set the boundary conditions
and perform iterative calculations, the speed distribution and pressure distribution of the
channels at different speeds can be accurately and intuitively reflected. The performance
parameters of the drilling tool are predicted and analyzed, and the cascade design is
optimized to improve the hydraulic performance of the designed blade [11].

Aiming at the basic structural parameters of the Φ127 mm turbodrill power section,
the stator and rotor outer diameter, rim and hub thickness, blade radial height, blade airfoil
data points, and a 3D model of the turbine stator and rotor were generated using the
Solidworks 3D modeling software. The single-stage and multi-blade model of the turbine
is shown in Figure 4.
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tion with the k-ϵ turbulence model [12]. Meanwhile, as the standard k-ϵ model is suitable 
for general turbulent problems including turbomachinery, it was selected for the follow-
ing simulation. The mesh independence was considered by comparing the number of cells 

Figure 4. Single-stage and multi-blade turbodrill stator and rotor model.

Due to the periodicity of the stator and rotor in the circumferential direction of the
blade, periodic simplification was adopted, and the flow field of only one of the blades (a
total of 24 blades) was calculated. At the same time, the stators and rotors of level 100 were
completely the same. The grid copy function in the gambit software was used to realize
the overall grid of the multi-stage stator and rotor. Because the flow field is a turbulent
flow of a three-dimensional viscous fluid, the mesh elements were all hexahedral meshes.
For mesh sensitivity, it has been discovered that the simulation results have less fluctuation
with the k-ε turbulence model [12]. Meanwhile, as the standard k-ε model is suitable for
general turbulent problems including turbomachinery, it was selected for the following
simulation. The mesh independence was considered by comparing the number of cells
between whole single-stage turbine, where 1.4 million cells were proven to be enough [23].
In this case, the number of cells in a whole stage was 2.37 million, as shown in Figure 5. So
the mesh independence was considered to be satisfied.

Machines 2021, 9, x FOR PEER REVIEW 9 of 17 
 

 

between whole single-stage turbine, where 1.4 million cells were proven to be enough 
[23]. In this case, the number of cells in a whole stage was 2.37 million, as shown in Figure 
5. So the mesh independence was considered to be satisfied. 

  
Figure 5. Single blade and full channel meshing model. 

To simplify the model, the stator and rotor clearance in the simulation was ignored 
in this paper. The definition and settings of the model, fluid, and boundary of the channel 
grid by the Fluent pre-processing software were as follows: 
(1) Select the steady-state simulation of the axial turbine. Set up a turbulence model of 

standard k-ϵ. The solid phase has a density of 2590 kg/m3 and viscosity of 0.05 mPa∙s, 
and the volume fraction of the solid pseudo-fluid phase is set to 10% for multiphase 
flow. 

(2) Set the regional boundary conditions, including the flow velocity at the stator inlet 
boundary, the pressure at the rotor outlet, the speed of the rotor area, and the direc-
tion of rotation. 

(3) The leading and trailing edges of the stator and rotor blades and the blade wall sur-
face rotate with the rotation of the rotor. The speed and direction of the rotor blades 
remain the same, while the other wall surfaces remain stationary. Therefore, the wall 
state is set to a non-slip wall state. 

(4) Iterative calculation. Select the relaxation factor of the solution, set the residual stand-
ard and time step, and use computer multi-core parallel processing to reduce the cal-
culation time. 

3. Results and Discussion 
3.1. Turbodrill Output Performance Comparison 

The numerical simulation can obtain the output performance data of the turbodrill 
including the torque, power, and pressure drop. The simulation results were compared 
with the performance test data of the 100-stage blades in the article by Wang [15] to verify 
the new method to predict the overall performance of the turbodrill. 

Figure 6 shows a comparison of the turbine stage output performance under simu-
lated and experimental conditions. The experiment took water as the drilling fluid, thus 
the simulation material was set to 1000 kg/m3 of density. In both cases, the pressure drops 
of the turbodrill, which are 1.83 MPa and 1.76 MPa, respectively, do not change much 
with the speed. It can be seen from Figure 6 that the trends of the torque curves obtained 
by simulation and experiment are basically the same, whose braking torques are 391 N∙m 
and 378 N∙m, respectively, and the values are very close. The experimental output power 
versus speed is basically in a parabolic relationship, and the speed corresponding to the 
peak power is approximately 350 r/min. 

Figure 5. Single blade and full channel meshing model.

To simplify the model, the stator and rotor clearance in the simulation was ignored in
this paper. The definition and settings of the model, fluid, and boundary of the channel
grid by the Fluent pre-processing software were as follows:

(1) Select the steady-state simulation of the axial turbine. Set up a turbulence model of
standard k-ε. The solid phase has a density of 2590 kg/m3 and viscosity of 0.05 mPa·s,
and the volume fraction of the solid pseudo-fluid phase is set to 10% for multiphase
flow.
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(2) Set the regional boundary conditions, including the flow velocity at the stator inlet
boundary, the pressure at the rotor outlet, the speed of the rotor area, and the direction
of rotation.

(3) The leading and trailing edges of the stator and rotor blades and the blade wall
surface rotate with the rotation of the rotor. The speed and direction of the rotor
blades remain the same, while the other wall surfaces remain stationary. Therefore,
the wall state is set to a non-slip wall state.

(4) Iterative calculation. Select the relaxation factor of the solution, set the residual
standard and time step, and use computer multi-core parallel processing to reduce
the calculation time.

3. Results and Discussion
3.1. Turbodrill Output Performance Comparison

The numerical simulation can obtain the output performance data of the turbodrill
including the torque, power, and pressure drop. The simulation results were compared
with the performance test data of the 100-stage blades in the article by Wang [15] to verify
the new method to predict the overall performance of the turbodrill.

Figure 6 shows a comparison of the turbine stage output performance under simulated
and experimental conditions. The experiment took water as the drilling fluid, thus the
simulation material was set to 1000 kg/m3 of density. In both cases, the pressure drops of
the turbodrill, which are 1.83 MPa and 1.76 MPa, respectively, do not change much with
the speed. It can be seen from Figure 6 that the trends of the torque curves obtained by
simulation and experiment are basically the same, whose braking torques are 391 N·m
and 378 N·m, respectively, and the values are very close. The experimental output power
versus speed is basically in a parabolic relationship, and the speed corresponding to the
peak power is approximately 350 r/min.
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tions.

However, as the speed increases, the torque under the experimental conditions tends
to decrease faster, causing the torque versus speed to be nonlinear. It is considered that
experimental conditions contain friction from ball bearings, which increases with rotation
speed. 300 r/min is about the efficient speed for common ball bearings, over which the
friction torque will increase greatly with speed. Therefore, the torque versus speed has
a greater gradient at speeds more than 300 r/min. In simulations, the mechanical loss is
not considered, so torque versus speed remains linear, leading to a larger peak power at a
larger speed. Another reason for the difference between the two peak power is that the
simplified simulation model gets the shaft power of the turbodrill, while the experimental
results are the overall power of the turbodrill. Due to the pulsation of the pump output
flow, there is a gap between the output power values in the two cases, especially over
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300 r/min. Low-speed turbodrills usually have rated speeds less than 400 r/min, and,
therefore, the prediction trend of the 100-stage simulation for the output performance of
the turbodrill is correct, and multi-stage simulation can be used as a method for predicting
the experimental performance parameters.

3.2. Flow Contour Analysis

Taking water as the drilling fluid, and the inlet flow rate as 1.5 × 10−2 m3/s under the
speed of 0 r/min; Figure 7 shows a streamline diagram of single-blade multi-stage blades
and full-cycle multi-stage blades, with the legend of velocity. As shown in Figure 7, after
the drilling fluid entered the blade flow path, the fluid particles basically moved along the
blade and separated from the leading edge of the stator. One point flowed to the suction
surface of the stator, and the other impacted the pressure surface. The flow velocity at the
leading edge of the first stage stator was small. Part of the fluid accelerated to the leading
edge of the rotor through the pressure surface of the stator, and the flow velocity gradually
increased along the suction surface of the rotor until the maximum curve curvature where
the speed reached the peak; the other part flowed directly to the next stage stator through
the suction surface of the stator. The velocity of the fluid in the pressure surface of the stator
and rotor was significantly higher than that at the suction surface. From the perspective of
the blade’s overall flow field, no flow separation occurred.
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Figure 7. Streamline diagram of single−blade multi−stage turbodrill blades.

Figure 8 shows the pressure contour diagrams of full-cycle multi-stage turbodrill
blades, axially and radially. It can be seen from the figure that the pressure contour
diagram of the overall watershed of the 100-stage blades decreased from the first stage
to the last stage and there was an obvious pressure gradient in the flow path. Figure 9
shows static pressure versus axial position in a single flow channel. Due to the centrifugal
force as Equation (18) indicated, pressure in Figure 9 was lower than that of the outer wall
in Figure 8. As the detected axial line passing through the suction surfaces and pressure
surfaces, the static pressure fluctuated periodically, but pressure drops in each stage were
almost the same, making the static pressure decrease linearly along with the whole turbine.
The pressure surface of the blades was higher than the pressure of the suction surface,
thereby generating a torque that made the rotor rotate, and energy conversion from pressure
energy to mechanical energy was realized.



Machines 2021, 9, 76 11 of 16

Machines 2021, 9, x FOR PEER REVIEW 11 of 17 
 

 

  
Figure 7. Streamline diagram of single−blade multi−stage turbodrill blades. 

Figure 8 shows the pressure contour diagrams of full-cycle multi-stage turbodrill 
blades, axially and radially. It can be seen from the figure that the pressure contour dia-
gram of the overall watershed of the 100-stage blades decreased from the first stage to the 
last stage and there was an obvious pressure gradient in the flow path. Figure 9 shows 
static pressure versus axial position in a single flow channel. Due to the centrifugal force 
as Equation (18) indicated, pressure in Figure 9 was lower than that of the outer wall in 
Figure 8. As the detected axial line passing through the suction surfaces and pressure sur-
faces, the static pressure fluctuated periodically, but pressure drops in each stage were 
almost the same, making the static pressure decrease linearly along with the whole tur-
bine. The pressure surface of the blades was higher than the pressure of the suction sur-
face, thereby generating a torque that made the rotor rotate, and energy conversion from 
pressure energy to mechanical energy was realized. 

  
Figure 8. Pressure contour diagram of full−cycle multi−stage turbodrill blades 

 
Figure 9. Static pressure in the first 8−stage blades’ channel. 

Figure 10 shows the volume fraction contours of the solid pseudo-fluid phase, axially 
and radially. As the original fraction was 10% from the inlet, the phase distribution 

Figure 8. Pressure contour diagram of full−cycle multi−stage turbodrill blades.

Machines 2021, 9, x FOR PEER REVIEW 11 of 17 
 

 

  
Figure 7. Streamline diagram of single−blade multi−stage turbodrill blades. 

Figure 8 shows the pressure contour diagrams of full-cycle multi-stage turbodrill 
blades, axially and radially. It can be seen from the figure that the pressure contour dia-
gram of the overall watershed of the 100-stage blades decreased from the first stage to the 
last stage and there was an obvious pressure gradient in the flow path. Figure 9 shows 
static pressure versus axial position in a single flow channel. Due to the centrifugal force 
as Equation (18) indicated, pressure in Figure 9 was lower than that of the outer wall in 
Figure 8. As the detected axial line passing through the suction surfaces and pressure sur-
faces, the static pressure fluctuated periodically, but pressure drops in each stage were 
almost the same, making the static pressure decrease linearly along with the whole tur-
bine. The pressure surface of the blades was higher than the pressure of the suction sur-
face, thereby generating a torque that made the rotor rotate, and energy conversion from 
pressure energy to mechanical energy was realized. 

  
Figure 8. Pressure contour diagram of full−cycle multi−stage turbodrill blades 

 
Figure 9. Static pressure in the first 8−stage blades’ channel. 

Figure 10 shows the volume fraction contours of the solid pseudo-fluid phase, axially 
and radially. As the original fraction was 10% from the inlet, the phase distribution 

Figure 9. Static pressure in the first 8−stage blades’ channel.

Figure 10 shows the volume fraction contours of the solid pseudo-fluid phase, axially
and radially. As the original fraction was 10% from the inlet, the phase distribution slightly
changed during the flow. The most concentration occurred at the leading edge of blades,
where the flow was blocked. Correspondingly, the volume fraction near trailing edges was
the least, indicating the position where the solid phase was unlikely to pass through. The
10% solid phase was in the middle of the flow channel, showing less change in momentum
than the water phase. The volume fraction near suction surfaces was less than 10%. This
indicates that the solid phase, of more density and viscosity, cannot work as expected as
the liquid phase does, which may cause the turbodrill to be less efficient with densified
drilling fluid than it was designed. The volume fraction did not vary significantly along
the radius.
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3.3. Effect of the Drilling Fluid Viscosity on the Turbodrill Output Performance

The change of the viscosity of the drilling fluid is mainly reflected in the change of the
dynamic shear force of the liquid phase. According to the mathematical model expression
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of the pressure drop of the turbodrill blades in Formula (19), the total pressure drop ∆P
increases as the total mechanical energy loss increases, and most of the mechanical energy
loss comes from the shear friction loss caused by the fluid viscosity. According to Formulas
(10) and (11), the energy dissipation caused by the viscous force work is positively related
to the viscosity of the fluid, so theoretically, an increase in the viscosity of the drilling fluid
will cause an increase in the pressure drop in the turbodrill, and the degree of change needs
to combine quantitative simulation data.

Figure 11 shows the pressure drop vs. speed performance curves for different drilling
fluid viscosities (1 mPa·s, 6 mPa·s, 16 mPa·s, 41 mPa·s). The drilling fluid flow rate is
1.5 × 10−2 m3/s, and the density is 1.16 g/cm3. As shown in Figure 11, the pressure
drop of the turbodrill does not substantially change with the rotation speed. Overall, an
increase in viscosity increases the pressure drop across the turbodrill. At a viscosity of
1 mPa·s, the pressure drop is 1.92 MPa, and at 41 mPa·s, the corresponding pressure drop
is 2.74 MPa, which is an increase of approximately 42.7%. Therefore, the simulation data
and the mathematical model reflect the same variation law, and the viscosity of the drilling
fluid has a great effect on the pressure drop of the turbodrill.
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Figure 11. Pressure drop vs. speed curves for different viscosities.

The effect of the drilling fluid viscosity on the turbine-level torque and power is
consistent. Based on Formula (24), the influence of the viscous fluid relative to the ideal
fluid is the assumed function F(µ). The flow of the three-dimensional viscous fluid along the
axis of the turbodrill and the centrifugal rotation relative to the blade are very complicated.
Figure 12 is a numerical simulation curve of torque vs. speed under different viscosities,
and Figure 13 is a numerical simulation curve of power vs. speed.

According to Figure 12, the torque of the turbine stage is linearly related to the speed.
In general, the torque decreases as the viscosity increases, but only slightly. The braking
torque is 430 N·m at a viscosity of 1 mPa·s and 389 N·m at a viscosity of 41 mPa·s, a
decrease of 9.53%. According to Figure 13, the power decreases as the viscosity increases.
When the corresponding power at the four viscosities reached the peak value, the rotation
speed was approximately 350 r/min, the peak power was 7.54 kW at a viscosity of 1 mPa·s,
and the corresponding power was 6.16 kW at a viscosity of 41 mPa·s, a decrease of 18.31%.
Therefore, the viscosity-related term in Formula (24) has a relatively small effect on the
torque of the turbodrill. At the optimal operating speed, the power is positively related to
the viscosity of the drilling fluid.

The possible reason for this phenomenon is that as the viscosity increases, the Reynolds
Number decreases, the degree of turbulence continues to weaken, the laminar flow con-
tinues to increase, the kinetic energy of the drilling fluid decreases, and the pressure drop
of the turbodrill increases. When the viscosity increases to a certain degree, the Reynolds
Number becomes fairly small so that the fluid flowing through the turbodrill channel has
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mostly become laminar flow. As the viscosity continues to increase, the pressure difference
required to promote the same fluid continues to increase at the same speed while the flow
characteristic does not change substantially, so the output torque does not change much.
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3.4. Effect of the Drilling Fluid Density on the Turbodrill Output Performance

The change of the drilling fluid density is mainly reflected in the site by densifying the
drilling fluid, that is, increasing the volume fraction of the solid phase. The mathematical
model expression of the pressure drop of the turbine stage is given by Formula (19). The
total pressure drop ∆P is related to the coefficient ρLg

1−ρSCV
, so regardless of whether it

increases the liquid phase density, the solid phase density, or the solid phase volume
fraction, will lead to an increase in the total pressure drop. At the same time, according to
Formula (24), when the average density of the two-phase flow changes, the torque, and
power of the turbodrill are positively related to it. Figure 14 shows the pressure drop
vs. speed numerical simulation curves under different drilling fluid densities (1 g/cm3,
1.16 g/cm3, 1.4 g/cm3, 1.6 g/cm3), when the flow rate is 1.5 × 10−2 m3/s and the viscosity
is 16 mPa·s. Figure 15 shows the torque vs. speed curve. Figure 16 shows the power vs.
speed curve.
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As shown in Figure 14, the increase in density will increase the pressure drop of the
turbodrill. The pressure drop at a density of 1 g/cm3 is approximately 2 MPa, and the
corresponding pressure drop at 1.6 g/cm3 is 2.95 MPa, an increase of approximately 47.5%.
As shown in Figures 15 and 16, when the average density of the two phases is increased
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from 1 g/cm3 to 1.6 g/cm3, the braking torque and peak power are increased by 56.3% and
65.6%, respectively. Therefore, the simulation data confirm the law of the mathematical
model very well: an increase in the drilling fluid density will greatly increase the torque
and power and improve the performance of the turbodrill. At the same time, the pressure
drop will also increase, which is not good for drilling.

4. Conclusions

In this paper, based on the basic equations of solid-liquid two-phase flow and the
modified Bernoulli equation, a mathematical model of turbodrill blade energy transmission
was established, considering the fluid properties. The mathematical model shows that
the viscosity of the drilling fluid does not have a very large effect on the torque and
power of the turbodrill, but the increase in viscosity will greatly increase the pressure drop
consumed by the turbodrill, thereby reducing the working efficiency. A 100-stage turbodrill
channel fluid model was established, which improved the multi-stage and multi-blade
simulation method. The simulation results were verified by the existing experimental
results. The effects of fluid viscosity, and fluid density on the output performance of
the turbodrill were qualitatively analyzed. The numerical simulation results show that
aggravating the drilling fluid can significantly increase the torque and power and improve
the performance of the drilling tool, but at the same time, it will increase the pressure drop
of the hydraulic components. Therefore, the composition of the drilling fluid should be
reasonably configured. For the drilling fluid, conditions of medium viscosity (16 mPa·s) and
medium density (1.6 g/cm3) are more conducive to the optimal operation of the turbodrill.
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