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Abstract: Small-diameter turbodrills have great potential for use in slim boreholes because of their
lower cost and higher efficiency when used in geothermal energy and other underground resource
applications. Multistage hydraulic components consisting of stators and rotors are key aspects of
turbodrills. This study aimed to develop a suitable blade that can be used under high temperature
in granite formations. First, prediction models for single- and multi-stage blades were established
based on Bernoulli’s Equation. The design requirement of the blade for high-temperature geothermal
drilling in granite was proposed. A Φ89 blade was developed based on the dimensionless parameter
method and Bezier curve; the parameters of the blade, including its radial size, symotric parameters,
and blade profiles, were input into ANASYS and CFX to establish a calculation model of the
single-stage blade. The optimization of the blade structure of the small-diameter turbodrill enabled
a multistage turbodrill model to be established and the turbodrill’s overall output performance
to be predicted. The results demonstrate that the design can meet the turbodrill’s performance
requirements and that the multistage model can effectively improve the accuracy of the prediction.

Keywords: slim borehole; granite section; turbodrill; multistage simulation models; output
performances prediction

1. Introduction

High dry rock (HDR) [1] can be directly extracted to obtain hot steam and water that can be used
to generate clean energy [2]. Tibet, Yunnan, Hainan, and the northeast and southeast coastal areas of
China have a large amount of hot dry rock geothermal resources. Because small-diameter drilling can
greatly reduce the labor intensity and cost of extracting such resources, such drilling can be regarded
as a potential method for use in geothermal exploration [3]. HDR primarily consists of igneous or
metamorphic rocks of high hardness and poor drillability, such as granite and gneiss; the temperature
of a high-temperature geothermal reservoir is typically greater than 200 ◦C and can even reach 500 ◦C.
When drilling a slim hole using a conventional drill, the amount of borehole friction is excessively high,
thus making it difficult to pass the power to the bottom [4]. The common screw drill cannot be used
under conditions of high temperature [5] with large rotational vibration. Practical work shows that an
all-metal turbine drill with impregnated diamond bits [6] has good temperature adaptability and high
efficiency in terms of the hard rock formations [7]. The first application of turbodrills and hybrid bits
for drilling cretaceous formations with high chert content was reported in the south Mexico region [8].

A turbine is made of several stages. Each stage is made of one or several rows of blade rings [9],
which determine the output characteristics of the turbo-drill [10]. The key to success is to match the
output characteristics with the formation properties. Therefore, the turbine drill design must first be
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based on the formation properties based on the appropriate performance indicators that are used to
conduct the individual design of the blades. The accuracy of the blade’s design is critical to the success
of the turbodrill [11]. Before the manufacture of the turbine blades and its mold, it is particularly
important to accurately predict its output performance, which in turn guides the optimization design
of the turbine blades.

Many achievements have been made during the century of development of turbodrill
technology [12]. Before 2000, the conventional turbine drill size was generally greater than 5”. With
the increased implementation of coiled tubing technology [13], the use of small-diameter turbine
drills has become a topic of increasing interest after slowly transitioning from use in oil drilling to
areas of high-temperature geothermal drilling, among other applications. However, regardless of the
specifications of the turbine drill, the blade design and field research have become the main aspects of
research on small-diameter turbodrilling.

Jin and Daliang [14] analyzed the influence of the blade profile on the flow parameters of liquid
flow and found that the turbine performance is mainly affected by the uncontinuous curvature on
the blade profile. Reference [15] detailed the design enhancements made to the turbodrill to establish
a shorter tool with more power to address current and future applications. Reference [16] analyzed
the applications and developments in turbodrills based on an analysis of recent runs on Coiled
Tubing (CT). Ding et al. [17] applied CFX-BladeGen to develop the single-turbine-blade model and
performed a numerical simulation calculation for a Φ115 mm turbodrill. Hu et al. [18] analyzed the
principle and characteristics of the Bezier curve used in the design of a turbine blade. Reference [19]
examined the history of turbodrilling and described a number of the harshest and most complex
drilling environments in which turbodrills have been notably successful. Reference [20] described
several improvements to the turbodrill design (such as blade design) that have enabled reductions in
the tool length, thereby allowing easier rig up for coiled tubing applications. Mokaramian et al. [21]
conducted computational fluid dynamics (CFD) simulations to determine the performance of a
single-stage turbodrill with different rotation speeds and mass flow rates. The optimum design
parameters for achieving the required rotation speed and torque for hard-rock drilling were proposed.
In Reference [22], after using Solidworks software to draw the turbine blade profile, Fluentsoftware
was used to simulate and analyze the flow field pressure and velocity change of the turbine cascade of
the commonly used five-circarc profile and cubic polynomial profile. Hongbo et al. [23] designed a
turbodrill blade according to the quintic polynomial and used the Solidworks 3D modeling software
and a single-blade model to analyze the hydraulic performances of the turbine blades under different
viscosity levels. Zhitao et al. [24] built a single-stage turbodrill model based on CFD software to
simulate blade performance at different rotation speeds. Yu et al. [25] built a computational model
of a single-stage blade on ANSYS CFD for a Φ127 turbodrill applied in a crystallized section under
high-temperature and high-pressure conditions. Miyazaki et al. [26] developed a turbine-driven coring
system for use in hard rock. The turbine blade used was the type that provides high-rotation speed
without a Leaf crown, and it has been tested on shore. The Φ127 turbine blade was established based
on the Bezier curve, experimental design theory, and the response surface method. A single-stage blade
simulation model was built to study the performance of the blade [27]. Qiang et al. [28] constructed
multiple-sectional linear turbine blades according to five polynomial methods. A single-stage turbine
runner mesh model was built to simulate the increase in hydraulic efficiency.

In summary, the current drill turbine blade design is mainly based on the principle of an axial
turbine, i.e., the conservation of energy and momentum of the fluid momentum theorem. However,
the current design mainly focuses on studying individual single-stage turbine blades. As a result, there
are three main aspects to be improved in the design: (1) the drilling mud flow is ignored when using
the energy conservation in studying a single-stage blade, without considering the centrifugal field;
(2) the interaction between the blades at the same level is ignored when using a variety of curves to
design the turbine blades to predict the performance; and (3) it is generally assumed that the energy
of each stage is the same regarding the overall performance of the turbine drill, with the predicted
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performance often based simply on the product of a single-stage turbine performance and the stage
under consideration. In fact, each stage of the single-stage blade has a corresponding energy loss,
causing the output energy to not be equal to the overall energy input. Based on the aforementioned
assumptions, the boundary conditional difference for a small-diameter turbine drill is greater than that
for the large-diameter turbine drill because of the small size of its radial and axial pressure drop.

This study aimed to design turbine blades to be used under high-temperature conditions and in
hard rock formations. First, prediction models of a single-stage turbine blade and a multi-stage turbine
blade were developed based on the modified Bernoulli Equation to overcome the above-described
drawbacks, thereby improving the accuracy of the final results. The specifications of the blade were
raised based on the hard-rock formation properties of the high-temperature geothermal reservoir.
The geometrical parameters and blade profile of a Φ89 mm blade were developed according to the
dimensionless coefficient method and Bezier curve design theory; three-dimensional solid modeling of
the turbine blades was performed, and then, the modeling results were imported into the ANSYS/CFX
module to obtain a single-stage multi-leaf computational runner, thus completing the optimization
of the small-diameter turbine blade structure. Finally, a multi-stage turbine simulation model was
developed to predict the overall output performance of the turbine drill.

2. Hydrodynamic Model of a Turbodrill Blade

2.1. Hypothesis of the Model

The turbodrill blade is made of a stator and rotor, both of which are axial-flow hydraulic
components. Figure 1 shows a single-stage blade; its stator can be tightened by an axial force. Through
stator blade 1, the drilling mud can flow and then pass into rotor blade 2; two different movements
occur during this process: circular and relative movement. Rotation shaft 3 and the stator can output
the torque at high speed. An overall turbine section is formed through a series of connections between
the multi-stage turbodrill blades.
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Figure 1. Schematic of the turbodrill blade assembly. 1 stator blade; 2 rotor blade; 3 rotation shaft.

As shown in Figure 1, the fluid into the turbine will flow between the surfaces of the two cylinders
with R1 and R2. However, each fluid mass point has one distance to the axial line, resulting in different
interactions between the blades and the relative velocity of the fluid. Therefore, there is one structural
characteristic cylindrical surface with diameter R among the cylinders, whose velocity is assumed to
be the mean of the overall system. The energy accumulated by motion at this velocity can represent
the overall rotational kinetic energy. Based on the element theory method (ETM), the mean diameter is
given by:

R =
2
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R3
1 − R3

2
R2

1 − R2
2

(1)

The model is established based on the Euler equation and the following assumptions: (1) the fluid
is a Newtonian fluid; (2) the blade is infinitely thin; and (3) no flow loss and fluid compression loss out
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of the stator cylinder occur. Based on these assumptions, the drilling fluid can flow in accordance with
the blade’s requirements without friction loss.

2.2. Inertial Force Field

The kinetic energy and pressure energy of the drilling fluid will be transformed and redistributed
into mechanical energy during operation through the turbodrill blade, thereby producing the output
driven energy of the rotation shaft. In the results of previous studies [25], the influence of the rotor due
to rotation motion is ignored; however, in practice, the drilling fluid is influenced by not only gravity
but also the centrifugal force, as shown in Figure 2. The three dimensional coordinate system is built
to describe the force analysis of the drilling mud, shown as Figure 2. According to the actual flow state
of drilling fluid, centrifugal force is in the plane of coordinates XOY, and the direction of the gravity is
the same as the direction of the coordinate Z. As a result, the energy from the centrifugal force should
be included in Bernoullis Equation. The actual inertial force field is shown in Figure 2.
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Figure 2. Inertial force field of the turbodrill blade.

Here, we assume that the turbodrill blade will maintain a stable rotation speed during drilling
operation. The rotating turbodrill blade is chosen as the reference system, in which the drilling fluid is
relatively constant. Select point A on one streamline of the drilling mud with diameter r, on which
the gravity and inertial centrifugal force are exerted. Its components along the x-, y-, and z-axes
are, respectively: 

X = ω2x
Y = ω2y
Z = −g

(2)

Accordingly, the definition of potential function produced by mass can be expressed by
the formula:

W =
∫

dw =
∫

Xdx + Ydy + Zdz =
1
2

ω2r2 − gz (3)

Combining the potential function produced by mass shown in Equation (3) and the Bernoulli
equation, in the rotating environment, the Bernoulli equation for the unit weight of drilling mud is
expressed as:

z +
p

ρg
+

u2

2g
− ω2r2

2g
= C (4)
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2.3. Energy Transformation Model

To better illustrate the three-dimensional fluid flow, the structural characteristic surface of the
drilling mud is expanded into a 2-dimensional map. As shown in Figure 3, the cross-line of the stator
and rotor represents the section of a certain position of the blade. The flow routine can be divided into
two parts: one is from stator entrance 0-0 to stator exit 1-1 (which is used to guide the drilling fluid),
and the other is from rotor entrance 1-1 to rotor exit 2-2 (which is used to drive the rotation shaft).
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For the first-stage stator, the pressure energy of the fluid will be transformed into kinetic energy
and partial hydraulic loss because of the lack of mechanical energy output. There is a hydraulic
loss during this process.According to Bernoulli’s equation, the energy at the input and output of the
turbodrill stator is given by: 

E0 = p0
ρg +

c2
0

2g + z0

E1 = p1
ρg +

c2
1

2g + z1

E0 = E1 + hhs1

(5)

For the first-stage rotor, the majority of the energy will be transformed into mechanical energy
and hydraulic loss because of the mechanical rotation energy output. The flow of drilling fuild is not
only affected by gravity, but also by the centrifugal force. According to Bernoulli’s equation, the energy
at the input and output of the turbodrill rotor is given by:

E1 = p1
ρg +

c2
1

2g + z1

E2 = p2
ρg +

c2
2

2g + z2 − ω2R2

2g

E1 = E2 + hhr1

(6)

According to the Equations (5) and (6), the pressure energy of the stator and rotor and the overall
loss of the first-stage stator and rotor can be written as follows:

∆ps1
ρg = p0−p1

ρg =
c2

1−c2
0

2g + (z1 − z0) + hhs1

∆pr1
ρg = p1−p2

ρg =
c2

2−c2
1

2g + (z2 − z1) + hhr1 − ω2R2

2g

∆ps1
ρg + ∆pr1

ρg =
c2

2−c2
0

2g + (z2 − z0) + (hhs1 + hhr1)− ω2R2

2g

(7)

Although the flow of each stage turbine is of the same structure and equal length and has
approximately the same flow rate and flow behavior, energy loss occurs in different stage turbines,
causing the absolute output velocity to be less than the input velocity in practice.
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Based on Equation (7), the mechanical energy loss in the first stage can be described by the
following formula:

(hhs1 + hhr1) = (
∆ps1

ρg
+

∆pr1

ρg
) +

c2
0 − c2

2
2g

+ (z0 − z2) +
ω2R2

2g
(8)

Repeating the procedure described above, the overall mechanical energy loss of the multi-stage
turbines can be written as:

Z

∑
i=1

(hhsi + hhri) = ∆p +
c2

0 − c2
Z

2g
+ (z0 − zZ) + Z

ω2R2

2g
(9)

For the single-stage turbine, the torque of the blade in the stator is equal to the torque in the flow
aisle but with opposite direction. Therefore, the torque can be obtained by considering the flow law of
the fluid between the two blades. According to the theorem of the moment of momentum, the torque
of the first stage turbine and the main axis is calculated as:

M1 = ρQiR · (c1cosα1 − c2cosα2) = ρQiR · (c1u − c2u) (10)

The output torque on the rotation shaft driven by the i-th-stage turbine is calculated as:

Mi = ρQiR ·
(

c(2i−1)cosα(2i−1) − c(2i)cosα(2i)

)
= ρQiR ·

(
c(2i−1)u − c(2i)u

)
(11)

The transfer power consumption of the i-th-stage turbine blade is calculated as:

Ni = Miω = ρQiRω ·
(

c(2i−1)cosα(2i−1) − c(2i)cosα(2i)

)
= ρQiRω ·

(
c(2i−1)u − c(2i)u

)
(12)

The torque of the multi-stage turbine (assuming the series is Z) is the sum of the torque of each
single-stage; thus, the total output torque of the rotation shaft is given by:

M = ρQiR ·
Z
∑

i=1

(
c(2i−1)u − c(2i)u

)
N = ρQiRω ·

Z
∑

i=1

(
c(2i−1)u − c(2i)u

) (13)

In comparison to Equation (13), the result is smaller than that calculated from the sum of the first
single-stage turbine because the fluid has less energy. The method of collaborative simulation of the
multi-stage turbine blades is important in predicting the performance of the turbine drill.

3. Design of the Turbodrill

3.1. Design Process of the Turbodrill Blade

With the impregnated diamond bit, the Φ89 turbine is intended for drilling hot crystalline rock
formations, for which the rock drillability classification number is from 7 to 8. The maximum downhole
temperature is 120 ◦C. Table 1 shows the functional parameters of the turbine.

Table 1. Target performance parameters of the turbodrill (Φ89).

Items/Unit Value Items/Unit Value

Outside diameter/mm 89 Pressure drop/MPa 6–8
Working flow/L·s−1 6–7 Rated torque/N·m 350

Rotation speed/r·min−1 1800 Drilling fluid density/kg·m−3 1000–2000
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The blade design includes its structure and profile designs, which are keys to the design of
the turbine drill. As shown in Figure 4, the radial and axial size are determined based on the
formation properties and rock drillability. The dimensionless coefficient design method [25] was
used to determine the blade’s entrance and exit structural angles. The method of Bezier curve
modeling was used to design the corresponding blade profile, and a single-stage blade simulation was
used to conduct the partial correction; the simulation was conducted on the multi-stage blade, whose
outcomes were used to forecast the turbodrill overall performance. The final modified turbine blades
were manufactured to be used in the field test.
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3.2. Structure Design of the Turbodrill Blade

The design of the turbine blades includes the outer cylinder turbodrill size and the radial and axial
sizes of the turbine; the parameters involved in the design must be checked. The design principle is to
maximize the flow area (orifice area) while ensuring adequate structural strength, thereby improving
the output mechanical energy. The outer turbodrill cylinder is made of special steel for the drilling tool
with an outer diameter of Φ89 mm, and the shell thickness is 8 mm. For the shell material, 40CrMo,
which has high mechanical properties and better heat-treated properties, is selected.

The rotation shaft is a solid axis for bearing the drill bit torque, rotor torque, and axial weight
on bit (WOB). The rotor’s inner diameter determines the shaft diameter, both of which work through
the clearance fit. The solid shaft torsional stress suffered should be less than the allowable twisting
stress. The axial loads suffered should meet the column stability conditions. The rotation shaft can
be considered as the compressive column under the bit’s weight. The axial load of rotation shaft
should meet the stability of column, and the stress should satisfy the formulas, σ = P

ϕA = 4P
ϕπd2 ≤ σp.

The diameter should be larger than the maximum diameter calculated by different demands:

d ≥ Max

{
3

√
[S] · T
[τ]

, 2

√
4P

ϕπσp

}
(14)
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The radial size of the turbodrill blade is excessively large. Considering the casting difficulty and
strength, the radial thickness of the thinnest part is 1.25 to 3 mm. To prevent interference between the
static and dynamic components and considering the precision, the clearance between the stator parts
and rotor is selected to be 0.75 to 1.25 mm. Figure 5 shows the partial design parameters and radial
sizes selected.
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3.3. Turbine Blade Profile Design

The turbine blade profile can influence the flow field of the path by changing the mud velocity and
pressure distribution. To reduce fluid friction loss, the profile line of the blade should be continuously
changed such that the blade surface pressure distribution and velocity can vary smoothly. When
calculating the incompressible flow field, the uniform flow field is used to describe the evolution of
pressure and velocity according to physical space and time. The available mass conservation equations
and the momentum equation can be derived according to the unsteady boundary layer basic equations
of motion flow for the incompressible fluid. The boundary curvature radius R has a greater influence
on the fluid. The blade surface should have a continuous curvature derivative to maintain the smooth
distribution of the speed and pressure of the blade. Assume that the blade-type line is y = f (x), and the
type of line curvature and third derivatives are, respectively:

C = 1
R = y′′

[1+(y′)2]
3
2
= f ′′

[1+( f ′)2]
3
2

C =
f ′′′
[
1+( f ′)2

]
−3 f ′( f ′′)2

[1+( f ′)2]
5
2

(15)

Although the combined line can satisfy the continuously shrinking demands of the inlet, outlet
and channel of the blade, there is often a discontinuous curvature derivative point at the junction of the
curve that can cause nutation of the flow velocity and pressure and reduce the hydraulic characteristics
of the turbine. Therefore, this design uses a combination of computer-aided design and configuration
Bezier blade profile to eliminate the catastrophe point. Based on the semi-circular arc of the head
and trail edge, the blade profile of the stator and rotor is designed as shown in Figure 6. The turbine
blade profile, which is described by the data array, can be easily manufactured using a numerical
control machine.
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4. Numerical Simulation and Test

4.1. CFD Model of the Turbodrill Blade

The single blade-to-blade flow field mode is mainly used to simulate a blade. The model ignores
the mutual interference between the blades and the influence of the rotor blades on the flow field.
In addition, a single runner blade model will set be as a standard quadrilateral, which has a different
exit compared to the actual field case. Thus, the simulation results are substantially different than the
field results.

In this paper, we use a single-stage turbine blade simulation to improve the blade design.
The multi-stage and multi-blade turbodrill is used to predict the performance. First, a single-cycle
turbine blade in the two-dimensional model is drawn in Bladegen. Next, a two-dimensional model of
an annular array of the turbine blade in a single stage is formed, extending upward and downward to
a time length of the blade. An import and export boundary flow channel is implemented, forming a
closed fluid channel. A single-stage multi-blade flow model is obtained. Next, the three-dimensional
model is implemented into ANSYS through Bladegen to form the single-stage multi-blade CFD
simulation model shown in Figure 7.
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4.2. Meshing and Boundary Conditions

In the simulation, the stator and rotor are meshed using the full flow path method. The multistage
turbine stators and rotors are stacked according to the actual assembly. Different grid coordinates
are set to each level. The boundaries of the rotor can be set to a controllable speed value. The partial
profile wire is intelligently encrypted, and the grid nodes and elements can be adjusted to ensure
sufficient accuracy of the flow field. Because the field flow is turbulent, the stator and rotor grid cell
are all hexahedral meshes, as shown in Figure 8. Different models must set different borders according
to the difference between the flow fields in ANSYS. Because the three-dimensional flow field in this
simulation is continuously differentiable turbulent flow, the calculation of the control theory should
use turbulence theory. In addition, the default equation is the Reynolds equation.
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Figure 8. Finite element model after meshing. (a) Meshing of the stator; (b) Meshing of the rotor.

Table 2 plots the meshing of the single and multi-stage turbine simulation. The drilling mud has
a certain density and viscosity. During the simulation, Fluid is selected as the condition to analyze
these two constants. Other analysis parameters are generally set by default in ANSYS. After these
procedures, Define Run is used to perform the corresponding analysis of the calculation results.
In ANSYS CFD-Post, the corresponding calculation result can be used in the Insert function to obtain
the blade velocity field and pressure field.

Table 2. Mesh number of divisions for single stage and multistage turbodrill blade.

Grid Number of Nodes Number of Units Number of Hexahedrons

Single flow passage of stator 133,325 121,920 121,920
Full flow passage of stator 133,325 × 16 121,920 × 16 121,920 × 16

Single flow passage of rotor 133,325 121,920 121,920
Full flow passage of rotor 133,325 × 16 121,920 × 16 121,920 × 16

Flow passage of single stage multi-blade 1,333,250 × 32 1,219,200 × 32 1,219,200 × 32
Flow passage of multi-stage multi-blade 1,333,250 × 160 1,219,200 × 160 1,219,200 × 160

4.3. Test Principle of the Turbodrill

As shown in Figure 9, a high-pressure three-throw reciprocating pump is used in the drilling
mud circulation system. A certain high-pressure mud is output through the manifold to drive the
Φ89 drill to rotate and penetrate. The circulation system can also ensure that the mud is cleaned and
return it to the pool. The test bench is primarily composed of the turbine drill support and involves
righting, holding, lifting and other basic operations. The power head on the slide is used to provide
continuously adjustable WOB to the bottom of the turbine drill bit as well as some rotational torque to
drive the turbodrill.

The control system can be used to measure the WOB, pressure, flow, rate of penetration (ROP),
footage, output torque, and speed equal amount in real time. The mud pump flow rate can be adjusted
continuously. The results can be displayed on the display simultaneously. The control system is also
equipped with the function of a security alarm in case of emergency. The data can be saved in real
time to facilitate off-line analysis and synthesis.
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The test works can be conducted using the cross multiplication method. The main parameters
can be changed to test the output performances. Different WOB levels are exerted on different types
of granite blocks. The turbine output torque and speed are measured [29]. The relationship between
import and export the same amount of pressure, research output torque and efficiency of the turbine
drill speed.

5. Result and Discussion

5.1. Simulation of a Single-Stage Turbodrill Blade

Figure 10 plots the pressure and flow cloud diagram of the single-stage turbine when the flow
rate is 6 L/s. As shown in the figure, there are the two different directions after the drilling mud flows
into the path: one toward the suction surface of the stator, and the other toward the pressure surface
of blade. The velocity of the drilling mud in the stator and rotor is nearly zero at the leading edge
and trailing edge. The pressure at the the velocity at the surface is often greater than the flow rate of
the suction surface. The pressure and flow cloud diagram of the single-stage turbine did not produce
stalls and other anomalies, thereby proving that the profile shape is reasonable and meets all of the
design requirements.

As shown in the figure of the pressure field, after drilling mud into the flow path, the difference
in the pressure distribution between the pressure surface and suction surface of the stator blade is
relatively small. When the drilling mud flows through the rotor blades, the pressure surface and
suction surface are impacted by the pressure field. In addition, the pressure of the pressure surface was
significantly lower than the pressure of the suction surface, where a large pressure difference exists.
This process contributes to the rotor blade moving toward to the pressure surface, thereby providing
the impetus for the torque generated.

The output characteristics of the turbine blade can be obtained by using the CFX software, as
shown in Figure 11. According to the simulation results, the working brake torque of the single-stage
turbine is 1.8 N·m. Under normal operating speed, the torque is 1.5–2 N·m, the maximum power
is 0.19 kW, the speed can reach up to 3800 r/min when idle, and the optimal operating speed is
approximately 1800 r/min. At the designed operating speed, the pressure of the power section can
likely drop to 0.029–0.032 MPa, which does not substantially contribute to the speed change. This
result corresponds with the theoretical value, which is less than the design value of 0.03–0.04 MPa.
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Figure 11. Simulated output performances of the single-stage turbodrill blade.
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5.2. Simulation of the Multistage Turbodrill Blade

In previous studies, it is assumed that the boundary conditions are the same at each stage when
the single-stage turbine simulation is conducted to predict the overall performance. However, energy
loss occurs in each stage. In addition, the speed direction of the outlet boundary of the rotor will
change, thus affecting the flow field considerably. Therefore, the inlet and outlet speeds of the first-
and second-stage turbine is different. As a result, a simple simulation involving multiplying the results
of every stage cannot provide an accurate prediction of the output performance.

A multi-stage turbine simulation can overcome this drawback and better simulate the actual
conditions. As shown in Figure 12, when the flow is 6 L/s, the inlet and outlet pressures of the first- and
second-stage turbodrill blades are different, and the pressure or velocity of flow of the second-stage
turbodrill blade is smaller than that of the first stage. In addition, the pressure or velocity of flow of the
subsequent stage turbodrill blade is smaller than that of the previous stage, and this trend continues
for the increasing stages, with progressive decreases in pressure and velocity.
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5.3. Comparison with the Experimental Results

Data A represent the simple product of the result obtained by the single-stage output and the
number of turbine stages. Data B represent the machine’s performance, which is transformed by
the five-stage simulation results and the number of turbine stages, while considering the interaction
between the multi-stage turbodrill blades. Data C are the experimental measured data of the turbodrill.
Data D are the design aims of the turbodrill. In comparison to design aim D, C represents the practical
overall performance of the turbo-drill prediction, which is obtained from the drilling test.

Figure 13 plots overall performance of the Φ89 mm turbo-drill predictions, including torque,
power, and pressure drop, with the change in rotation speed. The optimum operating actual speed
is found to be in the range of 900–1800 r/min based on the multi-level simulation and experimental
measurement. The torque fluctuates in the range of 200–300 N·m, and the power is in the range
of 25–38 kW. Regarding the value of the torque prediction, the overall outcome of the multi-stage
simulation is less than that of the single-stage, with a deviation of 3–16 N·m. The maximum driven
torque of the turbodrill is from data D, followed by the values from data A and data B; the minimum
value is from data C. Thus, the outcome of the multi-stage simulation is closer to the real performance
given by data C.Data D are the design aims of the turbodrill, which are generally idealized. Data A are
the results from one single stage multiplied by the number of stages, which are remarkably close to the
design aims, but far from the actual experimental value. The results from the total n-stages geometry
simulated (Data B) are close to the experimental value. That is to say, the outcome of the multi-stage
simulation has the highest accuracy. We recommend this method for predicting the performance of
the turbodrill.Energies 2016, 9, 1035 15 of 18 
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Figure 13. Comparison between the experimental results and predicted values.

The power predicted in the multi-stage simulation is higher than that of the single-stage simulation.
The deviation between data C and data D is modest, in the range of 0–1 kW. The comparative
experiments illustrate that the overall trend is D > A > B > C. The multi-stage simulation result is
closer to the real test result. Regarding the pressure drop, the result of the multi-stage simulation is
higher than that of the single-stage simulation, with a deviation of 0–1 MPa. The comparative studies
demonstrated that the overall pressure drop predicted follows the trend of C > B > D > A, with the
multi-level simulation prediction being closer to the real test measured performance values of data C.
Overall, the results of the multi-stage simulation can be used to predict the performance parameters.

The multi-stage simulation method has the highest accuracy. We can analyze these results based
on the following explanations. Firstly, the inertial centrifugal force is considered to modify Bernoulli
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Equation in the same streamline for per unit weight of the drilling mud. According to Equation (6),
the energy in this situation is smaller than normal. Secondly, the coupling effect between different
stage turbodrill blades is considered in the multistage simulation, which enables the flow field much
closer to the real. Finally, the traditional method for the single-stage simulation and design has some
inevitable defects. Herein a new design and performance prediction method for turbodrill are put
forward in this paper to enhance the accuracy. I believe that this method will have great application.

6. Conclusions

(1) A Φ89 mm turbodrill blade was developed for high-temperature geothermal drilling of granite
formations using a Bezier curve design. The single- and multi-blade turbine simulation was used
to achieve the optimization and correction of the turbine profile. The relevant manufacturing and
assembly work were also completed.

(2) The output characteristics of a turbine blade model were established based on the gravitational
and rotation centrifugal field, using the Bernoulli equation and the momentum theorem.
The traditional model was modified, and the accuracy of turbine performance prediction
was improved.

(3) The turbodrill has 200 stages. The braking torque can reach 341 N·m. The maximum speed is
approximately 3800 r/min, and the maximum power is approximately 38 kW. The rated speed
is approximately 1800 r/min, and the pressure drop is less than 8 MPa, consistent with the
theoretical design and meeting the design requirements. Based on the multi-stage simulation
and optimization interval theory, the entire range of fluctuation of the optimum operating actual
speed is 900–1800 r/min, and the torque fluctuates in the range of 200–300 N·m. The power
fluctuates over the range of 25–38 KW, which reaches the level of the highest efficiency turbine,
i.e., it is the best working range.

(4) The multi-stage simulation was used to predict the turbodrill output performance by comparing
the single-stage turbine simulation and the entire real analysis; the multi-stage simulation
was found to be closer to the truth, i.e., it is more accurate than the single-stage simulation.
The multi-stage simulation is a suitable method for predicting the performance parameters.

Acknowledgments: This work is supported by the National Natural Science Foundation of China (No. 41572360),
the Fundamental Research Funds for the Central Universities (No. 292015061), and the National Key Technology
Support Program (No. 2015BAD20B02). We sincerely acknowledge the former researchers for their excellent
works, which greatly assisted our academic study.

Author Contributions: Yu Wang and Bairu Xia established the hydrodynamic model of turbodrill blade. Yu Wang
and Zhiqiao Wang conceived and designed the experiments and wrote the paper. Zhiqiao Wang performed
the experiments, Qin Zhou analyzed the data, and Liguang Wang contributed to the simulation results for the
turbodrill blade.

Conflicts of Interest: The authors declare no conflicts of interest.

Nomenclature

X, Y, and Z unit mass gravity of the x-axis, y-axis and z-axis, respectively, N/m
ω angular velocity of the revolving turbodrill blade, rad/s
r radius of the point A, m
W potential function produced by mass, m3/s
z height of point A, m
p pressure of point A, pa
u flow rate of the drilling mud with respect to the turbodrill blade, m/s

E0 and E1
energy of the drilling mud at the inlet and outlet of the first-stage turbodrill
stator, respectively

p0 and p1
pressure of the drilling mud at the inlet and outlet of the first-stage turbodrill stator,
respectively, Pa

c0 and c1
absolute speed of the drilling mud at the inlet and outlet of the first-stage turbodrill
stator, respectively, m/s
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z0 and z1
height of the drilling mud at the inlet and outlet of the first-stage turbodrill stator,
respectively, m

hhs1 mechanical energy loss of the first-stage turbodrill stator, m
E2 energy of the drilling mud at the outlet of the first-stage turbodrill rotor
p2 pressure of the drilling mud at the outlet of the first-stage turbodrill rotor, Pa
c2 absolute speed of the drilling mud at outlet of the first-stage turbodrill rotor, m/s
z2 height of the drilling mud at outlet of the first-stage turbodrill rotor, m
hhr1 mechanical energy loss of the first-stage turbodrill rotor, m
Z series of the multi-stage turbodrill blades
Z
∑

i=1
(hhsi + hhri) total mechanical energy loss of the turbodrill

∆p total pressure loss of turbodrill, pa
cZ absolute speed of the drilling mud at the outlet of the Z stage turbodrill rotor, m/s
zZ height of the drilling mud at outlet of the Z stage turbodrill rotor, m
d diameter of the rotor shaft, mm
T torque on the rotor shaft, N·mm
[S] safety factor of the shaft materials
[τ] allowable twisting stress, MPa
P weight on the bit, N
ϕ reduction factor according to the flexibility of the shaft
σp allowable stress for the strength calculation, N/cm2

WOB weight on bit
ROP rate of penetration
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