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Abstract

For turbo drilling machine operations, several types of drilling mud can be used. The major factors
influencing the choice of drilling fluid are: Cost, ecological impact, and the technical performance of
the machine. Water-based drilling mud is widely used in drilling turbines. It consists of freshwater with
additives such as sand. These added materials will influence the properties of the mud, increasing the
density, and changing the rheological properties.

In this present work, the influence of the physical properties of the drilling mud (density, viscosity),
and flow conditions (mass flow rate) on the performance and flow characteristics of a specified
turbodrill Model is investigated. For this purpose, the computational fluid dynamics approach was used
to simulate the flow inside one stage of the considered turbine. Various values of mass flow rate,
density, and viscosity were tested. A very good agreement was found between the experimental
measurements of the manufacturer and the current simulation results for the performance curves.
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1. Introduction

Turbodrills are all metal axial drilling machines, They can drill in a hard rock environment [1], in
very deep wells where the pressure and temperature are very high. Therefore, these machines
have a great importance in modern drilling technologies as directional drilling, and coil tubing.
The reason of this renewed interest in this equipment is related to its high mechanical re-
sistance, flexibility in using various types of drilling fluids and the compatibility with multiple
models of the drill bit.

The working principle of the Turbodrill is to convert the hydraulic energy of the drilling mud
into mechanical energy inside the turbine stage [21.

For turbo drilling machine operations, several types of drilling mud can be used. The main
factors influencing the choice of the drilling fluid are [3] :

- Cost.
- Ecological impact.
- Technical performance of the machine.

Water-based drilling mud is widely used as the driving fluid of drilling turbines. Largely for
economic reasons, the base fluid is freshwater with additives such as baryte or bentonite [4] ,
These added materials will influence the properties of the mud, increasing the density and
changing the rheological properties especially the viscosity.

Studying the flow and the performance of turbodrills employing CFD simulations has been
a subject of interest of recent researches. Many of them tested the physical properties of the
mud and the flow condition on the performance of the Turbodrills. According to the extensive
work of Monteiro et al. [5], a performance evaluation of a 200 stage drilling turbine was done
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by using computational methods. Through the simulation, two different drilling fluid types
were considered; seawater and brine. At different flow rates, the researchers investigated the
changes of pressure contours, velocity vectors, output power, and other performance factors.
As a result, optimum operation parameters are proposed for achieving the required rotational
speed and torque for post-salt environments.

Yu Wang et al. 6] carried out an interesting study about small diameter Turbodrills, where
a ®89 blade was developed. The blade profile was imported into the software to create a
numerical model of the single-stage blade. The multistage design of the turbodrill model was
enabled by the optimization of the blade geometry. That optimization also helped in predicting
the flow characteristics and performance. The obtained results showed that the turbodrill per-
formance requirements can be achieved by their design. Furthermore, the prediction accuracy
can be enhanced by the multistage model.

According to Zhang et al. 71, an optimization study on turbodrill blades was carried out.
The researchers took the turbodrill tested on the bench as the case study. Using third-order
Bezier curve fitting blade surfaces, the simulation model was built. An optimized design for
the blades was proposed to obtain the new performance factors which gave an efficiency
improvement of more than 10%.

Zhang et al. 18] prepared multiple cascade CFD models of turbodrill with different modified
profile angles. The circumferential force and the hydraulic efficiency were chosen as the pa-
rameters of evaluation. Finally, the impact of the modified inlet and outlet flow angle on the
turbine performance was analyzed. It was found that the slight modification of the outlet-flow
angle might lead to turbine performance fluctuation. Therefore, the outlet-flow angle modifi-
cation range was narrow and the modification value was small.

According to Wang et al. [°1 a blade profile optimization was done based on a 3D model. A
new blade geometry was obtained and was tested by CFD simulations. The influence of the
fluid viscosity on the hydraulic performance was investigated. After that, a full turbodrill stage
was fabricated, and experimentally tested on a bench.

Extensive studies on turbodrills were carried out [19-12], Simulation tools were used to in-
vestigate the influence of the fluid type, flow rate, and the rotational speed on the machine
performance, and the flow behavior represented by (velocity - pressure) contours inside the
turbine. A structural analysis was conducted [1°] to numerically calculate the deformation and
stress distribution of the blade under the effect of the fluid flow.

In the current paper, we discuss the influence of some important factors on the turbodrill
performance. The factors are the mass flow rate, density, and viscosity. For this task, ANSYS
CFX 2020 R2 commercial package was used [*1], To simulate the flow inside one stage of the
concerned turbine, the obtained simulation results were validated against the available exper-
imental measurements for a specified model of the drilling turbine.

2. Preliminary analysis
2.1. Fluid flow inside one turbine stage

Before proceeding with the 3D simulations and the validation, key performance parameters
have to be defined based on 1D mean line calculations and velocity triangles. Using the ve-
locity triangles at the design operating conditions, performance factors such as power, torque,
and hydraulic efficiency can be evaluated for the turbodrill. On the other hand, these factors
can be measured experimentally, on the same realistic geometry of the turbodrill. The numer-
ical results are compared, to the measurements.

The hydraulic power generated by each stage of the turbine [121;

Py=p-m-U-Cy(tgBz +t9B3) (1)
The output torque of one stage:
T=p-m- -1y, C(tgh: +tgpPs) (2)
Hydraulic efficiency:

_ Py
M = mApstage (3)
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2.2. Flow governing equations

The flow of water-based mud through the turbodrill stages is assumed to be isothermal and
Newtonian with constant viscosity [2]. The continuous feeding of the turbine by this flow con-
serves a relatively constant temperature inside the turbodrill. In this case, the heat transfer
effect is neglected and the energy equation is not considered in the current numerical study [31,

The flow inside hydraulic turbines is always fully turbulent. Hence, the flow field (velocity-
pressure) is calculated based on Reynolds Averaged Navier-Stokes (RANS) equations. These
equations are obtained by considering the time-averaged and fluctuation components: ui=Ui+
u’; p=P+ p’

After taking the averaged equations into account, the following flow equations (in tensor
notation) are obtained [31:

v _

a0 (4)
av; ap , 8 v | W, ——F

PUia—x]’,+Pfi =a_n+a_x]_(_p8ij+”(a_xi+a_xj) — pu’ju’y) (5)

In the current study, full turbulence k- two equations model is used to take the turbulence
effects in the term Tu]’ into consideration [*4], The k- model of the transport equations are
based on the turbulent kinematic energy k and the energy dissipation rate €. The standard k-
€ model, is based on the assumption that the flow is fully turbulent. More details on the gov-
erning equations and the turbulence modeling can be found in our previous work [13],

The rotating and stationary domains interacts during steady-state simulations through a
so-called mixing plane interface. At the interface, the fluid region is divided into several cir-
cumferential bands. Within each band, the constant circumferential mean velocity and pres-
sure are transferred from one domain to the other. This procedure is repeated at each iteration
of the numerical computation. The non-slip condition (zero relative velocity) is applied to all
walls. On the rotating domains, the stationary walls are modeled with an inverse rotational
speed because the rotating domain remains static.

2.3. Geometry and mesh

In this work, only one model of turbodrill stage is considered. The geometry of the stator
and the rotor are identical. Both have the same diameters of the hub and shroud that are 108
mm and 134 mm respectively. The blade height is 14 mm, the pitch of the stator and rotor is
22 mm, and the number of the blades is 30 for both [*5],

The main difference between the stator and the rotor is that the latter is unshrouded and
the blade orientation is inversed. The blade geometry specifications were got from the inventor
patent [16] to build a full blade row by using ANSYS BLADEGEN software tool.

After building the geometric model, it had to be discretized to a large humber of very small
volumes for the Finite Volume Method (FVM) discretization method and CFD simulation. This
process is performed with the ANSYS TurboGrid software which creates high-quality hexahe-
dral meshes for turbomachinery. The quality of the CFD simulation highly depends on the
quality of the mesh.

The numerical computation residuals tend to zero as the grid spacing and time step decrease.
The reduction of residuals is known as the numerical convergence. Theoretically, the discreti-
zation error could be made arbitrarily small by gradual reductions in the time step and mesh
element size. However, this requires increasing the memory size and the time of computation.

2.4. Simulation boundary conditions and assumptions

The numerical solution of the governing equations related to the fluid flow inside the con-
sidered drilling turbine needs some specifications for the domain external boundary conditions.
These specified boundary conditions should be sufficient to ensure a converged solution.
All of the CFD simulations of this work as for the precedent work [13]1 were carried out by
specifying a total pressure at the inlet and a mass flow rate at the outlet. The total pressure
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at the inlet was set to 2000 psi (137.89 bars). The outlet mass flow rate for each simulation
case varied. No-slip boundary condition was specified for the domain walls.

3. Results and discussion
3.1. Simulation methodology

The current numerical model was validated against experimental data in a previous paper [13],
In this work, more numerical results are compared to experimental results from the manufac-
turer of the machine model to further strengthen this numerical approach.

Several values of mass flow rate of the sludge were used while making its density constant
(1196.82 kg/m3) and its viscosity (0.00089 Pa.s). For each value of the flow rate, the flow is
simulated through the same geometry and same conditions described in the previous sections
until convergence is reached. The residuals value was set to (RMS=10°). The performance of
the turbine is evaluated based on two values (power & torque). For each value of the rotor
rotational speed, which was set to incrementally increase until the runaway value (zero
torque) is reached, the values of the power and torque were calculated. Several values of
mass flow rate were investigated at each speed of rotation. These values are as follows: 20,
24, 28, 33.97, 38, 42 and 46 kg/s respectively.

After plotting all power curves, the stall torque value was retained (for a zero rotational
speed) and the maximum power as a function of the mass flow rate. The latter was compared
to the experimental work that is available in the manufacturer's data of the Turbodrill specific
model of the Turbodrill [15],

In the second part, several simulations were carried out for several values of the sludge
density by fixing the mass flow rate (33.97 kg/s) and the viscosity (0.00089 Pa.s). For each
density value, the same precedent procedure was used and the following values were consid-
ered: 1000, 1100, 1196.82, 1300, 1400, 1600 and 1800 kg/m3 respectively.

Finally, the effect of changing the fluid viscosity on the performance at the mass flow rate
(33.97 kg/s) and density of 1196.82 kg/ m3, the following values were considered: 0.001,
0.0015, 0.002 and 0.003 Pa.s respectively.

The influence of certain physical properties of the drilling mud is discussed. The effect of
the density and viscosity on the performance of the axial turbine by estimating the power and
torque is discussed. In addition to these parameters, the effect of the mass flow rate is also
discussed. These three factors are the easiest to modify to control the operation of the drilling
turbine as well as its performance.

3.2. Influence of mud density on power and torque
3.2.1. Power and torque curves

From Figure 1, it is noticed that all power curves have an inverted parabolic shape with a
maximum value located at the half of the limit rotational speed (maximum power). The same
observation can also be found in [5: 101 Tt is also observed that the power values significantly
increase with the increase of the mass flow rate of the sludge. Accordingly, if the mass flow
rate is increased from 20 k/s to 46 kg/s, the maximum power increases from 273 W to 3600 W,
which is a considerable increase.

Table 1. Influence of the mass flow rate on performance and maximum torque

Mud mass flow rate (kg/s) Stall torque (J) Maximum power (W)

20 8.83449 273.615
24 12.9073 483.341
28 17.7539 779.53
34 26.3798 1422.35
38 32.7729 2072

42 40.7843 2723

46 49.1264 3606.92
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Figure 1. Power as a function of angular speed at
different values of mass flow rate.

Figure 2. Torque as a function of speed of rota-
tion for different mass flow rate values

Figure 2 shows the torque curves as a function of the rotational speed. It is noticed that
they all have a decreasing linear shape. Starting from a maximum initial value at zero rota-
tional speed (stall torque) to a zero value for the runaway speed. The torque values also
increase in a very noticeable way. To give a good overview of the influence of the sludge mass
flow rate on the performance, the Table 1 is presented.

This table shows that changing the mass flow rate leads to very significant changes when
the power and torque are maximum. The obtained results give a very good agreement with
the manufacturer's data [*5],

Accordingly, it is concluded that to ensure a stable operational performance during drilling,
a precise monitoring of the mass flow rate is necessary. Any slight change in the mass flow
rate leads to large changes in the performance characteristics of the turbine, which negatively
affects the drilling process.

3.2.2. Comparison between simulation and experimental values

The maximum power values shown in the previous table can be used to plot comparison
curves between the results of the current numerical simulations and the experimental values
of the turbodrill (model T122) [*51, Each point of the CFD simulation is obtained after doing
tens of convergent simulations for a specified value of the mass flow rate and determining the
maximum value of the power (see Figure 1) finally this is represented in the Figure 3.

Figure 3 shows a very good agreement
between the numerical and experimental
values. This shows the degree of accuracy of
the current numerical simulations. Accord-
ingly, more simulations were carried out to
investigate the influence of the mass flow
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Figure 3. Comparison between numerical and ex-
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rate on the power generated by the turbine.
This gives a wide range of numerical results
which helps to understand more about the
performance. The use of the chosen numer-
ical approach allows a considerable reduction
of cost and time to analyze the performance
of the drilling turbines. This will be very ben-
eficial on the design and manufacturing pro-
cess of these machines.
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3.2.3. Flow fields results

Figures 4, 5 illustrate respectively the distribution of velocity and pressure fields in the
current simulated stage of a turbodrill for three respective values of the flow rate at maximum
power condition (20 kg/s, 34 kg/s and 46 kg/s). The shape of the contours is very similar to
that presented in previous studies [6/ 13,171,
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Figure 4. Velocity Fields (Mass flow rate a:mn=20 Figure 5. Pressure Fields (Mass flow rate a:m=20
Kg/s ; b: m=34 Kg/s; c: m=46 Kg/s). Kg/s ; b: m=34 Kg/s; c: m=46 Kg/s).

Changing the value of the mass flow rate does not change the general behavior of the flow
fields. However, it has a great influence on the value of the velocity. On the other hand, the
pressure did not change significantly. For example, it is noticed that the value of the maximum
velocity in the velocity field increases from 10.97 to 25.275 m/s. This is expected due to the
increase in the quantity of fluid passing through the same flow section (increase in flow rate).

3.3. Influence of mud density on the power and torque

3.3.1. Power and torque curves

It is observed that all the power curves have an inverted parabolic shape (Figure 6) with a
maximum value located at the half of the limit speed [1°], Furthermore, it is observed that the
power values significantly decrease with the increase in sludge density. The results indicate
that an increase in the density from 1000 kg/m?3 to 1600 kg/m?3 is translated by a very notice-
able decrease in the maximum power generated by the turbine from 2035 W to 795 W. This
result can be explained by the increase in the inertia forces.

It is observed that all plots of the rotational speed versus the torque at different densities
(Figure 7), have a linear decreasing behavior. Starting from a maximum initial value at zero
rotation (stall torque) and ending at the runaway speed. It is also noticeable that the torque
values significantly decrease with increasing the density. To understand the influence of mud
mass flow rate on the performance, the following table is provided:

Table 2. Influence of density on maximum power and stall torque

Mud density (kg/m3) Stall (Torque (J) Maximum power (W)
1000 31.6589 2035
1100 28.7442 1678.87
1200 26.3798 1422.35
1300 24.296 1200.7
1400 22.559 1035
1600 19.7794 796
1800 17.5905 630
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The influence of the density on the maximum power is very important (Table 2). On the
other hand, the effect of the density on the stall torque is noticed but to a lesser degree. For
both maximum power and stall torque, they decrease when using denser mud fluid. This find-
choosing drilling fluids [21,

ing must be taken into account when
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torque

3.3.2. Influence of the drilling mud density value on flow fields

The distribution of the velocity and pressure fields are presented in Figures 8 & 9 respec-
tively. These contours are for a stage of the drilling turbine for three respective values of the
density of the fluid (1000 kg/m?3, 1200 kg/m?3, 1400 kg/m?3). They are simulated at the maxi-

mum power value.
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Figure 9. Pressure field (a: p=1000kg/m3;
b:p=1200Kg/m3; c: p=1400kg/m?3)

A significant decrease is observed in the value of the velocity (for the pressure, the change
is not significant). For example, it is noticed that the value of the maximum velocity of the
fluid in the turbine stage decreases from 22.315 m/s to 15.933 m/s. This occurs due to the
increase of the fluid inertia forces by the increase in the fluid mass at a specific fluid volume.
On the other hand, the pressure maximum value changed from 138.093 to 137.986 bars,

which is a small change.
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3.4. Influence of viscosity on turbodrill power

Figure 10 gives the power plots for several viscosity values ranging from 0.001 to 0.003
Pa.s. Unlike the flow rate and density, the influence of the drilling mud viscosity on the power
values is not significant. When the viscosity increases, we notice a small decrease in power
values. This can be attributed to the increase in frictional forces especially the drag on the
rotor blades. Accordingly, this increases the losses in the turbine and decreases the generated
torque and power.

Table 3. Influence of viscosity on maximum power and torque.

Mud viscosity (Pa.s) Stall torque (J) Maximum power (W)
0.001 26.464 1405
0.0015 25.85967 1349.07
0.002 25.37652 1305
0.003 24.5159 1245.22

We observe that the viscosity of the drilling mud has a least influence on performance
(table 3). Power and torque slightly decrease when using a more viscous mud. However, this
result must be taken into account to achieve the best-operating conditions for the turbodrill.

4. Conclusion

In this work, a parametric study of the influence of three important factors on the perfor-
mance of a turbodrill was carried out. These factors are the mass flow rate, density, and
viscosity. Numerical simulations were done to simulate the flow of mud inside one stage of
the drilling turbine. After the convergence of the simulations, power and torque were calcu-
lated and the graphs of these outputs, were plotted as a function of the rotational speed of
the rotor.

The results showed that the change of the mass flow rate of the used fluid produces very
significant changes in the maximum power and torque. A very good agreement was also found
between the numerical and experimental values of the maximum power generated by the
turbine. This shows the good accuracy of the current numerical simulations.

The influence of the density on the maximum power and torque is very significant, but to
a lesser degree, compared to the effect of the mass flow rate. It was also found that the
maximum power and stall torque decrease if the density of the mud flow increases. The vis-
cosity of the mud has the least influence on the turbine performance, it slightly decreases
when using a more viscous mud.

The use of the current numerical approach allows a considerable reduction of cost and time
to analyze the performance of drilling turbines that will be very beneficial on the design and
manufacturing process of these machines.

Nomenclature

U rotor velocity a; absolute angles

Cx absolute velocity axial component JB; relative angles

c absolute velocity T Torque

w relative velocity PH Hydraulic power

Ui Time averaged velocity nu Hydraulic efficiency

uj fluctuation velocity p Mud density

Q rotational speed m mass flow rate
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