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1. Introduction

Screw down-hole motors (SDM) that are characterized
by the relatively small specific metal consumption and the
simplicity of design have been widely used at present for
drilling horizontal, obliquely-directed, and vertical oil and
gas wells. In addition, they are also applied when passing
degasification wells in the complexes of methane extraction
at coal deposits, post-exploration of mine fields of caustobio-
lith, development of thin off-balance oil reservoirs.

The basic elements of SDM are a spindle section, a
section of curvature (a tilt angle adjuster), a power section
(stator and rotor), a rotor catcher (a catcher of the rotor
in case of an accident), reverse and circulation valves; the
power section is the only element responsible for torque.
When pumping drilling mud through a power section, it
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presses on the rotor, causing it to rotate. The stator is a
casing in the form of a pipe or a profiled pipe whose internal
covering is made from elastomers, which are the polymers
with high elastic properties in a broad temperature range
(for example, abrasion resistant rubber, rubbers). Conse-
quently, the rotor and the rubberized stator (Fig. 1) are the
most responsible units of SDM upon which the overall effi-
ciency and operability of a screw down-hole motor depends.
A SDM rotor has a special profile with a preset step of the
screw line. The split ratio of the working bodies section is
determined by the ratio of the number of rotor and stator
teeth Z,:Zs in contemporary engines it is from 1:2 to 9:10.
In the process of operation the elastomeric stator covering
accepts cyclically alternating loads, reactive moment and
radial forces. The rotor and stator are exposed to chemical
and mechanical effects from drilling mud. Mechanical




action of the components of drilling mud is caused by its
speed and turbulent pulsations. The character of damage
to the stator and rotor implies the detachment, cracks, cav-
ities, chemical corrosion (Fig. 1).

a b

Fig. 1. Example of damage at the surface of:
a — stator; b—rotor

There are following operational advantages of screw
down-hole motors:

— optimal kinematic characteristics that ensure effective
work of bits;

— minimum axial dimensions that allow using SDM
when drilling obliquely-directed and horizontal wells, aux-
iliary wellbores;

— simple design and reparability.

At the same time, SDM has a major drawback — fast
wear of the force section, which is the focus of attention of
researchers to this object [1].

In the practice of SDM operation during drilling of the
well, the instability of its work is often registered, namely
the alternating modes from optimal to braking, stop of
the engine. This is due to the heterogeneity of rocks, their
different strength. In addition, extreme brake mode results
in additional hydraulic losses that lead to a decrease in the
energy characteristics of SDM [2].

Given the specific severe working conditions, it is appro-
priate, during hydraulic calculations of the screw down-hole
motor, when choosing the rational mode of its operation, to
take into consideration the parametric fields of the flow of
drilling mud. Specifically, parametric fields of turbulence,
which predetermine the action of a solid phase on the work-
ing surfaces of the stator and rotor and their wear.

2. Literature review and problem statement

Authors of paper [1] modelled the stressed-strained state
of stator during operation of SDM by using the method of
finite elements (SOLID92). It was established that the max-
imum contact pressure of 0.78 MPa occurs at the place of
contact between a stator slot and a rotor tooth.

Study [3] discovered the phenomenon of self-heating
of a rubber covering to 123 °C, which is caused by a cyclic
loading during rotor rotation in the stator rubber covering.
Thermal effect causes the loss of rubber’s elastic properties,
development of cracks and breaking the rubber covering.

Modeling of the heating of the stator due to the phe-
nomenon of hysteresis in an elastomer was also performed in
paper [4]. Model predictions are compared to empirical data;
their convergence is established. In addition, the authors
also consider a comparative study to different elastomers in
the same power region. Model prediction and a monitoring
system can be applied to obtain the optimal parameters of
drilling, specifically for performance and reliability.

Authors of paper [5], using a method of computer simu-
lation, determined the maximum permissible diametral den-

sity of the worn operating parts of SDM. They established
the critical value of wear, exceeding which results in the
violation of tightness of working chambers with a decrease in
the engine efficiency, performance of the machine is reduced.

Authors of [6] performed experimental analysis to de-
termine basic factors that caused failures of the rotors of
SDM employing a specialized test. It was established that
these factors were the wear of the rotor surface due to solid
particles and a salt additive to drilling mud. Similar results
were obtained by authors of [7] who experimentally demon-
strated that the type of drilling fluids and the temperature
significantly affect the wear of SDM elastomers.

The drilling companies TOV “Gazprom drilling” (Rus-
sia) and “KCA Deutag” (international service company in
the field of oil and gas extraction, headquartered in Aber-
deen, United Kingdom) reported from 5 to 12 accidents over
one year, related to SDM, which required long-term renova-
tion work at the well, or even led to the complete closure of
the well. In this case, approximately 50 % of all failures are
due to the wear of a rotor-stator pair in the force section.

Paper [9] points out that it is important, when designing
new hydraulic drives, to eliminate vibration of the rotor and
to reduce dimensions of the engine. In this case, there are
two main ways to further improve hydraulic drives: mod-
ernization of contemporary screw motors and development
of the new ones. It is proposed to apply a hybrid hydraulic
system, which combines the best characteristics of a screw
motor and a roller blade motor. The hybrid enables speed
from 240 to 450 min™. The main area of application of a
hybrid hydraulic motor is the horizontal drilling of oil and
gas deposits.

In paper [10], authors examined stator resource of the
screw engine, which depends on many factors, specifically
structural (design, materials) and well operating condi-
tions. An important task, in the author’s opinion, is the
prediction of various structural and operating parameters
on the deformation state and thermal effects in elastomer.
The author established effect on the operational condition
of the stator that is exerted by such parameters as design of
the rotor/stator, temperature of a well, drilling fluid param-
eters, elastomer properties of the stator, speed of the engine,
and differential pressure of the engine. A non-linear finite
element analysis is applied in order to conduct thermal and
structural analysis at the stator elastomer.

Authors of paper [11], employing the module Flow Sim-
ulation from the programming environment SolidWorks,
investigated the work of the screw down-hole motor Wenzel
Downhole Tools FD-M7-002 for drilling rigs under condi-
tions of exploration of the Gnidintsy oil and gas condensate
field. The authors obtained parametric fields — a field of
velocity, temperature, and pressure of drilling mud in the
working pair “rotor—stator”. The derived SDM models are
recommended for application in the hydraulic and thermo-
dynamic calculations of a screw down-hole motor.

In order to estimate stable and reliable functioning of
SDM, it is necessary to examine work of the screw down-
hole motor, specifically, to obtain the models of turbulence
field of drilling mud in the working space of the power sec-
tion. This issue has remained unexplored up to now.

The above studies lack the data, in the context of general
problems in the operation of SDM, regarding the flow of
drilling mud in the power section, specifically its turbulent
pulsations and the related dissipation of energy and the dam-
age to stator due to solid particles of the drilling mud.



3. The aim and objectives of the study

The aim of present study is to determine patterns in the
process of turbulent flow of drilling mud in the working
space of a power section of the screw down-hole motor and
its relation to the damage of the working surface of a SDM
stator.

To accomplish the aim, the following tasks have been set:

— to construct models of the parametric field of turbulent
flow of drilling mud in the SDM power section, of pressure
field, of vorticity field, of turbulent time scale field, of the
field of turbulence scale of drilling mud;

— to perform endoscopic examination of the SDM stator
surface for detecting a damage (wear) of the working surface.

4. Materials and methods used to study a power section
of the screw down-hole motor

4. 1. Examined materials and equipment used in the
experiment

We modeled a power section of the screw down-hole mo-
tor manufactured by Wenzel Downhole Tools (Canada) with
a diameter of 171 mm.

Drilling mud parameters: density is 1,100 kg/m?, dynamic
viscosity is 0.02 Pa-s, specific heat capacity is 4.2 J/(kg-K),
thermal conductivity of suspension is 0.6 W/(m-K).

4. 2. Procedure for obtaining a parametric field of the
turbulent flow of drilling mud

To obtain the parametric fields of pressure, vorticity,
turbulent time scale, the scale of turbulence of drilling mud
in the power section of SDM, we used the module Flow
Simulation from the programming environment SolidWorks
(SOLIDWORKS Flow Simulation and Darin Grosser,
2011) [12, 13].

To control the stator surface of the screw motor and
to photograph the damage, we applied an endoscope
for pipes.

5. Results of examining the turbulent flow of drilling mud
in the working space of SDM power section

For modeling, we built a 3D model of the working pair
of the screw down-hole motor manufactured by Wenzel
Downhole Tools when drilling at the Gnidintsy oil and gas
condensate field (belongs to the Glinsko-Solokhiv gas-oil
region of the Eastern oil and gas region of Ukraine).

We set the following boundary conditions for the study:
initial temperature of the drilling mud is 30 °C, pressure at
the inlet to the working pair of SDM is 24 MPa, volumetric
flow rate of drilling mud is 0.027 m3/s (Fig. 2).

Volumetric flow rate
at the outlet 0.027 m¥/s

Input pressure
24 MPa

Fig. 2. Boundary conditions for modeling a working pair of
the screw down-hole motor

By using the module Flow Simulation from the program-
ming environment SolidWorks, we derived the models of
parametric fields of pressure, vorticity, turbulent time scale,
and the scale of turbulence at the surfaces of the rotor and
the stator.

Fig. 3, a shows the resulting models of the pressure
field of drilling mud in the power section of a screw down-
hole motor, specifically at the internal surface of the stator
(Fig. 3, a) and the rotor (Fig. 3, b).

Pressure
MPa

Pressure
MPa 23,70

Fig. 3. Model of the pressure field of drilling mud in the
power section of SDM: o — at the stator surface;
b — at the rotor surface

We observe a decrease in the pressure from maximum
value (24.02 MPa) at the inlet to the power section to mini-
mum value (23.45 MPa) at the outlet.

Fig. 4 shows the models of vorticity field of drilling mud
at the surface of the stator (Fig. 4, a) and the rotor (Fig. 4, ).

As indicated by these models, the value of vorticity rang-
es from 0 s (in places of contact between the stator and the
rotor) to 1,876 s (in the vicinity of screw slots and stator
projections).

Fig. 5 shows models of the turbulent time scale field of
drilling mud in the power section of SDM.

The model derived clearly shows at the surface of the sta-
tor (Fig. 5, a) and the rotor (Fig. 5, b) noticeable maximum
values (to 4.026 s) observed in the cavities formed between
the teeth of the rotor and the stator in the region opposite to
the rotor rotation direction.

Fig. 6 shows the obtained models of the turbulence scale
field of drilling mud in the power section of SDM.

It should be stated that the maximum value of a given
parameter at the surface of the stator (Fig. 6, @) and the rotor
(Fig. 6, b) is 5.666 mm, and the minimum value is 0.011 mm.

Fig. 7 shows endoscopic images of damage in the rubber
coating of SDM stators, which were used while opening
Ostroverkhov gas condensate field (Kharkiv oblast, close to
the town of Merefa. The deposit is located on the northern
board at the south-eastern part of Dnieper-Donetsk basin)
and Sakhalin oil and gas condensate field (Kharkiv oblast,
close to the town of Krasnokutsk). It is localized in the cen-



tral part of the northern near-board area of Dnieper-Donetsk
basin, it belongs to the Talalayevsko-Ribalsky oil and gas
area of the Eastern oil and gas region of Ukraine.

Vorticity

1/s 536
_ 268
z 0

Vorticity
1/s 803

b

Fig. 4. Vorticity field model of drilling mud in the power
section of SDM: @ — at the surface of the stator;
b — at the surface of the rotor

Turbulent
time scale
s

0,215
0,162
0,108
0,055
0,001

0,376
0,322
0,269
0,215
0,162
8 0,108

0,055
0,001

Turbulent
time scale

b

Fig. 5. Turbulent time scale field model of drilling mud in
the power section of SDM: a — at the surface of the stator;
b — at the surface of the rotor

The character of damage at the surface of the stator,
as shown by the analysis of images in Fig. 7, is the deep
scratches, guide scratches, rarer — cavities. Localization of
the damage is from the middle and to the tail part of the
power section.

Turbulence scale
mm

Turbulence scale
mm 2,402

b

Fig. 6. Turbulence scale field model of drilling mud in the
power section of SDM: a — at the surface of the stator;
b — at the surface of the rotor

L Ty
10,05 17

c d

Fig. 7. Endoscopy of the SDM rotor surface. Images, taken
as of 2017, show a distance of damage from the beginning of
a power section (in meters): a — at a distance of 2.53 m;

b — at a distance of 3.05 m; ¢ — at a distance of 4.66 m;
d— at adistance of 4.78 m

6. Discussion of results of examining the turbulent flow of
drilling mud in the power section of SDM

To conduct detailed analysis of change in the operational
parameters of the working space of a SDM power section:
pressure, vorticity, turbulent time scale, and the scale of tur-
bulence of drilling mud, we constructed the charts by using
the module Flow Simulation (Fig. 8). Breaks in the curve of
charts coincide with the points of contact between edges of
the rotor and the stator.

Based on the results of simulation, Table 1 gives possible
maximum and minimum values of the examined parameters
of drilling mud at the surface of the working bodies of the



SDM power section, specifically pressure, vorticity, turbu-
lent time scale, and the scale of turbulence.

We shall analyze the resulting model data for a change
in the parametric fields of operational parameters of drilling
mud in the SDM power section.

A pressure parameter. We registered a slight decrease
in pressure at the outlet of the power section relative to the
pressure at the inlet (from 24.02 to 23.45 MPa), caused by
the loss of drilling mud head along the length of the SDM
power section. It is noteworthy that these data are almost
identical to those obtained in earlier study [11].

When the drilling mud moves, there is a planetary rota-
tion of the rotor over the stator’s teeth while at the same time
maintaining a continuous contact between the rotor and the
stator along the entire length. This causes the formation
of cavities with high and low pressure (in which pressure
decreases in a stepwise fashion — refer to Fig. 8, a), and the
engine executes its working process.

A vorticity parameter. The presence in the working space
of a SDM power section of the vorticity of drilling mud is
the evidence that in the examined environment there are
“eddies” — rotating elements of the volume. A quantitative
measure of vorticity is the speed rotor [14]:

o=rot v. )

Thus, the turbulent movement of a drilling mud suspen-
sion in the space of a SDM power section can be represented
by a vector field, which is the field of velocity of liquid en-
vironment. The rotor of this vector field at a given point is
equal to the doubled vector of angular velocity of rotation of
an element of the environment with the center at this point.
The direction of the rotor coincides with the axis of rotation.

When the rotor rolls over the stator, the profile of cav-
ities between the surfaces “rotor—stator” from the points
of contact between the stator and the rotor to the points
of maximum distance changes, which causes a change in
the vorticity within ©=0-1,876 s and in the character of
curve o(L) — refer to Fig. 8, b. In this case, the symmetry of
the rotor and stator predetermines the symmetry of profile
of chambers between them along the length of the power
section, which is mirrored in the symmetry (repeatability)
of curve @ (L) in separate chambers between the surfaces
“rotor-stator”.

Table 1

Maximum and minimum values of operational parameters of
drilling mud in the power section of SDM

Parameter Max value Min value
Pressure, MPa 24.02 23.45
Vorticity, s 1875.7 0
Turbulent time scale, s 4.026 0.001
Turbulence scale, mm 5.666 0.011

A turbulent time scale. The integrated turbulent time
scale of flow characterizes correlations of turbulent pulsa-
tions over time. It can be derived as [15, 17]:

T=[r()ds, 2)

where r(¢) is the autocorrelation function of rotation speed of
a turbulent flow; ¢ is the time interval.
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Fig. 8. Charts of change in the parameters of drilling mud
calculated at the tooth edge of the rotor along length (L) of
the power section: a — pressure; b— vorticity; ¢ — turbulent

time scale; d — metric scale of turbulence



Thus, the integrated turbulent time scale of the flow is
quantitatively estimated by the area under curve 7(¢) in the
range 0—oo (2). If the autocorrelation function r(¢) quickly
decreases, then the autocorrelations are mostly observed at
small intervals of time ¢. This corresponds to the elevated
rotation frequency of vortices; parameter ¢ is relatively
small. In the opposite case, if the autocorrelation function
r(t) falls slowly, the autocorrelations are observed both at
small and larger intervals of time ¢. This corresponds to the
reduced frequencies of rotation of the vortices; parameter T
increases. Paper [16] highlights another trend — the inter-
dependence of spectra of turbulent pulsations by the scale
of time and linear dimensions of vortices. That is, it is ar-
gued that it is the small-scale turbulent vortices that have
the small time scales (which can be associated with the
frequency of rotation of these vortices). The author of [16]
suggests that these vortices are statistically independent
on the large- and medium-scale energy-intensive vortices.
In a given study, the examined oscillations of the integrated
turbulent time scale within 0.001-4,026 s indicate a wide
range of frequencies of turbulent pulsations of drilling mud
in the power section of SDM.

A metrical scale of turbulence. The integrated metrical
(linear) turbulent flow scale characterizes correlations of
turbulent pulsations in space. Essentially these are the two-
point correlations of flow rate. The metrical scale of turbu-
lence can be derived, similar to (1), as [17]:

L= Tr(t)dx, (3)

where 7(¢) is the autocorrelation function of rotation speed
of a turbulent flow; x is the distance between two points in
a flow.

Value of the integrated metrical scale of turbulent scale
of the flow of drilling mud in the power section of SDM
ranges from 0.011 to 5.666 mm.

We shall focus on two specific regions — a neighborhood
of points of contact between the rotor edge and the stator
and in the section between these points.

Regions in the vicinity of contact points between the
rotor edge and the stator are clearly pronounced anomalous
zones in terms of the characteristics of turbulence. Vorticity
(angular rotation speed of turbulent vortices) at this point
drops to almost 0. Turbulent time scale T increases, cor-
responding to the reduced rotation frequencies of vortices
in the neighborhood of point of contact “rotor-stator”. The
metrical scale of turbulence (3) increases sharply, which
also indicates a degeneration of finely-dispersed turbulent
pulsations. As a result, developed turbulence (secondary and
tertiary vortices) almost disappears; the dissipation of flow
energy significantly decreases.

In the region between the points of contact of the rotor
edge and the stator there is another pattern of the drilling
mud turbulence. The angular rotation speed of the turbulent
vortices increases dramatically and curve w(L) “pulses”
along the section. Turbulent time scale (2) drastically re-
duces to a minimum value, indicating the presence of small-
scale turbulent vortices characterized by the flow energy
dissipation. The latter is confirmed also by low values of
the integrated metrical turbulent scale. Thus, in the region
between the points of contact “rotor-stator” there is the de-
veloped turbulence of drilling mud, which causes enhanced

dissipation of the flow energy. These regions are the most
vulnerable to a damage to the stator by a solid phase of the
drilling mud, registered in the photograph from Fig. 7.

Thus, in this work, at the following boundary condi-
tions: initial temperature of drilling mud is 30 °C, pres-
sure at the inlet of the working pair of SDM is 24 MPa,
volumetric flow rate of drilling mud is 0.027 m3/s, we sim-
ulated a current of drilling mud in the power section of the
screw down-hole motor manufactured by Wenzel Down-
hole Tools (Canada) with a diameter of 171 mm. Drilling
mud parameters: density is 1,100 kg/m?, dynamic viscosity
is 0.02 Pa-s, specific heat capacity is 4.2 J/(kg-K), thermal
conductivity of suspension is 0.6 W/(m-K). The maximum
and minimum values of operational parameters of drilling
mud registered in the power section of SDM are given in
Table 1.

A change in these parameters would probably alter the
quantitative characteristics of the drilling mud current,
specifically vorticity, turbulent time scales and metrical
turbulent scales. In this case, however, the patterns observed
(Fig. 8) will remain unchanged.

Prospects for the continuation of study into the pro-
cess of turbulent flow of drilling mud in the working space
of power section of the screw down-hole motor and the
relationships between its parameters and damages to the
working surface of the SDM stator imply, first, a theoretical
analysis of the dependence of Reynolds stress tensor with
the averaged parameters of the drilling mud flow, applying
the known models of turbulence: k—¢ and k—® models (here
k is the turbulent kinetic energy, ¢ is the dissipation rate of
turbulence energy, o is the specific dissipation rate of turbu-
lence energy) [18].

In addition, further research would address a regression
analysis of frequency and distribution, along the length of the
power section of SDM, of damage to the rotor, depending on
the parameters of drilling mud (density, viscosity, etc.), cur-
rent of the flow (rate) and turbulence parameters (Re number,
intensity of turbulence, vorticity, scale of turbulence).

7. Conclusions

1. An analysis of the obtained model parametric fields
of turbulent flow of drilling mud in the power section of
SDM shows two distinctive regions that differ by the char-
acteristics of turbulence in drilling mud current. These
sections are localized in the neighborhood of contact points
“rotor-stator”, and along the distance between these points.
In the first section, the developed flow turbulence almost
disappears; the dissipation of flow energy significantly
decreases. In the second section, there is a developed tur-
bulence of drilling mud. Vorticity of drilling mud in this
region reaches the maximum values of 1,875.7 s'!. Turbu-
lent time scale in the second region reaches the minimum
values of 0.001 s, and the metrical scale of pulsations is
comparatively small — from 0.011 to 5.666 m, indicating
the presence of small-scale turbulent vortices and the ele-
vated dissipation of flow energy. Thus, the second section
is the most vulnerable to a damage to the stator by a solid
phase of drilling mud.

2. An endoscopic examination of the surface of the sta-
tor of SDM, which we conducted, revealed damage to its
working surface, specifically deep scratches, guide scratches,
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