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Abstract:

The performance of progressing cavity pumps (PCPs) is significantly different
in different fit modes between the stators and rotors, such as interference fit for
conventional PCPs with rubber stators and clearance fit for novel all metal PCPs.
In order to study the influence of fit modes on PCP performance, a novel concept
of the fit parameter is introduced to quantitatively describe the fit condition.
Based on working principles of PCPs, comprehensive studies are carried out on
the pump performance in different fit modes, including the volumetric
characteristics, power consumption and work efficiency. The results show that the
theoretical pump rate slightly decreases with the increase of the fit parameter.
Though there is obvious friction inside the pump and the interference has a great
impact on the power consumption, the PCP in interference fit is able to achieve
high volumetric efficiency (>80%). Though there is inevitable leakage and the
clearance has a significant influence on the flow rate, the PCP in clearance fit can
reach high mechanical efficiency (>90%). The novel all metal PCP in clearance
fit has enormous potential for development owing to its good overall performance.

1. Introduction

The progressing cavity pump (PCP) has been widely
used as an effective artificial lift method in the oil
field development, which shows significant
advantages, such as low cost, easy installation, high
efficiency and adaptation to complex working
conditions. But there are still some deficiencies in
resisting wear and temperature for conventional
PCP, which operates with the rubber stator and
metallic rotor in interference fit. Now a new type of
all metal PCP in clearance fit has been developed to
overcome these limitations [1], in which both the
stator and rotor are made of metallic materials.
Therefore, the fit modes of PCPs become more
diversified and not limited to the traditional
interference fit. Many studies have been conducted
on the performance of conventional PCPs in
interference fit and all metal PCP in clearance fit
respectively [2-5], indicating that results are

significantly different. However, there is still a lack
of studies on the PCP performance based on the fit
condition between the stator and rotor, namely
considering different fit modes comprehensively.

In this paper, a fit parameter is introduced to study
the PCP performance in consideration of fit modes.
The conventional PCP and all metal PCP are taken
as typical examples to analyze the relationship
between the performance and fit parameter. This
study can provide a theoretical basis for the PCP
design and the choice of PCP types in the oil field
application.

2. PCPs in Different Fit Modes

2.1. Basic Structure

As shown in Figure 1, the fit modes of PCP mainly
depend on the relative size of its stator and rotor,
which can be defined by a new parameter, given as:
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Where ¢ is the fit parameter, m; d, is the rotor
diameter, m; ds is the stator diameter, m.
Therefore, the case of 6=0 represents the exact fit
(Figure 1a), which rarely exists in actual situations;
the case of 6>0 represents the interference fit (Figure
1b); the case of §<0 represents the clearance fit
(Figure 1c). It is notable that the red section in each
figure is the flow cross-sectional area during PCP
operation of pumping fluid.
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Figure 1. Different fit modes between stator and rotor

Considering the influence of the fit parameter on
the flow rate inside the pump, the flow cross-
sectional area in different fit modes can be
calculated as:
4ed, ,5=0

+4ed, —8e5 — z(5d, —5%),6 >0
4ed, —8e5 — 7(dd, —5%),5 <0

(2)
Where e is the pump eccentricity, m.
Then the theoretical pump rate can be calculated as:
Q, =1440nAT (3)
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Where n is the rotational speed, r/min; T is the stator
pitch, m.

2.2. Working Principles

The PCP body is divided into several cavities by the
mutual meshing movements of the stator and rotor
during the pump operation. Each cavity moves
spirally from the inlet to the outlet along the pump,
realizing the process of fluid pressurizing and lifting.
For the PCP in interference fit, these cavities can be
well sealed and little leakage occurs at relatively low
lifting pressure, in which the flow rate is
approximately equal to the theoretical pump rate.
But when the lifting pressure becomes higher than
the pressure-bearing limit corresponding to the
interference, the rubber stator can be penetrated and
the leakage flow occurs [6]. For the PCP in clearance
fit, cavities along the pump connect with each other
and fluid leakage exists objectively during the pump
operation. However, the lifting capacity can be
ensured by the viscous resistance of the fluid, which
has a certain sealing effect on the leakage flow in the
clearance between the stator and rotor.

3. Performance Analysis

3.1. Volumetric Characteristics
Based on the working principles mentioned above,
the leakage characteristics of PCPs are closely
related with the fit modes, which can influence the
volumetric characteristics significantly [7]. The
actual flow rate can be obtained by subtracting the
leakage from the theoretical pump rate, given as:
Q=Q -q¢ (4)

Where Q is the actual flow rate, m/d; q is the
leakage, m*/d.
For PCPs in interference fit, the pressure-bearing
limit depends on the pump structure and working
conditions, which can be obtain by experimental
analysis [3], given as:

Apk _ kn0'25t0'21u0'085z 5>0 (5)

Where k is a constant related with the stator property,
which is 0.12 for the stator made of acrylonitrile-
butadiene Rubber (NBR)[3]; t is the operating
temperature, C; u is the fluid viscosity, mPa-s; Z is
the number of pump stages.

Then the volumetric efficiency of PCPs in
interference fit can be calculated by the following
empirical formula as [3]:

o
1-—Ap,Ap L Ap
n, =1 AR “
1—a—0.015(Ap—Apk)ﬁ,Ap>Apk

,6>0 (6

)
Where Ap is the total lifting pressure, MPa; o is a
constant determined by the stator, which is 0.05 for
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the NBR stator; f is a constant related with pump
geometrical parameters.

For PCPs in clearance fit, the pressure increases
approximately linearly from the inlet cavity to the
outlet cavity during the pump operation [8].
According to the clearance flow theory [9], the fluid
leakage caused by differential pressure in the
clearance can be expressed as:

3
=k m , o<0
12uZ
Where q is the leakage, m*/d; K is a constant related
with the clearance structure, which is equal to the
ratio of the clearance width to the clearance length;
Ap/Z is equal to the single-stage pressure difference,
MPa.
Then the volumetric efficiency of PCPs in clearance
fit can be calculated as:
p=Qod
Q

(7

3
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(8)

3.2. Power Consumption

During working of PCPs in different fit modes, the
total power consumption can be generally reflected
by the shaft power, which mainly consists of the
theoretical hydraulic power and the frictional loss
power. The former power is linear to the lifting
pressure, while the latter power is closely related
with the frictional condition between the stator and
rotor inside the pump [10]. Therefore, the total
power consumption can be given as:

P=Ru+R=(R+R)+R (9

p, = LAP (10)
86.4

p-d4p (11)
86.4

Where P is the total power consumption, kW; Py is
the theoretical hydraulic power, kW; P, and Ps are
respectively the active power and the leakage loss
power, KW; Ps is the frictional loss power, kW.

The hydraulic power (such as P, and Ps) is
corresponding to the volumetric characteristics
mentioned above. The frictional loss power is
comprehensively influenced by the fit modes and
other operating parameters. Among them, the fit
parameter can directly determine the frictional force
between the stator and rotor. Due to the
computational complexity of the frictional loss
power [11, 12], it can be obtained by the regression
analysis of experimental data of PCPs in different fit
modes [5, 13].
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3.3. Work Efficiency

The total efficiency of PCPs in different fit modes is
the ratio of the active power to the shaft power,
which also equals to the product of the volumetric
efficiency and the mechanical efficiency [14], given
as:

_R_ . (12)
77_ P ’7v 77m
p
—1-t (13)
T 5

Where nm is the mechanical efficiency.
4. Results and discussion

Based on the mathematical analyses above, a
simulator can be developed to model the PCP
performance in different fit modes using Visual
Basic for Application (VBA). The conventional PCP
with NBR stator and all metal PCP are respectively
taken as examples to simulate the pump performance
and analyze the relationship between the fit
parameter and pump performance. The basic
geometrical parameters and lifting parameters of two
PCPs are designed to be the same except the fit
parameter, as shown in Tablel.

Table 1. Basic parameters of PCPs

Variable Value
Stage number 20
Rotor diameter, mm 50
Stator pitch, mm 160
Eccentricity, mm 5
Fluid viscosity, mPa-s 40
Temperature, ‘C 55
Lifting pressure, MPa 8
Rotational speed, r/min 120

The fit condition between the stator and rotor can be
guantitatively described by the fit parameter 6. The
positive range (6>0) corresponds to the interference
fit for the conventional PCP, in which the bigger the
fit parameter is, the larger the interference will be.
The negative range (J0<0) corresponds to the
clearance fit for all mental PCP, in which the bigger
the fit parameter is, the smaller the clearance will be.
As the exact fit mode rarely exists, the relationship
curve of the fit parameter and the pump performance
is not continuous at the point of 6=0.

The volumetric characteristics based on the fit
condition between the stator and rotor are simulated,
as shown in Figure 2. Results show that, with the
increase of the fit parameter, both the theoretical
pump rate and fluid leakage decrease in different fit
modes. For PCPs in interference fit (0>0), the
extreme interference  value is  0.323mm
corresponding to the pressure-bearing limit, which
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means the pump cavities are penetrated and the
leakage flow happens when ¢ ranges from 0 to
0.323mm. When ¢ is above 0.323mm, the pump can
operate normally. It is the reason why the actual flow
rate firstly increases and then decreases with the
increase of the fit parameter. For PCPs in clearance
fit (0<0), due to the leakage flow in the clearance,
the fit parameter has a significant influence on the
flow rate. When ¢ increases from -0.3mm to -
0.05mm, the fluid leakage decreases rapidly from
17.52m?/d to 5.64m?/d, and the corresponding actual
rate increases rapidly by 89.3%.
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Figure 2. Relationship between volumetric
characteristics and fit parameter
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The power consumption based on the fit condition
between the stator and rotor is simulated, as shown
in Figure 3. The total power consumption increases
with the increase of the fit parameter, and it needs to
be noted that the total power consumption in
interference fit (6>0) is much larger than that in
clearance fit (0<0). It is mainly determined by the
fact that the friction situation between the stator and
rotor is positively correlated with the interference
value. For the cases of both two fit modes, with the
increase of the fit parameter, the active power
increases and the leakage loss power decreases.
Besides, results show that the influence of the fit
parameter on the hydraulic power (Py and Ps) in
clearance fit is obviously greater than that in
interference fit. The work efficiency based on the fit
condition between the stator and rotor is simulated,
as shown in Figure 4. For PCPs in clearance fit
(6<0), with the increase of the fit parameter, the
volumetric efficiency increases rapidly, while the
mechanical efficiency decreases slowly and keeps at
a relatively high level. As a result, the total
efficiency increases rapidly at beginning and then
the increment becomes gentle, indicating more
seriously affected by the volumetric performance.
According to this rule, an optimum clearance can be
designed for the PCP in clearance fit under certain
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Figure 3. Relationship between power consumption
and fit parameter
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operating conditions. For PCPs in interference fit
(0>0), it can realize much higher and more stable
volumetric efficiency, especially under the condition
where the rubber stator is not penetrated. Combining
the negative effect of the fit parameter on the
mechanical efficiency, the total pump efficiency
presents a decline trend. On the whole, results
illustrate that PCPs in interference fit can achieve the
volume efficiency above 80% (even above 90%
during normal operating); PCPs in clearance fit can
achieve the mechanical efficiency above 80%, and
can realize higher total efficiency with an
appropriate design for the fit clearance. Therefore,
the novel all metal PCP also has great potential to be
developed, which can be regarded as a good
alternative pump for pumping fluid.

5. Conclusions

The fit mode between the stator and rotor has a
significant influence on the PCP performance,
including the volumetric characteristics, power
consumption and work efficiency. The fit parameter
can be wused to describe the fit condition
guantitatively and analyze the PCP performance in
different fit modes. The relationship between the
PCP performance and the fit parameter has been
simulated comprehensively in consideration of
various fit conditions. The results show that, as the
fit parameter varies, the volumetric efficiency and
mechanical efficiency of the PCP in a specific fit
mode change in opposite trends. By contrastive
analyses, the conventional PCP in interference fit is
able to achieve better volumetric characteristic,
while the novel all metal PCP in clearance fit can
ensure greater mechanical characteristic. It indicates
the PCP in clearance fit is also feasible to pump
fluid, which can be regarded as an additional facility
to the conventional PCPs.
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Remarkably, during the real production of the
artificial lift, the novel all metal PCP is more
preferable to be used considering its long operating
life and high temperature resistance.
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