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Abstract. The use of Progressing Cavity Pumps -PCPs- in downhole pumping applications in low deep wells is becoming more
common replacing, in some cases, the traditional reciprocating pumps. Among the main advantages of this system the ability to
pump heavy oils, produce large concentrations of sand, tolerate high percentages of free gas and high efficiency, can be quoted. The
PCP system development, operation and control requires models able to predict flow rate for a given differential pressure, which
has to be accurate and requires low CPU efforts in order to be an easy-to-use engineering tool or run on-line in a control loop. This
work presents a simplified model for the flow in a Progressing Cavity Pump, based on mass balance within cavities and a
simplification of momentum equations for fully developed flow. An adjustable parameter is required, but once this parameter is
adjusted for a given pump geometry other operational conditions can be reproduced. Model is based on an approach already
presented in literature, but a formal model development is presented and some improvements are introduced on friction factor
calculation allowing the flow calculation of low viscosity fluids, which was not well succeeded in previous works.
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1. INTRODUCTION

Progressing Cavity Pumps -PCPs- are becoming the preferred artificial lift system in low deep wells due to its
several advantages as ability to pump heavy oils, produce large concentrations of sand and tolerate high percentages of
free gas, among others. Although the concept has been proposed by Rene Moineau in 1930 (Moineau , 1930), first
applications to oil production date from the 1970's. As a relatively new technology, at least in terms of application to oil
industry, one of the main shortcomings is the lack of knowledge of the system, specifically, of the flow behavior, which
would provide valuable information for system design, operation and control.

Together with the PCP system, Moineau (1930) proposed a simplified approach to characterize the flow within the
device. The basic idea of this approach is to establish relations between differential pressure and flow rate by
subtracting the counterflow leaked from seals, from the displaced flow rate. As this displaced flow rate depends only on
pump geometry and kinematics, models calculate the leakage or "slippage"’, and then the pumped flow rate, as function
of the differential pressure. More recently, other works (Vetter and Paluchowski, 1997; Robello and Saveth, 1998)
presented simplified models for predicting PCP performance which do not relate stator deformation with hydrodynamic
phenomena inside the pump.

Although several works related to the PCP application and control in artificial lift systems were published, few
references were encountered aiming the flow characterization within these devices. Robello & Saveth (1998) developed
optimal relationships between the pitch and the diameter of the stator to achieve a maximum flow rate for multilobe
pumps. This work is focused on pump geometrical parameters and their influence on displaced flow rate, but no
mention is done to the slippage or to the influence of differential pressure on pumped flow rate. Olivet et al. (2002)
performed an experimental study and obtained characteristic curves and instantaneous pressure profiles along metal to
metal (rigid stator) pumps for single and two-phase flow conditions.

Gamboa et al. (2002) presented some attempts of flow modeling within a PCP using Computational Fluid Dynamics
(CFD) with the aim of getting a better comprehension of the flow inside the pump but, attempts for the implementation
of a three-dimensional model, including rotor motion, failed. Hence, authors concluded that numerical technique used
for the flow modeling was inadequate for that purpose. Nevertheless, a model with these characteristics was
successfully implemented in the context of this research project and is described in Paladino ef al. (2009). Results from
this model are used for the calibration of the simplified model presented in this work.

Gamboa et al. (2003) presented a simplified model for single phase flow considering the possibility of variable gap
due to elastomeric stator deformation. The model is similar to presented in previous works, based on the
aforementioned Moineau's approach, but the slippage is calculated considering the possibility of a variation of the
clearance as function of differential pressure. In this way they were able to reproduce the characteristic non-linear
behavior of volumetric flow versus differential pressure in a PCP with elastomeric stator. Gamboa et al. (2003) also
proposed a slip model inside a single lobe PCP for single phase flow based on a previous model proposed by Vetter et
al. (1993) and Vetter et al. (2000) for twin screw pumps.

! This term is commonly used in PCP and screw pumps terminology, as fluid is displaced axially through the pump, and
counterflow "slips" over the displaced flow.
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Another interesting model was presented in Andrade (2008) who solved the flow within a "developed" pump, i.c.,
the flow was solved between two plates, which local separation corresponds to the distance between rotor and stator,
using an approach similar to the lubrication theory, where the inertial terms are neglected in transport equations. This
approach presents good results for viscous fluids, but it is not suitable for low viscosity fluids where inertial terms
become important and flow can eventually become turbulent.

This work presents the detailed development of a simplified flow model which can predict the operational curves of
a PCP. Simplified models usually require some adjustable parameters. In this case, adjustable parameters are reduced to
an only geometrical one, which is adjusted using results form a detailed 3D CFD model, developed in the context of this
research. This information is of fundamental importance in terms of system design and operation control. Furthermore,
as a simple model, CPU requirements are minimum, which would make it able to run on-line in a control loops.

Although the CFD model can provide detailed information about the pump performance for different geometrical
parameters and operational conditions, the simplified model presented, is able to calculate pump performance with
minimum CPU requirements, which makes it able to run on-line in a control loop or develop fast engineering projects.

The basic idea of the model is to establish relations between differential pressure between cavities and flow rate
across sealing regions by considering a Poiseuille flow in order to predict the internal slip, which is subtracted from the
displaced volumetric flow rate. Although the general framework of the model is based on already published works
(Vetter et al. (1997), Gamboa et al. (2003)), a formal development of the model equations based on mass and
momentum balances within cavities is presented and some aspects regarding the friction factors, which have strong
influence on pump performance, are investigated.

1.1. PCP operation principle

This section aims to describe briefly the operational principle of a PCP, in order to understand the shortcomings of
the flow modeling within it. However, a detailed explanation of PCPs design and operation is beyond the scope of this
paper and can be encountered, for instance, in Nelik & Brennan (2005), ISO (2008) and other references.

The PCP is a rotary positive displacement pump, also known as eccentric screw pumps, it is constituted by two
elements, rotor and stator.

The stator can be constituted of steel or elastomer and its internal surface is the envelope of an N steps helical
without eccentricity. The rotor is made of metal and its surface is the envelope of an N-1 steps helical with eccentricity
and step equal to half the stator’s step. In the Figure 1 can identify these two components and their position in the pump.

Figure 1. Stator and rotor step

When the rotor is inserted inside the stator, a series of cavities isolated from one another by seal lines is formed, as
shown in Fig. 2. Due to the eccentric motion of the rotor within the stator, the fluid within cavities is displaced axially
from the pump suction port to the discharge (high pressure) port.

Figure 2. PCP cavities and seal lines

The distance between the stator and rotor, which can be calculated as,

droror — Asraror )
2

The PCP can operate with interference or clearance between rotor and stator, depending if w is positive or negative.
Both situations are depicted in Fig. 3. For the case operating with interference a deformable stator is needed and is
manufactured using an elastomeric material. In this case, the stator deformation due to the fluid pressure has to be
computed for calculating the pumped flow rate, due to the strong influence of the clearance on the slippage.
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Figure 3. Relationship between rotor and stator diameter

Four main geometrical parameters characterize a PCP: the rotor diameter, eccentricity, interference and stator pitch.
Since the first three determine the area of a cross section of the pump, while the last determines the volume displaced.
The theoretical displaced volume in each rotation, can be calculated for the case of clearance and interference,
respectively as,

Vi =[4-E-dR—8«E«w—ﬂ(w'dR—w2)]PST , w<0
)

2
Vi, =|:4'E-dR —S'E-w—iz(w'dR +w2)+d%-arcsin[didw'd}3 —wzj—2(d7R—w2jwlw-dR —w2]PST, w>0

R

The flow rate displaced is calculated multiplying the volumes given in Eq. (2) by the rotation velocity and represents
the maximum flow rate that can be pumped (for Ap=0, i. e. zero slippage). As stated, the actual pumped flow rate can be
determined by subtracting the slip, from the displaced flow rate.

The slippage is function of pump geometry, fluid viscosity and differential pressure along the pump. Figure 4
shows schematically the typical shape of performance curves for elastomeric and metallic stator. For the case of
elastomeric stator, the pump operates with interference between rotor and stator at zero pressure drop and, for operation
at low pressures, the cavities are maintained enclosed and the pumped flow rate is equal to the displaced flow rate.
However, as the stator is deformable, the deformation will be increased with internal pressure and so the slippage
between cavities. When the deformation exceeds the interference, the slippage increases more significantly with
pressure drop. For the metallic stator case, the clearance between rotor and stator which is constant. Then, for high
viscosity fluids the flow along the sealing regions is laminar, and slippage varies linearly with pressure drop as for
turbulent flow case, the slippage will be proportional to some power, n<l, of pressure drop.
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Figure 4. Expected characteristic curves for metallic (a) and elastomeric (b) stator PCPs
2. FLOW MODEL

Before the development of the flow model, the general idea of the approach proposed by Moineau (1930) for
calculating the internal slippage in a PCP is presented. This approach is based on the consideration of a Hagen-
Poiscuille flow along the sealing regions.

Assuming constant value for the clearance along the pump, the slip flow can be calculated considering the flow
between parallel plates, separated by a distance equal to the clearance.
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Considering a channel between cavities, i.e., across the sealing lines, which main geometric parameters are shown in
Fig. 5, the pressure drop can be calculated as

p—2 L
Ap=fEU = 3
pf2 D, 3)

where f'is the friction factor and Dy is the hydraulic diameter, defined as four times the cross sectional area over the
perimeter.

w¢ L
b
Slip 7

Figure 5. Characteristic dimensions in a rectangular channel

Recalling that the mean velocity across the channel corresponds to the volume flow rate divided by the cross
sectional area, the pressure drop can be calculated as

PL
Ap=f——=S§ 4
% f4b2w3 4)

In equation above, it was considered that w<< b when calculating the hydraulic diameter. For laminar flow, the
friction factor can be calculated as

f < where Re _2p8 (5)
Re ub
where S is the slip flow through the seal lines. The generic constant C was used because, as this analysis does not intend
to be quantitative, but just qualitative and the channel geometry is not, a priori, known. At this point, it is important to
say that one of the strongest hypotheses in these approaches is the simplification of the channel geometry as the actual
sealing is produced in a convergent-divergent geometry.
Following previous equations, the slip can be calculated as,

g :ibw3Ap
C uL

(6)

This slip flow can be subtracted from the theoretical volumetric flow rate, which depend just on geometrical
parameters and rotation, in order to obtain the pumped flow rate as function of the pressure drop. Then, from this simple
analysis the pump performance can be related, at least qualitatively, to the main pump geometric parameters and fluid
properties.

From Equation (6) obtained from a very simple analysis some issues can be highlighted, which are also observed in
experimental results:

e For laminar flow, which has been assumed for this analysis, the slip depends linearly on the pressure
difference across the pump (4p) and the fluid viscosity () has a inverse linear influence.

e The clearance (w) appears elevated to the cube, which means it has a strong influence on the volumetric
efficiency.

e The length L has also a inverse linear influence on the flow rate. In practice, this parameter can be
increased by increasing the number of pump stages. This is equivalent to put more "sealing channels" in
serial augmenting the resistance to the slippage.

In addition, it is observed in Eq. (6) that fluid density does not influence the slippage. This is because fully
developed laminar flow has been assumed along the seal region. This means that the flow along the sealing region is
established owing to a balance between pressure and viscosity forces, neglecting the inertia. Then, the rotation velocity
has no influence either.
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In order to turn this analysis quantitative, the assumed channel dimensions have to be related to the pump geometric
parameters. We recall that in the real geometry, the “channel” considered in preceding analysis is actually a convergent-
divergent section, and the channel length, L is actually an equivalent one, which provides the same resistance to flow as
a constant section channel. This is one of the main difficulties of this approach, and this parameter should be adjusted
experimentally or from more realistic models, as done in this work.

2.1. Model description
Based on an approach similar to the described in the previous section, Gamboa et al. (2003) presented a more

detailed model, which calculates the slip between cavities as the sum of two components; the flow “along” the pump
and the flow “across” it. These components of the slip are shown schematically in the Fig. 6.

Axial Slip Transversal Slip
Figure 6. Slip regions between cavities in a PCP and seal regions (blue lines)

The slippage calculation is split in two components, as channel characteristic dimensions are different for each
component.

The channel width is considered equal to the length of the seal line. For the case of the axial channel, the width can
be calculated as half of the circumference length, as depicted in Fig. 7.
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Figure 7 —Axial channel width

For the case of transversal channel, the width corresponds to the distance between points A and B which is the
length of the seal line between two cavities, showed in Fig 8.
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Figure 8 — Transversal channel width
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This distance can be calculated using the parametric equations for the rotor surface (Eq. (8)) taking a differential
length of a seal line (which coordinates are obtained making o =0 or a = 7w in Eq. (8)) and integrating the over a half of
stator pitch, Eq. (9).

2.0
XR(a,HS)=d—;'Sin(a)—e-Sin(2~0S) YR(a,HS):d—;-Cos(a)+e-Cos(2-HS) ZR(a,HS)=4.;-PS )

E) >

- \/[dXR(aﬁs)j +Kcnce(ows)} +(dZR<a,6s)j w0 o

do, do do

Once having the characteristic geometrical parameters of the channels, a mass balance is performed for each cavity
in order to obtain the pressure within cavities.

Figure 9 depicts the conceptual approach used in this model, and how pump geometry is simplified. The resulting
geometry consist in cavities with constant pressure within them, and constant cross section channels representing the
sealing regions

In order to generalize the model for any number of cavities, it is assumed, according to Gamboa (2000), that the
transversal slip leaks from cavity 7 to cavity i-/ and other axial slip flows from cavity i to cavity i-2,. Then a mass
balance in each cavity is performed summing these components.

Figure 9. Slip scheme within the PCP

Following Vetter et al. (1993 e 2000) proposed approaches for twin screw pumps, Gamboa et al. (2003), suggested
to include into the slippage calculation a component due to the rotor motion as a Couette flow. Depending on the cavity
position, this component can be co- or countercurrent with the flow due to pressure difference between cavities
("Poiseuille" component). Nevertheless it can be demonstrated that this “Couette” component of the slippage is small,
when compared with slippage due to pressure differences between cavities, and was neglected in this model.

Equation (2) represents the momentum conservation equation for fully developed flow between parallel plates
resulting from a balance between pressure and viscous forces. For the case of laminar flow, this equation results in eq.
(6) where pressure drop varies linearly with slippage, as friction factor is inversely proportional to the volumetric flow
rate.

As proposed in the present model, it is considered that slippage has two components; axial and transversal. Then,
rewriting eq. (5) in terms of geometrical parameters referent to transversal and axial, we have:

1 C-u-L
S, =—AP  where R, =L§
R, 8:-b,-w
(10)
1 C-u-L
S, =—AP  where R, :Lé
" 8:-b, -w

where Rrand R; represent the transversal and axial "flow resistances" of seal regions.
Taking the mass conservation equation for cavity i in scheme showed in Figure 8,

D, 5=0 (11)

Cavities

and using eqs. (10), we have



Proceedings of COBEM 2009 20th International Congress of Mechanical Engineering
Copyright © 2009 by ABCM November 15-20, 2009, Gramado, RS, Brazil

AB—Z i AB—I i AR i+1 AR i+2
Z Rt el o e < W £ 3 (12)
RLi—Z,i R

Cavities

Rearranging, we get a liner system which unknowns are the pressures in each cavity

P,-P P ,-P P-P P-P
i-2 i + i-1 i i i+l i i+2 :0 (13)
RLI'—Z,I' RTi—l,i RTi,i+1 RLi,i+2
Equation (14) can be assembled in a pentadiagonal linear system to calculate the pressures in each cavity, as
~ _ 0]
A, _ 1 0 0 ol £ b,
RT172,171 RL[—Z,[
L L o B |0
RT:‘—Z,[‘—I RTi—l,i RL[—I,:‘+I
{o ! 4, ! L o B |0 (14)
RLi—z,i Rﬂ—l.i RTi.t+1 RL;.i+2
0 0 _r ! Apiy . Al B b,
RL;—1.1+1 RTx,i+l RTi+l.i+2
1 1
0o 0 0 4, .| |
Riiii2 RT1+1,‘+2 P2 : :
0 . . . |
where
1 1 1 1
Ap; = + + + =0 (15)
RLi—Z,i RTi—l,i RTi,i+1 RLi,i+2

Note that the momentum conservation equations, simplified for fully developed flow, were substituted into the mass
conservation equation resulting in a linear system for pressures. The pressures obtained are such that the resulting flow
rates from momentum equation satisfy the mass conservation. This approach is similar to what is usually done in
numerical solution of incompressible (or weak compressible) flows to calculate pressure field from mass conservation
equation (see, for instance, Maliska (2004) or Ferziger & Peric (2001)). Obviously, this case is much simpler, as
momentum equation does not include inertial (non linear) terms due to the fully developed flow hypothesis.

When flow along the seal regions becomes turbulent, equation (3) is used, considering the friction factor, f as
function of channel Reynolds number. Then, slip flow rates for transversal and axial channels are given by,

S, L AP where R, =ff'p'—2LT'3ST (16)
R, 4-b."-w

S, =LAP where R, =fL’D—2LL§L (17)
R, 4-b,"-w

Note that, due to the non linear dependence of pressure drop with slip flow for turbulent flows, the system needs to
be solved iteratively. Here, as the resulting system is simple and converges quickly, a simple linearization was used, just
splitting S* = S-S* ("*" mean the value from previous iteration), instead of Newton or Newton-Raphson or other usual
methods for solving non linear equations.

The friction factor was calculated using the Colebrook equation.

-2

(18)
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Once the linear system is solved using Gauss-Seidel method, the pressure within each cavity is known and the
slippage for each internal channel can be calculated. The total slippage is calculated as the sum the transversal as
longitudinal slippages.

-2, -1, L+l Ji+2
S=—1‘= 7 or S=—_—_4YT __ bire (19)
RLi—z,i RTi*l,i RTi,i+l RLi,i+2

For the case of rigid (steel) stator pump, the clearance along the pump is constant, and the slippage between any two
cavities will be the same. Nevertheless, it is important to mention, that the present model is applicable to deformable
stator pumps, since a relation between the clearance variation, due to the stator deformation, and pressure can be
introduced, as the pressures are calculated independently for each cavity. In this paper the model validation is done for a
rigid stator pump.

2.2. MODEL CALIBRATION

The calibration parameters L; and Lt were obtained using results from a detailed CFD model which solves the
transient Navier Stokes equations within the PCP, considering the real geometry and the rotor motion. Details of the
implementation of this model can be encountered in Paladino et al. (2009). The simplified model can be also adjusted
through experimental data, nevertheless, experimentation is expensive and, sometimes, real operational conditions, as
downbhole pressures and temperatures are difficult (or impossible) to reproduce in laboratory tests, but can easily studied
though a computational model.

As stated, L; and Ly represent the lengths considered for axial and transversal channels, which results on the same
pressure drop of the sealing region. The "channel" considered in this model represent, in the actual geometry, a
convergent-divergent channel. The concept is depicted in Fig. 10. As L; and L7 represent similar concepts, they were
made equal, resulting in one adjustable parameter for the model, L; = Ly = L.

Pi Pj Pi Pj

Figure 10. Approach slippage channel length

The parameter L is determined by "trial and error” in such way that the simplified model gives the same mass flow
rate of 3D model for a given operational condition.

At this point, one could ask: why to do all this analysis, including friction factor calculations, instead of simply
adjust flow resistance which provides the same pressure drop of 3D model or experiments? The answer is simple: once
the parameter is adjusted for a given pump geometry for one operational condition and one fluid, the curves for other
operational conditions and fluid properties are determined using the same value for L, as will be seen in results section.
Then it is concluded that this parameter depends only on pump geometry.

3. RESULTS
This section presents operational curves of flow rate versus differential pressure, for a pump used in Gamboa et al.
(2002) and Olivet et al. (2002) experimental works for single-phase flow. Geometrical parameters for this pump are

presented in the Table 1.

Table 1. Geometrical parameters of the PCP used in Gamboa et al. (2002)

Eccentricity — E 4,039 mm
Rotor Diameter— dg 39,878 mm
Stator Diameter — dg 40,248 mm
Clearance 0,185 mm
Stator Pitch 119,990 mm
Number of Stator Pitches 3




Proceedings of COBEM 2009
Copyright © 2009 by ABCM

20th International Congress of Mechanical Engineering
November 15-20, 2009, Gramado, RS, Brazil

Three fluids were considered for model validation; a medium viscosity oil, a high viscosity oil and water. The
properties of these fluids are presented in Table 2

Table 2. Fluids Properties of the PCP used in Gamboa et al. (2002)

Properties Oil Water
Specific density — p 868 kg/m’ 885 kg/m’ 997 kg/m’
Viscosity— p 42 cP 481 cP 1cP

A case with 42 cP oil, Ap=20 and rotation velocity of 300 rpm was used for model calibration. The value of L which
provides the same mass flow calculated by the 3D model, for these operational condition and fluid properties is:
L=1.65mm. Results were validated for rotation velocities of 100, 200, 300 and 400 rpm for oil flow and 300 and 400

rpm for water flow.

Results for volumetric flow rate versus differential pressure are showed in Fig. 11, compared with experimental
results from Gamboa ef al. (2002) and Gamboa ef al. (2003).

300 400
QOil 42 cP Oil 481 cP
250 — A A A GAVMBOAetal (2003) A A A GAVBOAetal (2002)
Present Work A Present Work
300 — A
A A A A
200 —4 —_ 400 RPM
) =
2
) 2
= 150 — ~ 200 N S — = 300 RPM
z Z
=4 o
100 — a2 vy A T —— 200 RPM
A 300 RPM 100 —
50 — Ak A N 100 RPM
100 RPM
0 0
1T T ©T 1T 1T 1 T T T
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200

AP [psig]

AP [psig]

Figure 11. Flow rate versus differential pressure, for different rotation velocities, compared with experimental

results for different oil viscosities. (a) 42 cP and (b) 481 cP

It can be seen in Fig. (11) that curves for high viscosity fluids present a linear behavior as flow is laminar and then,
pressure drop along sealing regions varies linearly with slip. In this case surface roughness has not any influence on

friction factor.

For the case of water flow, the results of flow rate versus differential pressure were obtained considering different
material roughness, and can be seen in Fig. 12 compared with experimental results from Gamboa et al. (2003).

Water 1 cP

A A A GAVMBOAetal (2003)
Present Work

Q [bpd]

Q [bpd]

Water 1 cP

A A A Gamboaetal (2003)
Present Work

Q [bpd]

Water 1 cP

A Gamboa et al (2003)
Present Work

A A

A s
A 400 RPM A
A 309 RPM A A400 RPM 4
T T T T T
0 10 20 30 40 50 60 40 50 60
AP [psig] AP [psig] AP [psig]
(a) Smooth (b) Stainless steel (c) Stretched steel

Figure 12. Flow rate versus differential pressure, for water (1 cP) and different rotation velocities and roughness,
compared with experimental results from Gamboa et al. (2003). (a) Smooth wall, (b) Stainless steel (roughness =

0.002mm) and (c) Stretched steel (roughness = 0,01 5mm)

Gamboa et al. (2003) attempted to reproduce the water flow rate curves using a model similar to the hereby
presented, but results severely under-predicted experimental values, i.e., slippage was over predicted. In that work, the
friction factor was calculated trough a simplified model which does not considers the material surface roughness. The
Nikuradse’s approach (f = 0.322/Re®*) for friction factor for smooth pipe, was used.
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Results in Fig. 12 show that roughness has an important influence on calculated flow rate for low viscosity fluids.
Then, although further adjustment could be necessary for the case of occurrence of turbulent flow at seal lines, the main
outcome from this analysis is that roughness values has a strong influence on model results and should be taken into
account for friction factor calculation.

4. CONCLUSIONS

A simplified model for the flow in a PCP was successfully implemented which is able to predict flow rate for a
given differential pressure, with almost negligible CPU requirement. This make the simplified model suitable to run on-
line in control loops for PCP systems and can become and engineering tool for quick calculations.

Predictions for low viscosity fluids, where flow along seal lines can become turbulent, require the consideration of
material surface roughness in the Colebrook’s friction factor equation. This could maybe explain why model presented
by Gamboa et al. (2003) was unable to reproduce experimental values for water flow.

As model considers the possibility of variable clearances along the pump, it can be extended for elastomeric
(deformable) stator. This is object of current research.
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