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ABSTRACT

The article presents a dynamic model of the sealing system between the piston and the
barrel, at a borehole pump used for the oil extraction. The model is made in the LMS
Amesim program and allows a precise modeling of the geometric, cinematic and
dynamic elements of the piston. Two constructive types of piston: smooth and with
ditches designs are analyzed.
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INTRODUCTION

The sucker rod pump system is still the most widely used oil extraction system [10, 11].
Studies and research are being carried out continuously in this field, with important
results in improving the operating performance and increasing the durability of the
extraction system. Some good description of a Sucker Rod Pumping System (SRPS)
model are presented in [7, 13]. An image with the downhole pump is also in Figure 1.
The domain is a multidisciplinary one involving the participation of mechanics,
automation, chemists, drilling and extraction engineers etc. Torres and Schntman in [16]
have shown that the satisfactory oil well operations with sucker-rod pumps are
attributed to the techniques and methods which are able to control the performance of
the well. They developed a mathematical dynamic model of a real sucker-rod pump
based on the identification techniques by using input-output measured data. The
developed model is able to deal satisfactorily with uncertainties and variations, such as
for instance, the pumped fluid composition. Weicheng et al. in [17] have created an
improved SRPS model, considering the impact of the fluid flowing into the pump on
SRPS dynamic behaviors. Two oil wells are served to compare the difference between
the current SRPS model and the improved one. The results indicate that the current
SRPS model is unsatisfactory in calculating the pump filling, and this difference will
increase with the reduction of the oil well deliverability; the influence of fluid flowing
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into the pump on the pump load cannot be ignored when the fluid velocity is high.

Therefore, the fluid flowing into the pump is necessary to be considered in order to
improve the simulation accuracy. The problem of the damage to the rod string is
frequently studied as in [6]. Causes of failures of sucker-rod pumping units, occurring
on oil-and-gas production enterprises, include breakages and twist-offs of sucker-rods,
which are exposed to static and dynamic loads [9]. The correct equipment selection is
one of the directions of reliability growth of the rod strings. The dynamometer cards are
commonly used to analyze down-hole working conditions of pumping systems in actual
oil production [8, 19]. The centralizers can affect the polished rod load and the pumping
system efficiency [20]. The influence of centralizers, stroke length, pumping speed and
flooding period on SRPS efficiency and production has been studied and the results
indicate that the SRPS efficiency and production rate decrease while the number of
centralizer increases.

a b C

Figure 1. The main elements of a borehole pump: a. a section through the pump; b. a
polished piston; c. a piston with ditches.

The problems of modernization of the existing sucker rod pump, the basic technical
problems and new technical solutions that have been successfully applied in the
innovative design of SRPS BeeOilPump are presented in [5]. The method for using
finite element analysis to analyze and study the velocity and liquid pressure distribution
of a sucker rod pump is proposed in [13]. The results indicate that this method can
simulate the fluid in sucker rod pump reliably. Dinu in [1] presents the results of
experimental researches of the pressure distribution along the extraction pump plunger
during its running. The results are based on research [4] that involved many
experimental determinations made in Petroleum and Gas University of Ploiesti. It
ascertains that the law of pressure variation depends, mainly, on the existing radial gap,
elastic radial deformation of the cylinder and on the type of the pumped fluid. All these
elements influence the volumetric efficiency of the extraction pump. Also Dinu in [2, 3]
reveals that the hydraulic yield of the borehole pumps is determined by the leakage
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between the piston and the cylinder and the two valves, fixed and mobile. The leakages
through the ball valves occur during their sealing and as a result of the ball and seat
wear. The specialty literature presents theories and results of the research on the stroke
yield, the borehole pump admission coefficient influenced, as a rule, by the presence of
gas in the liquid sucked up by the pump, the liquid leakage through the space between
the piston and the cylinder of the borehole pumps, both for the new pumps and for the
highly worn ones, without insisting on these leakages yield and without identifying the
liquid leakage through valves at the piston up stroke and down stroke. For this reason,
the paper presents the calculation program for the liquid leakage efficiency through the
ball valves of the production wells, for which a computer model has been elaborated.
The ball movement of the extraction pump valve in a viscous environment and limited
space is well presented in [15]. It was experimentally determined the resistance to valve
ball movement in the liquid.

CALCULATION OF DEBIT LOSSES
FLOW RELATIONSHIPS

Next, we propose to evaluate the debit losses using models developed in LMS Amesim.
This program is offered free of charge by Siemens for students and university teachers
https://www.plm.automation.siemens.com/global/en/index.html. The LMS Amesim
program includes the facilities of a multidisciplinary software product, combined with
the support of a knowledge base on engineering issues. Models close to real-world
systems with good computer precision can be made, as shown below. The main issue
we are looking at is the assessment of the liquid flow that is lost through the cylinder -
piston gap in different technological and geometric conditions. In the paper [10] several
calculation relations are determined, based on numerous experimental determinations
made on static (fixed pump pistons) or dynamic (the piston of the pump is displaced at a
constant speed). These relationships are valuable because they express the actual flow
of extraction pumps and can be used as a comparison with the theoretical models. For
the static case, the proposed relationship (1) is:

D1.994—4 52.3374—13

Qcs = 563275.5 ” 1)
and for the dynamic case the relationship is:

D1‘2852‘08P
Qca =370359.5 —"-—+0.53897-D -5 -V (2)

In relationships (1) and (2) the units used for the variables are: Q. [cm3/s]; ,L [cm];
P [atm]; u [cP]; V [cm3/s]. Using the above relationships provides an error [10]
(relationship 3) of between 30-35%, which is closest to experimental data compared
with that of the other researchers.

100 |Qri—Qcil
Br="Xia— g (3)
The extraction pumps are made at a specific nominal diameter: of the barrel on the
schedule (-40, -20, 0, + 20, + 40 mils) and are fitted with pistons for the schedule (-7, -
5,-3,-2,-1,0, +1, + 2, + 3, +5, +7 mils). The piston and barrel wear increases volumic
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losses and decreases the volume output. In terms of lubrication conditions, we should
have bigger gaps. This ensures greater use of the pump and prevents the piston from
catching the abrasive and corrosive fluids. So the extraction pump gap (piston — barrel)
depends on the technological conditions and the physical & chemical properties of the
fluid extracted.

STATIC CASE MODEL

The determinations in the LMS Amesim program were made on the model shown in
Figure 2, a. The model includes: two pressure sources corresponding to the petroleum
deposit (outlet) and the exit of the pump (inlet); the properties of the petroleum; the gap
between barrel and piston, Figure 2, b. The relationships of the flow rate of volumetric
losses used in the program LMS Amesim, for a concentric respectively eccentric
geometry gap are respectively (4), (5), where the eccentricity e can be calculated with
relationship (6). We have obtained the volumetric flow losses Figure 2, ¢ (that is an
information provided by the program) and volumetric efficiency (that is an information
obtained with post processing facility of the program) Figure 2, d. The comparison
between the values offered by the LMS program and the values obtained by the
experiment (relationship 2) is made in the last three columns of the Table 1.

D8 pa—pp PPmia)

ch,LMS = 121 L 2(0) (4)
D63 pa—0p PPOmid)

ch,LMS = 12 T 2 p(o)d (1 + 1.582) (5)

e=¢e22 (6)

2

The values approaching the experimental values are those in the column 7, for an
eccentricity ratio € = 0.5. It can be noticed that for € = 0, the loss values (obtained with
LMS Amesim) are lower (column 8). In conclusion, the values obtained using the LMS
Amesim program correspond to the experimental values as an order of magnitude, but
in condition of existence of an eccentricity barrel - piston.

Table 1. Comparison between the experimental results and computer simulation model
in LMS Amesim, for the static case.

Piston . Pressure | Dynamic | Piston | Flow IFIOW IFIOW
diameter, Radial difference, | viscosity, | length, | losses, 05585, _ 05585, _
D gap, 6 P u l ch ch,LMSr &= ch,LMS; &=
0.5 0
cm cm atm cP cm | cm3/s| ccm®/s cm3/s
1 2 3 4 5 6 7 8
3.1725 | 0.00127 150 10 133 0.10 0.03 0.02
3.1699 | 0.00254 150 10 133 0.54 0.23 0.17
3.1674 | 0.00381 150 10 133 1.37 0.76 0.55
3.1623 | 0.00635 150 10 133 4.55 3.54 2.57
3.1590 | 0.00800 150 10 133 7.80 7.08 5.15
3.1550 | 0.01000 150 10 133 13.11 13.83 10.07
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Figure 2. Static case results: a. Sucker rod pump model in LMS Amesim, static position of
piston; b. Model sketch; c. Flow losses, piston — barrel in eccentric position; € = 0.5; d.
Volumetrical efficiency of the sucker rod pump; run 1 diametrical gap 0.200 mm; run 2

diametrical gap 0.160 mm; run 3 diametrical gap 0.127 mm; run 4 diametrical gap 0.076

mm; run 5 diametrical gap 0.051 mm; run 6 diametrical gap 0.025 mm.
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DYNAMIC CASE MODEL

An advanced model of the piston pump is used in Figure 3, a. It is possible to model the
piston with its construction details. Thus we can insert: the two chambers of the piston
(1) and (3) with the corresponding liquid volumes (4) and (5). The room volumes are
variable and take into account the piston movement. Between the two chambers is the
piston (2) at which the gap between the piston and the barrel is formed. The properties
of the oil are introduced with the block (7) and the block (8) is used for the gravity
acceleration. The lost volume of oil is measured with the transducer (13). The
volumetric flow of the pump is measured with the instruments (9). The element (11)
introduces the stroke efficiency and element (12) splits the cinematic signals (piston
velocity and displacement). The model allows the piston rod diameter to be specified, to
impose the force at the piston rod and kinematic elements. In the case represented, the
speed of the piston, corresponding to the crank shaft mechanism on the surface, is
introduced, a mechanism completed with the walking beam. The speed of the piston is
calculated with the relation [10]:

_ wa [pr(b?+12-f2)sin(p+¢0) (f2+T2—P2)]
VA - f2 \/4l2b2—(b2+lz—f2)2 T 2 (7)

where the geometric elements of the beam unit are shown in Figure 3, b. A file (10)
with these values is used into the model. For the set of values in Figure 3, c, the
variation of the loss rate is shown in Figure 3, d. It is noted that during the 5 seconds of
the lifting stroke, the flow stabilizes around 20 | / min. This flow is only for the lifting
stroke. At the descent race, the liquid runs backwards with very low flow rates. Running
the application for the five sets of values shown in Table 2 the volumetric efficiencies
are obtained (the last column of the Table 2).

The efficiency calculated with relationship (8) reports the flow losses rate at the average
unit flow rate Q,, (relationship 9). We considered: a stroke length at surface of 2.1844 m
(86 inch); pump diameter 31.75 mm (1 ¥4 inch); pump speed 6 spm; pump efficiency 1;

70.03175% 2.1844-6-0.85 =12.70 m—3
" day

stroke efficiency E; =0.85; @, =

Epn = % (8)
D2
Qn="-S"N"E, )
The equations of the model used by LMS Amesim are:
T
Veams = J; Qeadt (10)
_ mD-8% pa—pp pPmia) £\ vt
ca = 22 2ape 2P [1+1.5(5) ]+ Y rD-s (11)
— D—-26 _ D-26
Fr= 2020 (e = pp) 8+ L (v —p7) 2 (12)
D _ ‘D
F* =" (pa—pp) 6 —p-1- (" —v7) = (13)
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Figure 3. Flow losses for a dynamic model of a smooth piston: a. model achieved in
LMS Amesim; b. the sketch of beam pumping unit with the geometrical elements used in
the calculus of piston velocity; c. geometrical characteristics of the piston; d. variation

of flow losses Q.4; €. distribution of the pressure on both sides of the piston.
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Table 2. Results of computer simulation (model in LMS Amesim), dynamic case, smooth
piston.

Average
. Piston | Average Lost Lost ..
Clearance | Eccentricity diameter flowg volume* liquid Efficiency
flow

mm mm mm I/min | I/min -

1 2 3 4 5 6 7
0.508 0.254 31.750 88.20 1.66 9.96 0.89
0.533 0.266 31.725 88.06 1.93 11.58 0.87
0.558 0.279 31.699 87.91 2.21 13.26 0.85
0.584 0.292 31.674 87.78 2.52 15.12 0.83
0.609 0.304 31.650 87.64 2.85 17.10 0.80

The leakage flow rate is proportional with the cube of the clearance and the square of
eccentricity and is then very sensitive to these 2 parameters, relation (11). The friction
forces on the piston and on the envelop are calculated with relations (12, 13). It is worth
pointing out that in this model the flow through the piston cylinder interstitial is
modeled taking into account the velocity of piston, Figure 4 and the friction forces on
the piston — barrel gap. For this reason, at small gaps LMS Amesim does not find a flow
solution (1-7 mils), in agreement with the actual situation where the piston displacement
is made with difficulty.

I — 3
o
—_—— e — e —— ﬁ_ ............ —
f — 3

Figure 4. Scheme in which are figured the velocities for the barrel and the piston,
velocities used in the relationships (11-13).

DYNAMIC CASE, PISTON WITH DITCHES

Since several pistons are realized with ditches, Figure 1, ¢ in Figure 5, a, the model of
this type of piston was made. The piston model is included under the SC_2 sub module
and it can be seen in Figure 5, b. Each hydraulic chamber Ch corresponds to a piston
channel. Between the two chambers is the piston area through which a sealing gap is
achieved. As with the smooth piston model of Figure 3 is introduced by the submodule
of Figure 5, ¢ the velocity of the piston calculated over time with the relationship (7).
Because the sealing areas are much shorter (140 mm) and the pressure difference on
each sealing area is smaller (Figure 5, d), the laminar flow rates are obtained. Thus, we
have a solution to the flow problem at smaller interstices, with the lost volume of liquid
indicated by the Table 3. In these conditions the volumetric efficiencies are better,
compared with Table 2.
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Figure 5. Piston with ditches: a. LMS Amesim model; b. sub model of piston with
diches; c. sub model of piston velocity; d. pressure distribution through the piston
length, into the hydraulic chambers.

Table 3. Results of the computer simulation (model in LMS Amesim) dynamic case
piston with ditches.

Average
Clearance | Eccentricity dra:rsr;[gpe r A\;Ieor\;:\t,ge voll_uorsnte* I:Eﬁjtd Efficiency
flow
mm mm mm I/min | I/min -

1 2 3 4 5 6 7
0.508 0.254 31.750 88.20 1.11 6.66 0.92
0.533 0.266 31.725 88.06 1.26 7.56 0.91
0.558 0.279 31.699 87.91 1.43 8.58 0.90
0.584 0.292 31.674 87.78 1.62 9.72 0.89
0.609 0.304 31.650 87.64 1.82 10.92 0.88
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CONCLUSIONS

The models presented offer good consistency with the experimental data for the
static case.

High precision models are used which include forces acting on the depth pump
including friction forces and velocities.

The models are dynamic including piston displacement.

The efficiency is calculated using the lost volume of liquid and the average flow
rate of the pump.

The pump piston is modeled without ditches and with ditches, and the influence
of the lost volumes is evaluated. Efficiency is better when we use ditches.

It is possible to ensure a laminar flow to the piston with ditches, which gives

also better lubrication conditions.
Nomenclature
E, — calculus error;
E, — stroke efficiency;
Q.s — static flow losses;
Q.4 — dynamic flow losses;
Q,; — measured flow losses;
Q.; — calculated flow losses;
P — pressure difference p, — py;
Pq — INpUt pressure;
pp — output pressure;
v~ — velocity of the piston;
vt — velocity of the barrel;
D — barrel diameter of the sucker rod pump;
L — piston length;
N — sucker rod pump speed;
S — stroke length at surface;
V7, — piston velocity, at the head of the horse;

V' — piston velocity;

52

V.q — lost liquid volume;

T —upward stroke duration;

d — diameter of the piston;

e — eccentricity;

i — index of an experiment;

n — total number of experiments;

& — radial gap between working

barrel and piston;

& — eccentricity ratio;

u — dynamic viscosity of the oil,

p(Pmia) — density of petroleum at
__ DatDPp.

average pressure ppig = =

p(0) — density of petroleum at
normal pressure;

w — angular velocity;

LMS —index calculated with LMS
Amesim.
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