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Abstract

The use of electrical submersible pump in artificial lift system poses a
challenge for oil and gas engineers especially when optimization of the project
is needed to minimize cost and maximize profits. The major challenge faced by
engineers is ESP equipment failure. The failure could result from gas,
equipment mechanical failure or sand erosion accumulation. This paper
focusses on analysing the effect of sand production (by using velocity of eroded
particle) on ESP run time. More so, a live field case study of a consolidated
sandstone reservoir in the Niger delta area was used to discuss ESP failures
and how to increase the longevity of the ESP units. Key parameters such as
mass flow rate and velocity of eroded particles were used as a node to analyse
sand production. Also, ESP run time was monitored using Finnie’s equation
which was incorporated in a computer program. A commercial software —
Prosper —was employed to calculate for impeller speed as well as fluid density.
Furthermore, an analytical solution that computes ESP failure time was
implemented using a computer program developed with python. Results from
analysis revealed that reducing operating frequency from 70Hz to 61Hz caused
a corresponding decrease in the velocity and mass flow rate of eroded particle
(sand production). It was also observed that the ESP failure time experienced
a delay upon reduction of ESP operating frequency.
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1.0 INTRODUCTION

The electrical submersible pump systems deliver an effective and economical way of lifting crude from great depths under
varied well conditions [1] However, Sand production in ESP systems is caused mainly by sand accumulation in the cavities
of pump stages or by erosion of the impeller blades [2]. These accumulations can cause damage to equipment’s either surface
or subsurface. Because of the difficulty in avoiding this problem, sand screens or gravel packs are usually installed downhole.
However, they could eventually cause plugging of the fluid flow path and reduces the oil flow rate. The performance of an
ESP system under sand erosion conditions is a crucial topic for operators and servicing oil companies because the economic
profits obtained from the oil production depend on the expected run lifetime of the system. According to Emmanuel et al. [3],
the impeller size and design, speed rotation, electric motor capacity as well as thermodynamic and fluid properties are
deterministic that affect the performance of Electrical Submersible Pumps (ESP).

Also, the presence of free gas at the pump intake is produced by either exposed gas sands, secondary gas cap, producing the
wells below bubble point pressure or at reservoir depletion. The presence of such free gas affects the performance of the
pump by reducing the flow rate of the oil. ESPs can handle free gas up to approximately 20% volume fraction without gas
separation or gas handling equipment [4]. Higher levels of free gas at the pump intake require the use of gas separation and/or
gas handling systems [5]. ESP motor failure is often caused by an increase in the temperature of the ESP motor or operating
at very deep wells with high temperature profile. In an attempt to boost production by increasing the flow rate, the operating
frequency of the ESP motor is increased. However, the result is an elevated temperature profile inside the ESP motor which,
if coupled with high well temperature could result in failure of the ESP motor [5].

Corresponding Author: Ohenhen 1., Email: ik.ohenhen@uniben.edu, Tel: +2348029178433
Journal of the Nigerian Association of Mathematical Physics Volume 62, (Oct. — Dec., 2021 Issue), 89 —96
89



Analysing the Effect of... Ohenhen and Igbinere J. of NAMP

Moreover, this paper discusses how sand production through mass flow rate of eroded particle, influences Electrical
Submersible Pump (ESP) run life. The appropriate equations and analytical solutions for mass flow rate and ESP failure time
would be presented and discussed. Following are the major objectives of this paper:

1. To compute the mechanical properties of the ESP system using PROSPER software prior to mass flow rate and
velocity calculations.

2. To implement Finnie’s equation in calculating mass flow rate and velocity of eroded particles using a computer
program developed with python

3. To investigate the effect of mass flow rate in a typical ESP system on ESP run time.

2.0 THEORY AND DEFINITIONS

The operating life of an ESP pump will always vary depending on the fluid and well conditions. One of the most critical
factors affecting ESPs reliability is the complex fluid properties and their variation with the well life. Recall, that fluid from
the reservoir often contains gas and even corroded sand. Failure models of the pump are usually affected by the dominant
presence on one or more of these phases. Several studies have been focused on comprehending failure mechanisms to improve
the overall life of the pump.

Hisham et al. [6] analysed 501 ESPs which were installed in Kuwait-Saudi Arabia during 1998-2001. To understand and
characterize failures, Morrison et al. [7] investigated different pump designs and established a commonly applied failure
mode for the ESPs. During initial analysis, it was observed that gas significantly affects the wear mechanism of the pump in
the presence of sand.

Ahbay et al. [8] conducted experimental work on the ESPs reliability in the presence of gas and eroded sand. It was observed
that Presence of sand had a profound effect on the wear mechanism across various components of pump. Presence of gas
mainly affected the wear across impeller and bearings. Impeller blades significantly eroded causing the primary reason for
pump performance degradation. However, to improve the reliability of the seal section, two approaches were considered.
The first one is to increase the tolerance of the mechanical seals to large vibrations while operating with low pressure
differentials. Alternatively, the second approach is to evaluate the feasibility of using process-fluid lubricated thrust bearings.
Multiple materials and designs will be evaluated in a vertical test rig capable of producing 40,000 Ibf of thrust and test the
bearings to failure.

Hisham et al. [6] presented the performance of electrical submersible pumps in the Wafra Field in the divided zone of Kuwait-
Saudi Arabia. Main reservoirs in this field include Wara/Burgan sandstones and Ratawi carbonates. ESPs completions in the
Wara sands presented the biggest challenge to reduce ESPs failure due to high sand volume erosion. The reservoirs were
also shrouded with excessive gas production which is also a prerequisite for the ESPs failure.

The divided zone produces using artificial lift (Sucker rod and Electrical Submersible pumps). Hisham et al. [6] analysed the
performance of the electrical submersible pumps in the period of 4 years started in 1998 until December 2001. The total
number of failure of the pump was 251 and common failures were documented as follows;

1) Motor failures(40%)
2) Pump failures(22%)
3) Cable failures(26%)

4) Others(12%)

2.1 Sand erosion analysis

The performance of ESP systems in the presence of sand erosion is a crucial issue for well operators and oil servicing
companies because the economic profits of oil production depends entirely on the run time of the ESP systems.

Potential sand productions in unconsolidated formation or fractured shale result in reduced ESP run time and company
revenue. The following are 2 main problems of sand production;

1) sand accumulation in the cavities of the pump stages and

2) erosion of the pump impeller.

Summarily, the causes of sand production in a production system are as follows;

unconsolidated nature of the formation

lower formation strength

mechanical rock failure

increase in reservoir drawdown pressure

water breakthrough and

6. Changes in production rate.

Categorically, sand production is quite difficult to control; hence sand screens and gravel pack installations are used to curtail
the problem. However, they increase the risk of reducing the flow rate.
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3. METHODOLOGY

Finnie [9] developed an analytical model to predict sand erosion rates of the ESP systems. His model assumes that a solid
particle has a velocity and a mass; which in turn define the momentum of the solid particle. When the particle hits the eroded
material surface, a rate change of momentum happens in the solid particle; this rate change of momentum becomes a force
according to Newton second law.

The analytical solution to estimate the mass removed from the eroded material surface, m are

M,V2
- L(‘)m){sinz o —3(sin 0)2}; x< 18.5° )
2 Oy
M,V2
_ sk (p—'") (cos )% o > 18.5° )
6 Oy

The two pertinent values required in the application of the above model are the velocity of the solid particle, V; and the
impingement angle «.

The erosion rate is a function of several variables. Among all the dependent variables, the velocity of the solid particle (sand)
is considered as a key parameter. Thus, reducing the angular velocity (operation frequency) of the impeller minimizes the
damage of the impeller and consequently extends the run life of the ESP system. The problem for solid velocity calculations
involves a two- phase liquid solid flow.

The velocity of the solid particle is given by

_ _ a
Vo= (a)r 2nrh tan [3) ®
1+ [co{(BH2-13+1
Where » = o+ Cop (=) 4)

The parameter » is a dimensionless variable and is a function of solid concentration and the ratio of solid density to fluid
density. Equations 3 and 4 are based on the steady-state solution of the Navier-Stokes equation in two dimensions (radial and
tangential) and the application of the velocity triangle expressions.

Case study

This methodology is applied to a field case study in the Niger delta area, Nigeria. The field is a consolidated sandstone
reservoir located onshore. The data used for analysis in this paper are illustrated in Table 1 and figure 1a and figure 1b. Figure
1a shows the mechanical and fluid thermodynamic fluid data for the ESP system to be analysed.

Table 1: Input parameters for ESP design

Head required 3722.76ft o, = horizontal stress, 42166135.85pa
Number of pump stages 129 a, impingement angle, 18°
Angular velocity 417 .3rad/s 0] 2 (recommended
by Finnie)
Liquid rate 3939.6sth/d Measured Solid volume 0.04247
fraction
Sand flow rate 2857.191bm/day Blades set 45degrees or
anticipated 0.7854rad.
Density of sand 2.65g/cc Impeller blade thickness = 0.5inch or 0.013m
Average fluid density 49.840511b/ft3 Impeller blade velocity 21.7m/s
Number of impellers 129
ESP Design (EHIBOR IDAHOSA Out) (Matched PVT)
N - | — R =
Spasis s
v - e toeas | STorte
Selact Motar | Feds 456_80-0_5td 125HF = Water Rate | 19638 | STE/day
Select Cable [ #1 Copner  0.25 (Vols ] =] Sal tw E“::d :e; - 237“3;;; =
Figure 1a: Data extract from prosper software Figure 1b: Data extract from prosper software
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Calculation Input Data (EHIBOR IDAHOSA.Out) Calculation Input Data (EHIBOR IDAHOSA.Out)
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Figure 1c: data extract from prosper software
Impeller diameter
The impeller represents the main element in the centrifugal pump system. Produced liquids, after being subjected to great
centrifugal forces caused by the high rotational speed of the impeller, lose their kinetic energy in the diffuser where a
conversion of kinetic to pressure energy takes place. Amongst other factors, the liquid producing capacity of the ESP depends
on the diameter of the impeller and its design (specific speed).
The following equations help us determine these two parameters of the impeller, impeller diameter and impeller specific
speed. These parameters will be used in our analytical solution.
3.65 1;\/6 )

H4

Impeller diameter, D, = 2—:} % (6)

Where ¢ = g—f; )

Uz
The definitions of the parameters are;
N = motor speed, rpm
Q =discharge rate, Ib/m

Impeller specific speed, N; =

H =head, m
U = blade velocity, m/s
G=9.81m/s

@ Spyder (Python 3
File Edit Search Source Run Debug Comsoles Projects Tools View Help

O EQ pHBEDG NE==pE BX £F& ¢

Editor - C:\Jsersthp pclesktoplprojectiuntitied1.py ax
[l wntitedipy B 2 sc
ESP Design (EHIBOR IDAHOSA.Out) (Matched PVT)
‘ Done Cancel WMain Help | Flot
lrput Dats
Head Required [ 372276 Ieet Pumg Intake Pressure [ 1751.8 peig
erags Dowrhole Fats | 4277.3 FiE-day Pump Intake Fiste | 426372 || FBJda)
Tatal Fluid Graviy | 090663 <p araviy Pump Discharge Pressure | 3212.54  peig
Free GOR Balow Pump | 0 oHSTE Pump Dischaige Rate | 426572 FEB/day zin
Totsl GOR Abowe Purp | 300 set/STE Purnp Mass Flow Rate | 1953584 | lbm/day % piozasy
Fump Inlet Temperaturs | 142958 deg b Awerage Cable Temperature | 126474 deo b 15 hs-22166135.35
16 tand5=1
Select Pump | CENTURION P35 4 inches (2200-4500 RE/day] -] 18 wraw'r L
Select Motor | Feds 456_30-0_5td 125HP 1376 67V 675, | B oL/ (2pttrml)
Select Cable | #1 Copper 0,26 [Volls/10001) 115 Lamps] mas -] 21 from numpy import sqrt i
22 j=sqre(((ds/dl)=*2 -1 ) = €5 + 1) + 1 d
c=(ds/d1) -1
—Resul — (j/k)+es
Mumber OF Stages | 123 Mator Efficiency | 84.4316  percent -1/ (1-cs)
Pawer Fequired | 145217 hp Peawer Generated | 145 217 hp velocity-dw*dm*dn*fac 1
—— e from numpy import sin T
Pump Efficiency | 73.6638 percent Mator Speed | 3986.95 pm dom(mrrvelociry - 2ond)/ (2+hs*Fin)
Pump Dutlet Temperature | 145.82 deg F “oltage Diop Along Cable | 171.788  wolis da-2.56779 )
CunertUsed | BB.6402  amps Voliage Required &t Surface | 1548.44 Wl | r
Surtace Kivh, | 178727 Torque On Shaft | 191.288 o1t ‘
33 print(velocity,masserosionrate) 1
Figure 2: computations performed from prosper software Figure 3. Python code to calculate velocity and erosion rate

N = 3986.95rpm;Q = 4289.72bbl/d or 2.98bbl/m; H = 3722.76ft or 1135.4m

The calculations are performed using excel and the results for the specific speed and impeller diameter is shown below;
Specific speed = 128.4m/s; Impeller diameter = 0.1039m; Impeller radius = 0.05m

The analytical solution will be performed using python. The python code is shown in the diagram below. The summary of
the data required is shown in figure 3.
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The result of the calculation for velocity and erosion rate are shown in Figure 4;
IPython console [

[ Console 1/a £ >

~

In [32]: runfile('C:/Users/hp pc/Desktop/project/untitledl.py’, wdir="C:/Users/hp pc/

Desktop/project’)

In [33]: runfile('C:/Users/hp pc/Desktop/project/untitledl.py’, wdir="C:/Users/hp pc/

Desktop/project’)

7.882597759364625 1.3287389322383457e-85
Figure 4: Result of velocity and erosion rate
The analytical solution was done with Microsoft Excel. The calculated velocity of the solid particle at the blades and the shrouds of the
impeller are 19.7m/s. However, an adjustment factor of 0.4 is used to correct any inaccuracy in the calculated velocity of the solid particle.
This is because the analytical solution gives a higher value compared to the simulation model; hence the need for the adjustment factor to
ensure there is consistency between both trends (simulation model).
Assume mass of 2.3kg of an impeller, hence the mass for 129 impellers is 296.7kg.
With the data given above, the mass erosion rate is however calculated and plotted in the figure below as mass removed vs. time.
Recall that

Mass erosion rate (kg/s) = ——

time
. . L 1075k, . .
From the calculated analytical values, the mass erosion rate is given by 1.329 x Tg. Hence, using various values of

impeller mass; the time can be calculated from the equation above. Note that, the time (seconds) has to be converted to days
by dividing by 86400. The table of values generated is as shown in Table 3.

Table 3: ESP run time and mass flowrate

Mass,Kg Time, days
0 0.00
50 43.54
100 87.09
150 130.63
200 174.18
250 217.72
300 261.27
350 304.81

The graph of time (vertical) against mass (horizontal) is thus plotted to determine the trend.

However, by interpolation we arrive at 258.4days as shown in Figure. 5 below.

& Spyder (Python
File Edit Search Source Run Debug Conscles Projects Tools View Help

= * ==

O Ee rpOBRE N==pE BX £
Editor - C:\Jsersthp pc'\Desktopiprojectiuntited 1.py 5 X
[ | untitlededit.py inter.py unﬁﬂedl.py@

1 ml=258

2 m2=296.7

3 m3=3aa

4 £1=217.72

5 £3=261.27

6 t2= (((m2-m1)*(£3-t1))/(m3-m1))+ &1

7 print(t2)]
Python 3.7.3 (default, Apr 24 2819, 15:29:51) [M5C v.1915 64 bhit (AMDG4)]
Type “"copyright", "credits” or "license” for more information.

IPython 7.6.1 -- An enharr=d Trtaractive Python.
Mass, kg
In [1]: runfile('C:/Userssnp pcruesxtop/projectfuntitledl.py’', wdir="C:/Users/hp pc/
Desktop/project')
258.3957

Figure 5: Interpolated result for days to failure of ESP of 70Hz
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Discussion
From analyses performed an increase in the velocity of particle eroded causes an increase in the mass erosion rate.

Recall that the velocity of the eroded particle is determined using equation 3.

From this equation, the velocity is increased by increasing the value of the angular velocity,w. The angular

velocity is given by the formula, w = ngOXN where N is the motor speed of the ESP pump unit. Hence increasing

the pump motor speed increases the angular velocity and vice-versa [3]. To minimize the damage done on the
impeller, we reduce the mass erosion rate by reducing the velocity of the eroded particles. This can be achieved
by reducing the operating frequency of the pump. This will reduce the motor speed, hence reducing the angular
velocity. From our model, a frequency of 70Hz was used. Analysis using a frequency of 61Hz showed that the
Motor speed = 3502.6rpm

Head = 3722.76

Pump stages = 166

The angular velocity is calculated to give = 366.8rad/s

Assuming a mass of 2.3kg for an impeller, the mass of 166 impellers is 381.8kg. Upon calculation using the
python code as in the previous case and changing the angular velocity for 61Hz to be 366.8rad/s the solution for
the mass rate of the eroded particle is 1.000487590693417e-05. Recall that for the 70Hz frequency, the mass rate
of eroded particle was found to be 1.3287309322303487e-05. We notice the reduction in the eroded mass particle.
We must then Table 4 shows results for the time and the mass of particle eroded.

Table 4: ESP failure time for 61Hz frequency

mass_ kg time, days
0 0.00
50 57.84
100 11568
150 173.53
200 231.37
250 28921
300 347.05
350 404 .90
400 462.74
450 520.58
500 578.42

The graph of time (vertical) against mass (horizontal) is thus plotted to determine the trend (See fig. 6).

Journal of the Nigerian Association of Mathematical Physics Volume 62, (Oct. — Dec., 2021 Issue), 89 —96
94



Analysing the Effect of... Ohenhen and Igbinere J. of NAMP

650.00
600.00
550.00
500.00
450.00
400.00
350.00
300.00
250.00
200.00

100.00
0.00

time,days

time,d...

150.00 - Mass o

50.00 -

0 50 100 150 200 250 300 350 400 450 500 550

Figure. 6:Time versus mass plot

The total mass for 166 impellers is 381.8kg (2.3kg per impeller), hence from the diagram it was observed
that the estimated run time of the equipment is about 450days due to erosion of the impellers. However,
by interpolation we arrive at 442days.

CONCLUSION

a) An analytical equation (Equations (3) and (4)) was used to estimate the solid particle velocity in the
tangential direction, which in turn provides a key input to use the Finnie’s model (Equations 1 and
2) to determine the sand erosion rate.

b) This model was successfully applied to a field in the Niger Delta area.

c) The ESP equipment failure time operating at a frequency of 70Hz is 258days.

d) Reducing the frequency to 61Hz delayed the ESP failure time to 442days.

e) It was concluded that the operating frequency can reduce the impact of sand erosion problem in the
ESP system by delaying the time to failure.
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