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ABSTRACT

The electric submersible pump (ESP) is a crucial apparatus utilized for lifting in the oil extraction process.
Its lifting capacity is enhanced by the multi-stage tandem structure, but variations in energy charac-
teristics and internal flow across stages are also introduced. In this study, the inter-stage variability of
energy characteristics in ESP hydraulic systems is investigated through entropy production (EP) analysis,
which incorporates numerical simulations and experimental validation. The EP theory facilitates the
quantification of energy loss in each computational subdomain at all ESP stages, establishing a corre-
lation between microscopic flow structure and energy dissipation within the system. Furthermore, the
underlying causes of inter-stage variability in ESP hydraulic systems are examined, and the advantages
and disadvantages of applying the EP theory in this context are evaluated. Consistent energy charac-
teristics within the ESP, aligned with the distribution of internal flow structure, are provided by the EP
theory, as demonstrated by our results. The EP theory also enables the quantitative analysis of internal
flow losses and complements existing performance analysis methods to map the internal flow structure
to hydraulic losses. Nonetheless, an inconsistency between the energy characterization based on EP
theory and the traditional efficiency index when reflecting inter-stage differences is identified. This
inconsistency arises from the exclusive focus of the EP theory on flow losses within the flow field, dis-
regarding the quantification of external energy input to the flow field. This study provides a reference for
the optimization of EP theory in rotating machinery while deeply investigating the energy dissipation
characteristics of multistage hydraulic system, which has certain theoretical and practical significance.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).

1. Introduction

configuration of the ESP enhances its lifting capacity and also
leads to different inflow conditions between the stages, resulting in

At present, there is an increasingly prominent global contra-
diction between energy supply and demand (Qiu et al., 2022). The
electric submersible pump (ESP), which is extensively employed as
a lifting device in oil extraction processes (Yang et al., 2021a,b),
needs to be deployed deep into the oil layer with the tubing, and
hence, is usually designed with multiple stages in series to meet the
high head requirements (Takacs, 2017). However, the multi-stage
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slight variations in performance and internal flow characteristics (Li
et al., 2023). These differences accumulate with each stage added,
significantly increasing the uncertainty in predicting the perfor-
mance and energy characteristics of multi-stage ESPs. Conse-
quently, investigating the mechanism of inter-stage interaction,
mitigating unsteady flow in the internal flow field, and enhancing
operational stability while reducing inter-stage variability have
become hot research topics in the ESP system field.

With the advancement of flow theories, an increasing number of
researchers are utilizing computational fluid dynamics (CFD)
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Nomenclature

D outer diameter

E local dissipation rate per unit mass
g gravitational acceleration

H head

k turbulent kinetic energy

N number of blades

n rotation speed

ns specific speed

Q flow rate

Q heat transfer rate

S entropy

S5 direct dissipation by mean velocity

S;;/ direct dissipation by turbulent pulsation
S5 entropy production of direct dissipation
Sp entropy production of turbulent dissipation
St total entropy production

Sw entropy production of wall

t time

T temperature

To absolute temperature

U, circumferential velocity

Uus friction velocity

Uy velocity vector of the near-wall region
Vbb blade-to-blade velocity

W shaft work

I’} empirical coefficient

U dynamic viscosity

e turbulent viscosity

I density

Tw wall shear stress

d viscous dissipation function
) turbulent vortex frequency

d diffuser

i impeller

des design

BEP best efficiency point

CFD computational fluid dynamics
ESP electric submersible pump

EP entropy production

EPR entropy production rate

PS pressure side

RANS Reynolds average Navier-Stokes
SS suction side

SST shear-stress transport

VS vortex stretching

techniques to analyze the hydraulic systems of ESPs. The use of CFD
enables visualization of complex microscopic flow structures in ESP
hydraulic systems, facilitating the development of understanding
the flow characteristics and inter-stage variability in these systems.
Stel et al. (2014) studied the impact of different viscosity media on
the flow distribution and performance of ESP internal flow using
CFD. The authors noted the variations in flow characteristics of the
three-stage ESP hydraulic system and highlighted the significance
of studying multi-stage arrangements while exploring ESP-related
phenomena. Based on the previous study, Stel et al. (2015) con-
ducted a comprehensive examination of multi-stage ESPs and
summarized various numerical methods, validating their accuracy
in predicting flow characteristics in ESPs. The findings emphasized
the variation in flow characteristics at all stages of ESP hydraulic
systems, highlighting the rationality and advantages of using a
three-stage model for numerical calculations. Subsequently, Yang
et al. (2021a,b) investigated the inter-stage differences in the flow
field distribution and pressure pulsation characteristics in a typical
three-stage ESP hydraulic system, employing experimental and
numerical simulations. The study revealed that the dynamic and
static interference between the impeller and diffuser in the
chamber is the primary cause of pressure pulsation, and the cor-
responding pressure pulsation signal has inter-stage differences,
reflecting the evident cascade phenomenon.

The reduction of energy loss in hydraulic machinery has been a
longstanding area of interest as it has a significant impact on the
efficiency and overall performance of the system. In the case of ESP
hydraulic systems, efficiency not only reflects the performance of
the system but also directly affects crude oil production rates.
Hence, there is a pressing need for accurate prediction of energy
loss in ESP hydraulic systems. The EP theory is originally applied to
analyze the energy characteristics of turbomachinery. In the early
1990s, Denton (1990) provided a detailed description of the asso-
ciated entropy generation in the internal flow field of turboma-
chinery, pointing out that entropy generation is the root cause of
efficiency loss. In recent years, with the maturity of EP theory, as a
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new way to characterize energy loss, the EP method has been
widely used in the evaluation of energy performance of rotating
machinery (Chen et al., 2023). Different from the traditional anal-
ysis method of hydraulic losses, the EP method combines energy
losses with the complex microscopic properties of the flow field
inside the pump (Zhou et al., 2022), making it possible to quantify
the energy losses. Hou et al. (2016) integrated EP theory with nu-
merical simulations to analyze the internal flow and energy char-
acteristics of a submersible pump. The study found that flow
separation and backflow in rotating mechanical flow passages
directly contributed to the increase in entropy production rate
(EPR). Subsequently, Hou et al. (2017) analyzed the local EPR of each
overflow component of the centrifugal pump and proposed a new
system for evaluating energy loss in rotating machinery. Chang
et al. (2019) used EP theory to investigate self-priming pumps
and identified turbulent dissipation as the primary factor contrib-
uting to hydraulic losses in the system. Zhang et al. (2020) evalu-
ated the energy loss of a side passage pump under different
wrapping angles using the EP method based on CFD and obtained
favorable results. Ji et al. (2020) employed the EP method to analyze
the energy characteristics of the leakage vortex at the top of the
impeller of a mixed-flow pump and accurately captured the
microscopic energy loss distribution of the leakage vortex.
Furthermore, Yu et al. (2022a, b) applied the entropy production
theory to the hydraulic loss characterization of hydraulic turbine,
and further considered the effect of cavitation phenomenon on the
internal energy loss of hydraulic turbine while quantitatively
evaluating the energy loss of the overflow components under
different working conditions, leading to favorable outcomes. It is
evident that the majority of existing studies concentrate on the
application of EP in quantifying energy losses in hydraulic systems,
highlighting its exceptional benefits in visualizing energy loss.
The inter-stage variation characteristics of multi-stage ESP have
received some attention from scholars in related fields. However,
the study remains incomplete as the energy loss characteristics and
their distribution, caused by differences in internal flow field
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distribution between the stages, have not been fully understood.
Additionally, the coupling characteristics of hydraulic losses be-
tween the various stages of the multi-stage ESP hydraulic system
have not yet been modeled, and there are still several limitations in
the theory of inter-stage variability. The introduction of EP theory
has offered novel ideas for analyzing the internal flow and energy
characteristics of hydraulic machinery. Although previous research
has demonstrated favorable results with the combination of EP
theory and CFD in the analysis of corresponding rotating machin-
ery, a thorough analysis of the advantages and disadvantages of
applying EP analysis in multi-stage ESP hydraulic systems is still
lacking.

The primary objective of this study is to analyze the inter-stage
variability of multi-stage ESP by employing traditional methods
and EP theory. The analysis is based on a combination of numerical
simulations and experimental studies. Specifically, the research
investigates the energy loss mechanisms at each stage of the ESP
and quantifies the energy losses using EP theory. Furthermore, the
study summarizes the coupling relationship between the micro-
scopic flow structure and the distribution of energy losses in each
stage of the multi-stage ESP. At the same time, the study points out
the shortcomings of EP theory in quantifying energy dissipation in
hydraulic systems. This study provides a comprehensive explora-
tion of the energy dissipation characteristics in multistage hy-
draulic systems, also can offer guidance for optimizing EP theory in
rotating machinery. The research holds certain theoretical and
practical significance.

2. Models and numerical methods
2.1. Geometric models

In this paper, the model 250QJ80 ESP is selected as the object of
study. Its basic design parameters are as follows: rated flow rate
Q = 80 m?/h, single-stage head H = 20 m, rated speed n = 2850 1/
min, so its specific speed ns = 163.97. The number of blades of the
impeller N; = 6; the number of vanes of the diffuser Ng = 7; the
outer diameter D; of the impeller and the outer diameter Dq of the
diffuser are 151 mm and 180 mm respectively. The blades are
spatially twisted to reduce hydraulic losses and improve the effi-
ciency and cavitation resistance of the unit. Subsequently, a three-
dimensional model is established based on Unigraphics NX 12.0,
and the principal overflow components are represented, as depic-
ted in Fig. 1. To obtain a comprehensive understanding of the dif-
ferential unsteady flow structures occurring within each flow
passage across each stage in the hydraulic system, a complete flow
passage model of the three-stage ESP is utilized for numerical
simulation, as illustrated in Fig. 2. The primary body of the single-
stage computational domain is comprised of the impeller, space
diffuser, and chamber, and the inlet and outlet extension pipes are

Impeller blade A
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Impeller hub

Impeller

| Impeller shroud
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Impeller Diffuser  Chamber
.
| T
Inlet pipe Outlet pipe
1%t stage 2 stage 34 stage
Fig. 2. Calculation domain of three-stage ESP.
Table 1
Number of grids for each case.
Case 1 2 3 4 5
Number of grids, 10% 168 241 319 376 467

positioned at the front and rear ends, correspondingly. To ensure
complete turbulence development at the inlet and outlet and to
augment the precision of the numerical computation, the length of
the pipe is set to 10 times the impeller diameter.

2.2. Grid and independence verification

The precision of numerical calculations is heavily influenced by
the quantity, quality, and form of the computational grid. In
contrast to unstructured grids, structured grids are more amenable
to achieving congruent computational domain boundaries due to
the orthogonal properties of their internal topology. Consequently,
structured grids offer enhanced accuracy and robustness of the
algorithm during computation. This study proposes the deploy-
ment of ANSYS TurboGrid for structured grid dissection of the
computational subdomain of the three-stage ESP model, with a
specific focus on ensuring grid quality in excess of 0.4 for both the
impeller and diffuser.

Table 1 shows the detailed grid numbers of the five groups of
grids used in the grid-independent analysis, and Fig. 3 shows the
results of the model grid-independent analysis. The numerical
simulation is based on the same control equations and boundary
conditions, and the predicted values of head, efficiency and shaft
power at 1.0Qges Operating conditions are chosen as the conver-
gence parameters. It is not difficult to find that the numerical so-
lutions of head, efficiency and shaft power gradually converge and
the hydraulic performance of the ESP system gradually stabilizes
when the number of grids increases to Case 3. Comparing the
calculation results of Case 3 and Case 5, the predicted values of shaft
power remain the same, while the average relative error of head
and efficiency prediction is only 0.14%, which is less than 1%.

l !Diffuser shroud

(d

Diffuser vane

4

Diffuser hub

Diffuser

Fig. 1. 3D models of impeller and diffuser.
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Fig. 3. Results of grid-independence analysis.

Therefore, we can assume that the accuracy of Case 3 meets the
requirements. Considering the reasonable allocation of computa-
tional time and computational resources, the final grid number
selected for the numerical calculation in this paper is 3.19 million,
and the structured grid of the single passage of the impeller and
diffuser is shown in Fig. 4.

2.3. Numerical calculation

Based on the shear-stress transport (SST) k-w turbulence model,
the full flow passage numerical simulation of the above multi-stage
ESP system is performed using CFD software ANSYS CFX. The SST k-
w turbulence model modifies the definition of turbulent viscosity in
the transport equation (Menter, 1994), and its turbulent viscosity u¢
is calculated as follows:

—p K min (K @ik (1)
K= P max(aqy0,SF) P ’ SF,
2vk 5000
_ 2 _
F, = tanh (argz), arg, = max <0.09wy’ yzw) (2)

S=1/25;S;

an au,-
—_— _l’_ -
0X; an

1

Si=3

.
A
i

7 l[l'l?’/""ll

il
I I',,II/,
|
':"'I"

vy ey,

TTALL

it
A

Impeller Diffuser

Fig. 4. Single passage grid of impeller and diffuser.
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where p is the density of the fluid medium; F; is the mixing func-
tion; S represents the strain rate magnitude; a; is the coefficient,
and the default value is 0.31, which can be fine-tuned to correct the
model, but the value cannot be reduced; y is the distance to the
next surface; v is the kinematic viscosity of the fluid medium,; Sj;
represents the mean strain rate.

The above modified turbulent viscosity calculation takes into
account the transmission of turbulent shear stress, which prevents
over-prediction of turbulent viscosity during the calculation (Li
et al,, 2018) and is a better solution for turbulent effects in turbo-
machinery. The transport equations for its turbulent kinetic energy
k and turbulent vortex viscosity frequency w are as follows:

0 0 0 ok

PT: (pk) +a_x,- (pku;) :a_xj <Fka_xj> + G — Y + Sk (5)
0 I3} 0 ow

&(pw)+6_xj(pwuj) :a_Xj <Fw6_XJ> +Gy —Yy+Dy + Sw (6)

where t, p, G¢ and G, denote the time term, fluid medium density,
generation of turbulent kinetic energy and generation of turbulent
dissipation rate, respectively; I'y and Yy denote the effective diffu-
sivity of k and dissipation under turbulence, respectively; I', and Y,
denote the effective diffusivity of w and dissipation under turbu-
lence, respectively; D, denotes the cross-diffusion term; Sk and S,
are the user-defined source terms.

It is known that in the dynamic process of medium flow, the
near-wall normal direction has a large velocity gradient, which
makes it difficult to predict the flow in the near-wall region during
the numerical simulation. The analysis shows that the flow in the
near-wall region can be subdivided into three layers (Schetz and
Bowersox, 2011), namely, viscous sublayer, buffer layer and loga-
rithmic layer, as shown in Fig. 5. In Fig. 5, u; and Ay represent the
dimensionless velocity and wall normal distance of the flow layer,
respectively. Among them, the viscous sublayer shows almost
laminar flow due to the fluid viscosity. The outer logarithmic layer
is dominated by turbulence, and the region between viscous sub-
layer and logarithmic layer is called buffer layer, where the fluid is
affected by both viscous and turbulent effects with more complex
flow characteristics. In this study, the wall function method is
proposed to be used to solve the flow in the near-wall region. The
wall function can model high-gradient shear layers near the wall
with relatively coarse grids, without considering the viscous effects
of the medium, thus saving a lot of CPU time and storage (Craft
et al,, 2004). In CFD, as the wall dimensionless distance, y* is

YA
Ux
S Gl b e >
|
|
I
I
i
|
| Ay Turbulent layer
i
|
: _________ Logarithmic layer
: Near-wall region ? Buffer layer
|
h 4 y

Viscous sub[)ayer
Wall u

Fig. 5. Schematic diagram of the boundary layer.
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often also used to characterize the thickness of the first grid layer at
the boundary of the computational domain (Fuchs et al., 2012),
which is calculated as

_yug

)

v

Tw

) (7)

y=

Us =

where, y is the distance to the wall; u¢is the friction velocity; v is the
kinematic viscosity of the medium,; p is the density of the medium;
Tw is the wall shear stress.

It is worth noting that, as a low Reynolds number model, the v-
based turbulence model is very accurate in predicting the flow in
the near-wall region. Nonetheless, this heightened accuracy comes
at the cost of stringent boundary layer grid requirements, neces-
sitating the proximity of y * value for the boundary layer grid to 1.
Considering the trade-off between computational precision and
cost, Automatic wall function in ANSYS CFX has supplanted the
conventional near-wall treatment of low Reynolds number turbu-
lence models. This transition effectively reduces the dependency of
low Reynolds number models on high-quality boundary layer grids
when simulating boundary layer flow. The adoption of the auto-
matic wall function typically involves a specification that the first
layer grid size maintains 30 < y* < 200, ensuring all first layer grid
nodes reside within the turbulent core region of the computational
domain. Consequently, the boundary layer grid for the computa-
tional domain of the multi-stage ESP system has undergone
meticulous refinement to secure numerical accuracy while satis-
fying the requirements for solving the automatic wall equations.
The y * value in the near-wall region is maintained at an average of
approximately 70, with upward and downward fluctuations
restricted to no more than 20% across different flow conditions.
Fig. 6 illustrates the distribution of y * values on the near-wall
surface of the impeller and diffuser for the rated flow condition.

For the constant calculation, the inlet and outlet of the system
are set as pressure inlet and mass outflow respectively, and the
reference pressure is 1 atm. The stationary coordinate system is
used for the extension pipes, all stages of the chamber and diffuser
calculation subdomains, while the rotating coordinate system is
used for the impeller calculation subdomains, and the speed is set
to 2850 r/min. The wall is treated with no-slip boundary conditions,
the roughness is set to 30 um, and the near-wall boundary layer is
treated with the standard wall function. Each subdomain is con-
nected to each other through interfaces. In which, the sliding mesh
method is used for data transfer between the rotating domain and
the stationary domain, and the dynamic-static intersection inter-
face is set as Frozen-Rotor, while the rest of the intersection in-
terfaces are kept as general connection. To ensure the accuracy of

Yplus

" 90
| 80
70
60
50
40
30
20

10

Impeller

Petroleum Science 21 (2024) 1354—1368

the constant calculation, the residual target is set to 10~# and the
discrete format is set to second order.

3. Entropy production theory

The irreversible energy conversion processes in adiabatic sys-
tems are accompanied by the dissipation of energy (Ghorani et al.,
2020). The dissipated energy that cannot be utilized is defined as
the entropy of the system. The Gouy-Stodola theorem (Bejan, 2013)
states that in the general case of unstable operation of open sys-
tems considering heat transfer, the first and second laws of ther-
modynamics prescribe that:

2—5:2n‘1(h+%vz +gz) - Zm(h+%v2 +gz) +Q — Wy,
in out

(8)
oS . . Q
—>) ms— > ms+— 9)
ot 2 s+

in

where E is local dissipation rate per unit mass; t is time; 1m is mass
flow rate; h is heat transfer coefficient; Vis speed; g is gravitational

acceleration; z is longitudinal coordinate; Q is heat transfer rate;

Wy, is shaft work; S is entropy; Tp represents the absolute tem-
perature of the environment.

In incompressible flow, where thermal entropy production is
negligible (Liu et al., 2021), the EPR Spro is proportional to the
mechanical power W input to the hydraulic system from the prime
mover:
w

T (10)

S.pro =
Then the EPR S';;ro per unit time and unit volume in the system is
(11)

where, W is the volumetric rate of mechanical power dissipated in
volumetric micro elements by viscous shearing. At the same time,

there is W equal to the product of the dynamic viscosity of the
fluid medium and the viscous dissipation function ® (Bird, 2002),
hence:

r

-

—
_—

N
7 ¢

Diffuser

Fig. 6. y " distribution on the near-wall surface of the impeller and diffuser at 1.0Qges.
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n

spm:%b (12)

Therefore, for an incompressible single-phase fluid medium, the

total EPR SD per unit volume can be expressed as

Sp=S5" +Sp (13)
Ca 2u[am\? | fomp\? | (0us3)?
SD T[(axl)MxZ o) |*

o, om,\2 [0u; 0u3\? [oh3 Ou3\? ()
B (our otz ouy | duz ouz | duz
T |:(6X2 +6x1) + (6)(3 +6X]) + (6X2 +6X2) :|

2 2 2

¢ 20+ | (0w N ouy n duy n
D T 0X1 0X2 0X3
(1t po) [ (004, outy 2+ ouy | o 2+ ouy | ou 2

T 0Xy  0Xq 0Xx3  0Xq 0xy  0xy

(15)

where S5" denotes the direct dissipative EPR caused by the mean

velocity, kg-m~1-s3-K~1; S, denotes the turbulent dissipative EPR

caused by the turbulent pulsation, kg-m~1-s3-K™'; T, Uy, T3
denote the components of the mean velocity in the x, y, z directions,
m/s, respectively; u}, u}, u5 denote the components of the pulsation
velocity in the x, y, z directions, m/s, respectively; T is the temper-
ature of the adiabatic system, K; u is the dynamic viscosity of the
fluid medium, Pa-S, and y. is the turbulent dynamic viscosity of the
fluid medium, Pa-S.

It is noteworthy that the Reynolds average Navier-Stokes (RANS)
method adopted in this study solely furnishes average turbulence
data and is unable to capture turbulent pulsations at every scale.

Consequently, the turbulent dissipation EPR S;;r due to the velocity
component of fluid pulsation cannot be calculated. Nonetheless,
Kock and Herwig (2004) provide an approximation algorithm for
the EPR of turbulent dissipation in a RANS-based turbulence
model:

R4

wk
Sp =62~

T (16)

where, ( is the empirical coefficient, generally taken as 0.09; p is the

fluid medium density, kg-m~3; o is the turbulent vortex viscous

frequency, s—'; k represents the turbulent kinetic energy, m?-s 2.
At the meanwhile, the EPR has a strong wall effect. A study by

Zhang et al. (2011) gives the calculation of the EP of the wall:

dA

(17)

SW J.TW *Uw

) T
A
where, 7y is the wall shear stress, Pa; u,y is the velocity vector of the
near-wall region, m/s; A is the surface area of the wall area sub-
area, m>.

Similar to the calculation of the wall EP, the direct and turbulent
dissipative EP can be obtained by integrating the local EPR over the
corresponding computational domain as follows:
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S5= Jsﬁ dv (18)
14

"

Sy = Js';ydv (19)
\4

where S is the EP of direct dissipation, kg-m?-s—>-K~'; Spy is the EP
of turbulent dissipation, kg-m?-s~>-K~!; and V denotes the volume
of the integration domain, m>. At this point, all three components of
the total EP in the hydraulic system can be quantified, and the
process of energy dissipation within the ESP hydraulic system is
given in Fig. 7.

Hence, the total EP St of the system consists of the direct dissi-
pative EP S, the turbulent dissipative EP S and the wall EP Sw:

St=S5+ Sp + Sw (20)

4. Experimental research
4.1. Test systems

Fig. 8 illustrates the schematic diagram of the ESP test system
employed in this research. The torque meter utilized in this setup
exhibits an accuracy grade of 0.25, whereas the rotational speed is
measured with an accuracy grade of 0.1. Moreover, the pressure
transmitter utilized in the test exhibits an accuracy grade of 0.25.
The electromagnetic flow meter model is DN100, and the accuracy
grade is 0.4. To guarantee test accuracy, the impeller and diffuser of
the ESP are fabricated through precision casting of stainless steel.

In the experiment, ignoring the influence of the inlet and outlet
velocity head, the measurement error Ey of the head is the mea-
surement error of the pressure transmitter:
Ey= +0.25% (21)

The measurement error of the flow rate, Eq, which is the error of
the electromagnetic flow meter, has
Eq= +0.40% (22)

The measurement error Et of the shaft power is related to the
measurement errors Ey and Ep; of the rotational speed and torque:

Er=\/Ex® + Em%= + 0.27%

In summary, the total system error Es of the ESP performance test
system used in this study is

Es=\/En?® + Eq? + Er?= + 0.54%

The analysis reveals that the cumulative error of the system falls
well within the permissible range defined by the study, thereby
ensuring the reliability and validity of the experimental data.

(23)

(24)

4.2. Experimental verification of hydraulic characteristics

The external characteristics of the relevant three-stage ESP are
evaluated utilizing the aforementioned test system. The flow rate of
the ESP system is regulated via electric valves, while the torque
meter measures the output torque and speed of the motor. The
pressure transmitter is utilized to measure the inlet and outlet
pressure of the ESP system and subsequently convert it to head.
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Along-range
hydraulic loss

ESP hydraulic system

Output power

I
| Thermal
Negligible entropy
| production
I
Input power
o
Direct Turbulent
dissipative dissipative
entropy entropy
production production

D

D

Wall
entropy
production

Sw

Fig. 7. Energy dissipation processes within the ESP hydraulic system.

1| |

1"

Fig. 8. Test system of ESP. Note: 1—three-stage ESP system; 1-1—stainless steel diffuser; 1-2—stainless steel impeller; 2— diaphragm coupling; 3—torque meter; 4—motor;
5—speed and torque synchronous collector; 6—test system control and data acquisition system; 7—computer; 8—pressure transmitter; 9—electromagnetic flow meter;

10—electric valve; 11— open pool.

Fig. 9 shows the comparison between the experimental and nu-
merical simulation results of the external characteristics of ESP. As
shown in Fig. 9, the experimental and simulated results of the three
external characteristics parameters of the ESP follow the same
trend in the full flow interval, and the experimental results of the
shaft power and head are smaller than the numerical simulation
predictions. When Q < 0.5Qqes, the prediction of shaft power is
better, but the transient nature and uncertainty of the flow field are
enhanced by the influence of stronger backflow and second flow
and other undesirable flow patterns in the flow passage of ESP
under low flow conditions, and the test results of head deviate
more from the predicted results. When Q > 0.5Qqes, the test value
of head and the predicted value change the same trend, and the
average difference is stable at 4.1 m. However, there are large de-
viations between the experimental and predicted values of shaft
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power, and the amount of deviation is proportional to the magni-
tude of the flow rate. Notably, the highest agreement between the
predicted and experimental results for device efficiency is
observed, with only slightly lower predicted results occurring in
the 1.0Qges—1.5Qqges flow interval. In summarizing, the numerical
method used in this paper accurately predicts the efficiency of the
ESP hydraulic system, but there are still some deviations in the
prediction of shaft power and head. Considering that the trends of
the experimental and predicted results of the three external char-
acteristics parameters all maintain a high degree of agreement,
while integrating the experimental systematic errors and the un-
certainties of the numerical simulations, the numerical method
adopted in this study can be considered to have a high degree of
accuracy.
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Fig. 9. Comparison between the experimental and numerical simulation results of the
external characteristics of ESP.

5. Results and discussion
5.1. Intra-stage flow characteristics of multi-stage ESP

5.1.1. Internal flow characteristics of the impeller

Fig. 10 shows the distribution of the dimensionless velocity Vy/
U, at 0.5 Span section of the impeller at each stage for different flow
conditions. Where Vpp denotes the component of blade-to-blade
velocity and U, is defined as the circumferential velocity at the
tip of the impeller blades. From Fig. 10, it can be seen that the flow
rate of the medium in the impeller passage increases rapidly with
the increase of the flow rate, but shows a different distribution

1.0Ques

1.4Ques

1%t stage

2 stage
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pattern. When the ESP is operating at low flow rate (0.6Qges), the
axial flow velocity is small and the incoming flow angle is smaller
than the blade inlet resting angle at the inlet due to the implication
of the velocity. The smaller incoming flow angle allows the medium
to collect on the pressure side (PS) of the blade when it enters the
flow passage, causing flow separation on the SS of the blade. The
low velocity zone formed by the flow separation phenomenon
leads to a non-uniform distribution of pressure in the impeller
passage, thus providing conditions for the generation of second
flow. Meanwhile, the flow structure perpendicular to the main
stream created by the second flow in the impeller passage makes
the jet phenomenon of greater intensity appear at the outlet of the
impeller under low flow conditions. As the flow rate increases, the
axial velocity of the fluid medium at the inlet increases, and the
incoming flow angle increases. The high-speed zone in the impeller
passage is shifted to the suction side (SS) of the blade, and a small
low speed zone is formed on the PS. In addition, it is easy to find
that the velocity field distribution characteristics in the first
impeller stage of ESP are obviously different from those in the last
two impeller stages, while the velocity field distribution in the last
two impeller stages has a high similarity. The main reason for this
phenomenon is still the differential flow characteristics of the fluid
medium at the inlet of the impeller. The incoming flow from the last
two impeller stages is reduced by the rectification of the upper
diffuser. However, the limited performance of the diffuser does not
completely eliminate the residual circulation of the fluid medium,
resulting in a change in the fluid flow angle of the fluid medium at
the inlet of the second and third stage impellers. At the same time,
the incoming flow angle has a large impact on the flow character-
istics in the impeller passages, resulting in the second and third
stage impellers showing a different velocity field distribution than

3 stage

Fig. 10. Cross-sectional dimensionless velocity distribution at 0.5 Span of the impeller.
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the first stage impeller.

5.1.2. Internal flow characteristics of the diffuser

The diffuser is placed below the impeller and is connected to the
impeller through the pump chamber. In the pump device, the guide
vane plays the role of deceleration and elimination of velocity cir-
culation, etc., so as to convert the kinetic energy of the overflow
medium into static pressure energy. The related research (Zhou
et al., 2022) shows that the energy dissipation of the diffuser oc-
cupies the dominant position of the overall energy loss of the ESP
under certain working conditions. It is of great significance to
explore the distribution of EP in the diffuser to master the mech-
anism of energy loss in ESPs. In fluid mechanics, vortex stretching
(VS) refers to the elongation of vortices in fluid flow and describes
the core of the energy cascade of small and large scale vortices in
turbulent flow (Buaria et al., 2020).

First consider the vorticity equation for the viscosity-free con-
dition, expressed in Lagrangian form as

Dw

Dw _ aﬂua + aauﬁ
Dt N

w-S, S 2

(25)

where, w-S is the VS term. Since the strain rate tensor S is a sym-

metric second-order tensor, there is a characteristic
decomposition:
S=leee® (26)

where, 1, and e® are the characteristic quantities of S and the
corresponding eigenvectors. Thus, the VS term in turbulence can be
characterized as
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©+S= Ao (e<°‘) ® e(“>). (27)

Meanwhile, Carbone and Bragg (2020) pointed out that VS helps
to reduce the energy cascade while suppressing the dissipation rate
of fluid kinetic energy. Fig. 11 shows the distribution of the VS in-
tensity of the 0.5 Span section of the diffuser for different flow
conditions. As can be seen from Fig. 11, the VS intensity in the
diffuser increases with the flow rate, indicating that the VS in-
tensity is related to the medium velocity. The high-speed fluid
medium in the flow passage inhibits the development of the vortex
system, thus hindering the energy exchange between the vortices,
resulting in a reduction of the energy cascade in the flow passage.
The associated vortex structure is elongated by the high-speed
liquid flow medium, which is manifested as an increase in VS in-
tensity. At the same time, it is not difficult to find that the distri-
bution of high intensity VS regions is relatively independent of the
flow conditions. The high-intensity VS region in the diffuser pas-
sage is mainly concentrated on the PS, and a certain range of low-VS
region is formed on the SS. This phenomenon becomes more and
more obvious with the increase of flow rate, and at high flow rate
(1.4Qqes), the high VS intensity region occupies almost the whole
flow passage. This is related to the unsteady flow characteristics of
the incoming flow. In the small flow conditions, the medium at the
inlet of the diffuser is accelerated by the rotating impeller and has a
high velocity circulation, resulting in the incoming flow angle of the
inlet of the diffuser is significantly larger than the blade inlet
resting angle of the diffuser. At this time, the overflow capacity of
the diffuser is much larger than the actual flow, causing a signifi-
cant aggregation of the inlet medium at the PS of the blade due to

VS, m-s2
-1000 -400 200 800 1400 2000
Incoming
flow
0.6Ques SS

1¢ stage

2 stage

AR

3 stage

Fig. 11. VS intensity distribution in 0.5 Span section of diffuser.
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the factors mentioned above. As the flow rate increases, the axial
velocity of the fluid medium increases, and the incoming flow angle
of the diffuser continues to increase, i.e., a larger area of high VS
intensity is observed at high flow conditions. Comparing the VS
distribution of the diffuser of each stage under different flow con-
ditions, the VS distribution of the diffuser of each stage has high
similarity with the inter-stage variability of the impeller. In
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Fig.12. Performance of ESP at all stages under different operating conditions. (a) Head;
(b) shaft power; (c) efficiency.
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addition, there is a periodically distributed region of low VS in-
tensity at the outlet, which is the result of the residual velocity
circulation of the fluid medium at the outlet interfering with the
vanes of the diffuser.

5.2. Inter-stage characteristics of multi-stage ESP

5.2.1. Coupling characterization of performance and energy

Fig. 12 compares the performance of the ESP at all stages for full
flow conditions. Overall, the performance of the three-stage ESP is
highly correlated between the stages, but the performance of the
second stage shows a high degree of consistency with that of the
third stage. The underlying reason for this phenomenon is the
difference in inflow conditions between the stages of the multi-
stage ESP hydraulic system. As can be seen from Fig. 12(a), the head
of each stage is basically the same under the 0.4Qqes flow condition,
and as the flow rate decreases, the head of the second and third
stages increases rapidly while the head of the first stage decreases
significantly. When the flow rate is greater than 0.4Qges, the flow-
head curves of the second and third stages overlap, and the head
of the first stage exceeds that of the last two stages. At the same
time, analysis of Fig. 12(b) shows that, as with the head, the vari-
ation of shaft power with flow at each stage shows the same strong
inter-stage variability. The shaft power characteristics of the second
and third stages remain highly consistent at full flow conditions.
The shaft power of the first stage is smaller than that of the second
and last stage when Q < 0.3Qges, but increases rapidly with the flow
and exceeds that of the second and last stage, and the difference is
proportional to the flow. It is worth noting that the flow point for
maximum power of the first stage is 1.7Qqes, While the flow point
for maximum power of the second and last stages is the same, both
at 1.5Qqes. In addition, observing Fig. 12(c), it is easy to find that
when Q < 0.7Qqes, the ESP has the highest efficiency in the third
stage, followed by the second stage, and the lowest efficiency in the
first stage, which is related to the massive backflow at the inlet of
the first-stage impeller under low flow conditions. The backflow at
the inlet not only leads to energy dissipation, but also deteriorates
the flow conditions in the first-stage impeller runner due to the
large number of vortex clusters derived from the backflow, which
directly leads to the low efficiency of the first stage of the ESP at low
flow conditions. As the flow rate increases, the inlet conditions of
the impeller of the first stage are greatly improved, while the re-
sidual velocity circulation of the inlet medium of the impeller of the
last two stages becomes the main factor limiting the efficiency of
the pump stage. Hence, it can be observed that as the flow rate
increases, the efficiency of the first stage gradually exceeds that of
the second and last stages and reaches the best efficiency point
(BEP) at 1.4Qges, While the BEP of both the second and last stages is
achieved at 1.2Qqes.

Fig. 13 illustrates the distribution characteristics of the EP of the
ESP system at full flow conditions. Analysing Fig. 13(a), it is easy to
find that the distribution characteristics of the EP at each stage of
the ESP system are highly consistent with the above conclusions on
the external characteristics of ESP, i.e., the EP of the second and
third stages of the three-stage ESP under different flow conditions
is almost the same, while the EP of the first stage is somewhat
different from the last two stages. Meanwhile, the lowest entropy-
producing flow points of the first, second and last stages are located
at 1.3Qges, 1.2Qges and 1.1Qqes, respectively. This indicates that there
are still significant inter-stage variability and coupling in the energy
dissipation characteristics of the flow field within the ESP. Under
the full flow condition, the EP at all stages of ESP and the total EP
show the characteristic of "U" shape distribution in general. When
the flow rate is low, the EP decreases with increasing flow rate at all
stages, but there are fluctuations in the flow rate range of
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distribution at second stage.

0.5Qges—0.7Qqes. The reason for this is mainly because the pump
stalls in this flow interval, and a large amount of flow separation
occurs on the SS of the impeller, resulting in a higher intensity
backflow in the flow passage and a sharp increase in hydraulic
losses. When the flow rate interval comes to 0.8Qges—1.0Qqes, the EP
of the three stages of the ESP system is basically equal, indicating
that the inter-stage energy difference characteristic of the 250QJ80
ESP is effectively curbed when the device is in the design condition,
which ensures good stability during operation. In addition, the EP
of the second and last stages gradually exceeds that of the first stage
with the increase of the flow rate, and the increase is large.
Nevertheless, it is essential to highlight that when comparing the
efficiency (Fig. 12(c)) with the EP (Fig. 13(a)) for each stage of the
three-stage ESP, an interesting observation emerges. While there is
an overall trend of EP being inversely proportional to efficiency
within each stage, there exist individual exceptions. For instance, at
small flow conditions (0.1Qges), the EP of the second stage of the
system exhibits the highest value, while the first stage displays the
lowest efficiency during this time. The presence of such anomalies
can be attributed to the limitation of the existing EP theory, which
solely accounts for energy losses within the flow field and does not
consider the energy input from sources external to the hydraulic
system. This highlights the need for a more comprehensive model
that factors in external energy inputs to provide a more accurate
representation of system behavior and performance.

As can be seen from Fig. 13(b), as the flow rate increases, the
flow velocity inside the ESP system rises, while the turbulent
dissipation and direct dissipation intensity at the outlet of the
system increases due to the influence of the residual velocity cir-
culation of the medium at the outlet of the diffuser, which is
expressed as an entropy increase at the outlet of the system. The
flow at the inlet of the system is not interfered by the complex flow
inside the pump, and there is only a direct dissipative EP caused by
the average velocity. Therefore, the EP is low, but still increases
slowly with the increase of flow. It is worth mentioning that the
statistics of the EP of the main overflow components all reflect a
clear stall characteristic, which is consistent with the EP of the
device. During the stall zone, the EP of the impeller and diffuser
changes in characteristics opposite to the overall trend, which is
rising. While the EP of the chamber continues to keep decreasing at
this time, but the rate of decrease slows down. At low flow rates
(0.1Qqes), the stability of the flow medium within the device
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experiences a marked decline, and the EP of the primary overflow
components is considerably elevated. Owing to the "jet-wake"
configuration, the high vorticity region within the impeller is pre-
dominantly concentrated at the outlet. Similarly, the high vorticity
region in the pump chamber is regularly distributed near the outlet
of the impeller passage. The high vorticity area in the diffuser is
mainly concentrated in the PS of the leading edge. As the flow rate
increases, the EP between the impeller and the chamber exhibits a
significant decrease under rated flow rate conditions. Concomitant
with the vorticity distribution of the second stage at this juncture, it
can be ascertained that the high vorticity region within the impeller
and chamber is markedly diminished, and the flow instability area
caused by the "jet-wake" structure at the impeller outlet is likewise
eliminated. This is related to the improvement of the inlet condi-
tions of the system at rated flow conditions and the enhancement
of the internal main-flow effect. As the flow rate continues to in-
crease up to twice the rated flow rate, the inflow conditions of the
impeller undergo a further deterioration. The incoming medium
will impact the SS of the impeller blades directly, resulting in the
formation of a large pressure gradient in the flow passage, and
leading to an increase in flow separation and other unsteady flow
structures. The aforementioned phenomenon results in a higher
intensity of energy dissipation in the impeller passage, which is
reflected in the surge of EP in the impeller. Simultaneously, the area
of high vorticity inside the impeller also increases significantly,
mainly distributed near the wall and SS of the blade. However, the
inflow condition of the diffuser improves at this time, and the EP
and vorticity inside are reduced.

5.2.2. Coupling analysis of flow and energy characteristics

Fig. 14 shows the distribution and flow field pattern of the
dimensionless velocity Vip/U; of the 0.5 Span cross-section for the
three-stage ESP at the design condition. From Fig. 14, it can be seen
that no significant unsteady flow phenomenon occurs in all stages
of the impeller, but the incoming flow angle of the flow from the
first stage impeller is significantly smaller than that of the second
and third stage impellers. It has been pointed out above that this is
caused by the residual velocity circulation of the incoming flow
from the last two impeller stages. At the same time, a wide range of
dynamic and static interference zones are observed in all stages of
the pump chamber, i.e., the "jet-wake" phenomenon at the impeller
outlet. The red high-speed area is the jet and the green low-speed
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Fig. 14. Cross-sectional flow pattern of 0.5 Span for three-stage ESP at 1.0Qges.

area is the wake. It is not difficult to find that the pump chamber in
the "jet-wake" intensity decreases stage by stage, and alternately
along the circumference, which is related to the uneven distribu-
tion of media in the impeller. The incoming flow angle of the first
stage impeller is small, resulting in a large number of fluid medium
in the SS of the blade to gather, and the formation of high-intensity
jet phenomenon at the outlet of the impeller. With the increase of
incoming flow angle, the uneven distribution of fluid medium in
the impeller is improved, and the jet intensity at the outlet of the
last two impeller stages is weakened. In addition, there is a large
range of flow separation in the diffuser flow passage at all stages,
forming a low-speed vortex region, and its influence range is more
stable and less related to the number of stages.

Fig. 15 shows the distribution of the EPR of the full flow passage
of the three-stage ESP system at different flow conditions. As can be
seen from Fig. 15, the overall EPR in the ESP flow passage gradually
decreases with the increase of flow rate, and exhibits obvious inter-
stage difference characteristics. A relatively high entropy region
appears at the SS of the impeller inlet at low flow conditions
(0.6Qqes) and radiates downstream along the impeller flow passage
until it occupies the entire impeller. This is inseparable from the
turbulent dissipation generated by the strong backflow and flow
separation phenomenon at the impeller inlet. At the same time, it
can be found that all stages of the chamber appear in the high
entropy region of the periodical distribution, and the number of
periods is equal to the number of impeller blades. This indicates
that the "jet-wake" phenomenon at the impeller outlet caused by
the static and dynamic interference effect is the direct cause of
energy loss in the pump chamber. It is not difficult to find that the
area of high entropy region in the first pump chamber is signifi-
cantly higher than that in the last two chambers. Which is the result
of the high intensity unsteady flow in the impeller flow passage
propagating to the impeller outlet and coupling with the flow
medium in the chamber. Immediately afterwards, the medium with
strong turbulent pulsation characteristics in the chamber and the
diffuser form potential flow and trailing interference, followed by
the flow separation phenomenon in the flow passage of the
diffuser, resulting in a higher intensity of turbulent dissipation
between the top and SS of the diffuser, manifested as a high EPR in
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the corresponding region. Under the design flow condition
(1.0Qges), the flow pattern of the inlet medium of the first stage
impeller is improved due to the increase in flow rate, and the high
entropy-producing region in the impeller flow path disappears. The
high entropy-producing region within the chamber and diffuser
remains, but the intensity of energy loss is greatly reduced. In
contrast, the overall EPR in the second and third chambers
increased compared to the first stage. The limited performance of
the diffuser does not completely eliminate the residual velocity
circulation of the medium at the outlet of the diffuser. The velocity
circulation of the medium couples with the axial velocity, leading to
an increase in unstable flow structures in the second and third flow
passages. More unsteady flow increases the intensity of dynamic
and static interference in the chamber, bringing an increase in EPR,
which is consistent with the inference above about the efficiency of
multi-stage ESP at all stages. The EPR in the first-stage pump
chamber remains at the lowest level under high flow conditions
(1.4Qqes). However, as the overflow rate of the system approaches
the maximum overflow capacity of the diffuser, the flow path of the
diffuser is filled with the fluid medium. The space derived from the
flow separation structure on the SS of the diffuser is squeezed, thus
increasing the VS strength on the SS and suppressing the energy
dissipation. However, the larger axial velocity interferes with the
residual velocity circulation at the diffuser outlet, resulting in the
flow angle of the inlet medium of the latter two stages being larger
than the blade inlet resting angle of the impeller blades. The me-
dium directly impacts the blade, which in turn forms a small area of
high entropy on the PS at the inlet of the second and third impeller
blades.

To further investigate the coupling between the flow mecha-
nism and energy dissipation within the three-stage ESP, the EP
distribution of the Blade to Blade section at Span = 0.9 for different
flow conditions is given, as shown in Fig. 16. Under low flow con-
ditions, significant backflow is observed at the inlet of the first stage
impeller. When the flow rate is small, the incoming flow angle of
the medium is smaller than the blade inlet resting angle of the
impeller, causing strong impact at the tip of the blade. The fluid
medium then flows back along the flow line near the wall from the
inlet end of the impeller passage to the impeller inlet and into the
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Fig. 15. Full-flow passage EPR distribution of ESP (Span = 0.5).

impeller inlet again. The extensive backflow action causes a dra-
matic deterioration of the impeller inflow pattern. A large number
of backflow vortices in the flow passage to the inflow caused by the
blocking effect, and the formation of dynamic and static interfer-
ence at the first stage impeller inlet, increasing the energy dissi-
pation of the corresponding fluid medium. Therefore, a high
entropy region can be observed at the inlet of the first impeller
stage under low flow conditions, which is distributed in strips and
covers the blade inlet. However, as the inlet liquid flow angle in-
creases in stages, the high EP region of the blade inlet gradually
disappears. Small intensity flow separation exists on the SS of the
impeller blade and a small area of energy dissipation is observed at
the tip of the blade. Under the design conditions, the inflow pattern
of the first stage impeller has been greatly improved, and the
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extensive reflux and high entropy areas have disappeared, but the
flow separation caused by medium bias flow in the diffuser still
exists. The flow separation forms a high pressure and low velocity
zone. At the same time, due to the traction and stretching of the
outer high-speed medium, resulting in higher vortex tensile
strength in this region and lower dissipation rate of fluid kinetic
energy. Upstream, the fluid is rapidly squeezed along the PS of the
diffuser due to the deflecting effect. A higher velocity gradient and
pressure gradient is formed, which increases the energy dissipation
of the medium and creates a high entropy region within the diffuser
flow path. At high flow conditions (1.4Qqes), the overflow of the
diffuser increases, the flow pattern in the flow passage is better, and
the flow separation phenomenon and the high entropy region both
disappear. However, high entropy regions distributed along the



H. Wang, Y. Yang, B. Xi et al.

O-GQdes

2
kel
=
x

o)

@
m

1.0Ques

1.4 Ques

High entropy region

W

Petroleum Science 21 (2024) 1354—1368

EPR, kg-m?s-3-K~!

5400 7200 9000

Fig. 16. Diagram of EPR of Blade to Blade section at Span = 0.9 under different flow conditions.

circumferential cycle are observed within the inlet of the second
and third impellers, which are associated with unsteady flow
within the impeller inlet. The high-speed medium on the PS of the
diffuser forms a higher intensity turbulence in the inlet of the lower
impeller after leaving the blade, which increases the turbulent
dissipation in the corresponding area. This results in the formation
of a high entropy region consistent with the number of blades of
the diffuser, leading to a significantly lower efficiency of the hy-
draulic system of the second and third stages of the multi-stage ESP
under high flow conditions.

6. Conclusion

This paper presents an in-depth analysis of the inter-stage
performance and energy characteristics of multi-stage ESPs based
on numerical simulations. Meanwhile, the energy loss of each stage
is quantified using the EP theory. The coupling mechanism between
the flow characteristics and energy loss at each stage of the multi-
stage ESP is focused on, and the following conclusions are drawn:

(1) In the present investigation, a high level of agreement be-
tween the numerical and experimental results has been
achieved, suggesting that the modeling and numerical
methods, as well as the associated configurations utilized in
this research, are rational, and the numerical computations
are relatively precise. Moreover, the suitability of the SST k-w
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model for addressing turbulence phenomena in rotating
machinery has been validated.

(2) The utilization of EP theory in analysing the hydraulic system

of the ESP has demonstrated consistency with the results of
the flow field and performance analysis. The results show
that the flow and energy characteristics of each pumping
section in a three-stage ESP hydraulic system are highly
correlated. However, the second and third stages have
significantly higher similarity in their flow and energy
characteristics compared to the first stage under the influ-
ence of inlet fluid pre-rotation. And the application of EP
theory quantifies the energy loss while pinpointing the high
energy loss region in the pump, which provides a new
method to study the coupling characteristics of energy loss
and flow structure of ESP.

(3) Although the EP theory has advantages over the traditional

pump performance evaluation system, it does not combine
the energy loss of the hydraulic system with the system ef-
ficiency. At the same time, the inconsistency between the
energy characteristic analysis based on EP theory and the
traditional efficiency index in the reflection of inter-stage
differences is the result of the existing EP theory reflecting
only the flow loss within the flow field without considering
the energy input outside the flow field. Hence, the EP anal-
ysis method can only be used as an auxiliary means of the
traditional hydraulic performance analysis method, and
cannot build an independent performance evaluation system
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based on the traditional EP theory, which has certain
shortcomings.

To sum up, CFD-based EP analysis proves to be an effective tool
for visualizing and quantifying local and overall losses in hydronic
systems. Engineers can leverage CFD in the pre-design and proto-
type testing phases to determine the overall performance of the
system and identify regions with high energy losses in the hydro-
dynamic model. This information, along with traditional perfor-
mance calibration methods and EP theory as a supplementary tool,
enables engineers to guide the geometric and spatial design of the
hydraulic model for optimizing the corresponding performance of
hydraulic machinery and reducing energy consumption. Never-
theless, the existing theory falls short in achieving an integrated
understanding of energy dissipation and system (or local) effi-
ciency in hydraulic machinery. The system efficiency can only be
determined using the conventional pressure drop method. In the
context of the multistage hydraulic system discussed in this paper,
a large entropy production in its flow field does not necessarily
indicate low efficiency. Thus, further optimization of EP theory is
required to address these limitations effectively. In future studies, it
would be beneficial to consider quantifying the total energy input
to the hydraulic system from external sources in addition to
capturing energy dissipation using the traditional EP theory. This
can help optimize the relevant energy theory and address the
shortcomings of the current EP theory.
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