. machines

Review

Research on Energy-Efficient Disc Pumps: A Review on
Physical Models and Energy Efficiency

Yingju Pei '2*, Qingyou Liu ! and Kim Tiow Ooi 3

check for
updates

Citation: Pei, Y,; Liu, Q.; Ooi, K.T.
Research on Energy-Efficient Disc
Pumps: A Review on Physical
Models and Energy Efficiency.
Machines 2023, 11, 954. https://
doi.org/10.3390/machines11100954

Academic Editors: Davide Astolfi
and Ahmed Abu-Siada

Received: 5 September 2023
Revised: 8 October 2023
Accepted: 10 October 2023
Published: 12 October 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

College of Energy, Chengdu University of Technology, Chengdu 610059, China

Tianfu Yongxing Laboratory, Geothermal Exploration, Development and Comprehensive Utilization Research
Center, Chengdu 610213, China

School of Mechanical and Aerospace Engineering, Nanyang Technological University,

Singapore 639798, Singapore; mktooi@ntu.edu.sg

Correspondence: yingjump@cdut.edu.cn

Abstract: Disc pumps have obvious advantages in dealing with difficult-to-pump media. Energy
efficiency and sustainable energy management are important topics with regard to reducing costs
and promoting carbon neutrality. Though the concept of the disc pump was proposed in the
1850s, development was slow and limited by its initial model. However, with the development of
industries such as petrochemicals and food, the efficient pumping of difficult-to-pump media is much
needed, but facing challenges. Therefore, research on energy-efficient disc pumps is particularly
important moving forward. In this paper, the available information from the open literature about the
research and development of the disc pump will be thoroughly reviewed. It focuses on the historical
development, energy efficiency and physical model application of the disc pump. The review ends
with a proposal for the direction of future development, and in this aspect, it is proposed that the
energy efficiency prediction model based on velocity slip theory, the energy management system
based on multi-scenarios and the design method based on energy conversion theory are important.
The latest achievements in energy conversion are given. This review also provides a new perspective

for the development of energy-efficient disc pumps.

Keywords: disc pump; energy-efficient; sustainable energy management; model development

1. Introduction

Energy-efficient equipment design and energy system management are key to promot-
ing the transition from carbon-peak to carbon-neutral [1-4], as well as the aim of reducing
costs and increasing efficiency in various industries to improve their competitiveness [5-8].
The pump, as an important piece of mechanical equipment for conveying fluid or pressur-
izing fluid [9-11], is widely used in conveying water, oil, mud, jam, suspension emulsion,
liquid metal and other media. The power consumption of the pumping system accounts
for about 20% of the overall power consumption of society [12,13]. Therefore, the energy
management and energy efficiency design of pumping equipment will profoundly affect
the advancement in energy saving and emission reduction. To meet the energy efficiency
requirement and energy consumption optimization, new physical models and theoretical
methods are needed [14-16].

Although the energy efficiency of conventional centrifugal pumps has been greatly
improved, their development in applications to deal with difficult-to-pump multiphase
media has been slow, leading it to have not only poor adaptability and low reliability, but
also poor energy efficiency. Therefore, it is important to develop energy-efficient pumping
equipment to cope with difficult-to-pump multiphase viscous media.

For multiphase viscous media containing particles, the disc pump has excellent per-
formance with its unique impeller structure. Compared with traditional centrifugal pumps,
the blades on the impeller of a disc pump are discontinuous, and the flow channel inside
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the impeller is divided into a bladed area and a bladeless area. The pumping principle
is based on boundary layer flow and—for higher Reynolds numbers—on eddy viscosity.
The boundary layers adhering to the discs induce a tangential velocity in the fluid, which
allows centrifugal forces to carry the fluid outwards. Due to the boundary layer effect,
the wear and cavitation of the flow passage components inside the pump are relatively
small, and the media are only subjected to slight shear damage. Although disc pumps have
less efficiency in conveying media such as water compared to classical rotating pumps,
they have higher energy efficiency, excellent reliability and good passability for pumping
viscous and difficult-to-pump mixed media, such as mud, heavy oil, lotion, fiber and other
mixtures, and are especially suitable for complex media with viscous and large particles.
Energy consumption is reduced and operational reliability is increased through the use of
energy-efficient disc pumps in petrochemical, medical devices, food and bioengineering
industries. Among them, in the field of the petrochemical industry, disc pumps have
attracted more attention and achieved rapid development [17].

This paper focuses on a systematic review and in-depth summary of the historical
development of the disc pump, the application of physical models, the development of
energy efficiency models and the analysis of energy characteristics. Then, considering
the development needs of the industry and the technical requirements of low carbon and
energy saving, it innovatively points out the direction of the development and future
prospects of the energy-efficient physical model, the energy efficiency model and energy
characteristic theory. In addition, the latest achievements of the energy efficiency prediction
model and the energy characteristic theory applicable to disc pumps for deep-sea energy
development are also discussed, which provides a new perspective for the development of
high energy efficiency and energy system management of the disc pump.

2. Historical Development of Disc Pump
2.1. First-Generation Disc Pump

The original concept of the disc pump was attributed to Sargent [18] in 1850. The
pump was constructed by connecting multiple parallel discs, as shown in Figure 1a. The
disc spacing of the prototype disc pump is large. The outlet of the disc pump is composed
of multiple groups of discs forming a semi-closed annular surface with multiple holes
where the fluid is discharged. Because the disc surface is relatively flat, the fluid in the
impeller is completely driven out by centrifugal force and viscous drag. Such a pump does
not provide good energy efficiency.
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Figure 1. Preliminary model of disc pump impeller. (a) Initial model; (b) Tesla’s friction ‘disc pump’.

Around 1900, Nikola Tesla, proposed to remove the annular, partially perforated ring
cover disc of the initial design to form an open outlet so as to expand the application of the
pump, as shown in Figure 1b. Although the open outlet design improved the trafficability
of media, the viscous dragging force (henceforth referred to as binding force) caused by
the boundary was also reduced. Therefore, he subsequently reduced the spacing between
the discs as much as possible, while improving the expansibility of the disc pump, and
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promoting its overall energy efficiency. The improved design solved the two shortcomings
of the initial conceptual model to a certain extent; it improved the pumping energy efficiency
characteristics, and had acceptance in America and Europe. In the early stage, researchers
mainly focused on the passability and reliability of this type of pump in conveying difficult-
to-pump media, with an efficiency of generally less than 35%.

However, the improved model was faced with new problems. Although the narrow
disc spacing was suitable for pumping clean water to a certain extent, it also limited the
ability to pump viscous fluid or solid-liquid mixed media. Although the open impeller
outlet improved the trafficability of media, it also faced the reduction of binding force. The
above factors led to very low efficiency after improvement.

In addition, the same design can also be used as a turbine expander. After Nikola Tesla
further developed the concept of the disc turbine in 1913, due to the emergence of the gas
turbine and its development in large power plants in the following decades, the expander
had poor performance in high-power applications. The technology was not commercially
successful and was not evaluated until 1950. This paper focuses on the application and
development of the design as a pump [19-23].

In summary, the first-generation disc pump development faced various problems
such as application scalability and poor energy efficiency. However, the introduction of
the new concept provided a new direction for the development of pumps for difficult-to-
pump media. At the same time, the centrifugal pump developed rapidly, and the overall
performance was far better than Nikola Tesla’s model. In addition, the demand for pumps
for difficult-to-pump media was not so high at that time. Therefore, the development of
Nikola Tesla’s model at that time was almost at a standstill.

2.2. Second-Generation Disc Pump

Until the 1970s, Max I. Gurth [24], an inventor from Southern California of the United
States, carried out experimental research on the disc pump, as shown in Figure 2a. It was
found that when the disc spacing was expanded to twenty inches (500 mm), the flow pattern
between the discs still met the boundary layer and viscous resistance principle, and the flow
between the discs maintained no pulsation and laminar flow, so that the disc pump could
maintain higher efficiency at higher viscosity. This characteristic was different from that of
the conventional centrifugal pump. When the viscosity of the pumped media increased to a
certain extent (the fluid viscosity was higher than 250 cP), the energy efficiency characteristic
of the disc pump was better than that of conventional centrifugal pump of the same size,
and the maximum viscosity of the flow media could reach 100,000 cP. The discovery of
the law between the structural parameters and energy efficiency characteristics greatly
enriched the application scope of the disc pump and provided a new perspective for further
structural development of it.

(a) (b)

Figure 2. Improved impeller of second-generation disc pump. (a) Improved design; (b) second generation.
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Based on the above findings, Max I. Gurth applied for the first patent [24]. In 1982, a
factory was established in California to produce and market the pump. The pumping mech-
anism was named Discpac at the time, which originally used a flat disc. Until 1988 [25,26],
Max I. Gurth developed a new generation of Discpac, as shown in Figure 2b, and obtained
a patent. The new generation of disc pump adopted the design of discontinuous blades,
and the energy efficiency was greatly improved. At this time, the improved disc pump was
called a high-lift disc pump or the second-generation disc pump.

The disc pump with discontinuous blades was more suitable than the disc pump with
a smooth disc surface for conveying difficult-to-pump media containing solid particles
and clotted suspended solids, as well as viscous difficult-to-pump media [25,26]. The solid
particles in the media could reach 200 mm, and the efficiency of the disc pump could
reach 60%. This improved disc pump opened up the new development and application
of the second-generation disc pump, provided more space for further development of
comprehensive energy efficiency and multi-scenario applicability of the pump, and also
provided a new dawn for the development of the disc pump.

2.3. New-Generation Disc Pump

From the initial design concept of the disc pump to what it is today, there is no unified
understanding of the definition and name of the disc pump. In particular, the differences
in terms of names make it more difficult for scholars to communicate and share relevant
research results, preventing them from forming effective collaborative development and
research, which also seriously restricts the exploration of the internal flow mechanism and
the development of the disc pump with a new blade structure.

As the development of the disc pump continues, its applications are mainly in petro-
chemical, medical devices, food and biological industries. At present, it can be referred
to as the “Disc pump”, “Disk pump”, “Tesla pump” or “Discpac pump”. There are also
names in accordance with its applications such as “Disk-Shape Boundary-Layer Pump”,
“Tesla-Based Blood Pump”, “Centrifugal Blood Pump”, “Multiple Disk Centrifugal Blood
Pump”, “Visual Pump”, “Shear Force Pump”, etc. Through the analysis of the available
literature, most scholars use the term “disc” or “disk” in the name. In this paper, “Disc
Pump” is used throughout for ease of identification. It is believed that a common form
of naming eases the identification of the subject and is more conducive to collaborative
development and research on the disc pump.

Regarding the structural characteristics, the disc pump mainly includes discs with
a smooth surface or a discontinuous blade. The latter version is a new type with good
scalability, wider application and better performance [27-30]. In addition, the new pump
design adapts and improves the performance characteristics based on different application
conditions. The characteristics include energy efficiency, reliability, particle passability and
the protection of special media [31-35]. Presently, new pump designs are still explored and
optimized, such as the design of similar blades, composite blades, composite disc, etc, as
shown in Figure 3.

Figure 3. A model for the new-generation disc pump.



Machines 2023, 11, 954

50f26

3. Reviewing the Studies on Energy-Efficient Disc Pump
3.1. Physical Model and Optimization
3.1.1. Representative Physical Model Development

Exploring the relationship between geometrical parameters and performance char-
acteristics has been the focus of the research in disc pumps that accounts for most of the
development leading to pump energy efficiency. Table 1 summarizes the developments

associated with the disc pump that are available in the open literature.

Table 1. Representative physical model development timeline.

Year Description Remarks

1850 Sargent invented the initial model of the disc pump [18]. Initial concept
Nikola Tesla improved the energy efficiency by improving the original

1900 conceptual model, which was applied in the United States and Europe. Structural improvement
Etc. [18-23].
W. Rice proved that the disc pump had great advantages in pumpin - .

1963 fluids wIi)th higher viscosity tEan VP\)Iater %6]. ® PP Characteristic analysis
M.E. Crawford and W. Rice obtained the law between the structural

1974 parameters and energy efficiency of the pump through a large number of Flow law
experiments [37].

1982 Discflo company of the United States began to produce disc pumps [38]. Commercialization

1988 Max .I. Qurth developed a new generation of Discpac to open commercial Second-generation dise pump
applications [25,26].

1990 G.E. Miller studied a disc pump used in the medical device industry. Medical industry

2000 John Pacell.a in.troduced the application experience of the disc pump in Overview analysis
petrochemical industry [39].

2009 Ala’aldeen T. Al-Halhouli reviewed and proposed the internal flow Viscous micropump
characteristic analysis method of the disc viscous micropump [40].
Se-Myong Chang designed a disc boundary layer pump widely used in . . .

2010 artific};al Eeart, b?ologicgal fluid and marine 1i),iol}olgicr.;l trfnsportztion [41]. First-generation disc pump

2010 Liu Guoming and Zhou Changjing, etc., carried out a series of research Second-generation disc pum
and established an experimental platform [42,43]. & pump
LI Bin studied the flow law of gas-liquid—solid three-phase flow in the

2011 disc pump and established a set of numerical simulation methods for Second-generation disc pump
calculating multiphase flow in disc pumps [44].
Based on the published data, A.M. Chernyavskiy et al. proposed the Fi . . .

2016 deficiencies and research references of the current research on the 1rst—gener§t101.1 disc pump in

. - . Medical industry

application of the Tesla pump in medical treatment [45].
V Cheremushkin and V Lomakin explored the influence of some basic

2019 parameters of the disc impeller on its characteristics (head and Second-generation disc pump
efficiency) [46].
Zharkovsky, A.A. and Ivanov, O.A. analyzed the pressure and ener . . .

2020 characterisz]ics of the impeller through si}r,nulationp[47]. & First-generation disc pump
Pei Yingju, etc., established indoor and land well experimental systems

2021 and started to explore unit energy efficiency and system energy Second-generation disc pump

management [48,49].

Based on the open literature, there are more research works on the second-generation

disc pump than on the first, and the former accounts for about 87% of the energy efficiency-
related work. In addition, the research is mainly concentrated on the last decade. It
indirectly shows that the disc pump has been receiving more attention both in pumping
and energy recovery application.

In 2012, Charles David Gilliam and Baton Rouge et al. invented a disc pump patent.
The front and rear covers of the disc pump had pits or bulges with a height of half the
thickness of the disc cover, as shown in Figure 4. A thick boundary layer can be generated
to improve efficiency. In the 1990s, Hebei Institute of Mechanical Science successfully
developed the 80 MP disc friction pump. At present, disc pumps are mainly produced by
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the companies such as Discflo in the Southern California, USA (Figure 5) and HUATUO
Pump Industry in Hebei province, China [50].

Figure 4. Diagram of a disc pump invented by Charles David Gilliam and Baton Rouge.

Figure 5. Schematic diagram of the current applied disc pump structure.

The first generation of the disc pump can also be used as a turbine, such as in the
Rankine cycle power system, the transcritical carbon dioxide heat pump cycle system, the
intelligent water network system and the waste gas energy recovery system [51-54], etc. In
recent years, with regard to the development of typical renewable energy low-temperature
resources and a large number of waste heat resources generated by industrial processes
or prime movers, the organic Rankine cycle power system (ORC) has been in a leading
position with its good thermodynamic characteristics and high flexibility. The Tesla turbine,
as a new expander for small and micro power applications, has attracted more and more
attention in the scientific community because of its low cost and high reliability [19,55-59].
It is a bladeless turbine composed of one or more nozzles that inject the working fluid
tangentially into the rotor. It is made of multiple stacked parallel discs, which are assembled
very closely to each other to form a very close gap, and the fluid exchange is carried out
through the viscous effect [60-64]. At present, two kinds of Tesla turbines are mainly of
concern, and these are the nozzle Tesla turbine and the volute Tesla turbine, classified
according to turbine inlet geometry [65-69].

3.1.2. Flow Characteristic and Optimization

Based on the investigation and analysis of pumping technology and its working
principle, John Pacella focused on the operation and design characteristics of disc pumps for
application in environments containing difficult-to-pump media, as well as the application
experience in refineries [39]. José Leonardo Pérez mainly analyzed the pressure and
velocity distribution through numerical simulation and revealed the fluidynamic behavior
of the entrance—impeller interaction of the disc pump [70]. Dmitry Eskin established an
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engineering model of a laminar flow in a disc pump stage. Through simulation analysis, it
was found that the head and efficiency of the disc stage increased with the increase in fluid
viscosity, a multichannel rotor had better characteristics than a single-channel one, and the
optimal number of channels was three or four. It was proposed that the disc pump was
more suitable for pumping high viscosity oil with high solid content than the conventional
blade centrifugal pump [71]. Laura Dodsworth explored the relationship between disc
spacing and efficiency, as well as the relationship between speed and energy efficiency.
The smaller the spacing, the higher the overall energy efficiency. Under the condition of
large disc spacing, high speed had little impact on the overall energy efficiency. However,
this study was a clean water experiment and lacked the comparison of viscous media
conditions [72].

A summary of the study development of flow characteristics and optimization of the
first-generation disc pump is shown in Table 2.

Table 2. Flow characteristic and optimization of first-generation disc pump.

Reference (Year) Method Research Review

The fluidynamic behavior of the
José Leonardo Pérez (2000) [70] Simulation entrance—-impeller interaction of the
disc pump was revealed.

An engineering model of a laminar
flow in a disc pump stage was
developed. The law between
structural parameters and
characteristic parameters
was explored.

The relationship between disc
spacing, rotating speed and energy
efficiency of the disc pump
was revealed.

A topology optimization
formulation was proposed to
optimize the rotor of the Tesla-type
pump device.

Dmitry Eskin (2009) [71] Simulation

Laura Dodsworth (2015) [72] Experiment

Diego Hayashi Alonso (2019) [73] Simulation

In 1988, Max Gurth developed the second-generation disc pump, which greatly im-
proved the energy efficiency and expanded application scalability [74-76]. Due to the
development gap in the initial stage, the research on the flow characteristics and optimiza-
tion of the second-generation disc pump was mainly carried out in recent years [77-80].

Li Bin [44] established a set of numerical simulation methods for calculating the
multiphase flow inside the disc pump and improved the structure of the impeller. The rela-
tionship of different solid-phase particle concentrations, different gas-phase concentrations
and the head and pump efficiency were obtained. As a result, the energy efficiency was
significantly improved. V Cheremushkin and V Lomakin [46] comprehensively discussed
the influence of some of the basic parameters of the disc impeller on its energy efficiency
characteristics through measurement and simulation. Under the conditions of low viscosity
and the addition of ribs equivalent to discontinuous blades, the increase in head and energy
efficiency was up to 20 m and 30%, respectively. Leonel Martinez-Diaz [81] designed four
types of turbulizers in the interdisc channel output to improve the pump performance.
The measured results showed that the square section turbulizer had the best pump effi-
ciency, and each impeller with a different diameter had an optimal number of turbulizers
to obtain the most energy-efficient design. Regressions obtained for head and efficiency
(1 = 183 s71) are shown in Table 3. When the disc pump operates with an angular velocity
(¢1) of 183 s~ 1 in the range of flows (Q) between Q = 0 and Q = 0.78 1/s), the use of square
turbulizers achieves a load increase in the range of 1.72 to 2.30 m in relation to the use of
circular turbulizers.
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Table 3. Regression model for head and efficiency (¢ = 183 s7h.

Regression Models

Cross Section Shape Head (H), m; Flow (Q), I/s R? Efficiency (Ef), % R?
Square (H) H = —4.8543Q + 8.5464 0.9723 Ef = —5.4553Q2 + 7.9275Q 0.9885
Triangular with vertex _ _
oriented toward outside (A) H = —5.4553Q + 7.9275 0.9841 Ef = —4.8821Q2 + 7.0642Q 0.9922
Triangular with vertex B _
oriented toward center (V) H = —4.8821Q + 7.0642 0.9961 Ef = —5.6021Q2 + 6.8311Q 0.997
Circular (@) H = -5.6021Q + 6.8311 0.979 Ef = —4.8543Q2 + 8.5464Q 0.9801

Since 2010, Zhou Changjing [42,43] has carried out systematic analysis of measurement
and theoretical studies for the second-generation pump. The studies mainly include
single-phase flow, solid-liquid two-phase flow, impeller cutting and structure matching
performance, focusing on its applicability in petroleum exploration and development fields.
Qi Hao [82] improved the pump design by adding several radial blades with different
shapes on both sides of the disc. The results show that in gas-liquid two-phase flow,
the liquid phase is mainly concentrated on the working surface of the blade, and the
corresponding gas phase is mainly concentrated on the back of the blade. The head and
efficiency were up to 43 m and 30%, respectively, when the gas volume content was 5%.
Pei Yingju [48] systematically analyzed the characteristics of the disc pump under the
conditions of clean water and viscous media with and without particles. The flow and
energy efficiency characteristics of the blade area and bladeless area in the inner channel of
the impeller were analyzed.

A summary of the study on the development of flow characteristics and optimization
of the second-generation pump is shown in Table 4.

Table 4. Flow characteristic and optimization of second-generation disc pump.

Reference (Year) Research Review Performance
Based on the improved model (Q =9 5 m3/h,
Qi Hao (2009) [82] n =2950 r/min), the flow characteristics of Efficiency = 30% when gas volume fraction = 5%

Zhou Changjing (2010) [83]

V Cheremushkin (2019) [46]

gas-liquid mixed transportation were analyzed.

The flow characteristics under single-phase and

solid-liquid two-phase conditions were

systematically analyzed, and the cutting and Efficiency = 48.09%
structure matching performance of the impeller

were given.

Ribs equivalent to discontinuous blades were

added to improve energy efficiency of the Efficiency up by 30% at low viscosity
disc pump.

Different types of turbulizers were designed and

Leonel Martinez-Diaz (2019) [81] studied. Regression models for head and efficiency Efficiency = 40%

Pei Yingju (2021) [48]

(@1 =183 s~ 1) were obtained and shown in Table 3.

The characteristics of clean water, viscous media

with and without particles were analyzed for Efficiency = 48.2%
efficiency improvement.

The research of the disc pump in medical devices has also made great progress.
It has been used as an alternative blood pump, and the adaptability analysis has also
been gradually deepened [84-86]. Due to the special requirements in the blood pumping
application, the bladeless disc pump has been used and researched [87-90].

Valentin Izraelev [91] introduced the suspended Tesla type LAVD blood pump with
satisfactory results. From 1990 to 1999 [92-95], Gerald E. Miller and Nobuyuki Kabei
improved the multi disc centrifugal pump based on the Tesla turbine. They compared it
with the Harvard Apparatus pulsed piston pump to explore its adaptability for use as an
artificial ventricle or ventricular assist device. They found that the device could produce a
wider range of pressure and flow at a various speeds. The pump could produce a higher
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flow without the risk of dissolving blood at a lower speed. Unlike Harvard pumps, disc
pumps do not use valves to avoid backflow. It was proved that the Tesla pump operating
in pulsatile mode could produce physiological pressure and flow similar to that of Harvard
and other pulsatile pumps. Se Myong Chang [41] designed a disc boundary layer pump
widely used in artificial heart, biological fluid and marine biological transportation. The
research data were converted into dimensionless parameters, which could be useful as
references for future new designs. Medvedev, A.E. [96] designed and built the physical
model of the LVAD disc pump and analyzed the correlation, which could be used to
optimize the hydraulic parameters.

Chernyavskiy, A.M. [96,97] pointed out that one of the new research directions was
the viscous friction disc pump for liquid transportation based on the Tesla pump principle,
put forward the shortcomings of the current research based on the published data, and
introduced the current model of disc pump. The test results showed that the pressure
characteristics of the disc pump could provide necessary blood circulation parameters.

A summary of the research carried out on disc pumps used in the medical industry is
shown in Table 5.

Table 5. Research studies on disc pump used in medical industry.

Year

Description Remarks

G.E. Miller (1990) [95]

Se-Myong (2010) [41]

Richard B. Medvitz (2011) [98]

LE. Naumov (2012) [99]

G.E. Miller studied a multi disc, shear force, valveless
centrifugal pump and compared it with the Harvard
apparatus pulsed piston pump to determine its
applicability as a blood flow device.

Se-Myong Chang designed a disc boundary layer pump
widely used in artificial heart, biological fluid and marine First-generation disc pump
biological transportation.

Richard B. Medvitz summarized the use of computational

fluid dynamics (CFD) to design a novel suspended Tesla First-generation disc pump in
LVAD. Several design variants were analyzed to study the Medical industry
parameters affecting device performance.

L.E. Naumov developed dimensionless parameters to

summarize the experimental data of pump flow and head, First-generation disc pump
and carried out experimental research.

Mohammed-Baker Habhab et al. designed and

Medical industry

Mohammed-Baker Habhab (2016) [100] manufactured a small Tesla turbojet pump using DLP First-generation disc pump

A M. Chernyavskiy (2016) [97]

Saima Naz (2017) [101]

based 3D printing technology.

Based on the published data, A.M. Chernyavskiy et al.

proposed the deficiencies and research references of the First-generation disc pump in
current research on the application of the Tesla pump in Medical industry
medical treatment.

Saima Naz et al. evaluated pump performance parameters

by considering dimensionless flow coefficient First-generation disc pump
and efficiency.

3.1.3. Physical Model with Extended Application

The working principle of the micro viscous pump is similar to that of the disc pump. It
also uses the friction and centrifugal actions of the rotating disc to drive the media [102-105].
The impeller structure of the two is obviously different, but the research results of the
flow mechanism and flow characteristics also provide a reference for the design and
development of the disc pump [106-110]. Therefore, typical cases and results are also
reviewed in this study.

Danny Blanchard [111,112] introduced and tested a single-disc viscous pump and
found that the pressure rise through the pump chamber could be increased by increasing
the pumping speed, the fluid viscosity, or the circumferential span of the shear channel,
or by decreasing the flow passage height. The flow rate could be increased by increasing
the flow passage height or the speed, or by decreasing the width of the pumping chamber.
Ala’aldeen Al-Halhouli [40] reviewed the latest progress in the development of helical
channel, single-disc and double-disc micropumps, as shown in Figure 6. An analytical
solution was proposed to estimate the combined effects of operating and geometric pa-
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rameters on its performance. In addition, it was carried out to change the induced slip by
using different levels of surface roughness on the rotating disc [113]. The micro viscous
disc pump (VDP) was used to characterize and quantify the elastic turbulence effect of
non-Newtonian fluid relative to Newtonian fluid behavior [114,115], as shown in Figure 7.

Figure 6. Single and double disc viscous micropumps.

Pump Chamber — & Fluid outlet port

Fluid blockage

Spinning disc walls

\

Disc Rotation Fluid inlet ports

Figure 7. Viscous Disc Pump.

A summary on the quantitative comparison of key parameters of typical micro viscous
disc pumps is shown in Table 6.
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Table 6. Quantitative comparison of micro viscous disc pumps.

Reference (Year) Pump Type Medium n (rpm) h (mm) (m%;lr‘;);n) Pmax (kPa)
Kilani et al. (2003) [116] Spiral channel SAE10W30 1500 1 276 184
Blanchard et al. (2005) [112] Single disc Water 5000 0.103 1 0.643
Blanchard et al. (2005) [112] Double disc Water 5000 0.103 2.1 1.19
Blanchard et al. (2006) [111] Single disc Water 5000 — 4.75 31.1
Haik et al. (2007) [117] Spiral channel Water 1200 3.175 46.44 50.5
Al'H;Iigi‘il 6‘*; [zi.)](zow, Spiral channel  Glycerin 4285 1 3.05 353
Phil Ligrani et al. (2010) [113] Single disc Water 1200 0.029 0.1 312
Benjamin Lund et al. (2015, Single disc Water 3500 0.23 42 0.7
Figure 7) [114] & ’ ’ ’
Phil Ligrani et al. (2017) [115] Single disc Water 21,960 — 3 0.7

Where 1 the speed of the pump, rpm; / is the flow passage height of the disc pump, mm; Qax is the maximum
dimensional volumetric flow rate, mL/min; Py is the maximum local static pressure, kPa.

3.1.4. Design Theory

The key design parameters of the disc pump impeller include impeller diameter
(impeller external diameter), disc spacing, disc number, blade number, blade height and
inlet diameter. The parameters that affect energy consumption include theoretical head,
efficiency and particle passing rate. At the same time, the design and calculation of some
of the structural parameters and energy efficiency parameters of the disc pump need to
be modified in combination with its applicable special environment. For example, when a
disc pump is used for lifting the multiphase media containing solid particles in deep water,
the settlement velocity of particles should be fully considered.

At present, the theoretical calculation method of disc pump structural parameters is
still in the preliminary exploration stage, and more directly draws on the design method of
the key structural parameters of the conventional blade centrifugal pump. Chen Guoming’s
team has carried out relevant targeted research. Zhou Changjing, a member of the team,
obtained the impeller outlet diameter through the theoretical head calculation method
in 2012 and introduced the head coefficient Cy. The impeller disc spacing, that is, the
impeller outlet width of the blade disc pump, is the main factor affecting the flow of the
disc pump. The disc spacing can be obtained using the similarity law of pump [118].
Yin Shumeng, another team member, also introduced the head coefficient Cy in 2012,
obtained the impeller outlet diameter using the theoretical head calculation method, and
provided a similar formula for calculating disc spacing. However, the difference between
the two is that the specific expression of Cy is different. In addition, on the basis of Zhou
Changjing’s research, Yin Shumeng referred to the excellent disc pump hydraulic model
data of DiscfloTM, and drew the curve of the relevant design coefficient using the least
square method, which was convenient for practical calculation and application [119]. In
2015, Zhang Ye conducted numerical calculation on nearly sixty hydraulic models of disc
pumps of various sizes, analyzed the best energy efficiency characteristics of those disc
pumps, selected the models of twenty-seven disc pumps with the highest energy efficiency,
and designed the disc pump parameters using the empirical coefficient method. The
empirical formulas of the key structural parameters of the disc pump were obtained using
regression analysis and functional relationship expression [50].

The summary of the calculation methods for the key structural parameters of the disc
pump impeller is shown in Table 7.
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Table 7. Key structural parameters for the impeller of disc pump.

Parameters Reference (Year) Description Remark
i — 30 /sH —
D, Zhou Changjing (2012) [118] D,=3% %{
. The curve of desi arameter C
_ 60 /sH gnp H
D, Yin Shumeng (2012) [119] D, =% & is given
D, Zhang Ye (2015) [50] D, = (0.0007028n% — 0.1938n, + 21.57) {/ ¥ —
S Zhou Changjing (2012) [118] 5 =Co \S/g, Co == _
. The curve of design parameter C
—C~2/Q _ 1 Q
S Yin Shumeng (2012) [119] S=Cp Q/;’ Co = e is given
§ Zhang Ye (2015) [50] S = (0.0007397n% — 0.002127n, + 1.346) \3/9 —
.. According to the parameter
h/S Zhou Changjing (2012) [118] h/S relationship
h/S Zhang Ye (2015) [50] /S = 0.000136912 + 0.003267n5 + 0.08577 —

Where D, is the impeller outlet diameter, m; H is the head, m; n is the speed of the pump, r/min; Cp is the head
coefficient; S is the Disc spacing, m; / is the height of the impeller blade, m; Q is the pump flow rate, m3/h; Cqis
the flow coefficient; and #; is the specific speed of the pump. The range of #; is 45 to 120. The range of 11/S is
50 to 110.

3.2. Energy Efficiency Model

Energy efficiency models mainly include pump efficiency models and matching energy
efficiency models. At present, whether concerning a disc pump or a conventional blade
centrifugal pump, the theoretical calculation and analysis methods of energy efficiency
models are immature and lag behind simulation and experiment.

At present, there are few theoretical calculation research results on the energy effi-
ciency prediction model of the disc pump in the open literature. Naumov, L.E. carried
out experimental research on centrifugal the disc pump. By introducing dimensionless
parameters to summarize the experimental data of the pump, it was helpful to express the
energy efficiency of the disc pump, which proved that the method had high calculation
accuracy [99]. Saima Naz pointed out that the effective design of the Tesla pump was
still the focus of experimental and numerical research. Based on simulation analysis, the
performance parameters of the pump were evaluated by considering dimensionless flow
coefficient and efficiency [101]. From 2012 to 2016, Zhou Changjing, Zhang Ye and Xie
Yongchao carried out relevant research on the correction of the key parameters separately.
The discontinuous blade structure of the disc pump made the velocity distribution at the
impeller outlet uneven. Therefore, the average coefficient of impeller outlet circumferential
velocity was introduced, but the calculation method of average circumferential velocity
was not given [50,118,120].

Moreover, Pei Yingju et al. [48,121] proposed two calculation methods of average
circumferential velocity of the blade disc pump. One is the calculation method that uses the
axial dimensions of the blade area and bladeless area in the impeller, as shown in Figure 8
and Equation (1). The other is the calculation method that uses the velocity coefficient
through the micro flow law, momentum conservation and energy saving, as shown in
Figure 9 and Equation (2). The theoretical and simulation errors of the two methods are
12.6% and 10.7%, respectively, and the relative error considering slip is significantly smaller
than that without considering slip (nearly 39.4%). However, the above two methods need
to be further considered for validation in extended applications.

B up (3h1 + h1h4 + ]’li) +uy (3h4 - h1h4 - ]’li)
U= )
3(m + ha)

, h;+h
Uy =\ 1h 2 =y )
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H; = ﬂ <0_u/ Va2 ) (3)

g 2 tan,BZ
where 7 is the average circumferential velocity, m/s; u4 and up are the circumferential

velocities at the inner wall surfaces of the two discs at the impeller outlet, respectively, m/s;
and i to hy are the height coefficients of different axial sections of the disc pump.

Rlade area of Circumferential velocity
Inet driven cover i i
Y Blade area of
CULRNNNN SRRV NN o driven cover
* e L
i
! T | Dis .
—- - - >-|2 “fc Disc
& | spacing _ - Bladeless area
spacing
[ * \— |
NRERRRERRNNN N -1
"1 Blade area of
! Blade area of drive cover
Shaf drive cover ! '
Circumferential velocity
.
Figure 8. Circumferential velocity at outlet of discontinuous blade passage.
I
Blade area of o
Inlet driven cover Fluid in
i blade area
AN
°/
L - B Disc Fluid in
spacing bladeless area
. e \ U =
N N o —
bk Fluid i
! Blade area of P ki tcm
Shaft . 1 blade area
drive cover %%
L
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Figure 9. Different areas at the outlet of discontinuous blade passage.

The summary of the efficiency parameters of the disc pump for predicting the efficiency
and improving energy efficiency is shown in Table 8.
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Table 8. Efficiency parameters for the impeller of disc pump.

Parameters Reference (Year) Description Remark
Uy Zhou Changjing (2012) [118] Uy = Cllp —
Uy Zhang Ye (2015) [50] up = Bt —
. Velocity at the same radius of
Uy Xie Yongchao (2016) [120] Uy = aly the i};npeller was given.
1y Pei Yingju (2021) [121] up (3h1+hhathi) +ua (3ha—Iha—hi) —
3(h1 +I74)
Uy Pei Yingju (2021) [48] wy = uy /% = up\/x —
mn 2
Hy Yin Shumeng (2012) [119] H = (Déo ) —
H; Zhang Ye (2015) [50] ( ) { z +(1—n? ?h] —
H; Xie Yongchao (2016) [120] = ”‘”2 —
Hy Pei Yingju (2021) [48] ; From Equation (2) and

Figure 9

3.3. Energy Conversion Characteristics

At present, the internal flow field analysis of the disc pump is mainly focused on
single-phase and two-phase research, mainly with the help of streamlines, velocity vectors
and pressure fields.

Khaled M. Bataineh gave the numerical solution of Navier-Stokes equations coupled
with the energy equation for gaseous slip flow between two micro disc pumps and revealed
the effects of the Knudsen number, the rotational Reynolds number and the gap height
on the head, flow, and torque coefficients and the overall efficiency of the micro disc
pump [122]. Wang Baotong studied the internal flow dynamics and the loss mechanisms
of a complete shear force pump device, and evaluated the achievable isentropic efficiency
and pressure coefficient. The shear force pump test bed was designed and built, and
the energy loss law of each part under different working conditions was revealed [123].
Chenhui Hu and Wei Wu proposed a design scheme of a micro viscous pump with different
inlet and outlet areas, and discussed in detail the mass flow and driving power under
different inlet opening angles, flow field structure and vortex evolution, so as to improve
the performance [124]. Diego Hayashi Alonso proposed a topology optimization formula
to optimize Tesla pumps by using a two-dimensional eddy current model, and defined a
multi-objective function to minimize energy dissipation and vorticity [73]. Zharkovsky,
A.A. and Ivanov, O.A. analyzed the pressure and energy characteristics of the impeller,
studied the influence of impeller geometric parameters on the pump characteristics, and
compared the energy characteristics of the disc centrifugal pump and electric centrifugal
pump [47]. Pei Yingju studied the turbulent kinetic energy of the discontinuous blade
disc pump at different speeds through simulation, and revealed the distribution law of
turbulent kinetic energy and energy change along the radial and axial direction in the blade
area and bladeless area of the impeller [48].

In summary, although mature energy analysis theory and design theory have not
yet been formed, the hydrodynamics and kinematics analysis based on energy character-
istics and design optimization based on energy theory are new perspectives for current
pump research.

4. Result and Discussion
4.1. Physical Model Development and Prospects

At present, the disc pump has developed two generations, including the first genera-
tion of bladeless disc pumps and the second generation of blade disc pumps. However,
the two generations of disc pumps have their own application scenarios, and the second
generation of disc pumps is not a substitute for the first generation. The first generation
of bladeless disc pumps has more advantages than the second generation of blade disc
pumps in some cases with high media protection [125-128].
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Due to the wider application of the second-generation disc pump, such as the develop-
ment of marine energy, there are more research results in the development of the physical
model than the first-generation disc pump. It mainly focuses on the optimization of blade
shape, blade number, disc shape and disc number. At the same time, a new-generation
physical model of the disc pump has been explored. The summary on the development of

the physical model of the disc pump is shown in Table 9 and Figure 10.

Table 9. Innovative development of physical model.

Reference (Year)

Description

Parameter

Energy efficiency

Qi Hao
(2009) [82]

Yin Shumeng
(2011, 2012) [129,130]

Chen Yongchao
(2013) [131]

Several radial blades with
different shapes were added
on both sides of the original

disc surface. As shown
in Figure 10a.

Conical transition was
adopted in the inlet section of
the disc pump, and the
corresponding blades were of
conical transition type. As
shown in Figure 10b.

The inner surface of the cover

n=2950 r/min, D1 =76 mm,
Dy =254 mm, Dp1 =75 mm,
Dp2 =70mm, b =6mm, [ =16

Dp1 =125 mm, Dp, = 100 mm,
I=16

0=95m3/h,H=80m,
Ef = 30% (Gas volume fraction
is 5%)

The maximum head and
efficiency increased by about
4 m and 2% respectively.
Qg =150 m3 /h.

plate was circumferentially The numbser of “ripples” was

processed with a special form —

of “ripple”. As shown generally 10 to 30.

in Figure 10c.

Where Dy is the impeller inlet diameter; D; is the impeller outlet diameter; Dy is the pump inlet diameter; Dy, is
the pump outlet diameter; b, is the impeller outlet width; and I is the number of blades per disc.

=3
~9

~

PE 1
()

(@)

Figure 10. Innovative physical model of disc pump. (a) Main and auxiliary blade models; (b) curved

disc model; (c) ripple model.

Although the disc pump has undergone two generations of development, and has
carried out structural innovation and adaptive development in special applications, the
energy efficiency has also been improved to a certain extent. However, it is still facing
problems such as poor energy efficiency and immature design methods, and the innovative
design of energy-efficient physical models is still facing greater challenges. Due to the
special structure of the disc pump, it has unique advantages in pumping difficult-to-pump
media and is an indispensable piece of equipment. In future development, the application
is still very much anticipated.

As shown in Table 9, some ideas for improving the physical model have been given.
In the future development of the physical model, while maintaining the unique structural
advantages of the disc pump, it is necessary to fully learn from the excellent model design
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experience of the vortex pump, micro flow disc pump and multiphase centrifugal pump.
Focusing on the discontinuous composite blade structure, composite disc surface structure
and multi-stage pump structure fused with other types of pumps would help to obtain
an excellent disc pump physical model. Due to the wide application of the disc pump in
various industries, and the large differences in the requirements of different application
scenarios, the development of the physical model needs to fully consider the requirements
of specific application scenarios and make full use of the structural advantages of the first-
and second-generation disc pumps to obtain wider and more efficient applications.

Regarding the selection of the volute for the disc pump, Zhou Changjing conducted
modeling and numerical calculation research on spiral volutes, quasi-spiral volutes, and
annular volutes, respectively. The results show that the relative loss rate of energy con-
version in the quasi-spiral volute is lower than the other two under various operating
conditions. The energy loss rate of the annular volute is the smallest with flow rate changes,
and it is the least sensitive to changes in the operating conditions. The energy loss rate
of the spiral volute is the most sensitive to changes in flow rate [132]. In the selection of
volutes, viscosity and particle size should be fully considered. While ensuring passability
and reliability, efficiency should be considered.

4.2. Energy Efficiency Model Development and Prospects

The energy efficiency model has always been a difficulty in pumping equipment, espe-
cially in the special impeller structure of the disc pump, which will become more difficult.

As summarized in Table 7, for disc pumps used for marine energy development,
Zhou Changjing et al. put forward the average circumferential velocity at the impeller
outlet [130]. Pei Yingju et al. gave a variety of calculation methods for the average circum-
ferential velocity at the impeller outlet, tried to promote the research and application of the
energy efficiency model, and obtained phased results, which also laid a foundation for the
development of energy efficiency models in the future.

At present, the research of matching energy efficiency models (MEEM) has attracted
more and more attention. For example, in the process of riserless dual-gradient drilling
of mud for offshore oil and gas exploration, it is necessary to consider both mud lifting
and pressure regulation. At this point, MEEM has great practical value. The matching
energy efficiency model is closely related to specific application scenarios. Therefore, the
development of the matching energy efficiency model under different application scenarios
becomes more difficult. Establishing top-level logic and top-level design for matching
energy efficiency is an important development direction for the future. Pei Yingju fully
combined the application environment of disc pumps in deep-sea oil and gas development,
and established a targeted, system-matching energy efficiency prediction model based on
the pump efficiency prediction model (PEPM), as shown in Figure 11. By considering the
non-uniform velocity slip at the outlet, the average circumferential velocity was obtained.
When the deviation was within the range of about 20% of the rated speed, the prediction
error was less than 5%. When the deviation from the rated speed was more than 20%,
the calculation accuracy of PEPM was improved by about 4%. The full combination of
PEPM and MEEM opens up a new idea for the development and application of the energy
efficiency model.

The development of the energy-efficient model is one of the most important goals
of pump physical model improvement and technological innovation. Micro parameter
modification and system section matching need to complement each other and develop
collaboratively. For example, focusing on parameter modification such as the impeller
outlet circumferential velocity to improve the calculation accuracy of theoretical head.
Furthermore, establishing the energy-efficient self-prediction model and integrating it into
the specific application system to obtain the system-matching energy efficiency model, so
as to achieve the goal of low carbon production and energy saving.
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Figure 11. Energy-efficient pressure regulation model (EPRM) diagram.

4.3. Energy Conversion Theory Development and Prospects

Energy conversion theory is an important method to characterize the flow pattern in
pump equipment. It mainly includes the analysis of the stability of the pump flow field
considering the idea of energy balance. Through the research on the effect of factors such
as pressure gradient, rotation effect and viscous dissipation, the formation, development
and evolution process of energy in the pump flow field and the distribution characteristics
in different hydraulic components are analyzed in detail, and the energy conversion
characteristics of the flow field are explored in combination with energy factors. At present,
the research results of energy conversion theory have appeared in the research of the
conventional centrifugal pump, such as analyzing the internal energy distribution and
energy loss by entropy and enthalpy.

There are fluid mass and energy transfer, as well as vortex motion and evolution in
the blade and bladeless areas of the disc pump impeller. It is very necessary to analyze
the energy characteristics. However, there are few studies of the disc pump. In future
research, on the one hand, the energy analysis methods that have appeared in conventional
centrifugal pump research can be used for reference. On the other hand, a new energy
transport characteristic analysis method in the rotating coordinate system can be established.
The dynamic energy distribution law of rotating fluid is an effective way to explore the
internal flow pattern and hydraulic characteristics of disc pumps with a discontinuous
blade. The dynamic evolution of the flow pattern in the impeller channel of the disc
pump can be comprehensively analyzed by the viscous dissipated energy, velocity gradient
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and pressure gradient in the flow field. Then, the characterization model of internal flow
characteristics and the internal flow mechanism based on energy elements and energy
gradient can be established [130]. The idea of eddy energy analysis is given below.

The N-S equation of incompressible fluid in the rotating reference system can be

expressed as:
av

dt
where V is the speed; f. is the Coriolis force; f¢ is the centrifugal force; f is the body
force per unit mass; p is the pressure; and y is the viscosity coefficient. Bold symbols
represent vectors.
The simplified N-S equation is:

1 1
=fetfep =Vt EWZV (4)

av
:—20><V+g—V<P)+yV2V ®)
dt 00

In the simplified N-S Equation (5), the left term can be decomposed into the following
expression:

AV 9(—2Q x V) V2 AV 9(—2Qx V) V2
dt—at+v(2>+wxvdt_at+v - | twxV ()

where w is the vorticity; € is the curl; and g is the gravity.

Substituting the above Formula (6) into the simplified N-S Equation (5), the following
N-S equation of rotating fluid can be obtained:

oV p V2 )
at——(ZQ—I—w)xV+g+V(p0+2>—b—]/l<V V) (7)

According to the energy transport equation of Newtonian fluid, the absolute value
of the kinetic energy equation of unit mass media is E = %|V|2, and the energy transport
equation of rotating fluid can be obtained.

oE 9 [ V2 V2
P05, = Po3; <2> = —V[pong V<P+P02)] — popV - (w x V) — popt|w]®  (8)

When the fluid flows in the internal passage of hydraulic machinery, it is generally
high-velocity flow, and the flow Reynolds number in the flow field is relatively high, so the
turbulence and viscous effects in the flow field must be considered. In this paper, the eddy
viscosity hypothesis in the turbulence theory and the fluid viscosity are combined to form
a viscosity coefficient consistent with the above. Let ¢ = pgy; the energy transport equation
of the rotating fluid can be expressed as the following formula:

2
po%f =—po(g- V)= V- [(POZ>V} — V- (pV) =€V (@ x V) —elw]* )

The energy transport equation of rotating fluid is shown in Formula (9). The left
side of the equation represents the local total energy, and the right side of the equation is
mainly composed of five parts. The first and second terms on the right of the equation
represent the buoyancy power and kinetic energy power generated by the micro element
fluid, respectively. Since the rising height of the fluid micro mass of the disc pump during
the high-velocity rotating movement in the impeller and the change of potential energy
are very small, these two items can be ignored. The third term on the right of the equation
can be expressed as pressure push work or pressure energy. The fourth term on the right
of the equation represents the work carried out by the tangential viscous force, which can
also be called the divergence of the lamb vector. The fifth term on the right of the equation
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represents the viscous dissipation rate of kinetic energy in the flow field, which is called
vortex quasi “energy” [132].

As seen in Tables 10-12, in ref. [132], the contribution of pressure propulsion power to
increase the energy gain by the media is more than 90%, and that of lamb vector divergence
is less than 10%. The contribution of enstrophy is low except for 0.4 Q4 (designed flow
rate, m®/h) which shows more than 10% enstrophy part in the rise in media energy. This
energy method can clearly identify the position and size of energy generation and loss in
the flow field of the impeller, and summarize the law of multi parameter influence in the
energy transport process. It is also based on the energy transfer theory to study new design
methods and optimization methods.

Table 10. Pressure propulsion power.

Percentage (%)

Medium
Q/Qg=04 Q/Qg=06 0Q/Q4=08 Q/Q3=10 Q/Qgq=12
Water 96.04 95.33 93.96 92.44 91.18
300 °C molten salt 95 95.05 93.52 91.93 90.55
430 °C molten salt 95.5 95.16 93.89 92.76 91.27
565 °C molten salt 95.03 95.65 94.39 92.81 91.61

Table 11. Lamb vector divergence.

Percentage (%)

Medium
Q/Q =04 Q/Q =06 Q/Q4=08 Q/Q4=10 Q/Q4=12
Water 3.96 4.67 6.04 7.56 8.82
300 °C molten salt 5 495 6.48 8.07 9.45
430 °C molten salt 45 4.84 6.11 7.24 8.73
565 °C molten salt 497 4.35 5.61 7.19 8.39

Table 12. Enstrophy:.

Percentage (%)

Medium
Q/Q =04 Q/Q =06 Q/Q4=08 Q/Q3=10 Q/Q4=12
Water 12.32 6.56 5.84 5.39 5.91
300 °C molten salt 12.13 7.26 5.67 5.45 5.79
430 °C molten salt 11.79 6.61 5.72 5.33 5.89
565 °C molten salt 11.6 7.11 5.43 5.49 5.79

In summary, it can be seen that pressure energy, lamb vortex energy and vortex
pseudo “energy” are the main influencing factors of the rotating vortex energy transport
characteristics in the impeller flow field. Therefore, based on the above analysis, the study
of the energy change law and the distribution characteristics of the rotating fluid flow field
in the disc pump is carried out to obtain the laws of energy migration, distribution and
evolution in the internal flow field of the impeller under different working conditions and
different media physical properties. Furthermore, this study promotes the research on the
optimal design of the physical model and the energy-efficient development of the disc
pump based on the energy theory.

The summary of the historical development, research development and prospects of
the disc pump is shown in Figure 12.
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5. Conclusions

Taking the development of energy-efficient disc pumps as the main line of inquiry,
this paper traces the development history, as well as the opportunities and problems
faced by disc pumps at each stage of development. It comprises a systematic review and
exploration of the development of the physical model, energy efficiency model and energy
conversion theory, and puts forward some future research directions and new ideas. The
main conclusions are as follows:

(1) In the technical innovation of the disc pump, the first-generation disc pump and
the second-generation disc pump were developed. Both generations of disc pumps
have their own application environment, and the second-generation disc pump is
not a substitute for the first generation. The first-generation bladeless disc pump has
more advantages than the second-generation blade disc pump in some application
environments with higher media protection. However, the discontinuous blade
design of the second-generation disc pump has higher energy efficiency and wider
expansibility and application. Therefore, in future developments, making full use
of the advantages of the two generation pumps will aid the development of energy-
efficient physical models for different application environments.

(2) In promoting the development and applicability of the energy-efficient disc pump,
the current research mainly focuses on the optimization of the physical model based
on the analysis results of internal fluid flow characteristics. There is huge potential in
the development of the energy efficiency model and energy conversion characteristics.
The published information shows that the existing design method is the empirical
design method combined with data statistics, and the design theory of the multiphase
pump needs to be further excavated. Therefore, the energy characteristic perspective
can be used to explore the design theory in future development.

(3) In the application environment of particle-containing viscous pumping, there are
currently few studies on the particle motion characteristics in the blade and bladeless
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areas of the disc pump. Research on the anti-wear mechanism of the impeller based
on the energy conversion characteristics and particles will also be a new direction. At
the same time, considering the viscosity of the media, the study of energy conversion
laws under gas-liquid two-phase and gas-liquid-solid three-phase flow conditions is
a future research difficulty and focus.

Therefore, in order to better meet the needs of society and various industries for energy-
efficient pumping equipment, especially the development of disc pumps for marine energy
development, in addition to the conventional flow characteristic analysis method and an
innovative energy theoretical design method, it is possible to fully integrate materials
science, computer science and other disciplines, so as to realize the greater development
potential of a “green” disc pump in the future.
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