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Abstract:

Globally, the demand for lov@mission, coseffective, lownoise, lightweight and compact
devices is rapidly increasing. In order to meet such market demands on a small scale, microgas
turbines (MGTs) could play a crucial role. However, there are manyeogak with MGT
compatibility with internal combustion engines (e.g., low efficiency, fuel flexibility, light weight

compactness).

As part of this study, the focus is on the component basis, where the study examines the Tesla or
bladeless turbomachinery in both a compressor and expander configuration. Since little data is
available on Tesla compressors/pumps, this study focuses ibyriorathe bladeless compressor,

which is also analyzed as an expander due to its reversibility. The activity started #dm air3

Tesla expander prototype available at the University of Genoa. It is examined in compressor mode
using a 3D CFD approacha its results are compared to experimental results. The CFD and
experiments show good agreement for the pressure, with an error of less than 3% at zero flow
condition. Despite the CFD analysis predicting a static efficiency of around 42% (without losses),
the experiment did not meet that prediction due to significant leakage flows and other losses.
Moreover, using LMS Test Lab software, the acoustic behavior of the Tesla compressor has been
analyzed at different speeds and distances, and several aspetspared with conventional or
bladed technologies (same tip speed, same mass flow rate, and same pressure). It has been

demonstrated that Tesla technologies are substantially quieter than bladed technologies.

To improve Tesla compressor performance, a 3D numerical analysis has been carried out for the
rotor only and coupled rotestator and volute configurations. The disk gap is optimized by relying

on Ekman and Reynolds numbers. Based on the numerical antigsissk gap should be 3 times

the thickness of the boundary layer with the best Reynolds nurrildea@d Ekman number 1.5

1.65. Moreover, numerical analysis has been performed for 2, 2.5, 3 and 4 diameter ratios in order
to optimize the rotor diameteatio. Higher diameter ratios indicate better performance than lower
diameter ratios. Based on a CFD analysis, it has been predicted that at low mass flow rates, greater
than 95 % efficiency can be achieved with the optimal disk gap and diameter rakis. dage,

the outlet flow angle would be around 89.9 degree, however, in practice, maintaining almost a



tangential flow angle is difficult. In order to improve the performance of Tesla compressors,
several stators have been studied. The stator outlet and inlet ratio between 2 and 4 is optimal for
stator/diffuser performance. With an optimal rotor and eitgtoss, CFD analysis predicts a total
stator efficiency of >53%; however, with a low number of stators, this efficiency will be somewhat
improved. As part of an effort to enhance the performance of the Tesla compressor -ke¢siator
volute design has s been numerically analyzed, which shows better performance in terms of
pressure ratio and efficiency than the stator configuration. Compared to a stator configuration, the
total to static efficiency is estimated to increase by 3 to 5%.

A new reversible Tesla prototype model has been developed using an optimized rotor (optimal
disk gap and diameter ratio) and volute configuratmm22 krpm CFD predicted total to static
efficiency of 58% in compressor mode and 66% in expander mode without consideration of system
losses For this new reversible machine, leakage and end wall losses are also analyzed under a
variety of conditions, including different end wall gaps and different exit radial clearances (with
and without sealing systems). Tingplementation of the sealing system has resulted in a reduction

in leakage, but the amount varies in accordance with the clearance of the radial exit. The end wall
power loss varies with end wall gap, but usually ranges between&D W for 22 krpm desiy

speed, while poweas arounds00 W.

During this dissertation writing, experimental work on a reversible bladeless machine is in
progress. Preliminary results show the pressure ratio is 1.24 and the isentropic efficiency is 31%.
Comparing these results with CFD simulations at closed valwditcmrs shows good agreement

in terms of pressure ratio with < 3% error. It is observed that leakage occurs during the first test
which passes through the narrow radial clearance of 0.3 mm. As a result of this preliminary
investigation, some modificatiohgve been made to the testin order to ensure that good results

are achieved with the least amount of leakage.

An in-depth study of the reversible Tesla machine (compressor and expander) has shown that such
technologies possess several attractive features (reversibility, low noise level, cost effective and
operate with any kind of fluid), but are difficult to impient as Tesla envisioned (higher
efficiency). Under ideal design conditions, however, such technologies could potentially achieve
> 50% efficiency. The use of such technologies can be beneficial in areas where conventional

technologies are not practicalless efficient.



"My inventions are not meant to make money; they are intended to
advance the world and make life easier for people. | strive to
contribute to the progress of humanity and leave a legacy of

innovation that benefits generations to come."

Nikola Tesla

Inventor, scientist (1856-1943)
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1 Introduction

At the global level, the world is facing challenges due to climate chahg€arbon dioxide
emissions reached an unprecedented level in 2022, which is more than 50% higher-than pre
industrial levels. A peak of 424pm (parts pemillion) of carbon dioxide was measured at NOAA's
Mauna Loa Atmospheric Baseline Observatory in May, bringing the atmosphere further into
territory unseen for thousands of yedfsurrent emission levels continue, there is a 50% chance
of reaching 1.5 °C (2.7 °F) global warming within nine years. A reverse trend is necessary to
reverse climate chang][3]. The global climate strategy aims to reduce these emissions through
the development of lovemission technologies, the use of renewable energy sources, and
renewable energy storage. this way the Europearnion (EU) has begun to modernize and
transform its economy in order to achieve climate neutrdlitg.EU report provides a clear vision
of how the Commission intends to achieve climate neutrality by P50'he report details a
comprehensive strategy to reduce emissions and increase renewable energy sources. It includes
investments in renewable energy sources, the development of new technologies, and the
deployment of energy efficiency measuscording to the Paris agreement, the effects of climate
change can be seen throughout the world, in all regions. There has been a melting of the polar ice
shields and a rise in the sea levels. Climate change is causing extreme weather events such as
heavy rainfall and heat waves to become more common in some regions, while others are
experiencing droughts and heat waves to become more severe. It is imperative that we act on
climate change now, otherwise these impacts will only wdtjemhe world is focusingntaking
theinitiative accordingly. Reduction of CO2 emission due to manmade causes is widely regarded
as a primary solution to mitigate the climate change, by the global scientific committee
[2][3][5][6]. With the EU green deal, the EU already reduced 23% of greenhouse gas emissions
between 1990 to 2018he EU aims to reducemissions by at least 55% from 1990 levels by
2030. The green deal also includes plans to invest in renewable energy sources such as wind and
solar power, and to promote energy efficiency measufes a result of previous policies,
greenhouse emissions are expected to be reduced by 61% by 2050. In 2020, the EU will implement
an impacimeasured plan to increase its greenhouse gas emission reduction target for 2030 to at
least 50% and towards 55% comgxawith 1990 levels in a responsible manner. As a reftliis

additional reduction in greenhouse gas emissions, by June 2021, the Commission will review and
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propose to revise, where necessary, all relevant cliretdged policies. This additional reduction

in emissions will be achieved through the implementation of new legislation, as well as targeted
funding for green initiatives. The EU will also prioritimsearch and development into learbon
technologies to further reduce emissions. Finally, the EU will continue to collaborate with other

countries to develop and implement global climate change strafgfjigs

As part of efforts to mitigate greenhouse gas emissions, several plans have already been
implemented by different nations to develop lemission technologies, use renewable energy
sources, and store energy. Even though renewable energy sources arenimplogia
implementation in remote areas is somewhat challenging due to high infrastructure costs,
transportation losses, and transmission losses. It should be noted, however, that isolated or
decentralized systems may provide some solutibnsaddress tse issues, governments are
investing in research and development of renewable technologies and implementing targeted
policies in rural areas. Additionally, incentivizing the use of energy efficient technologies can help
reduce emissions and ensure equetalocess to clean energy. Remote and rural bhes@sa higher

fossil fuetbasedenergy demand. According to the EEA (European Environment Agency),
transport requires significant amounof fossil fuels. To reduce transport emissions, governments
shouldinvest in electric vehicles and leemission fuels. Road transportation accounted for 71.7%

of the EU's totalCO2 emissions in 201/8]. This has a direct impact on air quality and climate
change. It is essential that governments and businesses develop strategies to reduce greenhouse
gas emissions from the transport sector. Investment in infrastructure for electric vehicles and
renewablesnergy sources is a crucial step in this directispecially considering that since 1990
greenhousgas emissions in the transportation sector have increased by 33.5%, making it the only
sectorin which they have increaseder the past three decades.

Globally, the demand for lov@mission, lownoise, lowcost, compact, and efficient technologies

is increasingat small scales. MGTs (micrgas turbines) playn importantrole in reducing
emissions by using advanced fuel flexibility techniques. This increases their efficiency and reduces
the amount of energy wasted. Additionally, they are capable of providing reliable and continuous
power, making them an ideal solution femote areas with limited access to energy. In spite of
this, there are still challges related to efficiency, cost, and size that need to be addressed. To

address this challenge, manufacturers are investing heavily in research and development to
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improve MGTs. They are also working on making them more compacteffestive, and
efficient. In general, the range of microgas turbines (MGTSs) power capacities is not well defined,
although some authors define their generating power range between 10 kW and 500 kW. Although
such MGTs have lower performance than competitive internal combustioresniieir electrical
efficiency is between 25 and 30%. As technologies progress, their efficiency has improved a bit,
but they still face challenges with costdasize whenrying to makethem work on a large scale.

This makes them suitable for smatlale applications, such as residential and commercial
buildings.

As research progresses, there is potential for MGTs to become more competitive and usable in the
wider market. Historically, microgas turbine technology has been the subject of research since the
1970s when the automotive industry began to consider regleatiprocating piston engines with
microturbine enginesloday, microturbine engines are used in a variety of applications, mainly
for stationary fieldsThe use of microturbines is expected to increase in the near future with
continued advancements iesearch and technolo§¥][8], however, this is a challenging task at
presentThere has been limited success with microturbines in the automotive industry due to their
poor transient response, low efficiency, and higher cost compared to internal combustion engines.
However, there is potential for microturbines to become more effiaied coseffective in the

future. With advancements in technology, microturbines can be a viable alternative to internal
combustion engines in the automotive industry. Even so, they are able to play a critical role in the
development of decentralizeddahybrid energy systems. Microturbines also have the potential to

be used in microgrids, providing a reliable source of energy to remote and rural communities.
There are currently many research studies being conducted in order to increase the overall
efficiency of MGTs. By incorporating cuttirgdge technologies and renewable fuels, they will be
able to meet market demand in terms of emissions and efficiency. MGTs can also be used to power
ships and other large vehicles, reducing the amount of fuel naedeeimissions produced. This

could be a huge benefit to the environment and reduce our dependence-@naveable
resourcesMicrogas turbines are expected to be considered among the promising technologies due
to their fuel flexibility, low emissions, high power density, and low maintenance requirements
[9]. Due to their low exhaust temperatures (around 200°C to 300°C), waste heat can be used to
generate lowpressure steam or hot watgt]. There is a considerable amount of waste heat in the
exhaust oMGTs that can be used in combined cycle condépisconsidering Organic Rankine
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Cycles (ORCs) increasing the efficiency b§-15% [11]. Consequently, an alternative MGT
concept was introduced that may be able to conquer the market forssalallCHP. Currently,
two-spool intercooled MGTs have an electrical efficiency of approximately 40% and can utilize a
wide range of fuels. Aurelia deleped dualshaft MGTs that demonstrate-16% higher electrical
efficiency than singlshaft MGTs[12]. Besides its fuel flexibility, the Aurelia Turbines are
capable of burning any type of fuel, including syngas, natural gas, and hydrogen. Many studies
have described the design of tapool enginegl3][14]. It has been reported by Malkaméki et al.

that its cost and efficiency can be compared with MWM's reciprocating engine for the same load
[13].

It is still necessary to address issues of compact, lightweight, size, cost, and performance with
respect to competitors (mainly ICEs). As part of the the NextMGT project (Next generation of
microgas turbines) that is funded by the MSCA EU HORIZONE 20@rpemme, several aspects

of the project are being addres$&8]. It was observed, however, that performance was strongly
degraded when threomponensize was scaled down. It is generally believed that the performance

of conventional turbomachinery decreases as the size of the devices such as turbines and
compressors is reduced. As compared with conventional turbomachinery, the performance of Tesla
or badeless turbomachinery is almost consfar}. The Tesla or bladeless turbomachinery has a
number of advantages, including its ease of manufactompact, lightweightreversible
operation, low noise levels, and low coBtese devices are based on boundary layer phenomena
and viscous forces, so they are also known as boundary layer or visdoicion compressors
andturbinesTesla technologies are beneficial for meeting current market demands on a low power
scale due to their many advantages. There is an increasing demand for technologies that are
compact, lightweight, low in noise, efficient, low cost, and low emission.drctirent market
situation, conventional technologies dominatewever it is possible to sek these market
requirements using Tesla technologies at low power levels if more research is cordiad,

a patent by Jin Pu on Micgasturbinecombinedcycle systemwith tandemtype Teslaurbine

was filed[18]. Thatconsists of a micro gas turbine coupled with a tantjgra of Tesla turbine,

as well as at least one fuel cell system, steam power generation system, and solarAesaiesr.

Tesla turbinaisesthe Jin Puinvention overcomes the shortcomings of the prior art by providing

a micro gas turbine combined cycle system. By utilizing the exhaust gas from the regenerator, the
entire micro gas turbine is able to recover and utilize its energy. Additionally, thensyatesolve
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the problem of recovering SOFC waste heat and regenerator exhaust heat at the same time. Using
the heat generated by each link in the system, the entire system can generate more power.
Efficiency in recycling, small footprint, easy set up and integra#aldlitionally, the circulation

system is able to track solar energy to improve the system's power generation efficiency. The
circulation system can also solve Tesla turbine down pressure issues. A low ratio can reduce
efficiency and cause pressure logs8]. There are several advantages to this type of
turbomachinery, but as far as Nikola Tesla's claimed efficiency is concerned, this has not yet been
demonstrated. Based on published research, it is possible to achieventptefficiency levels
exceeding 9% at very low mass flow rates but achieving whole efficiency (stator or volute
configuration) is quite challenging. It was determined that stator interaction, end wall and
leakage were the major losses that affected overall performance; howeval, exgerimental
efficiency is lower than bladed technologies.

It is important to note that there is limited data available on such technologies, and most of the
research has focused on the expander. There are few data available on the compressor/pump, and
there is no optimal design procedure available. There argasdaetors that determine the
performance of such technologies, including disk gap, disk diameter ratio, stator shape, stator
numbers, flow angle, and end wall gdgtilization of this technology requires a thorough
understanding of boundary layer phenoiaeln the thesis, a detailed analysis of Tesla rotors has
been conducted and boundary layer thickness has been optimized baseddimemsional
Ekman's and Reynolds' numbe&sthorough investigation was conducted into such parameters to
improve the Tesla compressor's performance, and due to its reversibility, expander is also
investigated in the thesis. The major challenges arematidoss and leakage, which are also
examing in this thesis. In addition, to minimize leakage, an-i@atk sealing meclmgsm, such as

a labyrinth, carbon, or brush seal, is implemented in accordance with the leakage rate. As part of

the research, the works are characterized in objective sdclion

The objective of thiseserch is to design and develop robust andcompact, lightweight,
innovativereversibleTesla or bladeless typeachine which functions both as a compressor and
turbing which could be potentially coupled on the same shaft towards a Tesla microturbine or

Tesla turbocharger arrangement.
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1.1 Tesla or bladeless turbomachinery

1.1.1 Bladeless turbomachinery inventor: Nikola Tesla

Tesla was one of the famous scientists whose inventions and research are still studied today. Nikola
Tesla was a Serbian American inventor and engineer, born in July 9/10, 1856, in Smiljan, Austrian
Empire (now in Croatia), and deceased on January 7, tBX¥8w York, United States. Tesla was

the inventor of the rotating magnetic field, which is the basis for most alteriairent
machines. Furthermore, he developed the tprese transmission system for electric power. In

his capacity as a researchbe developed the concept of wireless power transmission. In the
electrical and mechanical fields, several inventions and patents are still being studied and
researched. As early as 1909, Nikola Tesla filed the first patent for a boundary layer pump, and
later in 1911, he filed the second patent for a turbine based on the same principle. There were
patents granted for both pumps/compressors and turbines if1BJ[®] as shown irFigurel-1.

As bladeless turbomachinery gained popularity, it became known as Tesla turbomachinery after
the inventor's name. During one of Tesla's interviews in 1912, he stated that bladeless
turbomachinery would be his greatest invention that works on the boundary layer phenomenon
and viscous forceAs well as being known as a boundary layer turbine or péwgitionally, it

would perform the functions of a turbine and compressor at the same time.
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There is one major difference between Tesla's design and conventional devices: Tesla did not
utilize blades. The device uses a set of smooth disks instead. Due to multiple disks, also known as

a multiple disk turbine or pump. Such a device was specificifigned by Tesla for use in
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geothermal power applications, as it is easily operated by steam. According to Tesla, the turbine
is an efficient selkstarting prime mover that may be used as a steam or mixed fluid turbine at will,
without requiring any modifications to its constructiand is therefore very convenient. It is
evident that minor deviations from the turbine may be required in each case, but if the process is
followed along these general lines, it will result in a highly profitable project for the owners of the
steam plant wile permitting the use of its existing equipment. However, in developing power
from steam with the Tesla turbine, the best economic results will be obtained in plants that have

been specially designed to meet the needs of the project.

1.1.2 Operation and principle

Teslatype devices consist of parallel, flat,-oatating disks mounted on a shé&bt driver rod)

with a specified gap between the disks. In a compressor or pump mode of operation, fluid enters
the rotor disk through the center, passes through the narrow channels of the disk in an outward
spiral pattern, and exits the disk tangentially as a result of the rotation of the rotor asrshown
Figurel-2. During turbine operation, fluid enters the rotor tangentially and exits through the center
axially. By utilizing the boundary layer and viscous drag phenomena for transferring energy from
the motor to the fluid, bladeless or Tesla disk compressors/pumps are also known as boundary
layer or viscous force compressors. As the fluid gains energy, it moweardwin the Tesla Disk,
gaining additional energy in the procelssresponse to the shear force imparted by the rotating
disk, the dynamic pressure of the fluid increases at the discharge point of the disk. The bladeless
compressor assembly differs sificantly from a bladed compressor assembly primarily due to its
disks.A Tesla compressor diameter, rotational speed, and pressure relationships are similar (but
not identical) to those of a conventional impeller pufiigere is a reason for any deviation from

the actual velocity of the fluid since fluid velocity is not fixed by the velocity of the local disk but
rather depends on the disk spacing, the viscosity, and density of the fluid, as well as the radial
velocity ard velocity of the diskln such compessors, the pressure does not affect the rotation of

the compressor or its puléee laminar flow pattern.
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Fluid Exit
Tesla rotor
(Disk pack)
Fi glt2Teesl a compressor: principle of operat

The bladeless compressor/pump $egerahttractive features, including simple design, the ability

to handle multiphase flows, good cavitation characteristics, low noiseeftestiveness, and
reversibility of operation, which makes it attractive when compared to conventional
turbomachinenf17][21][22][23]. Despitethis, the experimental performance indicates a lower
performanceTheoretical and experimental evidence show a wide gap, though rotor efficiency can
be over 90% at low mass flow rates, although frictional losses make it difficult to operate the whole
configuration at a higher rotor efficienchhe limitations of such devices are that they are intended

for smaltscale applications. This device operates at high speeds, so its size should be maintained
within the required Mach number. If disk size increase results in a very high Mach number being
reached, it wilbe quite difficult to manage a very high Mach numberthe literaturgsee chapter

2 ), little information is available on the experimental and numerical performance of Tesla
compressors, while most of the research focuses on Tesla turbines. However, both modes of
operationare based on the same principddack of research has resulted in poor performance of

the Tesla compressor, which is not commercialized as a conventional turbomachinery.

1.2 Motivation

Globally, there is a growing demand for devices that areclost, compact, efficient, lightweight,

and noiseless. Conventional turbomachinery does not satisfy such requirements on a small scale.
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However, Tesl|l ads dah mektetheses equireneeinth Mesla g pladeless
turbomachines are based on the boundygr phenomenon, in which fluid passes through the

disk gap, thereby reducing the aeroacoustics effects resulting in a quieter device than conventional
turbomachines. Thisystem is quieter than conventional turbomachines at a small scale, making

it ideal for use in a variety of applications, despite the lower efficiency (efficiency gap with bladed
machinery is mitigated at smallades, where conventional machinery is affected by mechanical
tolerances). Additionally, it is more lightweight and compact than conventional turbomachines,
making it an ideal choice for applications where size and weight are critical factors. There are no
restrictions on the types of fluids that Tesla devices can work with, even dirty fluids. Further, fluid
properties are not affected by Tesla technology, which is common in blade technologies. Scaling
down conventional devices results in significant peréomoe reduction, while Tesla technologies
perform almost constan®n the small scale, Tesla technologies offer almost constant efficiency
and reliability due to their design. They are also easier to maintain and operate than traditional
machines. Lastly, they are ceffective, making them an ideal option for a wide rawoge
applications. There are several areas where small scale turbomachinery is needed, such as oil and
gas, refineries, geothermal, renewable energy, fuel cell systems;gagtorbinesand smakl

scale power generation. These technologies can also be used in other applications such as
aerospace, defense, and marine applications. They can also be used in energy storage systems,
robotics,propulsion,and manufacturing. Finally, they can be used in transportation systems and

in the medical sector. This allows a variety of solutions to be created, fromsa@lallprojects to
large-scale industrial applicationsurthermore, the range of applications of Tesla technologies is
being used for itgrowth indicating that it is becoming a viable solution for many different

industries.

Bladed blowers are common on light aircrafihd industrial applicationghich are noisy. The
bladeless technologies provide a toaise alternative to blades. Bladeless technology eliminates
the need for noisy fan blades while still providing the necessary thrust. This technology enables
aircraft to reduce noise outpamd less emissions (manufacturlditionally, it is more efficient

and reliable than traditional fan blade systelhsreover, Tesla technologies have a wide range of
fluids that can be usleIn the biomedical sector, devices with low noise, compact dimensions, and
efficient operation are needed. It is important not to change the fluid properties, such as blood,

when using conventional pumps. There have been difficulties in finding clapgdications for
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bladed impellers and vane type heart devices due to ongoing operational and pathological
difficulties. However, blood damage has been a serious drawback of these systems despite their
success. By using a Tesla disk pump, one can take advantage of some of the advantages of
centrifugal pumps (large flow, easy control, electrical power) while minimizing saeldantages

(blood damage, quasteady flow, etc.). Disk pumps employ shear forces rather than lifting
surfaces in order to impart momentum to fluidefiefore, bladeless technologies are more
appropriate than bladed technologi€smpressors are often used in the medical field in order to
provide patients with breathing air that is independent of any other gases contained in gas
cylinders. Patients who are sensitive to oxygen toxicity, for example, will benefit from the
availability of this optionDue to Tesla's technological advantages, such requirements can be met

in the biomedical field.

It is challenging for the crude pumping station to operate under the operational conditions of heavy
crude oil (815° API). The entrained gas, solids, sand, water, and very large viscosity ranges
associated with crude oil in this field caused the most undesirable conditions for a traditional screw
pump. Due to continuous wear of screws and mechanical seals, production hadltecb®oha

parts replacement. This has a high economic impact on the pumping station operation and
sustainability. A Tesla pump atisk pump is highly resistant to solids, gas entrained in the
material, able to handle a wide range of viscosities (water, light crude oil, medium crude oil, heavy
crude oil, and extra heavy crude oil), and has a low NPSH requirgsgnthere have been many
applications of disk pumps used in the oil and gas and petrochemical industries. These applications
include offshore and onshore services, subsea operations, tank transfers, environmentpl clean
operations, crude oil processing, gnonping oil and water emulsions. Due to its superior abrasion
resistance, gasntrained pumping ability, and laminar flow that is not emulsifying, the disk pump

is the ideal choice for some of the most demanding applications.

The performance of several types of compressors and pumps was compared [B4Baijan

Ns-Ds (specific speeds specific diametgrdiagram, which can be seenkigurel-3. A diagram

of peripheral compressors can only serve as an approximate guide since there is scant data in some
instances. The radial and mix#dw type compressor is expected to provide optimum solutions

for dimensionlesspecific speeds between 30 and 300, as indicated by the shadedFagemen

1-3. Drag compressors or drag pumps are more efficient than conventional centrifugal machines
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at specific speeds below 30, obtaining head coefficients greater tharBasiég orihethisthesis
resultsand literatureTeslaor bladelessype ofcompressor or pump Bédetweeraspecific speed

less than (NsBO andspecific diamete(Ds) less than 5, whicare highlighted ina blue dashed

box. The 3 kW and 1 kW air compressdie at a specific speed below 10, whithe head
coefficient is less than 2. Such compresssinow beter performance at specific spedaklow 30

as compared to radial compressors. The 1 kW water pump is also showing similar performance as
a bladeless compressor but shifted at a bit higher head coefficient. In this tressgibty study

of bladelesshydrogen compressor is numerically analyzed with a pressure ratio >1.7. Such
hydrogen compressors shifted towards radial compressors with lower head coeffivoemtser

for the hydrogen compressor is showing good performance but details analysis vejliibedréen

this area.At optimal design conditions, the Tesla type of compressor/pump can achieve maximum
efficiency of >50%, which is highlighted iblue dashed boxes ifigure 1-3. However, since

energy is transferred between fluid and rotors, compressors with the largest heads have the lowest

maximum efficiency
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Despite its attractive features, Tesla devices have not been able to capture the global market due
to their low performance. The lack of research in this area is another reason, but due to its attractive
features, researchers and industry have takenenestin the device for a few decadesgarding

this technology, most research has been conducted on the expander/turbine. Contrary to this, only
a limited amount of data is available for the more challenging and complex Tesla
compressor/pump. To fill teiknowledge gap, further research should be conducted on the Tesla
compressor/pump. This could help increase the commercialization of the device and lead to its
widespread adoption by the market. In spite of this, a thorough understanding regarding the low
performance of these devices is still unclear. In addition, a lack of systematic design methodology
hinders the development of these devices in the future. Therefore, more research should be
conducted in order to gain better insight into the structurgarfdrmance of these devices. With

a better understanding, the development of these devices in the future can be accelerated.

This study pertains to an attempt towards better understanding the performance of Tesla
compressors, through the development of experimental campaigns involving several prototypes
along with numerical simulations for the purpose of gaining a more thotmggrstanding. Since

a Tesla compressor is reversible in nature, the analysis is also performed in expander mode to
better understand its performance. This allows us to identify areas of improvement and make the
necessary modifications to ensure that tragonents meet the desired performance requirements.

In addition, this also helps to identify potential failure points and take preventive measures. Finally,

this can be used to optimize the design of the component for maximum efficiency.

1.3 Objective

The design of a compact, lightweight, low noise level and highly efficient reversible bladeless

Tesla compressor considers several aspects.

1 Analyze the performance numerically and experimentally using the Tesla expander
developed by the SIT technologies startup company at the University of Genova in
compressor mode.

1 Examine the noise emissions of the bladeless or Tesla compressor in comparison to the

bladed blower.

1-12



Determined the causes of the degradation of the Tesla compressor performance.
Resolved the issues identified by numerical and experimental analysis of an expander
prototype operating in compressor mode.

Analysis of the optimal design conditions for bladeless compressors using numerical
simulation.

Design an innovative reversible Tesla or bladeless compressor prototype based on the
numerical study, and

Validate the design procedure by experimental reqM#didation work is in progress and

only partial results are reported in this thesis. Validation work will be contirafieg

completion of this thesis.)
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2 State - of T the - art (Tesla or bladeless machines)

In this chapter, a literature review of bladeless or Teflabomachinery based on
experimental, analytical, and numerical solutions is presented. Additionally, a discussion on
sealing mechanisms and noise characterization is included. According to this literature
review, the thesis is focused on the design analdpment of a compact lightweight,
reversible, and efficient bladeless compressor, which is the most challenging one since there
is no major research conducted on this subject.

Bladeless turbomachinery was invented by Nikola Tesla in 1913, which can be used as both a
pump/compressor as well as a turbine without requiring any major modificatibrvgas

stated by Tesla that such devices are capable of achieving an isentropic efficiency as high as
97%, but this has not been proven. There is a possibility that bladeless rotors can achieve
greater than 95% efficiency at a very low mass flow rate,elvew overall efficiency still
remains a challenge. According to the literature syruw@e overall expanddptal to static
efficiency was found around 36% ant¥d with working fluids air and water, respectively, as
claimed by the University of Genoa siff (SIT Technology{p5]. As for the compressor and

pump, Rice and Wang estimatseintropicefficiency to be aroun23% and %% with working

fluid air, respectively[17][22]. Tesla pumps exhibit experimental efficiency results of 21%
and 3% with incompressible fluids (water) according to Rice (1963) and Palaveev (2023),
respectivel\f17][26]. For bladeless turbine/expander, more research is available, while few
data exist for compressor/pump operation. This type of device has not been able to occupy the
global market as conventional devices because of a lack of research as well as lowecgfficie
According to researchers, such devices will be advantageous in-staldl applications

where conventional devices' performance is degraded as the device size decreases, whereas
Tesla'smachinegperformance remains nearly unchanged.

2.1 Experimental Research

This section discusses experimental research on the Tesla turbine and compressor/pump based
on literature. In light of the fact that more research has been conducted on the turbine, and a few
studies have been conducted on the compressor/pump, the dissus=gan with the turbine and

then moved to the compressor.
Tesla Turbine

Leaman27] constructed the bladeless turbine in 1950, which had four disks with a diameter of
126 mm and an inlet pressure of 5.8 bar. At 9000 rpm, this turbine produced 87 W and 8.2%
isentropicefficiency, as indicated by Leaman. Smooth disks performed better than rough disks. A
few modifications were made by Armstrof&g] to the Tesla turbine to make it a steam turbine,
including tapered disks (one side thick and the other side thin), a nozzle, and with this modification

he obtained a maximum efficiency of 4% and observed significant losses in the nozzle. Beans
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came up with a solution in 1962, which consisted of decreasing the disk spacing. He also tested
the friction turbine with two nozzles and obtained 24% efficiency with 1.8 kW power at a speed
of 17000 rpm at 2.7 bar inlet pressi@8]. A test of Tesla turbines conducted in 1965 yielded a
35.8%isentropicefficiency at a pressure of 5.15 bar and a rotor diameter ratio (8@.4Hoya

GP and Guha focused on the design of the test ring and investigated the performance of the disk
turbine, the primary design based on the Rice W with some modifications in the stator and nozzle
[31]. This was accomplished using a simple and inexpensive method for measuring moment and
power: during this test, 25% efficiency was achieved at 250@0His attention was drawn to a
Cairns article that described Allis Chalmers Company (who is interested intyeslaurbo
machinery and manufactures some products) experiencing disks rubbed (disks stretched by inertial
forces) with the housing, and thigppears to occur at speeds greater than 10000 rpm
[31]. According to Guha and Similej32], there is a significant loss in the nozzle area. An
improved nozzle design would be able to reduce nozzle losses by 50%, based on the results of their
test report. The efficiency of turbines increases with an increase in the number of nozzles at
constantmass flow in numerical analysiBeshlakay33] achieved 31% global turbine efficiency

with a rotor efficiency of 95% for a rotor of 150 mm outer diameter. His analysis included both
numerical and experimental analyses, as well as a comparison of the results with those obtained
with different working fuids and different nozzles. A bladeless turbine was tested by H¢#ahd

at 3 bar and 10000 rpm and achieved an efficiency rate of 8.5% with a 45°C nozzle angle. Holland
addressed the leakage losses by implementing a labyrinth seal. The theltisidf JT2b] focused

on the development of micro turbo expanders for sslle Organic Rankine Cycles (ORC) Tesla
turbines with several models at various mass flow rates in 2018. With a mass flow rate of 253 g/s
and a heating temperature of 37.5 °C and a rotapeed of 3500 rpm, this device achieved a
thermodynamic power of 906 watts with a mass flow rate of 299 g/s at 44°C and a rotational speed
of 5000 rpm. Tesla turbines achieved an efficiency of 11.2% at 3000 rpm with a mass flow rate of
28 g/s, according thim. It was recommended by Tallduhata twophase nozzlee used among

a number of things. Renuk&7] conducted hisestonsmall scale of Tesla turbinand he analyze

higher losses mainljeakage (33%), and significant nozzle losses (25%), both of which affected
the efficiency of the entire turbine, requiring further research on the nozzle, rotor, casing, and disk
interaction areas, resulting in an adiabatic efficiency of 18%. Rejdifedeveloped a -EW

micro-Teslaexpander which has been tested with various nerelemberwith the two convergent
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nozzle optionsachiewed 36.5% highest efficiency at 10000 rprhhe performance of Tesla
turbines in engine waste heat recovery is investigated by Fenzhu Ji in 2019. Whenaozinigle

Tesla turbine is operated at 2250 rpm with a disk diameter of 80 mm and a disk gap of 0.4 mm, a
turbine efficiency of 55% is obtainethcreasing the number of nozzles diminishes performance
[38]. An experimental thermodynamic analysis evaluated by Gal[B8p that showed the
turbine's performance under rdié operating conditions. The research examined the effects of
geometrical parameters like disk spacing, rotor diameter, and pressure flow on efficiency and stall
torque, critical parameters in turbine s An efficiency of 18.4 to 50% was obtained with a
turbine with a diameter of 15 cm and disc spacings ranging from 0.9 to 2.5 mm. The highest
efficiency was achieved with 0.9mm spaciggnaran analyzed Tesla turbine torque on a disk of
75.2 mm diameter using several methods, and the vortex model best represents the turbulent
regime at higher air pressures. Despite the assumption that the flow regime within the turbine is
only laminar, higesults demonstrate that there are both laminar and turbulentdipmes that

occur within the Tesla turbine, depending on the air pressure at which the test is copjcted

An experimental analysis conducted by Ottanuga using 180 mm rotor diameters and Reynolds
numbers (less 600) indicated steady, incompressible laminar flow, resulting in a 34% model
efficiency and 23.9% experimental efficiency, indicated a significant etioel but marked a
significant discrepancy between analytical solutions and experimental rgsliltKrishnan
believes that it is possible to fabricate <Lill Tesla turbines utilizing commercially available
technology in order to achieve mechanical efficiencies of over[4QYo

Tesla Compressor/pump

There were 77 disks in Rice's bladeless rotor for the Tesla compressor, with aadiuteof
75 mm, a disk thickness of 0.5 mm, and a disk gap of 0.5 mm each. The experimental results
indicate a 23% efficiency at 20000 rpm and a mass flow rate of 101 g/s, whereas the compressor
was designed for 30000 rpm, not reachable because of meahassues.The existing
conventional loss information for the inlet, diffuser, pump housing, and bearings must be applied
in order to predict the actual pump performance. The carbon seal was used for the pump application
toreduce leakag&7]. A paper based on the loss mechanism of shear force pumps with corotating
disks was published by Wang and Kj@2], where the numerical solution was initially discussed,
and the same design was implemented experimentally. According to independent rotor analysis,
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co-rotating disks can be performed with high efficiency with low friction coefficients and high
dynamic pressure in a similar manner. Due to the high rate of recirculation in the diffuser and
scroll volute, Wang noticed a high total pressure loss in tbestons, and this loss showed a
similar result to the friction loss. In the channel area, he noted that efficiency had significantly
decreased as a result of reverse flblasinge{23] investigated diskype pumps both analytically

and experimentally, focusing on the Tesla rotor on a range of disk gaps (based on the Ekman
number) and disk radius ratios and obtained a maximum rotor efficiency of 54%. Compared with
the analytically predied efficiency, the experimental efficiency is lowEne rotor would be more
efficient if the fluid flowing between the disks were laminar, according to Imira.NASA report
published by Meadville addressing ldalwust chemical propulsion, Tesla type pumps were
designed with a minimum inlet diameter of 13 mm and a minimum outside diameter of 25 mm, a
maximum speed of 160,000 rpm, a minimum number of disk5,cdnd a disk thickness and gap

of 0.13 mm as design constraints. According to this report, & Tgse compressor or pump
operates at low inlet NPSH and specific spe®. In a study condeted by Daz44], the
turbulizers at the impeller (disks) outlet were configured to have differentsectional shapes

in order to increase the head and éfficy of the pump. In experiments, a square esaession

was found to have a greater influence. When turbulizers (different kinds of shape that connecting
disks) are increased, the vortex circulation in the impeller outlet leads to an increase in the head
and efficiency of disc pumps up to an optimum point. The spacing between the disks proved to be
significant for some of the runs. The smaller spacings provided greater capacities and efficiency
Dodswroth[45]. The test was conducted on four different disk pack spacings 0.127 mm with 20
disks, 0.254mm with 18 disks, 0.371 mm with 16 disks, and 0.508 mm with 15 disks, and three
different motor speeds (2500, 3000, and 3600 rpm) are considered. The highestlletaciamcy

were achieved at a 0.127 mm spacing and 3600ppmp speed. Palave¢®6] investigated a
boundary layer pump at various speeds with varying4athrte interaction. Pumps were designed

with outer diameters of 150.8 mm and inner diameters of 25.4, where the gap between the disks
was 0.152 mm. A higher hydraulefficiency around 33%was achieved at 7000 rpm and a bit
lower at 6000 rpm, where rotor and volute tongue interaction were 12.5 mm. Below is a summary

of the Tesla turbine and pump data to aid in a better understaasgigpwn irnmable2.1.

In response to the global market demand, there has been an increase in interest in bladeless

turbomachinery. There was much interest shown by the ESI company and many products were
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manufactured for a variety of ugg®] . There have been several factors that have influenced the
development of pumps for pumping viscous fluids, such as the high degree of technical complexity

in their construction and the aggressive nature of the fluid. Pg4@]lahow their interest Tesla
technologiesandbuii p di sk pump ADI SFLO pumpo (with abr .
to this problem as its mechanism, based on the boundary layer effect and viscous drag, minimizes
contact between the pump and thed|uihereby reducing wear. Based on the literature survey

Tesla compressor/pump and expander efficiencies in acronical order asThde®.1. Tesla's

claim of efficiency has not yet been proven. There is a large gap between experimental and
theoretical results. Research has found that rotor efficiency can be maintained at more than 90 %
only at low mass flow rates. Interaction loss between th®rsand rotor, along with frictional

loss, is substantial.

Tab2lé&x peri ment al |l iterature data for Tesla expander and
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Turbine Mass Turibine
. 5 . . Disk . X (inlet)/C Nozzle
Author Published oD ID Dl.a (Exit)/P| Disk thicknes Gap | Fluid |flow (air- Sta'For/ omp.(ou| PR Speed | Torque| Power Eff.(%)| (Nos)la| Losses| Seal systen]
year (mm) | (mm)| ratio | ump [(NOS (mm) | Type als, Spiral (rpm) | (nm) | (kw)
s (mm) tlet)_ ngle
(/Inlet) water I/s
bar
2-laby.,
Tesla 1913 4570 - shaft | 25 | 0.79 - |steam| 957 | spiral| 8.60 - - - | 150 - - -- |coarse an
fine
Hasinger_pumgj23] 1963 101.6 | 25.4| 4 | center| 174 [ 0.127 | 0.135| water spiral | 2.56 -- | 5090 - RT-54  -- -
Rice_pump17] 1963 | 127 |67.5|1.881 center| 34 | 0.508 | 0.508|water| 2.19 256 | - | 3500 - 201 - - C:Eb;"
Rice_comg17] 1963 152.4| - center| 77 | 0.508 | 0.508| air 101 | spiral| 1.12 -- | 20000 - 23.1 -- -
Rice_bloweif17] 1963 35.0 | 9.5 |3.684 center| 18 15.88| air 79 spiral| 1.1 -- | 10500 = 17 = = no seal
Pacella_DISCFLO_pump| 2000 340.0 center abrasive350 gpn] spiral - | 1160 11.93| 40-48 - -
Oliveira, M.DC._pumf68] 2009 120.0 | 30 4 | center 2 1 |[water| 04 spiral - | 450 - -
Dodsworth_pump [44]| 2015 35 9.5 |3.684 center 0.8 water log spiral -- | 3600 0.8%:5- 117 -- -
Wang_comg22] 2014 80 27 |2.963 center| 9 0.5 | 0.25 | air scroll 1.05| 25000 36 - -
Palaveev [26] 2023 150.8 | 25.4| 5.94| center| 177 | 0.127 | 0.152| water | 5.04 | spiral| 4.46 - 6703(?0- 35-36 -- -
Leaman [27] 1950 126.0| 20 | 6.3 | center| 4 3.2 air - 5.80 - | 9000 | 0.1 |0.087| 8.24 - -
Variab| 15 deg
Armstrong [28] 1952 177.8 | 95.2(1.867 shaft | 10 i steam - divergi| 8.14 --| 6000 | 0.1 | 0.53 | 4.26 -- | nozzle
ng
Beans [29] 1961/1966| 152.4 | 61 (2.498 shaft | 6 15 air - 3.75 -- | 17000 1.8 24 - -
20 deg
Rice _Turbine [30] 1965 203.0 | 37.5(5.413 center| 24 | 0.508 air - |divergi| 5.15 -- | 17200 2.942| 34.8 4 -
ng
Hoya & Guha [31] 2009 92 45 | 2.04| center| 8 0.2 air - 3.60 -- | 25000( 0.7 | 0.14 | 26 -- nolzzle
Emran_Thesis [40] 2011 75.2 | 67.9/1.11| Shaft| 4 - air 5.90 -- | 50000| 0.34 - - 4 --
Peshlakai [33] 2012 150 69 | 2.17| Shaft| 12 1.3 air 55 6.14 - - 1.2 31 =
Krishnan [42] 2015 20 center| 20 | 0.125 | 0.125 8 congt. - -
Holland_Thesis [34] 2015 95 | 25.4[3.74| center| 8 0.2 air 3.00 -- [ 91000( 0.21 | 0.074| 85 | 1,45° - laby.
Talluri et al. [35] 2018 216 | 55.0|3.93 11 1 0.2 28 3-5 -- | 10,000 0.094| 11.2 2 -
25%
. . nozzle,
Renuke., A [37] 2019 64.5 | 20 |3.23| center| 10 0.3 0.2 air - divrgt.| 0-5 -- | 40000 0.137| 15.7 33%lea
kage
Fenzhu Ji [38] 2019 80 center| 20 0.4 | water - divrgt.| 0-2 -- | 2250 55 | 1,10°| nozzle
Onanuga et al. [42] 2020 180 | 59.4|3.03| shaft 9 3 dry air - 0.063 -- | 9018 0.101| 23.9 12;\1’_
higher
Renuke [21] 2020 120 60 |2.00| center| 120 | 0.1 0.1 air - divrgt.| 0-5 -- | 10000 3 36.5(2,22°| in
nozzle
Galindo [39] 2021 150 | 70 | 2.14] center| 10 3 0.9 air - 11 - 0.5-1| 50
Renuke & SIT Tech. [25] 2023 100 | 50 | 2 |center| 150 | 0.1 0.1 | water -- spiral| 0-5 -- | 5000 1 41.5
Compressor/pump Turbine P-Power OD-outer, ID- Eff.-Efficiency| PR-Pressure ratio| laby. Labyrinth seal

inner diameter

2.2 Analytical and Numerical Research

Tesla turbine numerical analysis survgysvided insight into the overall scenario outlined

therein. The Ladino conducted e&D3computational fluid dynamics analysis of the Tesla turbine

with air as the working fluid and obtained a maximum efficiency of MBph According to Piotr

Lampart[49], the Tesla turbine can be operated with four, six, or eight nozzles with two different

intake nozzle angles of 10° and 15°. At 18000 rpm, the highest efficiency was aciié@dd

nozzle angle with founozzles wherethedisk oute diameter wad00 mm. The numerical analysis

of 3D bladeless turbines conducted by Renl# showed that convergedivergent nozzles

suffer more total pressure losses owing to the presence of shock WheeskW air expander
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was designed with an outer diameter of 120 mm, 0.1 mm disk thickness andCGiDagesults
indicated highestfficiency 58% with air as working as fluid without any assembly If=3. The
loss characterization of this device was demonstrated to show a great impactvafldadkage

and ventilation lossg$1].

In their study of the flow between the disks, Rice and Waii[22] observed that the flow
was divided between more than two regions. The analytical and experimental results confirmed
the existence of several of these areas. For the laminar regime, the flow between the two disk gaps
is mostly numerically analyzed. Shiragt d [52] used the anisotropic two equation-{k) |
turbulence model, to analyze the turbulent flow between corotating parallel discs. Experimental
results and measurements of velocity components and turbulent kinetic energy were in good
agreement. In the case ottfiesla pump and compressor, most of the research publications were
concerned with incompressible fluids. It was reported that[Blagjzused CQ as a working fluid
and studied the nature of the flow between corotating discs. The flow domain needs to be examined
as a fulldisk gap to accurately analyze the flow domain. At a flow coefficient of 0.26, higher
performance (55%) can be achieved. Morepatea low flow coefficient, the flow direction is very
close to the tangential direction. It will be necessary to create an artificial roughness to investigate
this issue in the next step. At the same speed, rough surfaces might help achieve highgmessur
efficiency. Pedrolli[54] obtained 15%sentropicefficiency with 0.01 kg/s mass flow in the
numerical analysis and compared the Tesla pump characteristics with those of the vane pump and
the radial pump. As indicated by the literature survey, the bladeless turbine, pump, and compressor
were the major caes of losses. In nozzles and stators, there are enormous losses. According to
Wang[22], the fluid in the outeregion of the corotating disks split into multiple regions and

formed a vortex
2.3 Literature survey based on sealing mechanism

Sealing mechanisms play an important role in reducing leakage. There are a variety of sealing
methods available. Thigerature surveydemonstrateshat some researchetsave successfully
implemented the sealing mechanism to minimize leakage for-fygmaurbomachinery. Nikola
Tesla[20] utilized two types of labyrinth seals in his patent, namely coarse and fine labyrinth
seals. A carbon ring seal was implemented by Rité] between the casing and the end disk to
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maintain a tight clearance for the Tesla pump as the working fluid water. A labyrinth seal was
employed by Holland34] in his study to reduce leakage. Guy Louis Letourr{®&lifiled the

patent labyrinth seal Tesla turbias shown irFigure2-1(1) : the disc is equipped with an annular
labyrinth seal, whose grooves interface with the labyrinth seal mounted on the sidewall of the rotor
chamber. In Guy's view, the implementation of seal turbines would improve efficiency by reducing
rotational friction Experimentally and numerically, Jun Li investigated the flow characterization

of labyrinth brush seals and found that the sealing clearance gradually decreases with increasing
pressure ratios due to bristle blaewn. As-Za [56] summarizes the researcher's thoughts on
brush, abradable, and labyrinth seals in gas turbine applications. A labyrinth seal is an inexpensive,
simple,and effective method of sealing and is based on the clearance and number of teeth. There
are several types of teeth arrangement as showigure 2-1(I), mainly stepped and slanted,

which can reduce¢he 40% leakage of straight seals. The abradable seal has a tight clearance that
reduces leakage, the abradable material leaves grooves or cuts caused by the rotating teeth of the
rotor. In its simplest form, a brush seal consists of a series of bitiséiesub on a shaft, which

allows the seal to reduce leakage significantly. Labyrinth seal leakage rates are typically about
20% of those experienced by other types of seals. With a reduction of parasitic (drag) leakage rates
of three to five tines, it offersseveraladvantages over conventional labyrintthghen rotational

speed is increased, both lower and higher sealing clearances show a decrease in leakage. In a
numerical analysis of leakage and power loss for different types of seal§7Rabserved that

brush seal leakage rate decreases with decreases in radial clearance and fence height, whereas stage
efficiency increases as leakage flow is redudled brush seal can be seerFigure2-1(lll) . Rui
determined that leakage increased with clearance and that stage efficiency was improved by 0.6%
in comparison to custom labyrinth seaA&cording toLuiz Otavio Amaral[58] the carbon ring

seal reduces the leakage, but it is broken by impact with the seal cavity due to high vibrations
originating from pump aviation, coupled with old pump and seal designs with little clearance
around the seal. The brush seal is extremely @fesince it can reduce the leakage rate of a
labyrinth seal up to 8094®9][60]. With a tight clearance, the brush seal reduces the leakage gap
that occurs with traditional labyrinth seals. It is suitable for applications such as high excursions
(statorrotor interference), pressure reduction, and air, gas, and steam sealing. Cangpact
lightweight, its design allows it to take up considerably less space than labyrinth seals,

consequently improving the performance of equipment such as gas turbines, steam turbines,
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turboexpanders, and compressors, which provides additional options for the design of rotors and

casings. Based literature survey on the sealing, summarized the sealing data as Thbisf.ih

Stepped Straight sharp

(11 [56]
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Backing plate

Clearance

Shaft

Heading plate

| Bristle pack

| Fence height

() [57]

s eBirlulsahbyr i r

FigBISealing system(Te6l p)i{abpr ibett i esealt (tiyd
Tab2d28eal i ngs performance data from |Iiterature
. Manufacture & Efficienc
Sealing Type Leakage control . Cost . Y Clearance (mm) Drawback
Installation gain

Labyrinth Low Easy Inexpensive 0.25-0.5
Slanted 40% of straight Easy Inexpensive 0.25-0.5
Straight Flat Easy Inexpensive 0.25-0.5

Higher than
Stepped 40% of straight Easy Inexpensive |normal 0.25-0.5

Labyrinth
Straight sharp Easy Inexpensive Tighter
Adradable Higher than labyrinthEasy Moderately Tighter
Labyrinth abradable sealHigher than labyrinthEasy Moderately Tighter

. . Grooved

Abradable and. . 40% of Labyrinth Easy (fr.om athin Moderately nghe_r than material, short
Honycomb(conjunction) alloy foil) Labyrinth lfe

Higher than Tight (*clearance |Easily
Carbon ring/floating Higher than labyrinthEasy, light weight |Inexpensive Lagb rinth increasing with  |Cracked/Chippg

4 time) , short life
NHza K ¢ 0b2
brush and Hybrid brush |Higher than labyrinthiModerate Moderatel >1.5,>2 |Tighter, zero Blow down
ush and Hy ush [Hig y y > ghter, <30%, Size n/a

Seal)
Labyrinth brush Seal 80% of Labyrinth Moderately |>2 Tighter
Drygas Seal Maximum Expensive Tighter
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2.4 Literature survey based on acoustic emission

It has long been a significant concern that, in motlelvomachinery, compactness, efficiency,
and costeffectiveness are highly emphasized, as well as related noise emissions. In conventional
machinery, such acoustic emissions have been challenging, whereas bladeless turbomachinery
may reduce thenil7]. Rice is a welknown name in Tesla turbomachinery that testexhy
bladeless turbines, compressors, and blowers, which indicate low noisg1&¥@8]. Rice has
provided results relating to the air Tesla blower with 18 disks. The disks had a diameter of 254
mm and were mounted on the shaft with a gap of 1.54 mm. A critical speed is determined by his
analysis to be 11000 rpm, while at lower speeds, tagnatstable operation with low acoustic
noise, resulting in a maximum blower efficiency of 17 %. Due to the fact that flow separation can
cause noise in turbomachines, the stieare mechanism should also operate at a very low noise
level due to its inhent lack of flow separatiof23]. According to authorf21][22][23][36][46],
such devices emit low noise, but there is no clear evidence that supports this belief. In
turbomachinery, there are two main sources of acoustic noise: mechanical rotation and
aeroacoustics. It has been established that siathanical noise occurs as a result of rotor
unbalance and contact with solid parts (such as bearings and motors), while aeroacoustic noise
occurs as a result of fluid flow oscillations and contact with solid parts. It has been demonstrated
that in bladedmachinery[61][62][63] if rotational speed and machine size increase, then
aeroacousticzontributions increase, as well as the interaction between fluid and structure.
According to Peake [16], most of the noise is generated by the interaction of the fan wake with the
downstream exhaust guide vane (OGV), based on the challenges assochatacbahachinery
aeroacoustics in turbo engines. It is the flow interaction between the rotor blades and stator vanes
that generates the noise during rotafi68][64]. The phenomenon of acoustic interference is a
reasonable explanation for this linear variation relationship. An innovative-soadd cycle was
used by Silvestii65] in order to investigate the rotor dynamics of a bladeless turbine. An analysis
of the vibrational behavior of a single disk rotor was conducted under static and dynamic
conditions. As a result, vibrational issues have been reduced, which should paritigj&te
acoustic emissions as well. In the context of conventional bladed blowers, Lug¢663di
performed acoustic and vibrational characterization of a commercial cockpit blower with the

intention of reducing noise. The sound intensity technique allows both to assess the sound power
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distributed in all operating conditions of interest and to locate the primary sources of noise through
color maps displayed in a geometric virtual model, while structural analysis (modal and
operational analysis) contributes to research by evaluatingfdet ef vibrations on the overall
sound pattern in order to identify caus€éBere is no acoustic noise study available on the Tesla

bloweror a comparison with bladezhethat shows bladeless to be quieter

2.5 Challenges of bladeless compressors

The market share of bladeless turbomachinery is lower than that of conventional turbomachinery
due to its lower efficiency artéchnical challengesith theoretical desigrin terms of operation,

this device can function as an expander (direct mode) as well as a compressor/pump (indirect
mode) without requiring any major modifications. In contrast to expanders, there is little research
available on compressors and pumpsiciposes a greater challenge. Bladeless compressors or
pumps consist of the followgnmajor componentsotor, stator/diffuser, volute, inlet, and exhaust
duct.

2.5.1 Rotor

Tesla's rotor is the heart of the Tesla turbomachinery, and it is quite different from conventional
impellers. It is composed of multiple, flat, parallel disks stacked on a shaft, with spaces between
them, as illustrated iRigure1-2 andFigure2-2. Generally, the performance of a bladeless rotor

is determined by the following parameters: (1) gap between disks, (2) diameter of disks, (3)

number of disks, and (4) thickness and surface roughness of disks.
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FigR2Eesl a or bladeless rotor (disk pack)

Gap between disks:

Tesla rotor performance is greatly influenced by the gap between the disks. In the study by
Hasinger[23], disktype pumps were investigated both analytically and experimentally, which
demonstrated a higher rotor efficiency. A rotor study was conducted using the (similarity
parameter) Ekman number as shown inZEf. An Ekman number is a nesimensional number

that represents the ratio ofthehali dt h of t he di sk gap Ahdo to t he
A 0. An increase in rotor efficiency can be achieved if the flow between disks is laminar and the
Ekman number is between 1 and 2. In accordance[Wii67][68][69], the optimum distance
between disks for the Tesla compressor/pump can be calculated where the optimal Reynolds
number is 5 or By Eq2.2. Using this optimal Reynolds number, the gap between disks should be
twice the thickness of the boundary layer, where efficiency will be maximized. Peq3akai
reported the same conclusion for a Tesla rotor for a turbine with different working fluids and stated
that >95% rotor efficiency could be achieved. The effect of varying -digk spacing on the
efficiency of the Tesla turbine rotor had been studied by Hoya and [BlhaThe maximum
efficiency was achieved at a disk spacing of 0.6 mm when air was used as the working fluid. When
the disk gap is less than 0.4 mm or more than 1 mm, the efficiency rapidly decreases[Rldnuke
obtained a maximum rotor efficiency of >78% with a 0.1 mm gap between the disks. Disk gaps

consist of laminar flow, where a gap is twice the thickness of the boundary[22}&7]. To
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conclude this literature review, it is important to note that Olijé®aused the Rice approach to

design the viscous disk pump for MEMS, with a Reynolds number of 5 or 6.

A total of two flow regiong23][70] were considered: the entrance region, in which no boundary
layer develops on the disks, and the Ekman region, in which a boundary layer is fully developed
over a large radius on the djskhich is well discuss inhapter5, Figure5-15-1. Using linearized
equations, the analytical solution assumes that the pressure gradient normal to the disk is negligible
and that the relative rotational velocity on the disk surface is small. Furthermore, it was assumed
in this analysis that the velociprofile between the disks is dependent only on kinetic viscosity,
which is defined by angular velocity, and the width of the disk gap. Admoensional parameter

of this type is known as the Ekman number. According to W2Rp the cerotating disk pump

was designed using Ekman's number of 2, which is crucial for the velocity profile within the disk
gap. The maximum rotor efficiency was found to be 80% at 0.1 flow coefficients, while the overall
isentropic efficiency was fourtd be > 35% at 0.2 flow coefficients. The author followed the non
dimensional parameter introduced by Hasir{g8i[70] and stated that the pump performs better
with Ekman numbers between 1 and 2, where the disk gap should timés the thickness of the
boundary layer. Using E&3, he also estimated the Reynolds number to understand disk gap

spacing.

o - ¢ it) 2.1
YO 2.2
YO — 2.3

Disk diameter ratio:

According toHasinger{23], different disk diameter ratios were examined in order to analyze the
performance and pressure ratio of disk pumps. These studies showed that the maximum efficiency

is obtained when the flow coefficient (Ezg) is near 0.02.
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In the presence of a higher flow coefficient, the positive influence of the radius ratio becomes
detrimental due to the increased radial flow losses, specifically the inlet losses. The Tesla turbine
of Rice and Lampar{17][49] operates in reversible mode as a compressor with minor
modifications at the inlet. Lampart et al. Using numerical modeljAg] investigated the
aerodynamics of a bladeless rotor for microturbines. A computational study was conducted to
investigate the effects of varying the disk diameter and nozzle inlet size on the single bladeless
disk model. A study of the 100 mm and 300 mmekger rotor model was conducted by him, and
maximum efficiency at a fixed 10° nozzle angle was calculated to be 30% and >50% at 18000 rpm
and 9000 rpm, respectively. According to Tan ¢7 4], by varying the diameter of the Tesla disk

from 50 mm to 70 mm, numerical analysis was used to optimize the radius of the Tesla disk. By
increasing the diameter of the fluid, performance is also increased, since torque increases with an
increase in fluidoath coverage. A study performed by Hollardl Oliveira[34][69] optimized

the disk diameter by using hard platter disks with outer and inner diameters of 120 mm & 30 mm
and 95 mm & 25.4 mm, respectively, with working fluids of water and air. The literature review
revealed that the researcher obtained the maximurarpahce of Tesla devices between 2 and

4 .5 rotor disk diameter ratios.

Number of disks:

The bladeless impeller designedfigueira[72] allows for the assembly of two, three, and four
disks at the same time. Again, the number of disks was observed to increase pump performance
when the number of disks was increased. It has been shown that efficiency increases with
increasing the number afisks in several other cases as wWall][45][67][71]. According to
Romanin et g]73], multiple disks were used to analyze the performance variation of Tesla devices
with increasing disk counts. The performance increases with increasing the number of disks, with

an efficiency increase of 10% between 8 and 20 disk configurations.

Disk Thickness:

According to Ricg67], Tesla implemented the idea of a very thin disk, but it warped as a result

of mechanical stress generated during high rotational speeds. Tesla was unable to test whether the
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disks were strong enough to withstand the high pressures due to a lack of knowledge of materials
and manufacturing techniques. Ren{&&] achieved maximum efficiency by using 0.1 mm disk
thicknessand air as working fluidbut due to inertial forces, the last disk was rubbed against the
casing during his experiment. Hoya and G[814 point out that Cairn's article describes how the

Allis Chalmers Company (which is interested in Tdgj@e turbomachinery and manufactures
some products) also encountered problems with disk rubbing on housing (disks stretched as a result
of inertial force for speeds greater than 100@@r In spite of the fact that there is no clear data
available on disk thickness' impact on performance, it is reasonable to expect that the thinner the
disk, the higher the performance, provided that the mechanical integrity of the disk is maintained.
Silvestri [74] analyzes the minimum disk thickness that could increase the efficiency of the rotor

during the dynamic analysis of the rqtbut there is no detail discussion on it.

2.5.2 Stator (diffuser) and volute

Bladeless turbomachinery presents many challenges in designing a suitable stator (diffuser) or
volute to improve performance. Thasao prior data available for the stator or volute design for

a Tesla compressor. Based on the literature review, only limited information was available
regarding bladeless compressors, while most of the results dealt with tb@sie@ compressors.

Most losses occur at the interface between the rotor and stator as well as in the s{@bj{23ga

while rotor efficiency can reach 95%. Rid&’] suggested that diffuser losses could be responsible
for this, as the diffuser must be placed almost tangential to the rotor disks. The diffuser
performancg75] has been evaluated based on the goiasdimensional nozzle theory and should

be effective in decelerating the airflow without losing pressure: conventional theory for diffuser
design in bladed radial impellers should also be applicable for bladelesheirsptaking into
account very aggressive (i.e. almost tangential) inlet angles. It is also important to consider the
interaction of fluid leaving the rotor when evaluating pump performance. A rotor generally
experiences laminar or turbulent flow, whileéxed flow occurs more frequently just after the rotor
[67].

2.5.3 Inlet and exhaust section

In a conventional compressor, the inlet section is designed to minimize total pressure loss and to

uniformly distribute fluid flow at the impeller inlet. The use of guide vanes can be used in some
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cases to direct the flow, control mass flow, and minimize losses. For bladeless compressors, there
is no available data regarding the design of their inlet and exhaust ports. According [tb/Rice

the Tesla compressor is fitted with a kidrshaped air inlet, the air then passes radially through

the disk space at the rotor outlet. It was designed with a spiral diffusion scroll casing around the
rotor periphery that enclosed the rotor. It has been proposed by RR1jJ ] for an expander
prototype to have four kidneghaped air exhaust ports which can be used as an inlet when the
speed is reversed and the prototype functions as a compressor. As described in[d8mpdaet
four-hole model is implemented for the turbine exhaust. According to \[22jghe diffuser and

scroll were used as outlets to raise the static pressure of the shear force pump.

2.6 Summary

This chapter summary is provided in this section. As per the literature, the highest experimental
efficiency isaround 50% or lower. There is a substantial gap between theoretical and experimental
findings. The performance of the rotor is very high; however, the performance degrades greatly
when it is mounted with a stator or volute configuration. There are maeyalisns behind this
phenomenon, including statostor interaction losses and frictional losses. There are also losses
associated with end walls and leakage. Several of the authors have tried to implement sealing
systems but have not been able to oltaénhighest efficiency. The selection of material can also

be accomplished in another manner. It is generally agreed that a standard disk roughness constant
of 0.5 can provide better efficiency, whereas others assert that a higher roughness can increase
performance. This further research can help determine the optimal combination of materials and
roughness to achieve maximum efficiency. The Tesla technology, however, offers several
appealing features that make such a device highly desirable in the makeTjiia performance

of these technologies requires extensive research in this area in order to improve them. Currently,

Tesla technologies are lagging conventional technologies due to their lower performance.
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3 Performance analysis of the original Tesla expander prototype

In compressor mode

This chapter aims to investigate tlewersible operation ad bladelessir expander prototype
(Deweloped by TPG, University of Genoapperated reversibly in compressor mode to
understand the performance by numerical method and compare its results experimentally. A
bladeless machine can reverse its operation by simply inverting the rotational speed. However,
expander and compressor parfance may differ significantly since losses are exacerbated

in the compressor mode. The prototype was previously tested as an expander (experimental
highest isentropic efficiency of 36.5%). In this work, the reverse mode is discussed, when the
prototype § actuated as a compressor, with and withauwdiffuser at variable rotational
speeds.

In compressor mode, the fluid enters through the center axially, passes radially outwards
through disk gaps, and exits throughout the diffuser. The momentum transfer and pressure
gain are carried out by the shear force produced on the surface of thengothsi.

An experimental/theoretical analysis focused on the pressure ratio, mass flow, and efficiency
of thebladeless compressor is conducted. High losses (mainly leakage across the rotor) were
noticed during the experiments, affecting the overall Tesla compressor performance.
Numerical calculations are carried out to estimate leakage losses by comparison with
experimental results. It is shown that the original expander design would require specific
modifications to reduce end disk leakages, which are higherrnmpeEssor mode than in
expansion mode, significantly affecting the elaborated net mass flow. Improved diffuser, scroll,
disk end gaps, and sealing mechanisms are discussed in oedmgnt@nt overall performance

of the bladeless prototype in compressor mode.

3.1 Numerical procedure

In computational fluid dynamics (CFD), fluid engineering systems are simulated using both
mathematical models (mathematical formulation of physical problems) and numerical methods
(discretization methods, solvers, grid generation methods, etc.). It issaegcdo have a basic
understanding of fluid mechanics in order to solve a fluid problem. Next, use these mathematical
equations to describe the physical properties. It is this Navier Stokes equation that governs the
CFD equations. Naviebtokes equationsan be easily understood in academic publications, but
to solve them with computers, it is necessary to translate them into numerical discretizations, such
as finite element and finite volume analysis. Afterwards, it is possible to develop a program to
solve them on the computer to obtain the simulation resulisrefore, this CFD tool is able to

save us time and coststhis sort ofprocessin the past many authors have already used the CFD
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analysis of the Tesla expander and compressor, which gives the results of the indigd flowors
of the Tesla device with approximation. Utilizing this approach to quickly design the optimal Tesla

compressor/expander.

This thesis (CFD analysis of reversible Tesla or bladeless compressor) utilizes the commercial
Ansys Fluent software, which enables us to spend more time on innovation and optimizing the
performance of thdevicesThis tool washosen (instead of open software) because a preliminary
Tesla turbine model was already present at TPG due to previous activities. So, the existing tool
and the knowhow by TPG in the Ansys Fluent software was an important basis for the thesis
activities.For the CFD, important equations (Mass of conservation, Momentum and Energy) are
used for discretization in the CFD analysis

Eq3.1 is used for mass conservation, which is valid for both compressible and incompressible

fluds.l n case of incompressible fluid, O;J/0 t =

T .
- rl ”
o 8"u[ T 3.1

(

A fluid particle ratf Oft ,clsdmgie dofbememairatl umooO (

and body forceas showninE§2. Wher e p i s a compr esswhicle str e:

is describe irEq. 3.3.
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‘ denotes the molecular viscosity, | the unit tensor, and a second term on the right signifies the

effect of volume dilation.
-7 Q — ng"u[Q — ngEY ng8 o[ 1Rl 3.4

A viscous dissipation 8 TR)[ term is shown on theght-handside of the equatio(Eq. 3.4) and
represents viscous work in the Tesla compressor rotor case. It is assumed that potential energy is
neglected in the equatiorin the first term, "e'represents internal energy, while in the second

term, it represents enthalpy.



Reynolds number is one of the most important factors in determineniuid flow behavior,
because it gives an approximation of tloe nature offluid, such as laminar, turbulent, or mixed.

It is calculated by E®.5, where | is characteristic lengthjs velocity of the fluid.lt is possible

to calculate the Reynolds number by applying the Lagrangian derivative to the nondimensional

NavierStokes equations for an incompressible flasdshown Eq3.6.
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Asit can be seen from Eg6, pressure terms are balanced by fluid viscosity terms at low Reynolds
numbers. The momentum equation is therefore governed by the pressure gradient and the viscosity
of the fluid. Due to this, the flow in bladeless rotorasymptoticor Ekman regiorfwith almost

laminar flow between the disks) just after thaitrance regigrwhich is the reason the compressor

has higher efficiency, while the expander has almost the same efficiency, although it would be
shifted to higher pressures and masses. This thesis examines the rotor efficieieslaof
machinery, which requirethe examination of the flow just after the disk tip and dlearance

between the stator and rotor due to the higher Reynolds number

3.2 Numerical analysis of bladeless expander prototype in compressor

mode

In order to investigate the performance of the Tesla air compressor, the design of a prototype 3
kW Tesla air expander is used, which is found to achieve maxeffisiency of 58% numerically
when eight nozzle configurations are used at 30000 rpm and 4000{(b@pmAs a result of
experiments, a 36.5% maximum efficiency with two nozzle configurations has been observed at
10000 rpm: this discrepancy has been extensively discusgE[iil] and is mainly due to losses
that are present in the experimental prototype but are not included in the CFD model. A prototype
expander is reversibly operated in the compressor mode in this study. Therefore, the design of the

compressor is the same as thiathe 3-kW expander, ag can be seen ihable3.1.
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Parameters Size
Tesla expander/compressor prototype
Outer diameter of the disk, mm 120
Inner diameter of disks, mm 60
Gap between disks, mm 0.1
Reynolds numbey, —) 2.6
Disk (enddisk) thickness, mm 0.1 (1)
Number of disks (endisk) 110 (2)
Number of diffuser passages 8
Diffuser throat (mm) 1
Diffuser exit (mm) 10.2
Diffuser inlet angle, degree 2.2
Motor
Motor maxefficiency, % 96
Rated speed, rpm 40000
Rated power, kW 3

Expanderi CFD [21][51]
Inlet pressure, Total to staticefficiency,

Speed, rpm Mass flow, g/s Power, W bar % (Uncertainty%)

40000 129 6063 3.0 58

30000 80 1850 2.4 58
Expanderi Experimental [50]

30000 93.0 1060 2.40 18.0(+1.8%

10000 24.7 224.5 1.35 36.5(x1.8%

A CFD model of Tesldaurbomachinery has been tailored for reverse operation by UNIGE for
numerical analysis. The parameters of the model study are preserifiatléB.1. The study

considers both the -8iffusers and diffuserless (where such nozzle inserts are removed)
configuration of the Tesla compressor as showRigre3-1. It is assumed that air will be used

as a working fluid in a steady, compressible flow. The flow between rotating disks and diffusers

is simulated using commercial CFD software Ansys Fluent. ThekSST t ur bul ence mo
for numerical analysjdecause TPG, Unige has experience with this model in the field of such
technologies with experimental validatiohhe k¥ , SST model I's (/elvel ope
which removes the damping function from the knodel. Due to this advantage hiasbecome

the current industry standafd/] for turbulence modeling\evertheless, it is also dependent on

the complexity of the model. It is necessary to perform a sensitivity analysis and validate such a

model before making a decisionhe Coupled method is selected for pressure velocity coupling
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and the secondrder momentum equation is used to discretize the convective terms byal2nd
upwind scheme. Gibson et @8] studied five different turbulence models to demonstrate the
differences in the Radiver test case. They determined thatthek SST model s suit

major local flow phenomena in a centrifugal compressor.

Fi g8tTee selxgpander prototype, Ther € ADt umdbided : a g agormhmid ed s sre c |
(vane diffuser); (¢l IRo tnoare &diiinselka;t i (och). Rot or shaft

3.1.1. Geometrical model and boundary condition selection

Due to constraints in computational time and resources, a CFD analysis of the entire 3D model of
the bladeless compressor is not feasible. A partial 3D nuddghgle gaps built, consisting of a
diffuser, casing, and disk as showrFigure3-2a (| and II). A fluid domain (rotor and stator) is
considered with a portion of 1/&f the single gayor 45-degregart of single gap where a haif
thickness disk anbalf gap are chosen with periodic and symmetric boundary conditions as shown
in Figure3-2 (1). The samanalysis is also performed with a diffudess configuratiorfwithout

a stator and adding a cylindrical gxit order to gain a better understanding of the performance.
The geometry of about 1/8th of the htifckness of the disk and gap model is considered with
chamber area as shown kiigure 3-2 b (I and ). This approach reduces computational cost

without compromising results accuracy.
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3.1.2. Grid independence analysis

A tetrahedral mesh is used to discretize the region of interest. The mesh is fine on the rotating area
of the disk to capture wall shear stresses accurately. Grid distributions are generated in Ansys
Fluent,and solutions are obtained for varying grid sizes. Gradually, the coarse grid is refined by
increasing the number of cells until the relative error in the output variables is acceptable. The
inflation layer is applied to both moving and stationary walle mesh gridlependent test is run

for 200,000to 2 million cells and output variableé®., mass flow rate, torque, and pressure are
tracked as shown iRigure 3-3. As the number of elements increases, the error decreases. The
error has been observed to be less than 0.62% and 0.67% and 0.93% in mass flow, torque, and
pressure respectively at 0.95 million cells. To avoid computational costs, the mesh size of 950,000
cells is selected for this study, as shownFigure 3-4. Total pressure (atmospheric) and
temperature (300 K) boundary conditions have been set at the inlet port, while mass flow boundary
conditions has been set at the outlet po®i[80]. The casing is considered as a stationary wall

with no-slip condition. The rotating wall is considered a moving wall witfslyw conditions with

different rotational speeds. Inflation layers are applied at the stationary wall and moving wall with

5 layers. The average facet y+ value at stationary wallsssthan 2.5, while they are around 1

near moving walls. For better accuracy, the facet average y+ valkef8ST is less than 5. The

solution is considered converged when the residuals are beléw 1e
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3.1.3. Performance analysis at different rotational speeds

In order to calculate the bladeless compressor performance, -staéelysimulations were

performed at three different rotational speeds: 10 krpm, 20 krpm, and 30 krpm, with and without
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the diffuser (also referred to as a diffuser or diffuserless configuration). The average values at the
disk inlet and diffuser outlet are used to calculate the total to static pressure ratio as well as the
total to static efficiency of EQ.7 and3.8. Since the working fluid is air, all air properties must be

taken into consideration.

T N s 37
iy
_ 3.8
— z ¢z Yy 2
The isentropic adiabatic efficiency is calculated according to the follokdrg)9.
- Y Yo T Ys Y 3.9

Figure3-5 shows the pressure ratio vs mass flow rabe pressure ratio is highly dependent on
the rotational speed, which creates maximum kinetic energy at the perimeter of the rotor.
Nevertheless, the Tesla compressor exhibits a maximum pressure ratio of 1.21 and 1.09,
respectively, at 30 krpm and 20 krpim.each speed range, the pressure ratio is higher at low mass
flow rates and gradually decreases with increasing mass flow Eatkserless configurations
exhibit almost flat curves as compared to diffuser configurations, as shokgure 3-5. The
maximum pressure ratio obtained with a diffuserstatoris 1.21at a 9.5 g/s mass flow rate
whereas the maximum pressure ratio obtained without a diffuser iatttf#samenass flow rate

of 9.5 g/s (at 30000 rpm), demonstratiagit poor performance of the diffusefhe statoror
diffuser (compressor modgeometrywasoptimized for nozzle operationd., expander mode of
operation) With these numerical results, it is evident that the Tesla expander works as a blower in

reverse or compressor mode at a speed of less than 30 krpm with a pressure ratio of less than 1.2.
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It is possible to understand the flow behavior inside the Tesla compressor through numerical
analysis. At the periphery of the disk, there is a high dynamic presstinés case, the tangential

flow velocity is the same as the peripheral speed of the disk. This indicates that, at a low mass flow
rate, the relative radial motion between fluid and disk should be low, and performance should be
high. It is apparent ifigure3-6 that such a trend is present only on the rotor efficiency, whereas
the overall efficiency exhibits a peak behavior for both diffuserless and diffuser cases. According
to Wang[22], there is a significant loss in efficiency between rotor and stator interaction,
determining the peak efficiency as a function of mass flow in the low range. This numerical study
does not take into account losses due to leakage, bearings, ventilatioAAs elcown inFigure

3-6 the solid line represemtiffuser efficiency whilethe dashed line for the diffuserless case.
When the expander is configured with 8 nozzles and runs at 30000 rpm, the maximum efficiency
is 58% at CFD mass flow rates of approximately 805§k However, when the mode is reversible
(compressor), the maximum efficiency is approximately 43% ai/20Tesla compressor mass

flow is much lower than the expander mass flow rate in the maximum efficiency operating point.
It is possible to explain such a performance feature that has been observed for a specific rotational
speed in at least two ways. In #xgander case, the pressure difference across the stator is greater,

so the mass flow across the nozzle is greater, while in the compressor mode, the mass flow is less.
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The bladelessompressopower is calculatetdy multiplication of measured torque arahgular
speedas shown irEq 3.10.

0tz 3.10

It is evident fromFigure 3-7, that the power increases with an increase in the mass flow rate, as
expected. At lower mass flow rates, the difference in power between diffusers and diffuserless
cases is particularly noticeable. When the mass flow in the diffuser is low, thereastzeddtow

zone present in the diffusefhis power is without losses (leakage, frictional, beargtg)
consideration. The actual power is quaetiduring the exprimentwhich is discussed ithe next
section3.3. There is a noticeable recirculation in the diffuser, which increases as the mass flow
increases. This may be the result of a large cone opening kitgglee 3-8 (a) and 9 (b) illustrate

the contour plot of the static pressure and velocity magnitude at the maximum efficiency point,
respectively, wheredsigure3-8 (b) illustrates the recirculation of air. The diffuser has a ratio of
expansion and aspect of 10.2 and a ratio of length and throat of 31, which results in a divergent
angle of 18.5°, as shown in Figure 3 a (I). This diffuser was originally designdtefexpander

mode (as a nozzle), which is tested in the reversible mode; therefore, an improved diffuser and
volute casing design is necessary for the current Tesla compressor. It is generally observed that in

the compressor mode, the mass flow rate vauesower than in the expander mode for the same
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geometry. It is possible because the pressure difference in the expander case is greater than in the

compressor case, which means the flow is forced against the pressure gradient rather than along it.
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magnitude.

If the stator is operated as a diffuser, the recirculation zones in the stator may determine the
diffusing angle, due to the tesggressive angle, since the stator was designed for use as a nozzle.
Furthermore, in the expander mode, air tangential velatitiye rotor periphery is approximately

1.3-1.6 times higher than the rotational speed of the disk (tip speed ratio >1). In "compressor
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mode'; the maximum fluid tangential velocity at the rotor exit (rotor periphery) corresponds to or

is less than, the disk tip velocity (tip speed ratio below 1 or less). Based on these phenomena, the
best efficiency points for compressor mode can be found &rlowass flows than for expander

mode for the same prototype.

3.3 Experimental analysis of bladeless expander prototype in compressor

mode

3.2.1. Experimental setup

The test rig foassessing the performance of bladeless machinergewap at the TPG laboratory,
University of Genoa, Italy. The test rig consists of a bladeless compressor (desdgriadeless
expander and here operated in reverse mode) with ashegd thre@hase electric engine,
controlled using an inverter drive and supported by a ball bearing. Thecontsists of a set of
flat disks equally spaced. Design data of the Tesla prototype, Wagheemperated in reverse
compressor mode in thisork, is reported inTable3.1. Such a Table also resuma®vious CFD

and experimental results obtairgaeratingsuch a prototype in direct mode, i.e. as an air expander.

To make the machine compact, both the compressor and motor are mounted on a single shaft and
in-house casing as shown kingure 3-9-1 (C&D). Such a Figure shows the experimentaluget

used in this work, related to the compressor mode of operation of the prototype. To achieve high
rotor efficiency, an irhouse design tool was used to obtain the most significantinoensional
parameterd21]. In this experimental campaign, two inlets, the front, and back sides were
considered. The air is considered as a working fluid at ambient temperature and pressure. The
device casing is mounted using 4 springs which are connected to the main suppadingesas

shown inFigure3-9-1. This arrangement enables easy access to all air feeding lines tkigugh

3-9-1 (A) ports and decouples the vibrations of the compressor from the resonances of its support.
A 3-phase constant electric supply is provided to tpda@se motor with the help of the driver to

run the motor at a fixed rotational speed. The fluid atmasphe enters through the narrow
passages between the disks. The fluid comes out in a spiral shape which creates high centrifugal
forces at the disk peripheral where fluid velocity is high, resulting in increased kinetic energy at
the rotor periphery. Tase the static pressure at the compressor outlet, the current study is focused
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on the diffuser and diffuserless configurations as shoviiguare3-9-11 and Il respectively. The
prototype model consists of 8 nozzles that operate as a diffuser in current reversible operation.
These diffuser configurations formed the Tesla compressor stator, which has an axial length equal
to the total axial length ofsces and disks in the rotor. The stator is placed with 0.5 mm of average
clearance with the rotofTo minimize the time and cost, 3D printed stator components are used in
such a way that makes it easier to fix surrounding the rotor by the support of a locking pin as
shown inFigure3-9-11 (G). The diffuser passages shownFigure3-9-11 (H) look like open and

closed sidewaltshowever, both are in the same dimension and open sidewall passages are also
closed by the front casing. Geometrical data and other parameters are listed in Table 1 and
instrumentation specifications are listed in Table 2, while device assembly is shenyargB-9.

The atmospheric air acts as the workilugd andenters through the compressor central inlet and
passes through the disk gaps radially outwards. Outlet mass flows through all eight dhifeisers
collected using 10 mm diameter flexible PVC conduit pipes connected to a mass flow meter. The
Bronkhorstmass flow metenas beemsed that cameasure up to 40 g/s mass flow raitair. The

primary end of the mass flow meter is connected to the collector output and the other end is
connected to the storage tanksi@mens make differentipressure sens¢@-600 mbar)s fixed

at the diffuser outlet to measure the static pressure, and five thermocouples were used to measure
the compressor temperature at different positions, as indicatgdure3-9. Thermocouples T3

and T6 were placed #tediffuser outlet inside the chamber and T1 and T7 outside of the chamber
(casing), while the remaining was placed outside the compressor to measure ambient temperature.

Table3.2 reports the accuracy data of the main measurement probes.

Tabl2dleasurement accuracy

Instrument Type Accuracy
Pressor sensor +1%
Thermocouple +1.5°C
Mass flonmeter +1%
Current measurement by motor +0.5%
Motor speed sensor +0.01%
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3.2.2. Experimental analysis at different rotational speeds

An experimental campaign with bladeless compressors is conducted in two steps: the first case
with a diffuser and the second case withautliffuser (.e., nozzle inserts are removed). Both
configurations are measured at different rotational speeds: 30000 rpm, 20000 rpm, and 10000 rpm.
The expander has been designed for high rotational speeds, where the critical speedB0000
This study focuses on less than 4008 because resonance occurs at 545 Hz to 680 Hz at higher
rotational speeds, which is discussed by Ref2kp Figure3-10illustrates the measured results

of the bladeless compressor with and without a diffuser. The increase in static pressure and

temperature are measutagclosingthe valve in the outlet line of the compressor at different mass

flow rates.
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It is noted that the static pressure decreases with an increase in mass flow rate, for both
configurations. With and without a diffuser, the maximum gauge pressure is 20800 Pa and 16000
Pa, respectively. Such an increase in pressure is achieved whetigheatwe is closed at a speed

of 30000 pm. There is a significant drop in pressure with an increase in mass flow in both
configurations. Under fully open valve conditions, the measured mass flowrate is 11.2 g/s and 10.4
g/s for diffuserbased and diffues-less systems, respectively, where the static gauge pressure is
15400 Pa and 13300 Pa. Similarly, at 20 krpm and 10 krpm, the static pressure decreases with

valve opening, causing the mass flow rate to increase as shéugune3-10 (a).

The diffuser configuration has a higher exit static pressure than the diffuserless configuration, as
shown inFigure3-10. This may be due to the geometric constriction caused by the diffipere

3-10 (b) showsthe measured temperature is represented for both diffusers and diffuserless
configurations. Temperature increases with an increase in mass flow rate, possibly due to skin

friction between the fluid and the casing (efficiency decreases faster than prasisju&or the
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same mass flow rate, the temperature is lower in the diffuserless configuration than it is in the
diffuser configuration. This may be the result of a lower pressure ratio, although some heat transfer
phenomena may also be responsible. To evaluate thefrangan open valve to a closed valve,
uncertainty bands are applied to all cas€sble 3.2 provides information regarding the

instrumentation accuracy.

Figure 3-11 illustrates the calculated power versus mass flow with and without diffusers at
different rotational speeds. The power generated by the motor is calculated based on the current
drawn by the motor to generate the torque. In the case of the diffuser, timeumaxput power

is 1339 W and 1247 W at 30000 rpm, respectively, where the ratio of total to static pressure is
1.154 and 1.132, respectively. The maximum static pressure ratio is obtained when the valve is
closed, with a corresponding power of 1225 Whwdiffuser and 907 W without diffuser at 30000
revolutions per minute. This trend is also evident for rotational speeds of 10 krpm and 20 krpm, as
shown inFigure3-11. For the three different rotation speeds, the diffuser configuration consumes
more power than the diffuserless configurati®tator configuration, however, measured a slightly
higher mass flow rate than without stator configurataond power added by air is not constént.

is due to the fact that the pressure ratio is higher in this configuration, at the same mass flow rate.
As shown inFigure 3-11, the motor power is high when the valve at the compressor outlet is
closed, whereas the net mass flow was measured as 0 g/s by the mass flow meter. This indicates
that the Tesla compressor prototype has a large amount of leakage, friction, and veloslsdimn

It has been observed by Waj&?] that significant losses occur just after the rotor outlet, which

can be attributed to strong recirculation flows in the diffuser and scroll. The recirculation of the
flow lengthens the flow path, which causes a significant increase in frictional lossesdifagly,

such phenomena may partially explain the significant ventilation losses measured in the

experiment, whicimeritsfurther investigation.
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3.2.3. Uncertainty analysis

mass (ekperamenheal dr ebaft ¢

To test and improve the performance of a bladeless compressor, the test requires pressure, mass

flow rate, temperature, and power be accurately determined. During testing, instrument and

calibration errors affect the amount of performance, and uncertainty propagates through a function

that binds the results. Measurement uncertainty is essential to consider during the experiment.

Thereare several ways to calculate the uncertainty, howeveth#sgsuses the standard approach

square root method to comk the erroas shown in Ecg.11and3.12. The various parameters (x)

are propagated into derived results (s) through the functional relationship between the results (s)

and their independent paramef2i4[81][82], thus if,

i Qohoho 88888

— z Y0
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The U is uncertainty for s, whilex for the " terms.The instrumentation accuracy is given in
Table3.2. The uncertainty is calculated in the pow#f (), which is maximunf 0.75%at the

open valve condition, where flow is maximum, with a confidence interval of 95.5%.

3.2.4. Losses analysis

According to various researchers, the overall performance of Tesla compressors degrades as a
result of leakage, ventilation, and mechanical 109223[37][50][51]. A loss analysis was
conducted by Renuke [30] on the same bladeless prototype in expander mode, where the endwall
gaps are 0.2 mm on the generator side and 0.5 mm on the free exit side. It has been found that the
end wall gaps measured in the current expent are 0.4 mm (generator side) and 1 mm: they

have changed in relation to the expander case due to a maintenance procedure performed on the
rotor assembly during the experiment. The present compressor prototype should have a greater
amount of leakagddw as a result of the highend gaps than the expander prototype. Leakage
evaluation is carried out on the current prototype in expander mode. H80lkas established

a correlation between rotor peripheral pressure and leakage flow. Based on tked epdavall

gaps and the correlation between rotor peripheral pressure and leakage mass flow, the following
procedure is used to evaluate the correlation between rotor peripheral pressure and leakage mass

flow. Both diffusers and diffuserless cases amyaed using thsemethod:

1 A CFD correlation between rotor peripheral pressure and rotor outlet pressure has been
developed, as shown Figure3-12.

1 The correlation above is used to estimate the peripheral pressure of the rotor corresponding
to the experimental outlet pressure.

1 A correlation is also obtained from CFD between the total compressor inlet mass flow and
the peripheral pressure of the rotGFD does not take into account the leajage

1 A correlation is used in step 3 in order to obtain the rotor inlet mass flow that corresponds

to the rotor peripheral pressure obtainedtep 2.
1 The leakage mass flow is calculated by subtracting from the rotor inlet mass flow obtained

in step 4 the outlet compressor mass flow, measured experiméntadlgge= 4 in- 4 our).
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1 As illustrated inFigure 3-13, the correlation between leakage mass flow and rotor

peripheral pressure for diffusers and diffuserless systems is plotted.
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Figure3-13illustrates the leakage mass flow versus rotor peripheral static pressure for compressor

and expander modes of operation at different rotational speeds. The first analysis compares the

trends for compressors with and without diffusers. It is possibtserve the presence of an

increase in mass flow with an increase in rotor peripheral pressure, as expected. As a result of the

diffuserless design, there is a large clearance (15 mm) between the tip of the rotor and the casing

where the flow circulates before entering the eighhdyical outlets. Due to the fact that the axis

of cylindrical outlets is perpendicular to the flow direction, they do not act as an efficient diffuser.

Recirculation occurs inside these outlets as a result of this axis bepengieular to the flow

direction. It is similar to the expander case, in which the leakage flow is measured without any

stators (diffusers) in the compressor case. As previously discussed, in the case of the compressor

the end gaps on both sides of theoraire twice the end gaps present in the expander measured

during the test. Because of thike leakage flow in diffuserless condit®is almost twice the

leakage flow in the expander case as shoviAilgare3-13. Compared with the compressor without

a diffuser, the slope of the leakage flow curve of the compressor with a diffuser is lower, and it
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approaches the expander leakage curve at a faster rotational speed. The difference in leakage flow
curves betweethe diffuser and diffusetess cases can be attributed to the diffuser. Since the
diffuser is present, the average clearance between the rotor tip and diffuser is less (0.5 mm) than
when the diffuser is not present. The lower clearance may result in a l@kagéeflow than
conditions in which no diffuser is present, since it prevents the axial speed of air from leaking from
the rotor peripheryo the end disk gaps. Another possible reason is the smooth entry of air flow

from the rotor tip to the compressor outlet through the-g@lliledpath of the diffuser.
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According toFigure3-14, the lower compressor performance is primarily due to the higher leakage
flow. At open valve conditions, the percentage of leakage flow at 30000 rpm is 61% for the
diffuserless case and 73% for the diffusentaining case. Similarly, the trends at 20620 and

10000 rpm are similar to those at 30000 rpm for both configurations. The leakage passing through

the end disk gap is 100% during the closing of the valve (zero net mass flow).

3-21



Close
valve

Leakage Flow [%)]
~J
o

Open 3 €0
valve
50 —— 30 krpm_diff -—+- 30 krpm_wo diff
—— 20 krpm_diff --0O- 20 krpm_wo diff
40 —&— 10 krpm_diff - =¥ - 10 krpm_wo diff
0 10 20 30 40 50

Mass Flow [g/s]

Fig8l4eeakage (%) vs (ol os eltOo0Erh M eomaocapse ntl | vbail evree)nt r ot at i o1
for diffuser and without diffuser case

3.4 Comparison of numerical and experimental results

Figure3-15 andFigure 3-16 depict the static pressure ratio versus mass flowhfadiffuser and
diffuserless configurations at various rotational speeds. In the "Numerical analysis" section, it is
discussed that losses such as leakage and ventilation are not considered in the numerical analysis,
whereas they are considered in experimadsh cases exhibit a decreasing pressure ratio with an
increase in mass flow over the entire mass flow range. The pressure ratio trend obtained from CFD
results resembles the experimental trend. It is possible to compare the CFD results with the
experimatal results when the valve is closed. At closed valve conditions, the complete flow
through the compressor is through end disks, leakageDuring the discharge process, a static
pressure is built in the discharge chamber. During the experimenpyélssure is measured, and

it represents the maximum pressure generated by the compressor. CFD results can be used to
illustrate the closed valve condition by extrapolating the curve to intersectakis,yi.e., the
pressure ratio. In this situation, theaximum pressure simulated by the CFD is the pressure at
which the valve is closedror both cases, "diffuser” and "diffuserlesslgure 3-15 and Figure

3-16 illustrate the uncertainty associated with the upper and lower bands. An analysis of the
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instrument accuracy is provided imable 3.2, which is taken into account during the
calculation. The experimental and numerical curves match under the accuracy range at the close
valve condition, so there is a good agreement between thenexjpeamentabccuracy is £1%

for pressure and mass flaneter,while CFD is £0.93% and +0.63% respectivdty all the test

cases with open valve conditions, the experimental results are not consistent with the numerical

resultsmainly due to the leakage losses observed in the experiment.

Figure3-15shows the pressure ratio versus mass flow ttmlosed valve condition ttheopen

valve condition in the diffuser case. It can be seen that the extrapolated CFD curve intersects the
y-axisonthealmostsame location as tlexperimentaturve. This is the case where the total mass
flow travels through the end disks j.400% leakage. This is the condition where CFD and
experimental results should match, even if CFD may only be extrapolated to such operating
conditions. The error between experimental and CFD static presstimeat closed valve
conditions is very small i.e., 0.95%, 0.35%, and 0.43% at 30 krpm, 20 krpm, and 10 krpm

respectively.
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Similarly, Figure 3-16 showsthe pressureatio versus mass flow from closed valve condition to
open valve conditiorwithout diffusercase. It can be seen that the extrapolated CFD curve
intersects the -4axis on the same location as thexperimentalcurve. The error between
experimental and CFD static pressure ratio at closed valve conditions ismalty.e., 2.3%,
1.35%, and 0.90% at 30 krpm, 20 krpm, and 10 krpm respectively. The CFD calculation is done
until the lowest mass flow is §/s, and aftethe curve is extrapolated, which shows the error

between numerical and experimental.
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The difference is a bit higher in the diffuserless case the dift@ssdue to the large clearance
atthe disk exist wherkigh turbulence and fluid instability may be present at a very low mass flow

rate.

3.5 Sealing mechanism

There are a few papers published that discuss sealing mechanisms (labyrinth, carbon seal) in

Tesla turbomachinery. Most authors agree that leakage losses occur in Tesla turbomachinery. In
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the Teslaexpander prototype, leakageas very high whichdegradedoverall performance.
Attention has been focused on the implementation of a leakage reduction mechanism, and some
sealing systems have been obtained.(brushes and carbon rings have low leakage rates) that
might be effective. A literature survey revealed that brush seals are highly suitable for gas fluids
and reduce 80% of labyrinth leakage at a moderate cost, as discussed in previou2.8ettien
parameters relating to the expander prototype design have been taken into consideration, and a
generic brush seal design has been developed based on the literature, as BlgaweBii7. The

brush seal has been numerically simulated with tight clearance using CFD with a 1.5 mm porous
medium, a 2 mm backplate, a 1.3 mm gap between the front plate and the porous medium, and 1.5
mm gap between the front plate and the porous medium. A Fexigkt of 0.8 mm is used at the

outlet. This study was a feasibility study to see the leakge reduction in such Tesla turbomachinery.
A pressure boundary condition inlet and outlet have been selected as the boundary selection in
Figure3-17 (I) using the ky SST turbulence moderhe CFD procedure is well discussed in the
previous sectionThe simulation was carried out orbdr, 2bar, and 2ar differential pressures

upstream and downstream considering atmospheric conditions.
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Assuming a 1 bar differential pressure and a total mass flow of5hg leakage rate was
calculated to be 7.3% at 1 bar differential pressure, and it increases with increasing differential
pressurg60]. Based on the brush CFD results, the brush seal manufacturer "MTU" was contacted
(they have expertise in producing highality brush sealg0]. MTU provided technical data for

this Tesla design as shown kigure 3-17 (I1). This MTU design reduces higher leakage as
compared to normal design. The leg& is 2.4g/s (considering both sidef the expander
prototype4.8g/s for the two seals) at 1 bar and leakageeasewvith increasing pressure as shown

in Figure3-18. This study used a different design from that of MTU, which utilized an 8mm brush

seal with a porous medium of 2.19 mm and a fence height ofid.@t the outlet.
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There is a low leakage rate in the Mddel,and it could prove to be effective for improving the
performance of the system. Upon inquiry with MTitiyasobserved that the cost of the seal was
high. Thisis possible due to the lessened demand fordze seals (8&hm) in the marketplace.

MTU will manufacture lowsize brush seals upon request, so the seal cost would be very high, but
in bulk, it will be cheaperThrough this implementation, leakage would be reduced by highly, and
efficiency could be increased by more than 5% for the expander. Tdisvsrsible machine so

in compressor modéhe outlet pressure is very low i.e., <0.3 bar, wherealgakil be very low.

Based on the MTU data the legle will be around 3.5 g/s fdwothsides of leakage consideration

in compressor mode which increased overall performange >5
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3.6 Summary

The performance of a bladeless air expander prototype operating reversibly in compressor mode

has been studied experimentally and numerically both with and without diffusers.

As a result of the numerical analysis, a better understanding of the flow behavior inside the
bladeless compressor has been obtained, predicting numerically a potentially high rotor efficiency
(> 78%). It is possible to achieve rotor efficiency of over 9sBen the rotor is designenith

optimal conditionsThe numerical analysis estimated overall efficiencies of 43.5% and 44.5% with
and without diffusers for the prototype stator and rotor geometries.-Bator loss mechanism

is included in the resultBpwever, endlisk friction, leakage, bearing, and ventilation of electrical

motors are not included.

Analyses of numerical and experimental data indicate that end wall clearance is causing significant
leakage flow from the disk periphery to the rotor inlet, greatly affecting the net mass flow rate and
efficiency. It is possible to quantify such large lag&s by comparing numerical and experimental
results. When the compressor is operated at zero net mass flow (i.e., exit valdg these
experimental and numerical results matched with less than 3% discrepancy in static pressure ratio.
As expected, theiffuser, despite not being optimized, allows for an increase in the overall pressure
ratio. It has been observed that several aspedtsedfesla expander prototype performance have

been affected by reverse compressor mode during the numerical and experimental assessment of
this work. These aspects can be effectively addressed for the design of optimal reversible Tesla

machines in the future:

1 The rotor has been designed for expander operation in which thaiskr&eynolds
number is less than 3 and Ekman's number is less than 1. In compression mode, it is
recommended that the Reynolds number be in the rang® ' 4[67][69], whereas the
Ekman number should be in the range -@[22][23].

1 The endwall-to-enddisk gap is large, causing significant leakage and adversely affecting
performance. A sealing mechanism (absent in the current prototype) will certainly improve

the net mass flow, pressure ratio, and efficiency of the system.
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It should be noted that the stateas originally designed as an expanding nozzle, and therefore is
not suitable for compressor diffusion mode operation. Consequently, the design of the diffuser
should be modified for compressor operation maaerthe quasionedimensional nozzle theory

[75].

A numerical analysis of the most appropriate brush seal design is conducted and compared with
the MTU design data, which shows that the MTU design is most effective for reducing leakage.
The use ofa brush seal mechanism will result in an improvement in performance886.5
However, MTU's initial costs were too high, wheremsthe literature, moderate costs were

anticipated.

An improved bladeless compressor prototigdesigned using the same shaft line and electric
motor as the current prototype, focusing on the following asp&htsharediscussed in chapter
5and 6

1 An analysis of the Tesla rotor with an optimal disk gap based on the optimal Ekman &
Reynolds number and radius ratio.

1 Design of an improved diffuser in order to maximize performance while minimizing losses:
a scrolitype diffuser may eventually be considered.

1 The loss characterization will be carried out numerically to capture losses (end walls,
leakage, and statootor interaction) closely in order to improve compressor performance.

1 Enddisk leakage is reduced by an atidk sealing system.

This experimental and numerical analysis indicates that the current prototype has an efficiency
below 15% when operating in compressor mode. In order to improve the efficiency of the current
compressor prototype, several modifications should be maderaténestator, number of stators,

and implementation of the sealing mechanism to reduce leakage.

3-28



4 Noise characterization of bladeless compressor prototype

The issue of acoustic emissions has always been a concern in traditional machinery. For
example, the transportation and power generation sectors require compact, lightweight,
efficient, and lowcost devices with very low noise levels. It is important tphesize that in

such a challenging context, a bladeless or Tesla machine has the advantage of reducing the
overall level of noise emissions.

Air Tesla expander has been tested in compressor mode at different rotational speeds, which
have a pressure ratio less than or around 1.2, which is suitable for use as a othes.
chapter, experimental acoustic signature characterization of a Tesla or bladeless blower is
presented, which has never been done before, nor has any comparison been made with
conventional blowers. To evaluate the acoustic behavior of Tesla blawttypes at
different rotational speeds and distances, a tailored experimesatup is described. Multiple
measurement techniques as well as ppgicessing techniques have been evaluated and
comparedo achieve an accurate acoustic characterization.

Consideringthe same tip speeds at different distances, the results of this study were
compared with those obtained by conventional blowers. In contrast to conventional blowers,
Tesla blowers do not exhibit the blade passage phenomenon. Therefore, a substantial amoun
of acoustic energy can be avoided, which is due to the characteristic frequency and harmonic
components, which are instead significant in conventional turbomachinery overall acoustic
noise.

Using this innovative investigation, it has been determined that the air Tesla blower is
significantly quieter than conventional dynamic machioggningthe door for new bladeless
machinery applications, particularly those that seek to maximize acoustic comfort.

4.1 Air Tesla design parameter and acoustic test setup

In the previous chapt&; the design parameters of the Tesla expander prototype were discussed.
Considering that this type of machine is reversible, the research is carried out both numerically
and experimentally in compressor mode. A maximum pressure ratio of 1.2 was obtdimed in
compressor mode, which serves as a blower; therefore, it is described here as a blower. Acoustic
emissions are a general problem in conventiimabmachineryand it is challenging. In contrast,
acoustic emissions are lower in the case of-cmmventional and bladeless technologies. As
discussed ilChapter2 and Sectior2.4, many authors agreed tithe emissions would be lower,

but this has not yet been demonstrated. The acoustic behavior of the Tesla device is analyzed in

this chapter and compared with that of the bladed device.



4.1.1 Testrig setup

Air Teslacompressoacoustic test rig is set up at the TPG laboratory, University of Genoa (ltaly)

for assessment of its overall acoustics emissfonectangular support made up of cylindrical

metallic bars is used to hang the air blower with the help of an elastic rope, preventing ground
refl ections duri ng ac o (3Stmeasuratthasound levelseon asghalt Go g
pavementas well asgrasscovered ground where 4224 (Bruel & Kjaer type 4224) was used,
located at a height of 0.5m from the noise source. To decouple blower vibrations from chassis
structural resonances in this study, the air blower was hung 650 mm above the groundasurface,
shown inFigure4-1 (ll-g, h).Figure4-1 (ll) illustrates the placement of an accelerometer (l) and

a coil (ntachometer sensor) on the Tesla blower cagirdeterminghe vibrational behavior of

the device. It is possible to calculate the overall acoustic level in several ways. Three microphones
and a sound intensity sensor are used in this research to measure sound pressure and sound intensity
levels. There are thremicrophones placed at fixed locations: -8f0 mm (m1), fror250 mm

(m2), and bacikt00 mm (m3) from the source. Bruel & Kjaer 3548 (k) intensity sensors are initially

mounted at a distance of 0.5 m from the source for acoustic intensity preasts.

Fi g&4¥Eexperi mental test rig: |I: Tesla blower (a) Inlet s
(d) Rotor disk; (e) Rotor shaft; (f) Bl ower outlet; 11
( h) Supportng (tibeConfnet®i mm inner di ameter; (j) Col |
Accel erometer; (ml, m2 and m3) Microphones,; (n) Coil
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As per standar{B4][85][86], ten positions are selected uniformly throughout the measurement
surface, namely: Front, Back, Left (2 positidrisand L2), Right (2 positionR1 and R2), Top (2
positionsT1 and T2), and Bottom (2 positioBt 1 and Bt2), as shown ifrigure4-2. The Bruel

& Kjaer 3548 sound Intensity prob&with two condenser microphone cartridges type 4181
nominal diameted / ,2@en circuit frequency respongE: incidence fredield response 0.3 Hz

to 16kHz: + 2 dB phase response differeandwhen used as a pak 0.05°: 20 Hz to 250 Hz
absolute value)and Siemens LMS Scadas mobile 16CH SCM202V VIBCO exciter closgd

digital control LMS Test Lab Acquisition/analysis software is showRigure4-2 (1) and (11)
respectively. During the test, the acoustic test rig is set up so that the compact air Tesla blower is
hanging, and all of its outlets are connected through a conduit pipe with amé&ghkingle outlet
collector. For the purpose of continog the flow, a flow control valve is available. The third
microphone is positioned 250 mm from the collecudtet in order taletermine the level of sound

in that particular area. In this case, Siemens PLM LMS SCADAS mobile 16CH SCM202V
acquisition system and amplifier are used. The data acquisition system (DAS) uses sensors to
collect data and then transmit that data to thalldata acquisition controller, which feeds the data

to the SCADA computers via LAN cable through the controller cardsné#dsssary to provide a
constant supply of 24 V to an acquisition system throughout the measurement process. This
microphone power supply type 2804 is a portable power supply for Briel &Kjeer devices,

particularly condenser microphones and their Type 264&npplifiers.

T1

L1

M2

BT2



Frame Controller Cards Connection

Data Acquistion cards I Power Supply

(b)

Figd2a&Sound I ntensity probe and microphoiée )( B ueM2 &a rKg ¢
3548 Sound Intensity probe with two condenser mi cropho
Si emens LMS Scadas mobil e 16CH o08@M2d0i2gMi t ¥l BCcloné x oi t el

Acqui sition/analysis software.

Tabdladir Tesla design and testing instrument probe data

Parameters Size

Air Tesla Blower

Outer diameter of the disk, mm 120
Inner diameter of disks, mm 60
Gap between disks, mm 0.1
Disk (enddisk) thickness, mm 0.1(1)
Number of disks 110 (2)
Motor
Motor max efficiency, % 96
Rated speed, rpm 40000
Rated power, kW 3

To perform the bladeless blower acoustic characterization, LMS test lab sd8Wiaseexploited
for instrumentation calibration. The purpose of calibration is to ensure the acf8dacy test

equipment so that measurement uncertainty can be minimized. All testing instruments (acoustic
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intensity sensor and microphones) are preliniipaalibrated before conducting the tests. The test
procedure is conducted through the LMS Teéstb [87]isi gnat ure acqui sitio
experimental dathas beemcquired for 60 seconds, and theplayscreerhas beeset to monitor

the acquired signals continuously.

4.2 Methodology and testing

According toFigure4-1, the test rig is set up to conduct acoustic measurements on the air Tesla
blower. The compact device is designed so that both the electric engine and blower are mounted
on one shaft. Arelectric engine is supplied with thrplbase power by the driver that rotates the
rotor. The rotation of the rotor results in an increase in kinetic energy at the blower outlet as a
result of this rotation. The atmospheric air is sucked by the blowemietiholes, passed through
disk gaps, and exited through eight outlet holes during the blower operation. Through the conduct
hose pipe, all eight outlets are connected to the collector inlet in order to merge all flow to exit
through the collector at angjle point. Noise generated by a blower is primarily caused by the
interaction between fluid flows and solid parts, turbulence, vortex creation, pressure oscillations,

and flow rate fluctuations.

As part of this study, the most practicable method of quantifying acoustic noise is the direct
method, which relies on the measurement of sound intensity levels (SIL); acoustic power levels
and sound pressure levels are measured using an acousticyngensibr and microphone. To
measure the sound pressure levels, three microphones are placed at different positions, top, front,
and back as shawin Figure4-2. An acoustic intensity is the amount of energy that flows per unit
time through a unit area in the direction that sound waves tfHvelnormal sound intensity and
sound pressure level in the frequency band in which sound power determination is comprised must
be measured at a minimum of one position per square meter. As per standard, ten positions are
distributed as uniformly as possgbhcross the measurement area. Cro{&®} provides the
fundamentals of direct measurement of sound intensity and practical applications in which sound
intensity measurements are now fairly routinely performed to determine sound power, identify
machinery noise sources, and compute transmissian (Bmind reduction index). There are
several sources of measurement error, including background noise and finite difference errors.

According to Croker these errors, even in4eal or hostile environmental conditions, can lead
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to quite accurate measures of sound intensity. Rawlif@@nprovides the concepts of sound
intensity, sound power, and sound pressure according to standards. A noise intensity meter is a
very powerful diagnostic tool for an acoustic engineer. With this new technology, acoustic rooms
no longer need to be used fhettesting of large, complex machinery noise specificatibne.
standard Eq4.1, 4.2, and 4.3 [85][86] are usedfor sound intensity, sound power, and sound
pressure level calculation respectiveélne terms | and P indicate sound intensity and acoustic
power, while § and R respectively stand for reference sound intensity) (cf& ) and reference

acoustic powergn @.

"YOOp ') OFO Q&0 pn o 4.1
Dwd pa® 00 Q&0 pf w 4.2
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For the acoustic intensity measurements, the intensity sensor is initially mounted at a distance 0.5
m from the source. As per standafte ten positions are selected uniformly over the measurement
surface as shown iRigure4-2 As a result, some of the six faces of the cubic have been split in
order to provide more measurement positions. To check the acceptable variation in acoustic
intensity probe measurements, the sensor rotates 180° from the 0° position. The commercial
softwae (LMS Siemens Tediab.) is usedto acquire and pogirocess the acoustic measurement
signals. The acoustic noise emitted by the air Tesla blower is measured at different rotational
speeds with diverse positions of the intensity probe as showigume4-2. The acoustic levels

are strongly dependent on the location and distance and therefore the acoustic effect must be
guantified at several distances. Similarly, the acoustic intensity effect is also quantified at distances
0.5m, 1 m, 1.5 m, and 2 m, respeely. This experimental campaign is indeed performed to
assess the Tesla blower overall acoustic emission (in terms of acoustic power) at different angular
speeds and to identify the most significant contribution to the machine overall acoustic emission.
Once such contributions are well defined, it could be possible to reduce their noise and then

improvethe Tesla blowes overall acoustic emission. Several signal processing techniques are
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exploited to investigate air Tesla vibagoustic behavior: from the classical Fourier spectrum,
implemented by means tife FFT algorithm, to timdrequency analysis (STFT) therun-up and
run-down transients, and finally by performing TSA at constant angular speed. TSA is a technique
thatallows to extract the deterministic signal component (dependent on shaft rotation) with respect
to the random signal component, which may be due to stochastic phenomena. Indeed, TSA is
exploited to separate the undesiacoustic noise ascribable to deterministic phenomena (e.g. shaft
rotation and its multiple orders), with respect to the acoustic contributions ascribable to random
sources (e.g. flow turbulence). Indeed, by synchronous averaging a signal at constimt ang
speed, only deterministic components of the originally acquired signals (e.g. ascribable to

mechanical rotation) remain in the pgsbcessed experimental data.

4.3 Acoustic intensity analysis at different rotational speeds and distances

Initially, the results are presented and discussed in terms of signature analysis irbaaudow

spectra, and then in terms of acoustic intensity analysis indbtecdve band spectra.

4.3.1 Vibro-acoustic signature analysis

Prior to conducting measurements, it is important to analyze the paraastplsude, TSA, FTF,

auto power, broadband frequencies, ti@nsure that relevant dasgproduced and that accurate
comparisons can be made between mukgpber selections. It is necessary to make a preliminary
analysis of the operational behavior of the system in order to compare it fairly with a more
sophisticated analysis of pgstocessing. As indicated in the test rig setup secdfidn the
accelerometer and coil are attached to the source, whereas the microphones are located at a distance
from the sourcekigure4-3 illustrates the autpower spectrum of the accelerometer signal at 30
krpm over its entire acquisition band. Based on such a frequency analysis, a mechanical resonance
is clearly discernible aroundlgiz (12X order). Indeed, a broadband response in the frequency
range comprised between 6000 and 7000 Hz is well detectable in such a linearly averaged spectrum
(80 averages), which might be ascribable to the onset of mechanical resonances. Furthermore,
there are other spectral contents characterized by remarkable energy at 500 Hz (1X order) and 2
kHz (4X order). It is believed #t the first one is caused by residual mechanical imbalance,

whereas the second may be related to the structural response of blower inlets. As well, the
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presented spectrum demonstrates some peaks that could be attributed to torque ripples associated
with electric motor control; such frequency components do not appear in microphone signals, but
only in structural signals, since the magnetic field affeesdhgue profile, which results in further
vibrations in the detected signal. Additionally, the main orders modulate such supplementary
spectral contents, resulting in sidebands.
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It will be possible to examine the physical mechanisms that result in the acoustic sources identified
by using more advanced signal processing techniques. The synchronous averaging of the acquired
signals allows the separation of random components (sudrlaglence in a flow) from
deterministic components (such as the mechanical rotation of the system together with its

harmonics). In order to better identify characteristic frequency components withiragitustic
signals, TSA is used.

As shown inFigure4-4, TSA was performed on the acoustic response spectrum at 30000 rpm
concerning the microphoneautopower spectrum. It can be more easily identified some
deterministic components of microphone aptaver using synchronous averaged acoustic
spectrums, compared to microphone guaver spectrums (obtained by linear averaging) at 30

krpm. In system acoustic rempse the most significant contribution is due to the spectral content
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with a characteristic frequency of 2000 Hz, which is equivalent to order 4X at the examined
constant angular speed of 30 krpm. Moreover, its harmonics are significant in acoustic overall
response, as the contributions of order 8X, 18Xl 16X are well detectable in microphone spectra
(amplitude peaks at 4 kHz, 6kHand 8 kHz, respectively). In detail, the fundamental frequency
third integer multiple (12X) exhibits roughly double amplitude with respect to its second harmonic
(8X); instead, its fourth intexy multiple (16X) has lower energy, about ghi&d of 8X. Finally, a
broadband noise at lower frequencies than 4X can be identifigtet microphone aut@ower
spectrum which is not presentthre synchronous averaged signal which might be then ascribable

to turbulent phenomena onset.
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Figure4-5 shows the synchronous averaged spectrum of the accelerometer in the whole acquisition
band to better underline the dominant frequesmyponents in system structural response. Indeed,
other spectral contents are better identifiable in the synchronous averaged spectrum with respect
to the autepower spectrum, among which one family of harmonics is characterized by a
fundamental frequenayf 100 Hz together with its integer multiples (spectral contents at 200, 300,

400 Hz exhibit significant energy).
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There is a possibility that these harmonics (100 Hz and its multiples) may be associated with the
Fundamental Trail Frequency (FTF) of rolling bearings, which is essentially the rotational
frequency of the bearing cage in the case of mounted ball beawimgh,is predicted to be about

96 Hz. A peak in structural response between 450 and 500 Hz may be attributed to ball spin
frequency (BSF), which is predicted to be around 486 Hz for the ball bearings supporting the air
Tesla blowef90].

As can be seen iRigure4-6, the crosgpower spectrum obtained between the microphone signal
and the accelerometer signal at 30000 rpm confirms the close relationship between vibrational and
acoustic phenomena as expectBiderefore, such a finding indicates that a modification of the
structural solution could be adopted to reduce the system's overall acoustic emission by avoiding
switching on the blower to excite the natural frequencies of the structural .pEimelamplitude

peaks of structural and acoustic responses are respectively found at 2 kHz (4X) and 500 Hz (1X).
In experimental responses, the 4X order is clearly distinguished as the most significant frequency
component. Order 1X is characterized by lowmplitude a it is not significant in the acoustic
response. Furthermore, order 4X harmonics (8X, 12X, and 16X orders) are still; Vieilvkver,

their energy is negligible, as they do not contribute significantihéstructural response. It is
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also possible to identify stdynchronous spectral contents common to both sensors as well as
fractional orders, which may be attributed to the characteristic frequencies of rolling bearings (ball

rotation and cage rotation).
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Figure4-7 illustrates three energy spectra for the-iat 10000 rpm, 20000 rpm, and 30000 rpm.

Mic-2 (which is placed in front of the devicenergy spectrum is obtained by synchronized
averaging (160 spectrd)inear averaging is equivalent to amto-power spectrum in this case

since signal energy is defined as a scalar quantity and does not have a phase angle. For each angular
speed, cursors are applied at 4X, 8X, and 12X orders, plus the revolution frequency (1X order),
respectively. At 4X order (2008z), which exhibits more energy than other spectral contents, the
acoustic pressure is great®mnilarly, at 20 krpm and 10 krpm, the sound pressure is higher at 4X
order (1332 Hz and 664 Hz). Thus, since the blower rotates at a high spged)(Nt generates
harmonicsthat are multiples of the passing frequency (N/60). Generally, the highest level of
energy is found at 4X order due to the four sectiohshe blower inlet(blower entrance)
Furthermore, the acoustic energy generated by-foldl interactions due to leakafdiscussed

in the previous chapter secti@R.4 contributes to the 4X order energy, which can be observed

at all speeds. The amplitude of the acoustic pressure is found to be 2.37 Pa at 30 krpm, 0.96 Pa at
20 krpm, and 0.15 Pa at 10 krpm. In bladed bloy&t}91][92], the SPL spectra generally show

a distinct tonality at low fraction frequencies, which is associated with a coherent loading pattern
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on the impeller surface. There are asymmetrical acoustic sources arranged circumferentially with
afocus on the impeller surface rear, leading edges, and blade tips. Tesla blowers are bladeless, so
there is no blade interaction, which reduces noise levels. A significant broadband energy is
identifiable at low frequency for the investigated angular spedtich is not invariant with speed.
Therefore, it might be ascribable to turbulent phenomena taking place at the blower inlet which
give rise to acoustic ession not related to machine rotation, as already showigure4-4 for

the maximum angular speed.
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Three microphones are used, fiiamic-2, and mie3, which are placed around the source at three
different locations (i.e.top-0.5m, front0.2m, and back.35m, respectivelygan visualized in
Figure4-2. Figure4-8 shows the frequency band spectrum for microphones in adbiesdve band

in SPL-dB, respectively. In contrast, micshowed a lower SPL of 95 dB, while riand mie3

measured louder noise at 101 dB and 102 dB as well, from the source. There is a possibility of
differences due to distance and location, as weHlemsacousticehenomena. It is important to

note that sound pressure levels are dependent on distance and location. As the distance between
thesource andhe microphone increases, the sound pressure levels decféaseic-2 and mie

3's shorter distances from the source, 0.2 and 0.35 meters, may account for such a general SPL

trend. The acoustic emission measured by3ng higher than that detected by Hian the one

4-12



third octave band witl central frequencyf 2000 Hz, whereas mi2 indicates a higher SPL in

all other onethird octave bands. Indeed, r8dslocated on theear side near the collector point,
wheretheflow from all eight outlets exits together. Therefore, it is facing blower discharge holes
which makes the onthird octave band with central frequency 2000 Hz dominant with respect to
other frequency components; on the contrary, the remaining frequergsy ilacharacterized by

lower energy with respetd mic-2 because mi8 is placed at 0.35 m from the source, while-mic

2 is located closer to the source (0.2 m); nonetheless, it is placed in front position, thus recording
lower energy at 2000 Hz because it is not exposed facing blower discharge hiclesavse

energy at 2000 Hz. The investigated Tesla blower has two inlet sections where leakage passes
through end disk gaps and exits through both inlets on the front and rear of the blower, which is
discussed briefly in sectiaghb. It is likely that mie2 and mie3 detected a high noise level due to
leakage, which occurs where there is a significant amount oftfifidid interaction as well as
fluid-to-solid interaction. A significant amount of noise is emitted from the front and back
(collector poing) sides due to higher acoustic pressures. Due to the lack of a sealing mechanism,
the Tesla blower had a high leakage rate, passing through end disk gaps. During this interaction,
the sound intensity is higher than normal due to fflual and fluid-solid interactions.

ivd
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An engine rurup test is conducted from-3D0O00 rpm in system vibracoustic preliminary
investigation. A timerequency plot (STFT) dheaccelerometer signal in termstbé aito-power
spectrum is shown iRigure4-9 (I) and the same colanap representation for the microphone is
reported inFigure 4-9 (I1), both of them performed during the ramp test. InFigure 4-9 (1),

system vibrational response shows several spectral contents characterized by significant energy
levels; the most relevant one is due to mechanical rotation (1X order) and to four times the
fundamental frequency (4X order). Such multiple orders (4X togetitieits harmonics) may be
ascribable to the number of inlet holes in the ditbled make up the Tesla blower. Indeed, there

are several harmonics with significant energy which are multiples of 4X order, namely, 8X
(double), 12X (triple), 16X (quadruplegnd even 20X (quintuple) orders; in particular, 12X order
seems to be characterized by bigger energy with respect to order 8X at the highest tested angular
speeds. Even the energy of higher harmonic components such as 16X and 20X is relevant in the
acquied response, thus suggesting an intrinsic structural complexity of the investigated system.
Moreover, some discontinuities in the vibrational response-oodqr during the rampp test can

be identified at 20000 rpm and 26500 rpm which may be attributalitee onset of structural
resonances at respectively about 6000 Hz and around 6500 Hz. Finally, a significant sub
synchronous fractional order can be identified clearly at 0.5 X and 3X order, which may be

attributable to rolling bearing frequency charastes.
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Similarly, in Figure4-9 (lIl), the system acoustic response detected by the microphone during the
rampup test gave analogous results indicating the most significant contribution to the overall
acoustic behavior of the system; indeed, it is likely that the main acoustic speotpnent can

be attributed to the number of discharge holes in the disks. Moreover, its harmonic components
can be identified even in acoustic response, and their energy is more significant than that detected
in structural responsé&ollowing the results presented in the previous figures, such experimental

evidence is consistent with the results obtained at constant angular speed.

Once the most significant spectral contents contributing to overall acoustic emission have been
identified, the energy of their respective orders has been compared to assess their amplitude trends.
Figure4-10shows microphone respon@dic-1, which is placed on the top position at 0.5 m from

the sourcejn run-up test for both 1X and 4X ordecencerningts overall amplitude response in

terms of RMS value in linear scale. Based on the trends of 1X and 4X orders with respect to
microphone response overall values, a more significant acoustic emission is likely associated with

the4X order, and this is coherent with the observed behavior at constant angular speed.
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4.3.2 Acoustic intensity measurement analysis at different angular speeds

The acoustic intensities are measured employing sound intensity probes (pair of microphones

of bot h 1X

placed face to face) for ten positions uniformly surrounding the source as per ISO stahdard

different rotational speeds i.e., 30 krpm, 20 krpm, and 10 krpm. This is performed to visualize the

flow of acoustic energy away from the source and identify regions characterized by different

acoustic levels. The measured data were-pastessed itheLMS TestL a b

under

t he

t hroughout p r o c allsghe icangidéred pasiiari93 For theomreasurement of

acoustic intensity, cursors were applied (%) X) for each speed with a frequency range of 500
Hz - 6000 Hz, 333 Hz 4000 Hz, 166 Hz 1990 Hz for 30 krpm, 20 krpm, and 10 krpm,

respectively. Each speed has X order, which is 12 times the revolution frequency (N/60). The RMS

value is considered for all sound intensity spectra to assess their effective value. The d¥&age R

an

s

value is taken from measurements for all six unitary (one square meter) faces. The acoustic power

is evaluated based on sound intensity with the multiplication of its corresponding area for all ten

positions (It is necessary to split some of the 6 fatdéise cubic face to have more measurement

points) as previously discussed in sectiah

The sound intensity level (SlldB), sound power level (PWHB), and sound pressure level (SPL

dB) are calculated by Ed.1, 4.2, and4.3, respectively. The overall acoustic power is calculated

under the six face#coustic power provides an estimate of noise I&eslausdt is independent
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of distances and locations, whereas sound pressure is affected by such factors. During the
experiment, a slight variation in acoustic power at all positions was noticeds @his to the fact

that the measurements are made in a not perfectly anechoic environment. Indeed, acoustic
measurements are conducted in a closed room resembling an anechoic one, but not strictly
anechoic in natureThe sound pressure level (SEB) is calculated using Eg4.8) for all ten
positions surrounding the source. As showkigure4-11the sound pressure level (SEB) is

bigger at higher angular speed. In particular, SPL is found to be maximum at p(hatiB
position, behind the sourcky all the other measured positions, for any tested angular speed level.
Such experimental evidence might be ascribable to the aeroacoustics effect that happens due to
fluid-structure interactions. Due to this interaction pressure increases, which isdtidigner
rotational speeds in the Tesla blower. Hosseinian [26] reported in his shadyhe noise
generated by turbulent flow scattering exhibits its lowakteand increases substantially at higher
speeds. WH increasing angular speed, the wakes bedanger,and the noise correspondingly
increases, mainly due to the interaction between the blade wakes anddffeseation[84][94].

The overall bladeless blower sound pressure level {8)Lis calculated using Eg4.8) at 30

krpm, 20 krpm, and 10 krpm and resut be 93 dB, 82 dB, and 67 dB, respectively.
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Figure4-12illustrates the sound intensity spectra at 30 krpm (red), 20 krpm (blue), and 10 krpm
(green) for the positions 0° (thime) and 180° (thickine). A multiplier of the revolution
frequency is applied to each rotational speed in order to apply the curgtged, the cursors
reported inFigure 4-12 allow to identify the main acoustic contributions to system behavior at
different constant angular speeds; some of the spectral contents are similar to those observed
during the rurup test. Their characteristic frequencies remain the same, but theieten&rgel

varies at the tested rotational velocities. Indeed, the primary acoustic spectral contents remain at
orders 4X, 8X, and 12X, which increase in energy as angular speed is increased. The difference
between the intensity probe values at the sans#ipo with rotations of 180°, which means
flipping the probe directly from its original position. In accordance with the standard, the intensity
sensor differences were calculated by subtracting the 0° and 180° positions of the intensity sensors.
The higlest difference between sound intensity levels for 0° and 180° positions are around 3.36
dB, 2.90 dB, and 2.19 at 30 krpm, 20 krpm, and 10 krpm respectively, which covers a range of

spectra from 1X to 12X, since these are representative of the most aigindeoustic spectral

contents.
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Figure4-13 shows the average RMS spectrum of measured sound intensities at different angular
speeds, namely 10 krpm, 20 krpm, and 30 krpm. Cursors have been inserted at significant
frequencies: revolution frequency (1X) as well as orders 4X, 8X, and 12X. Thergymsfizant

amount of energy detected at such frequencies in their corresponding spectral contents. The RMS
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value is calculated for each of the ten positions to calculate the average amplitude Ievigjufiehe
4-13illustrates the same sound intensity levels (8B) averaged spectrum in decibels. At angular
speeds of 30 krpm, 20 krpm, and 10 krpm, respectively, the upper average intensity levels (dB)
are 90 dB, 80 dB, and 62 dBs the angular speed increases, the sound intensity levelsIB}IL
increase, and this may be the result of acoustic radiation caused by both mechanical-and aero
acoustic effects. Moreover, operational components related to physical phenomena are better
identifiable when angular speed increasin particular, the thirdctave band comprising order

4X can be identified at the maximum angular speed, whose energy is significant. Indeed, at the
lower angular speedgX order cannot be identified in a specific thodtave band, and this
evidences how such contribution is not dominant and cannot affect sensibly the corresponding
band. For each considered angular speed, 1X order does not significantly increase the energy of
its corresponding band. Basedkigure4-13, it can be observed that the frequency range chosen

to compute acoustic intensity values covers the whole acquisition band. Indeed, the cursors are
reported inFigure4-13 to allow to identify the main acoustic contributions in system behavior:
some of the spectral contents are similar to the ones previously identified in-bamdvgpectra;

indeed, their characteristic frequencies are the same and what changes is the enefgltecteve

third octaves band scale averaging effect; indeed, the main acoustic spectral contents are found at
orders 1X and 4X, whose central frequencies are the same of the dominant components4n narrow

band spectra.
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In Figure 4-14, the sound pressure level (SBB) and the sound power level (PWdB) are

depicted at different angular speeds. Sound power level {#8YLis calculated based on the
measured sound intensity per unit area for six faces, with the intensity sensor Sithateders

from the source. The PWL increases quadratically when increasing angular speed. The maximum
sound power level (PWHB) of about 98 dB is obtained at 30 krpm, where the sound pressure
level (SPL) is around 93 RiB. The sound power level is 73 dB 10 krpm, while the sound
pressure level is 67 dB. With an increase in angular speed, there is a large difference between
lower speeds and higher speeds. The reason is that the pressure and mass flow increase when

increasing angular speed.

100
m SPL-(dB) mPWL-(dB)
90
% 80
70
60
10000 20000 30000
Rotational speed [rpm]
Fig&XI®ound pressure and power | evels (dB) at di

4.4 Acoustic mesh generation and results analysis

An acoustic mesh is generated surrounding the source using the LMS Test Lab software
Acoustic Intensity analysis according to ISO 9683]. The Tesla blower is placed in the center
of a cube that contains one cubic meter. Each face of the cube has a surface area of one square
meter. For the intensity analysis, the same ten positions are chosen as discussed previously in the
testing and measement sectiod.2, the selected ISO 9642 standards and FFT data types were

used to generate the mesh. Each piece of equipment must be measured using a standard octave
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band analyzer in accordance with industrial pra¢@&¢which provides the human hearing noise

value over the frequency range. Several octave bands are available for the calculation, but most in
practice are octave 1/3. At the 1/3 b§at|[95], the upper frequency is equal to the multiplication

of the lower frequency and cubic root of 2. The sound intensity analysis in the frequency range

160 Hz-6300 Hz for 30000 rpm with the octave 1/3 band dB(A) is showkigare4-15. The

symbol O6A6 is the frequency weighted O0AOd corr
frequency of 31.5 HP5].

93

Front:1

W/m?

80

Fig&Xr®Bcoustic intensi@30@VvHR uadti awne fmand 6t 30000

It is the response of the human ear and the sound level in dB that is converted into dB(A) by
subtraction of the AAO0O cor r e cdB)aonndthesadrceare T h e
in the range of 87 to 93 dB. At the backside from the soureenaiximum acoustic intensity levels
are observed. It might be caused by the aeroacoustics effect from fluid flow interaction with the
structure at the collector point. The acoustic effect surrounding the source is illustrated by the
strongest sound inteityg of 93 dB in a 1/3 octave band at frequencies of 2000 Hz. The maximum
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acoustic intensity between a source front and rear-(Laftd Right2) is 2000 Hz (4X). There is

a higher energy level associated with 2000 Hz spectral content and a lower energy level associated
with the remaining frequency components. Aeroacousticsteffee more evident on the rear side

of the right (R2) and left (L1) portion at 2000 Hz, which may result from the motor acoustic and
higher leakage which is discussed in secidh Acoustic measurements indicated that the rear

side contributed a significant amount to the overall acoustics.

4.5 Comparison of bladed and bladeless Tesla compressor (blower)

In this section, acoustic comparisons are presented for two systems based on conventional and
non-conventional technologies, i.e., bladed and bladeless devices. Both devices are compared on
several parameters, such as the same pressure, the same mastefland the same tip speed.

As discussed iChapter 3leakages are the major cause of lpss, circulating flow around the

rotor). The signature analysis study is considered fasttter les¢diffuserlescase, where under

closed valve conditions, the maximum static gauge pressures were 16000 Pa, 6500 Pa, and 1450
Pa at 30 krpm, 20 krpm, and 10 krpm, respectively. As the mass flow rate increases, the pressure
drops from closed to open valve conditions. The maximum masgdlewmeasured with a mass

flow meter was 10.5 g/s, and the minimum mass flow rate was 2.5 g/s at 30 and 10 krpm,

respectivey.

The conventional or bladed blower is used for the comparison with Tesla blower. This blower is

used in cockpits that provides additional ventilation for the cabin as part of the system. It is

mandatory in that it can also act as a safety device in the efvarfire or other anomaly. When

this device was turned on, it generated excessive noise, which can be irritating and potentially
harmful to the concentration of the pilots. Furthermore, it should be noted that not all aircraft

exhibit this problem. Thelevice geometry details for such blower is provided in the following

Figure4-16, whereas the technical data is providedamble4.2.
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The reference bladed blower has a mass flow rate of 28 g/s, while the Tesla bladeless blower is
operated at 20 krpm for the same mass flow rate, but there is a difference in size as Slaten in
4.2.

Acoustic measurements are performed at rotational speeds of 10 krpm, 20 krpm, and 30 krpm. A
multiplicity of acoustic intensity values and a square meter of each face are used to calculate the
systens overall acoustic power. Acoustic power is found to be 6.4 mW, 0.58 mW, and 0.017 mW
respectively at 30 krpm, 20 krpm, and 10 krpm angular speeds, as shenyarg¥-17. Acoustic

power increases with bladeless blower angular speed. This result may be attributed to an increase
in pressure and mass flow at the bladeless blower olitletacoustic power of the bladed blower

is calculated and compared with the Tesla blower as shofxigume4-17. Tesla blower acoustic

power intensifies quadratically as its angular speed increases. As the acoustic power increases at
higher angular speeds, the differential static pressure increases as well. The acoustic power of the
reference bladed blower is appimately 2.9 mW, which is higher than that of a Tesla blower
operating at speeds between 10 krpm and 20 krpm. It is found that the Tesla blower has a lower
acoustic power than the bladed blower at the same mass flow rate. Even the bladed blower operates
atthe same pressure, the Tesla blower operates at less than 10 krpm, and the acoustic power is

lower, which indicates lower acoustic noise.
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A comparison is made between the acoustic noise emitted by an air Tesla and the noise emitted by
a reference bladed blower, as indicateBigure4-17. Lucifredi[66] conducted an experiment to
investigate the acoustic noise of a bladed conventional blower at various distances spekdt

of 12700 rpm. In order to determine acoustic power and sound intensity levels accurately, acoustic
intensity probes were used to measure acoustic intensity at different distances. According to Table
2, the reference bladed blower is smaller than the Teslalbks: in particular, the bladed rotor is

three times smaller than the bladeless blower. Tesla blowers have cylindrical chambers between
the rotor and casin@A cylindrical outlet hole connects this chamber to eight cylindrical outlet
holes) whereasladedblowers have volutgype duct outlets.

Acoustic comparisons are conducted at the same tip speedmfs2for both devices. This is
considered a fair comparison, since (i) the rotor tip speed is proportional to the maximum head
achievable by a blower for both bladeless hladiedmachines, and (ii) the tip passing frequency

is a significant source of noiseltadedmachinery. In other words, the idea is to compare the two
blowers under equivalent head operating conditions. Comparing a bladed blower and an air Tesla
blower, acoustic intensity sisors are used at distances of 0.5m, 1m, 1.5m, and 2m. The spin speed
of the reference bladed blower is 127498, while theair Tesla blowes angular speed is 4300

rpm, for the same tip speed of 27 niisgeneraldiscussions of theoretical methodsdoadrupole
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and dipole[84] sources havéeen confined to models for describing the sound generated by
pressure fluctuations at the blade surfadesording to Raitof96] in the bladed devices the noise

is attributed to "tip clearance" caused by leakage between the shroud and the blddeipw

mass flow rate operating conditions, the taweraged pressure field becomes increasingly
asymmetriclt is an increase in broadband acoustic noise levels of about 2 to 4 decibels. The effect

manifestedtself at all frequenciem the form of statiperturbation modes.

Tabd2ai r Tesl a bl adel ess bl ower and reference bl aded bl c

Radius [mm]  Speed [rpm] Tip speed [m/s] Mass flow [g/s] Pressure [Pa]
Bladed
20 12700 26.6 (50 cfm)D265 500
blower
Tesla 60 20000 125.0 27.0 6000
blower 60 4300 27.0

Based on Lucifredi's measurements of sound pressure levels at distances of 1 m, 2 m, 3 m, and 4
m, it appears that the sound pressure levels{#PLof the reference bladed blower are 831B7
79.57dB, 77.93dB, and 74.9dB respectively. In the same way, acoustic power and sound
intensity levels are determined based on measurements of acoustic intensities at distances of 0.5
m, 1 m, 1.5 m, and 2 m. A comparison of the sound pressure levels of a Tesla blower and a bladed
blower at different distances is illustrated Fngure 4-18. When the distancecreasesnoise
emission quadraticallgecreasedn comparison to the air Tesla blower, the conventional blower

is very noisy. As the bladed curve is extrapolated towards-tasy it shows a higher sound
pressure at 0.5 m of 87 dB, as compared to 57 dB for the air Tesla. Similarly, the air Bé=s$a rot

at higher speeds 10 krpm, 20 krpamd 30 krpm, and the noise at 0.5 m decreases with a large

gradient as the distance increases.

When the comparison is performed by considering the almost same mass fl@soate 27 g/s)

of the reference bladed blower, then in such working conditions the bladeless Tesla blower
operates at a speed of 20 krout pressure is higher around 12 times higher than the bladed
blower), which results in a lower sound pressure level of 75 {§Lat 1 m distance. As a result

of the multiple regions of solifluid interaction in the conventional blower, particularly the
number of blades, the conventionabWwer is noisier than the Tesla bladeless blower, which is
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bladefree. According to elementary theory, the bladeless blower acoustic emission curve
guadraticallydecreasewith increasing distancen the bladeless Tesla blower, acoustic emission

is inversely proportional to distance squared, whereas experimental data for the reference bladed
blower do not fully support this analytical tredddeed, according to the measurement section

4.1, the air Tesla blower test has been conducted in nearly anechoic environments, thus explaining

why it fits better with the predicted theoretical trend.
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Acoustic studies have been conducted on diffuserless (statorless) blowers with low acoustic
emissions. According to theection3.2.4losses analysis presented in chafteéhe Tesla blower

leakage rate is lower in the diffuser (stator) case than in the diffuserless case. Consequently,
reducing leakage reduces fluid oscillation and noise intensity, primarily on the front and rear of
the source. Due to the reduction in leakatipe acoustic pressure level has been slightly altered.
Therefore, both stator and statorless bladeless devices have comparable overall acoustic noise,
which is lower than that of a bladed blower when considering similar tip speed, air flow rate, and

pressure at the outlet.
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4.6 Summary

A rig has been constructed to assess the acoustic emission of-#ypedbdadeless air blower
operating in an open field with a partially reflective floor. The results presented in this thesis are
innovative and an important contribution to future amtlans of this technology due to the
limited literature works on this type of machine. It has been explored several experimental
techniques and pegrocessing methods in order to characterize its acoustic noise. A sound
intensity probe is used in conjui@t with three microphones at varying distances to measure the
acoustic emissions. These measurements are made at various angular speeds. To evaluate the effect
of coupling phenomena on the acoustic emission of a Tesla blower, an accelerometer witle adequat
dynamic characteristics was used to measure the structural response of the system. There is an
intriguing novelty to this work, which is the study of noise generated by an unconventional

bladeless blower, which is not yet documented in technical literatitncerning acoustics.

Detailed vibreacoustic signature analysis of the bladeless blower has been conducted using time
frequency analysis during raryp testing in order to determine the major factors contributing to
both the acoustic and structural responses. In particularntain mechanical resonances are
detected at around 6000 Hz and about 6500 Hz, which contribute significatitByvibrational
response of the system, as demonstrated by a comparison of microphone and accelerometer auto
power spectra during ramyp tests The experimental data revealed that the vibrational response
spectrum is dominated by frequency components characterized by 1X and 4X orders, while the
acoustic response spectrum is dominated by 4X orders. Furthermore, resonances in the system
responsepgectrum were identified both during the ramp test by analyzing thefitegeency data,

and under constant maximum angular speed (30 krpm) by averaging the frequency spectrum

synchronously.

It has been determined that the sound intensity levels at 30 krpm, 20 krpm, and 10 krpm are 98,
87, and 72 dB, respectively. At a fixed distance of 0.5 m, sound pressure leveldB56f1.93

dB, 82 dB, and 67 dB are observed at 30 krpm, 20 krpm, andpi, kespectively. Based on
elementary reference models, the sound pressure level trend increases proportionately with angular
speed, while the sound pressure level trend decreases quadratically with distance. As the fluid

contribution to acoustic emissiomgreases during leakage flow, an increased amount of noise is
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captured by a microphone placed 0.2 meters fronsdlieceon both sides. The collector located
at the back of the source captures a significant contribution of acoustic emissions that may be

attributed toaeroacousticsffects.

An innovative comparison of Tesla blower performance with a bladed reference blower is also
presented. A Tesla blower generates a lower overall acousticoley8|(SPL-dB) at a rotor tip

speed of 27 m/s and a distance of 1m than the reference bladed blower, which generates an overall
acoustic level of 83.7 (SR#B). Since both devices are different, additional acoustic
measurements are calculated with the samgsrflaw to demonstrate that bladeless blowers are
again quieter than bladed blowers. Due égfrent blade interaction and pressure fluctuatities,

sound is generated at the blade surfaces, but this is minimized in bladeless turbomakhiaery.
consequence, Testgpe devices can be useful in lowise turbomachinery applications as a

means of reducing overall acoustic noise.
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5 Design procedure of bladeless compressor using numerical

simulation

This chapter examines Tesla's compressor performance numerically, which is influenced by a
number of factors related to the rotor (disk gap, fluidcosity diameter ratio) and
stator/volute design. Multiple aspects are examined in order to improve Tesla's compressor
performance, including the rotor, stator impact, and statorless or volute casingnéwative
bladeless rotor has been independently studied and optimized based on the Ekman number
and diameter ratio. The disk gap and radius ratio are crucial to the performance of bladeless
rotors. The rotoronly analysis determined an isentropic efficig of 95% with an optimal

rotor design, which is in line with expectations.

An optimized rotor is initially simulated with a stator (vane diffuser) and subsequently with a
volute casing. In the diffuser case, it has been numerically demonstrated that bladeless
compressors can achieve an overall efficiency up to 53%. It shouldted, thowever, that
compressor performance depends on the number of diffuser vanes and theogsbator
interaction. With an increase in diffuser vanes, overall performance may be affected by a
significant increase in frictional losses and statotor interaction. In order to improve
performance, the volute casing is examined, which reveals that efficiency is improved by 3%
5% as compared to the besined diffuser case. Even if the final choice of the designer
depends on the performance requirements awdllof complexity acceptable for the specific
application, this study demonstrates that Tesla compressor with vaketestatorless,
outperfornms any vaned diffuser configuration both in terms of efficiency and pressure ratio.

5.1 Numerical setup

A numerical analysis is performed using the commercial softwasy#\fluento improve the

Tesla compressor performandasysoffers two types of solvers: a presstiesed solver and a
densitybased solver. DensiHyased methods were developed for the solution of highly
compressible flows, whereas presshased methods were developed for the solution of
incompressible or mildlgompressible flow§l00] . Nevertheless, it has been demonstrated over
time that pressurbased solvers are more stable than deffisised solvers when dealing with
highly compressible flows in turbomachinddy01][101]. In a densitybased solver, the density

field is determined by solving the continuity equation, whereas the pressure field is determined by

solving the equation of state.

In this chapter, an ideal gas is employed as the working fluid to solve steady and compressible

flows using a pressuteased steady solver. The thidienensional Reynolds Averaged Navier
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Stokes (RANS) equations are discretized using
used RANS models are those defined by a pair of equations. Compared to other turbulence models,
they offer an excellent traes&f between computation cost and a@ay, as demonstrated by
Menter'g103] SST (shear stress transport) turbulence model in 1994. Using the SST model, it can
combine the robust and accurate formulation ofktliemodel[104] in the neawall region with

the freestream independence of tkev model in the far field (Menter, 1992)03][105]. Thek-

¥ S \8stous model is selected in this numerical study, which has become the industry standard
for in addition, the energy equationdsnsidered in order tiake into account heat transfer in the

flow field area For considerationf the temperaturehange caused by shear forces, the viscous
heating option is selected. The compressibility effect should be enabled in piesseniesolvers

when a compressible fluid being usedThe curvature option is alsmabled in order toapture

accurate results near the edge ofcheve.

For solving the governing equations, a coupled scheme for fluid coupling of pressure and velocity
is used. The coupled scheme has some advantages oveoupled approaches. This scheme
provides a robust and efficient singlbase implementation for stgadtate flows, exhibiting
superior performance to segregated schemes. This scheme isobaaegeconarder linear
interpolation upwindapproachThe flow domain between two rotating disksasidered to be
stationary When considering the entire "rotdiffuser” and "rototvolute” configuration,half of

the thickness of the disk amalf of the gap betweemtatingdisks areconsideredo be a single

fluid domain. The boundary conditions for temperature (300 K) and total pressure (atmospheric)
have been set at the inlet, whereas the mass flow boundary condition has been set at the outlet
[77][106]. The rotating wall isconsidereca moving wallwith no-slip conditions. The standard
roughness model (saigtain roughness constaagual t00.5) isconsideredn bothmovingand
stationary walls. Inflation layers are applied on bstationeryand movingwalls. The facet
average wall function y+ values are maintained as recommended kBywi®ST model. It is
recommended to use a y+ value of less théor thisk-w SSTmodel, butthis value may be less

than 5 depending on tmeodelcomplexity of the casp.07]. Nevertheless, in this analysis, the

value is less than 1 at moving walls while it is less than 3 at stationary walls.



5.2 Independent rotor analysis

The Tesla rotor is the heart of Tesla turbomachinery, which consists of parallel flat disks that
rotate simultaneously, mounted on a single shaft with a specified gap. A casing surrounds the disks
and several diffusers (nozzles in the expander mode)sar@dsent. The rotor allows the flow to
enter the disks through the center and exit through a variety of diffuser channels or volute outlets.
As a result of a literature review, no specific optimal design has been identified for Tesla rotors.
The performace of bladeless rotors is influenced $gveral factors, mainlgisk gap disk

thicknessinlet sectionand diameter ratio.

A numerical analysis ofthe Tesla rotor is conducted to improve the r@@erformance with
optimal design conditia The optimal design conditions are evaluated based on the following

factors.

1 Thegap between disks is performed utilizing the 1damensional Ekman andeynolds
numbers

1 Therotor performance igvaluated with different disk diameter ratissing optimal disk
gap.

1 Theinlet and outlet flow angd@areevaluated for the optimal design condition of the Tesla

rotor.

5.2.1. Optimization of disks gap

As discussed in sectidh5(stak of the art) about the challenges of Tesla turbomachinery, the disk
gap should be minimum but there is no clear indicatfdhe optimal design for the rotdt is the
viscosity of the fluid that is the primary mechanism of transferring energy to a bladeless
compressof97]. Due to the rotation of the disk rotor, the fluid is subjected to shear forces and
moves radially due to centrifugal forces. Fluid follows the path dirahimedearspiral, whose

size is directly proportional to rotational speed. In this manner, the fluid increases its total pressure
when it reaches the diffuser or volulieis important to note that the gap between twaatating

disks, which is a critical design parameter, is highly influenced by several factors, including the
nontdimensional Reynolds number, the thickness of the boundary layer, the kinematic vigcosity o
the fluid, and the rotational speed of the digk®iter and Pohlhausdi0] reported, the solution

5-3



of the linearized governing equations can be analytically calculated. According to their
assumptions, there is no normal pressure gradient on the disk and low relative velocities. Based on
their model, it was demonstrated that the boundary layer profgeaffacted by the kinematic
viscosity, the angular velocity, and the distance between the disks.

It has been shown by Crawford and Rj88] that the maximum performance of a Tesla pump
occurs when the flow between the corotating disks is laminflow between the diskaas also

studied byRice[17][67] anddevelopsothan analyticahnd numericamnodel as wellAccording

to Rice, the disk gap should be twice the boundary layer thickness, which is evaluated with Reyolds
numbers. The Reynolds number is in the range®fds better rotor efficiency, which is evaluated

by Eq.5.1. Hasinegef{23] conducted a Tesla rotor analysis for the water pump, that used the
Ekman numberwhich is alsecalled Pohlhausen parametefhe Ekman number can be defined

as the ratio between viscous forces aodolis forces, or as the ratio between half gapand
boundary layer thicknegs) as shown in below E&.2. The Ekman Number (Ehas been studied

by some researchers as an important parameter for the velocity profile between the disk gap
[22][23][97]. Variationof the disk gap pressure aefficiencyarehighly influencedor the Tesla

rotors. Boyd and Rice[99] split the flow field into two areas, thentrance,and the
asymptotic/Ekman region. It can be seerfrigure 5-1 that the flow velocity profile in the first

case is not fully developed, whereas in the second one, the boundary layer is fully de\iéeped.
Ekmanparameter for the Tesla rotor that contains all the variables discussed above are discussed
by manyresearcherf97][98][22][23]. Theseresearcheprovidethe for the better efficiency point

non dimensional Ekman number should be between 1 and 2. Based on this, nhengap
betweendisks variesfrom minimum to maximum numbeBo, in this chapter the disk gap
optimized usindReynolds number ariekman numbegbetween 1 and)Zs show inTable5.1. As

a result of this number, the gap between the disks can range from the minimum to the maximum
number. There are four rotor models that have Ekman numbers of 0.8, 1.25, 1.6, and 2, with disk
gaps of 0.1 mm, 0.15 mm, 0.2 mm, and 0.25 mm, respectikeldiscussed in Chapter Snce

there is already a result of the same device, it is easy to understand how the performance can be
improved by keeping the dimensions and rotational speed the same as those in the original
prototype.Additionally, therewill be no major modification irthe originalprototype exceptor

the spacer.
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5.2.2. Geometry boundary conditions and mesh distribution

For the rotoronly analysis, the boundary conditions are showrigre5-2 (1). The full gap (2h)

is chosen with a 1/8th (45°) tangential portion for ratoly analysis to reduce computational cost.
Such periodic boundary configuratiohas already been studiedby many authors and
experimentally validatedTo minimize threedimensional effects (in the mean), a periodic
boundary condition is used in the spanwise direction. For the boundary condition y = Es#ip, no
boundary conditions are applidgeigure5-2 (Il) shows a hexahedral mesh generated for the rotor.

A mesh sensitivity analysis is performed from coarse to fine cells to ensure an accurate analysis,
as shown ifrable5.2. As shown inFigure5-2, hexahedral meshes are generated exclusively for
the rotor, ranging from 17005 to 202882 cells, with a final selection of 202882 cells with almost
minimal error forpressure, torque, and mass flow rates. Further, an inflation layer of four cells is
applied close to the rotating wall regions to refine the mesh and resolve the boundary layer shape

accurately.
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Tabbl2gesl a rotor grid independence anal ysi
Mesh Elements Total % Torque % Mass Flow %
models # Nodes# # pressure Pa) Changes (Nm) Changes (g/s) Change
Rotor only - Hexahedral mesh

1 34560 17005 71324 -6.77%  0.000366 -1.80% 0.02481 -0.751%

2 51042 25200 71405 -6.65%  0.000366 -1.77% 0.02490 -0.390%

3 104152 51612 72550 -4.96%  0.000365 -2.00% 0.02512 0.471%

4 208146 137700 76050 -0.13% 0.000373 0.01% 0.02503 0.109%

5 306252 202882 76150 0.000373 0.02500

5.2.3. Performance discussion based on different disks gap

An analysis of th& esla rotor only isarried out on different diskhatfocused on totalo-total

guantities. For the calculation of totaltotalandstatic to static pressure ratibe followingEgs.

(5.3 and5.4) are usedwhile total to total adiabatic efficiency is calculatedduy

5.5. A mass flow average is calculated for the flow parameters at the inlet and outlet in order to

determine the overall performance of the compre$sgufe5-3).

oY ——

53

54

55

Figureb5-3 illustrates the total to total and static to static pressure ratios for four different Ekman

numbers. A characteristic line of Ekman number equal t¢rdtér model M3)s higher than that

of the other cases at all mass flow rafé®e pressure ratio increases with the gail Ek-1.6 and
thenit decreasesBoth pressure ratio total and static are higher at lower mass flow rate and then
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its decrease towards the higher mass flow iHtés result states that pressure ratidependent

on the disk gapwhereboundary layer profile is well developed at the optimal Ekman number.
Furthermorethe totalto-total adiabatic efficiency is higher at Ekman number(18) as shown

in Figure5-4. It has been found that the Reynolds number in the tested cases is approximately 10
(Figure5-5), almost twice that of optimal 5 and¥7][67][69]. A rotor model (M1) with an Ekman

number of 0.8 has the lowest efficiency of approximatefp.78

The efficiency occurs with increasing Ekman number until 1.6 (M3) and further decrease when
increasing the Ekman number from 1.6 (M3) to 2 (M4). Thus, the performance map clearly shows
that Ekman number around 1.6 is the optimum case, especially for lew flow rates where
Arotor onlyo total to total efficiency is mor e
between model M1 (ER.8) and rotor model M3 (Ek.6), which is highlighted in black circle.

The statiestatic pressure vs mass flowstsown inFigure5-3 where Ekman 1.6 indicates a higher

static pressure ratio of 1.29 compared to other Ekman numbers at 0.045 g/s. The analysis is carried
out for the single gap and the higher efficiency is obtained at 0.045 g/s. By increasing the disk gap,
the characteristilines of the rotor only, Tesla compressor differ from those of the conventional
one. It is apparent that in this case, the pressure ratio line is asymptotic taxisewshile the

bladed compressor is asymptotic to thaxis. Thisoutcomeis quite interesting, and it actually
explains the advantage of bladeless turbomachinery. Due to the lack of blades, the flow can adapt
to the optimal flow angle at different mass floates, givingeach time the highest performance.

This means that the device can @termore efficiently and with less energy than traditional
turbomachinery. The absence of blades also simplifies maintenance and repair procedures, since
it eliminates blade replacement or adjustment. Additionally, the lack of blades reduces the risk of
mechanical damage, which can be a major setback for traditional turbomachinery. As a result of
these advantages, bladeless turbomachinery can be used in a variety of applications. This obviously
cannot happen in a constant blade compressor where lossessdgoeeformance as diverging

from the operating point. This makes bladeless turbomachiseefficient andreliable than
traditional designsit small scaleAdditionally, bladeless turbomachinery is more cost effective,

as it requires fewertomponents and is easier to manufacture. This makes it an attractive option for

many industries.
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At the primary y axis, thé&igure 5-5 illustrates Tesla rotor efficiency as a function of Ekman
number, while at the secondary y axis, it illustrates Reynolds number as a function of Ekman
number. The Renolds number is increased by an increase in the Ekman number, however, the
efficiency is ncreased by an increase in the Ekman number until 1.6 and then decreases as the
number is increased further. This analysis indicates that Tesla rotor performance varies from a
lower Ekman number to 1.6 (worst to best) and then from 1.6 to a further legke(best to

Worst).
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As shown inFigure5-6 the pressure increases with increasing radial distdineerotor model is
analyzed in this figure, whereby the prototype modélhds the lowdsEkman numbe(Ek-0.8),

while the better efficiency point rotor model M3 reas Ekmamumber of 1.6. However, in both
cases, rotor model M3 shoadbithigher pressure than rotor modelMDue to the optimal spacing
between the disks, it is possible to show that the pressure within the rotor will be increased, which

will help to improve the overall efficiency of thetor.
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In order to get an understanding of the main flow phenomena, the Ekman numbers of 0.8 and 1.6
have been chosen as the worst and best cases, respectively. There is a smooth increase in the total
pressure in both casEgyure5-7, however, the case with a higher Ekman number exhibits a higher
gradient while the case with a lower Ekman number exhibits a more abrupt increase. The advantage

of this is that momentum can be transferred more effectively to the flow in this case, as a result.
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5.2.4. Optimization of disk diameter ratio

The efficiency of the Tesla rotor will be higher at very low mass flow rhatagever, there are no
optimal design conditions that can be identified in regard to the diameter ratio, disk gap, and flow
angle, as discussed above. A number of authors have analyzeaddregi@ssopumps in the
literature that operate with different diameter ratios and with different working fluids, such as
water[23][17][70]. In accordance with the literature data, Tesla compressors should have a rotor
diameter ratio between 2 anda$ given in Ed.6. Thus, in this section, a Tesla rotor analysis is
undertaken based on the rotor diameter ratio, while an optimal disk gap is determined based on the

optimal Ekman number and Reynolds number as discussed in previous se@idns
oY — CME Qu 5.6

There are five rotor models selected for CFD analysis of the bladeless rotors as shabe in
5.3. These rotor models are analyzed in accordance with the diameter ratio of the Tesla compressor

at rotational speed 40000 rpm. A numerical analysis of these models is carried out in this section,
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which gives a detailed explanation of the bladeless rotor results. It is important to note that the
boundary conditions are selected in the same way as discussed in the previous deetimha
graphical representation is showrFigure5-2 (1) It is the grid generation that is evaluated, which

can be seen ihable5.2, while the mesh generation can be sedfigure5-2 (I).

Tabo3®esi gn parameters of Tesla compressor rotor

Tesla Compressor

Model Model Model Model Model

Parameters

(DR2) (DR2.5) (D150) (DR3) (DR4)
Disk outer diameter, mm 120 120 150 120 120
Disk inner diameter, mm 60 48 60 40 30
Diameter ratio, (DR) 2 2.5 2.5 3 4
Disk thickness, mm 0.1 0.1 0.1 0.1 0.1
Disks gap, mm 0.2 0.2 0.2 0.2 0.2
Re, (¥ (32)h) 10 10 10 10 10
Eknumber, (ha( 1.6 1.6 1.6 1.6 1.6
Rotational speed N, krpm 40 40 40 40 40

5.2.5. Tesla rotor performance discussion based on the disk diameter ratio

To conduct independent rotor analyses using a single disk gap, the following five models are
considered as shownrable5.3. They are: DR2, DR2.5, 30, DR2, and DR4Figure5-8 shows
the totalto-total pressure ratio plotted against the mass flow rate. The total pressure is calculated

by using the masweighted average method, and the pressure ratio is calculatedeq®irg)

Based on the results, it appears that pressure ratios are highly dependent on area, as shown in
Figure5-8. In all five models, there is a sharp increase in pressure ratio at low mass flow rates.
Due to itslargerouter diameter of 150 mm, rotor model D150 indicatéstal-to-total pressure

ratio of 2.6, higher than the other rotor models with outer diameter 120 mm. The rotor models
DR2, DR2.5, DR3 and DR4 have a fixed outside diameter of 120 mm with variations in their inlet

sections. Nevertheless, the higher diameter ratio imaltashigher pressure ratio than the lower
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diameter ratio. As the mass flow increases, the rotor moded MBcreases with a bit higher
gradient than DR2, DR2.5 and DR3. In the case ofdDéhd DR3, the maximum total pressure

ratio is 1.% and 1.91 at 0.04 g/s mass flow rate, respectively. In comparison to other models, the
Rotor model DR4 showslagherpressureatio,and the curve is almost decreasing linearly as the
mass flow rate increases, but its gradient is higher as compared to other models. When it comes to
the higher mass flow rate rotorodels, the DR4 is not suitable from an efficiency point of view,

but when it comes to the low mass flow models, the DR 4 is appropriate than other models.
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Figure5-9 illustrates the relationship betwetaal-to-total efficiency and mass flow rate for Tesla

rotor models. Théotaktto-total efficiency is calculated by usirieg.

5.5, the specific heat at constant pressure, and k, the heat capacity ratio, are constant with
temperature. The value for air is 1.005 kJ/kg K, and the k value is 1.4. There are several averaging
methodsut, in this studythe masswveighted average method is conside{#@8]. Many authors
[17][67][99] have predicted that the efficiency of rotors can reach more than 90%. In fact, thanks
to the choice of the optimal Ekman number equal to 1.6, all mtatelsuse the optimal gap
between disks. This CFD study predicted that at low mass flow rates of 0.04 g/s, the bladeless
rotor efficiency reached a maximum of >9%86the diameteratios >2.5while rotor model D150

(this model has a larger outer diameter 120 mm tth@rmodels 120mm) at 0.8 g/s. It has been
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studied numerically ira previoussection(5.2.3 that bladeless rotors with diameter ratios of 2
(Model M0) and an optimal disk gap of 0.2 mm produce a maximum efficiency of 8&&.

models DR2.5 and D150 have a diameter ratio of 2.5, with an outer diameter of 120 mm and 150
mm, respectively. As D150 has a wider area than DR2rigicatesa higher efficiency atigher

mass flow rates, but both models indicate >95% efficiency. As a result of the diameter ratio 3 and
4, the DR3 and DR 4 predicted a bit higher efficiency at low mass flow rates, but as the mass flow
rates increase, the efficiency decreases ighergradients as compared to the diameter ratio 2

and 2.5 of the rar models DR2, DR2.5 and D150. The curve of the DR 4 rotor mosiehighter

than that of the other models, indicating it is more efficient at increasing mass flow rate than the
other models, but at a specific mass flow rate, once it has increased, it decreases more rapidly than
the others because the gradient is higher. The masdhe high efficiency of this model is that

there is a bit higher pressure ratio than in the other models. There is a decrease in the pressure ratio
as mass flow increasesy ¢he efficiency drops with the increase in mass flow. Nikola Tesla
[19][20] claimed a bladeless rotor efficiency of around 97% whigiossible to be obtained just

atlow mass flow rateThe efficiency will suddenlylrop from peak to lower a& verylow mass

flow rate less than 0.04/s, which is notcapturedin this study.In bladed compressors, the
performance is known to be negatively impacted when the diameter of the rotor decreases, whereas
in bladeless turbomachinery, performance and efficiency are not significantly impacted when the
size of the rotor is reducdd7]. It is because of this working principle of bladeless compressors
that one of the effects of viscous loss on the performance is an increased flow rate because of

viscous loss.
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Figure5-10illustrates the total pressure at different radial positions of different diameter ratio rotor
models at a mass flow rate of 0.08 g/s. This study aims to determine the pressure behavior of rotors
with different diameter ratios (DR). This is why the owtmeter has been fixed at 120 mm, and

the inner diameter has been adjusted. This study considered four rotor models with diameter ratios
of 2, 2.5, 3 and 4. There is an increase in pressure for Tesla rotors with increasing radial length in
all cases, althugh a higher diameter ratio rotor model (Dig#ey color) results in a higher total
pressure as compared to a lower diameter ratio rotor model. Increasing the area of a rotor results
in an increase in pressure, and the higher the DR, the greater tlasénorpressure. It is estimated

that the difference between DR 2 and DR4 at the outer radius is 11300 Pa. In contrast, there is a
difference of 4700 pa between the DR 3 and DR4 rotor models. The rotor area determines how
much pressure is generated, arldrger DR increases the rotor area, which results in a higher
pressure ratio. The difference between the DR 2 and DR4 rotor models shows that there is a much
greater increase in pressure for a larger DR, which indicates that a larger DR is more bfmeficial
achieving a highepressure ratio. Tesla rotors are highly dependent on the diameter ratio, and a
larger DR is beneficial in order to achieve a higpesssure ratio.
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5.2.6. Inlet and outlet flow angle analysis is based on the different Tesla rotor

models.

Figure5-11illustrates the relationship between the inlet and outlet flow angle and the mass flow
rate: 0° corresponds to the radial directiés. the bladeless rotor spins at 40000 rpm, the tip
velocity is significantly higher as the rotor radius increases. In this case, the pressure ratio line is
asymptotic to the yaxis, whilst the bladed compressor is generally asymptotic to-#xesxThis

study results are quite interesting at first glance, and they explain bladeless turbomachinery
advantages. Despite varying mass flow rates, the flow can adapt to the optimal flow angle due to
the absence of blades, which results in high performance everyitie massveighted averaging

method is used to determine tfaglial and tangentialelocitiesto calculatelow angles based on

Eq.5.7.
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At a very low mass flow rate of 0.04 g/s, the rotor efficiency is >95%, the outlet flow angle is
approximately 89.929,e., almost 90°. When the mass flow rate is low, the flow angle is almost
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tangential, but as the mass flow rate increases, the flow angle drops, caused by an increase in radial
velocity. Despite this, maintaining an almost tangential flow angle at higher mass flow rates is
challenging for achieving higher efficiency when a ds#fu or stator will be coupled. However,

the rotor D150 model is predicted to have a higher flow angle in relation to increasing mass flow
when compared to other rotor models. Therefore, a flow outlet angle of around 90 degrees
(tangential)is required foroptimum efficiency of a roteonly. When using a diffuser and stator
configuration, it is quite difficult to maintain this flow angle. As mass flow rate decreases from
0.04 to 0.7 g/s, there is a 1528% drop in rotor efficiency with a 2° change in outletv angle,

which translates into a 15%8% drop in rotor efficiency.
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As a general principle, it should be noted that IGV (inlet guide vane) can also enhance the
performance of conventional turbomachinery, such as fans, compressors, and pumps
[109][110][111][112]. It is important to note that bladeless turbomachinery does not have flow
guides or inlet nose cones.

It is also necessary to study the flow angle at the inlet of the bladeless compressor in order to

evaluate how it affects tteo mp r eperfoimnangesUsing Eq.
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5.8 it is possible to calculate the angle of inlet flow at the inlet.

Owé¢

C‘|

58

Moreover, there is no flow guide present in the inlet section, which means that the flow practically
enters axially, therefore, the ext@aial fluid domain has to be considered since there is no flow
guide. The flow enters almost axially, moves spiraifween disks, then exits radially as it leaves
the disk outlet. Using the inlet tangential and radial velocities, the maximum flow angle is
determined to be around 80° at a mass flow rate of @<¥ér the rotor model DR2.5 and DRS3,
while DR 4 has a bibwer. It is possible due to the lower inner diameter of the DR 4 rotor model.
As the mass flow rate increases, the inlet flow angle dsagdenly, resultingn an increase in
radial velocity and a decrease in tangential velocity, as expected. However, a low inlet flow angle
maybe able to have some effect on tdwerall performance. As a resulttbe implementation of

the conical flow guideas shown irFigure5-12, flows would enter in a mix ofadialand axial
directions instead of a pure axial direction. It is also useful to reduce the inner radial velocity of
the extreme disk in addition to reducing it. It is possible to improve the total to static efficiency by
reducing the radial inlet velocity wards the extreme disk by increasing the flow guider length.

This would improve overall performance to a certain extent.
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In conventional turbomachinery, flow guides play a relevant role in enhancing performance or
extending the operatingainge. There are two types of guide vanes used, namely the inlet guide
vane (IGV) and the exit guide vane (EG\P9][110][111]. These guide vanes are positioned at
different angles in order tguide the flow as required. Mixed flow compressors argreht
importance due to their moderate flow rates and pressure rise coefficients. For applications
requiring high flow rates and high pressure rise coefficients, but with a moderate operating range,
multi-flow compressors are preferrgtl3][114]. Numerical analysis of mixed flow impellers is
detailed in a study by Rajkumfdrl 3] that comparethe results of the CFD study wigxperimental

results andinds goodagreement between the experimental and CFD results. The literature survey
on bladeless turbomachinery does pobvide anyinformation on inlet guideslt has been
observed by many authof21][67], however, thatthere is an inlet loss when operating a
compressor, while an exit loss when operating a turbine. A-sexgin view of the prototype
model is shown iFigure5-12, where a nose compeovides some restrictélbw that can be guided.

It is imperative to mention that the flow guider in the inlet section @ayisnportantole, which

is designedn a very simple mannamnd is positioned at a 12° anglethe shaft(based on space

and size of the locking pinpue to this implementation, the flow entact in a pure axial manner

but in a mix of axial and radial directions. In addition to reducing the inner radial velocity, it is
possible to increase its length. CFD analysis is performed for a singlgagiskvhichpredicts a

minor improvement of 0.5% in totakatic efficiency, which could be improved until tvxgreme

disk, where increasing the flow guider length results in a reductiocadialinlet velocity.

A tesla rotor is characterized by fluid entering axially and passing through a gap between the disks.

Flow between the disks occurs in a spiral fashion and comes out in a radial pattern.

5.3 Coupled Stator and rotor analysis

Tesla's compressor poses several challenges in terms of improving its perfoffhanstatoior

diffuser design is quite significant and is influenced by many parameters, such as diffuser angle,
shape, diffuser length, area ratio, clearance between diffuser and rotor, and number of diffusers.
Thereis no specific data available for the design of the Tesla compressor stator. The stator/diffuser
should be oriented nearly parallel to the rotor disks, according td@&ifeNevertheless, this has

not yet been proven. The interaction between bladeless machines results in significafi2psses
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In the previous section, it was discussed that the diffuser (nozzle for the expander) was designed
for an expander operation, which resulted in reduced performance in a compressor mode, thereby
resulting in recirculation. However, the diffuser was posétat an angle of 2.%ith respect to

the tangential directioas shown irFigure5-13 (a).

Different diffuser shapes are examined in this section using coupled stator and rotor
configurations. During this study, rotor model M3 with an outer diameter ainb2@ considered,
while disk gap is 0.2 mm. Additionally, sensitivity analyses are carried aldtesmine whether

the number of diffusers affects the performance of the system.

5.3.1. Optimization vane diffuser shape

In this section, starting from the original prototype geometry "case 0", and twoamediffuser
configurations cases 1 and 2 are proposed as showabie5.4.The rotorstator interaction gap

is 0.5 mmaveragelt is the same for alimulatedcases and it is not an optimization parameter for
this study. Furthermore, only the rectangul ar
has an area ratio of 10.2 with a divergent angle of 18.5° while the diffuser is placed at a 2.3° angle
as discussed ichapter 3ection3.2 For the performance improvement, different diffusieapes
havebeen studied that is placed different lower tangential angle (k5f). icase 10, t he
a bent channel with an area ratio of 3.6 where the throat rerh.3The diffuser is placed at & 5

angle and its upper and lower sections are diverted by 2.6° an(45.8%erage vale of both
angle)respectively as shown Figure5-13 (b). The second proposed (case 2) diffuser is a straight
channel with a throat of 1riim, an area ratio of 2.7, a diffuser angle of 3.5° and a divergent angle

of 2.4° illustrated irFigure5-13(c).

Tabbld®esi gn parameters of diffuser

Model No. of diff. Throat (mm) Exit(mm) Length(mm) Diff angle (°) Divt. angle (°)

Case 0 8 1.0 10.2 31 23 18.5
Casel 8 131 4.76 40 5 4
Case 2 8 1.1 3.0 45 35 24
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Divergent
Area ratio = 3.6

angle ~ 18.5° Throat = 1.3mm
Diffuser angle =5°

Area ratio = 2.7
Throat = 1.1mm
Divergent angle = 2.4°
Diffuser angle =3.5°

(a) b) ( (c)
Fi gbtaDi ffuUasercase 0, ®r opaose)dlaudase€ ulslerwi t hl .r®)t or mode

The performance of diffusers has traditionally been evaluated using aogeasmensional

theory of nozzle$115]. As shown inFigure5-14, a performance map for a linear nozzle with a
rectangular crossection has been derived from Ikui (1988) and highlighted by Obajidsji

The width is the same in all diffuser cases. According to standard maps for a linear diffuser with a
rectangular crossection[115][116], t he fAcase 00 diffuser | ies ou
as visualized in ChapterRgure 3-8. This diffuser was designed for the expander model; hence

an i mproved diffuser design is needed. The fc
of standard linear diffuser maps and increase the compressor performance. Based on the literature,
the second proposed diffuser configuration (case 2) is expected to have better performance due to

higherpressure recoveifyL16].
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5.3.1. Coupled rotor-stator geometry boundary conditions and mesh distribution

The model "case 0" and proposed Tesla compressor are composed of eight diffusers; thus, a 45°
slice is simulated As shown inFigure5-15a single fluid domain witltoupledrotor and diffuser
configuration is considered in this simulation. Thus, in order to minimize computation costs, it is
decided to consider half of the disk gap (h) and half of the disk thickness (t/2) with 1/8th tangential
portion (45°) in order to minim& computation costs. The symmetry 2 boundary condition is
applied on one side of the fluid domain (the center of the gap and diffuser), and on the other side,
the symmetry 1 boundary condition (diffuser) is applied. A rotating wall is depickédure5-15

with the red color indicating that it is rotatinghe boundary conditionare considered same as

case 0 foall cases 1 and 2 as showrFigure5-15
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computational domaias shown irFigure5-16 Furthermore, a foucell inflation layer is applied

close to the stationary and rotating wall regions in order to refine the mesh and resolve the
boundary layer shape accurately. It is important to determine how accurately the boundary layer
can be resokd by using the y+ parameter, a rdimensional parameter. As showrHigure5-15,

there are two types of waltonsideredn the analysis, the first stationary wall and the second
rotating wall.The stationary walls are considered at diffusers with average y+ values lower than

five and rotating walls are considered at rotors with average y+ values lower than one. Generally,

it is recommended that the average y+ value forktaeSST model be less than 5 in order to

maintain accuracy, and accordingly, in the current study, the average y+ value is maintained less
than 5.Based on a mesh dependency analysis of 200,000 cells until 2,000,000 cells, it was found
that there was an error of less than 0.1%ass flow convergence and torque convergefigere

516(b)s hows t he generated mesh of the ficase 0" b
of 1,310,000 cells is used, which corresponds to an error of 0.05% for torque and mass flow

variables Other information regarding numerical setrpdiscussed in pervious sectibri
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5.3.1. Results and discussion of the different diffuser shape of Tesla compressor

In this simulation, a rotediffuser combination is simulateat a rotational speed of 48pm.As a

first step, a model of the Tesla expander operating in reverse mode is assessed and aligned with
the original prototype. Afterwards, the same rotor is numerically investigated when it is operated
at a reverse rotational speed and coupled to one ¢ivihnew diffusers alternatively. Simulations

are conducted at steadtate, and performance characteristics are calculated using mass flow

averaged numericagsults at the inlet and outlet of the Tesla compressor.

Figure5-17 shows the total to static pressure ratio for the three diffuser configurations (cases 0, 1
and 2). In accordance with expectations, the pressure ratio decreases with an increase in mass flow.
Based on the results shown in the previous seEigure5-4, the rotor model M3 has the optimal
Ekman number (E#.6) and has the highest static to static and total to total pressure ratios 1.29
and 1.85 respectively at low mass flow 0.045 g/s. In this condition, the rotor efficiency is 82.6%.
This rotor is couplé with diffuser cases for the purpose of analyzing the performance of the Tesla
compressor. M3 model is simulated with both proposed diffusers in cases 1 & 2. A total to static
pressure ratio of 1.41 was found for the first diffuser "case 1" and 1.4befaetond diffuser

"case 2" at a mass flow rate of 0.045@/se total to static pressure ratsocalculated by E.9.

The characteristic curve of the Tesla compressor with the second proposed diffuser "case 2"

indicates higher pressure ratios than the other configurations. For all three diffuser configurations,
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better performance is achieved at a low mass flow rate. It is necessary to mention the reduction of

thetotal to statigoressure ratio caused by the diffuser.
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FigbXr@ot-atatic pressure ratio vs mass flow rate f

Increased mass flow through the diffuser causes the absolute flow angle to increase as the diffuser
radius increases, whereas frictional effects, which decrease stagnation pressure and dissipate
angular momentum, have the opposite effect; therefore, alae ghgle remains approximately
constant despite the reduction in stagnation pressure. As a result of viscous effects, the boundary
layer is skewed, and the fluid near the wall has a greater flow angle than the fluid in the core flow.
As the flow directiomear the wall becomes tangential, separation occurs. The pressure recovery
is calculated by below Ef10. Where Gis a nordimensional pressure recovery parameter, it is

ratio of pressure difference (stator outlet statice pressure and rotor outlet pressure) and kinetic

pressureWherery andr]  static pressure at stator outlet and rotor outlés,air density and
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0 rotor outlet velocity As shown inFigure5-18 pressure recovery is higher for the case 2 as
compared to other configurations. At the mass flow rate 0.4 g/s the pressure rémovecya s e 2 0
is higher thard ¢ a sTeh ehsBd@diffuser has a large area ratio and case 1 is bit ldveeiccase

04 while 6 ase ddiffuser has a lower radius ratio that results in lower area ratio.
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FigbI®ressure recovery (Cp) vs mass flow r

To achieve high efficiency, Beena D. Bal¢hi8] suggests maintaining constant velocity at the
design point so that a uniform static pressure distribution can be achieved. A compressor
performance can be determined by comparing the static pressure recovery coéffigigrth

the total pressure lossefficient(' ) by Eq5.11and5.12. In this case considered only diffuser inlet

(rotor outlet) pressure and diffuser outlet pressure.
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Apart from the pressure ratio, total to static efficiencydeterminedfor "rotor-diffuser”
configurations whichis calculated by E®.13. Based on the results presenteétigure5-16, the
efficiency curve of the "case 2" diffuser stands out from the other two cases 0 & 1 when compared
to the efficiency curve under the "case 2" diffuser. There is a maximum efficiency of aB¥nd 5
observed for the case 2 diffusetor model (M3Ekman 1.6) when 0.4 g/s is applied. Among the

two configurations, case 0 has the least efficiency while the first configuration floats in the middle.
With the implementation of a better shape diffuser pitessure drop in case 0 diffuser has been
reduced. In case 0 which is the original prototype model, the total static efficiency is approximately
42.5% while in case 2, there is an increase of 10%. This is possible in part due to the optimal gap
of the rdor and in part due to the better shape of the diffased orthe rotor only analysis

(M1), thetotalto-total efficiency at 0.4g/s is 70.6%, while Model M3 is 75% when considering
the rotor only analysis (M1).

5.13
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In order to explain the shape of the performance line, it is necessary to delve deeper into the
computational fluid dynamics results and in particular into the contours of static pressure and
velocity in Figure5-20. As a result of the case 0 configuration, a significant area of recirculation

is observed at the exdf the diffuserwith optimal disk gapof 0.2 mm at Ek1.6. Diffuser
divergence angles are far from ideal, which causes the flow to separate. There is a significant
improvement in the performance of the second diffuser. The angle of its walls is within the
optimum design range. However, ayeatke flow can be olesved at the exit of the first diffuser
configuration. Furthermore, the area covered by the wake flow and that of the jet are almost equal.
As a result of the absence of a separation bubble, thiigeation is better than case 0. At a mass

flow rate of 0.49 g/grigure5-20 (a and bhows the static pressure and velocity fields of the best
tested configuration. There must be a direct relationship between the design of the diffuser and the
performance characteristics of the Tesla compressor. A large amount of recirculation is found in
the diffuser of "Case 0", whereas a small amount is observed in the diffuser of "Case 1", and a
further reduction is observed in the diffuser of "Case 2" as showigume5-21 (a and b) At the
diffuser's exitfFigure5-21(b) shows the velocity differences between the upper and lower regions.
As a result, the velocity field at the exit of the diffuser is more uniform, limiting separation losses.
The diffuser top wall still has a reduced area of wake flow. The reason far this to the velocity

profile entering the diffuser. There is a difference in radius between the upper and lower walls of

the diffuser, resulting in an irregular profile, resulting in confined jet wakes from the outlet. The
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implementation ofotor model M3 (Ek1.6) will result in an improvement in overall performance

with &case Bdiffuserand a reduction in the number of disks by 3B#n the original prototype

resulting in a reduction in the production costs.
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5.4 Impact of the number of diffuser vanes

As it can be seen from the previous sectd? the rotor model with an optimal gap at Ekman
number 1.6 has the best performance. Additionally, with the larger diameter, the performance is
more efficient. However, for diffusesensitivity analysis, a gap of On2n is considered while a
diameter ratio of 2.5 (12m/48 mm) is consideredAs mentioned in the previous sectiss3,
case 2 has shown better performance when it comes to diffuser selection. Consequently, in this

analysis, the diffuser selected is 'cas@ e diffuser sensitivity analysis is carried out at 40 krpm.

To investigate the sensitivity of the proposed diffuser in ‘case 2,' the rotor model DR2.5 is used to
vary the number of diffuser vanes. Four, eight, and twelve vanes diffuser configurations are
simulated using rotor model DR 2t® assess their impact on Tesla compressor performance. In
accordance with seotn 5.3.1diffuser, the stator angle is fixed at 3.5°, and each diffuser vane is
placed every eighth part (84%5°), resulting in a total of eight diffuser vanés.for the other four

vane and twelve vane configurations, keep the same diffuser and rotor model, but only changes
the number of diffusersThe four and twelve diffuser vanes are studied without adjustiag
geometry of the rotor (RDR2.5)or the angle of the stator as showirigure5-22. There is only

a variation of four diffuser (placed at each 90°) {@0”) and twelveiffuser (placed at each 30°)
(12Vv-30°) in the diffuser vane number, as showrFigure5-22. As discussed in the previous
section, the 45° parts of the single gap is taken into account for the CFD analysis fdiffinec8
configuration, while the 90° and 30° parts are taken into account for the 4 and 12 diffuser

configurations, respectively #void computational cost.

Figb2®&dtator (diffuser vane)DRoEfli §uyrati ons with
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The numerical analysis of Tesla compressors in the previous section uses eight diffusers.
Consequently, in this analysis, the boundary condition is the same as discussed previously for the
stator configurations 4 and 12. Figure 12 indicates that thels@idepresents the pressure ratio,
while the dashed line represents efficiency. As a result of-thifuser model, thehighest total

to staticpressureatio of 1.45 is achieved and the hightsal to staticefficiency of 53.8% is
obtained The totalto static pressure ratio and total to static efficieacalculated by Eg5.9
and5.13respectivelyBy doubling the number of diffuser vanes from four to eight, pressure and
efficiency show minochanges, whilenass flow rate is almost doubled for the same pressure ratio.
However, with a further increase of the diffuser vanes to 12, both pressure ratio and efficiency
drop. The peak pressure ratio is now just slightly over 1.4 while efficiency is relolydéd points
ascompared to théd-diffuserconfiguration. Hence, this indicates that increasing the diffuser vane
area leads to an increase in skin frictional losses, wiashan impact ooverall performance.
Similarly, Chehhafl117] pointed out that in a conventional centrifugal compressor, both pressure
ratio and efficiency are affected by increasing the diffuaaes, and higperformance is achieved

at a low number of vaneblevertheless, such an impact is not universaiddependenon the
adopted specific geometry.
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The 4diffuser configuration achieves the highest efficiency at a mass flow rate of 0.24 grams per

second for a single gap, whiled#fuser configuration shows a slight difference in both pressure
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ratio and efficiency but higher mass flow rate, as well as a flatter curve thandiffasér
configuration. There is a flatter curve for thedifuser model when compared with the other two
diffuser vane models, however, the performance is slightleiddiaan the other two modelBhe
contour plots for static pressure and Mach number are preserftegline 5-24 It is evident that

the static pressure is evenly distributed between the rotor and the diffuser outlet.
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It is noted that the differential pressure between the rotor and stator outlet is approximately 25000
Pa, that shows pressure recovery is high for this diffuser. During peak efficiency, the Mach number
is less than 0.9, which is demonstrated by the tilglsirance between the rotor and throat, which

is less than 0.2 mm. It is estimated that the Mach number at the peripheral of the rotor is
approximately 0.7. such Mach number distribution is almost similar but different mass flow rate.
A decrease in overadifficiency occurs when the number of diffusers increases since skin frictional
loss occurs at higher mass flow rates, along with a decrease in rotor efficiency as the mass flow

rate increases.

5.5 Coupled rotor and volute or (statorless) analysis

The purpose of this section is to perform a coupled +natarte (statorless) configuration in

order tominimizefrictional losses and improve performance by incrementally increasing the flow
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rate due to the volute shapEBurthermore, comparison is made with coupled retator
configuration. For the stator and rotor configuratieighté c a s e 2 \@anes havbtenusesl r

with rotormodel DR2.5Additionally original prototype rotor model DR2 and D150 (see section
5.2.4 are also used to compare the performance with vatuseevident from the previous section

that increasing the number of diffusers increases the mass flow rate and reduces performance in
terms of pressure ratio and efficiency. The losses are primarily cau$edtiopal losses of the

skin, which affect the overall performance of the plant. To minimize skin effect losses, a volute
shape is analyzed to gain a better understanding of the overall performance of a bladeless
compressor. Upon reviewing the relevant informatibis, obvious that just after the rotor, there

are higheffrictional lossesso it is necessary to maintain the optimal area for the volute to obtain
the best efficiency. A volute performs two key functions: collection and diffusion. A compresso
volute shape can have a significant impact on performance due to tsymoretrical pressure
distribution[119][120][121]. The static pressure is increased by gradually increasing the cross
sectional area of the volute whiaitreases the flowhrough area of the fluid. In the compressor
casing, the flonthrough area is varied and gradually increases due to the position of the bladeless
impeller center of the volute. Fluid passes through the disk gaps in the volute casegtand
through the rotor outletvhich is indicated with spiral dashed lineFigure5-26. This outlet radial

flow directly enteranto volute from the small crossection area between the rotor and volute and
continuously adds mass flow based on the volute shape. By placing the diffuser at the outlet of the
volute, the flow is further diffused in order to increase the static pressure.

In terms of the Tesla or bladeless compressor, there is a few data available, while in terms of the
expander, there is more detail available. There is some data presented by the author that shows that
with the volute configuration, rotor efficiency is quibigh at low mass flow rates, but just after

the rotor there is a substantial rise in irreversibility at these low mass flow rates, due-statotor
interaction Wang et al[22] conducted a numerical study involving stationary components and
rotors in order to determine the loss mechanisms of shear stress pumps focusing primarily on the
outlet area. A high swirled flow was observed at the rotor exit, which caused a signifessuirpr

loss in the static diffuser. When the flow coefficient of the rotor is low and the dynamic pressure
is high, the efficiency of the rotor is greatly enhanced. So, a compromise between rotor efficiency
and diffuser efficiency needs to be found. Acaogdto Wang[22], both numerical and
experimental analysis was conducted to determine the drop in performance after the outlet of the
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rotor. A strong recirculation of air in the diffuser and scroll volute resulted in reverse flow entering
the rotor, causing friction loss and reducing overall performance. Several Tesla compressors with
a volute configuration have also been studied by [RiZ§{67]. However,his studies focused

primarily onrotor design, while he volute configuration ha®t been discussed in detail.

5.5.1 Geometry details with boundary condition and mesh distribution

A simple calculation is done for the statorless "volute" geonaetsignin accordance with authors
Sauza,Pan and Yy122][123][124]. A common assumption for the volute design based on
conventional design theory is that the flow leavingrtiter at radius (Figure5-25) is uniform

in the circumferential directiof®an[123] desigred thevolute, based on momentum conservation,
under uniform static pressure and no friction between walls, the velocity within a volute is
calculated by Ed.14. In the case of uniform flow conditions, the volume flow matecan be
calculated Edp.15:
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Souza[122] design volute for constant velocity applicatidrccording to his desigthe overall

wrap angle d) for a volute is normally established as 360 degrees, implying that the profiles at the
start and end of the volute are horizontally right of center, as shoviigure 5-25. The
fundamental design rule is established aheediameter and height of the volute astablished

in order to accommodate the impeller. A fluid flow rate through a volute section at an angle can
be represented by the product of the circular component of the absolute velocity and its area,
whereas the area can be calculated through integiedishown in E§}5.16 and5.17. Assuming

a linear relationship between flow rate and angle, the flow rate can be calculate8.b§, Ednere

Ois the discharge flow rate.

0 .0 zA! 0 z@z i Qi 5.16
0 i 2] 517
. . — 5.18
U v ?¢ -
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The different volute shape has been studieBiyitrescu125] thatshowscircular tongue shape
effective in terms of volute efficiency as compared to rectangular tongue hapeo volute
tongue shapesentropic efficiencywas influenced byaround 510% The volute geometry is
analyzed with rotor model DR2.5 (120/48), where the volute outer diameter is 150 mm, and duct
outletis 14.5 mm, and the volute diffuser duct outlet is 21.5 nsh@asin Table5.5. The diffusers

or volutesperformthe functions of compressors hgndling flow at a very small angle, making
them very inefficient pumps or compressf@g]. As a consequence, the flow angle is maintained

at its lowest. In this study, it has been fixed at a 3.5° angle.
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Tabbl5®esign parameters

of

coupl ed

rotor

and volute

Parameters

Model (VTM1)

Disk outer diameter, mm

Disk inner diameter, mm

Diameter ratio

Disk thickness, mm

Disks gap, mm

Re, (@#v¥(32)h)

Eknumber, (ha(x/3))
VTM1 duct outlet, mm

VTM1 diff. exit, mm

VTM1, outer dia., mm

Rotational speed N, krpm

120
48
2.5
0.1
0.2
10
1.6
14.5
215
150
40

conf i

For statorless analysis, both rotor and volute geometry are considered as a single fluid domain for
the full circumferential domain (360°). A halfip(h) and halfdisk thicknesgt/2) aretaken into

accountwhenconsideringhe volute, as shown Figure5-26. Other boundary conditions such as

symmetry, wall, and rotating wall are also considered as previous diffuser configurations in section

5.3
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This study examines the generation of meshes for the Tesla coupledaloter or statorless
configurationas well as coupled rot@tator As shown irFigure5-27 (a, and b)the statotess or

O0r owlate@dand ¢ o u p-b & d todfigudnationsr generate a tetrahedral mesh that is
converted into a polyhedral mesh using the ANSYS FLUENT software. There has been an increase
in the popularity of polyhedral elements as an alternative to tetrahedral elements over the last few
years [100][126]. The advantage of polyhedral structures over tetrahedral structures is that
polyhedral structures have more adjacent neighboring cells in comparison to each other. It has
been found that polyhedral meshes have a larger number of nodes and faces genedilas

more neighbors, which results in the need for more computations pgragll Despite the fact

that convergence takes place within a shorter period of time, this is offset by the fact that it occurs
quickly. As show inTable5.6 grid sensitivity analysis carried out fboth rotor with stator and

volute configuration from coarse to fine meghorder to determine the sensitivity of the stator

less configuration, 1263827 cells are considered with a change of less than 0.5% in all static
pressure, torque, and mass flow rate conditibnsase of sensitivity of the stator configuration,
972476 cells are considered with 0.57%, 0.2%, and 0.098% change for static pressure, torque, and

mass flow rateespectively.

Tabslee&r i d | ndepahfdosrn steh e ed wa homodu prlogvbo Ir ot @ r

Diffuser configuration (Rotor+Stator) - Polyhedral mesh

Mesh Nodest Elements Static % Torque % Mass flow %

model # # pressure (Pa) Change (Nm) Change (g/s) Change
1 397228 145660 41770 -0.93%  0.0004360 -1.577%  0.03000 -0.079%
2 736649 260331 42440 0.66%  0.0004324 -2.418%  0.03008 0.184%
3 1266714 441190 42400 0.57% 0.0004420 -0.209% 0.03000  -0.098%
4 2840156 972476 42160 0.0004429 0.03003

Statorless configuration (Rotor + Volute)- Polyhedral mesh

1 1690842 756386 40175 -5.85%  0.0068652 6.27% 0.449997 -0.0007%
2 1549122 328173 41100 -3.47%  0.0064050 -0.47% 0.449999 -0.0002%
3 2202884 456693 42250 -0.65%  0.0064114 -0.37%  0.449996 -0.0009%
4 3464166 711906 42300 -0.53%  0.0064167 -0.29%  0.449998 -0.0004%
5 6241187 1263827 42525 0.0064349 0.450000
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5.5.2 Performance discussion of volute configuration and comparison with stator

configuration

A numerical analysis of statorless and stator (vane diffuser) configurations is presented in this
section. Stator configuration is conducted using 'case 2' stator (diffuser) with different diameter
ratio rotor models, i.e., DR2, DR2.5, D150 geomet(®2.4, while volute configuration uses
DR2.5. Multiple rotors with stator configuration are used to evaluate performance and compare
with volute configuration. On the basis of the previous section, the rotor model2>3dxXhibits

better performance at low nsélow rates and decreases in performance as mass flow rates
increase. Consequently, the rotor considered the2[BRotor model in order to analyze the
performance of the diffuser-{@mbers) and volute configuration at higher mass flow rates since
the DR2.5 has a lower gradient than the DR3 and DR4 rotor moHe¢s-igure5-28 illustrates

the total to static pressure ratio and mass flow rate calculated for statorless (volsiz}@ed
diffuser configurations. The results indicated that the ratio of total to static pressure increased with
the decrease in mass flow rate. A maximum pressure ratio of 1.75 is shown for model D150 at 0.55
g/s, whereas the maximum pressure ratio for DR2(®G6ay/s is 1.4. The differences are mainly

due to the higher tip speed of D150 compared to DR2.5. The total to static pressure ratio is

calculated by Edb.9 using the masweighted average method.

In regard tahe volutemodel ¥ TM1), results are provided for the rotor model DR2.5 in regard to

its geometry. Generally, a volute tongue is the point where the vokterted, and duringdding

flow in a rotational direction, the area of the volute exp4h#ig][120][30]. Whenever the flow is
approached from the other side of the tongue, one of the objectives is to prevent it from being
recirculated throughout the flow path. A volute tends to perform less effectively in flow rates that
are higher or lower than theiesign point, just like an impeller will perform most effectively at

the flow rate at which it is designed to perform, as well as in flow rates below or more than that
flow rate[120]. As compared with the diffuser and stator cases (diff.2), the volute model allows
the maximum pressure ratio to increase from approximately 1.45 to 1.48; the curve of the volute
model (VTM1) has a lowgradient as comparedd the stator case (diffusarase 2') modelwhich
canbesea in Figure5-28. Additionally, the volute compressor exhibits a characteristic curve that

is shifted tahighermass flowvalues, whichs beneficial for system compactness since some disks

and gaps are reduced. As the mass flow is continuously added in the rotational direction of the
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volute casing, a highgaressure ratio is achieved, and recirculation is prevented. As well as
preventing surge events, such a bladeless device may also protect against surges: this aspect needs
to be explored in more detail. As Ricf3] study indicates, at different rotational speeds, there is

a higherpressure ratio at low mass flow rates, a characteristic that is not common in conventional
compressors that are prone to surges after a prescribed minimum mass flow rate. The mass flow
rate for the volute configuration is 1.2 g/s, which is less than 0.9, so the volute configuration will
enter choke conditions when the Mach number is near 1, however, increasing the mass flow rate

should remedy this situation.

1.90
| --%--RT_DR-2.5 --+--RT_D150 —@— RT_DR-2_diff.2

RT_DR-2.5_diff.2 RT_D150_diff.2 —#—RT_DR2.5_VTM1

1.80

1.70

1.60

1.50 =

140 +

Total to Static Pressure Ratio

130 ¢

1.20

0.2 04 0.6 0.8 1 1.2
Mass Flow [g/s]

FigbB2&ot al to static pressure ratio vs mass flow rate

di ffuser & volute configurations (solid | ine)

As shown inFigure5-28, the dashed line indicates the total to static pressure ratio for rotor models
DR-2.5 andDR-2.5, while the solid line indicates the total to static pressure ratio for the entire
configuration, i.e. rotor coupled with stat@aée 2diff.) and volute. Essentially, it is an analysis

of the static pressure rise between the rotor and stator, and between the rotor and volute. In both
stator and volute configurations, static pressure increases with decreasing mass flow rate due to an

increase in enthalpy. A higher totatatic pressure ratio is observed dbw mass flow rate for
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rotoronly models DR2.5 and M150, as indicated by the dashed line in Figlire @150 model

is higher in size than D2.5, that shows the higb&l to statigressure ratio >1. However,such
compressocanachieve the pressure ratio around 2 at single stgee diameter exceeds 150

mm, the tip speed will increase. It is important to maintain a Mach number of less than 1. In
general, Tesla technologies operate at extremely high speeds, and maintaining high Mach numbers
can be challenginglhe otor and stator rise static pressure differences are 1.5 to 1.8 times the
rotor static pressure for the DR Zripdel, while inthe volute configuration, they are 1.8 to 2.15
times. In the volute case, the static pressure rise is better than in the stator case when compared
with the volute caseThere is no doubt that the static pressure rise is greater in the volute
configuration than in the rotor peripheral configuration when the mass flow rate is higher at the
outlet. However, as the mass flow rate decretasesrds a lower mass flow rate, the static pressure
risessignificantly. It is due to the principle of operation of bladeless compressors that they show
higher performance at lower mass flow rates, whereas conventional compressors are characterized

by lower performance at lower mass flow rates.

As shown inFigure5-29, the total to static efficiency is plotted against mass flow rate. When the
diffuser configuration is used, the maximum total to static efficiency is 53.5%, whereas when the
volute configuration VTML1 is used, the efficiency reaches 55.5% at higher roasgatks. The

total to static efficiency can be calculated using &83. It is evident that the stator or diffuser
configuration differs by 2 % in efficiency from the rotor models DR2 and DR2.5, which indicates
that the diameter ratio plays an imperative role in bladeless compressor efficiency, rather than on
pressure rati@and mass flow, whereas, indeed, it plays a less significant role.ghirrotor
efficiency is indicated by the rotor models having a greater diameter (DR3, &3Rempared

with DR-2.5. However, the higher diameter ratio increases the efficiency but specifically at a
specific very low mass flow rate and the higher diameter ratio curve decreases igther
gradient as the mass flow rate increases. Therefore, in this study, it is estimated that diameter ratios
of >2.5 are suitabléor obtaining a bitigherefficiency. In the overall analysis of rotor and stator
performance, the rotor model BR5 is selected to analyze efficiencyaatighermass flow rate,

since it has a lower gradient than the rotor models3C#Rd DR4.
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configurations

In section5.3, it has been discussed that rotor efficiency increases at low mass flow rates, whereas
with stator configurations, efficiency may be reduced by the interaction between the rotor and the
stator. It has been observed by many authors that the rotor efficserery high, but performance

drops considerably after the rotor or after the stator has interacted with thi 7§fi22][67]. As

was noted in the literature, theraitighemotor efficiency and a lower overafficiency, and the

reason behind the lower efficiency was due to the interaction between the rotor and the stator. In
chapter2.6, analyzed due to rotor and stator interaction, efficiency decreased by more than 25%,
whereas rotor efficiency is > 75% at 0.4 g/s. This analysis indicates that the total static efficiency
of Tesla compressors with volute configurations is greater tHan(®&ghout any losses taken into
consideration) at the peak point, while rotor efficiency ranges between 70 and 75%. As opposed
to volute configurations, coupled rotstator configurations are around 52% at peak efficiency,
while rotor only total to totagfficiency is around 80%. It is evident that the stator configuration
causes a significant rotstator interaction loss (280%) versus the volute configuration {15
20%). This is primarily due to skin friction. As a result of the use of the volute;twgtator

interaction losses are minimized, resulting in an overall improvement in efficiency > 4% at a higher
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mass flow rate. In addition, there is the possibility of improving the performance of the volute
configuration by choosing rotor models with a larger diameter and designing the volute in an

optimal manner.

Figure5-30 illustrates the power versus mass flow rate for different configurations of the Tesla
compressor. It is based on the single gap between disks of the Tesla compressor that this analysis
is conductedThe compressor inlet power is calculated bySH®. In the diffuser configuration,

the power versus mass flow gradient is higher than in the volute configuration. A rotor model
D150, which has an outer diameter of 150 mm, has greater power than a rotor model DR2 and
DR2.5, which has an outer diameter of h2®. The power of the rotor in this case is greater than
that of the other models. As for the other two stator coupled configurations with the rotor models
DR2 and DR2.5, the power curves overlap at low mass flow rates, while gradually separating as
mass lfow rates increase. A possible explanation for this is the deviation in rotor inner diameter
between DR2 and DR2.5, which is 60 mm for DR2 and 48 mm for DR2.5. For the same rotor
DR2.5, the volute configuration has slightly higher power than the diffesdigaration with low
gradient. The reason for this is that the volume of mass flows continuously increases in the volute
configuration while the volume of mass flows is restricted in the diffuser configuration. In this
regard, the volute configuration mewat a higher mass flow rate than the diffuser configuration.
Since the volute configuration uses more energy than the diffuser configuration at lower mass flow
rates, the overall efficiency of the system is degraded. However, this is dependent oe the siz
requirements, as the volute size can be modified depending on the requirdinepiswer at the

best efficiency point of the model DR2.5 is 44 W for the volute and 29.5 W for the stator
configuration at mass flow rates of 0.7 g/s and 0.4 g/s, respectR@her is considered in this
analysis without any losses taken into account. If losses are taken into accoundjftees®

Teslaconfigurationpowes will be high.

0 T2 5.19
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At the maximum efficiency, which corresponds to a mass flow rate of 0.Figise5-31 (a and

b) shows a contour plot of the static pressure and velocity magnitude for desatGvTM1)

configuration. It is evident in the volute case that there isaisitibuted static pressure, whereas

the diffuser case does not exhibit this characteristic, which is discuss in $e8tibmthe volute

diffuser section, there is a continuous addition of mass flow which results in a uniform distribution

of velocity magnitudes. There has been no evidence of recirculation in this case.
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As shownin Figure5-32 the total enthalpy contour is plottedthe bestfficiency point where

mass flow rate is 0.7 g/3.he mass flow continuously added in volute where the enthalpy is
increases. This is possible due to rising temperature and preAstliermodynamic system
enthalpy can be defined as the sum of its internal energy and the product of its pressure and volume,
which can be found bkq.5.20. whereh is enthalpy g is internal energyy is pressure, and V is

the volumelt is an energylike property or state function that has the properties of energy, and
whose value is solely determined by temperature, pressure, and composition of the system and

not by its history.

h 'Q Rz 5.20
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5.6 Summary

In this chapter, bladeless or Tesla compressors are numerically analyzed at different disk gaps
and rotor diameteratioswith stator and statorless configurations (volute). An independent study
has been conducted on the rotor in relation to its disk gap and diameter ratio. It is determined
whether the disk gap is too large or too small based on the Ekman number and tidsReyn
number. With Ekman 1.6 and Reynolds numberd 1,0an optimabisk gapis obtained, which
reports a higher total to total efficiency. It is estimated that there is an improvement of
approximately 5%n totakto-total efficiency over the original protgpe model with an Ekman
number of 0.8. For the disk diameter ratio, 5 different rotor m¢@&2, DR2.5, D150, DR3 and
DR4) aresimulated, indicating that a greater diameter ratio is associated with highéo-totzl
efficiency. However, maxi mum rotor ef fiatci ency
low mass flow ratewhere the gap is defined as per optimal Ekman and Reynolds nuifibers.
DR2.5 and D150 have the same diameter ratio of 2.5, but their rotor sizes are 120 mm and 150
mm, resgctively. The efficiency of both models is similar, which means that the performance is
almost identical, while a scaling down of conventional technologies results in a degradation of
performancelncreasing the diameter, tip speed will be increase and quite challenging the high
Mach numberPressure is increased proportionally to rotational speed and external radius, which
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leads to greater pressure ratios with larger diameter ratios. Aetiepoint ofrotor efficiency,
the outlet flow angle is close to tangential. Maintaining this flow angle with a stator configuration

is quite challenging, and with a higher angle performance it is adversely affected.

The rotor model DR2 is used to simulate different diffuser configurations with optimal disk gaps.

It is evident that diffuser configuration 'case 2' has a higher rise in static pressure than other diffuser
configurations. Thiss due to the fact that there is a low area ratio compared to other cases. The
sensitivityon the number of diffuser vanes predicts tadowernumber of diffuser vanes would

result in ahigher total to static pressuiaio and efficiency, buatlower mass flow ratesiowever,

eight statorconfigurationsshifted ata highemmass flow rate with minor deviation in both pressure

ratio and efficiency.

Furthermorethe rotor model DR2.5 is simulated with ‘case2' diffuser configurations, resulting in
a maximum total to static efficiency of 53.5% when the total to static pressure ratio i$elskd.
type compressors can achieve a single stage pressure ratio of araithda® high rotational

speeds. This is due to their superior suction ability and high rotor efficiency.

However, for further performance improvement, the statorless (VTM1) configuration is simulated
as well using the same rotor model DR2.5. A volute configuration can improve overall
performance over 55% of total to static efficiency, as well as producal &otstatic pressure ratio

of 1.48, which is higher than any vaned diffuser configuration, also allowing for almost double
mass flow rates for the same pressure ratio. Inifawgasing the number of diffugeassages will

lead to frictional losses thdegrade overall performance.

According to the numerical results, the volute configuration isbist choice for bladeless
compressors from all perspectives, including pressure ratio, efficiency, and mass flow (when high
mass flow designs are desirable).
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6 Application of design procedure to new reversible Tesla

compressor prototype

Tesla devices have several distinct features, such as reversibility of operation, which includes
expander as well as compressor operation, just by reversing the rotational speed, provided
that the statoric channels are purposely designed. Despite theintitapplication to a
variety of fields, such as energy harvesting, automotive, light aircraft, and food processing,
especially for low volumetric flows, Tesla machines have not found yet a specific market niche.
In fact, at small size, it is estimatduat the Tesla machinery does not change performance
significantly, while conventional bladed machines are subject to significant efficiency
reduction because of mechanical tolerances, thus matching the Tesla relatively low
performance. Therefore, Tesla rhates can become the fluid machinery of choice for small
size applications, thanks to their competitive performance at that size, simple construction,
and reversible operation.

A key objective of this chapter is to design a reversible Tesla compressor in accordance with
the optimal design conditiores discussed in the previous chapters. Analyzed numerically
both in expander and compressor modes using air as the working fluid for Tesla devices. A
statorless (volute) configuration is investigated here in order to reduce the high losses due to
rotor and sator interactions, which results in superior performance both in direct and indirect
operation modes. In this prototype desigealpisentropic efficiencies are predicted t®bB&o

for the expander mode and 58% for the compressor mode, respectively. Numerical results are
validated with the new prototype that takes into consideration the losses, such as the leakage
at the end of the wall, that degraded the ovepaitformance by some percentagbde end

wall losses and leakage losses are numerically studied and estimated. The new reversible
machine is preliminary tested in compressor mode. With the Teflon seal mechanism leakage
is noticed, so for further reduction brush type new seal is devetoaaid the higher market

cost of such seal in modified tegl. In addition, a techn@conomic analysis is generated
based on the prototype model manufacturing evaluations, despite limited product availability.

6.1 Design procedure

This section discusses the design procedure for the reversible Tesla compressor prototype.
Based on the previous chapferan optimal Tesla rotor and volute configuration is used that has
a higher performance compared to the other configuration. It is essential that the design parameters
of the Tesla compressor be set in accordance with the requirements for pressurel na@Essan
flow rate University of Genoa startup company (SIT technologies) expressing interest in
developing such a technology. According to the specifications of this reversible air Tesla
compressor prototype, the pressure ratio is 1.3 and the mass flow ra@0ig)/B30n the basis of

these requirements, an optimal rotor and volute configuradi@enselectedfor the higher
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performanceDue to the reversible nature of this machine, CFD analysis is also performed in

expander mode without modifying the machine geometry.

6.1.1 Rotor selection

A Tesla rotor is the heart of the Tesla device and is the component that has the greatest influence
on the overall performance of the Tesla device. The performance of the rotor has a direct impact
on the overall performance of the device, so it is cruoiaesign the rotor under the optimal
design conditionsThe preliminary investigation has been conducted usiBgathorithm for the
rotor design as show iRigure 6-1. The performance of Tesla rotors is highly dependent on
parameters such as disk gap, radius ratio, and flow angle as discussed in the previous.2hapter
Based on the recommendation in the previous chapteion5.2, the disk gap should be three
times the thickness of the boundary layer. A-donensional Ekman and Reynolds number plays
a critical role in optimizing the disk gap, whietould beapproximately 1.8..65 and 911,
respectively. Tesla performance is also dependent on diameter ratio, which shows a higher
performance with higher diameter ratio at low mass flow rates. In this regard, it is important to fix
therotor design parameter baseddameterratio and mass flow rate

As long as the pressure ratio requirement is metatiaé and maximum pressure estimattam

be calculated using E¢p.1 and6.2) based on the rotational speed and outer diameter of the disk.
The pressure is dependent on the rotational speed and the outer diameter of the device. By using
an outer diameter of 160 mamd inner diameter 50 mrthe required pressure can be achieated

a speed of 2Rrpm as show inrable6.1. This ratio is considered under optimal design conditions

with a diameteratio of 3.2. It is determined that the disk gap is 0.25 mm based on the optimal

Ekman and Reynoldsumbers

6.1
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A rotor disk pack width is calculated from E&B, where n represents the number of disk daps
will define based on the size and mass flow requirepéntepresents the distance between disks,

t represents the thickness of the disk, and | represents the width of the disk pack

a o0& p €z¢Q 6.3

Fi g6XRrel i minary desi-ynalogortihtehmotor with O
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