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Abstract: 

Globally, the demand for low-emission, cost-effective, low-noise, 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 many challenges 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 primarily on the bladeless compressor, 

which is also analyzed as an expander due to its reversibility. The activity started from a 3-kW air 

Tesla expander prototype available at the University of Genoa. It is examined in compressor mode 

using a 3D CFD approach and 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 aspects are compared 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 rotor-stator and volute configurations. The disk gap is optimized by relying 

on Ekman and Reynolds numbers. Based on the numerical analysis, the disk gap should be 3 times 

the thickness of the boundary layer with the best Reynolds number 9-11 and 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 diameter ratio. 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 ratio. In this case, 

the outlet flow angle would be around 89.9 degree, however, in practice, maintaining almost a 
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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 eight stators, 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, a (stator-less) 

volute design has also 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 configuration for 22 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). The implementation 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 50 W-60 W for 22 krpm design 

speed, while power is around 600 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 valve conditions 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 modifications have been made to the test-rig in 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 implement 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 practical or less efficient. 
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"My inventions are not meant to make money; they are intended to 

advance the world and make life easier for people. I 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 change [1]. Carbon dioxide 

emissions reached an unprecedented level in 2022, which is more than 50% higher than pre-

industrial levels. A peak of 421 ppm (parts per million) 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 years. If current 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 change [2][3]. The global climate strategy aims to reduce these emissions through 

the development of low-emission technologies, the use of renewable energy sources, and 

renewable energy storage. In this way, the European Union (EU) has begun to modernize and 

transform its economy in order to achieve climate neutrality. The EU report provides a clear vision 

of how the Commission intends to achieve climate neutrality by 2050 [4]. The 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 measures. According 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 worsen [5].  The world is focusing on taking 

the initiative 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 2018. The EU aims to reduce emissions 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 measures.  As a result of previous policies, 

greenhouse emissions are expected to be reduced by 61% by 2050. In 2020, the EU will implement 

an impact-measured plan to increase its greenhouse gas emission reduction target for 2030 to at 

least 50% and towards 55% compared with 1990 levels in a responsible manner. As a result of this 

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 climate-related 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 prioritize research and development into low-carbon 

technologies to further reduce emissions. Finally, the EU will continue to collaborate with other 

countries to develop and implement global climate change strategies [5][6]. 

As part of efforts to mitigate greenhouse gas emissions, several plans have already been 

implemented by different nations to develop low-emission technologies, use renewable energy 

sources, and store energy. Even though renewable energy sources are important, their 

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 solutions. To address these 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 equitable access to clean energy. Remote and rural areas have a higher 

fossil fuel-based energy demand. According to the EEA (European Environment Agency), 

transport requires a significant amount of fossil fuels. To reduce transport emissions, governments 

should invest in electric vehicles and low-emission fuels. Road transportation accounted for 71.7% 

of the EU's total CO2 emissions in 2019 [6]. 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 

renewable energy sources is a crucial step in this direction especially considering that since 1990 

greenhouse gas emissions in the transportation sector have increased by 33.5%, making it the only 

sector in which they have increased over the past three decades.  

Globally, the demand for low-emission, low-noise, low-cost, compact, and efficient technologies 

is increasing at small scales. MGTs (micro-gas turbines) play an important role 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 for remote areas with limited access to energy. In spite of 

this, there are still challenges 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 compact, cost-effective, and 

efficient. In general, the range of microgas turbines (MGTs) 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 combustion engines, their electrical 

efficiency is between 25 and 30%. As technologies progress, their efficiency has improved a bit, 

but they still face challenges with cost and size when trying to make them work on a large scale. 

This makes them suitable for small-scale 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 replacing reciprocating piston engines with 

microturbine engines. Today, microturbine engines are used in a variety of applications, mainly 

for stationary fields. The use of microturbines is expected to increase in the near future with 

continued advancements in research and technology [7][8], however, this is a challenging task at 

present. There 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 efficient and cost-effective 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 decentralized and hybrid 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 cutting-edge 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 needed and emissions produced. This 

could be a huge benefit to the environment and reduce our dependence on non-renewable 

resources. Microgas 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 low-pressure steam or hot water. [7]. There is a considerable amount of waste heat in the 

exhaust of MGTs that can be used in combined cycle concepts [10] considering  Organic Rankine 
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Cycles (ORCs) increasing the efficiency by 10-15% [11]. Consequently, an alternative MGT 

concept was introduced that may be able to conquer the market for small-scale CHP. Currently, 

two-spool intercooled MGTs have an electrical efficiency of approximately 40% and can utilize a 

wide range of fuels. Aurelia developed dual-shaft MGTs that demonstrate 10-15% higher electrical 

efficiency than single-shaft 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 two-spool engines [13][14]. It has been reported by Malkamäki 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 2020 programme, several aspects 

of the project are being addressed [15]. It was observed, however, that performance was strongly 

degraded when the component size 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 bladeless turbomachinery is almost constant [17]. The Tesla or bladeless turbomachinery has a 

number of advantages, including its ease of manufacture, compact, lightweight, reversible 

operation, low noise levels, and low cost. These devices are based on boundary layer phenomena 

and viscous forces, so they are also known as boundary layer or viscous or friction compressors 

and turbines. Tesla 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. In the current market 

situation, conventional technologies dominate; however, it is possible to solve these market 

requirements using Tesla technologies at low power levels if more research is conducted. In 2021, 

a patent by Jin Pu on Micro gas turbine combined cycle system with tandem type Tesla turbine 

was filed [18]. That consists of a micro gas turbine coupled with a tandem type of Tesla turbine, 

as well as at least one fuel cell system, steam power generation system, and solar receiver. A series 

Tesla turbine uses, the Jin Pu, invention 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, the system can solve 
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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 integration. Additionally, 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 loss [18]. 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 achieve rotor-only efficiency levels 

exceeding 90% at very low mass flow rates but achieving whole efficiency (stator or volute 

configuration) is quite challenging. It was determined that stator-rotor interaction, end wall and 

leakage were the major losses that affected overall performance; however, overall experimental 

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 are several factors that determine the 

performance of such technologies, including disk gap, disk diameter ratio, stator shape, stator 

numbers, flow angle, and end wall gap. Utilization of this technology requires a thorough 

understanding of boundary layer phenomena. In the thesis, a detailed analysis of Tesla rotors has 

been conducted and boundary layer thickness has been optimized based on non-dimensional 

Ekman's and Reynolds' numbers. A thorough 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 are end-wall loss and leakage, which are also 

examined in this thesis. In addition, to minimize leakage, an anti-leak sealing mechanism, 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 section 1.3. 

The objective of this research is to design and develop a robust and compact, lightweight, 

innovative reversible Tesla or bladeless type machine, which functions both as a compressor and 

turbine, 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, 1943, in New York, United States. Tesla was 

the inventor of the rotating magnetic field, which is the basis for most alternating-current 

machines. Furthermore, he developed the three-phase transmission system for electric power. In 

his capacity as a researcher, he 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 in 1913 [19][20] as shown in Figure 1-1. 

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 force. As well as being known as a boundary layer turbine or pump. Additionally, it 

would perform the functions of a turbine and compressor at the same time.  

 

Figure 1-1 Nikola Teslaôs patents [19][20]: ñFluid Propulsionò (left) and ñTurbineò (right) 

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 specifically designed 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 self-starting prime mover that may be used as a steam or mixed fluid turbine at will, 

without requiring any modifications to its construction and 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 while 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  

Tesla-type devices consist of parallel, flat, co-rotating disks mounted on a shaft (or 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 as shown in 

Figure 1-2. 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 moves outward on the Tesla Disk, 

gaining additional energy in the process. In response 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 significantly 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 pump. There 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 and velocity of the disk. In such compressors, the pressure does not affect the rotation of 

the compressor or its pulse-free laminar flow pattern. 
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Figure 1-2 Tesla compressor: principle of operation 

The bladeless compressor/pump has several attractive features, including simple design, the ability 

to handle multiphase flows, good cavitation characteristics, low noise, cost-effectiveness, and 

reversibility of operation, which makes it attractive when compared to conventional 

turbomachinery [17][21][22][23]. Despite this, the experimental performance indicates a lower 

performance. Theoretical 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 efficiency. The limitations of such devices are that they are intended 

for small-scale 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 will be quite difficult to manage a very high Mach number.  In the literature (see 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 

operation are based on the same principle. A lack 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 are low-cost, compact, efficient, lightweight, 

and noiseless.  Conventional turbomachinery does not satisfy such requirements on a small scale. 
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However, Teslaôs bladeless technology can meet these requirements. Tesla or bladeless 

turbomachines are based on the boundary-layer phenomenon, in which fluid passes through the 

disk gap, thereby reducing the aeroacoustics effects resulting in a quieter device than conventional 

turbomachines. This system 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 small scales, 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 performance reduction, while Tesla technologies 

perform almost constant. On 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 cost-effective, making them an ideal option for a wide range of 

applications. There are several areas where small scale turbomachinery is needed, such as oil and 

gas, refineries, geothermal, renewable energy, fuel cell systems, micro-gas turbines, and small-

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, from small-scale projects to 

large-scale industrial applications. Furthermore, the range of applications of Tesla technologies is 

being used for its growth, indicating that it is becoming a viable solution for many different 

industries. 

Bladed blowers are common on light aircraft, and industrial applications which are noisy. The 

bladeless technologies provide a low-noise 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 output and less emissions (manufacture). Additionally, it is more efficient 

and reliable than traditional fan blade systems. Moreover, Tesla technologies have a wide range of 

fluids that can be used. In 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 clinical applications 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 the disadvantages 

(blood damage, quasi-steady flow, etc.). Disk pumps employ shear forces rather than lifting 

surfaces in order to impart momentum to fluids. Therefore, bladeless technologies are more 

appropriate than bladed technologies. Compressors 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 option. Due 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 (8-15° 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 had to be halted for 

parts replacement. This has a high economic impact on the pumping station operation and 

sustainability. A Tesla pump or disk 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 requirement [46]. There 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, environmental clean-up 

operations, crude oil processing, and pumping oil and water emulsions. Due to its superior abrasion 

resistance, gas-entrained 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 by Balje [24] in an 

Ns-Ds (specific speeds ï specific diameter) diagram, which can be seen in Figure 1-3. A diagram 

of peripheral compressors can only serve as an approximate guide since there is scant data in some 

instances. The radial and mixed-flow type compressor is expected to provide optimum solutions 

for dimensionless specific speeds between 30 and 300, as indicated by the shaded area in Figure 

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 than unity. Based on the this thesis 

results and literature, Tesla or bladeless type of compressor or pump lies between a specific speed 

less than (Ns) 80 and specific diameter (Ds) less than 5, which are highlighted in a blue dashed 

box. The 3 kW and 1 kW air compressors lie at a specific speed below 10, while the head 

coefficient is less than 2. Such compressors show better performance at specific speeds below 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 thesis, a feasibility study 

of bladeless hydrogen compressor is numerically analyzed with a pressure ratio >1.7. Such 

hydrogen compressors shifted towards radial compressors with lower head coefficients., however 

for the hydrogen compressor is showing good performance but details analysis will be required in 

this area.  At optimal design conditions, the Tesla type of compressor/pump can achieve maximum 

efficiency of >50%, which is highlighted in blue dashed boxes in Figure 1-3. However, since 

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

maximum efficiency. 

 

Figure 1-3 Balje diagram; Approximate Ns-Ds - diagram for single-disk pumps and low-pressure-ratio compressors, 

Tesla compressor, and pump highlighted in the blue dashed box based on this thesis literature and results data. 
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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 taken an interest in the device for a few decades. Regarding 

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 this knowledge 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 structure and performance 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 thorough understanding. 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 the components 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. 

¶ 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. 

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

bladed blower. 
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¶ 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 results. (Validation work is in progress and 

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

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

In this chapter, a literature review of bladeless or Tesla turbomachinery 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 and development 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 modifications.  It was 

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, however, overall efficiency still 

remains a challenge. According to the literature survey, the overall expander total to static 

efficiency was found around 36% and 41% with working fluids air and water, respectively, as 

claimed by the University of Genoa spin-off (SIT Technology) [25] . As for the compressor and 

pump, Rice and Wang estimated isentropic efficiency to be around 23% and 35% with working 

fluid air, respectively  [17] [22] . Tesla pumps exhibit experimental efficiency results of 21% 

and 35% with incompressible fluids (water) according to Rice (1963) and Palaveev (2023), 

respectively [17] [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 lower efficiency. 

According to researchers, such devices will be advantageous in small-scale applications 

where conventional devices' performance is degraded as the device size decreases, whereas 

Tesla's machines performance 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 discussions began with the turbine and 

then moved to the compressor. 

Tesla Turbine 

Leaman [27] 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% 

isentropic efficiency, as indicated by Leaman. Smooth disks performed better than rough disks. A 

few modifications were made by Armstrong [28] 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 pressure [29]. A test of Tesla turbines conducted in 1965 yielded a 

35.8% isentropic efficiency at a pressure of 5.15 bar and a rotor diameter ratio of 5.4 [30]. Hoya 

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 25000 rpm. His attention was drawn to a 

Cairns article that described Allis Chalmers Company (who is interested in Tesla-type turbo 

machinery and manufactures some products) experiencing disks rubbed (disks stretched by inertial 

forces) with the housing, and this appears to occur at speeds greater than 10000 rpm 

[31].  According to Guha and Similey [32], 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 

constant mass flow in numerical analysis. Peshlakay [33] 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 fluids and different nozzles. A bladeless turbine was tested by Holland [34] 

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 thesis of Talluri  L [35]  focused 

on the development of micro turbo expanders for small-scale 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 rotation speed 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 to him. It was recommended by Talluri that a two-phase nozzle be used among 

a number of things. Renuke [37] conducted his test on small scale of Tesla turbine, and he analyze  

higher losses mainly leakage (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%. Renuke [21] developed a 3-kW 

micro-Tesla expander which has been tested with various nozzles number, with the two convergent 
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nozzle options, achieved 36.5% highest efficiency at 10000 rpm. The performance of Tesla 

turbines in engine waste heat recovery is investigated by Fenzhu Ji in 2019. When a single-nozzle 

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 obtained. Increasing the number of nozzles diminishes performance 

[38]. An experimental thermodynamic analysis evaluated by Galindo [39] that showed the 

turbine's performance under real-life 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 design. 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 spacing. Emran 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, his results demonstrate that there are both laminar and turbulent flow regimes that 

occur within the Tesla turbine, depending on the air pressure at which the test is conducted [40]. 

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 correlation, but marked a 

significant discrepancy between analytical solutions and experimental results [41]. Krishnan 

believes that it is possible to fabricate sub-CM Tesla turbines utilizing commercially available 

technology in order to achieve mechanical efficiencies of over 40% [42]. 

Tesla Compressor/pump 

There were 77 disks in Rice's bladeless rotor for the Tesla compressor, with an outer radius of 

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 mechanical issues. 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 

to reduce leakage[17]. A paper based on the loss mechanism of shear force pumps with corotating 

disks was published by Wang and Koji [22], 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 these sections, 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 flow.  Hasinger [23] investigated disk-type 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 predicted efficiency, the experimental efficiency is lower. The rotor would be more 

efficient if the fluid flowing between the disks were laminar, according to him. In a NASA report 

published by Meadville addressing low-thrust 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 disks of 75, and a disk thickness and gap 

of 0.13 mm as design constraints. According to this report, a Tesla type compressor or pump 

operates at low inlet NPSH and specific speeds [43]. In a study conducted by Dáz [44], the 

turbulizers at the impeller (disks) outlet were configured to have different cross-sectional shapes 

in order to increase the head and efficiency of the pump. In experiments, a square cross-section 

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 highest head and efficiency 

were achieved at a 0.127 mm spacing and 3600 rpm pump speed. Palaveev [26] investigated a 

boundary layer pump at various speeds with varying rotor-volute 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 hydraulic efficiency 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 understanding as shown in Table 2.1. 

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 uses [46] . 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. Pacella [47] show their interest Tesla 

technologies and built-up disk pump ñDISFLO pumpò (with abrasive material) provides a solution 

to this problem as its mechanism, based on the boundary layer effect and viscous drag, minimizes 

contact between the pump and the fluid, thereby reducing wear. Based on the literature survey 

Tesla compressor/pump and expander efficiencies in acronical order as shown Table 2.1. 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 the stator and rotor, along with frictional 

loss, is substantial. 

Table 2.1 Experimental literature data for Tesla expander and compressor 
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2.2 Analytical and Numerical Research 

Tesla turbine numerical analysis surveys provided insight into the overall scenario outlined 

therein. The Ladino conducted a 3-D computational fluid dynamics analysis of the Tesla turbine 

with air as the working fluid and obtained a maximum efficiency of 20% [48]. 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 achieved at 10° 

nozzle angle with four nozzles, where the disk outer diameter was 100 mm. The numerical analysis 

of 3D bladeless turbines conducted by Renuke [50] showed that convergent-divergent nozzles 

suffer more total pressure losses owing to the presence of shock waves. The 3-kW air expander 

Author
Published 

year

OD 

(mm)

ID 

(mm)

Dia  

ratio

Turbine 

(Exit)/P

ump 

(/Inlet) 

Disk 

(NOS) 

Disk 

thicknes

s (mm)

Gap 

(mm)

Fluid 

Type

Mass 

flow (air-

g/s, 

water l/s

Stator/

Spiral

Turibine 

(inlet)/C

omp.(ou

tlet)_ 

bar

PR
Speed 

(rpm)

Torque 

(nm)

Power 

(kW)
Eff.(%)

Nozzle 

(Nos)/a

ngle

Losses Seal system

Tesla 1913 457.0 - shaft 25 0.79 - steam 957 spiral 8.60   --   --   -- 150   -   --   --

2-laby., 

coarse and 

fine

Hasinger_pump [23] 1963 101.6 25.4 4 center 174 0.127 0.135 water spiral 2.56   -- 5090   - RT-54   --   --

Rice_pump [17] 1963 127 67.5 1.881 center 34 0.508 0.508 water 2.19 2.56   -- 3500   - 20.1   --   --
carbon 

seal

Rice_comp [17] 1963 152.4 - center 77 0.508 0.508 air 101 spiral 1.12   -- 20000   - 23.1   --   --

Rice_blower [17] 1963 35.0 9.5 3.684 center 18 15.88 air 79 spiral 1.1   -- 10500   - 17   --   -- no seal

Pacella_DISCFLO_pump [43]2000 340.0 center abrasive350 gpm spiral   -- 1160 11.93 40-48   --   --

Oliveira, M.DC._pump [68] 2009 120.0 30 4 center 2 1 water 0.4 spiral   -- 450   --   --

Dodsworth_pump [44] 2015 35 9.5 3.684 center 0.8 water log spiral   -- 3600
0.015-

DC
1.17   --   --

Wang_comp [22] 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   --
6000 -

7000
35-36   --   --

Leaman [27] 1950 126.0 20 6.3 center 4 3.2 air   -- 5.80   -- 9000 0.1 0.087 8.24   --   --

Armstrong [28] 1952 177.8 95.2 1.867 shaft 10
Variab

le
steam   --

15 deg 

divergi

ng

8.14   -- 6000 0.1 0.53 4.26   -- nozzle

Beans [29] 1961/1966 152.4 61 2.498 shaft 6 1.5 air   -- 3.75   -- 17000 1.8 24   --   --

Rice _Turbine [30] 1965 203.0 37.5 5.413 center 24 0.508 air   --

20 deg 

divergi

ng

5.15   -- 17200 2.942 34.8 4   --

Hoya & Guha [31] 2009 92 45 2.04 center 8 0.2 air   -- 3.60   -- 25000 0.7 0.14 26   --
In 

nozzle

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 5.5 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 8.5 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   --

Renuke., A [37] 2019 64.5 20 3.23 center 10 0.3 0.2 air   -- divrgt. 0-5   -- 40000 0.137 15.7

25% 

nozzle, 

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
1D -N,-

19°

Renuke [21] 2020 120 60 2.00 center 120 0.1 0.1 air   -- divrgt. 0-5   -- 10000 3 36.5 2, 2.2°

higher 

in 

nozzle

Galindo [39] 2021 150 70 2.14 center 10 3 0.9 air   -- 1.1   -- 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

PR-Pressure ratio laby. Labyrinth sealCompressor/pump Turbine P-Power
OD-outer, ID-

inner diameter
Eff.-Efficiency
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was designed with an outer diameter of 120 mm, 0.1 mm disk thickness and a gap. CFD results 

indicated highest efficiency 58 % with air as working as fluid without any assembly loss [50]. The 

loss characterization of this device was demonstrated to show a great impact of end-wall leakage 

and ventilation losses [51].  

In their study of the flow between the disks, Rice and Wang [17][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. Shirazi et al [52] used the anisotropic two equation (k-Ů), 

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 of the Tesla pump and compressor, most of the research publications were 

concerned with incompressible fluids. It was reported that Naz [53] used CO2 as a working fluid 

and studied the nature of the flow between corotating discs. The flow domain needs to be examined 

as a full-disk gap to accurately analyze the flow domain. At a flow coefficient of 0.26, higher 

performance (55%) can be achieved. Moreover, at a 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 high pressure and 

efficiency. Pedrolli [54] obtained 15% isentropic efficiency 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 causes of losses. In nozzles and stators, there are enormous losses. According to 

Wang [22], the fluid in the outer region 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. The literature survey demonstrates that some researchers have successfully 

implemented the sealing mechanism to minimize leakage for Tesla-type turbomachinery. 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 Rice [17] 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 Holland [34] in his study to reduce leakage. Guy Louis Letourneau [55] filed the 

patent labyrinth seal Tesla turbine as shown in Figure 2-1(I) : 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 blow-down. 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 shown in Figure 2-1(II), mainly stepped and slanted, 

which can reduce the 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 bristles that rub 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 times, it offers several advantages over conventional labyrinths. When 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 seals, Rui [57] observed that 

brush seal leakage rate decreases with decreases in radial clearance and fence height, whereas stage 

efficiency increases as leakage flow is reduced, the brush seal can be seen in Figure 2-1(III) . Rui 

determined that leakage increased with clearance and that stage efficiency was improved by 0.6% 

in comparison to custom labyrinth seals. According to Luiz Otávio 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 effective since it can reduce the leakage rate of a 

labyrinth seal up to 80% [59][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 

(stator-rotor interference), pressure reduction, and air, gas, and steam sealing. Compact and 

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 shown in Table 2.2. 

 

 

(I) [55] 

 

(II) [56] 
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(III)  [57] 

Figure 2-1 Sealing system: (I) Labyrinth seal (Tesla turbine), (II) Different type of labyrinth, and (III) Brush seal. 

Table 2.2 Sealings performance data from literature survey 

 

Sealing Type Leakage control
Manufacture & 

Installation
Cost

Efficiency 

gain
Clearance (mm) Drawback

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

Stepped 40% of straight Easy Inexpensive

Higher than 

normal 

Labyrinth

0.25-0.5

Straight sharp Easy Inexpensive Tighter 

Adradable Higher than labyrinth Easy Moderately Tighter 

Labyrinth abradable sealHigher than labyrinth Easy Moderately Tighter 

Abradable and 

Honycomb(conjunction)
40% of Labyrinth

Easy (from a thin 

alloy foil)
Moderately

Higher than 

Labyrinth

Grooved 

material, short 

life

Carbon ring/floating Higher than labyrinth Easy, light weight Inexpensive
Higher than 

Labyrinth

Tight (*clearance 

increasing with 

time)

Easily 

Cracked/Chipped

, short life

.ǊǳǎƘ ς όbƻǊƳŀƭΣ {ƘƻŜŘ 

brush and Hybrid brush 

Seal)

Higher than labyrinth Moderate Moderately >1.5, >2 Tighter, zero
Blow down 

<30%, Size n/a

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 modern turbomachinery, compactness, efficiency, 

and cost-effectiveness are highly emphasized, as well as related noise emissions. In conventional 

machinery, such acoustic emissions have been challenging, whereas bladeless turbomachinery 

may reduce them [17]. Rice is a well-known name in Tesla turbomachinery that tested many 

bladeless turbines, compressors, and blowers, which indicate low noise levels [17][30]. 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, he attains stable 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 shear-force mechanism should also operate at a very low noise 

level due to its inherent lack of flow separation [23]. According to authors [21][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 shaft mechanical 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 bladed machinery [61][62][63] if rotational speed and machine size increase, then 

aeroacoustics contributions 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 associated with turbomachinery 

aeroacoustics in turbo engines. It is the flow interaction between the rotor blades and stator vanes 

that generates the noise during rotation [63][64]. The phenomenon of acoustic interference is a 

reasonable explanation for this linear variation relationship. An innovative small-scale cycle was 

used by Silvestri [65] 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 partially mitigate 

acoustic emissions as well. In the context of conventional bladed blowers, Lucifredi [66] 

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 evaluating the effect of vibrations on the overall 

sound pattern in order to identify causes. There is no acoustic noise study available on the Tesla 

blower or a comparison with bladed one that 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 and technical challenges with theoretical design. In 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 pumps, which poses a greater challenge. Bladeless compressors or 

pumps consist of the following major components: rotor, 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 in Figure 1-2 and Figure 2-2. 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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Figure 2-2, Tesla 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], disk-type 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 in Eq. 2.1. An Ekman number is a non-dimensional number 

that represents the ratio of the half-width of the disk gap ñhò to the thickness of the boundary layer 

ñ‏ò. 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 with [17][67][68][69], the optimum distance 

between disks for the Tesla compressor/pump can be calculated where the optimal Reynolds 

number is 5 or 6 by Eq.2.2. Using this optimal Reynolds number, the gap between disks should be 

twice the thickness of the boundary layer, where efficiency will be maximized. Peshlakai [33] 

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 inter-disk spacing on the 

efficiency of the Tesla turbine rotor had been studied by Hoya and Guha [31]. The 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. Renuke [21] 

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 layer [22][67]. To 
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conclude this literature review, it is important to note that Oliveira [69] used the Rice approach to 

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

A total of two flow regions [23][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 disk, which is well discuss in chapter 5, Figure 5-15-1. 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 velocity profile between the disks is dependent only on kinetic viscosity, 

which is defined by angular velocity, and the width of the disk gap. A non-dimensional parameter 

of this type is known as the Ekman number. According to Wang [22], the co-rotating 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 found to be > 35% at 0.2 flow coefficients. The author followed the non-

dimensional parameter introduced by Hasinger [23][70] and stated that the pump performs better 

with Ekman numbers between 1 and 2, where the disk gap should be 2-4 times the thickness of the 

boundary layer. Using Eq.2.3, he also estimated the Reynolds number to understand disk gap 

spacing. 

 

 Ὁ Ὤz ‫
‡ϳ )     2.1 

 

     ὙὩ  2.2 

 

 ὙὩ      2.3 

   

Disk diameter ratio: 

According to Hasinger [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 (Eq. 2.4) 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 Lampart [17][49] operates in reversible mode as a compressor with minor 

modifications at the inlet. Lampart et al. Using numerical modeling, [49] 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 mm diameter 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 et al.[71], 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 fluid path coverage. A study performed by Holland and 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 maximum performance of Tesla devices between 2 and 

4.5 rotor disk diameter ratios. 

Number of disks: 

The bladeless impeller designed by Figueira [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 of disks in several other cases as well [31][45][67][71]. According to 

Romanin et al [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 Rice [67], 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. Renuke [21] achieved maximum efficiency by using 0.1 mm disk 

thickness and air as working fluid, but due to inertial forces, the last disk was rubbed against the 

casing during his experiment. Hoya and Guha [31] point out that Cairn's article describes how the 

Allis Chalmers Company (which is interested in Tesla-type 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 10000 rpm. 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 rotor, but 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. There is no 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 turbine-based compressors. 

Most losses occur at the interface between the rotor and stator as well as in the stator area [31][33], 

while rotor efficiency can reach 95%. Rice [17] suggested that diffuser losses could be responsible 

for this, as the diffuser must be placed almost tangential to the rotor disks. The diffuser 

performance [75] has been evaluated based on the quasi-one-dimensional 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 bladeless impellers, taking 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, while mixed 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 to Rice [17], 

the Tesla compressor is fitted with a kidney-shaped 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 Renuke [21][51] for an expander 

prototype to have four kidney-shaped 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 Lampart [49], the 

four-hole model is implemented for the turbine exhaust. According to Wang [22], the 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 is around 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 many observations behind this 

phenomenon, including stator-rotor 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 obtain the highest 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 marketplace. The 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 the reversible operation of a bladeless air expander prototype 

(Developed by TPG, University of Genoa) operated 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 performance 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 is actuated as a compressor, with and without a diffuser 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 the rotating disk.  

An experimental/theoretical analysis focused on the pressure ratio, mass flow, and efficiency 

of the bladeless 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 higher in compressor mode than in 

expansion mode, significantly affecting the elaborated net mass flow. Improved diffuser, scroll, 

disk end gaps, and sealing mechanisms are discussed in order to augment 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 is necessary to 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. Navier-Stokes equations can 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 results. Therefore, this CFD tool is able to 

save us time and costs in this sort of process. In 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 inside flow behaviors 

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 the devices. This tool was chosen (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 know-how 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. 

Eq.3.1 is used for mass conservation, which is valid for both compressible and incompressible 

fluids. In case of incompressible fluid, Öɟ/Ö t = 0, and the equation becomes: div u = 0. 

‬”

‬ὸ
Ȣɳ”ὺӶ π 3.1 

A fluid particle rate of change of momentum Ö(ɟὺӶ/Ö t, should be equal to the sum of surface forces 

and body forces as shown in Eq.3.2. Where p is a compressive stress, and Ű is a tensile stress which 

is describe in Eq. 3.3. 

Ȣɳ”ὺӶὺӶ ὴɳ  ɳȢ†Ӷ  3.2 

†Ӷ  ‘ ὺɳӶ ὺɳӶ Ȣɳὺ Ὅ  3.3 

‘ denotes the molecular viscosity, I the unit tensor, and a second term on the right signifies the 

effect of volume dilation. 

”Ὡ Ȣɳ”ὺӶὩ ȢɳËɳὝ  ɳȢ ”ὺӶ†ӶȢὺӶ  3.4 

A viscous dissipation ɳȢ†ӶȢὺӶ term is shown on the right-hand side of the equation (Eq. 3.4) and 

represents viscous work in the Tesla compressor rotor case. It is assumed that potential energy is 

neglected in the equation.  In the first term, "e" represents internal energy, while in the second 

term, it represents enthalpy. 
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Reynolds number is one of the most important factors in determining the fluid flow behavior, 

because it gives an approximation of the flow nature of fluid, such as laminar, turbulent, or mixed. 

It is calculated by Eq 3.5, where l is characteristic length, ὺ is velocity of the fluid. It is possible 

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

Navier-Stokes equations for an incompressible fluid as shown Eq. 3.6. 

ὙὩ  
ȢȢ
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3.6 

As it can be seen from Eq. 3.6, 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 rotors is asymptotic or Ekman region (with almost 

laminar flow between the disks) just after their entrance region, which 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 efficiency of Tesla 

machinery, which requires the examination of the flow just after the disk tip and the clearance 

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 maximum efficiency of 58% numerically 

when eight nozzle configurations are used at 30000 rpm and 40000 rpm [50]. As a result of 

experiments, a 36.5% maximum efficiency with two nozzle configurations has been observed at 

10000 rpm: this discrepancy has been extensively discussed in [21][51] 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 that of the 3-kW expander, as it can be seen in Table 3.1. 
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Table 3.1 Bladeless expander prototype design data 

 

A CFD model of Tesla turbomachinery has been tailored for reverse operation by UNIGE for 

numerical analysis. The parameters of the model study are presented in Table 3.1. The study 

considers both the 8-diffusers and diffuserless (where such nozzle inserts are removed) 

configuration of the Tesla compressor as shown in Figure 3-1. 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. The k-ɤ SST turbulence model is used 

for numerical analysis, because TPG, Unige has experience with this model in the field of such 

technologies with experimental validation. The k-ɤ, SST model is developed by Mentor [76] 

which removes the damping function from the k-  ꜡model. Due to this advantage, it has become 

the current industry standard [77] for turbulence modeling. Nevertheless, 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 decision. The Coupled method is selected for pressure velocity coupling 

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 number, ‫ ) 2.6 

Disk (end-disk) thickness, mm 0.1 (1) 

Number of disks (end-disk) 110 (2) 

Number of diffuser passages 8 

Diffuser throat (mm) 1 

Diffuser exit (mm) 10.2 

Diffuser inlet angle, degree 2.2 

Motor  

Motor max efficiency, % 96 

Rated speed, rpm 40000 

Rated power, kW 3 

Expander ï CFD [21][51] 

Speed, rpm Mass flow, g/s Power, W 
Inlet pressure, 

bar 

Total to static efficiency, 

% (Uncertainty-%) 

40000 129 6063     3.0 58 

30000  80 1850     2.4 58 

Expander ï Experimental [50] 

30000 93.0 1060     2.40 18.0 (±1.8%) 

10000 24.7 224.5     1.35 36.5 (±1.8%) 
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and the second-order momentum equation is used to discretize the convective terms by a 2nd-order 

upwind scheme. Gibson et al [78] studied five different turbulence models to demonstrate the 

differences in the Radiver test case. They determined that the k-ɤ, SST model is suitable to predict 

major local flow phenomena in a centrifugal compressor. 

 

L                           LL 

Figure 3-1 Tesla expander prototype, here studied as compressor ï I: CAD model: (a) Inlet section; (b) Bladed stator 

(vane diffuser); (c) Rotor disk; (d) Rotor shaft ï II: machine realization. 

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 model of single gap is built, consisting of a 

diffuser, casing, and disk as shown in Figure 3-2a (I and II). A fluid domain (rotor and stator) is 

considered with a portion of 1/8th of the single gap (or 45-degree part of single gap), where a half-

thickness disk and half gap are chosen with periodic and symmetric boundary conditions as shown 

in Figure 3-2 (II). The same analysis is also performed with a diffuser-less configuration (without 

a stator and adding a cylindrical exit) in order to gain a better understanding of the performance. 

The geometry of about 1/8th of the half-thickness of the disk and gap model is considered with 

chamber area as shown in Figure 3-2 b (I and II). This approach reduces computational cost 

without compromising results accuracy. 
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                                      a(I, II)       b(I,II) 

Figure 3-2 Tesla prototype model and boundary conditions: a (I, II) With diffuser b (I, II) Without diffuser 

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 walls. The mesh grid-dependent test is run 

for 200,000 to 2 million cells and output variables i.e., mass flow rate, torque, and pressure are 

tracked as shown in Figure 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 shown in Figure 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 port [79][80]. The casing is considered as a stationary wall 

with no-slip condition. The rotating wall is considered a moving wall with no-slip 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 walls is less than 2.5, while they are around 1 

near moving walls. For better accuracy, the facet average y+ value for k-ɤ SST is less than 5. The 

solution is considered converged when the residuals are below 1e-6. 
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Figure 3-3 Mesh convergence for mass flow, torque and pressure 

 

 

Figure 3-4 Tesla prototype (compressor mode) grid generation: (a) with diffuser and (b) without diffuser 

 

3.1.3. Performance analysis at different rotational speeds 

In order to calculate the bladeless compressor performance, steady-state simulations 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. 3.7 and 3.8. Since the working fluid is air, all air properties must be 

taken into consideration. 
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The isentropic adiabatic efficiency is calculated according to the following Eq.3.9.  

 – Ὕ ὝȢ ȾὝȢ ὝȢ         3.9 

 

Figure 3-5 shows the pressure ratio vs mass flow rate. The 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 krpm. In each speed range, the pressure ratio is higher at low mass 

flow rates and gradually decreases with increasing mass flow rates. Diffuserless configurations 

exhibit almost flat curves as compared to diffuser configurations, as shown in Figure 3-5. The 

maximum pressure ratio obtained with a diffuser or stator is 1.21 at a 9.5 g/s mass flow rate, 

whereas the maximum pressure ratio obtained without a diffuser is 1.20 at the same mass flow rate 

of 9.5 g/s (at 30000 rpm), demonstrating a bit poor performance of the diffuser. The statoror 

diffuser (compressor mode) geometry was optimized for nozzle operation (i.e., 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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Figure 3-5 Pressure ratio versus mass flow with and without diffuser_CFD 

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 pressure. In this 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 in Figure 3-6 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, ventilation, etc.  As shown in Figure 

3-6 the solid line represents diffuser efficiency while the 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 80 g/s [50]. However, when the mode is reversible 

(compressor), the maximum efficiency is approximately 43% at 20 g/s. Tesla 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 the expander 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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Figure 3-6 Total to static efficiency versus mass flow (CFD results) 

The bladeless compressor power is calculated by multiplication of measured torque and angular 

speed, as shown in Eq 3.10.  

 ὖ †z 3.10                                ‫ 

 

It is evident from Figure 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, there is a detached flow 

zone present in the diffuser. This power is without losses (leakage, frictional, bearing, etc.) 

consideration. The actual power is quantified during the experiment which is discussed in the next 

section 3.3. 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 angle. Figure 3-8 (a) and 9 (b) illustrate 

the contour plot of the static pressure and velocity magnitude at the maximum efficiency point, 

respectively, whereas Figure 3-8 (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 designed for the expander 

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 values are lower 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. 

 

Figure 3-7 Power versus mass flow (diffuser and without diffuser) (CFD results) 

 

(a)        (b) 

Figure 3-8 Contours plot (maximum efficiency point) at 30000 rpm (CFD results): (a) static pressure and (b) velocity 

magnitude. 

 If the stator is operated as a diffuser, the recirculation zones in the stator may determine the 

diffusing angle, due to the too-aggressive angle, since the stator was designed for use as a nozzle. 

Furthermore, in the expander mode, air tangential velocity at the 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 at lower mass 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 for assessing the performance of bladeless machinery was set up at the TPG laboratory, 

University of Genoa, Italy. The test rig consists of a bladeless compressor (designed as bladeless 

expander and here operated in reverse mode) with a high-speed three-phase electric engine, 

controlled using an inverter drive and supported by a ball bearing. The rotor consists of a set of 

flat disks equally spaced. Design data of the Tesla prototype, which has been operated in reverse 

compressor mode in this work, is reported in Table 3.1. Such a Table also resumes previous CFD 

and experimental results obtained operating such 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 in Figure 3-9-I (C&D). Such a Figure shows the experimental set-up 

used in this work, related to the compressor mode of operation of the prototype. To achieve high 

rotor efficiency, an in-house design tool was used to obtain the most significant non-dimensional 

parameters [21]. 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 supporting structure as 

shown in Figure 3-9-I. This arrangement enables easy access to all air feeding lines through Figure 

3-9-I (A) ports and decouples the vibrations of the compressor from the resonances of its support. 

A 3-phase constant electric supply is provided to the 3-phase motor with the help of the driver to 

run the motor at a fixed rotational speed. The fluid atmosphere air 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. To raise the static pressure at the compressor outlet, the current study is focused 
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on the diffuser and diffuserless configurations as shown in Figure 3-9-II and III 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 of spaces and disks in the rotor. The stator is placed with 0.5 mm of average 

clearance with the rotor.  To 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 in Figure 3-9-II (G). The diffuser passages shown in Figure 3-9-II (H) look like open and 

closed sidewalls; however, 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 shown in Figure 3-9. 

The atmospheric air acts as the working fluid and enters through the compressor central inlet and 

passes through the disk gaps radially outwards. Outlet mass flows through all eight diffusers are 

collected using 10 mm diameter flexible PVC conduit pipes connected to a mass flow meter. The 

Bronkhorst mass flow meter has been used that can measure up to 40 g/s mass flow rate of air. The 

primary end of the mass flow meter is connected to the collector output and the other end is 

connected to the storage tank. A siemens make differential pressure sensor (0-600 mbar) is fixed 

at the diffuser outlet to measure the static pressure, and five thermocouples were used to measure 

the compressor temperature at different positions, as indicated in Figure 3-9. Thermocouples T3 

and T6 were placed at the diffuser 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. 

Table 3.2  reports the accuracy data of the main measurement probes. 

Table 3.2 Measurement accuracy 

Instrument Type Accuracy 

Pressor sensor ±1% 

Thermocouple ±1.5°C 

Mass flow meter ±1% 

Current measurement by motor ±0.5% 

Motor speed sensor ±0.01% 

 



3-14  

 

 

Figure 3-9 Experimental test rig: I: (A) Compressor support; (B) Mass flow collector; (C & D) Casing with bladeless 

impeller and motor; (E) Mass flow meter; (F) Connecting tube of 10 mm inner diameter; II: Diffuser case (G) Diffuser 

locking pin; (H) Diffuser passage; (I) Cylindrical compressor casing; (J) Compressor outlet; III: Diffuserless case 

(K) Rotor disks; (L) Compressor inlet (M) Rotor shaft; (N) Exit valve; IV: (O) Tank; (P) Pressor sensor positions (P2) 

Differential pressor-mbar ; (Q) NI-CRIO modules; (R) Compressor front casing;  (S) Thermocouple-ambient; (T) 

Thermocouple position at outlet -T1, T7, and T5 outside the chamber, T3 and T6 inside the chamber.  
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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 without a diffuser (i.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 speed is 40000 rpm. 

This study focuses on less than 40000 rpm because resonance occurs at 545 Hz to 680 Hz at higher 

rotational speeds, which is discussed by Renuke [21]. Figure 3-10 illustrates the measured results 

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

temperature are measured by closing the valve in the outlet line of the compressor at different mass 

flow rates. 

 

(a) 
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(b) 

Figure 3-10 (a) Variation of exit static pressure vs mass flow at different rotational speeds and (b) outlet temperature 

vs mass flow at different rotational speeds (experimental results) 

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 when the outlet valve is closed at a speed 

of 30000 rpm. 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 diffuser-based and diffuser-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 shown in Figure 3-10 (a). 

The diffuser configuration has a higher exit static pressure than the diffuserless configuration, as 

shown in Figure 3-10. This may be due to the geometric constriction caused by the diffuser. Figure 

3-10 (b) shows the 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 pressure ratio). For 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 the range from an open valve to a closed valve, 

uncertainty bands are applied to all cases. Table 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, the maximum input 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 W with diffuser 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 in Figure 3-11. For the three different rotation speeds, the diffuser configuration consumes 

more power than the diffuserless configuration. Stator configuration, however, measured a slightly 

higher mass flow rate than without stator configuration, and power added by air is not constant. It 

is due to the fact that the pressure ratio is higher in this configuration, at the same mass flow rate. 

As shown in Figure 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 ventilation losses. 

It has been observed by Wang [22] 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 losses. Accordingly, 

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

experiment, which merits further investigation. 
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Figure 3-11 Variation of power vs mass flow at the different rotational speed (experimental results). 

3.2.3. Uncertainty analysis 

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

flow rate, temperature, and power to 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. 

There are several ways to calculate the uncertainty, however, this thesis uses the standard approach 

square root method to combine the error as shown in Eq. 3.11 and 3.12. The various parameters (x) 

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

and their independent parameters[21][81][82], thus if, 

 ί ὪὼȟὼȟὼȣȣȣȣȢὼ                                 3.11 
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The Us is uncertainty for s, while ῳx for the jth terms. The instrumentation accuracy is given in 

Table 3.2. The uncertainty is calculated in the power (†*which is maximum °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 losses [22][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 experiment 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 leakage flow as a result of the higher-end gaps than the expander prototype. Leakage 

evaluation is carried out on the current prototype in expander mode. Renuke [30] has established 

a correlation between rotor peripheral pressure and leakage flow. Based on the updated end wall 

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 are analyzed using these methods: 

¶ A CFD correlation between rotor peripheral pressure and rotor outlet pressure has been 

developed, as shown in Figure 3-12. 

¶ The correlation above is used to estimate the peripheral pressure of the rotor corresponding 

to the experimental outlet pressure. 

¶ A correlation is also obtained from CFD between the total compressor inlet mass flow and 

the peripheral pressure of the rotor (CFD does not take into account the leakage). 

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

to the rotor peripheral pressure obtained in step 2. 

¶ The leakage mass flow is calculated by subtracting from the rotor inlet mass flow obtained 

in step 4 the outlet compressor mass flow, measured experimentally ( leakage = in - out). 
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¶ As illustrated in Figure 3-13, the correlation between leakage mass flow and rotor 

peripheral pressure for diffusers and diffuserless systems is plotted. 

 

Figure 3-12 CFD: Gauge static pressure rotor peripheral vs gauge static pressure outlet 

Figure 3-13 illustrates 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 possible to observe 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 eight cylindrical 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 being perpendicular 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 the rotor are twice the end gaps present in the expander measured 

during the test. Because of this, the leakage flow in diffuserless conditions is almost twice the 

leakage flow in the expander case as shown in Figure 3-13. 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 between the diffuser and diffuser-less 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 lower leakage flow than 

conditions in which no diffuser is present, since it prevents the axial speed of air from leaking from 

the rotor periphery to the end disk gaps. Another possible reason is the smooth entry of air flow 

from the rotor tip to the compressor outlet through the well-guided path of the diffuser.  

 

Figure 3-13 Leakage losses: leakage flow vs rotor peripheral pressure (gauge) at different rotational speeds 

According to Figure 3-14, 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 

diffuser-less case and 73% for the diffuser-containing case. Similarly, the trends at 20000 rpm 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). 
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Figure 3-14 Leakage (%) vs rotor total mass flow (close valve -100% to open valve) at different rotational speeds 

for diffuser and without diffuser case 

3.4 Comparison of numerical and experimental results 

Figure 3-15 and Figure 3-16 depict the static pressure ratio versus mass flow for the diffuser 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 experiments. Both 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 

experimental results when the valve is closed. At closed valve conditions, the complete flow 

through the compressor is through end disks, i.e., leakage. During the discharge process, a static 

pressure is built in the discharge chamber. During the experiment, this pressure 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 intersect the y-axis, i.e., the 

pressure ratio. In this situation, the maximum pressure simulated by the CFD is the pressure at 

which the valve is closed.  For both cases, "diffuser" and "diffuserless", Figure 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 in Table 3.2, which is taken into account during the 

calculation.  The experimental and numerical curves match under the accuracy range at the closed 

valve condition, so there is a good agreement between them. The experimental accuracy is ±1% 

for pressure and mass flow meter, while CFD is ±0.93% and ±0.63% respectively. In all the test 

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

results mainly due to the leakage losses observed in the experiment. 

Figure 3-15 shows the pressure ratio versus mass flow from the closed valve condition to the open 

valve condition in the diffuser case. It can be seen that the extrapolated CFD curve intersects the 

y-axis on the almost same location as the experimental curve. This is the case where the total mass 

flow travels through the end disks i.e., 100% 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 pressure ratio at closed valve 

conditions is very small i.e., 0.95%, 0.35%, and 0.43% at 30 krpm, 20 krpm, and 10 krpm 

respectively. 

 

Figure 3-15 Variation of numerical (without losses) and experimental (with losses) pressure ratio versus mass flow 

at different rotational speeds for diffuser case 
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Similarly, Figure 3-16 shows the pressure ratio versus mass flow from closed valve condition to 

open valve condition without diffuser case. It can be seen that the extrapolated CFD curve 

intersects the y-axis on the same location as the experimental curve. The error between 

experimental and CFD static pressure ratio at closed valve conditions is very small i.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 9 g/s, and after the curve is extrapolated, which shows the error 

between numerical and experimental. 

 

Figure 3-16 Variation of numerical (without losses) and experimental (with losses) pressure ratio versus mass flow 

at different rotational speeds for diffuserless case 

The difference is a bit higher in the diffuserless case the diffuser case, due to the large clearance 

at the disk exist where high 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 Tesla expander prototype, leakage was very high which degraded overall performance. 

Attention has been focused on the implementation of a leakage reduction mechanism, and some 

sealing systems have been obtained (e.g., 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 previous section 2.3. The 

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 shown in Figure 3-17. 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 fence height 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 

Figure 3-17 (I) using the k-ɤ SST turbulence model. The CFD procedure is well discussed in the 

previous section. The simulation was carried out on 1-bar, 2-bar, and 3-bar differential pressures 

upstream and downstream considering atmospheric conditions. 

              

                                   (I)                                                                (II) 

Figure 3-17 (I) Normal brush seal design boundary condition (cross-sectional view of half part) and (II) MTU design 

for the Tesla expander prototype 
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Assuming a 1 bar differential pressure and a total mass flow of 67 g/s, the leakage rate was 

calculated to be 7.3% at 1 bar differential pressure, and it increases with increasing differential 

pressure [60]. Based on the brush CFD results, the brush seal manufacturer "MTU" was contacted 

(they have expertise in producing high-quality brush seals [60]. MTU provided technical data for 

this Tesla design as shown in Figure 3-17 (II). This MTU design reduces higher leakage as 

compared to normal design. The leakage is 2.4g/s (considering both sides of the expander 

prototype 4.8g/s for the two seals) at 1 bar and leakage increases with increasing pressure as shown 

in Figure 3-18. 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 of 0.6 mm at the outlet. 

 

Figure 3-18 Leakage vs expander inlet pressure for normal and MTU brush seal 

There is a low leakage rate in the MTU model, and it could prove to be effective for improving the 

performance of the system. Upon inquiry with MTU, it was observed that the cost of the seal was 

high. This is possible due to the lessened demand for low-size seals (80 mm) in the marketplace. 

MTU will manufacture low-size brush seals upon request, so the seal cost would be very high, but 

in bulk, it will be cheaper.  Through this implementation, leakage would be reduced by highly, and 

efficiency could be increased by more than 5% for the expander. This is a reversible machine so 

in compressor mode, the outlet pressure is very low i.e., <0.3 bar, where leakage will be very low. 

Based on the MTU data the leakage will be around 3.5 g/s for both sides of leakage consideration 

in compressor mode which increased overall performance >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 95% when the rotor is designed with 

optimal conditions. The numerical analysis estimated overall efficiencies of 43.5% and 44.5% with 

and without diffusers for the prototype stator and rotor geometries. Rotor-stator loss mechanism 

is included in the results, however, end-disk 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 leakages by comparing numerical and experimental 

results. When the compressor is operated at zero net mass flow (i.e., exit valve closed), the 

experimental and numerical results matched with less than 3% discrepancy in static pressure ratio. 

As expected, the diffuser, despite not being optimized, allows for an increase in the overall pressure 

ratio. It has been observed that several aspects of the Tesla 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: 

¶ The rotor has been designed for expander operation in which the intra-disk Reynolds 

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 range of 5-6 [17][67][69], whereas the 

Ekman number should be in the range of 1-2 [22][23]. 

¶ The end-wall-to-end-disk 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 stator was 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 mode under the quasi-one-dimensional 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 of a brush seal mechanism will result in an improvement in performance of 5-8%. 

However, MTU's initial costs were too high, whereas, in the literature, moderate costs were 

anticipated. 

An improved bladeless compressor prototype is designed using the same shaft line and electric 

motor as the current prototype, focusing on the following aspects, which are discussed in chapters 

5 and 6: 

¶ An analysis of the Tesla rotor with an optimal disk gap based on the optimal Ekman & 

Reynolds number and radius ratio. 

¶ Design of an improved diffuser in order to maximize performance while minimizing losses: 

a scroll-type diffuser may eventually be considered. 

¶ The loss characterization will be carried out numerically to capture losses (end walls, 

leakage, and stator-rotor interaction) closely in order to improve compressor performance.  

¶ End-disk leakage is reduced by an end-disk 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 made to the rotor, stator, number of stators, 

and implementation of the sealing mechanism to reduce leakage. 
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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 low-cost devices with very low noise levels. It is important to emphasize 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 blower. In this 
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 blower prototypes at 
different rotational speeds and distances, a tailored experimental setup is described. Multiple 
measurement techniques as well as post-processing techniques have been evaluated and 
compared to achieve an accurate acoustic characterization. 

Considering the 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 amount 
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 machines, opening the 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 chapter 3, 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 obtained in the 

compressor mode, which serves as a blower; therefore, it is described here as a blower. Acoustic 

emissions are a general problem in conventional turbomachinery, and it is challenging. In contrast, 

acoustic emissions are lower in the case of non-conventional and bladeless technologies. As 

discussed in Chapter 2 and Section 2.4, many authors agreed that the 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. 
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4.1.1 Test rig setup 

Air Tesla compressor acoustic test rig is set up at the TPG laboratory, University of Genoa (Italy) 

for assessment of its overall acoustics emission. A rectangular support made up of cylindrical 

metallic bars is used to hang the air blower with the help of an elastic rope, preventing ground 

reflections during acoustic measurements. Goğňbiewski [83] measured the sound levels on asphalt 

pavement as well as grass-covered 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 ground surface, as 

shown in Figure 4-1 (II -g, h). Figure 4-1 (II) illustrates the placement of an accelerometer (l) and 

a coil (n-tachometer sensor) on the Tesla blower casing to determine the 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 three microphones placed at fixed locations: top-500 mm (m1), front-250 mm 

(m2), and back-400 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 measurements.  

 

Figure 4-1 Experimental test rig: I: Tesla blower (a) Inlet section; (b) Casing; (c) Chamber between rotor and stator; 

(d) Rotor disk; (e) Rotor shaft; (f) Blower outlet; II: Tesla blower acoustic test rig setup front view (g) Elastic rope; 

(h) Support; (i) Connecting tube of 10 mm inner diameter; (j) Collector; (k) Acoustic intensity sensor; (l) 

Accelerometer; (m1, m2 and m3) Microphones; (n) Coil 
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As per standard [84][85][86], ten positions are selected uniformly throughout the measurement 

surface, namely: Front, Back, Left (2 positions-L1 and L2), Right (2 positions-R1 and R2), Top (2 

positions-T1 and T2), and Bottom (2 positions-Bt 1 and Bt 2), as shown in Figure 4-2. The Bruel 

& Kjaer 3548 sound Intensity probe (with two condenser microphone cartridges type 4181, 

nominal diameter-1/2ò, open circuit frequency response- 0°: incidence free-field response - 0.3 Hz 

to 16kHz: ± 2 dB phase response difference and when used as a pair- < 0.05°: 20 Hz to 250 Hz -

absolute value), and Siemens LMS Scadas mobile 16CH SCM202V VIBCO exciter closed-loop 

digital control LMS Test Lab Acquisition/analysis software is shown in Figure 4-2 (I) and (II) 

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 an eight-inlet single outlet 

collector. For the purpose of controlling the flow, a flow control valve is available. The third 

microphone is positioned 250 mm from the collector outlet in order to determine 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 the local data acquisition controller, which feeds the data 

to the SCADA computers via LAN cable through the controller cards. It is necessary 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 Brüel &Kjær devices, 

particularly condenser microphones and their Type 2619 preamplifiers. 

 

(a) 
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(b) 

Figure 4-2 a Sound Intensity probe and microphone (M1, M2 and M3) measurements positions b (I) Bruel & Kjaer 

3548 Sound Intensity probe with two condenser microphone cartridges type 4181 nominal diameter:1/2ò and (II) 

Siemens LMS Scadas mobile 16CH SCM202V VIBCO exciter closed-loop digital control LMS Test Lab 

Acquisition/analysis software. 

Table 4.1 Air 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 (end-disk) 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 software [87] is exploited 

for instrumentation calibration. The purpose of calibration is to ensure the accuracy [84] of test 

equipment so that measurement uncertainty can be minimized. All testing instruments (acoustic 



4-5  

 

intensity sensor and microphones) are preliminarily calibrated before conducting the tests. The test 

procedure is conducted through the LMS Test. Lab [87] ñsignature acquisitionò module. The 

experimental data has been acquired for 60 seconds, and the display screen has been set to monitor 

the acquired signals continuously. 

4.2 Methodology and testing 

According to Figure 4-1, 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. An electric engine is supplied with three-phase 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 blower four inlet holes, 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 a single 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 acoustic intensity sensor and microphone. To 

measure the sound pressure levels, three microphones are placed at different positions, top, front, 

and back as shown in Figure 4-2. An acoustic intensity is the amount of energy that flows per unit 

time through a unit area in the direction that sound waves travel. The normal 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 possible across the measurement area. Crocker [88] 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 transmission loss (sound reduction index). There are 

several sources of measurement error, including background noise and finite difference errors. 

According to Croker these errors, even in non-ideal or hostile environmental conditions, can lead 
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to quite accurate measures of sound intensity. Rawlinson [89] provides 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 for the testing of large, complex machinery noise specifications. The 

standard Eq. 4.1, 4.2, and 4.3 [85][86] are used for sound intensity, sound power, and sound 

pressure level calculation respectively. The terms I and P indicate sound intensity and acoustic 

power, while I0 and P0 respectively stand for reference sound intensity ( ρ ὴὡȾά ) and reference 

acoustic power (ρ ὴὡ). 

 

   ὛὍὒρπὰέὫ ὍȾὍ  Ὠὄȟ Ὅ ρὴὡȾά  4.1 

   

 ὖὡὒ ρπὰέὫ ὖȾὖ  Ὠὄȟ ὖ ρὴὡ 4.2 

   

 Ὓὖὒὖὡὒ ρρὨὄ ρπὰέὫ ὶ  Ὠὄ 4.3 

 

For the acoustic intensity measurements, the intensity sensor is initially mounted at a distance 0.5 

m from the source. As per standard, the ten positions are selected uniformly over the measurement 

surface as shown in Figure 4-2 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 

software (LMS Siemens Test Lab.) is used to acquire and post-process 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 shown in Figure 4-2. The acoustic levels 

are strongly dependent on the location and distance and therefore the acoustic effect must be 

quantified at several distances. Similarly, the acoustic intensity effect is also quantified at distances 

0.5 m, 1 m, 1.5 m, and 2 m, respectively. 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 

improve the Tesla blower's overall acoustic emission. Several signal processing techniques are 
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exploited to investigate air Tesla vibro-acoustic behavior: from the classical Fourier spectrum, 

implemented by means of the FFT algorithm, to time-frequency analysis (STFT) in the run-up and 

run-down transients, and finally by performing TSA at constant angular speed. TSA is a technique 

that allows 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 undesired acoustic 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 constant angular 

speed, only deterministic components of the originally acquired signals (e.g. ascribable to 

mechanical rotation) remain in the post-processed 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 in narrow-band 

spectra, and then in terms of acoustic intensity analysis in third-octave band spectra. 

4.3.1 Vibro-acoustic signature analysis 

Prior to conducting measurements, it is important to analyze the parameters (amplitude, TSA, FTF, 

auto power, broadband frequencies, etc) to ensure that relevant data is produced and that accurate 

comparisons can be made between multiple-order 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 post-processing. As indicated in the test rig setup section 4.1, the 

accelerometer and coil are attached to the source, whereas the microphones are located at a distance 

from the source. Figure 4-3 illustrates the auto-power 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 around 6 kHz (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 that 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 affects the torque profile, which results in further 

vibrations in the detected signal. Additionally, the main orders modulate such supplementary 

spectral contents, resulting in sidebands. 

 

 

Figure 4-3 Auto-power spectrum of accelerometer signal at 30 krpm 

 

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 (such as turbulence 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 within vibro-acoustic 

signals, TSA is used. 

As shown in Figure 4-4, TSA was performed on the acoustic response spectrum at 30000 rpm 

concerning the microphone auto-power spectrum. It can be more easily identified some 

deterministic components of microphone auto-power using synchronous averaged acoustic 

spectrums, compared to microphone auto-power spectrums (obtained by linear averaging) at 30 

krpm. In system acoustic response 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, 12X, and 16X are well detectable in microphone spectra 

(amplitude peaks at 4 kHz, 6kHz, and 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 integer multiple (16X) has lower energy, about one-third of 8X. Finally, a 

broadband noise at lower frequencies than 4X can be identified in the microphone auto-power 

spectrum which is not present in the synchronous averaged signal which might be then ascribable 

to turbulent phenomena onset. 

 

 

Figure 4-4 Synchronous average versus auto-power spectrum of microphone signal at 30 krpm 

Figure 4-5 shows the synchronous averaged spectrum of the accelerometer in the whole acquisition 

band to better underline the dominant frequency components in system structural response. Indeed, 

other spectral contents are better identifiable in the synchronous averaged spectrum with respect 

to the auto-power spectrum, among which one family of harmonics is characterized by a 

fundamental frequency of 100 Hz together with its integer multiples (spectral contents at 200, 300, 

400 Hz exhibit significant energy). 
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Figure 4-5 Synchronous average of accelerometer signal at 30 krpm 

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 bearings, which 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 blower [90]. 

As can be seen in Figure 4-6, the cross-power spectrum obtained between the microphone signal 

and the accelerometer signal at 30000 rpm confirms the close relationship between vibrational and 

acoustic phenomena as expected. Therefore, 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 panels. The amplitude 

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 lower amplitude as it is not significant in the acoustic 

response. Furthermore, order 4X harmonics (8X, 12X, and 16X orders) are still visible; however, 

their energy is negligible, as they do not contribute significantly to the structural response. It is 

81920 Hz

0.0

0.2

0.4

0.6

A
m

p
li
tu

d
e
 (

P
e
a

k
)

g

2000 (4X) 4000 (8X) 8000 (16X)

6000 (12X)

500 (1X)

F Spectrum_acc_synchronous_avg
n=30krpm



4-11  

 

also possible to identify sub-synchronous 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). 

 

 

Figure 4-6 Cross-power spectrum between microphone and accelerometer at 30 krpm 

Figure 4-7 illustrates three energy spectra for the mic-2 at 10000 rpm, 20000 rpm, and 30000 rpm. 

Mic-2 (which is placed in front of the device) energy spectrum is obtained by synchronized 

averaging (160 spectra). Linear averaging is equivalent to an auto-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 (2000 Hz), which exhibits more energy than other spectral contents, the 

acoustic pressure is greater. Similarly, 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 speed (N-rpm), it generates 

harmonics that are multiples of the passing frequency (N/60). Generally, the highest level of 

energy is found at 4X order due to the four sections of the blower inlet (blower entrance). 

Furthermore, the acoustic energy generated by fluid-solid interactions due to leakage (discussed 

in the previous chapter section 3.2.4) 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 blowers [84][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 

a focus 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 speeds which is not invariant with speed. 

Therefore, it might be ascribable to turbulent phenomena taking place at the blower inlet which 

give rise to acoustic emission not related to machine rotation, as already shown in Figure 4-4 for 

the maximum angular speed. 

 

 

Figure 4-7 Microphone energy spectrum averaged at 10 krpm, 20 krpm, and 30 krpm 

Three microphones are used, mic-1, mic-2, and mic-3, which are placed around the source at three 

different locations (i.e., top-0.5m, front-0.2m, and back-0.35m, respectively) can visualized in 

Figure 4-2. Figure 4-8 shows the frequency band spectrum for microphones in a third-octave band 

in SPL-dB, respectively. In contrast, mic-1 showed a lower SPL of 95 dB, while mic-2 and mic-3 

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 well as aeroacoustics phenomena. It is important to 

note that sound pressure levels are dependent on distance and location. As the distance between 

the source and the microphone increases, the sound pressure levels decrease. The mic-2 and mic-

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 by mic-3 is higher than that detected by mic-2 in the one-
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third octave band with a central frequency of 2000 Hz, whereas mic-2 indicates a higher SPL in 

all other one-third octave bands. Indeed, mic-3 is located on the rear side near the collector point, 

where the flow from all eight outlets exits together. Therefore, it is facing blower discharge holes 

which makes the one-third octave band with central frequency 2000 Hz dominant with respect to 

other frequency components; on the contrary, the remaining frequency range is characterized by 

lower energy with respect to mic-2 because mic-3 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 holes which cause 

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 section 4.5. It is likely that mic-2 and mic-3 detected a high noise level due to 

leakage, which occurs where there is a significant amount of fluid-to-fluid interaction as well as 

fluid-to-solid interaction. A significant amount of noise is emitted from the front and back 

(collector points) 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 fluid-fluid and fluid-solid interactions. 

 

 

Figure 4-8 Microphone sound pressure level (SPL-dB) at 30000 rpm in third-octave bands 
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An engine run-up test is conducted from 0-30000 rpm in system vibro-acoustic preliminary 

investigation. A time-frequency plot (STFT) of the accelerometer signal in terms of the auto-power 

spectrum is shown in Figure 4-9 (I) and the same color-map representation for the microphone is 

reported in Figure 4-9 (II ), both of them performed during the ramp-up test. In Figure 4-9 (I), 

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 together with its harmonics) may be 

ascribable to the number of inlet holes in the disks that 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 (quadruple), and 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 

acquired response, thus suggesting an intrinsic structural complexity of the investigated system. 

Moreover, some discontinuities in the vibrational response color-map during the ramp-up test can 

be identified at 20000 rpm and 26500 rpm which may be attributable to the 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 characteristics.  
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(II)  

Figure 4-9 (I) Time-frequency analysis (STFT): 0-30000 rpm in the run-up ï accelerometer, (II) Time-frequency 

analysis (STFT): 0-30000 rpm in the run-up ï microphone 

Similarly, in Figure 4-9 (II), the system acoustic response detected by the microphone during the 

ramp-up 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 spectral component 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 response. Following 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. 

Figure 4-10 shows microphone response (Mic-1, which is placed on the top position at 0.5 m from 

the source) in run-up test for both 1X and 4X orders concerning its 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 

the 4X order, and this is coherent with the observed behavior at constant angular speed. 
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Figure 4-10 Microphone response at run-up test (0-30000 rpm) in terms of both 1X and 4X orders and overall level 

4.3.2 Acoustic intensity measurement analysis at different angular speeds 

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

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

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 post-processed in the LMS Test Lab under the ñsignature 

throughout processingò module, for all the considered positions [93]. For the measurement of 

acoustic intensity, cursors were applied 1(X)-12(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 average RMS 

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 faces of the cubic face to have more measurement 

points) as previously discussed in section 4.2. 

The sound intensity level (SIL- dB), sound power level (PWL-dB), and sound pressure level (SPL-

dB) are calculated by Eq. 4.1, 4.2, and 4.3, respectively. The overall acoustic power is calculated 

under the six faces. Acoustic power provides an estimate of noise level because it 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 noticed. This is due 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 nature. The sound pressure level (SPL-dB) is calculated using Eq. (4.3) for all ten 

positions surrounding the source. As shown in Figure 4-11 the sound pressure level (SPL-dB) is 

bigger at higher angular speed. In particular, SPL is found to be maximum at point B (back 

position, behind the source) for 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 is higher at higher 

rotational speeds in the Tesla blower. Hosseinian [26] reported in his study, that the noise 

generated by turbulent flow scattering exhibits its lowest value and increases substantially at higher 

speeds. With increasing angular speed, the wakes become larger, and the noise correspondingly 

increases, mainly due to the interaction between the blade wakes and the cut-off section [84][94]. 

The overall bladeless blower sound pressure level (SPL-dB) is calculated using Eq. (4.3) at 30 

krpm, 20 krpm, and 10 krpm and results to be 93 dB, 82 dB, and 67 dB, respectively. 

 

 

Figure 4-11 Experimental acoustic measurement at different rotational speeds 30 krpm, 20 krpm and 10 krpm 
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Figure 4-12 illustrates the sound intensity spectra at 30 krpm (red), 20 krpm (blue), and 10 krpm 

(green) for the positions 0° (thin-line) and 180° (thick-line). A multiplier of the revolution 

frequency is applied to each rotational speed in order to apply the cursors. Indeed, the cursors 

reported in Figure 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 run-up test. Their characteristic frequencies remain the same, but their energetic level 

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 same position 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 highest 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 significant acoustic spectral 

contents. 

 

Figure 4-12 Variation in sound intensity at positions 0Á and 180Á at maximum angular speed 

Figure 4-13 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. There is a significant 

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 level. The Figure 

4-13 illustrates the same sound intensity levels (SIL-dB) 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 dB. As the angular speed increases, the sound intensity levels (SIL-dB) 

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 increases; in particular, the third-octave band comprising order 

4X can be identified at the maximum angular speed, whose energy is significant. Indeed, at the 

lower angular speeds, 4X order cannot be identified in a specific third-octave 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. Based on Figure 4-13 , it can be observed that the frequency range chosen 

to compute acoustic intensity values covers the whole acquisition band. Indeed, the cursors are 

reported in Figure 4-13 to allow to identify the main acoustic contributions in system behavior: 

some of the spectral contents are similar to the ones previously identified in narrow-band spectra; 

indeed, their characteristic frequencies are the same and what changes is the energetic level due to 

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 components in narrow-

band spectra. 

 

Figure 4-13 Average sound intensity averaged spectrum (SIL-dB) 
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In Figure 4-14, the sound pressure level (SPL-dB) and the sound power level (PWL-dB) are 

depicted at different angular speeds. Sound power level (PWL-dB) is calculated based on the 

measured sound intensity per unit area for six faces, with the intensity sensor situated 0.5 meters 

from the source. The PWL increases quadratically when increasing angular speed. The maximum 

sound power level (PWL-dB) of about 98 dB is obtained at 30 krpm, where the sound pressure 

level (SPL) is around 93 Pa-dB. The sound power level is 73 dB at 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. 

 

Figure 4-14 Sound pressure and power levels (dB) at different rotational speeds 

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 9614 [85]. 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 measurement section 4.2; the selected ISO 9614-2 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 practice [95] 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 band [91][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 shown in Figure 4-15. The 

symbol óAô is the frequency weighted óAô correction which is around 39.4 dB at the octave center 

frequency of 31.5 Hz [95].  

 

 

Figure 4-15 Acoustic intensity evaluation for 160 ï 6300 Hz -1/3 octave band at 30000 rpm 

It is the response of the human ear and the sound level in dB that is converted into dB(A) by 

subtraction of the ñAò correction scale. The sound intensity levels (SIL-dB) around the source are 

in the range of 87 to 93 dB. At the backside from the source, the maximum 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 intensity 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 (Left-1 and Right-2) 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. Aeroacoustics effects are 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 section 4.5. 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 mass flow rate, and the same tip speed. 

As discussed in Chapter 3, leakages are the major cause of loss (i.e., circulating flow around the 

rotor). The signature analysis study is considered for the stator less (diffuserless case), 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 mass flow rate measured 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, 

respectively.  

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 event of a fire 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. The device geometry details for such blower is provided in the following 

Figure 4-16, whereas the technical data is provided in Table 4.2.  
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Figure 4-16 Conventional or bladed blower geometry details 

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 shown in Table 

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 

system's 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 shown in Figure 4-17. 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 outlet. The acoustic power of the bladed blower 

is calculated and compared with the Tesla blower as shown in Figure 4-17. 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 approximately 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 

at the 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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Figure 4-17 Acoustic power and differential pressure versus angular speed 

A comparison is made between the acoustic noise emitted by an air Tesla and the noise emitted by 

a reference bladed blower, as indicated in Figure 4-17. Lucifredi [66] conducted an experiment to 

investigate the acoustic noise of a bladed conventional blower at various distances and at a speed 

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 Tesla bladeless: in particular, the bladed rotor is 

three times smaller than the bladeless blower. Tesla blowers have cylindrical chambers between 

the rotor and casing (A cylindrical outlet hole connects this chamber to eight cylindrical outlet 

holes), whereas bladed blowers have volute-type duct outlets.  

Acoustic comparisons are conducted at the same tip speed of 27 m/s for 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 and bladed machines, and (ii) the tip passing frequency 

is a significant source of noise in bladed machinery. 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 sensors are used at distances of 0.5m, 1m, 1.5m, and 2m. The spin speed 

of the reference bladed blower is 12700 rpm, while the air Tesla blower's angular speed is 4300 

rpm, for the same tip speed of 27 m/s. In general, discussions of theoretical methods for quadrupole 
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and dipole [84] sources have been confined to models for describing the sound generated by 

pressure fluctuations at the blade surfaces. According to Raitor [96] in the bladed devices the noise 

is attributed to "tip clearance" caused by leakage between the shroud and the blade tips. Under low 

mass flow rate operating conditions, the time-averaged pressure field becomes increasingly 

asymmetric. It is an increase in broadband acoustic noise levels of about 2 to 4 decibels. The effect 

manifested itself at all frequencies in the form of static perturbation modes. 

Table 4.2 Air Tesla bladeless blower and reference bladed blower parameter details 

  Radius [mm] Speed [rpm] Tip speed [m/s] Mass flow [g/s] Pressure [Pa] 

Bladed 

blower 
20 12700 26.6 (50 cfm) Ḑ26.5  500 

Tesla 

blower 

60 20000 125.0 27.0 6000 

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 (SPL-dB) of the reference bladed blower are 83.77 dB, 

79.57 dB, 77.93 dB, and 74.91dB 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 in Figure 4-18. When the distance increases, noise 

emission quadratically decreases. In comparison to the air Tesla blower, the conventional blower 

is very noisy. As the bladed curve is extrapolated towards the y-axis, 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 Tesla rotates 

at higher speeds 10 krpm, 20 krpm, and 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 flow rate (around 27 g/s) 

of the reference bladed blower, then in such working conditions the bladeless Tesla blower 

operates at a speed of 20 krpm (but pressure is higher around 12 times higher than the bladed 

blower), which results in a lower sound pressure level of 75 (SPL-dB) at 1 m distance. As a result 

of the multiple regions of solid-fluid interaction in the conventional blower, particularly the 

number of blades, the conventional blower is noisier than the Tesla bladeless blower, which is 
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blade-free. According to elementary theory, the bladeless blower acoustic emission curve 

quadratically decreases with increasing distance. In 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 trend. Indeed, 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. 

 

 

Figure 4-18 Acoustic level (SPL-dB) comparison of an air Tesla and centrifugal blower at different distances 

Acoustic studies have been conducted on diffuserless (statorless) blowers with low acoustic 

emissions. According to the section 3.2.4 losses analysis presented in chapter 3; the 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 leakage, the 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 a Tesla-type bladeless 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 applications of this technology due to the 

limited literature works on this type of machine. It has been explored several experimental 

techniques and post-processing methods in order to characterize its acoustic noise. A sound 

intensity probe is used in conjunction 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 with adequate 

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 literature concerning acoustics. 

Detailed vibro-acoustic signature analysis of the bladeless blower has been conducted using time-

frequency analysis during ramp-up testing in order to determine the major factors contributing to 

both the acoustic and structural responses. In particular, two main mechanical resonances are 

detected at around 6000 Hz and about 6500 Hz, which contribute significantly to the vibrational 

response of the system, as demonstrated by a comparison of microphone and accelerometer auto-

power spectra during ramp-up 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 

response spectrum were identified both during the ramp test by analyzing the time-frequency 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 levels (SPL-dB) of 93 

dB, 82 dB, and 67 dB are observed at 30 krpm, 20 krpm, and 10 krpm, respectively. 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 emissions increases during leakage flow, an increased amount of noise is 
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captured by a microphone placed 0.2 meters from the source on both sides. The collector located 

at the back of the source captures a significant contribution of acoustic emissions that may be 

attributed to aeroacoustics effects. 

An innovative comparison of Tesla blower performance with a bladed reference blower is also 

presented. A Tesla blower generates a lower overall acoustic level of 53 (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 (SPL-dB). Since both devices are different, additional acoustic 

measurements are calculated with the same mass flow to demonstrate that bladeless blowers are 

again quieter than bladed blowers. Due to frequent blade interaction and pressure fluctuations, the 

sound is generated at the blade surfaces, but this is minimized in bladeless turbomachinery. As a 

consequence, Tesla-type devices can be useful in low-noise 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, fluid viscosity, 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 casing. An innovative 

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 rotor-only analysis determined an isentropic efficiency 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 should be noted, however, that 

compressor performance depends on the number of diffuser vanes and the stator-rotor 

interaction. With an increase in diffuser vanes, overall performance may be affected by a 

significant increase in frictional losses and stator-rotor interaction. In order to improve 

performance, the volute casing is examined, which reveals that efficiency is improved by 3%-

5% as compared to the best-vaned diffuser case. Even if the final choice of the designer 

depends on the performance requirements and level of complexity acceptable for the specific 

application, this study demonstrates that Tesla compressor with volute, i.e., statorless, 

outperforms any vaned diffuser configuration both in terms of efficiency and pressure ratio. 

 

5.1 Numerical setup  

A numerical analysis is performed using the commercial software Ansys fluent to improve the 

Tesla compressor performance. Ansys offers two types of solvers: a pressure-based solver and a 

density-based solver. Density-based methods were developed for the solution of highly 

compressible flows, whereas pressure-based methods were developed for the solution of 

incompressible or mildly compressible flows [100] . Nevertheless, it has been demonstrated over 

time that pressure-based solvers are more stable than density-based solvers when dealing with 

highly compressible flows in turbomachinery [101][101]. In a density-based 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 pressure-based steady solver. The three-dimensional Reynolds Averaged Navierï
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Stokes (RANS) equations are discretized using the ñfinite volume method.ò The most commonly 

used RANS models are those defined by a pair of equations. Compared to other turbulence models, 

they offer an excellent trade-off between computation cost and accuracy, as demonstrated by 

Menter's [103] SST (shear stress transport) turbulence model in 1994. Using the SST model, it can 

combine the robust and accurate formulation of the k-w model [104] in the near-wall region with 

the free-stream independence of the k-w model in the far field (Menter, 1992) [103][105]. The k-

ɤ SST viscous model is selected in this numerical study, which has become the industry standard 

for in addition, the energy equation is considered in order to take into account heat transfer in the 

flow field area. For consideration of the temperature change caused by shear forces, the viscous 

heating option is selected. The compressibility effect should be enabled in pressure-based solvers 

when a compressible fluid is being used. The curvature option is also enabled in order to capture 

accurate results near the edge of the carve. 

For solving the governing equations, a coupled scheme for fluid coupling of pressure and velocity 

is used. The coupled scheme has some advantages over non-coupled approaches. This scheme 

provides a robust and efficient single-phase implementation for steady-state flows, exhibiting 

superior performance to segregated schemes. This scheme is based on a second-order linear 

interpolation upwind approach. The flow domain between two rotating disks is considered to be 

stationary. When considering the entire "rotor-diffuser" and "rotor-volute" configuration, half of 

the thickness of the disk and half of the gap between rotating disks are considered to 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 is considered a moving wall with no-slip conditions. The standard 

roughness model (sand-grain roughness constant equal to 0.5) is considered on both moving and 

stationary walls. Inflation layers are applied on both stationery and moving walls. The facet 

average wall function y+ values are maintained as recommended by the k-w SST model. It is 

recommended to use a y+ value of less than 1 for this k-w SST model, but this value may be less 

than 5 depending on the model complexity of the case [107]. Nevertheless, in this analysis, the y+ 

value is less than 1 at moving walls while it is less than 3 at stationary walls. 
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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) are also present. 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 performance of bladeless rotors is influenced by several factors, mainly disk gap, disk 

thickness, inlet section, and diameter ratio.  

A numerical analysis of the Tesla rotor is conducted to improve the rotor's performance with 

optimal design conditions. The optimal design conditions are evaluated based on the following 

factors. 

¶ The gap between disks is performed utilizing the non-dimensional Ekman and Reynolds 

numbers. 

¶ The rotor performance is evaluated with different disk diameter ratios using optimal disk 

gap. 

¶ The inlet and outlet flow angles are evaluated for the optimal design condition of the Tesla 

rotor. 

5.2.1. Optimization of disks gap 

As discussed in section 2.5 (state of the art) about the challenges of Tesla turbomachinery, the disk 

gap should be minimum but there is no clear indication of the optimal design for the rotor. It is the 

viscosity of the fluid that is the primary mechanism of transferring energy to a bladeless 

compressor [97]. 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 of an Archimedean spiral, whose 

size is directly proportional to rotational speed. In this manner, the fluid increases its total pressure 

when it reaches the diffuser or volute. It is important to note that the gap between two co-rotating 

disks, which is a critical design parameter, is highly influenced by several factors, including the 

non-dimensional Reynolds number, the thickness of the boundary layer, the kinematic viscosity of 

the fluid, and the rotational speed of the disks. Breiter and Pohlhausen [70] reported, the solution 
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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 profile was affected by the kinematic 

viscosity, the angular velocity, and the distance between the disks.  

It has been shown by Crawford and Rice [98] that the maximum performance of a Tesla pump 

occurs when the flow between the corotating disks is laminar. A flow between the disks was also 

studied by Rice [17][67] and develops both an analytical and numerical model as well. According 

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 of 5-6 for better rotor efficiency, which is evaluated 

by Eq. 5.1. Hasineger [23] conducted a Tesla rotor analysis for the water pump, that used the 

Ekman number, which is also-called Pohlhausen parameter. The Ekman number can be defined 

as the ratio between viscous forces and coriolis forces, or as the ratio between half gap (h) and 

boundary layer thickness (‏) as shown in below Eq. 5.2. The Ekman Number (Ek) has been studied 

by some researchers as an important parameter for the velocity profile between the disk gap 

[22][23][97]. Variation of the disk gap pressure and efficiency are highly influenced for the Tesla 

rotors.  Boyd and Rice [99] split the flow field into two areas, the entrance, and the 

asymptotic/Ekman region. It can be seen in Figure 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 developed. The 

Ekman parameter for the Tesla rotor that contains all the variables discussed above are discussed 

by many researchers [97][98][22][23]. These researchers provide the for the better efficiency point 

non dimensional Ekman number should be between 1 and 2. Based on this number, the gap 

between disks varies from minimum to maximum number. So, in this chapter the disk gap is 

optimized using Reynolds number and Ekman number (between 1 and 2) as show in Table 5.1. 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, respectively. As discussed in Chapter 3, since 

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, there will be no major modification in the original prototype except for 

the spacer. 
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Figure 5-1 Tesla rotor pack and Boundary layer profiles between two corotating disks 
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Table 5.1 Design parameters of bladeless Tesla compressor rotor 

Design Parameter Size 

Outer diameter (mm) 120 

Inner diameter(mm) 60 

Disks thickness(mm) 0.1 

Speed (k rpm) 40 

Resulting parameter 

Model  M1 M2 M3 M4 

Ekman number (Ek), (5.1) 0.8 1.25 1.6 2 

Disks gap (mm) 0.1 0.15 0.2 0.25 

Re number, ɤ(2h)2/’, (5.15.2 ) 2.6 6.1 10.5 16.5 
 

Rotating axis -Z

r2

r1

2h

ʵ

Inlet

Outlet

Entranceregion

Ekman region
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5.2.2. Geometry boundary conditions and mesh distribution  

For the rotor-only analysis, the boundary conditions are shown in Figure 5-2 (I). The full gap (2h) 

is chosen with a 1/8th (45°) tangential portion for rotor-only analysis to reduce computational cost. 

Such periodic boundary configuration has already been studied by many authors and 

experimentally validated. To minimize three-dimensional effects (in the mean), a periodic 

boundary condition is used in the spanwise direction. For the boundary condition y = Ly/2, no-slip 

boundary conditions are applied. Figure 5-2 (II)  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 in Table 5.2. As shown in Figure 5-2, 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 for pressure, 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. 

 

  

                        (I)                                  (II)  

Figure 5-2 Tesla compressor rotor: (I) geometry and boundary conditions for CFD modelling, and (II) Grid generation 
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Table 5.2 Tesla rotor grid independence analysis 

Mesh 

models # 
Nodes # 

Elements 

# 

Total 

pressure (Pa) 

% 

Changes 

Torque 

(Nm) 

% 

Changes 

Mass Flow 

(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 the Tesla rotor only is carried out on different disks that focused on total-to-total 

quantities. For the calculation of total to total and static to static pressure ratio, the following Eqs. 

(5.3 and 5.4) are used, while total to total adiabatic efficiency is calculated by Eq. 

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 compressor (Figure 5-3). 

     ‍  5.3 

 

 

     ‍   5.4 
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Figure 5-3 illustrates the total to total and static to static pressure ratios for four different Ekman 

numbers. A characteristic line of Ekman number equal to 1.6 (rotor model M3) is higher than that 

of the other cases at all mass flow rates. The pressure ratio increases with the gap until Ek-1.6 and 

then it decreases. Both 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 rate. This result states that pressure ratio is dependent 

on the disk gap, where boundary layer profile is well developed at the optimal Ekman number. 

Furthermore, the total-to-total adiabatic efficiency is higher at Ekman number 1.6 (M3) as shown 

in Figure 5-4. It has been found that the Reynolds number in the tested cases is approximately 10 

(Figure 5-5), almost twice that of optimal 5 and 6 [17][67][69]. A rotor model (M1) with an Ekman 

number of 0.8 has the lowest efficiency of approximately 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 low mass flow rates where 

ñrotor onlyò total to total efficiency is more than 82.6%. Around a 5% efficiency increase is shown 

between model M1 (Ek-0.8) and rotor model M3 (Ek-1.6), which is highlighted in black circle. 

The static-static pressure vs mass flow is shown in Figure 5-3 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 characteristic lines 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 to the y-axis while the 

bladed compressor is asymptotic to the x-axis. This outcome is 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 flow rates, giving each time the highest performance. 

This means that the device can operate more 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 losses decrease performance as diverging 

from the operating point. This makes bladeless turbomachinery is efficient and reliable than 

traditional designs at small scale. Additionally, bladeless turbomachinery is more cost effective, 

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

many industries.  



5-9  

 

 

Figure 5-3 Rotor only: total - total and static-static pressure ratio vs mass flow rate for different Ekman numbers 

 

Figure 5-4 Rotor only: total to total adiabatic efficiency vs mass flow rate for different Ekman numbers 

At the primary y axis, the Figure 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 increased 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 higher level (best to 

worst).  
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Figure 5-5 Rotor only: total to total adiabatic efficiency and Reynolds number vs Ekman number (Ek-0.8 -1.6 worst- 

best and Ek 1.6-2 - best worst). 

As shown in Figure 5-6 the pressure increases with increasing radial distance. The rotor model is 

analyzed in this figure, whereby the prototype model M1 has the lowest Ekman number (Ek-0.8), 

while the better efficiency point rotor model M3 has an Ekman number of 1.6. However, in both 

cases, rotor model M3 shows a bit higher pressure than rotor model M1. Due 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 the rotor. 

 

Figure 5-6 Rotor only: total pressure (gauge) vs radial distance for rotor models (M0) and (M3) at mass flow of 

0.045 g/s. 
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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 cases Figure 5-7, 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. 

 

Figure 5-7 Rotor only: total pressure contour plot for rotor model M0 and M3 at mass flow rate of 0.045 g/s. 

5.2.4. Optimization of disk diameter ratio 

The efficiency of the Tesla rotor will be higher at very low mass flow rates; however, 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 analyzed Tesla compressor pumps 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 and 5 as given in Eq.5.6. 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 sections 5.2.3. 

     ὈὙ ς ὥὲὨυ 5.6 

 

There are five rotor models selected for CFD analysis of the bladeless rotors as shown in Table 

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 section 5.1, and a 

graphical representation is shown in Figure 5-2 (I) It is the grid generation that is evaluated, which 

can be seen in Table 5.2, while the mesh generation can be seen in Figure 5-2 (II).  

Table 5.3 Design parameters of Tesla compressor rotor 

Tesla Compressor  

Parameters 
Model 

(DR2) 

Model 

(DR2.5) 

Model 

(D150) 

Model 

(DR3) 

Model 

(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, (ɤ(2h)2/ ɜ) 10 10 10 10 10 

Ek number, (hã(ɤ/ɜ)) 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 shown in Table 5.3. They are: DR2, DR2.5, D150, DR2, and DR4. Figure 5-8 shows 

the total-to-total pressure ratio plotted against the mass flow rate. The total pressure is calculated 

by using the mass-weighted average method, and the pressure ratio is calculated using Eq.5.3. 

Based on the results, it appears that pressure ratios are highly dependent on area, as shown in 

Figure 5-8. In all five models, there is a sharp increase in pressure ratio at low mass flow rates. 

Due to its larger outer diameter of 150 mm, rotor model D150 indicates a total-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 implies a bit higher pressure ratio than the lower 
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diameter ratio. As the mass flow increases, the rotor model DR-4 decreases with a bit higher 

gradient than DR2, DR2.5 and DR3. In the case of DR-4 and DR3, the maximum total pressure 

ratio is 1.96 and 1.91 at 0.04 g/s mass flow rate, respectively. In comparison to other models, the 

Rotor model DR4 shows a higher-pressure ratio, 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 rotor models, 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. 

 

 

Figure 5-8 Rotor-only; Total to total pressure ratio vs mass flow rate for different diameter ratios 

Figure 5-9  illustrates the relationship between total-to-total efficiency and mass flow rate for Tesla 

rotor models. The total-to-total efficiency is calculated by using Eq. 

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 

methods but, in this study, the mass-weighted average method is considered  [108]. 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 rotor models use 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 >95% for the diameter ratios >2.5, while rotor model D150 

(this model has a larger outer diameter 120 mm than other models 120mm) at 0.8 g/s. It has been 
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studied numerically in a previous section (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 82.5%. rotor 

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 DR2.5, it indicates a higher efficiency at higher 

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 with higher gradients as compared to the diameter ratio 2 

and 2.5 of the rotor models DR2, DR2.5 and D150. The curve of the DR 4 rotor model is straighter 

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 reason for the 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 increases, so the efficiency drops with the increase in mass flow. Nikola Tesla 

[19][20] claimed a bladeless rotor efficiency of around 97% which is possible to be obtained just 

at low mass flow rate. The efficiency will suddenly drop from peak to lower at a very low mass 

flow rate less than 0.04 g/s, which is not captured in 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 reduced [17]. 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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Figure 5-9 Rotor only - Total to total efficiency vs mass flow rate for different diameter ratios 

Figure 5-10 illustrates 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 outer diameter 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, although a higher diameter ratio rotor model (DR4- grey 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 the increase in pressure. 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, and a larger 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 beneficial for 

achieving a higher-pressure ratio. Tesla rotors are highly dependent on the diameter ratio, and a 

larger DR is beneficial in order to achieve a higher-pressure ratio. 
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Figure 5-10 Total pressure ratio vs radial position for different diameter ratio of disk rotor 

5.2.6. Inlet and outlet flow angle analysis is based on the different Tesla rotor 

models. 

Figure 5-11 illustrates the relationship between the inlet and outlet flow angle and the mass flow 

rate: 0° corresponds to the radial direction. As 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 y-axis, whilst the bladed compressor is generally asymptotic to the x-axis. This 

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 every time. The mass-weighted averaging 

method is used to determine the radial and tangential velocities to calculate flow angles based on 

Eq. 5.7. 
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5.7 

At a very low mass flow rate of 0.04 g/s, the rotor efficiency is >95%, the outlet flow angle is 

approximately 89.92°, i.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 diffuser 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 for optimum efficiency of a rotor-only. 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 15%-18% drop in rotor efficiency with a 2° change in outlet flow angle, 

which translates into a 15%-18% drop in rotor efficiency. 

 

 

Figure 5-11 Rotor-only: Inlet (dashed line) and outlet (solid line) flow angle vs mass flow rate for different diameter 

ratios 

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 the compressorôs performance.  Using Eq.  
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5.8 it is possible to calculate the angle of inlet flow at the inlet. 
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Moreover, there is no flow guide present in the inlet section, which means that the flow practically 

enters axially, therefore, the extra-axial fluid domain has to be considered since there is no flow 

guide. The flow enters almost axially, moves spirally between 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 0.04 g/s for the rotor model DR2.5 and DR3, 

while DR 4 has a bit lower. 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 drops suddenly, resulting in an increase in 

radial velocity and a decrease in tangential velocity, as expected. However, a low inlet flow angle 

may be able to have some effect on the overall performance. As a result of the implementation of 

the conical flow guider as shown in Figure 5-12, flows would enter in a mix of radial and 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 towards the extreme disk by increasing the flow guider length. 

This would improve overall performance to a certain extent. 

  

Figure 5-12 Cross-sectional view of the Tesla rotor with inlet flow guider and CFD velocity contour for rotor model 

M0 (DR2) 
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In conventional turbomachinery, flow guides play a relevant role in enhancing performance or 

extending the operating range. There are two types of guide vanes used, namely the inlet guide 

vane (IGV) and the exit guide vane (EGV) [109][110][111]. These guide vanes are positioned at 

different angles in order to guide the flow as required. Mixed flow compressors are of great 

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 preferred [113][114]. Numerical analysis of mixed flow impellers is 

detailed in a study by Rajkumar [113] that compares the results of the CFD study with experimental 

results and finds good agreement between the experimental and CFD results. The literature survey 

on bladeless turbomachinery does not provide any information on inlet guides. It has been 

observed by many authors [21][67], however, that there is an inlet loss when operating a 

compressor, while an exit loss when operating a turbine. A cross-section view of the prototype 

model is shown in Figure 5-12, where a nose cone provides some restricted flow that can be guided. 

It is imperative to mention that the flow guider in the inlet section plays an important role, which 

is designed in a very simple manner and is positioned at a 12° angle at the shaft (based on space 

and size of the locking pin). Due to this implementation, the flow enters not 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 single disk gap, which predicts a 

minor improvement of 0.5% in total-static efficiency, which could be improved until the extreme 

disk, where increasing the flow guider length results in a reduction in radial inlet 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 performance. The stator or 

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. 

There is 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 to Rice [67]. Nevertheless, this has 

not yet been proven. The interaction between bladeless machines results in significant losses [22]. 
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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 positioned at an angle of 2.7° with respect to 

the tangential direction as shown in Figure 5-13 (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 of 120 mm is considered, 

while disk gap is 0.2 mm. Additionally, sensitivity analyses are carried out to determine 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 two new vane diffuser 

configurations cases 1 and 2 are proposed as shown in Table 5.4.The rotor-stator interaction gap 

is 0.5 mm average. It is the same for all simulated cases and it is not an optimization parameter for 

this study. Furthermore, only the rectangular diffuser type is considered. In ñcase 0ò, the diffuser 

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 in chapter 3 section 3.2.  For the performance improvement, different diffuser shapes 

have been studied that is placed different lower tangential angle (<5°). In ñcase 1ò, the diffuser is 

a bent channel with an area ratio of 3.6 where the throat is 1.3 mm. The diffuser is placed at a 5° 

angle and its upper and lower sections are diverted by 2.6° and 5.6° (4* average value of both 

angle) respectively as shown in Figure 5-13 (b). The second proposed (case 2) diffuser is a straight 

channel with a throat of 1.1 mm, an area ratio of 2.7, a diffuser angle of 3.5° and a divergent angle 

of 2.4° illustrated in Figure 5-13 (c).  

Table 5.4 Design parameters of diffuser 
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 (a)                                                (b)                        (c) 

Figure 5-13 : Diffuser (a) case 0, Proposed diffuser (b) case 1 and (c) case II with rotor model M3 (ek-1.6) 

The performance of diffusers has traditionally been evaluated using a quasi-one-dimensional 

theory of nozzles [115]. As shown in Figure 5-14, a performance map for a linear nozzle with a 

rectangular cross-section has been derived from Ikui (1988) and highlighted by Obayashi [115]. 

The width is the same in all diffuser cases. According to standard maps for a linear diffuser with a 

rectangular cross-section [115][116], the ñcase 0ò diffuser lies outside, which shows recirculation 

as visualized in Chapter 3 Figure 3-8. This diffuser was designed for the expander model; hence 

an improved diffuser design is needed. The ñcase 1ò and ñcase 2ò diffusers fulfill the requirement 

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 

higher-pressure recovery [116]. 
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Figure 5-14 Linear nozzle performance map with a rectangular cross-section (IKUI, 1988). 

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 in Figure 5-15a single fluid domain with coupled rotor 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 minimize 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 depicted in Figure 5-15 

with the red color indicating that it is rotating. The boundary conditions are considered same as 

case 0 for all cases 1 and 2 as shown in Figure 5-15 



5-23  

 

 

Figure 5-15 Coupled rotor-stator (diffuser) boundary conditions for CFD modelling. 

A tetrahedral mesh is chosen for the bladeless ñrotor-diffuserò model analysis to discretize the 

computational domain as shown in Figure 5-16 Furthermore, a four-cell 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 resolved by using the y+ parameter, a non-dimensional parameter. As shown in Figure 5-15, 

there are two types of walls considered in 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 for the k-w SST 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% at mass flow convergence and torque convergence. Figure 

5-16 (b) shows the generated mesh of the ñcase 0" bladeless compressor. In this study, a mesh size 

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 setup are discussed in pervious section 5.1. 
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(a)       (b) 

Figure 5-16 Coupled stator and rotor 'case 0' (a) Generated mesh and (b)Mesh convergence for mass flow and torque. 

5.3.1. Results and discussion of the different diffuser shape of Tesla compressor 

In this simulation, a rotor-diffuser combination is simulated at a rotational speed of 40 krpm. 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 of the two new diffusers alternatively. Simulations 

are conducted at steady-state, and performance characteristics are calculated using mass flow 

averaged numerical results at the inlet and outlet of the Tesla compressor. 

Figure 5-17 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 section Figure 5-4, the rotor model M3 has the optimal 

Ekman number (Ek-1.6) 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 coupled 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 1.45 for the second diffuser 

"case 2" at a mass flow rate of 0.045g/s. The total to static pressure ratio is calculated by Eq.5.9. 

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 

the total to static pressure ratio caused by the diffuser.  

 

     ‍   5.9 

 

 

 

Figure 5-17 Total - static pressure ratio vs mass flow rate for different compressor configurations 

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, the flow angle 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 direction near the wall becomes tangential, separation occurs. The pressure recovery 

is calculated by below Eq.5.10. Where Cp is a non-dimensional pressure recovery parameter, it is 

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

pressure. Where ὴ   and ὴ  static pressure at stator outlet and rotor outlet, ” is air density and 
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ὺ  rotor outlet velocity. As shown in Figure 5-18 pressure recovery is higher for the case 2 as 

compared to other configurations. At the mass flow rate 0.4 g/s the pressure recovery for ócase 2ô 

is higher than ócase 1ô. The ócase 0ô diffuser has a large area ratio and case 1 is bit lower than ócase 

0ô, while ócase 2ô diffuser has a lower radius ratio that results in lower area ratio. 
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Figure 5-18 Pressure recovery (Cp) vs mass flow rate 

To achieve high efficiency, Beena D. Baloni [118] 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 coefficient (ὅ) with 

the total pressure loss coefficient (י) by Eq.5.11and 5.12. 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 efficiency is determined for "rotor-diffuser" 

configurations, which is calculated by Eq 5.13. Based on the results presented in Figure 5-16, 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 around 53% 

observed for the case 2 diffuser-rotor model (M3-Ekman 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, the pressure 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 rotor and in part due to the better shape of the diffuser. Based on the rotor only analysis 

(M1), the total-to-total efficiency at 0.4g/s is 70.6%, while Model M3 is 75% when considering 

the rotor only analysis (M1). 
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Figure 5-19 Total to static efficiency vs mass flow rate for different compressor configurations 

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 Figure 5-20. As a result of the case 0 configuration, a significant area of recirculation 

is observed at the exit of the diffuser with optimal disk gap of 0.2 mm at Ek-1.6. 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, a jet-wake flow can be observed 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, that configuration is better than case 0. At a mass 

flow rate of 0.49 g/s, Figure 5-20 (a and b) shows 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 shown in Figure 5-21 (a and b). At the 

diffuser's exit, Figure 5-21 (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 for this is due 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 of rotor model M3 (Ek-1.6) will result in an improvement in overall performance 

with ócase 2ô diffuser and a reduction in the number of disks by 33% than the original prototype, 

resulting in a reduction in the production costs. 

 

(a)                   (b) 

Figure 5-20 Original prototype geometry ócase 0ô with Ek-1.6 at mass flow of 0.49 g/s (a) static pressure and (b) 

velocity contours 

 

(a)               (b) 

Figure 5-21 Proposed diffuser ócase 2ô with Ek-1.6 at mass flow of 0.49 g/s (a) static pressure and (b)velocity 

contours. 
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5.4 Impact of the number of diffuser vanes 

As it can be seen from the previous section 5.2, 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 diffuser sensitivity analysis, a gap of 0.2 mm is considered while a 

diameter ratio of 2.5 (120 mm/48 mm) is considered. As mentioned in the previous section 5.3, 

case 2 has shown better performance when it comes to diffuser selection. Consequently, in this 

analysis, the diffuser selected is 'case 2'. The 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 2.5 to assess their impact on Tesla compressor performance. In 

accordance with section 5.3.1 diffuser, the stator angle is fixed at 3.5°, and each diffuser vane is 

placed every eighth part (8V-45°), resulting in a total of eight diffuser vanes. As for the other four 

vane and twelve vane configurations, keep the same diffuser and rotor model, but only changes 

the number of diffusers. The four and twelve diffuser vanes are studied without adjusting the 

geometry of the rotor (RT-DR2.5) or the angle of the stator as shown in Figure 5-22. There is only 

a variation of four diffuser (placed at each 90°) (4V-90°) and twelve-diffuser (placed at each 30°) 

(12V-30°) in the diffuser vane number, as shown in Figure 5-22. As discussed in the previous 

section, the 45° parts of the single gap is taken into account for the CFD analysis for the 8-diffuser 

configuration, while the 90° and 30° parts are taken into account for the 4 and 12 diffuser 

configurations, respectively to avoid computational cost.  

 

Figure 5-22 Stator (diffuser vane) configurations with rotor model DR2.5(Ek-1.6) 
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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 the solid line represents the pressure ratio, 

while the dashed line represents efficiency. As a result of the 4-diffuser model, the highest- total 

to static pressure ratio of 1.45 is achieved and the highest total to static efficiency of 53.8% is 

obtained. The total to static pressure ratio and total to static efficiency are calculated by Eq. 5.9 

and 5.13 respectively. By doubling the number of diffuser vanes from four to eight, pressure and 

efficiency show minor changes, while mass 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 reduced by 4% points 

as compared to the 4-diffuser configuration. Hence, this indicates that increasing the diffuser vane 

area leads to an increase in skin frictional losses, which has an impact on overall performance. 

Similarly, Chehhat [117] pointed out that in a conventional centrifugal compressor, both pressure 

ratio and efficiency are affected by increasing the diffuser vanes, and high performance is achieved 

at a low number of vanes. Nevertheless, such an impact is not universal but is dependent on the 

adopted specific geometry. 

 

Figure 5-23 Total to static pressure ratio and total to static efficiency vs mass flow rate at different numbers of 

diffuser vanes. 

The 4-diffuser configuration achieves the highest efficiency at a mass flow rate of 0.24 grams per 

second for a single gap, while 8-diffuser 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 than the 4-diffuser 

configuration. There is a flatter curve for the 12-diffuser model when compared with the other two 

diffuser vane models, however, the performance is slightly lower than the other two models. The 

contour plots for static pressure and Mach number are presented in Figure 5-24 It is evident that 

the static pressure is evenly distributed between the rotor and the diffuser outlet.  

  

         (a)        (b) 

Figure 5-24 Contour plots of 4-diff. configuration at 0.24 g/s for (a) static pressure and (b) Mach number 

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 tight clearance 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 overall efficiency 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 rotor-volute (statorless) configuration in 

order to minimize frictional losses and improve performance by incrementally increasing the flow 
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rate due to the volute shape. Furthermore, comparison is made with coupled rotor-stator 

configuration. For the stator and rotor configuration, eight ócase 2ô diffuser vanes have been used 

with rotor model DR2.5. Additionally original prototype rotor model DR2 and D150 (see section 

5.2.4) are also used to compare the performance with volute. It is evident 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 caused by frictional 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 information, it is obvious that just after the rotor, there 

are higher frictional losses; so 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 compressor 

volute shape can have a significant impact on performance due to the non-symmetrical pressure 

distribution [119][120][121]. The static pressure is increased by gradually increasing the cross-

sectional area of the volute which increases the flow-through area of the fluid. In the compressor 

casing, the flow-through 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 casing and exits 

through the rotor outlet, which is indicated with spiral dashed line in Figure 5-26. This outlet radial 

flow directly enters into volute from the small cross-section 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 quite high at low mass flow rates, but just after 

the rotor there is a substantial rise in irreversibility at these low mass flow rates, due to rotor-stator 

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 significant pressure 

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. According to Wang [22], both numerical and 

experimental analysis was conducted to determine the drop in performance after the outlet of the 



5-34  

 

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 Rice [17][67]. However, his studies focused 

primarily on rotor design, while the volute configuration has not been discussed in detail. 

5.5.1 Geometry details with boundary condition and mesh distribution 

A simple calculation is done for the statorless "volute" geometry design in accordance with authors 

Sauza, Pan and Yu [122][123][124]. A common assumption for the volute design based on 

conventional design theory is that the flow leaving the rotor at radius ὶ (Figure 5-25) is uniform 

in the circumferential direction. Pan [123] designed the volute, based on momentum conservation, 

under uniform static pressure and no friction between walls, the velocity within a volute is 

calculated by Eq 5.14. In the case of uniform flow conditions, the volume flow rate ὗ  can be 

calculated Eq.5.15: 

   

ὶ ὺz ὶ ὦzz ὺ  

 

 

 

 

5.14 

 

ὗ ς“z ὶ ὺz  5.15 

 

 

Figure 5-25 Volute design meridional sectional view 
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Souza [122] design volute for constant velocity application. According to his design the overall 

wrap angle (ɗ) 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 shown in Figure 5-25. The 

fundamental design rule is established once the diameter and height of the volute are established 

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 integration as shown in Eqs. 5.16 and 5.17. Assuming 

a linear relationship between flow rate and angle, the flow rate can be calculated by Eq.5.18, where 

ὗ is the discharge flow rate. 
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5.18 

The different volute shape has been studied by Dumitrescu [125] that shows circular tongue shape 

effective in terms of volute efficiency as compared to rectangular tongue shape. Due to volute 

tongue shape, isentropic efficiency was influenced by around 5-10%. The volute geometry is 

analyzed with rotor model DR2.5 (120/48), where the volute outer diameter is 150 mm, and duct 

outlet is 14.5 mm, and the volute diffuser duct outlet is 21.5 mm as show in Table 5.5. The diffusers 

or volutes perform the functions of compressors by handling flow at a very small angle, making 

them very inefficient pumps or compressors [67]. 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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Table 5.5 Design parameters of coupled rotor and volute configuration 

 

For statorless analysis, both rotor and volute geometry are considered as a single fluid domain for 

the full circumferential domain (360°). A half-gap (h) and half-disk thickness (t/2) are taken into 

account when considering the volute, as shown in Figure 5-26. Other boundary conditions such as 

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

5.3. 

 

                                                        (a)       (b) 

Figure 5-26 CFD boundary conditions (a)coupled rotor- volute (b) coupled rotor - stator. 

Parameters Model (VTM1)  

Disk outer diameter, mm 120 

Disk inner diameter, mm 48 

Diameter ratio 2.5 

Disk thickness, mm 0.1 

Disks gap, mm 0.2 

Re, (ɤ(2h)2/ ɜ)  10 

Ek number, (hã(ɤ/ɜ)) 1.6 

VTM1 duct outlet, mm 14.5 

VTM1 diff. exit, mm 21.5 

VTM1, outer dia., mm 150 

Rotational speed N, krpm 40 
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This study examines the generation of meshes for the Tesla coupled rotor-volute or statorless 

configuration as well as coupled rotor-stator. As shown in Figure 5-27 (a, and b), the stator-less or 

órotor-voluteô and coupled órotor-statorô configurations 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 per cell, as well as 

more neighbors, which results in the need for more computations per cell [126]. 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 in Table 5.6 grid sensitivity analysis carried out for both rotor with stator and 

volute configuration from coarse to fine mesh. In order 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 conditions. In case 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 rate respectively. 

Table 5.6 Grid Independence analysis for the coupled roto-stator and coupled rotor-volute. 

Diffuser configuration (Rotor+Stator) - Polyhedral mesh 

Mesh 

model # 
Nodes # 

Elements 

# 

Static 

pressure (Pa) 

% 

Change 

Torque 

(Nm) 

% 

Change 

Mass flow 

(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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(a) 

 

(b) 

Figure 5-27 Mesh generation (a) coupled rotor-volute configuration (VTM1) (b) coupled rotor-stator configuration. 
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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 geometries (5.2.4), 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 model > DR-2.5 exhibits 

better performance at low mass flow rates and decreases in performance as mass flow rates 

increase. Consequently, the rotor considered the DR-2.5 rotor model in order to analyze the 

performance of the diffuser (8-numbers) and volute configuration at higher mass flow rates since 

the DR-2.5 has a lower gradient than the DR3 and DR4 rotor models. The Figure 5-28 illustrates 

the total to static pressure ratio and mass flow rate calculated for statorless (volute) and statored 

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 DR2.5 at 0.6 g/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 Eq. 5.9 using the mass-weighted average method. 

In regard to the volute model (VTM1), results are provided for the rotor model DR2.5 in regard to 

its geometry. Generally, a volute tongue is the point where the volute is started, and during adding 

flow in a rotational direction, the area of the volute expands [117][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 their design 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 low gradient as compared to the stator case (diffuser-'case 2') model, which 

can be seen in Figure 5-28. Additionally, the volute compressor exhibits a characteristic curve that 

is shifted to higher mass flow values, which is 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 higher-pressure 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 Rice's [17] study indicates, at different rotational speeds, there is 

a higher-pressure 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.   

 

 

Figure 5-28 Total to static pressure ratio vs mass flow rate for different rotor (dashed line) models and rotor with 

diffuser & volute configurations (solid line) 

As shown in Figure 5-28, the dashed line indicates the total to static pressure ratio for rotor models 

DR-2.5 and DR-2.5, while the solid line indicates the total to static pressure ratio for the entire 

configuration, i.e. rotor coupled with stator (case 2-diff.) 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 total-static pressure ratio is observed at a low mass flow rate for 
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rotor only models DR2.5 and M150, as indicated by the dashed line in Figure 8. The D150 model 

is higher in size than D2.5, that shows the higher total to static pressure ratio >1.7. However, such 

compressor can achieve the pressure ratio around 2 at single stage. If the 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 challenging. The rotor and stator rise static pressure differences are 1.5 to 1.8 times the 

rotor static pressure for the DR 2.5 model, while in the 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 case.  There 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 decreases towards a lower mass flow rate, the static pressure 

rises significantly. 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 in Figure 5-29, 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 VTM1 is used, the efficiency reaches 55.5% at higher mass flow rates. The 

total to static efficiency can be calculated using Eq. 5.13. It is evident that the stator or diffuser 

configuration differs by 1-2 % 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 ratio and mass flow, whereas, indeed, it plays a less significant role. A bit higher rotor 

efficiency is indicated by the rotor models having a greater diameter (DR3, DR4) as compared 

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 with a higher 

gradient as the mass flow rate increases. Therefore, in this study, it is estimated that diameter ratios 

of >2.5 are suitable for obtaining a bit higher efficiency. In the overall analysis of rotor and stator 

performance, the rotor model DR-2.5 is selected to analyze efficiency at a higher mass flow rate, 

since it has a lower gradient than the rotor models DR-3 and DR4. 
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Figure 5-29 Total to static efficiency vs mass flow rate for different compressor (with diffuser and volute) 

configurations 

In section 5.3, 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 efficiency is very high, but performance 

drops considerably after the rotor or after the stator has interacted with the rotor [17][22][67]. As 

was noted in the literature, there is a higher rotor efficiency and a lower overall efficiency, and the 

reason behind the lower efficiency was due to the interaction between the rotor and the stator. In 

chapter 2.6, 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 55% (without any losses taken into 

consideration) at the peak point, while rotor efficiency ranges between 70 and 75%. As opposed 

to volute configurations, coupled rotor-stator configurations are around 52% at peak efficiency, 

while rotor only total to total efficiency is around 80%. It is evident that the stator configuration 

causes a significant rotor-stator interaction loss (25-30%) versus the volute configuration (15-

20%). This is primarily due to skin friction. As a result of the use of the volute, rotor-to-stator 

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. 

Figure 5-30 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 conducted. The compressor inlet power is calculated by Eq.5.19. 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 120 mm. 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 flow 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 diffuser configuration 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 moves at 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 on the size 

requirements, as the volute size can be modified depending on the requirements. The power 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, respectively. Power is considered in this 

analysis without any losses taken into account. If losses are taken into account, these different 

Tesla configuration powers will be high. 
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Figure 5-30 Power vs mass flow rate for different Tesla compressor configuration 

At the maximum efficiency, which corresponds to a mass flow rate of 0.7 g/s, Figure 5-31 (a and 

b) shows a contour plot of the static pressure and velocity magnitude for a stator-less (VTM1) 

configuration. It is evident in the volute case that there is well-distributed static pressure, whereas 

the diffuser case does not exhibit this characteristic, which is discuss in section 5.3. In the 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. 

 

(a) 
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(b) 

Figure 5-31 Contours plots at 0.7 g/s mass flow rate (a) static pressure (b) velocity magnitude 

As shown in Figure 5-32 the total enthalpy contour is plotted at the best efficiency point where 

mass flow rate is 0.7 g/s. The mass flow continuously added in volute where the enthalpy is 

increases. This is possible due to rising temperature and pressure. A thermodynamic system 

enthalpy can be defined as the sum of its internal energy and the product of its pressure and volume, 

which can be found by Eq. 5.20. where h is enthalpy, e is internal energy, p is pressure, and V is 

the volume. It is an energy-like property or state function that has the properties of energy, and 

whose value is solely determined by the temperature, pressure, and composition of the system and 

not by its history. 

    h Ὡ ὴz ὠ 5.20 
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Figure 5-32 Contour plot for total enthalpy at peak point (0.7 g/s mass flow rate) 

5.6 Summary 

In this chapter, bladeless or Tesla compressors are numerically analyzed at different disk gaps 

and rotor diameter ratios with 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 the Reynolds 

number. With Ekman 1.6 and Reynolds numbers 10-11, an optimal disk gap is obtained, which 

reports a higher total to total efficiency. It is estimated that there is an improvement of 

approximately 5% in total-to-total efficiency over the original prototype model with an Ekman 

number of 0.8. For the disk diameter ratio, 5 different rotor models (DR2, DR2.5, D150, DR3 and 

DR4) are simulated, indicating that a greater diameter ratio is associated with higher total-to-total 

efficiency. However, maximum rotor efficiency >95% is achieved at rotor diameter ratio Ó 2.5 at 

low mass flow rate, where the gap is defined as per optimal Ekman and Reynolds numbers. The 

DR2.5 and D150 have the same diameter ratio of 2.5, but their rotor sizes are 120 mm and 150 

mm, respectively. 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 

performance. Increasing the diameter, tip speed will be increase and quite challenging the high 

Mach number. Pressure is increased proportionally to rotational speed and external radius, which 
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leads to greater pressure ratios with larger diameter ratios. At the peak point of rotor 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. This is due to the fact that there is a low area ratio compared to other cases. The 

sensitivity on the number of diffuser vanes predicts that a lower number of diffuser vanes would 

result in a higher total to static pressure ratio and efficiency, but at lower mass flow rates. However, 

eight stator configurations shifted at a higher mass flow rate with minor deviation in both pressure 

ratio and efficiency.  

Furthermore, the 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 is 1.44. Tesla 

type compressors can achieve a single stage pressure ratio of around 2 with at 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 produce a total to static 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. In fact, increasing the number of diffuser passages will 

lead to frictional losses that degrade overall performance. 

According to the numerical results, the volute configuration is the best 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 their potential application 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 estimated that 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 machines 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 conditions as 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 stator interactions, which results in superior performance both in direct and indirect 

operation modes. In this prototype design, peak isentropic efficiencies are predicted to be 66% 

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 overall performance by some percentage. The 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 developed to avoid the higher market 

cost of such seal in modified test-rig. In addition, a techno-economic 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 chapter 5, an 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 pressure ratio and mass 

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 rate is 15-20 g/s. On the basis of 

these requirements, an optimal rotor and volute configuration are selected for the higher 
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performance. Due 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 crucial to design the rotor under the optimal 

design conditions. The preliminary investigation has been conducted using 0-D algorithm for the 

rotor design as show in Figure 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 chapter 5.2. 

Based on the recommendation in the previous chapter section 5.2, the disk gap should be three 

times the thickness of the boundary layer. A non-dimensional Ekman and Reynolds number plays 

a critical role in optimizing the disk gap, which would be approximately 1.5-1.65 and 9-11, 

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 

the rotor design parameter based on diameter ratio and mass flow rate. 

As long as the pressure ratio requirement is met, the total and maximum pressure estimation can 

be calculated using Eq. (6.1 and 6.2) 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 mm and inner diameter 50 mm, the required pressure can be achieved at 

a speed of 22 krpm as show in Table 6.1. This ratio is considered under optimal design conditions 

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

Ekman and Reynolds numbers. 
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A rotor disk pack width is calculated from Eq. 6.3, where n represents the number of disk gaps (it 

will  define based on the size and mass flow requirement), 2h represents the distance between disks, 

t represents the thickness of the disk, and l represents the width of the disk pack. 

 ὰ ὸὲ ρ ὲz ςὬ   6.3 

 

 

Figure 6-1 Preliminary design of the rotor with 0-D algorithm 












































































































































































