





 Categories
 Top Downloads









Login
Register
Upload











Search












	
Categories

	
Top Downloads

	
	
Login

	
Register







Search











	
Home

	tesla pumps and compressors

 tesla pumps and compressors


July 12, 2017 | Author: david.spiderweb3961 | Category: Reynolds Number, Turbomachinery, Liquids, Soft Matter, Physics 


 DOWNLOAD PDF - 3MB



 Share
 Embed
 Donate



 Report this link







Short Description

Further Investigations into Tesla Turbomachinery Author: Peter Harwood, SID:3046768, Supervisor: Professor Mark Jones No...



Description


Further Investigations into Tesla Turbomachinery Author: Peter Harwood, SID:3046768, Supervisor: Professor Mark Jones November 19, 2008



Submission date:10/11/2008 MECH4841 Mechanical Engineering project



1



Abstract Nicola Tesla filed a patent application for a fluid propulsion device and a turbine on the 21st October 1909 to the US Patent office[8, 2]. Rather than using impellers, it used the viscous shear forces of a fluid passing near a disk on an axle to transmit torque to and from the fluid. W. Rice published a fairly comprehensive set of research in the 1960’s and 1970’s resulting in calculated design and performance data for both turbines and pumps of this nature[3, 4], however he did not study the effect of the ’star washers’ used by Tesla. Other researches have experimented and theoretically modeled the devices but efficiencies have remained below about 60%[6, 5]. Most of the experiments regarding pumps and compressors did not have effective diffusion of the fluid[3]. In this thesis, published theoretical data has been compared with Computational Fluid Dynamics results for air. A CFD based performance map of Tesla type air movers, including the effect of a changing back pressure has been developed. To improve performance cupped end disks are advised. Cupped end disks reduce the outlet area in order to increase the radial velocity into the volute, they also help to maintain optimal flow rate conditions within the pump. An experimental compressor operating up to 20000rpm is designed to get an experimentally based performance map.
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Nomenclature κ



Specific Heat Ratio



M



Mach Number



Re



Reynolds Number



µ



Dynamic Viscosity



ν



Kinematic Viscosity



ρ



Density



π3



Radius ratio. π3 =



h



Gapsize



l



The length of the disk pack.



N



Number of disks.



r



Radius



ri



Inner radius.



ro



Outer radius



t



The thickness of the disks.



p¯



Dimensionless pressure. p¯ =



p



Pressure



pt



Stagnation pressure



pi



Pressure drop through the axial inlet passage of the entire disk rotor.



ro ri



p ρω 2 ro2



pmax The maximum no flow static pressure. pmax = pr



Static pressure.



τ



Torque



T



Dimensionless Torque. T =



τ ρω 2 hri4
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ρω 2 (ro2 −ri2 ) 2



ω



Angular Velocity



qt



Total flow rate for pump or compressor.



s



Slip between the fluid and the rotor. s =



u



Radial Velocity



v



Tangential Velocity



w



Axial Velocity



Q



Dimensionless flow rate. Q =



q



Flow rate through one disk gap. q = 2πri huave



v ωr
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Chapter 1 Background 1.1



Introduction



The Tesla Turbine/Pump was invented by Nicola Tesla who received a US patent for the device in 1913[2, 8]. He received separate and also relate patents in the UK and Canada[12, 11, 10, 9]. The device works by using viscous shear forces. These forces act in the boundary layer of a fluid passing near a disk to transmit a torque to or from the fluid and the disk. In the gap between two closely spaced disks that are rotating about a central axis, any viscous fluid contained in that gap will be dragged around the axis by these viscous forces. Because the fluid is rotating it is therefore subject to centrifugal forces. In the case of a pump, the flow of the fluid will generally follow a spiral pattern between the inlet and the periphery of the disks. In the case of a turbine it will flow in the other direction. The centrifugal forces acting on the fluid when a torque is applied to the axle of the disks, give rise to a pressure which for incompressible flow can be calculated by: F = ma ˆ



(1.1)



ro



(ρ2πrhdr) ω 2 r



F =







(1.2)



ri



F A



p= ˆ



ro



pmax = ri



(ρ2πrhdr) (ω 2 r) 2πrh ˆ



(1.3)



(1.4)
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ρω 2 rdr



pmax = ri
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(1.5)



Figure 1.1: General pump schematic from Nicola Tesla’s origional Fluid 6 Propulsion patent[2].



pmax =



ρω 2 (ro2 − ri2 ) 2



(1.6)



Where pmax is the static pressure developed at the periphery of the disks at the disk surface, ρ is the density of the fluid, ω is the angular velocity, ro is the radius of the periphery of the disks and ri is the radius of the inlet. As the velocity of the disks at their periphery can easily exceed 200m/s2 the energy stored in the velocity of the fluid must be converted to a pressure energy. Assuming a lossless diffuser, pt is the stagnation pressure which for an incompressible fluid is calculated by: 1 pt = pr + ρv 2 2



(1.7)



And for a compressible fluid it is calculated by:  pt = p r



k−1 2 M 1+ 2



k/(k−1) (1.8)



Where M is the Mach Number and k represents the ratio of specific √ heats which for this analysis is close to 1.4. At Mach numbers less than 5 this equation can be expanded to:   1 2 (2 − κ) 4 (2 − κ)(3 − 2κ) 6 M + M + ... pt = pr 1 + M + 4 24 192



(1.9)



Compressible stagnation temperatures and densities are calculated by: Tt k−1 2 =1+ M T 2



(1.10)



 1/(k−1) ρt k−1 2 = 1+ M ρ 2



(1.11)



The power applied by the shaft is calculated by: P = τω



(1.12)



The power contained by the fluid at the outlet is calculated by: P = qpt



(1.13)



The total efficiency is calculated by: η= 7



qpt τω



(1.14)



According to an article in the “Engineering News Record” on October 12, 1911, page 448, titled: “The Tesla Steam Turbine” [51] the performance is described as: • The flow rate is proportional to the surface area of the disks, so that it increases almost linearly with the number of disks. • The flow rate increases at approximately the square of the disk diameter. • Maximum efficiency is at minimum average slip. • Maximum flow rate is at approximately 50% average slip According to Rice[3], the general form of the performance of incompressible laminar flow Tesla Pumps is as follows: • Efficiency is optimal when the Reynolds Number is approximately 5 or 6. 2 Using Re = ωhν , where ω is the angular velocity of the disks, h= gapsize between two disks h is the gap width between disks and where ν is the kinematic viscosity of the fluid. • Efficiency increases with increasing radius ratio and with decreasing flow rate. Where the radius ratio is defined as the ratio of the radius of periphery of the disks to the radius of the axial opening in the disks. • Pressure increases as a weak effect of decreasing flow rate and increases non-linearly with increasing radius ratio. • Torque increases linearly with increasing flow rate and non-linearly with increasing radius ratio.



Figure 1.2: General pump schematic adapted from Hasinger and Kehrt [5]. 8



There are several benefits to this device that make it favorable when compared with other turbomachinery. Some of these benefits are due to the very low impingement of the flow of the fluid through the device, except for that of axial supporting spokes and through-bolts. Consequently, this type of turbomachinery can be used with mixtures of solids, liquids and gases without damage to the disks. It can be designed to efficiently pump highly viscous fluids as well as less viscous fluids such as air or water. It has been used to pump fluids including water, air, ethylene glycol, fly ash, blood, rocks, live fish and many other substances[47, 6, 48]. There is a large amount of evidence that Tesla Turbomachinery is quiet compared to other types of turbomachinery[47, 3, 7]. It also has a low susceptibility to cavitation and a corresponding high suction specific speed [3], and can run at very high angular velocities, for example 50000rpm[17]. According to W. Rice[3] its performance can be calculated fairly accurately before building it. At around the time that Nicola Tesla patented his device, work was already well underway developing impeller based pumps and turbines. Tesla was limited by the material science of the day, so Tesla used German Silver for the disks in his pumps and turbines. Tesla’s turbomachinery ran at high rpm, up to 35000rpm[25], this caused warping of the thin disks by centrifugal forces. Thermal expansion also contributed to the warping of the disks due to the high temperature of the steam used in the turbines. The demonstrated efficiency of the Tesla Turbine has not exceeded about 40%[39] and the demonstrated efficiency of the Tesla Pump has not exceeded about 60%[6, 47, 5]. In addition there were communication difficulties between Tesla and the company that he worked with to test his designs. His design also received some bad press by powerful people who had vested interests in other turbomachinery designs. These factors all together made the marketing and commercialization of Tesla’s Turbomachinery very difficult. The result was that Tesla’s remarkable device has been mostly ignored while competing technology has received considerable and constant research to improve its abilities. Modern materials and a better knowledge of the mechanics of Tesla’s turbomachinery has resolved the issue of warping of the disks. In addition, theoretical studies into the flow between two disks has suggested that efficiencies of 95% can be reached[47, 3] which agrees with Tesla’s own statement of 97% being possible. As a water pump, experimental efficiencies of 72% have been reached for the disks themselves[6], however the corresponding total pump efficiencies were below 60% for these results. The major contributing factor to the low overall pump efficiencies has been cited as losses in the diffuser and collector[7]. This is caused by the very high tangential exit velocity compared to the radial exit velocity of the fluid. This greatly reduces the already low volute diffuser efficiencies. Impeller based centrifugal pumps also suffer from diffuser losses but not to as great an extent, their overall pump efficiencies range from about 70% to 85% with theoretical efficiencies reaching above 90%[44]. The flow through the disks has been studied experimentally and theoretically. The flow can be laminar, turbulent or a transition flow from turbulent to 9



laminar or the reverse. The velocity profile can be parabolic, inflected or nearly flat, and many combinations of these features have been found to exist[18]. In order to overcome the various loss mechanisms in the devices, various methods have been used. Some of the methods for pumps have been: • Curving the disks of pumps in the axial direction so that the leading edge of the disks are parallel to the incoming fluid flow.[5, 45] • Making the end disks larger and curving them back over the disk pack to greatly decrease the outlet area, thus increasing the radial velocity proportion, reducing housing drag losses and by limiting the flow they help fix the back pressure as seen by the other disks.[5] • Roughening the disks to broaden the boundary layer over the disks.[6] • Incorporating free-spinning disks or shrouds to dramatically reduce housing drag losses.[5] Possell[45] filed a patent in 1983 that developed Tesla’s design further. The major difference between Possell’s design and Tesla’s is that Possell attached the disks differently to the axle. Possell used through-bolts and a thick end disk rather than the spokes that Tesla used. It has been upon this design that most of the research into the device as an impeller has been conducted.



1.2



Literature Review



In 1962 M. C. Breiter and K. Pohlhausen[13], used a finite difference method to numerically calculate radially outward flow between co-rotating disks. They determined the velocity and the pressure distribution between the disks and the torque applied at the shaft and the resulting efficiency. They assumed a constant radial velocity at the axial entrance and computed results for four different velocities and gap sizes. The following year Hasinger and Kehrt[5] published a paper building on Breiter and Pohlhausen’s work. They looked at the problem from a design perspective and built an experimental rotor to test the results. They examined inlet losses, stator drag losses and analytical efficiency of the through flow between the disks. They discovered that the velocity profile between the disks should be parabolic for optimal efficiency and that efficiencies will reduce as the profile begins to become inflected. Their experimental rotor achieved an efficiency of about 55%. It included heavily cupped end disks, in the form of a rotating cylinder attached to the rear disk. This cylinder came just short of the front disk and thus provided a greatly diminished exit area from the rotor to the diffuser. They also slightly tilted the disks into a conical shape to strengthen the thin disks and to aim them toward the axial entrance flow, with a corresponding possible reduction in inlet losses. 10



In 1966, F. William Beans[33] investigated the Tesla Turbine doing an analytical simulation of Laminar incompressible flow. He also tested a 6 inch diameter experimental turbine. He found qualitative but not quantitative agreement with his predicted performance. In 1970 Khan[29] studied radially outward flow through co-rotating disks including the effect of magnetic fields. Magnetic fields were found to increase the velocity of the electrically conducting fluid. An analytical method was used and the results were found to be in agreement with Breiter & Pohlhausen’s work. Bakket, Kreider and Kreith[42] published an experimental study of turbulent and transition in radially outward flow in 1973. They revealed turbulence and flow fields between disks. In 1974 Crawford and Rice[3] published an overview of the performance of Tesla pumps based on numerically calculated data for the flow between two disks. They used an integral method for their numerical analysis. A large range of dimensionless results were published in the form of graphs and tables. They were able to show that rotor efficiencies can reach above 95% under certain flow conditions. Simple equations were presented to compliment the tables and graphs. No data was presented for the axial entrance, diffuser or housing drag losses. Their calculations assumed that the tangential component of the inlet fluid velocity was zero, noting that any pre-swirl at the inlet would change this. Crawford[46] previously did a masters thesis on numerically calculating the flow using an integral method and his thesis shows how to calculate the flow when the tangential inlet velocity for pumps is not zero. Bassett Jr[19] solved for compressible inward flow between co-rotating disks in 1975. He solved it for full peripheral admission and there is enough information in his paper to duplicate his work. He found that compressibility improved some of the performance parameters but at the expense of efficiency. His results are easily transferable to radially outward flow. Garrison, Harvey and Catton[50] also solved for compressible flow between rotating disks in 1976. They also found that compressibility negatively affected efficiency. They advised using their solution for a larger number of flow conditions and geometries and to then back up the numerical solutions with experimental data. Their paper also includes sufficient detail to duplicate their work. Truman, Rice and Jankowski[54, 53, 55] published a series of papers numerically investigating the effect of particles entering the fluid stream. For a disk gap of approximately 0.2mm, they found that particles that were greater than 4µm could not enter the disks when operating in laminar turbine flow, however they found no difficulty with particles passing through the gap for radially outward flow or for turbulent radially inward flow. Bakke and Kreith in 1977[23] presented an experimental analysis of stall phenomena in turbulent radially outward flow between co-rotating disks at low 11



rpm. Also in 1977, Bogy, Fromm and Talke[32] published a study on edge region effects for laminar radially outward flow between parallel corotating disks. Their study was a numerical study using a finite difference method focusing on the disk exit edges for recirculating flow relating Ekman number and Rossby number. Morris[6] produced a report on multiple disk pumps in 1980. Morris experimented on multiple disk water pumps, varying the gap size, disk diameter, rpm, radius ratio, cupped end disks, disk roughness, fluid and back pressure. These tests showed that there was optimum performance at a certain corresponding back pressure and flow rate. These tests also showed an improvement in performance both for the rotor and the pump overall when using cupped end disks rather than no cupped end disks. Morris’s data also shows a slight increase in rotor efficiency for the 10in disk at a 4:1 radius ratio when compared with the same radius ratio for his 6in rotor, both at the same gap size and rpm. This can be understood by seeing that the 10in rotor has a comparatively smaller disk gap size compared to it’s diameter than the 6in rotor. Morris was able to achieve measured rotor efficiencies of up to 75.8% but at overall pump efficiencies of less than 60%. He found an insensitivity of efficiency to gap size but did observe some effect of gapsize on the head developed by the rotor. He also found that by putting grooves in his disks to simulate roughened disks he was able to get higher efficiencies at larger gap widths. His results broaden the applications of the pump by making larger gapsizes available. Plotting efficiency against flow rate, it is seen that the data presented by Morris shows efficiency to approach zero as flow rate approaches zero. This is the inverse of the data presented by Crawford and Rice[3]. Szeri, Schneider, Labbe and Kaufman in 1983[31] did laser-doppler velocity measurements in water, with and without throughflow for disk-stator, stationary disks and corotating disks. They identified a Batchelor profile. Other profiles that were predicted to coexist with Batchelor profile were neither numerically or experimentally found. In 1986 Wu completed his Masters thesis[18] in which he did an extensive literature review cataloging and explaining the various numerical methods, theories and experimental results of Tesla Turbomachinery up to that date. The focus of his research was on the turbulent flow regime. Wu recommended the use of Friction Factor Modeling for engineering purposes, this is because although it has lower accuracy it is also very quick and easy and its accuracy is still reasonable. He also found that Integral Methods and Mixing-Length Modeling (which is a Finite Difference Method) gave accurate results for turbulent and transition flow, these two methods also were sufficient for laminar flow, though more work was needed for numerically calculating certain turbulent flow situations involving recirculation. A knowledge of inlet velocity profiles was needed for these calculations. Tabatabai and Pollard[26] did a detailed study of turbulent radially outward flow in 1987. They experimentally studied the forms of the flow at varying 12



Reynolds numbers. Lonsdale and Walsh in 1988[38] presented their work on solving for radially inward flow using acceleration of the pressure correction method. They found that this method had improvements in the efficiency of computation. In 1990, Miller, Etter, and Dorsi[35] investigated a pulsatile (by means of circuitry) Tesla pump for use as a blood pump. It was found to produce results similar to the Harvard pump and other pulsatile blood pumps. In 1991 Chattopadhyay, Roy and Biswas[14] published a novel finite difference method for solving laminar source flow between corotating disks and a rotorstator arrangement. in 2001 Sandilya, Biswas, Rao and Sharma[28] did a numerical analysis of packed bed inward flow between co-rotating rotating disks with the novel calculation procedure used by Chattopadhyay, Roy and Biswas[14]. In 2004 Ladino[1] completed his Diploma Thesis in Vienna on a CFD analysis of a tesla turbine. Presenting flow patterns in a Tesla Turbine, he showed good approximation to previously published results using a two dimensional mesh of 240 thousand elements. Palm, Roy and Nguyen[30] studied heat transfer enhancement with the use of nanofluids in 2006. They used a laminar flow regime of water carrying nanoparticles between co-rotating disks for use as a heat exchanger. They found from their numerical simulation that including nanoparticles in the fluid greatly increased the heat transfer. In 2007 Batista[41] released a paper on an analytical and numerical analysis of the throughflow between corotating disks. Batista tried an unusual method in contrast to the Briter-Pohlhausen method that used simplified Navier-Stokes equations. The results conformed accurately to data published by other researchers. In 2008 Mazza and Rosa[20] published results for turbulent source flow of an incompressible fluid between corotating disks solved numerically. Their results detail the turbulent flow structure between the disks. They found qualitative agreement with experiment. Torii and Yang[27] in 2008 published a report on fluid transfer phenomena in radially outward flow through parallel co-rotating disks. The bottom plate was heated and a finite-difference technique was used. At least two companies: TESNIC[57] and Discflo[56], are using Tesla Turbomachinery. TESNIC produce wind turbines and Discflo produce pumps. There are a small number of organizations dedicated to furthering Tesla’s Turbomachinery such as Tesla Engine Builders Association[59]. There are also numerous people experimenting with Tesla Turbines and pumps in their garages. So to summarize the current state of the progress of research into Tesla Turbomachinery:
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• Numerical and experimental studies of turbulent and transition flow patterns between co-rotating disks have been presented, though more work including for recirculating flow for both radially inward and outward flows yet needs to be done. • Numerical solutions have been developed for both laminar and turbulent radially inward and radially outward flow. • Thorough numerically based laminar incompressible performance data has been produced for radial inflow and outflow between co-rotating disks. • Fairly thorough experimental incompressible pump performance data has been made available. • Several numerical studies have been presented on two phase fluid mixtures through pumps and turbines. • Partial numerically based compressible inflow performance data has been presented for laminar flow. • A limited study of the interaction of magnetic fields with electrically conducting fluids in shear flow turbomachinery has been presented. • Numerical studies on the heat transfer characteristics of radial inflow or outflow have been published. • Studies of the flow around the edges of the disks have been presented. • Published experimental efficiencies of pump have exceeded 60% and efficiencies of turbines have not yet exceeded 50%. • The observed experimental insensitivity of the efficiency to changes in 2 the Reynolds number (Re = ωhν ) in incompressible pumps has not yet been theoretically explained. • No thorough compressible inflow or outflow performance data has been presented for either laminar or turbulent flow. • No data has been presented on the flow in the axial inlet chamber of Tesla pumps, blowers and compressors. • No theoretical analysis of the effect of throughbolts and washers on the flow has been presented. • No thorough experimental studies on multiphase fluid mixtures have been presented for inflow or outflow of either compressible or incompressible fluids.
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Based on this review of the available literature and the usefulness of Tesla Turbomachinery in pneumatic conveying, this study focuses on a computational fluid dynamics analysis of compressible radially outward flow. Incompressible solutions will also be found to allow comparison with published experimental data. In conjunction with this, an experimental Tesla air mover is designed to allow an experimental study of radial outward flow pumps and compressors.



1.3



Dimensional Analysis



The variables that relate to the flow of a fluid through the disks of a shear flow compressor are: 0 = f (ρ, µ, ω, h, ri , ro , p, ui , vi , RT, κ)



(1.15)



If the repeating variables are chosen to be ω , ri , and ρ, then the other variables can be non-dimensionalized using these parameters giving:



π1 =



h µ π2 = 2 ρωri ri



ro p ui vi π4 = π5 = π6 = 2 2 ri ρω ri ωri ωri (1.16) RT π7 = 2 2 π8 = κ ω ri π3 =



Parameter π1 is the Reynolds Number, parameter π2 is the dimensionless gapsize and π3 is the radius ratio. The parameter π4 is the dimensionless pressure. As the maximum pressure is developed at the outer radius it seems reasonable to use the outer radius rather than the inner radius for dimensionalizing the pressure, so the dimensionless pressure is: p¯ =



p ρω 2 ro2



(1.17)



If a pressure tap were placed in the disk outlet collector just adjacent to the disks and another reading of static pressure was taken at the inlet adjacent to the disks, then you would have the pressure that the compressor must push against. If the collector was absent, so that the disks sucked in air at atmospheric pressure at the inlet, and also at the outlet they pumped only against atmospheric pressure, then in this situation the unconfined disks would experience the maximum radial fluid velocity. If the disks were contained little by little, so that the outlet area they were required to push air through became smaller and smaller, then the flow rate through the disks would become smaller and smaller until it approached zero. At this point, where the flow rate becomes ρω 2 (ro2 −ri2 ) at zero, is found the value of the maximum back pressure pmax = 2 which a negative average flow rate can begin to occur, this is also the maximum pressure that the compressor can develop before the fluid is slowed down in the 15



diffuser and the kinetic energy is transformed to pressure. Remembering also that density is a function of temperature and pressure at a constant volume, the compressible pressure developed by the compressor after the diffuser will be greater than the equivalent incompressible pressure rise. From the above it is recognized that:  q=f



pr







pmax



(1.18)



The parameter π5 is the dimensionless radial velocity. The dimensionless flow rate is the same number: Q=



ui q = ωri 2πri2 ωh



(1.19)



The parameter π6 gives the tangential velocity of the fluid in the inlet, relative to the tangential velocity of the disks. This could be called the pre-swirl parameter or the inlet slip: vi (1.20) ωri If this parameter has a value of unity, then there will be no losses in the disks as a result of having to spin the fluid up to the angular velocity of the disks. If the subscripts i were replaced by subscript o referring to the periphery of the disks, and if v was designated as vave then we would have the average outlet slip: si =



so =



voave ωro



(1.21)



Parameter π7 relates to the Mach number for the compressor. If π7 is multiplied with π8 (the ratio of specific heats (κ) ), and then if it is also inverted, and afterward the square root is taken of it, the equation will become: ωri M1 = √ κRT



(1.22)



Also as RT is related to ρp , equation (1.22) can be rearranged to become: ωri M2 = q κ ρp



(1.23)



In the same way torque (τ ) can be non-dimensionalized to form another parameter: π11 =



τ ρω 2 ri5
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(1.24)



Torque can also be made dimensionless by: T =



τ ρω 2 hri4



(1.25)



And it is this way of dimensionalizing the torque that is used in the Thesis.



1.3.1



Choosing the Form of Reynolds Number



If parameter π1 were to be inverted, then we would have a form of Reynolds number: Re1 =



ρωri2 µ



(1.26)



Where ωri is the velocity and ri is the characteristic length. If ri is replaced by h which also has units of Length, then the parameter will remain dimensionless and will become the Reynolds Number (Re2 ) used by Crawford and Rice[3]. Though the term ωh is not a real velocity, it is still a useful arrangement for calculating similarity. In the analytical solution given by Crawford and Rice, they found that a Re2 of approximately 5 or 6 gives the best performance. Re2 is given by: Re2 =



ρωh2 µ



(1.27)



The variables ρ and µ can be combined to give the kinematic viscosity ν, simplifying to: Re3 =



ωh2 ν



(1.28)



Another way to represent the Reynolds Number is to split it up into radial and tangential components and use one of several available characteristic lengths such as h, ri , (ro − ri ), or ro . This would for example give: p h u2i + vi2 Re4 = ν



(1.29)



The hydraulic diameter (Dh ) of a gap between two infinite plates is given by Dh = 2h which when added to Re4 gives: p 2h u2i + vi2 Re5 = ν Or using average velocities and noting that u =



17



(1.30) q , 2πrh



and v = sωr:



2h Re6 = ν



s



q 2πri h



2



+ (si ωri )2



(1.31)



If ignoring the radial velocity and using ωri as the tangential velocity, we get: Re7 =



ωri h ν



(1.32)



Re7 seems the most useful for calculating similarity as a it also includes most of the variables associated with this device. When when used in conjunction with the radius ratio all the geometrical variables are then included in two dimensionless numbers. However Re3 can be converted into Re7 simply by multiplying by rhi which reduces the usefulness of using Re7 instead of Re3 . Re6 is simply an expansion of Re5 and it also includes most of the variables associated with the device, however its form is rather clumsy. It can be split up into two sepparate Reynolds numbers, one for radial flow, the other for tangential to give: Re8 =



2qh 2πri hν



(1.33)



Re9 =



2si ωri h ν



(1.34)



Variables other than Re and the radius ratio can also affect the results: At the inlet: • Inlet pre-swirl. • Disk thickness. • The number of disks. • Using spokes to hold the disks to the axle. • The entrance drag coefficient. Through the gap: • Disk roughness. • Using throughbolts to connect the disks to the axle. Quantitative and theoretical data on this effect on the flow through the disk gap is currently unavailable. • The effect of switching from a laminar to a turbulent boundary layer as the Reynolds Number increases. 18



The outlet: • Leakage around the ends of the disk rotor. • Housing drag. • Volute/collector/diffuser losses. • Disk thickness. • The flow restriction and housing drag effects of cupped end disks.



1.4



Description of The Flow



The velocity profile of the fluid entering the disks at the inlet is either a uniform velocity, parabolic or a more complex shape due to transition to fully developed flow. As the fluid travels through the space between the disks it passes through a transition phase until it becomes fully developed. There is both a radial and a tangential component to the fully developed flow. It is also reasonable to assume that the fully developed velocity profile is parabolic, however this is not always the case. The shear force applied to the fluid is strongest at the disk surface. As it is the shear force that induces the centrifugal force (due to disk rotation), the centrifugal force is also strongest near the disk surface. This non-uniformity to the centrifugal force applied to the fluid can result in an inflected velocity profile under the right conditions. These conditions are a large gapsize, radius or rpm and a small radial flow rate. If these or combinations of these conditions are severe enough there will be recirculation. Recirculation describes a velocity profile that at the disk surface is radially outward, further from the disk the velocity changes to radially inward, then closer to the other disk it returns to a radially outward velocity. Assuming a parabolic velocity profile (which is likely once the radius exceeds the radius of the transition phase), the derivation of the flow is as follows: If the rθ plane is placed on one of the disks and the z axis passes through the rotational axis of the disks, then the equation of the parabola is: u = C1 z 2 + C2 z + C3



(1.35)



At z = 0, and applying a no-slip boundary so that u = C3 = 0 we arrive at: u = C1 z 2 + C2 z



(1.36)



Moving to the other disk and thus setting z = h and applying a no-slip boundary, so that u = 0 at z = h gives: C2 = −C1 h 19



(1.37)



Substituting equation (1.37) into equation (1.36) at the middle of the disks where u = umax and z = h2 gives: umax



   2 h h + (−C1 h) = C1 2 2



(1.38)



Which, after some algebra, results in: C1 = −



4umax h2



(1.39)



And from equation (1.37) we have: C2 =



4umax h



(1.40)



And substituting equations (1.39) and (1.40) into equation (1.36) we have either the tangential or the radial velocity profile between the disks: u=−



4umax 2 4umax z + z h2 h



(1.41)



Integrating this equation across the length of the disk gap and then dividing by the gap gives the average radial velocity. This is the same as dividing the flow rate by the cross sectional area:



uave



1 q = = 2πrh h



ˆh 



 4umax 2 4umax z dz − 2 z + h h



(1.42)



0



Which after solving and simplifying gives us: uave =



q m ˙ 2 = = umax 2πrh ρ2πrh 3



m ˙ q= = 2πro huave = 2πro h ρ umax =







2 umax 3



3q 3m ˙ = 4πrh 4ρπrh



(1.43)  (1.44)



(1.45)



Substituting equation 1.45 into equation 1.41 gives u in terms of a constant mass flow rate:



u=−



3m ˙ 4 4ρπrh



h2



z2 +



Which simplifies to: 20



3m ˙ 4 4ρπrh



h



z



(1.46)



u=−



3m ˙ 2 3m ˙ z + z 3 ρπrh ρπrh2



(1.47)



The conservation of mass equation is: ∂ (rρu) ∂ (rρw) + =0 ∂z ∂r



(1.48)



Substituting equation 1.47 into the conservation of mass equation 1.48, integrating and making w the subject gives: w=



3m ˙ 2 3m ˙ z − z 3 ρπh ρπh2



(1.49)



vmaxi ri ω



(1.50)



Denoting the slip (s): si = Thus giving: vmax = srω



(1.51)



Then substituting into equation 1.41 gives the tangential velocity profile: v=−



4srω 2 4srω z + z h2 h



(1.52)



Thus approximations for the equations of the three velocities have been found. For convenience, the other two are repeated below: u=−



w=



3m ˙ 2 3m ˙ z + z 3 ρπrh ρπrh2



(1.53)



3m ˙ 2 3m ˙ z − z 3 ρπh ρπh2



(1.54)



The Navier Stokes equations in cylindrical polar form, for incompressible, steady axi-symmetric flow, with constant viscosity and density and ignoring the effect of gravity are[49]: Radially: ∂u ∂u v 2 ρ u +w − ∂r ∂z r 







   ∂p ∂ ∂u ∂v =− + µ + ∂r ∂z ∂z ∂r



Tangentially:
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(1.55)



      ∂u ∂v uv ∂ ∂u ∂ ∂v v µ ∂v v ρ u +w − = µ + µ − +2 − ∂r ∂z r ∂z ∂z ∂r ∂r r r ∂r r



(1.56)



Axially:



  ∂w ∂w ρ u +w ∂r ∂z       ∂ ∂w 2 ∂u u ∂w 1 ∂ ∂u ∂w ∂p 2µ − µ + + + µr + =− + ∂z ∂z ∂z 3 ∂r r ∂z r ∂r ∂z ∂r (1.57) The Navier Stokes equations in cylindrical polar form, for compressible, steady axi-symmetric flow, ignoring the effect of gravity are[49]: Radially:



  ∂u ∂u v 2 ρ u + uz − ∂r ∂z r       ∂p ∂ ∂u u ∂w ∂u 2 ∂ ∂u ∂v =− + − µ + + + 2µ + µ (1.58) ∂r ∂r ∂r 3 ∂r r ∂z ∂z ∂z ∂r Tangentially:



      ∂ ∂v uv ∂ ∂v ∂v v µ ∂v v ∂v + uz − µ + − − = µ +2 (1.59) ρ ur ∂r ∂z r ∂z ∂z ∂r ∂r r r ∂r r Axially:



  ∂w ∂w ρ u +w ∂r ∂z       ∂p ∂w 2 1 ∂ ∂u ∂w ∂ ∂u u ∂w =− + 2µ − µ + + + µr + ∂z ∂z ∂z 3 ∂r r ∂z r ∂r ∂z ∂r (1.60) Garrison, Harvey and Catton[50] solved the laminar, compressible, adiabatic, axi-symmetric flow of an ideal gas between two disks of a Tesla Turbine. Their solution is solved about a plane perpendicular to the z axis and midway between the two disks, using a fixed cylindrical coordinate system. Their solution agrees with the solution that C.E. Bassett Jr[19] developed in the year before. Equation (1.60) is dropped because of the assumption that axial flow between 22



the disks is small. The radial and tangential equations are scaled and using order of magnitude arguments they simplify to: Radially: ρu



∂u ∂u v2 ∂p 1 ∂ ∂u + ρw −ρ =− + µ ∂r ∂z r ∂r Re2 ∂z ∂z



(1.61)



∂v ∂v uv 1 ∂ ∂v + ρw −ρ =+ µ ∂r ∂z r Re2 ∂z ∂z



(1.62)



Tangentially: ρu



An approximate form of the conservation of energy equation is used. Because of the adiabatic condition heat transfer at the disk surface is zero. In addition, dissipation is considered small compared to flow work, and heat flux in the space between disks is assumed to be negligible. Using these considerations, the conservation of energy equation is isentropic and becomes: κp ∂ρ ∂p = ∂r ρ ∂r



(1.63)



By substituting in equations for the three velocity profiles and setting the boundary conditions, these equations can be then solved using numerical methods such as Runge-Kutta.



1.5



Designing a Tesla Blower



In order to design a Tesla Blower, the required pressure and the flow rate that is needed from the blower should be known. For this example they are to be pressure(p) = 1bar and f lowrate(q1 ) = 0.05m3 s−1 . Also in this example the blower is connected to a cyclone filter in a recirculating pneumatic conveying pipeline using 50N B pipe, with particle laden air having a particle diameter of less than 50µm. This gives the inlet radius ri = 25mm. Assuming that efficiency increases as radius ratio increases[3], and that this effect reduces slightly at ratios of greater than 10 to 1, a radius ratio of 4 to 1 can be chosen as a tolerable compromise. This gives the outlet radius of ro = 4ri = 100mm. The pressure able to be developed by the blower can be calculated numerically by solving for the flow as described by numerous researchers[33, 46, 18, 21, 20, 19, 47, 41], the list of references in this thesis does not include them all. Alternately an empirically derived equation can be used, which is part of the purpose of this thesis. For simplicity’s sake, a simplified incompressible stagnation pressure is used:
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ρω 2 (ro2 − ri2 ) 1 1 2 = + ρ(ωro )2 pt = pmax + ρvave 2 2 2



(1.64)



Making ω the subject and simplifying gives: s



2pt ρ (2ro2 − ri2 )



(1.65)



2 (100000)  (1.225) 2 (0.1) 2 − (0.025)2



(1.66)



ω= Substituting in the values: ρ = 1.225kg/m3 uch pt = 100000P a ri = 0.025m ro = 0.1m this gives the angular velocity: s ω=



ω = 2903rads−1 = 27722rpm



(1.67)



The best efficiency occurs at Reynolds number given by reference[3] to be: 2 Re3 = ωhν ≈ 5 And using the kinematic viscosity of air(ν) = 15.68 × 10−6 (m2 s−1 ) at 300 degrees Kelvin and substituting the calculated value of ω and then solving for h gives: r h=



5ν = ω



s



5 (15.68 × 10−6 ) = 0.164mm = 164µm (2903)



(1.68)



Checking particle size. Rice, Jankowski, and Truman[53, 54, 55] advise that particle size has little effect in radially outward flow. The particle size in the specified air of 50µm and the gap size of 164µm could conceivably pose a problem if the particles were able to bridge across the gap. Experiments have not been published to show the likelihood of the particles bridging across the gap, however the high speed and the greatly varying speed of the air across the inlet disk gap when measuring from one disk to the next suggests that even this particle size should not cause problems. There should be little trouble from clogging or poor performance. The best efficiency occurs at a flow rate between two disks which is given by ave references[3, 5] to be: uωr = 0.02 . Substituting the calculated values for ω i and ri gives: 24



uave = 0.02 (2903) (0.025) = 1.45ms−1 The flow rate is calculated by the equation qt = N q, where N is the number of disks and q is the flow rate between one pair of disks and is given by q = 2πri huave . Reorganizing these last equations, making N the subject and then substituting in the given values gives: N=



qt 0.05 qt = = ≈ 1340 q 2πri huave 2π (0.025) (0.000164) (1.45)



(1.69)



If the thickness(t) of the disks equals the width of the gap then the length(l) of the disk rotor is:



l = t (N + 1) + hN = 0.000164(1340 − 1) + 0.000164(1340) = 0.44m (1.70) This rotor width is quite long. A very simplified expression for the inlet pressure loss is simply the kinetic energy of the fluid in the inlet based on its velocity in the axial direction multiplied by the number of disks, that is: 1 1 2 =N ρ pi = N ρwax 2 2







qt πri



2 (1.71)



Substituting in the values gives: 1 pi = (1340) (1.225) 2







0.05 π (0.025)



2 = 333P a



(1.72)



No experiments have been published that enable any certainty on the reality of this number. A CFD analysis of the inlet loss is too large for the scope of this thesis due to limited computer resources and time. There are several options for reducing the inlet loss. The first and perhaps the best is to allow the blower to have inlets on both sides of the disk rotor rather than on only one. This would effectively halve the inlet losses. The second is to distribute the required flow between two parallel blowers. This would also halve the total inlet loss. Splitting the flow rate load between two blowers with openings on both sides would therefore reduce the inlet loss by a quarter. The third option is to increase the allowable flow rate between the disks, this would increase the flow rate but at the expense of efficiency. The third option may be more economical than the second from an initial cost perspective, but not necessarily if looking at the long term energy cost. Other methods that would reduce inlet losses would be rounding the leading edge of the disks, using throughbolts rather than Tesla’s spokes or angling the leading edge of the disks toward the incoming flow or greatly increasing pre-swirl.
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If the efficiency of energy transfer of the disks to the fluid is known to be 75%, if the angular velocity is known and if the outlet pressure and mass flow rates are known, then the torque required from the drive shaft can be calculated as follows: The power contained in the outlet fluid is:  Poutput = pt qt = (100000P a) 0.05m3 s−1 = 5kW



(1.73)



Denoting the efficiency: η=



pt qt τω



(1.74)



Extracting the total torque: τtotal =



pt qt (100000P a) (0.05m3 s−1 ) = = 2.296N m ωη (2903rads−1 ) (0.75)



(1.75)



This value gives a torque per disk of: τ=



τtotal = 1.76x10−3 N m N
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(1.76)



Chapter 2 Modeling and Results 2.1



Experimental Model



The experimental model was designed in ProEngineer Wildfire3. Its general specifications were that of the example problem above. That is, an inlet diameter of 50NB and an outlet diameter of 200mm but with a maximum of 100 disks. It was based on a hybrid between Tesla’s separate patents for pumps and turbines and Possell’s design and used spokes with star washers. The washers were held in place by a keylock on the axle and by throughbolts that passed through the disks and washers to thick end disks. The design facilitates changes in gapsize or removal of the spokes and the use of further throughbolts. To make construction easier 10 and 12 inch pipe was specified to be cut in half and joined together to make a spiral volute collector. The total width was set to approximately 50mm so as to make the transition between the square cros-section volute and the circular 50NB exit pipe easy to build. The designated 50NB pipe was chosen because the pneumatic conveying pipelines at Newcastle University are of this diameter. The axle, bearings, electric motor and drive belts were designed to spin the rotor up to at least 20000rpm. At this speed the compressibility effects can become noticeable. There was some difficulty in finding belts that could withstand this rpm. Initially the upper speed from preliminary research was set to 10000rpm but after more research belts and bearings were found that could reach at least 20000rpm. The belts that solved the problem were the HTD 5M belt series from Gates Belts. The outlet contained a flow venturi to accurately and efficiently calculate mass flow rate. A ball valve was included on the outlet to enable modification of the back pressure as seen by the blower. A labyrinth seal was used on the inlet side to reduce leakage. Standard 50NB pipe flanges were used throughout. It was planned that an electric motor rated at 5200rpm could be made to double that speed for the short time of the tests by doubling the electrical input frequency. The belts were then mounted on two pulleys set at a 3.6 ratio. At that ratio it is possible to run the experimental air mover up to 36000rpm. This would allow the machine to produce almost 2bar of pressure. Incidentally at a compression ratio of 2bar per stage, 20bar can be accom27



plished with only 20 disks. If the outlet of the first two disks enters not a volute collector but a larger disk spacing between it and the third disk, the large spacing being so as to allow easy recirculation. From there the fluid travels inward in a spiral pattern where it enters the central inlet of the third and fourth disks where the gapsize is again small and it is pumped radially outward again and so on. This setup is a set of cylinders end for end. At the last pumping gap a volute collector and diffuser collects the high pressure air. Increased flow rates can be accomplished by increasing the number of pumping gaps in each cylinder. This setup could just as easily be used as a pump for a high vacuum application as Nicola Tesla envisaged in another of his patents. Though the rotor would be long, its design of one very long cylinder allows much easier implementation of free spinning enclosing cylinders between it and the housing, dramatically reducing housing drag. Figures 2.1,2.2 and 2.3 show overall pictures of the design. The rest of the detailed design drawings can be found in the appendix.
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Figure 2.1: Isometric view of the experimental design.
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Figure 2.2: Right section of experimental design.
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Figure 2.3: Front section of the experimental design.
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2.2



CFD Experimental Setup



The CFD simulation was a simulation of the flow between two disks. ProEngineer was used to build the geometry. The geometry was a 0.2mm thick disk with outer radius equal to 100mm and inner radius equal to 25mm. The geometry was then exported as an IGES file. The IGES file was imported into Ansys Workbench which included CFX mesher. Another mesh was also made to match the experimental disks used by J.H.Morris. These disks had an inner radius of 38.1mm and an outer radius of 150.9mm and a gap size of 0.1524mm. The surface mesh of this geometry was made by inflating the mesh from the inlet radius to the outlet radius, thus forming a spiderweb pattern of quadrilaterals of about 100 layers. The spacing at the inner radius was set to 1mm to form this radial pattern. The volume mesh was made by a symmetrical 2D extrusion across the gap from one disk to the other with an expansion factor of 1.1 with 50 layers. A greater number of inflation layers between the disks was attempted however this did not significantly affect the results and only increased the solution time. Good pressure results were found with an extremely coarse radial mesh but the coarse mesh gave very poor mass flow rate results. Some difficulty was found with the meshing program. Only a tetrahedral mesh was available for meshing. Inflating from the inner radius to the outer radius expelled most of the tetrahedra but the program forced tetrahedra to merge with the outer edge of the inflation and no way was found to undo this. The mesh was saved as a gtm file which was imported into Ansys CFX Pre. Laminar compressible flow was used for most of the tests. To allow comparison with published experimental data one set of data was also collected for water. The inner radius was set as the inlet and was set up as an opening with a static entrainment pressure of zero Pascals and a Temperature of 298 Kelvin. The disk faces were set to be rotating walls with an angular velocity of 20000rpm. The outer radius was set as the outlet and was set up as an opening with a varying static entrainment pressure and a Temperature of 313Kelvin. The temperature was set by observing the outlet temperatures of some initial runs. The static outlet entrainment pressure was varied from zero bar to the no flow static pressure pmax . When specific flow rates were required this pressure was varied during the run until the steady state mass flow rate was close the desired value. The air was set to air as ideal gas and Total Energy was used to enable calculations of compressibility. The turbulence model was set to laminar. Water was done as an incompressible fluid. Faster convergence was found when interpolating the results of a previous test into the current solve and this resulted in convergence after about 200 iterations for most tests. Some flows for different geometries became unstable and had to be rejected. This began to occur for angular velocities of 20000rpm with gap sizes of greater than 0.4mm. Mass flow rate and torque results are not as accurate as pressure results. Some of the data included outliers, some of those outlier data points were solved again, others were small enough in aberration to still be included in the results. 32



Figure 2.4: A cross section of the layers in the mesh used to define the boundary layer between the disks.



Figure 2.5: View of the mesh on the surface of the disks.
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2.3



CFD Results and Discussion



In general, the results from this analysis confirmed the results of other researches, while adding additional information and some explanations for some apparent inconsistencies.



2.3.1



Flow rate



Figure 2.6 gives an equation for the formula 1.18 anticipated in the dimensional analysis. The data from this analysis differs from the data published by Crawford and Rice at higher flow rates. Air and water data also diverge from one another at higher flow rates. Even water has a different curve at differing Re3 . Part of the divergence may be the tendency of CFD analysis to give good pressure data but not quite as accurate mass flow rate data. Air and water also approach zero flow rate and maximum back pressure differently, air is more asymtotic in its approach than water. Their data is linear and divergence from the present analyis is greatest at large flow rates. The data from this analysis is fitted approximately by a quadratic equation:  Q = 1.22



pr pmax



2 − 3.12



pr pmax



+ 1.9



Figure 2.6: Dimensionless flow rate plotted against pr /pmax . 34



(2.1)



2.3.2



Efficiency



In Figures 2.7 and 2.8, efficiencies for air and water are compared with a sample of numerical data from Crawford and Rice and a sample of experimental data from Morris. A second plot is included at much lower flow rates in order to resolve the detail at that point. Morris’s data shows efficiencies approaching zero as flow rates approach zero. This contradicts Crawford and Rice’s data which shows efficiencies increasing as flow rates approach zero. The data computed for this analysis for both air and water shows efficiencies increasing almost linearly as flow rates decrease. Then at a critical flow rate the efficiency suddenly decreases toward zero as flow rates continue to decrease to zero. This ties together the two sets of data from both Crawford and Rice and Morris and identifies a critical dimensionless flow rate of approximately 0.07. As flow rates increase, the efficiency then decreases linearly for both air and water to about 50% at a dimensionles flow rate of 2. The equation of an approximation to the slow decline from the critical efficiency point is: η = 97 − 25Q



(2.2)



The mesh used in this analysis is more detailed than the mesh that was available to Crawford and Rice. This may have enabled revealing the decline in efficiency near zero flow rate presented by Morris that Crawford and Rice seemed unable to show. Also the method of presenting the data allows the revealing of the insensitivity at high flow rates that is not immediatly evident from Crawford and Rice’s published data. It is notable that the gradiant of the decline in efficiency at higher flow rates diverges slightly from data presented by Crawford and Rice. The implication is that the insensitivity to higher flow rates is more pronounced than their data shows. This makes the trade off between efficiency and flow rates less severe than Crawford and Rice predict. This in turn allows disk pumps and compressors to be more competitive with existing forms of turbomachinery than earlier predicted.
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Figure 2.7: Efficiency plotted against dimensionless flow rate.



Figure 2.8: Detail of efficiency plotted against dimensionless flow rate.
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It is notable that although water reaches approximately zero efficiency at zero flow rates, air does not, instead it drops only to 90% efficiency at almost zero flow rate. This may be an inaccuracy in the data or that it is simply that much finer detail is required to resolve the curve at this point. To get this detail may be difficult. In order to get specific flow rate data in this analysis, the specified back pressure had to be adjusted by trial and error until the steady state result became acceptibly close to the desired flow rate. When either the inlet or the outlet boundary condition was changed from an opening to a specfic inlet or outlet, the solver began to place artificial barriers in the openings to force them to maintain flow in the right direction. These artificial barriers continued to be added by the solver even after 1000 iterations. It was found that at higher flow rates that a result could be reached in two stages, an approximate flow rate could be found by adjusting the back pressure, then using these results a boundary condition could be changed from an opening to an inlet or an outlet and the solution would converge, without artificial barriers. This technique did not work at low flow rates. It is at very low flow rates that the fine detail is required. One notable characteristic of the data presented by Morris is a general insen2 . This is shown by Morris as a slowly linearly declining sitivity to Re2 = ρωh µ best efficiency point as Reynolds number increases. The best efficiency points lie at dimensionless flow rates of about 0.2 at small Reynolds numbers, these points then decline to about 0.1 at Reynolds numbers of about 100000. A plot of efficiency against Reynolds number is a similar looking plot. These values of flow rate at best efficiency are similar to those encountered in the present analysis. It is noted that the maximum flow rate that Morris achieved was low and that the best efficiency points were located near this maximum available flow. This may have limited the available efficiency his experimental test piece could achieve, as seen in Figures 2.7 and 2.8, Morris’s data appears to show a trend that would reach a higher efficiency if the flow rate were further increased. Possibly increasing until a flow rate of 0.1 as other data he presented shows and as this present analysis shows. The slow linear decrease in efficiency at increasing Reynolds number that Morris presents is similar to this analysis, in that in this analysis a similar curve is seen of a slowly linearly decreasing efficiency as flow rate increases. Reynolds number is meant to define flow similarity for different geometries. Morris’s data does not extend up to a dimensionless flow rate of 2, instead he increased the gap size and the rpm and thus tested for high Reynolds numbers. The results are equivalent, this is because the dimensionless flow rate is useful for choosing the optimal back pressure, while Re2 is useful for choosing the optimum gapsize for a given rpm. Both assist each other in defining the flow through the disks and both are dependent on the gap size.
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2.3.3



Pressure



Figure 2.9: Stagnation pressure plotted against dimensionless flow rate.



Figure 2.10: Detail of stagnation pressure plotted against dimensionless flow rate. 38



Figure 2.9 and 2.10 shows stagnation pressure plotted against dimensionless flowrate. For most of the data series the pressure remains above the data presented by Crawford and Rice. The only exception is water at 5000rpm and low flow rates. The pressure follows an almost linear decrease as flow rate increases. The curve is not quite linear and the negative gradiant decreases in magnitude to a small extent as the flow rate increases. More data points are needed at higher dimensionless flow rates to smooth out the graphs and to be more clear on the trends. The equation that approximates the relationship of dimensionless stagnation pressure to dimensionless flow rate is given by: p¯t = 0.95e−0.5Q



(2.3)



The graph shows air to remain at higher pressures at higher flow rates than the other results, this is most likely due to the stagnation pressure of air including compressibility factors. This almost linear reduction in pressure as flow rate increases is to be expected. The pressure is developed due to centrifugal forces acting on the fluid. As the fluid is rotated to cause this centrifugal force and as it is the shear force at the disk surface that applies the torque, increasing flow rates result in the tangential velocity of the fluid at the centre of the gap to reduce, thus reducing the centrifugal force, and thus reducing the pressure developed. This is clearly seen in Figures 2.11 and 2.12 which show streamlines that begin at intervals on a line across the disk gap at the inlet. In both figures there are 15 streamlines bridging the gap. In Figure 2.11 the flow rate is large because there is almost no back pressure. As a result, the effect of the shear force applied by the disks upon the fluid diminishes very quickly at increasing distances from the disk surface. The shear force is not applied for very long to the fluid near the center of the gap before the fluid leaves the rotor. In Figure 2.12 however, the back pressure nearly equals the static pressure developed by the pump and thus the flow rate is very low. At this point the same 15 streamlines merge into one smooth velocity gradiant, it is very difficult in this figure to distinguish between one streamline and the next. This greatly increases the impact of the shear near the middle of the disk gap. The result of this is that almost all of the fluid is traveling very near the angular velocity of the disks themselves. Therefore the centrifugal pressure developed by the pump is maximum at zero flow rate. At the critical flow rate found for efficiency, the pressure produced by the disks is very near its highest. This advises that pumps be designed to opperate at flow rates near the critical flow rate for optimal pressure and efficiency
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Figure 2.11: Streamlines between the disks for air at 0.01bar, beginning at intervals on a line bridging the gap at the inlet.



Figure 2.12: Streamlines between the disks for air at 0.269bar, beginning at intervals on a line bridging the gap at the inlet. 40



2.3.4



Velocity Profiles



Figures 2.13 and 2.14 show velocity profiles at the maximum efficiency point for water at 5000rpm. The unusual thing about them is that they show the beginnings of inflection at an efficiency of 94%. Published results from other researchers such as Hasinger and Kehrt[5] show that maximum efficiency occurs at velocity profiles that are clean sharp parabolas. Here the inlet profle is notabley flattened and the outlet profile is clearly inflected and yet this is at maximum efficiency. When comparing with with Figures 2.15 and 2.16 that show when the back pressure is at 10bar and a dimensionless flow rate of about 1, we find that the radial inlet velocity profile at larger flow rates is a sharper parabola and the outlet radial velocity profile has reduced in its inflection a little. Only air in Figures 2.17 and 2.18, show sharp parabolas at maximum efficiency.



Figure 2.13: Radial inlet velocity profile for water at 5000rpm at maximum efficiency.
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Figure 2.14: Radial outlet velocity profile for water at 5000rpm at maximum efficiency.
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Figure 2.15: Radial inlet velocity profile of water at 5000rpm and a dimensionless flow rate of about 1.
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Figure 2.16: Radial outlet velocity profile of water at 5000rpm and a dimensionless flow rate of about 1.
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Figure 2.17: Radial inlet velocity profile of air at maximum efficiency.
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Figure 2.18: Radial outlet velocity profile of air at maximum efficiency. A very interesting feature of note is seen in Figure 2.19. This figure shows an inlet tangential velocity profile for water at 5000rpm and almost zero flow rate. The geometry of the disks match the disks that J.H. Morris used but without any throughbolts. At the disk surface, the velocity matches that of the disks which is 19.95ms−1 . Then the velocity smoothly increases to a local maximum of almost 19.96ms−1 . From there it decreases until it reaches a minimum velocity in the middle of the disk gap of about 19.93ms−1 . Then in Figure 2.20, here the tangential velocity profile has completely inverted. The radial flow rate has all but ceased in this second figure but is still positive. At a flow rate that is almost zero, the only way to explain such phenomena is that the remaining slight energy input into the system is causing some sort of flow patterns, perhaps asymetrical or time varying that try to expend the energy by rotating it faster near the inlet to the gap.
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Figure 2.19: Tangential inlet velocity profile water, 5000rpm, Re2 = 15, dimensionless flow rate of 0.0016
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Figure 2.20: Tangential inlet velocity profile water, 5000rpm, Re2 = 15, dimensionless flow rate of 0.0005



2.3.5



Reynolds Number



As Reynolds number should give similarity a plot of pressure and efficiency against Reynolds number should reveal useful data. Figures 2.21 and 2.22 show that it does. The disk pump continues to show a remarkable insensitivity to increasing Re5 . Water and air have different results. Water shows stronger performance at higher Re5 when all conditions are the same and ω has increased. Many more data points are required to produce a full description of performance using Re5 .
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Figure 2.21: Efficiency plotted against Re5



Figure 2.22: Dimensionless stagnation pressure plotted against Re5
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2.4



Improvements to Designing a Tesla Blower



Having analysed the results of this research some modifications to the design process can be implimented. Working through the example design problem again with the modifications:



Known: ρ = density = 1.225kg/m3 (air at standard atmosphere) ν = kinematic viscosity = 15.68 × 10−6 m2 s−1 (air at 300Kelvin) pt = 100000P a = Stagnation pressure. The pressure required of the pump or compressor. ri = 0.025m = The inner radius of the disks (arbitrary). q = 0.05m3 s−1 = Flow rate required of the pump or compressor. Looking at figure 2.23, a radius ratio of 4 gives ro = 0.1m.



Figure 2.23: The effect of radius ratio from Crawford and Rice[3]. 50



Knowing the optimal dimensionless flow rate for air is approximately 0.07 and is given by:  Q = 1.22



2



pr pmax



− 3.12



pr pmax



+ 1.9



(2.4)



Solving for the dimensionless back pressure:











pr pmax



=



3.12 −



p 3.122 − 4 · 1.22 · (1.9 − 0.07) 2 · 1.22 pr = 0.91 pmax



(2.5)



The no flow static pressure pmax is given by: pmax =



ρω 2 (ro2 − ri2 ) 2



(2.6)



To find pr the equation for relating stagnation pressure to static pressure must be used. This will give an underestimate of static pressure because of diffuser inefficiencies: pr = 



pt 1+



k/(k−1) k−1 M2 2



The Mach number is approximated by M =



(2.7)



ωr0 . 340



These two equations must be solved simultaneously to give values for pr and ω. This can be done in Microsoft Excel using the solver. The result is aproximately ω = 30780rpm = 3223.27rads−1 and a static back pressure required of pr = 55946P a. As no origional results are presented in this thesis for changes in gapsize, 2 Re3 = ωhν ≈ 6 is used to choose the gapsize: r h=



5ν = ω



s



6 (15.68 × 10−6 ) = 0.17mm = 170µm (3223)



(2.8)



50 Again the ratio of particle size to gapsize is 170 = 0.29 in the specified air. There may be some clogging or poor performance due to the dust particles, this is not known and further experiments need to be done on multiphase flow. If clogging should occur, blowing compressed air in the outlet of the pump should fix it with no pump damage.



The flow rate is calculated by the equation qt = N q, where N is the number of disks and q is the flow rate between one pair of disks. The flow rate is now 51



calculated using the dimensionless flow rate q = Q2πri2 ωh Reorganizing these last equations, making N the subject and then substituting in the given values gives:



N=



qt qt 0.05 = = ≈ 230 disks (2.9) 2 2 q Q2πri ωh 0.07x2πx0.025 x3223.27x0.00017



This is a much more acceptable number of disks and Figures 2.7 and 2.8 suggest that the efficiency will actually be improved. The thinner the disks, the less losses there are at the entrance and exit of the gap. Assuming that the thickness of the disks is the same as the gapsize between the disks, the length of the disk rotor can now be calculated by: l ≈ tN + hN = 0.00017(230) + 0.00017(230) = 0.078m



(2.10)



This rotor width is now only about 80mm. This is very reasonable and should greatly reduce housing drag losses at the periphery. Another consequence of the short rotor is that the inlet losses will be minimal as well. The power contained in the outlet fluid is:  Poutput = pt qt = (100000P a) 0.05m3 s−1 = 5kW



(2.11)



The total torque is calculated by: τtotal =



(100000P a) (0.05m3 s−1 ) pt qt = = 1.63N m ωη (3223.27rads−1 ) (0.95)



(2.12)



This value gives a torque per disk of: τ=



τtotal = 0.007N m N



(2.13)



The proposed air blower is now much more competitive than the previous design when compared with traditional turbomachinery, plus it has the many advantages of using shear to move the fluid rather than blades.



2.5



Conclusions and Recomendations



A Computational Fluid Dynamics approach using Ansys CFX was used to study the performance of Tesla Turbomachinery, focusing on the radial outflow case. Two disk geometries were studied, one with air and the other with water. Back pressures were changed and pressure and efficiency was plotted against flow rate and Reynolds numbers. Another plot of dimensionless flow rate against dimensionless back pressure was used to reveal more results. Based on 52



this analyisis, the disk pump or compressor should be able to opperate at high efficiency at flow rates much higher than previously published results show. There is a general insensitivity to increased flow between the disks. Flow patterns that vary from predicions from other researchers have been observed at many flow conditions and there is a great deal of understanding of these flow patterns missing from the literature. Both pure parabolic profiles and inflected flow profiles were revealed at optimum efficiency points. A critical dimensionless flow rate was discovered at which performance quickly changes. This flow rate was found to be about 0.07. This critical flow rate allows unification of results presented by Crawford and Rice and by J.H. Morris. Efficiencies of up to 98.88% were found for the flow conditions studied for air. Empirical equations have been found which approximate the flow and performance and allow quicker design of Tesla Turbomachinery. A basic procedure for designing the rotor of a disk pump or compressor has been presented. Based on these results a venturi or some other flow restriction should be added to Tesla pumps and compressors to fix the back pressure and thus the flow rate at which the device opperates, allowing predictable and reliable performance. More data is needed. The effect of changing radius ratio, gapsize, angular velocity and fluid must be studied in much more detail. A new form of Reynolds number is presented which shows reasonable but interesting results that require more data points to explain fully. The effect of housing drag at the periphery of the disks with and without cupped end disks needs to be studied. Ways of designing diffusers to optimally suit Tesla turbomachinery need to be developed. Modeling of the axial inlet of the rotor is required, this will reveal efficiency lossses in the inlet and allow prediction of the tangential component of the velocity at the inlet of the disk gap.
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2.6 2.6.1



Appendix Detailed Drawings



Figure 2.24: 52x48 pipe w flange. 59



Figure 2.25: axle.
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Figure 2.26: Back plate.
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Figure 2.27: Baseplate.
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Figure 2.28: Bearing housing.
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Figure 2.29: Tesla pump disk.
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Figure 2.30: Front plate.
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Figure 2.31: Inlet shape.
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Figure 2.32: Pipe fittings.



67



Figure 2.33: Supports.
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Figure 2.34: Threaded 50NB pipe.
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Figure 2.35: Transition piece.
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Figure 2.36: Venturi.
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Figure 2.37: Volute.
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