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Abstract

A parametric study of a prototype Tesla pump was performed for various disk pack
spacings and rotational speeds. The 15 thou spacing was the most effective disk pack
spacing. A 40/60 weight percent mixture of propylene glycol and water was used to show
the effect viscosity has on the Tesla pump performance. The boundary layer thickness was
found to increase for the viscous working fluid and the performance between the various
disk pack spacings were clearer than that for the water testing. A CFD simulation of a Tesla
pump was attempted to determine if the results are similar to the experimentally obtained
results. The boundary layers that form between the disks have been shown to combine and
develop similarly to fully developed flow between plates. The effects of vibration on the
operation of the prototype Tesla pump were also tested, and no effect was found for two

vibrational frequencies.
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Chapter 1 Introduction

Tesla type turbomachinery or disk type turbomachinery was first invented by Nikolas Tesla
in 1913, US Patient #1,061,142. In its early stage of development, it had never been
seriously considered useful in comparison to conventional turbomachinery. It was
therefore regarded as only a conceptual design due to issues in efficiency when compared
to bladed turbomachinery (Engin et al., 2009). This type of turbomachinery can be
implemented as a turbine, compressor, or pump. A lot of the available literature on such
devices deals with the performance issues of a Tesla turbine, with a handful of design and
CFD studies of Tesla pumps. There was significant interest in the 1950’s in the flow
between rotating disks, helping to develop further understanding of how a Tesla pump
operates. Understanding the fluid mechanics of the flow between rotating disks and

improving the efficiency of Tesla turbomachinery is still studied today.

The main objective of this overall research project was to design a pump for Raytheon with
the purpose of cooling electronics in a military environment. The pump was to be compact,
rugged and reliable. One of the main design requirements was that the pump had to operate
under intense vibration (up to 6 g’s), and since a Tesla pump has a lower sensitivity to
vibration induced cavitation, it was selected as suitable for this application. This is unlike
conventional centrifugal pumps where cavitation can be induced by the application of
vibration. Tesla pumps have also been known to work well with viscous fluids which would
be advantageous for a cooling application since fluid viscosity tend to increase as the
temperature decreases. The prototype pump was previously designed and shown to meet
the majority of the design requirements provided by Raytheon. Therefore, the present study
looks at how a prototype Tesla pump operates under several operational conditions,
focusing on identifying ideal pump configurations. Another aspect of this study includes
building a working model of the pump to perform CFD studies, comparing the numerical
results to experimental results. The end goal is to further understand how this particular
type of pump works and suggest any necessary improvements using the knowledge gained

from this study.



1.1 Literature Review

The Tesla pump has a relatively simple design compared to a bladed pump. This type of
pump’s impeller consists of rigid disks, differing from that of conventional centrifugal
pumps which uses blades. The main issue with Tesla turbomachinery is that the efficiency
is significantly less than that of conventional pumps of similar size. There are however
applications where the working principles of a Tesla pump are advantageous. There is
literature available that discusses the performance issues of Tesla type turbomachinery,
with a few even focusing on the Tesla pump. The following sections include an explanation
of how a Tesla pump works, a brief history and summary of Tesla pump and Tesla turbine

studies, and a summary of flow studies relating to spinning disks.

1.1.1 How a Tesla Pump Works?

A traditional centrifugal pump uses rotating blades, called impeller or rotor blades, found
inside a snail shaped casing, called a scroll or volute. Due to the use of a bladed impeller,
lift forces are used to transfer energy to or from the working fluid (Harikishan & Shyam,
2013). These rotating blades transfer tangential and radial momentum, and additional radial
velocity due to centrifugal forces, to the working fluid. For a centrifugal pump, the fluid
enters axially through the hollow middle of the pump and then encounters the rotating
blades (Cengel & Cimbala, 2010). The fluid then exits radially out of the pump, through
the volute. Figure 1.1 details the flow path.



Figure 1.1 View of the flow path for a centrifugal pump (front view).

Tesla turbomachinery, whether used as a pump or turbine, utilizes similar operational
principles. It works by utilizing the shear forces produced either by the fluid flowing
between the narrow disks (turbine) or by the disks rotating (pump). The working principle
of Tesla turbomachinery is therefore based on the friction between the wall of the disk and
the fluid, due to its viscosity, through the no-slip condition at the wall. For a pump, this
results in the fluid being dragged along by the wall of the rotating disks causing the fluid
to accelerate until it reaches the velocity of the disks (Hoya & Guha, 2009). The main
operational principle can also be looked at as viscous drag or shear forces of the fluid; this

view occasionally leads to the Tesla pump being called a shear-force pump (Rossetti et al.,
2010).

For a Tesla Pump, the impeller consists of smooth, flat, parallel disks, arranged on a drive
shaft as per Fig. 1.2. The fluid enters the core of the pump, through the center, is pushed
outwards though the space between the disks due to their rotation, and then exits the pump.

The end result is an increase in pressure across the pump’s inlet and outlet (Rice, 1963).



Figure 1.2. Photograph showing the flow through the disk pack assembly.

There are specific applications where the Tesla pump is best utilized in comparison to that
of conventional bladed pumps. Some applications for a Tesla pump involve working well
with fluids more viscous than water, ‘exotic fluids’ such as non-Newtonian fluids, two
phase (gas-liquid) mixtures, and highly loaded slurries and suspensions (Darby et al.,
1987). Essentially, they are a good option in situations where conventional pumps are
considered inadequate (Rice, 1963): for example when a conventional pump would be

inefficient or dangerous to utilize.

Another important factor that makes Tesla pumps advantageous in certain applications, as
mentioned by Darby et al. (1987), is that the pump has a lower sensitivity to cavitation
compared to centrifugal pumps. A conventional blade can lead to low pressure points in
the fluid when it rotates, which causes vaporization and therefore bubbles, which burst
when the pressure then increases again. Since Tesla pumps use cylindrical disks rather than
the conventional blades, there is a reduction in low pressure points within the pump, and
therefore less cavitation (Darby et al., 1987). Also, there is the fact that the flow is well
4



bounded between the disks, and is mostly entrained in the boundary layer (Hasinger &
Kehrt, 1963). The avoidance of cavitation increases the lifetime of the pump and allows
for more stable operations compared to conventional pumps (Darby et al., 1987).
Furthermore, in a conventional pump, under conditions where the lift forces are most
efficient, if there are any disturbances in the flow, such as separation; cavitation will
become even more significant. These flow disturbances would cause operational issues,

such as noise, and damage to the blades (Harikishan & Shyam, 2013).

The stable operational conditions of a Tesla pump allows for applications using potentially
volatile working fluids, such as combustible fluids. Another problem with the design of
conventional centrifugal pumps is the generation of pressure pulses that occur during
normal operation. These can affect the pump’s mechanical integrity and therefore its life
expectancy. This can result in vibrations, causing further problems for the pump’s integrity,
or causing excessive operational noise. The design process for centrifugal pumps would
therefore include testing for instabilities in the flow due to potential damage and vibration
(Amaral-Teixeira & Spence, 2009). A Tesla pump tends not to have the same issues, due
to the fact the blades are of a very simple design (Darby et al., 1987). Due to the simplicity
of the impeller of Tesla pumps, they are also inexpensive to build compared to a

conventional pump, and could be manufactured in a modest machine shop (Rice, 1963).

There are a range of suggested industrial applications for a Tesla pump. As mentioned
previously, its ability to operate with unusual fluids is beneficial, when conventional pumps
would be unsuitable. It was suggested Tesla Pumps could be used in “missile and space-
age systems”, such as for liquid rocket fuel (Hasinger & Kehrt, 1963; Miller & Fink, 1999;
Rice, 1963). Other applications would include ventricular assistance devices (blood pump),
or artificial hearts. The disc type impeller has shown that it does not damage blood cells
compared to other alternatives. Therefore, it would be ideal as a blood pump for artificial
hearts (Rossetti et al., 2010). Another fact supporting the use of Tesla pumps in the
biomedical field is that these pumps are advantageous for very small volumetric pumping

applications (Engin et al., 2009; Rice, 1963).



Furthermore, Rice suggests that as the Tesla pump decreases in size, its efficiency is
expected to remain constant, unlike conventional pumps where efficiency decreases with
size (Rice, 1963). Multiple disk fans are similar to a pump as they still move a fluid such
as air. One suggested application for a disk fan is moving hot gases above 800°C, where
the gas becomes denser, or more viscous. Industrial processes which require hot gases to
increase quality, energy consumption, and possibly reduce gas emissions such as the
ceramic industry, and some metallurgical and chemical processes would be good

candidates (Engin et al., 2009).

1.1.2 Brief History of Rotating Flow Studies

Understanding the fluid dynamics of flow caused by rotating disks is important in
understanding how different design parameters affect the performance of a Tesla pump.
When the idea of multiple disk turbomachinery was originally introduced in 1913, where
there was a sudden interest in understanding how it works. Von Karman was one of the
first to attempt the problem of steady flow of an incompressible viscous fluid caused by an
infinite rotating disk by solving the Navier-Stokes equations to obtain an exact solution
(Rogers & Lance, 1959). Cochran later brought up an issue regarding Von Karman’s
numerical solution and presented his improved solution to the non-linear governing
equations (Cochran, 1934). The improvement produced more accurate values and the trend
of constant improvement to the solution carried on. Rogers and Lance looked at the flow
in the presence of a rotating disk, and focused on finding cases where realistic exact
solutions existed (Rogers & Lance, 1959). Brenton also looked at the problem, by obtaining
steady state solutions from time dependent initial value problems or at least identified
where this was possible given the computational limitations at the time (Benton, 1966).
This later went on to more detailed analysis, such as by Humphrey et al. (1995), which
included the enclosure (casing), comparison to experimental data, and tackling unsteady
state analysis. The type of flow was qualified and divided into different regions, and this
qualification is shown section 1.1.5 (Humphrey et al., 1995). Computational Fluid
Dynamics (CFD) work eventually started to emerge further allowing for better
classification of the flow. This constant improvement of knowledge helps with the

understanding of how the flow between rotating disks, such as inside a Tesla pump, works.
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1.1.3 Tesla Pump Studies

The majority of the research regarding Tesla pumps involves predicting and analyzing the
performance of the pump. This includes efficiency, flow rate, power delivered, and head.
The main geometric parameters used in performance analysis include the disk/impeller
diameter, spacing, and number of disks. Typically, the flow rate, pressure difference across
the pump (head), the provided power and/or disk velocity is measured and converted into
dimensionless parameters, such as efficiency, flow and head coefficients, for analysis. The
results from experimental and theoretical studies provide insight into specific aspects of a
design’s performance, such that any improvements to the pump can be quantified and

performed accordingly.

Hasinger and Kehrt, proposed a pump design by utilizing dimensionless theoretical data
and validated it with experimental data. They assumed laminar flow conditions and
included some analysis on basic flow losses, efficiencies, cavitation characteristics and
specific speed (Ns). Specific speed is defined later in Chapter 2. The rotor design presented
and tested in this study is shown in Fig. 1.3. This rotor design is different than a typical
Tesla pump, which induces mixed flow within the pump. This was done to obtain high
flow rates but low inlet velocities, which would prevent cavitation at the inlet. Some of the
more significant findings from this study are as follows. They state that with larger rotors,
turbulent flow may occur, however this is more likely to happen for a rotor that is at least
a foot in diameter, with water as the working fluid. It was noted that a Tesla pump should
be able to obtain rotor efficiencies up to 60% assuming laminar flow, however achieved
experimental rotor efficiency was measured to be 54%. One of the main suspected
problems is the tendency of the shear forces from the rotor to trap gas, which was reported
to cause huge drops in pump performance experimentally. Any gas bubbles entrained in
the pump fluid could become trapped in the rotor and would obstruct the flow. This
entrapment was due to the combined action of fluid drag forces and centripetal forces. The
drag forces would draw the bubbles into the disk pack, and then the centripetal forces would
prevent the bubbles from leaving. Therefore, the avoidance of air bubbles in the working
fluid and therefore in the disk pack was found to be important to the pump efficiency.

Another problem was suspected to be due to the suction speed being highly influenced by
7



the radius ratio (outside vs. inside) and specific speed; this causing high inlet velocities
which could induce cavitation. Therefore, higher specific speed geometries are
recommended to help prevent these adverse inlet conditions. They suggested that the
highest efficiencies are expected around specific speeds of 50, with specific suction speeds

in close to a 1000 without cavitation (Hasinger & Kehrt, 1963).

Figure 1.3. Mixed-flow Tesla Pump design. Reproduced from (Hasinger & Kehrt, 1963),
with the permission of ASME Publishing.

Rice looked at multiple disk pumps, blowers, and compressors, i.e. Tesla turbomachinery.
This paper includes several tests of each type of turbomachinery, with focus on pumps and
compressors. The flow was found to be unstable over some ranges tested, and this
instability is believed to be due to flow separation. These ranges are identified as a set of
dimensionless variables and values, for given points on a disk, flow rates and friction
factors. This resulted in cavitation within the rotor likely induced at the inlet. A
dimensionless ‘first approximation’ analysis of the flow between a pair of rotating disks is
shown in this paper, however it is important to note it does not include frictional losses.
The purpose of this analysis was to establish the upper/lower limits of performance that
could be achieved. It was suggested that the volumetric flow rate parameter could be used
to find the necessary number of disks for an actual pump. In the end, the analysis showed

that the efficiency and pump head decrease with increasing volumetric flow rate, which is



similar to other studies (Rice, 1963). This trend is shown and discussed later in Figs. 1.4

and 1.5.

Darby et al. also developed a set of dimensionless relationships to analyze the pump
operation and performance. The focus of this study was on the turbulent and transitional
stages of flow in a Tesla Pump. This is one of the first studies to mention the pumps greater
flow stability, i.e., low sensitivity to cavitation. It is important to note that the disks in the
experimental pump were 356 mm (14 in) in diameter, 3.78 mm (0.149 in) thick, and spaced
3.46 mm (0.136 in) apart. The dimensions of Darby’s pump study are larger than this
present prototype study, however due to the use of non-dimensional analysis they can be
compared. They showed that the dimensionless pump power can be related to the flow rate,
gap spacing, rotational Reynolds number and the relative roughness of the disk surface
(Darby et al., 1987). Figure 1.4 shows the head vs capacity coefficients for various
rotational speeds and disk pack spacings from Darby et al. pump. Typically, as the flow
rate increases the pump head will decrease, and in Fig. 1.4, as the spacing decreases the
flow rate and pump head decreases. Figure 1.5 shows the efficiency for the different
spacings, with a corresponding table with the spacing, number of disks and specific speed.
Where Ny is the dimensionless diameter (d/D), Ny is the dimensionless pump head, and Nq

is the dimensionless capacity coefficient.

Darby et al. also mentioned that this type of pump has a tendency to trap gas bubbles, which
they stated occurs more frequently at low flow rates. Other findings are that the impeller
efficiency varied from 45-80%, which decreased as the flow rate increased. It was expected
since the residence time within the gap would decrease as the flow rate increased. A
dependence upon the rotational Reynolds number and pump speed was observed,
especially since the rotational Reynolds number calculation relies on the pump’s rotational

speed (Darby et al., 1987).
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Figure 1.4. Dimensionless pump head vs. flow coefficient for various disk pack spacings,
300 to 2750 RPM. Reproduced from (Darby et al., 1987), with the permission of ASME

Publishing.
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Figure 1.5. Efficiency vs. dimensionless flow coefficient for several different disk pack
spacings and number of disk, for 2600 RPM. Reproduced from (Darby et al., 1987), with
the permission of ASME Publishing.
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The loss mechanisms in shear-force pumps (or Tesla pumps) are discussed in Okamoto et
al. They used an experimental analysis, combined with CFD flow analysis, to discuss the
main loss mechanisms in Tesla pumps. Three different disk sizes were analyzed where the
rotational speeds were chosen to achieve similar disk peripheral speed for each size. One
of the main conclusions of the study was that the rotor performance was not affected by
downscaling. This was due to the pumps main working principal; viscous forces and
frictional losses. In the independent study of the rotor, it was found that the lower the flow
coefficient, the higher the efficiency; however there was discrepancy from the
experimental results. Therefore, the flow fields were looked at for this case and it was
found that re-circulation and reversed flow occur due to the volute design. Recirculation
was found to occur mainly at the outlet of the disks, which supports the idea of carefully
designing the volute to minimize the occurrence. The flow reversal, which would cause
large losses in efficiency, would not have been predicted by the numerical rotor analysis
and was the main reason the analytical and experimental results varied (Yamaguchi et al.,

2014).

Of the four Tesla pump studies presented, each is slightly different but all contained several
re-occurring themes. One such theme being that, as rotational speed increases, the pump
head and flow rate would increase (Darby et al., 1987; Hasinger & Kehrt, 1963; Rice,
1963). There are many possible combinations of geometric parameters, with the disk radius
ratio, speed and gap size clearly being determining factors of performance (Darby et al.,
1987; Hasinger & Kehrt, 1963). The smaller the size of the disk pack the better, since this
type of pump is recommended for small volumetric pumping applications. Cavitation
occurs mainly due to volute designs which induce high inlet velocities (Darby et al., 1987,
Hasinger & Kehrt, 1963; Rice, 1963). Experimentally, air was found to become trapped in
the pump under low flow rates, which greatly affected pump performance. Overall
efficiencies tend to be higher theoretically than what was found experimentally. This
appeared to be the case due to complexities in accounting for losses, flow reversal and
cavitation in the theoretical considerations (Darby et al., 1987; Hasinger & Kehrt, 1963;
Rice, 1963; Yamaguchi et al., 2014). The maximum efficiency obtained experimentally
was 45% (rotor only), and theoretically varied from 45% all the way up to 80%, depending

11



on the study. Therefore, the geometric design of the disk pack and the design of the casing,
mainly being the inlet and outlet areas, are important factors to consider in designing an

effective Tesla pump.

1.1.4 Turbine Studies

Tesla turbines operate in a similar manner to that of their pump counterparts; the only real
difference is the working fluid that is used to produce power. These turbines have factors,
such as disk spacing, thickness, diameter, and chamber/inlet design similar to that of a
Tesla pump, which affect its performance. The testing and analysis of these turbines and
the causes of loses in efficiency provide useful insight into the design and testing of a Tesla
pump. It has been predicted that the rotor efficiency can be somewhere between 85 and
95% (Guha & Smiley, 2010). The total efficiency of these turbines has been shown to be
between 14.6 and 35.5 %, which is less than that of conventional turbines. The majority of
the studies presented here focus on improving the design of the turbine to obtain better
efficiencies such as the inlet and outlet design of the volute. Since Tesla turbines are similar
in design and operation to Tesla pumps, the results of these studies can be applied to

improve the design a Tesla pump.

It has been determined that the main source of losses in efficiency in Tesla turbines is due
to the design of the inlet, which is also an issue with Tesla pumps. Some of the issues with
the inlets are 90° bends and elbows which would cause sudden changes in the area. In the
study done by Guha and Smiley, who looked at improving the design of an inlet nozzle,
using a nozzle with a plenum chamber integrated in the inlet improved the overall
performance of the turbine. The plenum chamber produced smaller pressure losses inside
the turbine, since the new inlet design allowed for a more uniform jet. A more uniform jet
meant that all of the passages between the disks would receive uniform flow conditions.
This increases the flow cross-sectional area and helps to reduce losses. The change in the
losses of pressure went from 13-14% to less than 1%, after the new nozzle was
implemented (Guha & Smiley, 2010). It was clear that the inlet design affects the

performance of this type of turbomachinery.
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Unlike the flow between two rotating disks in a pump, the flow in the Tesla disc turbine is
not generated by the rotation of disks. It is generated from the working fluid entering the
gaps between the discs surfaces and generating torque, due to the friction between fluid
and disk surfaces. There has been some controversy into what type and which forces affects
the flow occurring between the rotating disks inside a Tesla turbine. However, Guha and
Sengupta tried to provide some insight in their papers. They provided a theoretical
representation of the 3D flow field in the gap and looked at the roles of inertial, centrifugal,
Coriolis and viscous forces. The flow pattern is usually a spiral pattern, with flow reversal
creating deviation from this pattern. The net torque function is dependent on the viscous
drag; this suggests that a desired power output could be achieved by altering the shear stress
and controlling losses. By changing parameters such as the surface roughness and
designing the turbine in such a way to optimize power output, its efficiency could be
increased (Guha & Sengupta, 2013a). Their latest paper looks at how the geometric
parameters affect operational parameters, such as the tangential speed ratio, radial pressure
drop, angle of the inlet nozzle and exit position. This study looked at the effects of different
operational parameters and there corresponding fluid flow path. The findings for small disk
gap spacing, the predictions of each model agreed well between the theoretical and CFD
models. It was also found that the pressure does not vary perpendicularly to the disk as per
the assumption dP/dz = 0 in the analytical method. All of the findings agreed with the
corresponding assumptions provided for the mathematical theory (Guha & Sengupta,

2013b).

1.1.5 Fluid Flow Studies

It has not been clear as to what type of flow occurs between co-rotating shrouded disks,
such as that would be found between the disks in a Tesla pump. There have been several
arguments made regarding what type of flow is present between rotating disks. One
argument was that when the disks are co-rotating, the type of flow between the disks is of
the Batchelor type, therefore having two separate boundary layers and a core flow which
consists of two opposing rotating parts. Others have argued that the core remains at rest,
which would be deemed as a Stewartson flow. However, it has been shown experimentally

that it tends to be a combination of Batchelor and Stewartson flow type. Typically, being
13



stationary (Stewartson) in the center, and Batchelor type closer to the disk, as shown in

Fig. 1.6 (Gauthier et al., 2002).

Rotating Disk

Rotating Flow

Stationary Core

Boundary Layer

Figure 1.6. Cross section of the fluid flow between two rotating disks.

The flow between two co-rotating disks can be divided into five regions. The regions are
used to help provide a theoretical mathematical framework for analysis and some have
been proven to be true experimentally. These regions are shown in Fig. 1.7 and are

described as such (Greif et al., 1990):

Region I: Called the shroud shear layer. It is the flow that is in close proximity to the
shroud. It is usually assumed it is strongly sheared such that it would satisfy the non-slip

zero velocity condition at the curved wall.

Region II: Is composed of two counter rotating areas, with a stationary core, and is called

the core region.

Region III: Essential for the transition between region II and IV flows, and is called the

detached shear layer.

Region IV: The area near the hub, where the rotating solid body is moving at the same

velocity as the disk (except at high Reynolds number of order 10°).

Region V: The boundary layer that occurs on either side of each disk, and is called the
Ekman layer. This region of the flow is directed outward in the radial direction and is driven
by the imbalance between the inward directed pressure force and the outward centrifugal
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force. The outward centrifugal force would be the dominating force for a pump

configuration.
‘ rotating disk Ekman layer
- -f - Y U — \-
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Figure 1.7. Simplified Regions of flow between two shrouded disks. Reproduced from (Greif
et al., 1990), with the permission of AIP Publishing.

Studies focusing on the instabilities in the flow caused by rotating disks generally deal with
identifying and characterizing the flow. From this, two main types of instabilities caused
by co-rotating disks are identified, Type I and Type II. Type I is the instability caused by
the cross-flow, such as that found over a swept wing. Type Il is due to the combination of
the Coriolis and viscous forces. Generally, these instabilities create circular or spiral rolls
in the flow, and as the Reynolds number increases become more complex (Furukawa &

Watanabe, 2009).

There have been many studies where instabilities are characterized for various geometric
variations. A few of those studies are from Gauther et al. (2002), Furukawa & Watanabe
(2009) and Huang & Hsieh (2011). Gauther et al. (2002) looked at the instabilities due to
two rotating disks and performed experiments to visualize the flow instabilities. Furukawa
& Wanatabe focused on the instabilities due to a shrouded disk, varying the gap between
the disk and the shroud. Huang and Hsieh have performed experiments to visualize and
characterize the flow between two shrouded co-rotating disks. They found five different

flow modes from the flow between rotating disks, all of which were polygonal shapes.
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1.2 Research Objectives

An undergraduate design group designed and built the prototype tesla pump that was used
in this study. The basic design requirements for the pump were that it is to be compact,
rugged and reliable to be used in a military environment and be able to continue pumping
operation under large amount of vibrations. The pump is ultimately to be used to cool
electronics. The design group chose a Tesla pump after comparing it to other types of
pumps, due to the fact of its known low sensitivity to cavitation and vibration performance
compared to a conventional pump. It was also beneficial that it operates using disks rather

than blades, which are more rugged and reliable.

Preliminary testing with the prototype was done by this undergraduate design team. It was
found that more testing and analysis was necessary, mainly due to amount of possible
configurations for the pump. Testing was performed to see how well the pump operates in
several environmental (hot and cold) conditions, including under vibration. The results of
the environmental testing were that the prototype could withstand each condition, as long
as materials selection for the pump was made accordingly. No conclusions were made
regarding the effectiveness of the different configurations and the pump in general. This

study is a continuation of their work, utilizing the design they developed.

In this study, to understand how the Tesla pump works and characterize the prototype
pump’s operation, various possible pump configurations for specific operational conditions

needs to be considered. The following objectives for this Tesla pump study are:

e Further the current understanding of the effects of certain operating parameters,
such as disk pack spacing and rotational speed experimentally; including a study of
the impact of viscosity, where both water and a mixture of propylene glycol
(PG)/water are used. The glycol/water mixture was used since it is readily available

and typically used as a heat transfer fluid.

e Create a CFD model of the pump with the purpose of creating a working simulation

that compares reasonably well with current experimental data. This model could

16



be used in the future to look at the impact of casing geometry or any other design

changes for example.

e Experimentally study the effects of vibration on the pump’s function, to confirm

that cavitation is not induced due to vibration.

1.3 Organization

The layout of this thesis is as follows. Chapter 2 includes a background in turbomachinery
theory, then looking at boundary layer theory focusing on the theory behind the fluid flow
caused by spinning disks, and general flow between disks. Chapter 3 provides design
details of the prototype pump, along with experimental methodology. Chapter 4 presents
the experimental results and discussion, and Chapter 5 presents the analysis of the results

of the CFD studies. This followed by a conclusion and future recommendations in

Chapter 6.
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Chapter 2 Background Theory

This chapter presents the theory related to Tesla pumps. This includes a review of relevant
turbomachinery theory followed by boundary layer theory and flow between spinning
disks. In the turbomachinery theory section (2.1), the power, efficiency and dimensionless
coefficients are presented. Since Tesla pumps operate utilizing viscous or frictional forces
within the boundary layer, basic theory is presented in section 2.2. Section 2.3 presents
rotating flow boundary layer theory. Finally, section 2.4 presents a short discussion on the

fully develop flow between spinning disks.

2.1 Turbomachinery Review

2.1.1 Pump Power and Efficiency

A pump transfers electrical to hydraulic power, through an intermediate mechanical means.
The power delivered to the fluid can be quantified using two variables; net pump head (H)
and flow rate (Q). The net pump head is the change in Bernoulli head between the inlet
and outlet, however since the diameter (hence flow velocities) and elevation of the
inlet/outlet are the same, Eq. (2.1) can be used. The pump head is related to the pressure

difference across the pump (P, — P;) and the fluid properties such as density (p) or specific
weight ().

_ Pp=Py _ P3Py 2.1)
pPg 15 '

H

The flow rate is simply measured experimentally using a flow meter as will be discussed

in Chapter 3.

Hydraulic power (Py, ) is an important factor to consider when designing a pump. It
depends on the flow rate, head and density of the fluid, as shown in Eq. (2.2). Essentially,
the net head is proportional to the useful power actually delivered to the fluid. A pump
could be designed to achieve certain values of head and flow rate, depending on what is

required of the pump (Cengel & Cimbala, 2010). The pump is ultimately provided power
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through the electric motor (Py), which is simply the electrical power as shown in Eq. (2.3),

where 4 is the amperage drawn, and V' the voltage used by the motor.

H
Ppy, (kW) = % 2.2)

Pump efficiency is another important factor in pump design. The total pump electrical to
hydraulic efficiency (1;,¢) is shown in Eq. (2.4) and is the quotient of the hydraulic power

to electrical power.

P Pp
Ntot = Po,ut == (2.4)
m

Py

The mechanical to hydraulic efficiency or the mechanical efficiency (1,ecr), 1S shown in
Eq. (2.5). The mechanical efficiency is the quotient of the hydraulic power to the shaft or
breaking horsepower (bhp). The breaking horse power (bhp) is the external mechanical
power supplied to the pump, supplied through a shaft, or as in this study, through a
magnetic coupling. The breaking horsepower or shaft power is the product of torque (Ts)

and rotational speed (w), as shown in Eq. (2.6).

_ _Pry _ Pny
Nmech = Pshart = bhp (2.5)
Pshafe = bhp = Tsw (2.6)

One more type of efficiency is the electrical to mechanical efficiency, which is shown in
Eq. (2.7), and is often provided as the electric motor efficiency:
Pshaft
Netec = P (2.7)
M

2.1.2 Dimensionless Pump Parameters

To effectively compare one pump to another, dimensional analysis is usually performed
using relevant variables. It produces the following dimensionless pump parameters: the
Head coefficient (Cy) — Eq. (2.8), the Capacity coefficient (Cy) — Eq. (2.9), and the Power
coefficient (Cp) — Eq. (2.7). These are commonly referred to as the pump scaling laws.

The typical variables used are the volumetric flow rate (Q), head (H), density (p), gravity
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(g), the rotational speed (w), breaking horsepower (bhp), and the diameter of the impeller
(D) (Cengel & Cimbala, 2010).

gH
CH == w2D? (28)
0
Q=5 (2.9)
T. bhb
Cp =22 = (2.10)

"~ pw?DS5  pw?DS
The pump efficiency can be related to all three of these dimensionless parameters as shown
in Eq. (2.11):

CHCo
Cp

2.11)

Nmech =

Equation (2.12) presents the specific speed (Ny), a unitless dimensionless parameter, which
relates speed to different types and sizes of pumps. Rotations per minute (n) are used in
this calculation, along with head (H) and flow rate (Q). It can also be calculated using the
dimensionless head and capacity coefficients and does not take into account the size of the

pump. This is beneficial when trying to compare pumps (Crowe et al., 2005).

1
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Ny === (2.12)
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2.1.3 Cayvitation

Cavitation is the formation of vapour bubbles in a liquid as a result of the local pressure
dropping below the vapour pressure of that liquid. Within a pump or turbine, if the pressure
drops below the vapour pressure at any point in the device, unplanned vaporization may
occur forming cavitation bubbles. When the cavitation bubbles form and are swept away
from the low pressure region, they burst, generating destructive, high pressure waves. In a
pump or turbine, cavitation can cause drops in performance, annoying vibrations, noise, or
even damage or erosion of the impeller blades. Cavitation is generally avoided in
turbomachinery design and operation, however has been shown to be induced due to

vibration (Cengel & Cimbala, 2010).
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2.2 Basic Boundary Layer Theory

Originally, the concept of boundary layer theory was proposed by Prandtl in 1904. This
theory implies that external flows at relatively high Reynold (Re) numbers can be treated
as two different flow regions. One of these regions is the boundary layer which tends to be
significantly smaller than the bulk flow region where the fluid is moving at a free-stream
velocity (Uy ) and can be considered inviscid. The boundary layer is described as the region
bounded by a surface and away from it where the fluid velocity is less than 99% of the bulk
fluid velocity and where viscous effects are important (Crowe et al., 2005). Figure 2.1

shows the boundary layer evolution over a flat plate for a range of Reynolds numbers.

lavinar Teansihonall Tocbulent
@ ® @

Figure 2.1. Boundary Layer over a flat plate for a range of Reynolds numbers.

As shown in Fig. 2.1, the flow within a boundary layer can be either laminar or turbulent,
characterization of the boundary layer therefore depends on the respective flow type
(Schlichting & Gersten, 2000). For the flow over a flat plate, the Reynolds number is given
by Eq. (2.13), where v is the kinematic viscosity, Uy is the free-stream velocity, and x is

the location on the plate starting at x = 0 at the leading edge of the plate.

Re, = Z=X 2.13)

%
In general, the higher the Reynolds number, the thicker the boundary layer. As show in
Fig. 2.1, the critical Reynolds number for flow over a flat place is equal to 10°, and

represents where the flow goes from laminar (a) to transitional (b). The flow is considered
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to be fully turbulent (c) above 3 X 10® which corresponds to the transitional Reynolds
number. One of the factors that may affect flow transitions is surface roughness which can
induce turbulent flow earlier than at the critical Reynolds number. Flow unsteadiness,
disturbances, vibration, acoustic noise and curvature in the wall of the body are also shown
to affect the boundary layer. Due to these factors, in real life applications, the engineering
critical Reynolds number is generally used. The engineering critical Reynolds number is
approximately 5 X 10° and the transitional stage (b), between laminar to turbulent is
generally ignored (Cengel & Cimbala, 2010).

The simplest estimation or application of the boundary layer theory is that of laminar flow
over an infinite flat plate, with length x and bulk flow velocity U. In that case, the two
dimensional incompressible Navier-Stokes equations are simplified to obtain the boundary
layer conditions. (Schlichting & Gersten, 2000). Equations (2.14), (2.15) and (2.16) are

the 2-D continuity equation and Navier-Stokes equations, respectively:

du , v
Py 5 =0 (2.14)
ou ou 10P 0%u  0%u
(ua+va)——za+1/(ﬁ+a—yz) (2.15)
ov ov 10P 0%v  9%v
(uaﬁ-va)——gaﬁ-ﬂ(ﬁﬁ-ﬁ) (2.16)

The equations can be non-dimensionalized and simplified to Egs. (2.17) and (2.18) as
shown in any undergraduate level Fluid Mechanics’ textbook. Note that the y-momentum
analysis shows that the pressure difference across the boundary layer remains nearly
constant compared to that in the x-direction. Therefore, due to the simplification of the y-
momentum equation and the differential pressure term being negligibly small, the analysis

leaves only the continuity and the x-momentum equation.

Ju  0v

™ + oy 0 (2.17)
ou ou 1dP %u
=tV T T Vo @18

This system of equations is solved through a similarity solution, ultimately leading to Eq.
(2.19). Other less accurate solutions can be used to characterize the boundary layer,

including the displacement and momentum thickness methods. Equations (2.19) and
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(2.13), the laminar boundary layer thickness relationship and Reynolds number for a flat
plate, show that the thickness grows as the square root of the distance along the plate,

assuming the free-stream velocity is constant (Cengel & Cimbala, 2010).

1) 491
= T (2.19)

The shear stress and local friction coefficient, for laminar flow over a flat plate, areshown

in Egs. (2.20) and (2.21) respectively. The shear stress decays following x /2, as the slope

. d
of the velocity ﬁ, at the wall decreases downstream.

2

U
7, = 0.33 \p/% (2.20)
1, 0664
fX T 05pUs  JRey (2.21)

There are more interactions to consider in the fluid when the flow becomes turbulent, this
complicates the solution. Prandlt’s Mixing-Length Theory could be used to describe the
boundary layer mathematically (Cengel & Cimbala, 2010). The solution for turbulent flow

is not shown here, however the boundary layer thickness is given in Eq. (2.22):

1) 0.16

X

IR

. (2.22)
(Rey)7

2.3 Rotating Flow Boundary Layer

A Tesla pump uses disks, therefore the boundary layer theory for a spinning disk is more
relevant. The boundary layer theory related to the rotation of a disk, for one side of a non-
shrouded single spinning disk, is presented here. The process is relatively similar to that
for a flat plate, except that there are different boundary conditions and cylindrical polar
coordinates apply. Since the laminar flow derivation is simple compared to that of the
turbulent solution, only the laminar deviation is shown here along with how the boundary
layer thickness is obtained. A brief description of the boundary layer boundary conditions
and the process of obtaining the governing equations are shown in section 2.3.1. This is

followed by section 2.3.2 with the derivation of the boundary layer thickness for laminar
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flow. The critical Reynolds number and turbulent boundary layer thickness is also shown

in section 2.3.2.

2.3.1 Rotating Flow Boundary Layer Derivation

The following observations must be considered when looking at the derivation of the
governing equations for the flow caused by a rotating disk. The flow regime is controlled
by the magnitude of inertia and viscous effects, which is defined in Eq. (2.23) using the
local rotational Reynolds number. Therefore, the flow regime is dependent on the angular
velocity (w) of the disk and the disk radius (b) (Childs, 2011).

b2
Reg = pu; (2.23)

Axial Flow
-Uz T £

Rotating Disk

Radial Qutflow

U¢

Figure 2.2. Rotating flow due to a spinning disk geometry and flow.
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In order to solve this problem, cylindrical polar coordinates are used and the necessary
assumptions and boundary conditions required are determined. Figure 2.3 shows the
geometry and the velocity profiles above the spinning disk in the various directions. For
laminar flow due to a rotating disk the following is assumed (Childs, 2011):
e Steady state flow;
e Axial symmetry;
e Non-slip condition over the disk.
o The tangential velocity (ug) equals the product of the angular velocity (w) and the
local radius (7), and is considered zero outside the boundary layer, or “free stream”.
e The axial flow or velocity (u,) is considered negative due to the rotation of the disk;
it is pulling the fluid in, towards the center of the disk, and should be considered

zero at the surface.

e Far from the disk (z » ©0): u, =0andug =0

e The value of the axial velocity (u,), at z = oo, is not specified above and should

have a (non-zero) negative value to represent the disc pumping effect.

Again, the continuity and Navier—Stokes equations need to be solved for the boundary
layer, the simplified equations are presented in Eqgs. (2.24) to (2.27). They have been

simplified through the following considerations: for a steady flow and axial symmetry

5} 0
conditions, the — and — terms are automatically equal to zero; and the L and —2 - terms

tJo} 72
generally found in the Navier-Stokes equation can also be ignored since their relative

magnitude is smaller than the other viscous forces.

aur auz

+ " T+ —=2=0 (2.24)
u aur + u % —_ ﬁ —
P\Ur 5, Z 9z r)
aP 0%uy | 10ur | 9%ur
_6_r+'u( +r or T 622) (2.25)
oug  Urlg au¢) .
p (ur or T r tTu Uz oz )
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ou, auz)__
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2 2
—Z (B4 it 2 (2.27)

or? r or 0z2

The above equations are converted into dimensionless relationships by dividing through
using the transformations shown in Egs. (2.28) - (2.32). The dimensionless variables

shown in this section have the subscript * to help identify them.

Z, = Z \/; (2.28)

U, (z,) = r—; (2.29)
Uy, (2.) = :—Z (2.30)
ug, (2.) = 7= (231)
P(2)=—mm=——m (2.32)

The strategy is to reduce the Navier-Stokes equation to a set of ordinary differential
equations that can be solved easily. By subbing in Egs. (2.28) - (2.32), into Eqgs. (2.24) -
(2.27), they will be transformed into a set of dimensionless ordinary differential equations;

after re-arranging, Egs. (2.33) to (2.36) are obtained:

ddti* +2up =0 (2.33)
d;ZZ - Z*% —uf, +ug, =0 (2.34)
dduz?* — Uz Zu_f — 2upug. =0 (2.35)
% — Uszx ddl;i* - Z—Z =0 (2.36)

The corresponding, now transformed, boundary conditions are as follows:
U =0, Ugx =1, u,, =0, P,L=0atz, =0
U =0, Ugps =0asz, >
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The differential equations can now be solved using numerical techniques. Since they are
dimensionless, the solution will not be dependent on values of rotational speed and fluid
properties, such as density and viscosity. The solution is tabulated in ‘Rotating Flow’, by
Childs, on page 88 (Childs, 2011).

Figure 2.3 shows the velocity profiles of the solution to the differential equations presented
in Egs. (2.33) to (2.36). It has been observed that the fluid in contact with the disk surface
rotates at the same angular velocity as the disk. This is in accordance with the no-slip
condition. The fluid inside the boundary layer just above the surface will also begin to
rotate, however cannot maintain the same centripetal acceleration as the disk surface and
therefore acquires an outward radial component, pushing it out radially. Essentially, due to
conservation of mass, there is zero momentum (non-moving) fluid being drawn in axially,
being given momentum in the boundary layer and then pumped radially outward. This type
of boundary layer is commonly referred to as an Ekman layer. It is caused by the centrifugal
forces from the shear between the rotating disk and the fluid which creates the radial flow
in the boundary layer. This radial outflow from the rotation of the disk is called ‘pumped
flow’ since it is forced due to the rotating disk and the viscous or frictional forces on its

surface (Childs, 2011).
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Figure 2.3.Dimensionless laminar flow velocity profiles for a rotating disk (Schlichting &

Gersten, 2000).

2.3.2 Boundary Layer Thickness

The definition of a boundary layer for a rotating disk in an infinite fluid is the distance
axially away from the rotating disk where the tangential velocity is 1% of the disk speed.

Using this definition of a boundary layer, 1% of the tangential velocity, Eq. (2.37) is

obtained.
up = 0.01wr (2.37)
Substituting Eq. (2.37) into the non-dimensional Eq. (2.30) provides Eq. (2.38),
_ Yo _
Ups = 0.01 (2.38)

The tabulated solution values (Childs, 2011) provide a value for z, of approximately 5.5.
This can now be added into Eq. (2.28) of the non-dimensional boundary conditions to get

the boundary layer thickness, Eq. (2.39) (Childs, 2011).
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§ ~ 5.5 \/g (2.39)

This boundary layer thickness relies on the rotational speed of the disk, unlike for a flat
plate. Therefore, the larger the rotational speed, the thinner the boundary layer. Also, away
from the rotational axis, this boundary layer thickness is independent of position.

Therefore, boundary layers in rotating flows have been found to reach a maximum

thickness, which is proportional to \/v/w, while the stationary boundary layer (on a flat
plate for example) will continue growing in a manner proportional to ’Z—x .
X

As previously mentioned, the critical Reynolds number is used to determine the flow
regime, laminar or turbulent. The critical rotational Reynolds number for rotating flow has
been determined by comparing theoretical analysis and experimental results.
Experimentally, the critical rotational Reynolds number depends on the roughness of the
disk, where a rougher disk leads to a smaller critical value. The range of experimental

values for critical rotational Reynolds number and fully turbulent Reynolds number are

compared to the accepted theoretical value for critical Reynolds number in Table 2.1.

Table 2.1. Values of critical Reynolds number for a rotating disk (Childs, 2011).

Critical Reynolds Number (initial breakdown) 2 X 10°
Experimental observation Fully Turbulent 2.12 X 10° < Re < 2.7 X 10°
Experimental observation Critical Reynolds number | 1.78 x 10°> < Re

<212 x10°

Table 2.2, presents the boundary layer thickness and mass flow rate entrained by the
boundary layer on only one side of the disk, for laminar and turbulent flow. The mass flow

rate entrained by the boundary layer of the disk can prove useful in Tesla pump analysis.
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Table 2.2. Comparing rotating laminar and turbulent flow equations.

Laminar Turbulent*
Boundary 1

v T (241
Layer 5= 5.5\F @40) | 5/r = 05261 ()’ (24D
Thickness & w pwr
Flow entrained 1
byBoundary | 1 =2779pbve D) | gy o 0.2186pwb3Re_(§) (243)
Layer ¢

*for 1/7™ power law

Figure 2.4 shows the difference between turbulent and laminar boundary layers in a
rotating flow over one disk. The laminar boundary layer thickness is constant except where
the fluid is drawn in around the center (not shown on the figure), while the turbulent
boundary layer thickness increases outwards exponentially. Similar to the turbulent
analysis done for a flat plate, a power law velocity profile in the turbulent region was

assumed to obtain Egs. (2.41) and (2.43) (Childs, 2011).

Transition Region

Turbulent BL

Figure 2.4. Laminar to Turbulent Boundary Layer Transitions on a rotating disk.
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2.4 Fully Developed Flow

Due to the small gap spacing found in a Tesla pump and the resulting boundary layer
formation for a flat rotating disk, it is possible that the boundary layers formed on two
adjacent disk surfaces will eventually collide and merge resulting in a fully developed flow
similar to that seen between two flat parallel plates. It is important to note that in a Tesla
pump, the disks are ring shaped and therefore the boundary layer will start to form at the
inside edge of the disk and grow outward according the flow regime. Figure 2.5 shows a
schematic of the flow between two rotating ring shaped disks (i.e. the disks in a Tesla
pump) where their mutual spacing provided ample room for two separate boundary layers
to form. The viscous forces felt by the fluid are the strongest within the boundary layers;
the fluid in-between the boundary layers being affected to a lesser degree by the spinning
disks. For a smaller gap spacing which would not allow for two individual boundary layers
to form, the boundary layers are expected to combine. This is shown in Fig. 2.6, where
fully developed flow is therefore occurring. In fully developed flow, the viscous forces
between the wall and the fluid are felt much more strongly throughout the gap. It is
expected that this type of flow would be more effective compare to the one shown in Fig.

2.5, where only a portion of the fluid feels the viscous effects from the wall.

)

tilf—— il
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Figure 2.5. Case for two separate boundary layers between the rotating disks.
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A

Figure 2.6. Case for fully developed flow between two rotating disks.

The Reynolds number for internal flow is shown in Eq. (2.44). The average velocity (Vag)
of the fluid depends on the radius (b) and rotational speed ( @), and the characteristic length

(D) would be equivalent to the disk gap spacing (d). The critical value of the Reynolds

number for internal flow is 2,300.

Rejnt = = (2.44)
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Chapter 3 Methodology

In this chapter, the design of the prototype pump is presented along with how the testing
was performed. The prototype pump is presented in section 3.1 and includes detail
regarding the disk pack. The testing loop design, specifics’ regarding the testing equipment
and setup is presented in section 3.2. Section, 3.3, explains the experimental data
acquisition process. The final section, 3.4, presents the uncertainty and error propagation

analysis and sources of error.

3.1 Prototype Pump Design

3.1.1 Casing Design

The prototype pump is shown in Fig 3.1, with the inlet through the center in the casing
shown on the left, and the outlet on the side seen at the bottom of the picture. The casing
is made up of three parts; for the pump side, a stainless steel and a Delrin plastic half, and
for the motor side a stainless steel housing. The motor is housed in the cylindrical section
on the right in Fig 3.1. The disk pack is driven by the motor through the use of a magnetic
coupling, where there is a magnet on either side of the Delrin casing. The thickness of the
casing between the magnets is 1.59 mm (1/16™ of an inch). Originally, the casing on the
pump side was completely made of stainless steel. However, due to eddy current buildup
in the metal components, pump performance was severely reduced, and therefore a plastic
(non-conductive) portion of the pump casing was implemented. The total size of the

prototype sits in approximately a 15 cm by 6.1 cm area.
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Figure 3.1. Picture of the prototype pump with original casing materials.

The inside of the casing was machined following a log spiral, as shown in Fig. 3.2. A log
spiral is a common shape used in pump housings, and is found in nature in animals such as
the nautilus shell. This should provide an effective path for the fluid leaving the pump,
since it is similar to that of a centrifugal pump. The maximum clearance from the disk pack

is approximately 10 mm, with the minimum clearance being approximately 1.6 mm.

Figure 3.2. Picture of the inside of the old casing.
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During this research project, the casing was changed from a stainless steel/Delrin plastic
to transparent acrylic, as shown in Fig 3.3. Since, there were suspicions that air was
becoming trapped in sections of the casing, the casing was manufactured out of transparent
material and replaced. With a transparent casing, any air entrapment could be observed and
corrected before testing began. The casing measures approximately 7.65 cm (long) by
6.1 cm (wide) by 51 cm (tall), and is held together with 4 bolts that go through the pump
casing and part of the motor enclosure. These bolts are lined up using a circular locating

feature that prevents the casing from being assembled incorrectly; this is shown in Fig. 3.4.

Figure 3.3. New (left) and old (right) casing comparison.

Figure 3.4 Post bolts with circular locating feature.
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3.1.2 Disk pack

The disk pack consists of two supports which allow for bearings to be attached on either
end and keep all the disks together. The magnet is attached by a bolt through one of the
disk pack supports, which can be seen in Fig 3.5. Figure 3.6 shows an exploded view of
the disk pack. The disks are attached using three bolts that go through two supports on each
end and hold the disks in the middle. These bolts are spaced 120 degrees apart. The bolts
are specifically made for this application, as well as the disks and the disk pack supports.
The disk pack (section of disks not including supports) averages around 2 cm in length,
varying slightly depending on the amount and spacing of disks. The diameter of the disks
and disk pack supports are 3.5 cm, and the thickness of each disk is approximately
0.79 mm, or 31.5 thou (where thou is a thousandths of an inch). Figure 3.7 shows the 5

thou thick spacers used within the pump.

Figure 3.5. Disk pack with bearing and magnetic coupling attached (left), and sliced view

CAD of the disk pack showing the bolt attaching the magnet (right).
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Figure 3.6. Disk pack exploded view.

Figure 3.7. Spacers, 5 thou thick.
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For testing, extra disk pack components were manufactured and disk packs assembled. This
lessened the amount of time needed for disassembly and assembly of the pump, specifically
when changing the spacing of the disks. Since, the spacers are specially made thin washers,
it was time consuming to build the disk packs from scratch. There are approximately 50 to
120 spacers in each disk pack, depending on the spacing. Table 3.1 provides the number
of disks per disk pack and Figs. (3.8) to (3.10) show the built disk packs for various
spacings. Fig 3.9 shows the 15 thou disk pack with a bearing and the magnet attached.

1 e

Figure 3.8. Twenty thou disk pack spacing.

Figure 3.9. Fifteen thou disk pack spacing, with magnet and bearing.
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Figure 3.10. Five thou disk pack spacing.

Table 3.1. Number of Disks for each spacing.

Spacing | # of Disks
1 thou 27

3 thou 26

5 thou 20

10 thou 18

15 thou 16

20 thou 15

25 thou 15

The spacers between the disks obstruct the fluid flow through between the disks. Two
different extreme assumptions can be made regarding the blockage area, as shown in
Fig. 3.11. The first one would be to assume that the fluid’s path is straight along the radius
of the disk. In this case, the blockage ratio is calculated using Eq. (3.1), where
Dypacer = 0.5 cm is the diameter of the spacers, and bspacer = 1.14 cm is the radius at which
the spacers are found. The second assumption would be for the fluid to follow a long spiral
pattern before exiting the disk gap. The blockage ratio is given Eq. (3.2) where b
(= 1.75 cm) is the total radius of the disk. For the pump used in the work, Br; = 0.0696 or
nearly 7%, and Br> = 0.2857 or approximately 28.5%.
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Figure 3.11. Fluid path along rotating disk.

3.1.3 Motor

The electric motor is a Maxon EC-32 15 W brushless motor with integrated sensors, and
is shown in Fig. 3.12. The specifications for the Maxon motor are included in Appendix A.
The motor has a range of 200 to 7000 rpm, unloaded. The speed of the motor is controlled
though an analog signal between 0-10 V. The maximum efficiency of the motor is listed to
be 64%. The motor casing is a cylindrical tube which houses the motor, it is approximately
7.3 cm (long) by 5.3 cm (wide) by 5.1 cm (tall). The motor casing was altered due to issues
found during preliminary testing. One alteration was due to the motor and drive shaft
mechanism turning inside the case. This was corrected with a set screw, through the top of
the casing, which can be seen in Fig 3.5. It was later discovered that the motor could be
shorted out if the wires from the motor touched the casing, either during assembly or
disassembly. Therefore, part of the area of the case where the wires sit was removed and

more insulation to the wires was added.
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Figure 3.12. Maxon motor on its coupling.

3.2 Testing Loop

3.2.1 Equipment Selection

Data from the undergraduate design group was used as a reference point for equipment
selection. The most significant problem was overcoming the low head produced by the
pump. Conventional paddle style rotameters would not work since they had been found to
produce too much head losses within the system. Another consideration in equipment

section was the equipment’s use with a fluid more viscous than water and under vibration.

The solution for the flow meter was to select an electromagnetic flow meter since there are
no in-flow moving parts, and very little head losses are generated. The maximum range of
the flow rate is 6.06 L/min (1.6 GPM). An electromagnetic flow meter works by measuring
the voltage through a conductive fluid, as it moves perpendicular though a magnetic field.
It relates the measured voltage to the velocity of the fluid. The flowmeter chosen was an
in line “‘Magmeter’ FMG-91 from OMEGA, and is shown in Fig. 3.13. The specifications
for the FMG-91 flow meter are shown in Appendix A. There is a minimum liquid
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conductivity necessary for the operation of this type of flow meter, which is 5
microSiemens (uS) per cm. This is not an issue for water, since domestic tap water has
500-800 uS/cm; distilled water is 0.5 uS/cm. Therefore, tap water was used for these
experiments (Heyda, 2006).

AtNo. FMGE1-PVDF /
Seriak-No. 07708 L
Range: 0,066 - 1.3 GPM

Pulselgal: 15000 Tmax= 140°F
max. 145psi at 68°F
max B7psi at 140°F

Figure 3.13. Flow meter, FMG-91 from OMEGA.

The pressures measured during preliminary testing by the undergraduate design team
provided a rough estimate of the maximum pressure difference across the pump of
approximately 2 psi (13.8 kPa). The differential pressure sensor is shown in Fig. 3.14 and
is a PX-26 from OMEGA. A differential pressure sensor, in the range of 0-5 psi was chosen
for the water tests and the propylene glycol-water mixture used a 0-15 psi range. The
pressure sensor specifications are shown in Appendix A. Using a differential pressure
sensor simplified the testing loop and was an inexpensive and effective method of

measuring the pressure difference across the pump.
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Figure 3.14. Differential pressure sensor, PX-26 meter unwired (left), and the pressure

sensor in the set up (right).

Figure 3.15, shows a schematic of the testing loop design, with the in-line flow meter,
differential pressure sensor, valve, reservoir and pump. The piping is flexible plastic
quarter inch tubing, which is used for everything except for a portion for the pressure
sensor. The pressure sensor requires one eighth diameter tubing, and rapid prototyped
T-type connectors to connect the pressure sensor to the quarter inch tubing of the setup
were used. The valve is a needle type with 10 turns, for accurate flow control. The reservoir

is a 1 Litre clear plastic container.

After preliminary testing, several things were observed. The most significant being that the
flowmeter placement did affect the readings and the pump did not perform well when the
suction end had to overcome a large height difference from the reservoir. The solution was
to build a stand to attach the equipment and tubing to reduce variation in the results. The

completed stand is shown in Fig. 3.16.
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Reservoir

D. Pressure Sensor

Figure 3.15. Schematic of the testing loop.

Figure 3.16. Testing loop with stand setup.
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3.2.2 Electrical Set Up

The electrical and circuitry components were contained in a waterproof box with the motor
speed control dial on top. There were minor issues with the circuitry that caused some
variation in the readings, such as power supplies not keeping their setting or wires
becoming disconnected. These minor issues were resolved by having a small circuit board
fabricated. The motor uses two power sources, one for the signal speed input and the other
for powering the motor. The power supply for the motor is shown in Fig. 3.17 and the
signal speed input was drawn from the flow meter’s power supply. Since, the pressure
sensor needs a constant known excitation voltage, it was also drawn from the flow meter’s
power supply. The voltage for the pressure sensor was provided at 8.1 V, and calibrated
according to the manufacture’s specifications. The variable resistor along with the box that
contains the circuity for the setup is shown in Fig. 3.18. A variable resistor with a 10 turn
allowance was used for the motor speed control, which allowed for a great deal of control,
in the range of £5 RPM. (The rough variance in the reading was at most 5 RPM’s from
observation) It is important to note that the rpm sensor in the motor of the pump worked
sporadically and therefore was not used. Since the rotational speed of the motor was only

needed when setting up a run, an optical Tachometer was used.
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Figure 3.18. Circuit control box (left) with motor speed control dial on top, and the inside of

the box (right).
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3.2.3 Vibration Testing Set Up

To test the effects of vibration on Tesla pump performance, a Vibration Exciter System
(Type 4801) from Briiel & Kjar was used to supply the necessary vibrations. This testing
was to determine if cavitation could be induced through vibrations. A picture of the Exciter
System’s body with the prototype pump is shown in Fig 3.19. An Exciter Control (Type
1047) and Power Amplifier (Type 2707) are used to control the exciter system.

Figure 3.19. Prototype pump on the Vibration Exciter System i.e. shaker table.
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3.2.4 Data Acquisition

All data was recorded using a National Instruments compact DAQ, 4 slot chassis system,
with 2 modules, which are shown in Fig. 3.20. The two modules used are the NI 9435, for
the frequency of pulses from the flow meter, and NI 9219 for the analog input from the
pressure sensor. The two modules on the far side of the DAQ system shown in Fig. 3.20,
are not used. This was connected and read into LabVIEW, which then recorded and saved

the data. The block diagram used in LabVIEW is presented in Appendix B

Figure 3.20. DAQ chassis with corresponding modules.

LabVIEW read a voltage signal from the pressure sensor which needed to be converted to
provide the pressure in psi. The conversion factor for the differential pressure sensors, was
determined by taking the manufacturer’s given calibration and converting it to psi/mV as
shown in Appendix B. For the 5 psi range, the conversion factor obtained is 123.457 psi/V,
for the 15 psi range, 185.185 psi/V.

The flow meter’s conversion factor was obtained experimentally using the average
frequency output from the flow meter and volume of water, over a minute. The flow meter
produces a certain number of pulses per gallon, which for this particular model of flow

meter (FMG91-PVDF) was 15000 pulse/gallon.
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3.3 Experimental Methodology

For the water testing, 3, 5, 10, 15, 20 and 25 thou disk spacing was tested for 4000, 3600,
3000 and 2500 RPM motor speeds. A propylene glycol (PG)-water mixture of 40/60
weight%, was tested for the 5, 10, 15 and 20 thou spacings for 3600, 3000 and 2500 RPM
motor speeds. The pump could not consistently reach the 4000 RPM speed for the PG-
water mixture, therefore the 4000 RPM motor speed was not tested. The vibration testing
was performed for the 5 to 20 thou spacings for 3600 RPM, at frequencies of 500 Hz and
2000 Hz. The procedures for each method of testing are similar except where mentioned

otherwise.

For experimental testing, the pump is put together with the disk pack, taking care that the
seals and all fasteners are secure. The pump was placed on a wooden block, secured and
connected to the inlet and outlet tubing. The power supplies, computer and multimeter are
turned on and set accordingly. To prime the pump, a hand pump was used to carefully fill
the tubing and pump with the working fluid, while taking care that the tubing for the
pressure sensor did not contain air bubbles. The pump motor was then started, and
preferably set to a high rotational speed (4000 or 3600 RPM). The rotational speed would
be varied occasionally in an attempt to further encourage air out of the system. This process
could take up to 2 hours depending on the gap spacing and working fluid. The removal of
air combined with waiting allowed the system to stabilize with regards to the flow rate,

since the flow meter is sensitive to air bubbles.

Just before starting a test, the rotational speed of the motor was checked using the
tachometer and corrected if needed. For each pump operating point, data was recorded over
one minute into LabVIEW, and this same test was repeated three times. The three sets of
data for each pump operating point were averaged to obtain the data used for the analysis.
While the data was being recorded, the current drawn by the motor from the multimeter
was physically recorded over the minute. The discharge valve was used to vary the head
and flow rate for each run and was turned in increments of one half a turn until almost fully

closed. After the valve was turned, at least one minute was allowed for the system to
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stabilize before testing began again. Between each run the rotational speed of the motor

was checked and adjusted accordingly.

For the testing done under vibration, to determine if vibration will affect the performance
of the pump, a couple of changes needed to be made regarding the set up. A major change
was allowing for the pump to be re-located onto the vibration exciter (shaker table). The
solution was to have the whole setup, including reservoir, be closer to the level of the shaker
table. Otherwise issues due to the pump attempting to overcome the large height difference
would significantly impact testing. Therefore, the level of the whole setup was lowered for
this section of testing. There was still a slight height difference between the pump and the
apparatus. A longer length of tubing connecting the pump to the rest of the apparatus was
also necessary. The slight height difference and extra lengths of tubing did end up affecting
the flow rate and pump head compared to the non-vibration runs. Therefore, non-vibration
runs for each disk pack were completed with the pump mounted on the shaker amp, since

the losses due to the height differences and extra length of tubing could not be avoided.

3.4 Sources of Error

Typically, there are the normal contributors to error, equipment and human factors.
However, a couple of topics have come up after testing was performed which have been
shown to be of importance. These issues were found to be air bubbles becoming trapped

within the disk pack and setting of the rotational speed.

Small air bubbles within the working fluid can become trapped within the disk pack, which
have been found to greatly reduce efficiency (Hasinger & Kehrt, 1963). Hasinger and
Kehrt had to take careful and diligent measures to suction out the air bubbles from between
the disks; however this would not have been possible for the experiments done for this
thesis due to the design of the prototype pump. The air bubbles would also affect the flow
meter measurements, by causing fluctuations in the measurements as they passed through.
Before the testing would begin the pump would be primed and allowed to run until air was

thought to have been removed from the system, typically 2-3 hours was given for the air to
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be removed from the system. Figure 3.22 shows the pump before air was removed, while
Fig. 3.23 shows the pump after 2-3 hours of continuous operation to remove air. This was
the main reason the clear casing was implemented, to be able to observe when air has been
removed from within the casing. It is expected that some air may still be trapped within the

disk pack during testing, however is likely to not significantly impact the results.

Wi
[ 'f:‘ }l!/ /)
Figure 3.22. Picture of the pump in operation with air removed after waiting for 2-3 hours.
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Another source of error would be due to setting the rotational speed, since these value are
used for the non-dimensional analysis. An attempt was made to keep the rotational speed
constant between runs, however this was not always possible. Either the rotational speed
of the motor would slightly change between runs or the rotational speed would be off by
up to 10 RPM. Another factor would be that the motor rotational speed was used, not the
actual disk pack/rotor speed. This was because the rotational speed of the rotor was difficult
to measure due to the design of the prototype, and therefore the disk pack or rotor’s
rotational speed was assumed to be the same as the motors. It is expected that the rotational
speed of the disk pack or rotor is slightly less than the motor’s, and would not significantly

impact the calculations.

3.4.1 Uncertainty and Error Propagation

The accuracy of the equipment in the setup is shown in Table 3.2, followed by error

propagation calculations.

The error propagation from the experimental data is determined using the data from
Table 3.2 and Eq. (3.3), for multiplication or division error propagation. The error
propagation is then calculated for the motor power, hydraulic power, head, and efficiency;
where X is a quantity being calculated that depends on a, b and so forth, which are

quantities that have errors which are uncorrelated and random.

o o @
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Table 3.2. Accuracy of pump equipment for measurement error.

Equipment Accuracy Response time
PX-26-005-DV (pressure 1% FS = +0.05 psi | msec
sensor)
PX-26-015-DV (pressure 1% FS= + 0.15 psi 1 msec
sensor)
1% of reading:
FMG 91 (flow meter) Max flow range 1.6GPM=6.06 <100msec
L/min - + 0.06 L/mim
DC Current
Multimeter (Circuit-Test o .
DMR-1800) Accuracy=2% of reading N/A
Power Supply Voltage meter (+ 2%, +3 digits) N/A
EXTECH 382275 & - ’ 9

Non-contact + 0.01 % of reading
Tachometer (Monarch ‘
Pocket Tac Plus 1.4) Approx. £ 5 RPM from observation N/A

during testing

For any calculations involving the rotational speed, the observed error of +5 RPM was
used as it was larger then the measurement accuracy of the tachometer. For the calculation
of head from Eq. (2.1), the error is solely from the pressure sensor, +0.05 psi and
+ 0.15 psi, for the 5 and 15 psi range pressure sensor respectively and is calculated as per

Eq. (3.4). While the flow rate measurement is 1% of the value.

2
0.05

epsy = (T) = 1% of H (3.4)

For the motor power, the current’s maximum reading is 2 A, therefore the absolute error

is £ 0.04 A (2% of reading). The voltage was kept constant at 18.8 V, and due to the

number of digits of the equipment was accurate to +0.05 V (2.6% of reading).

Equation (3.5) shows the error propagation.
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0.04\%  [0.05\?
ePSmotor = \/(T) + (E) = 2.01% of P, pt0r (3.5

For the hydraulic power, the 5 psi and 15 psi range pressure sensors produce the same
result. This is because they both use a 1% full scale accuracy value. However, for the
sample calculation, for the 5 psi pressure sensor, the error is £0.05 psi. For the flow meter,
the worst case scenario would be the full scale error, therefore 6.06 L/min +0.06 L/min.

Equation (3.6) shows this error propagation calculation.

ePShyd = \/(%)2 + (%)2 = 1.41% of Pyyq (3.6)

The efficiency depends on the error of the previous calculations (hydraulic and electrical

power), and results into an uncertainty of 2.5% as shown in Eq. (3.7).

2
Ep 2
ePSeff = ( hyd) +(£Pmowr) -

Rmotor

V(1.41%)2 + (2.01%)% = 2.46% of (3.7)
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Chapter 4 Discussion

The results of tests performed with the prototype Tesla pump are presented here. The
relevant boundary layer thickness and Reynolds numbers are presented in Section 4.1. The
prototype tesla pump was tested for various parameters; these are shown in Table 4.1.
Section 4.2, deals with the results from the water testing and section 4.3, the propylene
glycol mixture testing. The impact of vibration on pump performance was analyzed in

section 4.4.

Table 4.1. Tests performed for water and propylene glycol. Where O are for water, and A

are for the propylene glycol water mixture.

Disk Rotational
Speed (RPM)
2500 | 3000 | 3600 | 4000
Disk Pack Spacing
(thou)
1 O O @) @)
3 O O @) @)
5 OA | OA | OA | O
10 OA | OA | OA | O
15 OA | OA|OA | ©
20 OA | OA|OA | ©
25 @) @) @) @)
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4.1 Pump Flow Qualification

4.1.1 Rotational Boundary Layer

Using Eqgs. (2.38), (2.40) and (2.22) from Chapter 2, the Reynolds number and boundary

layer thickness are calculated using relevant experimental parameters and data.

5= 5.5\/% (2.38)

1
§/r = 05261 (p(sz)s (2.40)
Reg = ”‘*:’2 (2.22)

The calculated rotational Reynolds number and corresponding boundary layer thicknesses
as a function of the disk pack rotational speed are shown in Table 4.2, assuming either
laminar (Eq. 2.38) or turbulent (Eq. 2.40) flow. For the turbulent case, the boundary layer
thickness is calculated for the total disk radius of 3.5 cm. Therefore, the value of turbulent
boundary layer thickness in Table 4.2 is the largest since the boundary layer thickness
grows according to Eq. (2.40).

Table 4.2. Calculated Boundary Layer Thicknesses for Laminar and Turbulent flow in

water.
Laminar- BL Turbulent- BL
RPM Ree thickness (inch) thickness (inch)
2500 7.76x10* 0.0134 3.452
3000 9.31x10* 0.0122 3.33
3600 1.12x10° 0.0112 3.21
4000 1.24x10° 0.0106 3.14

It is important to note that the boundary layer thicknesses calculated in Table 4.2 are for a

complete disk, while for this Tesla pump, the disk has a hole in the center having a diameter
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of 9.4 mm. This hole in the disk will impact the shape of the boundary layer. Since there
is now an inside edge to the disk, the boundary layer will form differently. It is hard to
estimate analytically by how much the boundary layer thickness will vary compare to a full
disk, but the thicknesses should be of the same order of magnitudes as the ones presented

in Table 4.2.

For both laminar and turbulent flows, as shown in Table 4.2, as the rotational speed
increases the boundary layer thickness decreases, resulting from the increasing angular
velocity. For turbulent flow, the boundary layer is much thicker than a laminar boundary
layer, similar to what is expected from the boundary layer theory on a flat plate. For the
range of rotational speeds used in this thesis, under the assumption of boundary layer flow
on rotating disk, the pump appears to be operating under laminar flow, since the rotational
Reynolds number is less than 2 x 10> (critical rotational Reynolds number). Since, the
rotational Reynolds numbers are close to the critical value it is not certain if the flow regime

is purely laminar.

4.1.2 Fully Developed Flow

The flow between the disks could also be treated as internal flow, where fully developed
flow would occur between the disks. As mentioned in Chapter 2 section 2.4, if the boundary
layers are larger than half a gap spacing, then fully developed flow is expected. The
Reynolds numbers for fully developed internal flow are shown in Table 4.3, for the various
rotational speeds and gap spacings. These Reynolds numbers were calculated using
Eq. (2.44) for the full length of the disk. As the rotational speed and disk gap spacing
increases, so does the Reynolds number. The values of Reynolds numbers in Table 4.3, for
the rotational speeds and gap spacings are considered laminar since they are below the

expected critical value of 2,300.

bd
= £eo? (2.44)
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Table 4.3. Internal Flow Reynolds numbers for the various gap spacing’s and rotational

speed (water).

Reynolds number
ReM | L1 D Sthou | 10thon | 15thou | 20thou | 25 thou
2500 114 | 343 57.2 114.5 171.7 229.0 286.2
3000 13.7 | 41.2 68.7 137.4 206.1 274.7 343.4
3600 16.5 | 49.5 82.4 164.8 2473 329.7 412.1
4000 18.3 | 54.9 91.6 183.2 274.7 366.3 457.9

4.1.3 Surface Area

The total surface area available is another parameter that is useful in characterizing the
Tesla pump’s performance. The surface areas for each disk pack are compared in
Table 4.4, where the 1 to 25 thou spacing are presented. The last column in Table 4.4 shows
the percentage of surface area differences compared to the 25 thou disk pack. The resulting
surface area for each disk pack varies depending on the number of disks. It is expected that
more surface area would improve the performance of the pump, since there is more area

for energy transfer to occur.
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Table 4.4 Surface area comparison as a function of the number of disks used in the disk

pack.
Spacing (thou) numb.er of disksin | total surface.z area fromzdisks in % difference from
disk pack the disk pack (m?) 25 thou

25 15 0.0280 0%

20 15 0.0280 0%

15 16 0.0299 6.7%
10 18 0.0337 20%
5 20 0.0374 33%
3 26 0.0486 73%
1 27 0.0505 80%

4.2 Water Experiments

The water testing consisted of four rotational speeds and seven disk pack spacings. The
effects of changing the rotational speed are presented in section 4.2.1, and the disk pack
spacing in 4.2.2. A non-dimensional analysis using experimental data is shown in section
4.2.3. A comparison to Darby et al. (1987) and Hassinger and Kehrt (1963) is presented in
section 4.2.4, looking for future improvements to the pump design. The final section 4.2.5
shows a validation of the flow rates obtained experimentally. It is important to note that
graphs presented in this thesis do not have error bars if the size of the error bar is than the

symbol use to show the data point.

4.2.1 Impact of Pump’s Rotational Speed

Figures 4.1 (a) to 4.7 (a), show the pump curves obtained experimentally (head as a
function of flow rate) for the prototype pump, which show the effect of rotational speed for
the various disk pack spacings. The maximum flow rate obtained was 1.58 L/min and the
highest pump head was 3.26 m, obtained at 4000RPM for the 15 thou spacing (Fig 4.5(a)).
It can be observed from Figs. 4.1 (a) to 4.7 (a) that the higher the rotational speed, higher
pump head and capacity is produced. Figures 4.1 (a) to 4.7 (a), suggest that there is a

consistent improvement in performance as rotational speed is increased.
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For a centrifugal pump, the mechanical energy is transferred to the fluid along the impeller,
where both the pressure and kinetic energy of the working fluid rises. At the entrance of
the pump or suction side, the working fluid is being displaced, therefore there is a negative
pressure at the entrance of the impeller. This negative pressure at the entrance of the pump
or impeller helps to maintain the flow within the system by pulling fresh fluid into the
system. For a Tesla pump the rotation of the disk pack transfers energy through the viscous
forces between the disk and the working fluid within the boundary layer moving the fluid
along the disk. Therefore, as the rotational speed increases there is more mechanical energy

transferred to the fluid, which will produce higher pump head and flow rates.

The overall pump efficiency graphs for the various disk pack spacings are shown in
Figs. 4.1 (b) to 4.7 (b) comparing the effects of the four different rotational speeds. The
maximum efficiency was 3.58 %, which was obtained for 3600 and 4000 RPM for 5 thou,
(Fig 4.3 (b)). For the efficiency in Figs. 4.3 (b) to 4.7 (b), 5 to 25 thou, the higher rotational
speeds are the least efficient. While the opposite appears for the smaller gap spacings of 1
and 3 thou, where the higher rotational speeds are more efficient, shown in Figs. 4.1(b) and
4.2 (b). In Fig. 4.1 (b), for 1 thou, the efficiency between the various rotational speeds has
very little difference, which is due to the excessively small spacing that limits the amount
of fluid being pumped. While for 3 thou, shown in Fig. 4.2 (b), there is a more distinct
difference with regards to rotational speed. The expensively small spacing will affect the
performance and overall efficiency of the pump and is why the 1 thou spacing displays

very little effect due to different rotational speeds.

For Fig. 4.4 (b) and 4.6 (b), 10 and 20 thou spacings, between the 2500 RPM and 3000
RPM speeds, there is some improvement regarding the overall pump efficiency, where for
the 15 thou spacing (Fig. 4.5 (b)) there is slightly more of an improvement at 2500 RPM
compared to the other larger spacings at low flow rates. It is unclear if this slight increase
in efficiency at 2500 RPM is due to the 15 thou spacing or not. Regardless, the lower
rotational speeds tend to be more efficient for the larger disk pack spacings and this is

suspected to be due to better energy utilization that at a higher rotational speed.
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The mass flow rate entrained by the boundary layer on a spinning disk have been calculated
and compared to experimental values as shown in Fig. 4.8. Figure 4.8 shows the mass flow
rate as a function of rotational speed, comparing the various spacings, where (a) is the
experimental data, and (b) is the theoretical data. The theoretical mass flow rates are
calculated for one side of the disk using Eq. (2.41), then multiplied by two to obtain the
mass flow rate for both sides of a disk and finally multiplied by number of disks in the disk
pack.

m = 2.779pb*\vw (2.41)

It is clear that the experimental values are significantly less than the theoretical mass flow
rate values, when comparing the scales between Figs. 4.8 (a) and (b). The theoretical mass
flow rates do not take into account the disk gap spacings and the effect of the hole in the

center of the disks, therefore the theoretical mass flow rates would be larger.

What is true in both cases is that as the rotational speed increases, the flow rate increases.
This is also demonstrated with Eq. (2.41) where the mass flow rate increases with the
square root of the rotational speed. However, this is not exactly observed with the
experimental data. Also, the mass flow rate relationship of Eq. (2.41) is for a rotating disk
within an infinite fluid, where the fluid is not bounded. Due to the disk pack being bounded
within a casing the mass flow rate is not expected follow the same trend for a non-bounded

single disk.
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4.2.2 Impact of Disk Pack Spacing on Pump Performance

Figures 4.9 (a) to 4.12 (a) show the pump head vs. flow rate obtained experimentally for
the prototype pump, displaying the effect of various disk pack gap spacings for each
rotational speed. The least performant spacing according to Figs. 4.9 (a) to 4.12 (a) is the
1 and 3 thou, which is due to the gap spacing limiting the flow through the disk pack. For
the 5 to 25 thou spacings, it becomes harder to determine which is the most performant

spacing.

It is expected that fully developed flow between the disks is occurring for the 5 to 20 thou
gap spacings, since the calculated boundary layers are larger than half a gap spacing. For
example, for 4000 RPM, the boundary layer thickness for one disk is 10.6 thou (from
Table 4.2), where only the 25 thou gap spacing could easily allow for two boundary layers
to fit in-between the disks. The 15 thou spacing is likely the largest spacing where true
fully developed flow would occur and has 6.7% more surface area than the 20 thou spacing.
The combination of both of these factors is likely what improves the performance of the

15 thou spacing.

Figures 4.9 (b) to 4.12 (b) shows the efficiency vs. flow rate obtained experimentally for
the prototype pump. These figures show the effect of the different disk pack spacings with
regards to efficiency for the various rotational speeds. Figs. 4.9 (b) to 4.12 (b) show the
5 thou spacing consistently as the most efficient, obtaining a maximum efficiency of
3.58%, at 4000 and 3600 RPM. The 15 thou spacing obtains a maximum efficiency of
2.95%, as does 10 thou, while 20 thou is approximately 2.70% at 3600 RPM. The 15 thou
spacing is somewhere in the middle range of efficiency, regardless of being the most
performant compared to other spacings. There is more variation in the efficiency for the 5
to 25 thou spacings compared to the pump’s performance overall variation. This suggests
that the motor or shaft coupling could be impacting the overall efficiency, since the power

drawn from the motor is relevant in determining the overall pump efficiency.
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4.2.3 Non-Dimensional Analysis

The data from the previous sections can be converted to dimensionless coefficients for later
comparison to other pumps. Figure 4.13 shows a plot of experimental data from
Timar (2005), head vs. flow coefficients for a centrifugal pump, showing a characteristic
pump curve. The Reynolds number was calculated using Eq. (4.1), with density (p),
rotational speed (n), impeller diameter (D), and dynamic viscosity (). In Fig 4.13, it can
be seen that there is no effect due to rotational speed for a centrifugal pump (tests done

between 1200 to 2000 RPM).

__ pnD?
U

Re (4.1)

Figure 4.14 shows the effect of rotational speed on the Head (Cy) vs. the Capacity (Cy)
coefficients, for various disk pack spacings on the Tesla pump used in this study. The 1
thou spacing in Fig. 4.14 (a) for the various rotational speeds is identical, while the other
spacings Fig. 4.14 (b-g) all show some variation in them. The 4000 RPM rotational speed
for 5 to 25 thou spacings tends to be less performant compared to the other rotational
speeds. A Tesla pump’s operation is similar to a centrifugal pump, the same dimensionless
relationships are used; it is expected that, for each disk pack’s spacing, there would be one
characteristic curve for all rotational speeds as long as the flow regime remains similar
between the disks. According to Table 4.3, the flow in the Tesla pump tends to be laminar
rather than turbulent, unlike for the centrifugal pump example in Fig 4.13.
Figures 4.14 (b-g) suggest that for this Tesla pump, that the flow regime is similar to a
certain degree, but not perfectly since the dimensionless pump curve to not collapse

perfectly onto each other.
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In order to make a reasonable comparison of this work to other studies, the dimensionless
parameters were used to calculate the mechanical (17,1 ) or the disk pack/rotor efficiency,
rather than the overall pump efficiency (7)), which includes the motor electrical to
mechanical efficiency. All the efficiencies shown in this section will be higher due to the
motor’s efficiency of 64% not contributing to the analysis. The pump’s efficiency vs.
capacity coefficient as a function of the disk pack spacing is show in Fig 4.15, for all four

rotation speeds.

Figure 4.16 shows the pump efficiency as a function of the capacity coefficient for the
different disk pack gap spacings by combining all the data irrespective of the pump
rotational speed in a way similar to Fig. 1.5 in Chapter 1. Fig. 4.15 clearly show that the
5 thou spacing is the most efficient. The efficiency curves are not complete compared to
other studies such as Darby et al. (1987) (Fig 1.5); not showing the downward trend at
higher flow rate. The error bars in Fig 4.16 are not shown to due to the number of data

points and the cluttering of the graph.
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4.2.4 Study Comparison

As mentioned in the literature review of Chapter 1, the study performed by
Darby et al. (1987) is similar to that of the work performed in this thesis, albeit using larger
disks in their Tesla pump. Hasinger and Kerht (1963) is another similar study, although
that the disk pack/rotor design is different. Table 4.5 shows the differences between these
three studies, including the work presented in this thesis. There are both geometrical and

rotational speed differences between these studies.
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Table 4.5. Darby et al. study and the prototype pump dimensional and parameter

comparison.
(Hasinger & Prototype pump
(Darby et al., 1987) Kehrt, 1963)
Diameter 14 in (35 cm) 4in (10.6 cm) 1.38 in (3.5 cm)
) . 0.005 in .
Thickness 0.149 in (0.378 cm) (0.0127 cm) 0.0315 in (0.80 cm)

0.001 in (0.0254 mm),
0.003 in (0.0752 mm),
0.005 in (0.0127 cm),
0.010 in (0.0254 cm),
0.015 in (0.0381 cm),
0.020 in(0.0508 cm),
0.025 in (0.0635cm)
7.24x107,3.62x107,

0.136 in (0.345 cm),

0.330 in (0.838 cm), 0.0053 in
0.689 in (1.75 cm), (0.0135 cm)
1.527 in (3.88 cm)

Gap (varies)

9.71x107%, 0.0236,

Gap/Diameter ratio 1.33x1073 7.25x1073,0.0109,
0.0492,0.109 0.0145, 0.0181
Rotational Speeds 300 to 2750 RPM 240(1){‘;)1\2 090 2500 to 4000RPM
Number of disks
(corresponds to given 11, 8, 5, 3 disks 174 disks 27, 26, 2(8’81;8’ 16, 15
gap spacing’s)
Max1mum.D1sk Pack 30 % 65% 5.6%
Efficiency
Maximum Head
Coefficient 0.09 1.8 0.165
Maximum Capacity
Coefficient 0.006 0.1 0.0015
Disk Pack Fastening 5 bolts N/A 3 bolts

In Darby et al., the size of the disks (diameter and thickness) is larger, and the rotational
speed was less than the prototype pump study performed here. This affects both the
dimensionless coefficients and specific speed. The maximum capacity coefficient for
Darby et al.’s study was approximately 0.006, and the maximum head coefficient was 0.09
(Darby et al., 1987), while the prototype study performed in this thesis obtained capacity
and head coefficients of 0.0015 and 0.165, respectively. It is clear that this study produced
larger values of dimensionless pump head, yet obtaining lower capacity coefficients than
Darby et al.’s pump. The variable that has caused the largest differences between these
studies would likely be the rotational speed and larger disk diameter.
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In the other study, by Hasinger and Kehrt (1963), the design of the pump was different in
that the disks are at an angle from the entrance/shaft and are more cone shaped than flat,
which is shown in Fig. 1.3. The purpose of such a design was to utilize mixed and axial
flow to create lower inlet velocities but yet higher inlet flow rates (Hasinger & Kehrt,
1963). This was to prevent cavitation at the entrance and therefore inside the pump as well.
This design is not of a traditional Tesla pump; however, the results are interesting. Capacity

and pressure coefficients of 0.1 and 1.8 where obtained, respectively.

The pump efficiency for this prototype pump study is significantly less than that found by
Darby et al. This study obtained a maximum efficiency of 5.6%, where Darby et al.
obtained around 30%. With the altered disk pack design, Hassinger and Kehrt obtained
higher pump efficiencies of up to 65%. This suggests that Hasinger and Kehrt’s disk pack
design could be an improvement of the conventional Tesla pump. Both of the studies used
a larger disk diameter which increases the surface area and in turn the performance of the
pump. Therefore, it would be beneficial to look at lower rotational speeds and possibly

larger disk pack spacings.

Darby et al. had the largest gap to disk radius ratio (d/D); however Hasinger and Kehrt’s
pump produced the highest head and capacity coefficients with a gap to diameter ratio less
than Darby et al. It is difficult to compare Darby et al., and Hasinger and Kehrt disk
gap/diameter ratio when Hasinger and Kehrt’s rotor design is different. However, due to
efficiency and flow rates obtained by Darby et al. compared to the prototype pump used in

this work, it may be ideal test a larger disk diameter and gap spacings.

Another factor contributing to the large difference in efficiency is suspected to be caused
by the casing design, specifically the inlet and outlet. The Tesla turbine studies from
Chapter 1 suggest that the inlet design is also important for performance. Air trapped
between the disks and obstructing flow could be a factor as well, however it appears that
most of the air that could have been trapped in the pump was bleed out before actual testing

was done.
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The method of fastening the disks together was similar between Darby et al. and this
prototype pump, in that they both used bolts which passed through all of the disks. Darby
et al. used five bolts where the prototype pump uses three. The method of using bolts to
fasten the disks together blocks a portion of the flow between the disks. Since Darby et al.
did not depict how the five bolts where placed through the disks in their system, a
quantitative comparison cannot be made. However, it can be deduced that using five bolts
would obstruct the flow more compare to three, where the three bolts for the prototype

pump produce up to 28% blockage as calculated earlier.

4.3 Propylene Glycol Mixture Testing

A PG-water mixture of 40/60 weight percent was used to study the effects of viscosity on
the prototype Tesla pump performance. The glycol/water mixture was used since it is
readily available and typically used as a heat transfer fluid. Only four of the disk pack
spacings were tested with the PG-water mixture: 5, 10, 15 and 20 thou along with three
rotational speeds: 2500, 3000, and 3600 RPM. The 4000 RPM rotational speed was not
performed with the PGM due to a lack of consistency in which the motor could sustain that
speed. Essentially, the load on the motor was too great for the pump to reach and sustain

the 4000 RPM speed.

Table 4.6 compares the density and viscosity of water, PG and the PG-water mixture. The

pump would not run with pure PG, since the motor could not handle the increased load.

Table 4.6. Comparing density and viscosity of water, PG and the PG-water mixture. Data
from (The Dow Chemical Company, 2016)

water PG PG-water mix
Density (kg/m?) 998 1040 1032
Viscosity (cp) 0.89 42 4.5
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The boundary layer thickness and Reynolds numbers for the PG-water mixture are shown
in Table 4.7. These boundary layer thicknesses are again calculated for the full radius of
the disk. From Table 4.7, the Reynolds numbers are less than those for water (Table 4.2)
due to the increased viscosity. The boundary layer thicknesses for the PG-water mixture
under the laminar flow regime are larger than that of water, while the turbulent thicknesses
for the PG-water mixture are less than that for water. This is due to the different properties
of the PG-water mixture compared to just water. For a more viscous fluid there would be
more resistance to any forces applied to the fluid compared to that of a less viscous fluid,
therefore a laminar boundary layer would be thicker since it would be more difficult to
accelerate the fluid. For a turbulent boundary layer, it would become difficult for it to
expand like that for water due the increased resistance of the fluid. The testing performed
was assumed to be laminar flow, according to the Reynolds numbers, in Table 4.7, which

are less than the critical rotational Reynolds number (2x10°.)

Table 4.7 Rotational Reynolds number and boundary layer thickness for turbulent and

laminar flow, for the PG-water mixture.

RPM Re0 thIi‘calgllleI;:l&-t]l?(I;u) t};;lcli?nltelsesll (tl-nlle;)
2500 3.30x10* 20.5 2.58
3000 3.96x10* 18.8 2.49
3600 4.76x10* 17.1 2.40

Table 4.8 shows the Reynolds numbers assuming internal flow between the disks, for the
rotational speeds and gap spacings tested for the PG-water mixture. The Reynolds numbers

are larger than that for the water, however are still laminar.
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speed (PG-water mixture).

Table 4.8. Internal Flow Reynolds numbers for the various gap spacing’s and rotational

Reynolds number
S W S;p Sthou | 10thou | 1Sthou | 20 thou
2500 129.2 258.5 387.7 516.9
3000 155.1 310.2 465.3 620.3
3600 186.1 372.2 558.3 744.4

4.3.1 Impact of Pump’s Rotational Speed

Figures 4.17 (a) to 4.20 (a) show the head vs flow rate curves for various spacings showing
the effects of rotational speed. The overall effect of rotational speed with the PG-water
mixture produce similar trends to that of the water testing; however, the resulting flow rates
are slightly less and the pump head is larger. The maximum flow rate obtained for
PG-water was 1.23 L/min and the pump head 3.22 m for the 15 thou operating at
3600 RPM (Fig 4.19 (a)), while for water the maximum flow rate was 1.45 L/min and
pump head was 2.8 m. When comparing the 3600 RPM rotational speed to the rest (2500
and 3000 RPM) in Figs. 4.18 (a) to 4.20 (a), the difference in performance due to rotational
speed is more significant. The 15 thou spacing at the highest rotational speed tested is the

most performant spacing for the PG-water mixture as well as for water.

The effects of rotational speed on the pump efficiency for the PG-water mixture at various
spacings are shown in Figs. 4.17 (b) to 4.20 (b). The efficiencies for the PG-water mixture
runs are less than that for water, where the maximum efficiency obtained was 2.54%
(2500 RPM, 20 thou) and for water was 3.58 % (4000 RPM, 5 thou). Since, the working
fluid is more viscous, more energy is needed to overcome the shear stresses to accelerate

the working fluid.

For the smallest spacing of 5 thou, in Fig 4.17 (b), the differences between the three
rotational speeds are almost negligible. For Figs. 4.18 (b) to 4.20 (b), the slowest rotational
speed (2500 RPM) is the most efficient, which is due to better utilization of energy

compared to the higher rotational speeds.
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4.3.2 Effect of Disk Pack Spacing

Figures 4.21 (a) to 4.23 (a) show head vs. flow rate plots for the various rotational speeds
comparing different disk pack spacings for the PG-water mixture. The 15 thou spacing
appears to be the most performant spacing, producing the highest pump head and capacity
within the measurement error. The 20 thou spacing in Fig. 4.21 (a) for 2500 RPM does
appear to be just as performant as the 15 thou. However, as the rotational speed increases
the 20 thou spacing becomes less performant compared to the 15 thou as shown in
Figs. 4.22 (a) and 4.23 (a), for 3000 and 3600 RPM respectively. The minimum laminar
boundary layer thickness from Table 4.7 is 17.1 thou for 3600 RPM. Therefore, fully
developed flow is occurring between the disks since the boundary layer thickness is larger
than half a gap spacing. For the water tests, the performance of the 15 thou spacing was
closer to the other spacings compared to tests with the PG-water mixture. There is a similar
trend where the 15 thou spacing is still the most performant between the water and PG-
water tests. The increased viscosity tends to produce a larger observable difference between

the spacings compared to that observed from water.

The efficiency vs. flow rate when comparing the various disk pack spacings for various
rotational speeds is shown in Figs. 4.21 (b) to 4.23 (b). The trends for the PG-water mixture
are different than those found in section 4.2.2 for the water tests. Figures 4.21 (b) to
4.23 (b) show that the 15 thou spacing is the most efficient spacing within the measurement
error, while 5 thou is the least effective. This could be due to the increased viscosity
compared to water which renders the 5 thou spacing to narrow for proper flow of the more
viscous PG-water mixture (increasing the force needed to accelerate the fluid). As for the
20 thou spacing, the difference in efficiency from the 15 thou spacing would be due to the

increased surface area compared to the 20 thou spacing.
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Figure 4.21. PG-water, 2500 RPM (a) Head and (b) Efficiency vs. flow rate.
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Figure 4.23. PG-water, 3600 RPM (a) Head and (b) Efficiency vs. flow rate.

95



4.3.3 Non-Dimensional Rotational speed

Figure 4.24 compares the water and PG-water head and flow coefficients for the various
disk pack spacings, with regards to the effect of rotational speed. This is similar to what
was presented in section 4.2.3, where the rotational speed should not play a factor and a
characteristic curve should appear if the flow regime is similar between all the tests and
disk pack configurations. Figure 4.24 (c), 15 thou spacing, the PG-water mixture obtains
higher head and capacity coefficients than water, further suggesting that 15 thou is an ideal
spacing. In Fig. 4.24, for the PG-water mixture, as the spacing increases, the head and
capacity coefficients improve compared to water. The slope of the characteristic curve (or
line in this case) for the PG-water mixture when compared to water are steeper, at least in
Figs. 4.24 (b) to (d). This is due to the effect of the increased viscosity compared to water,

where there is a steep drop in capacity and head coefficients.

In Fig 4.24 (a), for the 5 thou spacing, there is considerable variations between expected
trends. For the 5 thou spacing, this huge variation could be due to a couple of factors, where
one is air becoming trapped within the disk pack and the other being that the nature of the
flow is different for each rotational speed. The other spacings show a reasonable agreement
with regards to a characteristic curve, negating the effect of rotational speed on the head

and capacity coefficients.
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Figure 4.24. PGM, head vs. flow rate, rotational speed comparison for (a) 5 thou, (b) 10
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4.4 Vibration Tests

The vibration tests were done under the two vibrational frequencies, 500 and 2000 Hz, as
well as under no vibration for comparison. It is important to note that these tests were done
with the pump sitting slightly below the flow meter and pressure sensor. This height was
minimized, however, the height difference still effects the results. Therefore, when
compared to the other water runs in section 4.2, these runs will produce less pump head
and capacity. The results presented here will show the effect of vibration frequency on the

pump and determine if cavitation is induced.

Figures 4.25 (a) and 4.28 (a), show the effects of two frequencies on the head and flow rate
of the prototype pump for the 3600 RPM motor speed. There is little to no difference in
pump head and flow rate due to various vibrational frequencies. Suggesting that cavitation
is not induced, otherwise there would be large differences between the vibration and non-

vibration runs.

Figures 4.25 (b) to 4.28 (b), shows the efficiency vs. flow rate for the vibration and non-
vibration runs. The 20 thou spacing results, Fig. 4.28 (b), show the most deviation from the
non-vibration runs, compared to the other spacings. The 5 thou spacing has the least
deviation from the non-vibration run. Figs. 4.27 (b) and 4.28 (b), the 10 and 15 thou
spacings do deviate from the non-vibration runs, however there is no clear trend suggesting

this is likely due to experimental or human error.

In theory, the boundary layer can be affected by vibration (Cengel & Cimbala, 2010).
However, it should only effect when the transition from laminar to turbulent flow occurs.
Since the flow regime is clearly laminar, a transition to turbulence is not expected to occur
yet. Regardless, if transitional flow was induced the flow would still become fully
developed. It was expected that vibration would not significantly impact the performance
of the pump, and has been shown not to according to Figs. 4.25 to 4.28. The vibration also
was found to help remove the air trapped in the disk pack, which has been shown in

Hasinger and Kehrt to impact performance.
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4.5 Conclusion

This chapter presented the experimental results obtained when testing with water, PG-
water mixture, and under vibration. It was as rotational speed increases, the pump produces
higher head and flow rates. The efficiency for the higher rotational speeds was less
compared to the lower speeds, where the lower speeds have better energy utilization
compared to the higher speeds. The 15 thou spacing has been shown to be the most
effective; however, was not the most efficient spacing for the water tests. The 25 thou
spacing would allow for a laminar boundary layer to fit on either side in the gap between
the disks, which would be at 4000 RPM for water. Since, the boundary layer thicknesses
are generally larger than half of the gap spacing, this suggests that fully developed flow
was occurring between the disks. The 15 thou spacing was the most performant compared
to the other spacings since this was the spacing where fully developed flow occurs and

possesses a slightly larger surface area than the 20 and 25 thou spacings.

An increase in the boundary layer thickness was observed for the PG-water mixture due to
the increased viscosity compared to water. The increase in the thickness of the boundary
layers was due to the increased resistance to forces applied to the fluid. The increased
viscosity highlighted the effectiveness of the 15 thou disk pack spacing with regards to

performance and efficiency.

The effect of vibration on a Tesla pump was shown to make little to no difference and
cavitation was not induced. The difference between the vibration and non-vibration runs

was contributed to experimental error.

The non-dimensional analysis for the head and capacity coefficients was shown to produce
a characteristic curve for the Tesla pump. This was similar to what occurs for a centrifugal
pump, and since a Tesla pump operates similarly, a characteristic curve for the prototype
pump was expected. For the Tesla pump tested in this work, the characteristic curve was

obtained for a laminar flow regime.

From section 4.2.4, presenting the comparison of Hasinger and Kehrt, Darby et al., and this

thesis results, several ideas for improving the performance of the prototype pump where
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determined. The largest problem with the performance of the prototype Tesla pump was
its efficiency, which was considerably lower than the other studies. The prototype pump
reached a maximum efficiency of 5.6%, where Darby et al. obtained 30% and Hasinger
and Kehrt obtained efficiencies up to 65%. Air bubbles becoming trapped between the
disks was mentioned to be an issue with regards to Tesla pump performance by Hasinger
and Kehrt, and was likely a factor contributing to the lower efficiencies. It is recommended
that a larger disk pack spacings and diameters be tried for the prototype pump, along with
slower rotational speeds. The volute and casing design for the prototype pump was
expected to be a major factor contributing to the decreased efficiency compared to the other
studies. The impact of changes to the volute design has not been analysed in this MASc

project.
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Chapter 5 Computational Fluid Dynamics

A working numerical model of the Tesla pump developed during this research work and
preliminary simulation results are presented here. The results from various steps of the
model’s production are compared to experimental data to validate the simulation as it was
gradually improved. The working full size model is not an exact reproduction of the pump
and disk pack, however is a good representation of the pump system. Section 5.1 describes
the process the geometry and mesh went through to obtain the full size model. A brief
description of how the simulation in CFX was set up is presented in section 5.2 and contains
a visual analysis of selected simulations and results comparing the experimental and

simulation results.

5.1 Geometry and Mesh

ANSYS 15.0, with the CFX module, a fluid dynamics computational program, was used
to set up the pump simulation. The geometry was built in Solidworks and imported to

ANSYS, where the simulation was then set up.

5.1.1 Geometry

A simplified model was first built to verify assumptions made for the simulation, after
which the model was gradually improved. The very first model consisted of one disk within
a cylindrical shaped volute, with outlet and inlet tubes, such as that shown in Fig. 5.1. The
disk(s) in the simulations are empty space which has been removed from the rest of the
model, since only the fluid domains are modeled. Figure 5.2 shows the one disk geometry

with the realistic volute.

A four disk model with an improved volute design is shown in Fig. 5.3. It contains an
isometric view and a cross sectional view showing the disks. The brown cylinder within

the main volute is a rotating boundary; this was the method used to simulate the rotation

of the disks.
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Figure 5.1. Original 1 disk volute with hidden rotating boundary.
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Figure 5.2. 1 disk model with realistic volute design. (left) Isometric and (right) cross section

view.
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Figure 5.3. Four disk volute geometry for the Tesla pumps simulation (left) isometric view,

(right) cross section.

Figure 5.4 shows the 10 disk geometry for the 20 thou spacing. The 10 disk model has the
realistic volute which will be used for the full sized disk packs. Figures 5.5 and 5.6 show
the full size disk pack geometry for the 20 and 15 thou spacings, respectively. A cross
sectional view of the full size disk packs, which was zoomed in on the disks for 15 and
20 thou are shown in Figs. 5.7 and 5.8. There are 15 disks in the 20 thou disk pack and 16

in the 15 thou, only a one disk difference.
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Figure 5.4. 10 disk, 20 thou spacing with Realistic volute design. (left) Isometric and (right)

a cross section of the disks.
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Figure 5.5. Full size disk pack, realistic volute of the 20 thou spacing (15 disks) Tesla pump

model. (left) Isometric and (right) a cross section of the disks.
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Figure 5.6. Full Size disk pack, realistic volute for the 15 thou spacing (16 disks) Tesla pump

model. (left) Isometric and (right) a cross section of the disks.
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Figure 5.8. 20 thou spacing 15 disk, full size disk pack.

The four disk and ten disk models were used to ensure the simulation was functioning as
expected as more disks were added. It was then altered gradually to have a realistic volute
design and contain more disks. The diameter and thickness of the disks were made to be

representative to that of the prototype pump, 3.5 cm in diameter and 0.79 mm thick. The
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disks where centered within the volute and made concentric to the inlet, as they are in the
prototype pump. The outlet and inlet tubes were 8§ mm in diameter and the length of the
exit and entrance tubing was 30 cm from the volute. The thickness of the volute could be
easily altered to contain the corresponding number of disks, and maintain the specified
following spacings between the volute, rotating boundary and disk pack. The total space
between the volute and disks was 1.5 mm on either side of the disk pack. The space between
the volute and the rotating boundary was 0.5 mm and between the disks and the rotating
boundary was 1 mm on either side. Therefore, the total width of the model will depend on
the disk gap spacing and the number of disks. The width of the outlet of the scroll is
adjusted to accommodate the cylindrical outlet. These dimensions were used for all
simulations, except for the ones containing one disk, where 4.6 mm where allowed on
either side of the disks. The space between the volute and rotating boundary was 1 mm,
and 3.6 mm between the disk and rotating boundary for the one disk realistic volute. This

was because a 10 mm thick volute was necessary for the 8 mm outlet tube to fit.

5.1.2 Mesh

Figure 5.9 shows the mesh for the 1 disk realistic volute model, while Fig. 5.10 provides a
zoomed in view of the mesh around the disk. The inflation layer can be seen around the

single disk in both Figs. 5.9 (right) and 5.10.

LE] .00 50,00 {mer) 0000 15,000 30000 (rrm)
[ EEEa—  ESS—— I e ]
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Figure 5.9. 1 disk, real volute mesh. (left) Isometric view and (right) and cross section.
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20.000 {mm)

Figure 5.10. One disk realistic volute cross section view zoomed in on the disks.

Figure 5.11 shows the mesh for the 10 disk, 15 thou spacing realistic volute model. Figure

5.12 is a zoomed in view of the mesh around the 10 disk 15 thou disk pack.
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Figure 5.11. 10 disk, 20 thou spacing mesh. (left) full and (right) cross sectional view.
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Figure 5.12. 10 disk, 20 thou spacing realistic volute cross section zoomed in on the disks.

The 20 thou and 15 thou full size models are shown in Figs. 5.13 and 5.14, respectively.

The mesh around the disk packs for the 20 and 15 thou spacings for the full size models
are shown in Figs. 5.15 and 5.16, respectively.
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Figure 5.13. Full size, 20 thou spacing realistic volute mesh. (left) full view and (right) cross

sectional view.
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Figure 5.14. Full size 15 thou spacing realistic volute mesh. (left) full view and (right) cross

sectional view.
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Figure 5.15. Full size disk pack 20 thou, realistic volute cross section zoomed in on the disks.
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Figure 5.16. Full Size 15 thou spacing, realistic volute cross section zoomed in on the disks.

Table 5.1 displays the node and element counts for the various simulation models presented
in this section. The original 1 disk model element and node count was similar to the real
volute 1 disk model presented in Figs. 5.2 and 5.9 and therefore was not shown here. When
meshing the models, there were a few problems with models that contained more than one
disk. For a one disk simulation, it could be meshed so that the boundary layer around the
disk could be better observed. However, it was very difficult to get an inflation layer
between disks and still keep the number of elements manageable. There was a sudden
increase observed in the amount of elements and nodes between the 20 and 15 thou full
size spacing models. The smaller two spacings, 5 and 10 thou, which were originally to be
modeled were not simulated. The other simulations were expected to still produce
reasonable results, however may not produce boundary layers that could be observed. For
the single disk simulations, it took 3 or more hours to run the simulation and the full size
disk packs, up to 3 days. This was done on a Dell Precision T1600 with an Intel Xeon CPU
E31245 at 3.30 GHz and 16 GB of memory. A mesh study was not performed since the
simulations were already lengthy and this was not part of the project. The main purpose of
this project was to determine if the prototype pump could be modeled and if it could

produce physical results.
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Table 5.1. Nodes and element counts for the various simulation models.

Mesh Model Nodes Elements
1 disk Real Volute 293,198 970,290
10 disk, 20 thou spacing,
Real Volute. 1,834,709 8,696,046
Full Size disk pack, 20
thou spacing, Real Volute. 2,303,938 10,950,979
Full Size disk pack. 15 3,746,224 17.690.606

thou spacing, Real Volute.

The one disk simulation used the Advanced Size Function setting of Proximity and
Curvature and used inflation layers around the disk. The settings for the inflation layer are
shown in Fig. 5.17, where first layer thickness was selected and set to 3x10 mm with a

maximum of 25 layers.

Project
El- ] Model (T3)
----- BB Geometry
----- v ;%\ Coordinate Systems
----- A Connections
B ,,% Mesh
- o A% Infiation
Details of "Inflation” - Inflaticn a
[=l| 5cope
Scoping Method Geometry Selection
Geometry 1 Body
[=]| Definition
Suppressed Ma
Boundary S5coping Method | Geometry Selection
Boundary 4 Faces
Inflation Option First Layer Thickness
First Layer Height 3.e-003 mm
Maximum Layers 25
Growth Rate 1.2
Inflation Algorithm Pre

Figure 5.17. One disk inflation layer mesh set up.
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Figure 5.18 shows an example (15 thou full size disk pack) of the typical settings for the
mesh in the disk pack models. The first Automatic Method under Mesh is for the outer
volute casing, while the second mesh method was used for the rotating boundary and thus
the disks. No inflation layers were implemented around the disks due to issues getting it to

work within the small spaces and in order to keep the number of elements down.
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= ‘,% Mesh
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g szng |
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Relevance Center Medium
Initial Size Seed Active Assembly
Smoothing Medium
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Span Angle Center Fine
Curvature Mormal Angle Default (15.0 %)
Mum Cells Across Gap Default [3)
Min Size Default (2.7767e-002 mm)
Proximity Min Size Default [2.7767e-002 mm]
Max Face Size Default (2.77670 mm)
Max Size Default [5.55350 mm)
Growth Rate Default {1.20)
Minimum Edge Length 10.0 mm
Inflation
[=]| Patch Conforming Options
Triangle Surface Mesher | Program Controlled
[=]| Patch Independent Options
Topology Checking |‘|"es
Advanced
Defeaturing
[=1| Statistics
Modes 3746224
Elements 17690606
Mesh Metric Mone

Figure 5.18.Typical mesh set up for the 10 full size disk packs.
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5.2 Simulation

The domains and boundaries are set up in CFX according to Fig. 5.19 where the setup was
similar for every model. The boundary conditions and inputs where from experimental
data, where two different inlet/outlet conditions were compared. The first method used
conservation of mass, with the mass flow rate in set to be equal to the mass flow rate out.
For the second method, the mass flow rate was set at the inlet and the pressure at the outlet
was set to zero, since the pressure difference between the inlet and outlet was going to be
used for analysis. The rotational speed of the rotating boundary was set in radians per
second, and the results presented in this thesis are for 3000 RPM (314.16 rad/sec). The
frame change/mixing model for the interface between the rotating domain and volute was
set to frozen rotor, and according to Fig. 5.19, was called “Default Fluid Fluid Interface”.
Two flow rates from the experimental data were selected as input for the simulations from
the corresponding data sets and are presented in Table 5.2. The flow rates selected from

the experimental data was the middle value and the highest flow rate from each data set.

Table 5.2 Mass flow rates used for each model, where results are shown.

Model Corresponding mass flow
Real Volute rates tested (kg/s)

One disk 7.67x107 kg/s

10 disk, 20 thou 0.01987 kg/s, 7.67x107 kg/s
spacing

Full size 20 thou 0.01987 kg/s, 7.67x107 kg/s
spacing

Full size 15 thou 0.02008 kg/s, 0.01408 kg/s
spacing

For both the Casing and Rotating domains, the heat transfer option was set to ‘none’, and
the turbulence model was set to Shear Stress Transport (SST); although it has been
determined from the Re number calculations that the flow would more likely be laminar,
the SST model was used to capture any early appearance of transition to turbulence. The
walls and disk surfaces were set to no slip smooth walls, which was the default setting. The

simulation was then allowed to run for a 1000 iterations or until the convergence criteria
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was met, this was kept at the default value of 1x10™* RMS for everything. An average of
the data across a line at the center of the inlet and outlet tubes where taken as the local
pressure values in CFX post processing. One hundred data points along the line was
averaged, and the difference between the inlet and outlet calculated to obtain the pump

head.

4 [&a Mesh
- g SYS-11.cmdb
£ %} Connectiviby
4 |8 Simulation
4 |3 Flow Analysis 1
G Analysis Type
i Casing
J£ Default Fluid Fluid Interface Side 1 1
PE Inlet
JE Outlet
PE wals
(& Rotating
I+ Default Fluid Fluid Interface Side 2
P+ Rotating Default
ﬂ Interfaces
ji8 Default Fluid Fluid Interface
Solver
2% Solution Units
f Solver Control
Qutput Contral

[

[

[

[

Figure 5.19. Domain list 20 thou for simulation set up.

5.3 Results

The results of the single, 10 disks and full size simulations for the realistic volute design
are shown in this section. Only one of the rotational speeds (3000 RPM) was used in the
study. The one disk simulation results are shown in section 5.3.1. The difference between
the local pressure at the inlet and outlet from the simulation where converted to pump head,
where these results are compared to the corresponding experimental values. Contours of

the velocity and pressure around the disks were also analysed and are presented in section
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5.3.2. Finally, a brief conclusion of the findings, with regards to the CFD work is presented

in section 5.4.

5.3.1 One Disk Simulation

The very first model consisted of one disk realistic volute. Figures 5.20 and 5.21 show the
velocity profile for the one disk simulation with the realistic volute shape where a boundary
layer can be observed. Figure 5.21 is a zoomed in version of Fig. 5.20 to better show the
boundary layer. The boundary layer from Fig. 5.21 is approximately 8 thou (0.2 mm) thick
near the end of the disk, which is smaller than that obtained in Chapter 4 for both laminar
and turbulent boundary layers. The hole in the center of the disk causes the boundary layer
to start to form similar to that on a flat (stationary) plate. Since this is a shrouded ring
shaped disk, the boundary layer may not form similar to a full rotating disk in an infinite
fluid. However, it should be laminar according to the Re number calculation with a

thickness having an order of magnitude of 12 thou.

0.000e+000
[m s~-1]

0 0.01 0.02 (m)
1

0.005 0015

Figure 5.20. Real volute single disk, velocity contour plot.
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Figure 5.21. Zoomed in velocity profile for the one disk realistic volute simulation.

Figures 5.22 and 5.23 show the pressure contour plots, again with a boundary layer similar
to what is observed in the velocity contours. The pressure contour plot in Fig 5.23 shows
that the pressure has increased from the inlet to the outlet. Near the edge of the disk the
pressure is less than its surroundings, and increases further away from the disk. The fluid
within the boundary layer is being pushed outwards from the center of the disk creating a
low pressure area and from this motion the pressure is increased further away from the
disk; which is what a pump should be doing. The largest pressure drop along the disk from
Fig. 5.23 is approximately 11 kPa where the vaporization pressure of water at room
temperature (21°C) is approximately 2.4 kPa. This indicates that cavitation is not going to
occur, since the pressure drop, from atmosphere, does not reach the pressure of

vaporization at room temperature.
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Figure 5.22. One disk real volute pressure contour plot.
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Figure 5.23. One disk real volute pressure contour plot zoomed in version.
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5.3.2 Results for the Disk Pack Simulations

The results comparing the disk pack simulations at 3000 RPM, using the flow rates
presented in Table 5.3, are presented in this section. Starting with the velocity and pressure
contours for the highest flow rates, to show what is going on within each model for the two
spacings. This is followed by comparing the pressure difference across the pump to

experimentally obtained values, also comparing the two flow rates.

Table 5.3. Flow rates used for the various simulations models presented in section 5.3.2.

Model Corresponding mass flow
Real Volute rates tested (kg/s)
10 disk, 20 thou 0.01987, 7.67x10°
spacing
Full size 20 thou 0.01987, 7.67x107
spacing
Full size 15 thou 0.02008, 0.01408
spacing

Figure 5.24 shows the local pressure contour plot for the highest flow rate and a disk pack
spacing of 20 thou, for the 10 disks simulation. Figure 5.25 shows the velocity contour plot
for the same case. The rotational domain can be easily seen in Figs. 5.24 and 5.25. The

velocity can be observed to be increasing along the length of the disk, similar to a real life

pump.

The local pressure contour plot for the 15 thou full size disk pack with 16 disks is shown
in Fig. 5.26, while the velocity profile is shown in Fig. 5.27. The pressure and velocity
contour plots for the 20 thou full size disk pack is shown in Figs. 5.28 and 5.29,
respectively. The combination of the pressure and velocity profile, Figs. 5.24 to 5.29,
shows that the simulated rotation of the disks is accelerating the working fluid as it is drawn

in and pushed out of the pump.

There are some anomalies in the flow pattern which can be observed for all the simulations

such as to the left near the rotating boundary in Fig 5.25, there are spots where the fluid
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appears to be nearly stagnant. This is expected to be due to the quality of the mesh and not

meeting the convergence criteria.

0 0015 0.08 (m)
1

0.0075 0.0225

Figure 5.24. 10 disk 20 thou, 3000RPM, real volute design local pressure profile side view
for 0.01987 kg/s.
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Figure 5.25. 10 disk 20 thou, 3000RPM real volute design, cross section velocity profile in
direction of rotation 0.01987 kg/s.
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Figure 5.26. Full size disk pack, 15 thou spacing pressure contour plot for 0.02008 kg/s.
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Figure 5.27. Full size disk pack, 15 thou spacing velocity profile for 0.02008 kg/s.
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Figure 5.28. Full sized disk pack, 20 thou spacing pressure contour plot for 0.01987 kg/s.
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Figure 5.29. Full sized disk pack, 20 thou spacing velocity contour plot 0.01987 kg/s.

When looking at the velocity contours in Fig 5.30, the area between the disks close to the
center appears to display boundary layers. There are still areas in the middle of the space
between the disks where the fluid is not moving. The area of stagnation (dark blue) between
the disks eventually disappears, suggesting the boundary layers are combining and
developing into fully developed flow. This is suspected to occur based off the boundary
layer thickness calculated in Chapter 4, Table 4.1. However, due to the mesh quality, the

development of the boundary layers near the center edge of the disk is not clear or observed

consistently.
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Figure 5.30. Zoomed in velocity contour for the 10 disk, 20 thou spacing.

Figure 5.31 shows the velocity contour plot in the y-direction for the 10 disk, 20 thou
model. It looks similar to the overall velocity contour plot in Fig. 5.20, where the fluid is
accelerating along the disk. The difference from the left to the right velocity is due to the
simulated rotation of the disks, where the left side has a positive magnitude of velocity and
the right is negative. Figure 5.32 shows the velocity contour for the same simulation in the
x-direction, where there is little difference in the velocity along the disk, although the
magnitude of x-velocities are smaller than the y ones. This suggests that the velocity is

dominated by the rotation of the disk (y-direction).
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Figure 5.32. 10 disk 20 thou, velocity contour for the x direction.
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Two different types of boundary conditions were tested. Method 1 assumed the inlet and
outlet flow rates were equal. Method 2 assumed that the pressure out was equal to zero,
while providing a mass flow rate in. This was done at 3000RPM for the 3 disk pack models

at the two different flow rates as presented in Table 5.3.

Table 5.4, provides results for the 10 disk simulations for 20 thou, at 3000RPM, for the
two boundary conditions. From Table 5.4, the different boundary conditions did not
significantly impact the results, with percent differences of 0.1 % and 0.04 %. Therefore,
either set of boundary conditions may be used, especially since the data used (mass flow

rates) were the same in both cases.

For the 10 disk model there is two thirds of a full disk pack, where a full disk pack is 15
disks. The difference between two thirds of the experimental value and the simulation
results is 31% and 40 % difference. This is reasonable for a first attempt at a working

simulation of a Tesla pump, since it is on the same scale as the experimental data.

Table 5.4. Ten disk real volute design, 20 thou spacing results, 3000RPM.

% 2/3
) ) i o) T
Experimental Method 1 Method 2 Difference | Experimen | % Diff for
Mass Flow head (m) head (m) between tal value 2/3 Exp.
Rate (kg/s) boundary of Head and Sim.
conditions (m)
0.01987 0.6581 0.6574 0.11 % 0.901 31%
0.00767 0.8165 0.8162 0.03 % 0.544 40%

Table 5.5 presents the data obtained from the simulation for the 20 thou disk pack at
3000 RPM. In Table 5.5, the difference between the simulation and experimental data is
57% and 58% for the two flow rates selected. Compared to the 10 disk simulation results
from Table 5.4, the full disk pack simulation produces higher values of pump head. The
increase in pump head from the 10 to 15 disk simulations is due to the increase in surface
area; confirming that the simulation is working as expected since there is slightly more
surface area for energy exchange (mechanical to hydraulic) to occur. The fact that surface

area is impacting the performance of the pump in the simulation is promising.
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Table 5.5. Full Size Disk Pack (15 disk), 20 thou spacing simulation results, 3000RP M.

Experimental Mass Mass flow rate in=out | Experimental head %
Flow Rate (kg/s) resulting head (m) value (m) difference
0.01987 0.7499 1.3520 57 %
0.00767 0.9791 1.7744 58 %

Additionally, the results for the 15 thou disk pack with 16 disks is shown in Table 5.6. The
difference between the simulation and experimental head is 41% and 44 % for the full size

15 thou simulation. The percent difference for the 15 thou full size disk pack is less than

that of the 20 thou at 57% and 58% (Table 5.5).

Due to the simulation using the input from the experimental runs, it is expected that the
same sort of trends and patterns will occur between disk pack spacings. The 15%
difference between the 20 and 15 thou full disk pack simulation results could suggest that
the 15 thou spacing is more effective than 20 thou, similar to what was found in
Chapter 4. However, simulations for the other spacings would be necessary to confirm this,

as well as a mesh independence study and better convergence during the simulations.

Table 5.6, Full Size Disk pack, 15 thou (16 disks) spacing simulation results 3000RPM.

Experimental Mass Mass flow rate in=out | Experimental head %
Flow Rate (kg/s) resulting head (m) value (m) difference
0.02008 0.8969 1.3591 41 %
0.01408 1.0134 1.5879 44 %

5.4 Conclusion

The work done in attempting to simulate the prototype Tesla pump produced relatively
reasonable results in that the results compared reasonably to the experimental data.
However, there is more work needed to improve the simulation such that it could be used
for design analysis. Firstly, a mesh independence study needs to be performed and the
issues with meshing between the disks need to be addressed. The set residual Root Mean

Square (RMS) error value was not always being met and the typical values of residual RMS
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obtained were on the order of 10 for 1000 iterations. Therefore, the simulation may not
have always converged fully to this set criterion. It is recommended that a mesh
independence study be performed, and each simulation be ran and properly monitored to
know if it has truly converged. It is important to note that the purpose of this part of the
study was to investigate if a working simulation of the prototype pump would produce

similar results to the experimental study.

The one disk simulation produced a turbulent boundary layer, which was likely due to the
turbulence model selected. Both the velocity and pressure contour plots for the disk pack
simulations showed increasing velocity. The velocity contour plots for the disk pack
simulations showed the boundary layer formation at the center edge of the disks, similar to
the formation of fully developed flow between flat plates. For the full sized disk pack
simulations for 15 and 20 thou, the 15 thou spacing was found to be more effective than
the 20 thou. However, this may partly be due to using experimental flow rates as input
variables to the simulations. For the 15 thou simulation the difference from experimental
and the simulation pump head values was approximately 15% less, suggesting that 15 thou
is more effective. Overall, the simulation produces results similar to the experimental
results obtained from the prototype pump; however, work still needs to be done to improve

the quality of the simulation.

Suggestions for further work would include running the simulations under laminar flow
physics, since the experimental analysis suggests the flow is laminar. A pump curve could
be produced with flow rates as input and pump head as the output, after the improvements
are made to the simulation. The pump curves produced could then be used to further
analyse the performance of the prototype Tesla pump with various volute designs or disk

packs.
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Chapter 6 Conclusion

The work presented here helps to further understand how a Tesla pump works, through
studying it under varying operational conditions. Various motor speeds and disk pack
spacings were tested with the possibility of determining optimal operational parameters.
The same testing was performed utilizing a more viscous working fluid, propylene glycol
water mixture, to analyze the effects of viscosity. A study of the effects of vibration
frequency was also performed. In addition, a CFD model of the pump was made that
compared to experimental data to be used in the future to look at the impact of different

casing geometries.

The prototype pump testing rig included an electromagnetic flow meter, a differential
pressure sensor, discharge valve, motor control, reservoir, and a DAQ with relevant
modules. A stand where the rig equipment could be fastened to was created and a clear
acyclic pump casing was machined. The clear casing was to observe the disk pack and air

bubbles within the pump, this did help in the removal of air bubbles within the casing.

Chapter 4 presented the experimental results for the testing of the prototype pump with
water, PG-water mixture and under vibration. The 15 thou spacing has been shown to be
the most performant; however, was not the most efficient spacing for the water tests. The
15 thou spacing is the most performant compared to the 20 or 25 thou spacings, due to
possessing a slightly larger surface area in comparison. The boundary layer thicknesses are
generally larger than half of the gap spacing which points to the fact that fully developed
flow occurs between the disks. The PG-water mixture highlighted the effectiveness of the
15 thou spacing and obtained the highest efficiencies out of the other four spacings tested.
An increase in the boundary layer thickness was observed for the PG-water due to the

increased viscosity compared to water.

As the rotational speed increases, the pump produces higher head and flow rates. The
efficiency for the higher rotational speeds was less compared to the lower speeds, where

the lower speeds better utilize energy compared to the higher rotational speeds.
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The effect of vibration on a Tesla pump was shown to make little to no difference, which
indicates that cavitation was not induced due to vibrations. Any difference between the

vibration and non-vibration runs was more than likely the results of experimental error.

The non-dimensional analysis for the head and capacity coefficients has shown to produce
a characteristic curve for the Tesla pump. This is similar to what occurs for a centrifugal
pump, and since a Tesla pump operates similarly, a characteristic curve for the prototype

pump for each spacing was observed for laminar flow.

From visual analysis of the CFD results for the one disk simulation, a boundary layer of
approximately the same laminar thickness was produced. Both the velocity for the disk
pack simulations showed increasing velocity along the disks as well as the merging of the
boundary layer into a fully development flow profile. The preliminary results from the CFD
study compared reasonably with the experimental data, however more work is needed

improve the simulation and confirm findings.

6.1 Recommendations

From the comparison of Hasinger and Kehrt, Darby et al., and this thesis results, several
ideas for improving the performance of the prototype pump where determined. The largest
problem with the performance of the prototype Tesla pump was its efficiency, which was
considerably lower than the other studies. The prototype pump reached a maximum rotor
efficiency of 5.6%, where Darby et al. obtained 30 % and Hasinger and Kehrt obtained
efficiencies up to 65%. The difference in efficiency is expected to be due in large part to
the volute design. Therefore, it is suggested that the volute design be improved, possibly
by using the findings from the Tesla turbine studies presented in Chapter 1, section 1.1.4.
It is also recommended that larger diameters be analysed for the prototype pump, along

with slower rotational speeds based on what was observed from the study comparison.

The literature review indicated that the volute design, especially the inlet and outlet could
affect Tesla pump performance. This was the main purpose of developing a CFD model,
to test different volute designs in the future. The work done in attempting to simulate the

prototype Tesla pump, produced relatively reasonable results; however, more work is
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required to improve the simulation and to validate these results. Firstly, a mesh
independence study needs to be performed, and the issues with the mesh between the disks
need to be addressed. The set residual Root Mean Square (RMS) error value was not always
being met during the simulations, therefore the simulation may not have always converged.
It is recommended to confirm that the simulation has converged, possibly by trying
different boundary conditions which would not cause convergence issues and running the
simulations for a larger number of iterations. Suggestions for further work would include
running the simulations under laminar flow physics, since the flow within the pump has
been determined to be laminar. Pump curves could later be produced from the numerical

study and used in further analyse of the prototype Tesla pump.
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Appendix A: Specification Sheets For the Equipment
ELECTROMAGNETIC FLOWMETER

With PVDF and 316L Construction
FMG90 Series

mce

Mo Moving Parts
or Obstructions

i+ Independent to Changes
of Temperature, Pressure,
Viscosity

= Lightweight and
Compact Design

+» PVDF and 316L
Wetted Parts

1+ Fast Response (<100 ms)

OMEGA's FME20 Series
glectro-magnetic fiow sansor for
conductive liguid media was
developed for OEM applications
and does not contain any moving
parts. FME30 series is the most
economic electromagnetic
fiowmeter due to the cost optimizad
plastic construction. Its design is
compact and lighteseight. Six flow
ranges are available. Changes in

temparature, dansity, viscosity, FMIGE4-PYDF shown ootual size.
concaniration or electrical
mﬁﬂndl.ns_llivit'_.l of the. I'I'IE?I# do not
affect the output signal. The sensor -
iz intended for confinuous Repeatability: 1%
measurement of flow rates or for Minimum Conduetivity of Medium: 5*9“' Shape:
dosing/batching of liquids with a Wizter and other conductie liquids’ Squere wave can be
minimum conductivity of 20 pSicm. 20 pS/cm connected as P ':" PN opan
Madium Temperature: -10 to 60°C collzctor pulse -:Iergr raticn 50:50,
{14 to 140°F) {non-freezing) maximum signal curnent 25 mA
SPECIFICATIEHS Ambient Temperature: 5 fo 60°C Electrical Data:
41 fo 1407 Supply: 24 Vdo 215%
El-a{:u'odanuand Grounding Rings: ximum ing Presgure: Consumption: 0.8 W

Stainless steal 316L
Measuring Pipe and Process
Connections: PVDF

145 peil &t 20°C (E68°
116 pesi &t 40°C (104°
B7 pai at 60°C [140°F)

Protection Measures: Short-cincuit
Erl:-::f and polarity protaction
mna-t.-llnn 4 pm plug connectar

O-Rings: EPDM Response Time: <100 ms

Housing: ABS Indications: Red LED - power, gresn Elm I'-.IElM.d (1P&E) [with attached
Accuracy: 1% of reading LED = flow cahle sockat)

Model No FMGa1-PVDF FMGe2-PVDF FMGa3-PVDF | FMG34-PVDF | FMGas-PVDF | FMGas-PVDF
Siza OM 8 DN B DN 15 DN 20 DN 20 DN 25
w“- 114 NPT 14 NPT 3—14 NPT 1-115NPT | 1-11.5NPT | 1%-115NPT
Inner Diameter 7.0 (0.31) 7.0 [0.31) 14 {0.55) 18 {D.71) 18 {0.71) 25 [0.88)
Flow Bange GPM| D.06810 1.3 DPEIES .66 0 13.2 1.3 10 26.4 2EW63 531068
Signal Dutput | 4 52 M 0.07 GPM 027GPM | 052GPM | 1.05GPM 1:3GPM
Meximum 1.6 GOM 8.6 GPM 158GPM | 317GPM | B834GPM | 78.3GPM
m:&ﬁﬁ 16000 3000 1500 750 360 300
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To Order

Model No. Model No. with BSP Description (cable sold separaiely)

FMGa1-PVDF FMGa1-PVDF-BSP Electromapgnetic fiow meter ¥ NPT, 0,07 10 1.3 GPM

FMGaz-PVDF FMGaz2-PVDF-BSP Electromapgnetic flow meter ¥ NPT, 0.26 10 5.3 GPM

FMGa3-PVDF FMGa3-PVDF-BSP Electromapgnetic flow meter 3 NPT, 068 10 13.2 GPM

FMGa4-PVDF FMGo4-PVDF-BSP Electromagnetic flow meter 1 NPT, 1.3 o 28.4 GPM

FMGas-PVDF FMGas-PVDF-BSP Electromagnetic flow meter 1 NPT, 2.8 1o 53 GPM

FMGoe-PVDF FMGos-PVDF-BSP Electromagnetic flow meter 114 NPT, 3.3 1o 68 GEM

Accessories
Model No. Description
W 2CPVC-a A5 & m [ 16.4'] cable with nght angle M12 x sinpped leads
M1 2C-PVC-4-R-F-10 10 m (32 8 cable with right angle M12 x stripped leads
PSL-a3 Unregulaied power supply

Comes ovmplefe wift gperaiors manual (arbi sobl sepam fefy.

ing Exampie: FMGST-FVOF, Hndmuﬂeﬁc’ fiowmefer wifi 15 NPT arnnedions and 007 io 1.3 GFM mnge with M120-PYC4-A-F5
5m rfﬁ'.!}mﬂ: with right angle M2 connecior
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PX26 SERIES

Pressure Transducers

e Mlé&og/1204

SHEET

Shop aniie AL DMEQE. W E-mAl I COmepA cow
Forjaies rodicl manmis pmegamamal iof

GEMERAL INFORMATION

OMECA’s Pressure sensors ane four-active plu-nn:ﬂuu\n: bridge devices. When pressure is applied, a different outpat
voltage proportional to that pressure, is prod

Wet,/ Wet Differential Pressure Sensors simultanecusly accept independent pressure sources. Gage Pressure Sensors provide

a form of differential pressure measurement in which atmospheric pressure is used as 2 reference.

The 26 is available in varisty of PSI mnges and as differential and gage sensors:

MODEL NUMBER iGAGE) RANGE MODEL NUMBER (DMFFERENTIAL) RANGE
P0GV -1 PSIG 26001 DV -1 PSID
P0GV 0-5 PSIG 260050V -5 P3ID
P NSGY 0-10 PSIG 2501 5DV 0-15 PSID
P HIC0CY 0-30 PSICG 260DV (0-30 PSID
P 26-100GV 0-100 PEIG I25- 100DV 0-100 PSID
P 36-200CV 0-250 PSIG P26-2500W 0-250 PSID

I.lhl'-‘.hCI{INE

Femonve the packing list and verify that all equipment has been received. If there are any questions about the shipment,
please call OMEGA Customer Service Department at 1-800-627-2378 or 203-355-1600. We can also be reached on the Internet

at omega com  e-mail: infolllomega com

Upon receipt of shipment, inspect the container and sguipment for any signs of damage. Take particular note of any
evidence of rough handling in transit Immediately mport any damage to the shipping agent.

The carrier will not honar any claims unless all shipping material is seved for their exomination. Affer exomining and
remiowing condents, sove pocking material in event rashipment s necessary.

MEDIA COMPATIBILITY ELECTRICAL CONMECTION
Input media are limited to those media which will not attadk polyester,
Aursilionn, or silicon, swdh as oils, lacquer thinner, hydraolic Awid, most NOTCHED (PIN 1)

pl:t:rn]:um prn-c]uctu, water and salt water. Mot recommended for freons. — | I|+—| :ﬁ:
Limit soldering temperature to E00°F (315°C) for 10 seconds duration - -

MmN i,

i e

WARNING! EEAD BEFORE INSTALLATICN
Fluid hamemer and surges can destmoy any pressure transducer and must always be avoided. A pressure snubber should
be installed to eliminate the damaging hammer effects.
Fluid hammer occums when a liguid flow is suddenly stopped, as with quick closing solencid valves. Surges occur when
flow is suddenly begun, as when a pump is furned on at full power or a valve is guickly opened.
Liguid surges are particularly damaging to transducems if pipe is original empty. To avoid damaging surges, fuid lines
should remain full {if posible), puts should be up to power slowly, and valves opened slowly. To avoid damage from bath
fluid hammer and surges, a surge chamber should be installed, and a pressure snubber should be installed on every
ucer.
Symptoms of fluid hammer and surges damaging effects:
a) Pressure transducer ewhibits an cutput at zero pressure (large zero offset). IF offset is les than 10% F5, user can uswally
re-zero meter, inskall proper snubber and continue monitoring pressuoes.
b) Pressure transducer output mmains constant regard less of pressune.
c) Insevers cases, there will be no output.
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SPECIFICATIONS

EXCITATION:
OUTFUT:

ACCURACY:
LINEARITY:

HYSTERESIS & REFEATABILITY:

ZERD BALANCE:

SFAN TOLERANCE:
STORAGE TEMFERATURE:
OFPERATING TEMPERATURE:

COMFPENSATED TEMPERATURE:

THEEMAL EFFECTS:
(25 to 50°C, 25 bo 0FC)
FROOF FRESSURE:

INFUT RESISTAMNCE:
DUTFUT RESISTANCE:
RESPONSE TIME:

SHOCK:

VIBRATIOMN:

CACGE TYPE:

WETTED PARTS:

MATING CONMNECTOR:
FRESSURE FORT:
ELECTRICAL CONMNECTION:

WEIGHT:

10Vde, 1éVdemax @ ZmA
10mY, 1 10V SV

(16.7mV, 1 67m ¥/ V for

1 PS5l cange)

(S0mV, SmV /W for SPS] range)
1% F5

1.0% F5 BFSL

0.2% F&

+1.5m¥V

+3.0 mV

67" te 212°F (-85 e 100°C)
-40 o 1857F [4A0° i B57C)

327 b 122°F (P o BT
ZERD: 1 mV

SFAN: 1% Rdg

X P&l for 1 and 5 PSI range

45 Pl for 15 P5l mnge

& P31 for 30 PSl range

200 PSI for 100 PSI range

500 P51 for 250 range

TRk D

1Lk

1 maec.

Chualified to 150G

Chalified o TkHz @ 20 G sine
Silicon sensor

Polyester, Silicon, fluncsilicon
1364, not included

020" dia. & 025" collar dia. =L TaT
Fin 1+EXC (notched)
Pin 2 +0UT

Pin 3-EXC

Pin 4 -0UT

Appro 107 oz (2 gm) 7]

Gage Sensor
Pressure is applisd
to Port P2

Port P' 1 vents fo
ambient pressure

Differential

Port P 1 is nea
terminals.
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maxon motor

maxon EC motor EC 32 flat with integrated electronics

Document ID: 31377 8en

Operating Manual Edition October 2015

The EC 32 Nt with Integrated elecironics Is a bushiess, spest-corimiled
1-quadrant grive. It I5 avallable 35 15 watt version and In 2-wire or S-wire
varnants 35 Tollows:

Order number Hominal
Varant e
1P 40 17 00 e [
353400 | 353324 | 2owire 3000 15
353401 | 353325 [ owire 5000 15
353300 | 340801 | S-wire «Erables 5000 15
370416 | 370417 | Swie aCVICCWS 5000 15

Functions:
«  Commuiation wi Hall sensors
»  Digital spaed contmd
»  Spesd range: 200... TOO0 [pm jdepending on vanan)
= Cument imitaton, non-adjusEne
«  {wenitage and undervoltage switch-off
»  Owenmitage protecion
»  Diockage proteciion, iemperaiure montong
= Inverse polanty protecion
2-wire variamt
= Speed proportonal ta supply voltage
S-wirs variant
«  Batvalue speed through anaiog signal 010V
»  Z-wire operation possibie
v Verslons:
—aEnables TTL level-compatbia
— Direction preseicciion «CYWOCWs TTL leve-tompalitie

= Speed montior delvers speed-proportional frequancy signal

Confants

=
MINITE] WITKD . L T
Functional DeEeption of ZWIN VaNaMt. . . ... ... oot e e anenaeannn. 1D
Functional description of SWIne Varant ... .M
ProtEctivE FUNCHONG . ... 1
BT e T, |-

o b

=i N £ B G B3 o=

mason molor &g Srinkgsiasse 20 PoOBox 253 CHEITZ Sadmein Phone +41 41 665 1500 Fax +2141 655 16 50 wWawaMacnmolor oom
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maxon motor

Masnn mokr &g Brinigelrases 320 PO Box 285 CH-A0T2 Sachaain Phons 41 41 668 15 00 Fax <41 41 668 16 S0 www. Mannimoce omm

READ THIS FIRST

These Instructions are Intended for qualfled technical parsonne.
Prior commencing with any aciities...
¥0u must carefully read and understand this marwal and
¥OUu must Tilkow the Instructions. given therein.

Tha EC 32 faf with Integrated slectrenics 15 corsidenad 3s completed according to EU Dinective 2006
4AZEC, Arficia 2, Clause (g) and k2 Imbended to be Into or zsaemblad oihar machinary or other
partly complatad machinery or equipment

Theresore, you must nat put the device Ino service,
uniess you have made completely sure that the ofer machinery — the sumounding System the device ks Intended 1
be Incorported to — fully compiles. with e requirements stated In the EL directive 20D542/EC
uniess Me surounding System fullls all relevant heal® and safety aspects!
uniess all respective Intartaces have been established and fulfll the stated requirements!

Safaty Guidslines
Quaiiied Do not Engage Wil any work Uniess you possess the necessary skils.
personnel
Legal Cibserve any reguiation appilcabie In the country andior at the site of Implameantation with regard to

requirEmEnts heaith and safetyaccdent preventon andior environmental protection.
Malke sure that all assoclated devices and componants are Instalied acconding to local mgulations.

Aodionsl ssfefy  Be aware hat, by principle, an elecionic apparatLs can not be conslderned fall-safe. Thersfone, you miest

equipmeant make sure that any machine’apoarstus has been ftied with Independent monlioring and safety equip-
ment [ the machine/apparatus should break down, I I s operabed Incomecty, I the contml unit breaks
dowm or [ the cables Dreak or get disconnecied, efc., the complete drive sysiem must retum — and be

kapt —In 3 safe oparating mode.
Repairs Be aware that you are not enfitied fo perform any repalr on components. supglied oy MEmen mobor.
Danger to e Toaching Ive wires cIuses d2ath or serious injurles!
= Conglder any power cabie a5 connectad 10 [ive power, Unkess having proven e opposhal
Make sure that nefer end of cabia |5 connected i Ive power!
Make sure that power source cannot be engagad while woek |5 in process!
Cbay |0ck-oubiag-out procedures!

Make sure in sacursly lock amy power engaging equipment against uninentional engagement
and tag It wih your name!

Max. supply The connected suppily voitage must be betwean 10 VDC and 28 VDC. Permanentty applied voitages
voltage above 30 VDC will destroy e unit

Elsctroststic san-  The bulitHn slacionics may be destroyed by extemaly appiled elecironic discharge during Fansport,
sive componants  Installation, and during opsration.

Ma:e-a.l'emwea‘uutmg mlﬂmm ESD.
Haredie device with extra care.
Limkt the voitage between flange and llve parts to 500 VDC.

Temperaiue During oparation, the emperature of housing, flange, o oiher components may excesd 50°C.
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Tenmee aed

1-G speed The molor produces pesive iorus In Me seected OF programimead direction. The load is not actvely

controler tecalerated when the speed set value ks reduced or the direction changed (dinection preselection ver-
slon). Speed cONrol MECOMMENCRE 36 5000 35 the 1oad has mduced s spaed by riction to the level
specified by the et value speat.

M. forgue The manimum tomue the motor can produce for 3 short =0 It 1 mited by the overioad protection of

M., [miim] the electronics.

M. CLTENE Supply curmant with which the peak tomue Is generated at nominal voltage. Wit an active speed con-

Teos JAT trodier, the supply curment ks not proportional to the torgue, but aiso depends on the supply voitage. As a
result, this value only applies at nominal voitage.

P 00 Mo protecton against access 10 dangenus parts. Mo protection against water.

P 40 Protecied against access 10 dangerous parts with 3 wirz, tool or similar. =31 mm and against foreign

obiects =31 mm. No protection against water.
Direction CIWF ~ AS 528N towards the mounting fange:
cow CW = shaft fums to the nght (cockatse)

CCW = shaft tums to e e [counterciocieiee)

1 Technical Data

IP &0 {with howelng|
IP DD {without housing)

Hicmiral voltspe
Hici boed] sipesad
Hici boswd curment
Miomiral spesd
Hicmiral orque
Hicmireal currend
Max. Torgus

Max. cument

Max. =fficiency

EEEEEEEEi

*313339813
p 8 E
v B
p B

L

Oparating range n = 1 {M)
Mominal spead 3000 pm

IEREEY

i . . - P - . i
2 - 1] = - E k] Ll

Ml
Figure 1 2-4ire Varant {353324) (353400)

144



maxon motor
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= ' Operating range i = 1 [M)
. Nominal speed 6000 rpm
Fos _.'._
L m 1] = - -I' .'.“I'-.T
Figue 2  2-Wire Variant (353325) [353401)
- L]
L Operating range n =1 (M}
Torque and spead depend on Operatng

L m 1] = - E - Ll
M W]

Figure 3 S-WWire Vartant (349801) (353390) (3T0417) (3T0418)

Controller Data
Variant Z-wire 2wl B-wirn
Hominal cpsed 000 rpm 550 rpm 2000
Contr warksbis Epeed Fpmed Spesd
Euppty wOilBge Voo v 0.2 10...28 10...28
Input set valus speed v - =TT 033108
Ecaing et valus spesd oY 125 == 00
Max. acceierabion oS 3000 5000 000
Direction of rofabon oW T W
Version Dinecion Freseiecion «CWCCWe - - CWICCW

Thermal Data
Verskon 16 Wath
Themal resistance housirgiambient air -1 75
Themal resistance windngFousing -1 £5
Thermal Sme constant winding s 103
Thermal Bme constant moisr 5 726
Max. winding femperatune o 125
Max. Emperature of electonics o =105
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Mechanical Eﬂwhﬂw

Werslon 16 Wit
Fuotor inertis gemd x
Axial play ot avial hood :_':: ) o] I:I1:
Raadlal iy predoaded
May . awial load dynamic ] &R

siatic il
Max. 2ol load =d"a H 1000
Kax. radal load "B H iz
Motor welght a o

"a Eintic ioad Wil supporbed st
"b Admissibie load 7.5 mm from Sange

Elecirical Connactlons
Wire Descoription Conmeotion alus
red Euppiy voltsge Voo Eappiy 0. 28VDC
black GHD Cappiy Grourd
winlie | Sowire op=raiion oniy] Impet s=f value speed Inpet 033_..10.8 VDG
gre=n (wine opetion oniy) kontor speed n Culput & counts per bum
‘version Enabie
- tion aniy] c=nabies Inpet 24 _28WDC
ersion Direciion Pressdection
ey S P— WNICT It 24 _2BWDC
Cmoss section ANGEY = 022 mma
Protective Functions
Inverse: polarity profecton b mea, 30 VDG
Biccikage protecton icut off with biocked molor afler 2 5
Umdereoibage ot ofT & Vg <85 W
Owersiage profechon ot ofT & Vipe >29.5'W
Theeraal monitoring of power stage cutt ofT at ftypical) &t T =100 "¢
Cryersniage prodecton fransient) 150 mils
Emblkent Condilons
Temparaiune opematon =20 ="
Tomperaiure opemabon with reduced power oulpul w2, =55
Temperaiune siorage -2l =55
Humidiy (condersation not peritied) 20..B0%:
Voitage Supply
Rippie <55
Load-dependent ouipat ooment [recommended) 21 A
t min. 9.5 VDG
Outprt max. 29 VDG
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=1
ik WY
=i ‘1
i

1

I

i

P

Electrosmne Sensitve Devica (ESD0)
»  Mae sure 0 wea working cioth In compiance with ESD.
« Handle dewice with extra care.

Possible imeversible Damage of Mozor
He| . Uni¥ compietion of e Insiaiiation, ndividual componants can be permmanenty damaged by improper
hanaling. Therefore, handle the campanents with paricular cans.
MY, SOIUe oF MiEnge SCTEWS U5 1.1 N [grace 6.8 scews).
« Improved coaling Sough mowtng a Jare metalic part
« Cabie autet preferably GOWNWaNTS.

EMC-comipliant Inetallation

Cable length <300 mir:
Usually, no shiskling s requined.
Star wining recommended If several EC 32 fial with Integrated electronics are suppliad by 3
CONTHTIOH pOWear SUpply.

Cable kength =300 mm:

- The voltage drop In the conneciion catie must be minkmizad by choosing a sullcenty lams
wire cross saction.
In elecromagnedcally hamsh emvironments, wse of shislsed cabies connecied o gound 3t bath
NS AN IMprove IMmmUnity 3gainst Intefenences.
Felease cabie shieiging on one slge T 5050 HZ Interisrance problems DCeour
The Incidenca surfacs for Inbarfarences can ba reduced by shortaning the unshisided original
connection cable.

Immunity against Imerferences and spesd stablity In case of fuctuating loads can be accom-
pilshed by muting the sat spead value skgnal senarately In a shisided cable that |s put i

£ both slget. I acdiion 10 the set specd value skgnal, 3 second groand (GMD) line must aisn
b= earmied In his separate cable, but only connected on the molos slde. The axternal sat value

spesd signal must be potentiakres.
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Supply
weilag
0,20 W00

2@

Figure 5 2-¥ire arant with extemnal Power Source

5-Wire Varkant
Supply volaga
... 28 VDG
Sat vakia i
(= [}
=

Figure & 5Vine Wariant Speed Set Value and Release aEnables or Direcion «CWECCW D (de-
pending on Viersion) with extemal Powes Soums

Supply valags
10...28 YOO
ok valuie =i
g
W LY ]
=]
I B OF e o ]
=« iemhiife o -=DI0M- [ pmn
Figure 7 54¥Wire Wariant St WValue with extemal Power Sounce and Release aEnables or
Direchan » (depending on Version ) with Poientia-es contae
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ey
1k VDT
o Enalda= or
il s
2 pEVDE
=Dk o
=
..08 VD2
) a =
(EER R TR I
i @4 Y SO wlioe T |

Flgure B S-Ware Variant Sat Value with exiemal Potentiometer and Release «Enables or
Dinecton «CYWCCWs [depanding on Version) with exiemal Power Source

<L i i e i)

R R “Diaabie- or <00~ | epen
Slaluas for 24 V0D cpeating wolage

Flgue®  S%WireVarant Sat Value with exiemal Potentiometer and Rolease «Enables or
Direcsion «CYWICCWs [depanding on Version) with Pobential-fes Contact
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5-Wira Vartant in Operating Mode “2-Wire”
The operating made “2-WIne” can ba simulatad by shoring the connecsions of speed sat value Input and
‘Speat Monitar output. Thereby, the spead proportional i Me suppy voitage {-»Figune 17).

Supply
i
., 20 NG

alc]

Fgum 10 54Vine In Operating Moda "2-Wine”

Wilth the variant Direction Presaiection «CWICCW, The grey wire ks usad 0 define direciion of moEson.

e
.
.. 2AWNG

2@

e
=
0, 2AN0G

=W

Figu= 11 54ine Variant Direction «CWICCWS In Operating Mode “2-Wire"
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4 Functional Description of 2-Wire Variant

Spesd proportional fo supply voltage Vs
«  Motor spaed Is proportional bo the supply voltage, Indapendent of tongue.
*  Supply voitage can be varied within the permisied range.
«  Spead at 24 V supply voitage s

— 3000 rpm [353324) (353400)
— 5000 rpm [353325) (353401)
=

Cyaumng slEg M

] =

Figure 12 2-Wire Varant Speed 3000 1pem 35 Function of the appled Suppy Volage

m.:---..-.---],
| 1 A w0 Y

b ¥ a

Figure 13 2-WWire Varant Speed 6000 rpm as Funclion of the applied Supply Voltage
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5 Functional description of 5-Wire Variant

St value spaed Input
Motor speed |s st with an analog woliage at the Input "Speed Set Value". The Input is protecied against
ovenDltage.

Pin assigrment Connechion wire whitz
Input voEage range 0. +80.8 'V (refermnced o GHO)
it i 62 k1 [im ramge of 0...+21.9W)
A7 1 (i range of +21.9.. =30 V)
Conbreous overvoliage probecion =30 ..+30%
Tt
[ iy
i
P ol ey e _"_
diF -
| meae o . e o* - ::.:mwr |

Figurz 14 F¥Wire Variant: Inbemal Clrcultry of input “Spesd St Value™

The speed set value [ set with the voitage at the Input "Spaed Set Value”. The set spead Is controlied
by the controlier. Changes to spead sat value are restricted by the maximum acoakeration | S-Controlier
Diata on page 4},

To actvate the power stage In e «Enables version, the voitage at the Input "Enabie” must be higher
than 2.4, while the spead et valie must ba above 017 V.

Witth the « CWYCCW werslon, the power siage ks aciivabed when he speed sat value Is above 017 .

Eot Walue Funotion Asmarke
0...0A7 W aDizabies Power siage dissblsd
If «Erabd=y. higier Ban 2.£ W (e
0A7._ 033 Operation at misimal spesd (200 pm) N ! en
«Erahies]
Lin=ar spead safmng between 200 and 5480 | In speed ranpe Z00... 300 rpm, reguiation
mm aocuracy of e speead oontrofler |5 [Imiked.
033, 0=y The speed may considerably differ froe e
Foo= % sef value depending on oad and supply
voitage.

L Set value woltage

n, . Deslred spesd
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Ol g siligs o]

b H HIR
[k 5 Ll 8]

Flgure 15 S Varant Speed a5 Funclion of Set value Voltage

Cuwtionally, the conbroller can be Set bo 2-wire operafion mods by inking {shorten) both connections
monitor fgreen) and spead sei value jwhite). Thereby, the connaction must be estanished hafore
appiying the SUPDIY VORaga.

Working Frinciple of DEISCTIon oF “2-Wre™ Operamng Mods With 5-Wire Momor

After power on of the conirller; the oufput “Speed MWonffor® will be lumed on after 270 mes, than fumed
T again afer 40 ms. e inpuf Spead Sef Vlue” follows this repime wia short circut, fhe operating
mode *-wire” Wil be activated. Theredy, for both measurements, the Inpuf “Spesd Sef Value” mus be
once 3hove and ance below 2.5 V. A Mie random oF NCreasing spesd 5ef VEUS LN DOWET 07 [5 per-
mited.

In arder nod fo teere Wit dedection of 2-wire” operaiing made, e moton mus! nekther be exfemally
[Dropeled UG DOWEr o o De i FmJown.

Semng Speed Ser Valus by PWM Signai

The speed sef value can be preset by fived frequency and ampitude.

The desired set speed value change Is sbéained by variation of the duty cygle in range of 0...100%.
Both, ampitude and dufy cyde theveby have an effect on the resulting speed. The average of he
applied PWAJ valiage comesponds fo the analog input signal of the speed st uaive.

In arder fo prevent the sontroller fo change o *2-wire” operating mode after power on, the speed set
vaiue voltage must not exceed 2.5 V 270 ms afler power on and may not be below 2.5 V for anofher 40
ms. A fMued rEndom oF InCrEasng speed 561 WvalUe Lpon Dower on Is permitizal

Hominal valkee ampiBsde PWAY s2f value 0...10Ey

Max. value smpliude PR setvaloe =30._+30W
Fresuency range FIAM set value 500 Hz 20 kHE
Moduiation PWM et value 0... 100

Continuous owversEage prokchon =30_+30V
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Figure 15 S-4ine ariant: Examples for possible PAWM Level Control at Input “Spaed Set Walue®

Enabling with Version «Enables
The power stage s activaiad with the digital Input “Enabie”. | Is proteciad against ovenvoitage.

Pim asshormem
Input voEage range
Input Impedano=
Conbmuous cvervoliage probecion
Wi
e Ly
i
= i e .":-\.
Ji-§ o
oy :dl L] ] -

Figure 17

Connecion wine grey

O...+5.0 W (referenoed io GMD)

TZ kLk in range of O_..+5.9 V)
1211 [in range of +5.9. =30 W)

-30...+30V

Slors il
Cadpnd

S-4¥ine ariant: Inbamal Clrouliry of input "Enabla®

The power stage s activated by a voitage above 2.4 V at the Input “Enable”. The resuiing speed is
dependabie on the voitage applled o the Input “Speed Set Vialua™.

The power stage Is deactivated by 3 voltage beiow 0B W at the Input “Enabie”. The motor nuns out fraely
Independent of the voitage applied o the Input “Spaed Set Valus™.

Input Volage Funotlon RAsmarks
0_..08W aDisabies Py siage ol sabied
2.4...50W «Enabies ATV T SELVaILE: 15
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Enabling and Direction Pressiaciion with Version aCWICT W

The power stage Is activated If the voitage o e Input "Speed Set Vialue™ Is above D17 V. Direchion of
rotation «CWICCWa will be determined by digital Input "Direction”.

Fin assignment Conresction wire grey
Inpue woiage range 0. +50 W referenced o GO
T2 k2 im ramge of 0..+52 W)
—EE 12 k11 N range of =55 +30 V]
ContinuDus overyage protction =30..+30 W
Tl
T iy
a

[ mciion ~CRCOW- ."r'\.
li& -

' T Concir
(£ 1)

Flgure 18 Fire Vanant Imtesmal Circuliry of input “Direction”

The direction of rotation «CWs will be activated by 3 voitage abova 2.4 V. The spaed ks depandent on
e voltaga 3t the Input “Spead Sat Vale". I the direction of rtation ks changed during operation, the
MADT TUNE Sown Tredy untll reaching minimal spead, then actelerates N opposie dNsction of rotabion,
The power stage will b2 deativated with 2 voitage balow D.17 W ai the spaed sot valug input. The motor

nuns doan Treely.
Inpart Voltage Fursbion Rsmarnks
0..05Ww Diirection of roaion «COWs Kiotor bums In direcion « 005
24 50V Diirection of robton «CWs Kictor bums In direchion «CWs
Spesd monttor sMonibor ne

The actual spaed of e motor shaft can be monitoned at the output “Speed Monitor. it Is avallabis as
digital signal (High/Low) and delivers. & pulses per mechanical fum.

The output “Spesd Moniior |6 aiso avallabie In aDisables siaka.

Fin assignment Conrection wire gresn

VioltgE oLUiTit range 0. +50 WV [referenced o GRDO)

‘Cutput resistanoe 4.1 kik

Loovir iy max. 0.5V (withowut inad)

Higi lewvel min. 4.2 ¥ without load)

Diuty cycie S

Cominuous oversoiage poEcion =30, +30 W

Frequency at speed monkor cuput Feomirar = H‘;"ﬂ“‘ r__ . =10-n

Firanuse FTEQUENCY 3t spaed montor cutput [Hz]
".':r w [|'F||T|]
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Figure 19 SWie Variant Intemal Circultry of Output "Spead Monoe

6 Protective Functions

inverse poianty
prodection

Undervolage
Swich-oif

Current imiting

The supply voitage Ve 15 protecied against polarity reversal. Thereby, the negative Input voliage must
niot excead the maximum penmitied supply voltage Ve,

The power stage s saiiched off whan e supply voitage V.. rops below approx. 8.5 W to prevent
oparation beyond e specifiad range.

If e suppiy voitage exceeds the restart threshoid of appro. 9V, the EC 32 fiat wil be again ready for
oparation.

The power 5tage |5 switched off whan the supply voitage Vo EXcesds approe. 29.5 W o prevent opers-
tion beyond e speciiad rEnge.

I e suppéy voitage drops below the restart hreshoid of approe. 28,5V, the EC 32 flat wil be again
ready for oparation.

The overvaitage protection comprses a bidrectional Transzorh diode {overvoitage protection diode)
eapable of receiving a maxkmum peak enesgy of 150 mivs. Conmtinuous power loss ks 1 W. Threshoid

voitage Is 3 minimum of 31.1V, Indapengent of patanty.
The power stage s saiiched off whan e rotor | continuously biodkad for 2 seconds.

Aftar 4 seconds, the EC 32 flat autnmabically execuies a slaring attampl.

The power stage s swiiched off If the PCE temperature exceeds appro. 100°C. AS 500 35 ihe PCB
tEmperature has dropped below approx. 50°C, the EC 32 flat will b2 again ready for operation.

The slectronics’ temperature protection can only safeguard the winging I the flange does not disslpate
ino much heat and an I the winding does not inducs heat accumulation.

The winding curmant is electronically imited to approx. 1.6 A Therefors, the maxmum load tonue |s lim-
ked accomingy.

If e mobor shaft comes to 3 standstll dus to activated cument Bmitng, Diockage protection engages
aitar 2 semnids.
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T Troubleshooting

2-Wire Variant
«  Suppiy voitage between 10.0 and 28,0 VDC?
+  Suppiy voitage connected to red and biack wires and swiiched on?
+  Vioitage at rag motor connection posttive compared to black connecsion?
»  Powes source not In curent limiting?
»  Motor not biocked mechanically?

5-Wire Variant

«  Supply woitage bebween 10.0 and 2507

»  FUpply woitage connecied 1o red and biack wires and swiched on’?

« Voitage at red mofor connection posttive comparned to black connecion™

= Zpesd =2t value voliage bebween 0.33 and 10.0 V#

»  Spesd sai value voltage conneciad 1o white and black winss and switchad on?®

«  Vpitage at whlie connection posttive companed to black connection?

= Activathon wia voltage source (version «Enabies only)
— |Enaime voltage Detween 2.4 and 26.0 VDC7?
— [Enabie voltage conneged to grey and biack wires and swiiched on?
~ Woltage at grey connecfion poshive compared to black connection?

«  Actvation wia potentialfree contact (version <Erables orly)
- Grey anable wire directly interconnectad with red supgply voliage connection?
- Grey enadle wire conniected via SWhch Wit e suppiy voitage connection?
— Swibch or comact closed?

= Power source not In cument [imiting®

= Mobor not biockad mechanlcally?

»  zreen wire need not necessarly be connecied.

S5-Wire Variant In Operating Mode “2-Wirs™
»  WWhite and green wires direcly Interconnected {shor-cireutt)?
»  Direct Interconnection of white and green wire established prior connecting 1o supply voltage?
+  MNofurher connections to graen and white wirss?
«  Suppiy voitage between 10.0 and 28,0 VDC?
+  Supply voitage connected and switchad on?
+  Vioitage at rag motor connection posttive compared to black connecsion?
»  With version «Enables: Grey wire need not necessarly be connecied
«  With version «CYW/CCWs: Grey wine may be used for direcion of rotation [<5-Wire Varant In
Operating Mode ~2-Wire” on page o)
»  Powes source not In curent limiting?
»  Motor not biocked mechanically?
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Appendix B: LabVIEW Information

Figure 3.21, shows the block diagram from LabVIEW used for the pressure and flow rate
data acquisition. In each DAQ assistant in Fig. 3.21, a conversion factor was used to
convert the incoming signal to more meaningful units, such as pressure and flow rate. The
top box in Fig 3.21 is for the pressure sensor, and the formula box contains the conversion
factor (which is discussed later). The bottom box is for the flow meter where the conversion

factor of 0.25233 is input directly into the DAQ assistant box.

Starting with the 5 psi pressure sensor, for 10V DC the output voltage should be 50 mV or
5 mV/V. The 15 psi range pressure sensor for 10V DC should be 100 mV, or 10 mV/V.
Since 8.1 V is used for excitation, the manufacturer’s calibration has to be converted
according to this voltage. For the 5 psi range, the full range of sensor output is 40.5 mV,
leading to 8.1 mV/psi. For the 15 psi range, 81 mV is the full range, leading to 5.4 mV/psi.
This value needed to be converted next to a factor so that it could be input into LabVIEW,

which is reading a voltage from the pressure sensor.

The flow meter’s conversion factor was obtained experimentally using the average
frequency output from the flow meter and volume of water, over a minute. The flow meter
produces a certain number of pulses per gallon, which for this particular model of flow

meter (FMG91-PVDF) was 15000 pulse/gallon.
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Figure B.1 Screen shot of the schematic of the data acquisition program in LabVIEW.
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