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ABSTRACT
There has been a recent surge in interest for Tesla turbines
used in renewable energy applications such as power extraction
from low-quality steam generated from geothermal or
concentrated solar sources as well as unfiltered particle-laden
biomass combustion products. High interest in these bladeless
turbines motives renewed theoretical and experimental study.
Despite this renewed interest, no systematic Tesla turbine
design process based in foundational theory has been published
in the peer reviewed engineering literature. A design process is
thus presented which is flexible, allowing an engineering
designer to select and address goals beyond simply maximizing
turbine output power. This process is demonstrated by
designing a Tesla turbine where Reynolds number can be easily
varied while holding all other parameters fixed. Tesla turbines
are extremely sensitive to inter-disk spacing. It is therefore
desirable to design the experiment to avoid turbine
disassembly/reassembly between tests; this assures identical
disk spacing and other parameters for all tests. It is also
desirable to maintain similar working fluid mass flow rate
through the turbine in all tests to minimize influence of losses
at the nozzle impacting shaft power output differently across
experiments.
Variation in Reynolds number over more than two orders
of magnitude is achieved by creating a set of two-component
working fluid mixtures of water and corn syrup. Increasing

mixture mass fraction of corn syrup achieves increased working
fluid viscosity but only small increase in density with a
corresponding decrease in working fluid Reynolds number.
The overall design goal is to create a turbine that allows
modulating Reynolds number impact on Tesla turbine
performance to be evaluated experimentally. The secondary
goal is to size the turbine to maximize sensitivity to changes in
Reynolds number to make experimental measurement easier.
The presented example design process results in a Tesla
turbine with 8-cm-outer-diameter and 4-cm-inner-diameter
disks. The turbine will be able to access a range of Reynolds
numbers from 0.49 < Rem < 99.50. This range represents a
Reynolds number ratio of 𝑅𝑒𝑚,𝑚𝑎𝑥 ⁄𝑅𝑒𝑚,𝑚𝑖𝑛 = 202.8, more
than two orders of magnitude and spanning the lower part of
the laminar range. The turbine’s expected power output will be
𝑊̇ = 0.47 Watts with a delivered torque of 0.024 mN-m at a
rotation rate of ωmax = 1197 rev/min.
Combining the analytical equations underpinning the
design process with similarity arguments, it is shown that
shrinking the Tesla turbine’s physical scale drives the Reynolds
number toward 0. The resulting velocity difference between the
working fluid and the turbine disks gets driven toward infinity,
which makes momentum transfer and the resulting turbine
efficiency extremely high. In other words, unlike conventional
turbines whose efficiency drops as they are scaled down, the
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performance of Tesla turbines will increase as they are made
smaller.
Finally, it is shown through similarity scaling arguments
that the 8-cm-diameter turbine resulting from the design
process of this paper and running liquid Ethylene Glycol
working fluid can be used to evaluate and approximate the
performance of a 3-mm-diameter Tesla turbine powered by
products of combustion in air.
INTRODUCTION
Tesla turbines (also called boundary layer turbines, disk
turbines, or drag turbines) operate through a mechanism
different from conventional axial turbines. In a conventional
turbine, working fluid impinges upon aerodynamic blades to
generate rotational force through aerodynamic momentum
transfer. By contrast, Tesla turbines generate rotational force via
momentum transfer through shear stresses as working fluid
spirals through micro-channels created by flat, parallel, corotating disks. As a result, Tesla turbines have been observed to
be robust against two-phase flow [1], a mixture of phases that
typically cannot be introduced into conventional axial or radial
turbines without ablating and damaging the aerodynamic blades
[2-5]. Resulting Tesla turbine renewable energy applications
include power extraction from particulate-laden wood gas as
well as from low-quality two-phase flow obtained from
concentrated solar, industrial heat recovery, or geothermal heat
sources – applications all unsuited for conventional turbines.
Several Tesla turbine parameters are thought to (or have
been shown to) impact performance, including disk spacing;
disk number; disk surface roughness; number, size, and shape
of nozzles; location/orientation of nozzles and exhaust ports;
and working fluid thermodynamic and physical properties [6,
7]. However, little theoretical or experimental exploration of
these parameters has occurred because Tesla turbines remain
generally outside mainstream hydro-, gas-, and stream-turbine
research. Thus, there is no generally accepted design or sizing
methodology in the literature for Tesla turbines that considers
these parameters. Further fueling estrangement of this
important technology from mainstream research, the knowledge
and capability gap for Tesla turbine design has been filled by
the empirical guidelines of amateur hobbyists and not verified
or understood using systematic engineering analysis [8, 9.]
To address the need for Tesla turbine design and sizing
methodologies in the peer reviewed engineering literature, the
goals of this paper are to 1) utilize what established Tesla
turbine performance theory does exists to develop the needed
methodology; 2) select a particular design goal different from
the conventional desired turbine design outcome, maximized
power output; and 3) apply the methodology to extract key
physical and geometric turbine parameters that will be used for
turbine construction and testing in a later work.
The primary design goal is to create a Tesla turbine where
a single identified parameter can be easily varied to test its
performance impact on the turbine while holding all other
parameters fixed. A secondary goal is to size the turbine to

maximize sensitivity to the selected variable parameter making
experimental measurement easier once the turbine is built.
To facilitate design, a predictive closed-form analytical
solution for Tesla turbine rotation rate and efficiency was found
in the literature [10-12] and extended into a systematic design
technique that includes power output, torque, and sensitivity to
variable parameters [13]. This theoretical work is applied here
to the design of an experimental Tesla turbine to demonstrate
the methodology and extract interesting results for discussion.
To achieve the primary design goal, the turbine will be
configured so that one important parameter can be varied while
the rest are held fixed. Looking forward, this approach will be
used in future work to isolate and verify experimentally the
turbine performance impacts of various parameters thought to
be important but never systematically verified: disk spacing;
disk number; disk surface roughness; number, size, and shape
of nozzles; location / orientation of nozzles and exhaust ports;
working fluid thermodynamic and physical properties; etc. So,
which variable does an experimenter choose to modulate first?
One experimental series considered was increasing the
number of turbine disks between runs to observe impact on
power output. However, Tesla turbine power output is thought
to be extremely sensitive to geometric variables. To add disks
between runs would require turbine disassembly and
reassembly between tests with no guarantee of identical fitment
(especially disk spacing) between runs. So, an experimental
series with increasing disk number would degrade into a
precision engineering fitment problem. Instead, for a first
experimental test it is desirable to vary a parameter that avoids
turbine disassembly/reassembly between tests. Along similar
lines, it is thought that Tesla turbine performance is sensitive to
loss mechanisms at the nozzle. It is therefore desirable to
maintain similar working fluid mass flow rate through the
turbine in all tests to minimize variable nozzle losses across
experiments.
This set of constraints makes undesirable the possibility of
making geometric changes to the turbine as well as varying
working fluid flow rate through it between experiments. As a
result, the remaining parameter that can be varied is Reynolds
number. It is known that power output of conventional small
aero-derived turbines operating in the laminar range is highly
sensitive to Reynolds number [14-16]. By contrast, if Tesla
turbines were insensitive to Reynolds number variation, they
could become a more sought after technology for power
extraction scenarios where the viscosity or density (and hence
Reynolds number) of working fluid changes intermittently,
unpredictably, and/or uncontrollably during operation; for
example, in a terrestrial solar-fired power cycle or in spacebased applications where the system is rapidly cycling between
solar exposure and shade [17].
With varying Reynolds number identified as the primary
design objective, the secondary goal is to maximize the
sensitivity of Tesla turbine output shaft power to changes in
Reynolds number to facilitate easy experimental measurement.
High sensitivity is achieved by taking derivatives of the turbine
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∗
radius (ξ = 1); and 𝑅𝑒𝑚
is a modified Reynolds number:

model analytical power function with respect to variable
parameters and finding extrema.

∗
𝑅𝑒𝑚
=

BACKGROUND & THEORY
The Tesla turbine was patented in 1913 [18]. Attempts
exist in the hobby literature to develop closed-form analytical
solutions relating geometric and working fluid parameters to
Tesla turbine performance [8, 9]. Swithenbank also contributes
prolifically to the hobby literature [19]. The isolated academic
work of Rice and colleagues [20-24] and experiments of some
others [25-34] contribute to understanding of Tesla turbine
performance. A few review articles, which focus on measuring
and maximizing power output, have also been published [6,
35]. This Spartan reference set constitutes the bulk of published
peer reviewed Tesla turbine literature, which pales in
comparison by volume and detail to the available body of work
on conventional axial turbines.
A resurgent interest in Telsa turbines for their ability to
process two-phase and particulate laden working fluid
characteristic of renewable energy systems has sparked a
number of recent theoretical studies and computational fluid
dynamic (CFD) modeling [36-39]. While other candidate
closed-form analytical models do exist [40], the 2010
publication by Carey [10] represents the most satisfactory
baseline differentiable closed-form analytical model relating
geometric and working fluid parameters to Tesla turbine
performance.
This approach begins with the Navier-Stokes equations in
cylindrical coordinates applied to working fluid interaction with
the rotating disk of a Tesla turbine. It results in the following
∗ )
̂ (𝜉, 𝑅𝑒𝑚
form for 𝑊
, the dimensionless tangential velocity
difference between the disk rotor and working fluid inside the
turbine at any radial location,
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In addition, the turbine’s efficiency (dimensionless power) is
given as
𝜂 =1−
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where Ŵi is the dimensionless relative disk/fluid velocity at the
exhaust ports at the disk inner radius. This baseline model was
modified, as described elsewhere [13], to include expressions
for torque,
Γ=

𝑊̇

(4)

𝜔

power output,
𝑊̇ = 𝑚̇(𝑣𝜃,𝑜 𝑈𝑜 − 𝑣𝜃,𝑖 𝑈𝑖 )

(5)

and sensitivity of efficiency (dimensionless power) to variable
parameters, including Reynolds number and dimensionless disk
size,
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DESIGN PROCESS
The goal of any successful engineering design process is
the communication of the fully specified system to the person
responsible for building it [41]. Additionally, for an
experimental turbine with one variable parameter, the design
process must result in a system capable of producing enough
power to be easily measured while maximizing power output
sensitivity with respect to the variable parameter.
To design this Tesla turbine, all variables that could be

(1)

where ξ = r/ro is a dimensionless radial disk location; Ŵo is the
dimensionless relative disk/fluid velocity at the disk outer

Table 1: Pugh Chart quantitative down-selection process to viscosity and density as selected variable turbine parameters.
Customer Need →
Variable Parameter↓

Working Fluid Parameter
Flat Disk Accommodates Disk Spacing Experiment Weighted
Compatibility Change Ease Compatibility
> 3 Disks
Maintained
Size
Total

Need Importance Weight

1

5

5

3

2

3

Inlet Diameter

3

3

5

4

2

1

62

Outlet Diameter

3

3

5

4

2

1

62

Disk Spacing

4

2

4

4

5

1

59

Disk Number

5

2

3

5

4

3

62

Fluid Viscosity & Density

5

5

5

4

5

5

92

Mass Flow Rate

4

5

4

4

5

4

83

Nozzle Location

3

4

2

2

1

1

44

Nozzle Number

2

5

2

3

1

2

54

3
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modulated were identified with emphasis on physical and
working fluid parameters thought to strongly influence
performance. A Pugh Chart, Table 1, was populated with these
parameters and engineering down-selection performed to
identify the parameter best meeting experimental criteria
outlined.
The conclusion emerging from this analysis was that
working fluid viscosity and density together (kinematic
viscosity) is the preferred parameter to vary to best meet design
requirements. In the analytical model of Eq. (1), the only
dimensionless variable directly influenced by viscosity and
∗
density with all other parameters fixed is 𝑅𝑒𝑚
. Therefore, the
most universal way to designate varying only working fluid
density and viscosity together is to describe varying Reynolds
number.
To complete the design, all other unspecified turbine
parameters needed to be set based on analytical model
calculations: ndisks, ro, ri, t, b, h, Ẇ, and ṁ. The first six are
physical turbine parameters, the seventh is the needed turbine
power output, and the final parameter is working fluid mass
flow rate, which is set by the pump driving fluid through the
turbine and fluid return loop. Externally-influenced parameters,
Ẇ and ṁ, were set first, and the analytical model was then used
to set the physical turbine parameters to maximize turbine
power sensitivity to variable kinematic viscosity.
Output Power Selection
The first parameter set was target turbine power output. A
small 0.5-watt brushed DC motor will be connected to the
turbine and run as a generator to provide load and produce
electrical power. This power will be measured as Reynolds
number is varied to determine its influence. Tesla turbines
produce power at high shaft rotation rate and low torque. So,
0.5 watts was selected because it is a power large enough to be
easily measureable, but it does not require a motor so large as
to prevent the Tesla turbine from spinning up.
The selected motor is a Maxon A-max 12 precious metal
brushed 0.5-Watt 3.0 V DC motor designed to spin at 13700
rpm at no load with a maximum torque of 0.872 mN-m in
motor mode.
Working Fluid Selection
Variation in working fluid Reynolds number of over 200
times (and encompassing the lower end of the laminar flow
range) with no change in mass flow rate is achieved by creating
a series of two-component mixtures of two perfectly miscible
fluids with dramatically different viscosities. Notably, Reynolds
number could also have been affected by picking a viscous
fluid and increasing its temperature between runs as was done
via CFD modeling by Hasan and Benzamia [42]. However
increasing working fluid temperature would also have
measurably increased energy availability at the turbine inlet
between runs making energy extraction comparisons more
challenging. So, modulating viscosity through mixing was
selected as the preferred approach. Due to its availability and

ease of use, water was selected as one of the two candidate
liquids.
The second liquid must therefore be totally miscible in
water and have a significantly higher viscosity. Increasing
mixture mass fraction of this second fluid achieves increased
working fluid viscosity with only small increase in density. A
corresponding decrease in working fluid Reynolds number
results. Table 2 shows the candidate fluids considered along
with their key measured properties. As reliable literature values
for many of these fluids’ properties were difficult to find,
viscosity and density were directly measured at room
temperature (~ 24 °C). Viscosity was measured using a Keyu
NDJ-8S Digital Rotary Viscometer, and density was measured
by filling a 10 mL graduated cylinder and weighing on an
Ohaus Scout Pro digital balance.
Table 2: Measured viscosity and density of candidate fluids
added in a binary mixture with water to facilitate Reynolds
number modulation of Tesla turbine working fluid.

Measured
Parameters
Water
Ethylene
Glycol
Propylene
Glycol
Fructose Syrup
(Maple Syrup)
Glucose Syrup
[Corn Syrup]
Sucrose Syrup
[Molasses]

Temperature Viscosity Density
[°C]
[kg m-1 s-1 ] [kg m-3 ]
24
0.0010
1007
24

0.0019

1095

24

0.0036

1022

24

0.953

1356

24

4.400

1383

24

6.919

1458

For modeling purposes, binary mixture viscosity was
estimated via the Refutas equation technique [43]. Using the
kinematic viscosity (in centistokes) at the mixture temperature,
the viscosity blending number (VBN) of each component is
calculated,
𝑉𝐵𝑁𝑖 = 14.534 × 𝑙𝑛[𝑙𝑛(𝜈𝑖 + 0.8)] + 10.975

(8)

The mixture VBN is then calculated via multiplication by
mixture component mass fraction,
𝑉𝐵𝑁𝑚𝑖𝑥𝑡𝑢𝑟𝑒 = (𝑥𝐴 × 𝑉𝐵𝑁𝐴 ) + (𝑥𝐵 × 𝑉𝐵𝑁𝐵 )

(9)

Finally, the kinematic viscosity of the mixture is extracted
by inverting the VBN algorithm.
𝜈𝑚𝑖𝑥𝑡𝑢𝑟𝑒 = 𝑒𝑥𝑝 [𝑒𝑥𝑝 (

4

𝑉𝐵𝑁𝑚𝑖𝑥𝑡𝑢𝑟𝑒 −10.975
14.534

)] − 0.8

(10)
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Based on its relatively high viscosity, economical
commercial availability in large batches, experimentallymeasured physical property batch-to-batch consistency, and
availability of references to estimate and model its viscosity
[44], Glucose syrup (corn syrup) was selected as the second
components in the variable viscosity binary mixture.
During future turbine experiments, working fluid mixture
properties will be measured quickly and accurately right before
tests using the Keyu NDJ-8S Digital Rotary Viscometer. These
well-characterized mixtures will then then be pumped through
the Tesla turbine at a predetermined mass flow rate, which is set
by power input to the pump. At the end of each experiment,
fluid properties will again be measured to account for any drift
arising from temperature change, mixture component
evaporation, and/or chemical changes in the mixture.
Pump Selection and Mass Flow Determination
The mass flow rate parameter, 𝑚̇, is set by selection of a
pump. To maintain constant 𝑚̇ across various experimental runs
despite changing working fluid viscosity, power delivered to
the pump must be reduced as the mixture mass fraction of water
increases. To achieve this level of control, a variable DC power
supply is used to drive the pump with input power reduced at
lower working fluid viscosities.
Use of a fluid mixture instead of pure water suggested need
to use a diaphragm pump to provide continuous flow while
avoiding possible fouling or damage to internal components of
a conventional rotary pump. The selected pump must provide
adequate mass flow rate to access most of the laminar range
considering Reynolds number for flow between circular flat
plates [45],
𝑚̇

0 < 𝑅𝑒𝑚 = 𝜋𝑟 𝑐𝜇 < 2000
𝑜

Reynolds numbers for the fluid mixture is bound by the range
𝑘𝑔
𝑘𝑔
of mixture viscosities: 0.001 𝑚−𝑠 (water) < 𝜇 < 4.4 𝑚−𝑠 (corn
syrup).
It is recognized that the Reynolds number of Eq. (11)
includes the outer disk radius, 𝑟𝑂 , in the denominator. Rem can
be made arbitrarily large by making 𝑟𝑂 smaller. However, there
is a practical limit on the smallness of 𝑟𝑂 , which is discussed in
the next sub-section “Selection of Outer and Inner Disk Radii”.
Since for both 𝑅𝑒𝑚,𝑚𝑎𝑥 and 𝑅𝑒𝑚,𝑚𝑎𝑥 the parameters 𝑚̇𝑐 and 𝑟𝑂
are the same, the ratio simplifies to a viscosity quotient,
𝑅𝑒𝑚,𝑚𝑎𝑥
𝑅𝑒𝑚,𝑚𝑖𝑛

𝑚̇𝑐
)
𝜋𝑟𝑜 𝜇 𝑚𝑎𝑥
𝑚̇𝑐
(
)
𝜋𝑟𝑜 𝜇 𝑚𝑖𝑛

(

=

=

𝜇𝑚𝑎𝑥
𝜇𝑚𝑖𝑛

(12)

The largest possible 𝑅𝑒𝑚,𝑚𝑎𝑥 ⁄𝑅𝑒𝑚,𝑚𝑖𝑛 ratio within the
constraints on 𝑚̇ and 𝜇 is determined by iteration. For the
selected pump and binary fluid components the mass flow rate
𝑘𝑔
𝑘𝑔
range is 0.0168 𝑚−𝑠 < 𝑚̇ < 0.025 𝑚−𝑠 which yields a Reynolds
number ratio range of 202.8 < 𝑅𝑒𝑚,𝑚𝑎𝑥 ⁄𝑅𝑒𝑚,𝑚𝑖𝑛 < 392.5.
While it is desirable to maximize 𝑅𝑒𝑚,𝑚𝑎𝑥 ⁄𝑅𝑒𝑚,𝑚𝑖𝑛 ,
access to the largest experimental space, it is also important to
note two more factors: 1) where along the 𝜕𝜂⁄𝜕𝑅𝑒𝑚 curve
[Fig. 1] the selected design point falls and 2) what power is
being produced by the turbine at this design point.

(11)

To reach the upper laminar flow regime range, the working
fluid mixture with lowest fluid viscosity (100% water) is used.
The selected pump is a Seaflo 24.5-amp 12 VDC 53-Series
diaphragm pump with nameplate capability to deliver 7.0
gallons-per-minute (26.5 liters-per-minutes) at 60 PSI (413.7
kPa).
As described above, it is desirable to maintain constant 𝑚̇
as working fluid viscosity is varied across multiple
experimental runs. To establish the fixed 𝑚̇ used in repeat
experiment, the available pump mass flow rate as a function of
fluid viscosity is determined gravimetrically by running fluid of
increasing viscosity through the pump and weighing
accumulation as a function of time. These data are then used to
fit a predictive power function for the pump’s performance that
relates viscosity to maximum flow rate.
Since the purpose of this experiment is to explore the
largest range of laminar Reynolds numbers, it is desirable to
maximize the ratio 𝑅𝑒𝑚,𝑚𝑎𝑥 ⁄𝑅𝑒𝑚,𝑚𝑖𝑛 where 𝑅𝑒𝑚,𝑚𝑎𝑥 is the
Reynolds number for pure water at the mass flow rate fixed for
the experiment, and 𝑅𝑒𝑚,𝑚𝑖𝑛 is the Reynolds number for the
water/corn syrup mixture used to fix 𝑚̇. The range of available

Figure 1: The derivative of turbine efficiency (dimensionless
⬚
power) with respect to 𝑅𝑒𝑚
plotted for 0.1 = ξ and 0.4 < ξ <
0.9 at 0.1 increments shows the derivative magnitude to be
largest at ξ = 0.9 and 𝑅𝑒𝑚 ≈ 200. This locus of maximized
sensitivity corresponds to low turbine power output and is not a
practical design point.
In the range 200 < 𝑅𝑒𝑚 < 800, |𝜕𝜂⁄𝜕𝑅𝑒𝑚 | is largest,
which means the experiment is most sensitive to Reynolds
number variations in this region: a desirable operational range
when considered in isolation from the rest of the problem.
However, large ⌈𝜕𝜂⁄𝜕𝑅𝑒𝑚 ⌉ only occurs for large ξ, which
corresponds to turbine power output well below the established
0.5-Watt set point. Low power output is undesirable because
the relative uncertainty is this measurement is fixed, making a
small signal hard to discern from the noise.
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Selection of Outer and Inner Disk Radii
The Tesla turbine performance embodied in Eq. (1) and Eq.
∗
(3) depends only on the dimensionless parameters 𝑅𝑒𝑚
and
𝜉 = 𝑟/𝑟𝑂 . Therefore, the disk’s outer and inner diameters can
be set with some degree of flexibility subject to four
constraints. First, 𝑟𝑂 cannot be so small as to violate the
restriction of Eq. (11) and cause 𝑅𝑒𝑚 > 2000, which would
trip fluid to turbulence. While there is nothing physically
preventing the flow from being turbulent, Eq. (1) upon which
this entire analysis is predicated assumes laminar flow
momentum transfer between the working fluid and disk. Thus,
violating the laminar assumption invalidates this whole
analysis. Considering other parameters already set, 𝑟𝑂 > 0.002
m to keep the flow laminar. Second, small 𝑟𝑂 necessitates high
rotation rate to achieve power output at the 0.5 Watt range
specified. If making 𝑟𝑂 small, appropriate bearings must be
found to support shaft rotation rates in excess of 25,000 rpm.
Third, 𝜉𝑖 = 𝑟𝑖 /𝑟𝑂 must be in a range that promotes strong
turbine power sensitivity to Reynolds number (see Fig. 2) and
high overall power output. As described elsewhere [13], these
design needs are diametrically opposed. Thus, a compromise is
struck by setting 𝜉𝑖 = 0.5 to provide adequate power and
sensitivity. Fourth, the inner diameter must be large enough to
accommodate the central shaft, exhaust ports, and webbing
material to hold the disks into the central shaft. It is this fourth
restriction that ultimately sets the Tesla turbine’s size, at least
for this design process. The inner diameter is therefore selected
at 0.02 m, providing a 4-cm-dimaeter space to fit everything.
Having set 𝑟𝑖 and 𝜉𝑖 , 𝑟𝑂 becomes fixed at 0.04 m, yielding
a 8-cm-diameter Tesla turbine.
Selection of Other Physical Parameters
The number of disks, disk spacing, and disk thickness
remain to be set. As these parameters do not appear in the Tesla
turbine performance model of Eq. (1) and Eq. (3) selection is
guided by the literature. Rice [22] successfully used 2 mmthick disks with 1 mm spacing. So those values are replicated.
The minimum number of disks needed for system symmetry, 3,
is selected to keep the experimental complexity low and the
experiment physically small and manageable.
Bearing Selection & Turbine Material Selection
Given the selected parameters above, the turbine is
expected to output 0.47 Watts, near the 0.50 Wattt design
specification. It will spin at just under 1200 rpm. With this
information, bearings can be selected to hold the spinning shaft
and disks inside the housing. A pair of VXB flanged sealed
ceramic bearings housed in 304 stainless steel were selected. To
prevent galvanic corrosion due to mismatching materials, 304
stainless steel will also be used for the turbine housing, axle,
and disks.

𝑘𝑔

fixed mass flow rate of 𝑚̇ = 0.025 𝑠 gives 𝑅𝑒𝑚,𝑚𝑎𝑥 = 99.5
[using an 88% corn syrup mass fraction, yielding 𝜇𝑚𝑎𝑥 =
𝑘𝑔
0.203 𝑚−𝑠,] and 𝑅𝑒𝑚,𝑚𝑖𝑛 = 0.49 [using 100% water, yielding
𝑘𝑔

]. The resulting ratio 𝑅𝑒𝑚,𝑚𝑎𝑥 ⁄𝑅𝑒𝑚,𝑚𝑖𝑛 =
202.8, and the expected power output is 𝑊̇ = 0.47 Watts. The
turbine should deliver 0.024 mN-m torque at a rotation rate of
𝜔𝑚𝑎𝑥 = 1197 rev/min.
𝜇𝑚𝑖𝑛 = 0.001

𝑚−𝑠

DISCUSSION
Tesla turbine performance equations have been applied to
enable a systematic design process achieving the goals of 1)
creating a Tesla turbine where a single identified parameter,
kinematic viscosity, can be easily varied to test its performance
impact on the turbine while holding all other parameters fixed
and 2) sizing the turbine to maximize sensitivity of varying
kinematic viscosity making experimental measurement easier.
Table 3: Final geometric and fluid property
parameters resulting from the design process.

Turbine
Parameter

Selected
Value
ro – Outer Radius
0.04 m
ri – Inner Radius
0.02 m
n disks - # Disks
3
t – Disk Thickness
0.002 m
b – Disk Spacing
0.001 m
h – Nozzle Height
0.0005 m
ṁ – Mass Flow Rate
0.025 kg/s
μmax – Maximum Viscosity 0.203 kg/m-s
This design technique can also be used to explore performance
of other specialized Tesla turbines designed to achieve specific
goals and outcomes. For example, it has been thought that
reducing the size of Tesla turbines to the micro scale will
improve their performance. This outcome contrasts observed
performance reduction in axial aero-derivative when they are
scaled down to the micro-scale and suggests the possibility that
Tesla turbines could be successfully used for power generation
in micro-electromechanical systems (MEMS). Moreover, since
Tesla turbines are essentially a series of stacked, spaced disks
they will be relatively easy to fabricate using established
MEMS CMOS processes.
To predict how a MEMS scale Tesla turbine will perform,
it is instructive to start with Eq. (1), distribute through the
leading exponential term, and consolidate terms to give
24𝜉2

RESULTS
Table 3 gives all the turbine parameters selected as a result
of the design process described above. The experimentally

∗

24

1
∗ )
̂ (𝜉, 𝑅𝑒𝑚
̂𝑜 𝑒 𝑅𝑒∗𝑚 + 𝑅𝑒𝑚 [1 − 𝑒 𝑅𝑒∗𝑚 (𝜉
𝑊
= 𝜉 [𝑊
24

6

2 −1)

]]

(13)
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The dimensionless inner/outer diameter ratio is bounded 0 < ξ <
1, and any arbitrary representative value in this range can be
̂ when
selected, ξ = 0.1. The key question is what happens to 𝑊
∗
𝑅𝑒𝑚 approaches 0; in other words, what is the trend in
momentum transfer between the working fluid and the turbine
∗
disks as the turbine shrinks in size. Putting 𝑅𝑒𝑚
→ 0 into Eq.
(13) yields

𝑚̇

𝑅𝑒𝑚,8𝑐𝑚 = 𝑅𝑒𝑚,𝑀𝐸𝑀𝑆 = 𝜋𝑛𝜇𝑟

𝑜

Using similarity arguments to solve for the disk radius of a
millimeter-scale Tesla turbine with products of combustion as
working fluid gives
𝑚̇

𝑟𝑜 = 𝜋𝑛𝜇𝑅𝑒

∗
̂ (𝜉 = 0.1, 𝑅𝑒𝑚
𝑊
→ 0) =
1
0.1

̂𝑜 𝑒
[𝑊

24(0.1)2
0

0

24

+ 24 [1 − 𝑒 0 ((0.1)

2 −1)

]]

(14)

The last term in parentheses goes to zero, giving
1
∗
̂ (𝜉 = 0.1, 𝑅𝑒𝑚
̂𝑜 𝑒 ∞ + 0 [1 − 0]]
𝑊
→ 0) = 0.1 [𝑊
24

(15)

̂𝑜 goes to
Finally, the lead term in parenthesis with coefficient 𝑊
infinity.
∞

̂𝑜 𝑒
𝑊
∗
̂ (𝜉 = 0.1, 𝑅𝑒𝑚
𝑊
→ 0) = 0.1

(16)

∗
While 𝑅𝑒𝑚
cannot literally reach 0 (without stopping the flow,
the null solution), it can be driven to arbitrarily small values.
What does this result mean for the effectiveness of fluid-disk
̂ is the velocity difference
momentum transfer? Recall that 𝑊
̂
between the working fluid and the turbine disks. Higher 𝑊
implies high velocity difference, which means high momentum
transfer to the disks, increased turbine efficiency, and higher
power output. In short, low Reynolds number corresponds to
high Tesla turbine performance, suggesting MEMS Tesla
turbines as an important new area for research exploration.
Without building a MEMS-scale Tesla turbine, it is
nonetheless possible to use scaling laws with a macro-scale
experimental turbine to explore MEMS-scale Tesla turbine
performance and behavior. Using liquid working fluid in the
∗
macro-scale turbine and matching 𝑅𝑒𝑚
and 𝜉 allows replication
of a much smaller turbine running products of combustion.
Consider the inlet conditions for the millimeter-scale aeroderived turbine in Epstein [46]. Products of combustion
(modeled as air) enter the turbine at 4 atm and 1600 K. At this
temperature and pressure, 𝜌𝑎𝑖𝑟 = 0.8815 kg/m3 and 𝜇𝑎𝑖𝑟 = 5.88
x 10-5 kg/m-s. Epstein claims a working fluid mass flow rate of
1.8 x 10-4 kg/s [46]. For comparison, consider the Reynolds
number obtained in the 8-cm-diameter Tesla turbine designed
via the process above running Propylene Glycol working fluid.

𝑚̇

𝑅𝑒𝑚,8𝑐𝑚 = 𝜋𝑛𝜇𝑟 =
𝑜

𝑘𝑔
𝑠
𝑘𝑔
𝜋(3)(0.004
)(0.04 𝑚)
𝑚∙𝑠

0.162

= 212.2 (17)

Applying similarity arguments, a micro-turbine with the same 𝜉
and 𝑅𝑒𝑚 as the 8-cm-diameter Tesla turbine should
demonstrate the same efficiency (dimensionless power) output.

(18)

𝑚,𝑀𝐸𝑀𝑆

=

𝑘𝑔
𝑠
𝑘𝑔
𝜋(3)(5.88 ×10−5
)(212.2)
𝑚∙𝑠

1.8 ×10−4

= 0.00153 𝑚 (19)

Thus, the characteristic disk radius of this millimeter-scale
turbine with the same performance as the 8-cm-diameter Tesla
turbine running Ethylene Glycol would be about 3 mm. That
similarity-based characteristic diameter can be further driven
down by increasing the working fluid pumping rate through the
8-cm-diameter turbine.
CONCLUSION
This paper applies analytical equations for turbine
performance as the foundation to present a systematic Tesla
turbine design process. To our knowledge, no Tesla turbine
design process based in foundational theory has ever been
published in the peer reviewed engineering literature. The
process is shown to be flexible, allowing an engineering
designer to select and address goals beyond simply maximizing
turbine output power. This process was demonstrated in this
paper by creating a Tesla turbine design where a single
identified parameter, Reynolds number, can be easily varied to
test its performance impact on the turbine while holding all
other parameters fixed. The secondary goal of this design
process is to size the turbine to maximize sensitivity to changes
in Reynolds number to make experimental measurement more
facile.
Reynolds number will be modulated at fixed working fluid
mass flow rate using a two-component liquid mixture of water
and corn syrup where kinematic viscosity is adjusted by
changing the mass fraction of corn syrup. The turbine design
results in 8 cm outer diameter and 4 cm inner dimeter disks.
The working fluid mass flow rate through the turbine is
𝑘𝑔
𝑚̇ = 0.025 , giving a range of accessible Reynolds numbers
𝑠
from is 0.49 < 𝑅𝑒𝑚 < 99.5 for a Reynolds number ratio of
𝑅𝑒𝑚,𝑚𝑎𝑥 ⁄𝑅𝑒𝑚,𝑚𝑖𝑛 = 202.8 , more than two orders of
magnitude increase and spanning the lower part of the laminar
range. The turbine’s expected power output is 𝑊̇ = 0.47 Watts
with a delivered torque of 0.024 mN-m at a rotation rate of
𝜔𝑚𝑎𝑥 = 1197 rev/min.
Combining the analytical equations underpinning the
design process with similarity arguments, it is shown that
shrinking the scale of a Tesla turbine drives the Reynolds
number toward 0. The resulting velocity difference between the
working fluid and the turbine disks gets driven toward infinity,
which makes momentum transfer and the resulting turbine
efficiency extremely high. In other words, unlike conventional
turbines whose efficiency drops as they are scaled down, the
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performance of Tesla turbines will increase as they are made
smaller.
Finally, it is shown through similarity scaling arguments
that the 8-cm-dimater turbine resulting from the design process
of this paper running liquid Ethylene Glycol working fluids
could be used to evaluate and approximate the performance of a
3-mm-diameter Tesla turbine powered by products of
combustion.

inexpensive teaching laboratory equipment for engineering
courses: www.engineerinc.net.
This paper’s undergraduate authors are members of the
Tennessee Undergraduate Researcher Network (TURN) at
TSU, an organization that fast-tracks undergraduates into
meaningful early research experiences. This project
demonstrates the Undergraduate Researcher Incubator
Hypothesis [47, 48].

NOMENCLATURE
b = Spacing between rotors
h = Nozzle height
ṁ = Mass flow rate through turbine
ṁc = Mass flow rate in a channel between disk rotor pairs
ndisk = Number of rotor disks
r = Rotor radius
ri = Rotor radius at the turbine inlet (outer radius)
ro = Rotor radius at the turbine outlet (inner radius)
Rem = Reynolds number based on channel mass flow rate
2𝑏
∗
Rem* = Modified Reynolds number [ 𝑟 𝑅𝑒𝑚 = 𝑅𝑒𝑚
]
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