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Abstract

Tesla turbines can be employed as small-scale turbines to recover waste energy in
several industrial applications. However, there is no consensus on the turbine efficiency
as experimental studies show significantly lower values than those obtained by
analytical and CFD approaches. The present work addresses that question by performing
a systematic literature review (SLR) on Tesla turbines, comparing the efficiency values
reported by experimental and simulation works. To validate the SLR findings an
experimental small-scale air driven Tesla turbine was built. The Design of Experiments
(DoE) methodology was applied to understand the effects of selected independent
variables on the turbine output power and mechanical efficiency. Inlet air pressure,
temperature, and rotational speed were chosen as controllable factors of a Central
Composite Design applied to the prototype of < 1kW output power. The results indicate
the average effect of 1 bar increase in the input pressure leads to an efficiency increase
of 5%. In the SLR an average efficiency of 40% to 60% was reported by simulation works,
while experimental essays reported maximum efficiencies of 20%. The experimental
turbine analyzed in this paper presented a maximum efficiency of 14.2% +0.4% at 3 barg

and 4,000 rpm, agreeing with other experimental studies.
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Literature review shows a lack of consensus regarding the TT maximum
efficiency.

The designed TT is limited to efficiencies below 20%

Higher efficiency could be found for output power < 1 kW and forward into sub-
Watt scale.

Is still to be proven that TT performance can be competitive concerning other

turbine technologies.



1 Introduction

Tesla turbine, also known as multi-disc turbine, was patented by N. Tesla in
1913 [1]. Despite the little interest aroused since its invention, the Tesla turbine (TT) has

recently become an object of study as presented in Figure 1.

= = e =
o N 5

Number of publications
o]

3

9 o & D A AR 40
R ARG MR RRC A

L P F DO 0D DO
GRS S S N ) i

Year

Figure 1 — Number of publications per year on Tesla turbine since 1964 (years without
publications were suppressed).

More than 90% of the TT related papers were published in the 2000’s and 2010’s
(hatched area). The little interest until the 2000’s is due to equipment higher losses
when studied as a turbine for large generation power plants (large scale) [2].

That recent increase in the number of studies is related to the demand for energy
efficiency solutions, particularly those involving low power output levels. Results of
pioneering works in the analysis of TT pointed to the potential use of this equipment as
small-scale turbines ([3,4] [5]). This type of equipment can be seen as an alternative for
diverse energy recovery projects, such as: (i) low output power ORC ([2], [6], [7], [8],
[9]); (ii) energy harvesting ([10]; [11,12] [13]); and (iii) micro-cogeneration with low
energy availability gases/streams ([14], [15], [16], [17], [18]).

The state of the art on TT research was assessed by performing a systematic
literature review SLR, which comprised bibliometric and content analysis, including
research and conference papers, available on Scopus® and Web of Science (WoS)
databases, which are representative scientific databases in the engineering field [19,20].

The following query string was adopted: ALL ("Tesla turbine*" OR "Boundary layer



turbine*" OR "Bladeless turbine*" OR "Multiple Dis* turbine*" OR "Viscous turbine*").
301 documents were retrieved from Scopus and 65 from WoS. A content analysis was
performed for the reduced set of 86 papers, selected after a filtering and preliminary
reading process. The main findings are reported in this section, which also presents the
research question of this work. The APPENDIX contains the complete bibliometric
analysis and additional information of the content analysis.

Figure 2 presents the distribution of problem-solving approaches addressed by
the 86 selected documents. Most of the works (45) concentrated on analytical tools to
model the TT behavior, followed by experimental (39) and CFD (38) approaches. Two

papers were presented as reviews [21,22].
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Figure 2 — Type of studies on Tesla turbine: a) problem-solving approaches and b) quality
analysis of experimental studies.

Although the majority of the papers are non-experimental (67%), it was found
that the experimental ones were often used to validate new analytical and CFD
solutions, especially the work reported by Rice [3], which is the most cited one (Figure
A.2). Therefore, a deeper analysis of the experimental results was performed (Figure
2.b) to identify the composition of the available data based on the existence of: (i)
uncertainty propagation analysis (9); (ii) a database that presents efficiency, power,
mass flow rate and thermodynamics states at the inlet and outlet of the turbine (2);

(iii) a statistical analysis, such as Design of Experiments DoE. It was found that most of



the presented studies (25) did not assess any uncertainty propagation analysis, and no
one applied DoE concepts.
Efficiency and output power were used to characterize turbine behavior in most

of the selected papers, as shown in the performance map in Figure 3.
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Figure 3 — Tesla turbine performance map (efficiency vs output power). Circle diameter

indicates the number of papers on both power and efficiency; the circle color indicates
the problem-solving approach. Reported results were filtered to consider a single
contribution per paper (for efficiency and/or output power), by keeping their

respective most relevant findings.

Results in Figure 3 show that 98% of the reported output power (59 of 60 values)
was found below 20 kW. The highest experimental output power was reported by Rice
[3], for a 4 kW bench equipment. A significant number of experimental works were
developed on the sub-watt scale (10 of 60 reported values), but only a few
CFD/analytical approaches were dedicated to that same range (3 of 60 values). These
findings reinforce the application of TT as a small-scale turbine and point out the recent
trend of its use as an energy harvesting device on the sub-watt scale.

Considering all reported data, TT efficiency is mostly found within the 20%-40%
range (25 of the 67 values), followed by 13 values of efficiency lower than 20%.

TT performance values are uncertain when it comes to defining the equipment's



maximum efficiency, especially when data from analytical or CFD approaches are to be
compared with experiments. Experimental works concentrate the efficiency values in
lower ranges with 10 values less than 20% and 9 values between 20%-40%. Efficiency
values of non-experimental works indicate a more balanced distribution, with 16 values
between 20%-40%, 11 values >80% and 10 values between 40%-60%. This data
dispersion may explain the recent increase in the number of publications, as TT
efficiency is not well understood yet.

Different definitions of efficiency can be found for TT. A quantitative analysis of

the most applied definitions is shown in Figure 4.
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Figure 4 — Distribution of reported efficiency according to its physical definition.

The variety on the definition of the TT efficiency helps to understand why there
is no agreement on its reported values. The majority of the selected papers (35 out of
69 reports) did not indicate the physical definition for efficiency. Sengupta & Guha [23]
recommend caution when interpreting TT efficiency values due to the lack of a
consensual definition, like the one proposed for gas turbines.

The maximum efficiency reported by experimental works varies significantly, and
the lack of rigor in the experimental approaches may contribute to it. The SLR helped to
identify the need for a more comprehensive approach to the problem. Therefore, the
following research question was stated: How the Tesla turbine output power and
efficiency are sensitive to its key parameters?

To answer the research question a 1 kW TT prototype was designed and built. A

bench rig was also assembled to perform the assessment. A Design of Experiment DoE



planning was applied to understand how the independent key parameters affect the TT

output power and mechanical efficiency, as also to produce a reliable database.

2 Tesla turbine description and key parameters

The effects of enthalpy and pressure changes on the working fluid in a TT can be
compared with those of conventional turbomachinery, but the dynamic action principle

differs from bladed turbines due to the constructive shape of its rotor (Figure 5).
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Figure 5 — (a) TT schematic flow drawing; (b) TT manufactured rotor.

Pressurized inlet air flows through the turbine nozzle to be converted into kinetic
energy, which is directed to the rotor. The rotor consists of a set of parallel concentric
flat discs mounted on a shaft. The flow transfers its energy to the disc surfaces by
friction, to finally exit the turbine through a channel at the rotor base. That configuration
allows characterizing the Tesla turbine rotor as a radial inflow.

A comprehensive literature search was carried out to identify and classify the
independent parameters that affect TT output power and efficiency, based on [22,24],
and depicted in Error! Reference source not found.. The inner circle brings 5 key
parameter categories, displayed in different colors, while the outer circle gathers the

related information.
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Figure 6 — Tesla turbine key parameters and their number of occurrences according to

the SLR: parameter category (inner circle); parameter description (outer circle)

The geometrical category encompasses 7 parameters, with the highest
occurrences for Disc Spacing [mm] (29) and Rotor Outer Diameter [mm] (20). The
operational category presented three parameters, of which two parameters can be
considered as main ones: Rotational Speed [rpm] (51) and Mass Flow Rate [kg/s] (30).
The Thermodynamics category brought inlet pressure (26) as the most cited key
parameter. The dimensionless key parameters were mainly reported in analytical
approaches.

A summary of those key parameters and their influence on the output power and

efficiency is following presented:



Rotational speed: the output power and efficiency behave non linearly in respect to the
rotational speed, approximated by a 2"¥ order polynomial [4,11,32—-41,23,42—-44,25-31]
for a fixed geometry and inlet conditions. Analytical works [23,43] reported higher
output power when TT is designed to operate at high rotational speeds, but with low
efficiencies. The highest experimental output power reported in the literature [3] was
around 3 kW with rotation speed close to 18,000 rpm and efficiency of approximately
35%.

Mass flow rate (MFR): for a fixed rotational speed output power is directly coupled to
MFR, as reported by [10,33,45—-48]. These results may indicate that the greater the MFR,
the higher the output power, however, some works reported an ideal MFR value that
maximizes efficiency, and that changes in MFR (increase or decrease) will generate a
loss in efficiency [12,31,47,49] [3,7,50,65,66]. Despite being an obvious finding, little is
known about the mechanisms of TT loss of efficiency due to the increase in MFR.

Inlet flow pressure: a direct relation of output power in respect to the inlet flow
pressure was reported by [4]. However, this increase in output power was noticed to be
less intense than the one concerning the available energy, or the enthalpy drop across
the turbine. That characteristic can explain the non-linear behavior of the turbine
efficiency in respect to the inlet flow pressure, also corroborated by [3,38,44,71,72,51—
53,57,62,63,67,69]). It is interesting to point out that the behavior observed due to the
increase ininlet pressure is almost identical to that observed due to the increase in MFR.
Inlet flow temperature: Manfrida et al. [7] stated that it is expected a direct relation of
output power to temperature levels, but with an opposite trend for efficiency, similar to
the one of inlet flow pressure. On the other hand, [53] reported that the temperature
rise should generate an increase in both output power and efficiency, similarly to the
one expected from rising inlet flow pressure, but to a lesser degree. Few studies were
dedicated to this key parameter.

Nozzle number: three trends were observed: (i) direct relation of efficiency and output
power to the number of nozzles ([34,45,51,54]); (ii) the opposite [29,46,55]; (iii) no
noticeable change [53]. Some authors proposed the “one-to-one” configuration
[34,35,56], with nozzles with the same disc spacing and channel number that the ones

found in the rotor stack, in opposition to the conventional nozzle configuration of “one-



to-many”. Qi et al. [34] compared those two options and reported a better performance
for the one-to-one configuration.

Rotor outer diameter: assessment was mostly performed through analytical and CFD
approaches, and changes in rotor outer diameter influence both efficiency and output
power [10,40,43,46,57—61]. The majority of the reported results indicate an increase in
turbine output power for larger outer diameter [10,40,43,46,57—-60]. Also, there is an
ideal value of the outer diameter that maximizes the efficiency and is often expressed
as a diameter ratio (inner diameter/ outer diameter). Talluri et. al, 2018, [43] which
maximum efficiency of 35% for diameter ratio between 0.3 to 0.5. Guha &
Sengupta, 2017, [58] found the maximum efficiency of 55% for diameter ratio within
0.52-0.7.

Disc number: few works on the influence of the number of discs on the TT performance
were found, despite its relevance. Some of them stated that efficiency increased with
the number of discs [10,34], while others reported the opposite [43]. Pfenniger et al.
studied rotor stacks with 4, 7, and 11 discs, demonstrating that there is an ideal number
of discs for which the efficiency is maximized, and further changes will negatively affect
the TT efficiency.

Disc spacing: two trends in efficiency behavior were identified: (i) increasing the disc
spacing leads to a decrease in both efficiency and output power [4,11,12,52]; (ii) there
is an ideal disc spacing that maximizes efficiency, but changes around it can make
efficiency to readily decrease [7,10,28,34,41,43,58,62,63]. Results from both
experimental and CFD approaches diverged in respect to output power behavior. CFD
works from [28,43,63] show that higher disc spacing leads to higher output power,
which was countered by experimental works from [4,10]. That discrepancy may be

explained by a possible non-consideration or underestimation of friction losses.



3 Experimental investigation

A small-scale prototype of a Tesla turbine, Figure 7, was built to be tested under
atmospheric pressure exhaust. The turbine was assembled with a single convergent
nozzle (rectangular with 30 mm? of outlet area), and six aluminum discs rotor to yield <

1 kW power output. Table 1 presents the detailed construction parameters.

Table 1 —Tesla turbine in details (For the turbine design, except where indicated, all
dimensions were manufactured according to NBR ISO 2768-1 [64], medium class).

Max.

Rotor Rotor Discs Casing - Nozzle
Disc Discs Disc Nozzle Working tested

outer inner | exhaust rotor angle -

thickness | quant. spacing quantity fluid rotational

diam. diam. area gap tangent
speed
(mm) (mm) (mm2) (mm) un. (mm) (mm) un. ° (rpm)
300 100 3855 1 6 1 0.5 1 5 Air 6,000

The prototype was tested in a bench to map dependent variables like torque,
output power, mass flow rate and efficiency. Information about the test bench

arrangement and instrumentation is presented in Figure A.9 and Table A.2.
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Figure 7 — Tesla turbine test bench: (a) Foucault dynamometer; (b) Flow discharge and

measurement.

The adopted experimental approach to characterize the TT and answer the
research question of this paper was the Central Composite Design CCD, which is a
fractional factorial design used in the Response Surface Methodology RSM suitable to

identify nonlinear behavior [65—68]. The experiment was designed as a face-centered



design (orthogonal) with an a — value equal to 1, minimizing the number of levels,
leading to more accurate estimations at the center of the domain [68]. The independent
variables inlet air pressure, inlet air temperature and rotational speed were set for 3
levels, generating 20 combinations called experimental cells, described in Figure 8. The
confidence level of 95% and statistical power of 80% required the performing of two
experiment replicates. The inlet air pressure was controlled by the valve (PCV01), the
temperature by the Heater connected to a dedicated CLP, and the rotor speed with the

Electrodynamometer.
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Figure 8 — CCD experiment level combination for a single replicate and three-

dimensional domain of the independent variables.

For each experimental cell, the four dependent variables were calculated. Their
equations are presented as follows. The turbine mass flow rate my (kg/s) was obtained

from Eq. (3.1) [69]:

. (FC) CDVSngiVZ 2 APV Pv
my =
% g )

with Cpy the Venturi dimensionless discharge coefficient, 0.995, &, expansibility factor

(3.1)

defined in [69], d;y is the inner diameter of the Venturi Throat, m, Sy is the inlet-throat
inner diameter ratio of the Venturi, APy is the differential pressure from inlet-throat of
the Venturi, Pa, FC is the correction factor 1.0275, and py is the calculated air density.

The turbine torque T, (Nm) was calculated by Eq.(3.2):



Tturb = Frcdele, (3.2)

with F; the load cell force, N, and d,, the lever length (0.2 m £ 0.001 m).

The turbine output power W,,,,;, (W) was obtained from Eq. (3.3):

Wturb = Turpl2, (3.3)

with (2 the turbine angular velocity, rad/s
The Tesla turbine mechanical efficiency is 7, _wrp (dimensionless) was

calculated from Eq. (3.4):

Wturb
Nm - turb = mv(hm _ hOZS)’ (3'4)

with hy; the stagnation enthalpy at turbine inlet, ki/kg, e hg,, stagnation isentropic
enthalpy at the turbine outlet, kJ/kg.

Expanded uncertainties of dependent variables were expressed as

recommended by GUM [70], for a 95.45% confidence level (Table 2).

Table 2 — Summary of expanded uncertainty for the dependent and
independent variables (confidence level of 95.45%).

Dependent Expanded Unit Independent Expanded Unit
variable uncertainty variable uncertainty
Inlet Pres. +0.05 bar Tt +0.1 (Nm)
Rotational speed +4.7 rom Wturb +6.5 (W)
Inlet Temp +0.6 °C my +0.0005 (kg/s)
NMm - turb +0.4 (%)

The essays sequence was randomized with the aid of Minitab 18 and is presented
in Table A.3. Each experimental data cell was acquired 3 minutes after turbine
stabilization with an 0.1 s acquisition rate. Data were filtered for outliers [71] to generate
a database with the average value of independent and dependent variables.

The complete set of consolidated values is available in Table A.3. The last step
concerns the statistical analysis to identify the parameter influence and interactions; to
rank the independent variable importance and to build regression equations that define

the turbine dependent variable behaviors.



4 Test results and discussion

As part of the DoE analysis, the ANOVA (Analysis of Variance) was performed
with data from Table A.3 for each of the four dependent variables, resulting in the
determination of parameters such as the sum of squares, degree of freedom, mean sum
of squares, F-statistic, and p-values. With these values, it is possible to apply statistical
tests and determine and rank the significant(s) independent variable(s). Once the
ANOVA was performed, the normal probability plots were checked to verify the
assumption that the errors are normally distributed, with constant variance and
independence [67]. Figure 9 depicts the normal probability plots for each dependent

variable and shows that the normality assumption is checked for the measured data.
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Figure 9 — Normal probability plot: (a) my; (b) Teurs; (c) erb; and (d) 7m - turb-

The statistically significant effects and interactions for the independent variable
range allow for ranking the parameters by the most significant one to the least in the

studied range. These results are summarized in Table 3, which is elaborated by



observation of the Pareto chart for standardized effects and normal plot for

standardized effects, both obtained with Minitab 18.

Table 3- Summary of effects and interactions for 95% of confidence: (I = rising

effect; ' = lowering effect); the number indicates the standardized effects from

Pareto a with statistical significance limit = 2.03.

Indep. Inlet
Inlet pressure Rotational Speed Interactions
temperature
Dep.
my | —Linear (1;31,4) | —Linear (4;4,9) | —-rrmeeeeemms
T —Linear (1;518) | —Linear (J;77,9) | —Angular speed.*
bl _ Quad. ({4, 4,1) —Quad. ({;12)* | Press({;10,5)
W —Linear (1;43,9 | —Linear (J; 12,6) | —Angular speed*
turb —Quad. ({; 3,1) —Quad. ({; 32,1) Press (1; 11,5)
. —Linear (1;29,8)( —Linear (J/; 18,6) | —Angular speed*
m-turb | quad. ({; 7,25) —Quad. (4;44,9) | Press (1; 17,3)

The most recurrent effect was the pressure linear, which presented a pattern of
increment behavior in the dependent variables as the inlet pressure is increased. This
linear effect also is the most relevant for my and W, For the 1, _ qrp the quadratic
effects rotational speed is the most relevant, decreasing the efficiency value. It was
found that the pressure quadratic effect decreases the values of the dependent
variables, which may be related to the effects of turbine efficiency losses.

The rotational speed*pressure interaction increased the effects on W,,,;, and
Nm - turh, hOWever, for torque, it showed a behavior of decreasing the perceived effect.
The temperature effect is statistically relevant only for my, decreasing its value as the
inlet temperature increases.

In Figure 10 it is possible to graphically analyze the effects summarized in Table
3. The figures were obtained from the Minitab 18 software and only the main effects
and interactions that are statistically significant were plotted for each of the four

dependent variables.
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Figure 10 — Main effects and interaction plots with statistical significance limit = 2,03:

(a) main effects —my; (b) main effects — T,1; (C) interactions effects — Tp; (d) main



effects — W ,,p; (€) interactions — W,,,; (f) main effects — 9, _ s (g) interactions —

m - turb-

The turbine mass flow rate my increased 34% with 1 bar of inlet pressure
increase, on average, while increasing inlet temperature in 20 °C decreased 4% of its
value (Figure 10(a)). Average results for turbine torque T, indicated that 1 bar
increase in inlet pressure enhances 2.1 times its values, whereas the effects of a rise in
rotational speed decreased it 4 times (Figure 10(b)). The interaction effects of air
pressure and rotational speed (Figure 10(c)) on T;,,p indicated that the latter became
less important for higher angular velocity values.

Figure 10(d) shows that the turbine output power Wturb increased by the ratio
of 2 per bar, on average, with a 150 W overall increase. The effect of rotational speed is
mainly quadratic with the maximum value within the studied range and approximately
equal to 4.000 rpm. The interaction effect in Figure 10(e) is more evident due to the
crossing lines, which indicates that the effect caused by the pressure increase leads to
higher Wturb at higher rotations and drops the intensity for lower rotational speeds.

The turbine efficiency 1, _ 1 directly responded to the increase in the inlet air
pressure (Figure 10 (f)), with the ratio of 1.5/bar, adding almost 5 percentage points. A
maximum value for n,,, _ t-» Should be reached by expanding the inlet pressure beyond
3 barg. The interaction in Figure 10 (g) presented crossing lines pointing out that higher
values of ,,, _ q,rp Should be obtained with higher values of rotational speed.

Table 4 presents the surrogate model for the four dependent variables, whose
comparison with measured data is detailed in the APPENDIX (Table A.4). Also, in Table 4
the results of the coefficient of determination R? are presented. The R? is applied as the
prediction quality metric of the obtained surrogate models with CCD-FCC. The R? values
show a strong relationship between the effects observed in the dependent variables as
a function of the changes imposed on the values of the independent variables. The R?
for Ny, _ turp is 99.32%, which indicates that only a variation of 0.68% is not explained by

the change in the dependent variables of the surrogate model.



Table 4 — Surrogate model and quality metrics of the turbine dependent variables:

mass flow rate rhV, (kg/s), torque T4, (NM), output power Wturb, (W), and

mechanical efficiency 1, _ tup, dimensionless, (input data in barg, °C and rpm).

Equation Sm R? ng szd
my = 0.008175 + 0.006540 * Pressure 0.0005
4.1 96.65% | 96.37% | 95.65%
-0.000051 * Temperature (4.1) kg/s ° 0 °
Tiurp =— 1.5463 + 1.3808 * Pressure +
0.0001531 * Rotational speed — 0.1363 (Pressure)? 0.02
4.2 99.64% | 99.58% | 99.50%
- 0.0000000248 * (Rotational speed)? 42| \m 0 ? 0
- 0.00005438 * Pressure * Rotational speed
Py = —599.6 + 308.3 * Pressure + 0.15738  Rotati
- 46.5 (Pressure)? - 0.00002973 = (Rotational speed (4.3) | 9W | 99.19% | 99.04% | 98.83%
0.02696 * Pressure * Rotational speed
Nmec - turb = — 25.84 + 17.7 x Pressure +
; 2
0.006448 = Rotational Speed - 3.81 (PreSSUre) - (44) 0.30% | 99.32% | 99.19% | 99.01%

0.000001335 * (Rotational speed)? +
0.001433 * Pressure * Rotational speed

The dispersion between measured and predicted data is given by the surrogate

model standard deviation (S,,). which presented smaller values than the observed

average effects. showing that the perceived effects (Figure 10) are larger than the model

standard deviation. The surrogate model values for the statistical metric Stfj are similar

to their respective R? and above 90%. indicating that no additional predictor variables

are required. The comparison of the predicted coefficient of determination szd with the

respective R?> demonstrates that there is no excess of adjustment for any of the

surrogate models.

The map of the Tesla turbine performance is depicted in Figure 11 for a

confidence level of 95%.
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A quadratic behavior is observed for Ty Wiy and 0y — s @S a function of
the pair of independent inputs rotational speed and inlet pressure. The higher predicted
value for 1y, _ qurpWas 14.5% @ 3 bar-g and 4.020 rpm. which is close to the maximum
measured 1, _ qurp Of 14.2% +0.4% @ 3 bar-g e 4.000 rpm. The predicted value for
W,urp Was 384 W. and its maximum measured value was 394.0 W +6.5 W @ 3 bar-g
and 4.000 rpm. The mV presented a linear behavior. mostly due to the inlet pressure.

indicating the expected behavior of the convergent nozzle in a choked flow condition

[72-74).

5 Conclusions

The DoE approach allowed us to statistically assess experimental results and
define the sensitivity of the dependent variables regard to the air inlet pressure. air inlet
temperature e rotational speed. The independent variables inlet air pressure and rotor
rotational speed were identified as the most influent in respect to the Tesla turbine
performance. with the coefficient of determination R? equal or greater than 95% for
the surrogate models of mass flow rate my. torque Ty, Output power W,,,,. and
mechanical efficiency 0, _ turp-

For the increase of 1 bar in inlet pressure. W), enhanced almost 2 times and
the obtained behavior indicates that a further increase in this factor should lead to even
higher values for output power at higher values of rotational speed. For 1,, _ t,,rp the
change in inlet pressure led to an increase in almost 5 percentage points in its value.
however. it is possible to observe that a practical limit is close to being obtained if the
inlet pressure is further increased. This behavior could be related to a probable increase
in loss effects inside the turbine for higher inlet pressure. despite the rising trend in the
output power due to inlet pressure increase.

Results for my, indicate that the turbine presented a choked flow behavior due
to an under expanded condition at the nozzle. and the statistically significant factors are
inlet pressure and inlet temperature. It is interesting to point out that results for mV
present a linear relationship with inlet pressure (1:1). since the increase of 34% in inlet

pressure absolute value resulted in the same increase in my. Increasing the inlet



temperature in 20°C caused the mass flow rate to decrease 4%. For the designed
convergent nozzle configuration. further increase in temperature values should lead to
lower mv. and. probably. should generate a negative effect on power output and
mechanical efficiency.

The combination of 3 bar-g and 4.000 rpm. results in the higher predicted value
for N — turp @and W,,,p,. The turbine efficiency was equal to 14.5% and close to the
measured value of 14.2% + 0.4%. The predicted W,,,, was 384 W and the maximum

measured value was 394.0 W £ 6.5 W. The inlet temperature in the range of levels that
were studied did not have a statistically significant impact on mechanical efficiency.
The presented DoE approach granted the definition of practical limits for
mechanical efficiency in the TT prototype and the behavior of interaction among the
statistically significant factors. This allowed defining that the designed TT is limited to
efficiencies below 20% and further changes in the independent variable values should
not modify the maximum efficiency significantly. Thus. further work should pursuit the
improvement of mechanical efficiency by studying the nature of the losses. as also the

effects of changes in geometrical turbine characteristics.
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APPENDIX

Systematic literature review

Traditional Literature Reviews (TLR) basically summarize. critically analyze.
evaluate. and clarify ideas that have been presented by other researchers. a Systematic
Literature Review (SLR) develop: (i) an article search strategy in order to ensure that all
the relevant articles are included; (ii) a strict inclusion and exclusion criteria is
established; and (iii) a template for data entry. using a well- defined categories and
coding schemes with a view to produce an unbiased outcome. [75,76]. The SLR is a
structured form of conducting a literature review. aiming to reach comprehensive and
reliable results to answer a specific well-delineated research question. however. it is not
properly explored by many other disciplines. including engineering. even if it is a well-
known technique widely adopted in several different research areas such as medical and
human sciences [77]. A systematic review must present a clear and reproducible
methodology. always keeping the target of including all the relevant studies in the field
of interest. As stated by [78]. managing the bias risk is one of the most important
objectives of a SLR. Lately. engineering studies. some of them related to turbines and
pumps. have been adopting SLR to map the field of research. previous discoveries. and
to support their conclusions [79—81].Thus. aiming to better understand the landscape
and map the state-of-the-art of the Tesla turbine research field. a comprehensive
literature review was conducted in which some procedures and techniques from a SRL
were adopted. observing the recommendations from [82]. A systematic review protocol
was used to register all the steps of the review process. such as: (i) article selection

process; (ii) bibliometric and scientometric analysis; and (iii) content analysis.

Bibliometric analysis

Bibliometric analysis is a powerful tool to summarize large amounts of scientific
data ([83]). In this paper a bibliometric and a scientometric analysis were carried out to
identify the most prominent authors and research groups in the field. as well as the most
relevant works. the evolution in time of the used keywords and expressions. The entire

set of works resulted from the previous section (Error! Reference source not found.)



was analyzed in the VOSWiewer software [84]. and the following analyses were carried
out: i) keyword co-occurrence. ii) citation per document. iii) citation per author.

The authors believe that the spread of publications in this research field is
intimately related to two world trends: (i) the search for innovative. highly efficient
energy solutions in a sustainable world; (ii) the increase in the use of Computation Fluid
Dynamics (CFD) to analyze and solve problems that involve fluid flows. which is
corroborated by the analysis presented in the following sections.

Figure A.1 shows that the map of the most frequent words adopted among the
analyzed works. The two most frequent keywords turbines and tesla turbine were

removed for the sake of clarity. In addition. all the expressions containing the keyword

efficiency were merged to better represent its predominance compared to other
keywords.
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Figure A.1 — Map of keyword co-occurrence. The circle size represents the number of keyword
occurrences and colors are related to the time.

The terms “Efficiency” and “CFD” are both the most frequent keywords. The
presence of “Efficiency” indicates that it is the main turbine performance parameter and

a current point of interest in Tesla turbines studies. The expression “CFD” can be related



to the recent developments in CFD tools. allowing for more detailed and complex
analysis of fluid flow and energy transfer related phenomena. In third place is “Turbine
components”. which is associated with researchers approaches that discretize the
turbine in their components to identify separately its performances and efficiencies. The
map also indicates that most recent studies deal with Organic Rankine Cycle (ORC).
which corroborates with the Tesla turbine relation with recent energy generation and
recovery studies. Finally. it is worth noticing that the time range in the map legend is
relatively short (2012-2018). since the large part (78 of 86) of the studies were published
after year 2000.

The author citation map is presented in Figure A.2. The most cited paper is the
one from [3]. which is a high-quality experimental and analytical work that served as

reference for several subsequent publications. The paper received 72 citations.
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Figure A.2 — Map of citation per document. Circle size and colors represent the number
of occurrences.

The second most cited paper (61 citations). is another experimental work of [62]
followed by the analytical exploration of the tesla turbine presented by [59] with 48
citations. The most prominent authors in the field are shown in Figure A.3. Professor

Abhijit Guha from the Indian Institute of Technology Kharagpur is the most cited author



having been cited 240 times for his works in Tesla turbines. Sayantan Sengupta is the

second most cited author (140 citations). followed by Carey V.P. with 98 citations.
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Figure A.3 — Map of citation per author. Circle size means the number of published works.

An interesting finding refers to the international collaboration network on Tesla
turbine publications. Figure A.4. As observed in. there are several isolated research
groups around the globe. However. despite their internal connections of co-authorship.
there is not a wide co-authorship collaboration between the research groups. and
consequently. between different countries. This tendency resulted in several groups
working independently. which may have influenced the developments on Tesla turbine

research.
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Figure A.4 — Map of co-authorship and respective country. Colors relate to the average
publication year. and circle sizes indicate the number of published works of each author.

Additional information of the content analysis
Tesla Turbine applications
The Tesla turbine potential uses were identified in a timeline. Figure A.5.

together with the total number of occurrences that an application was recommended.
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Figure A.5 — Timeline for reported TT applications. The circle diameter indicates the

number of reported applications by year.



From Figure A.5. it can be observed that the most relevant application is to use
Tesla as a small-scale turbine. This is corroborated by the findings exposed in Figure 3.
that presents the larger part of the research with output power lower than 20 kW. The
small-scale turbine category is closely related to other listed ones as energy harvesting.
waste heat recovery (WHR)/ bottom cycle. and Organic Rankine Cycle (ORC). which can
be seen as more specific applications for Tesla turbine. For the ORC applications.
recently interesting works were published in which Tesla turbine was analyzed as
expanders in ORC [2,7,8,43,44,85]. The second most reported application is the use of
Tesla turbines as a low-cost/maintenance turbine. Nevertheless. we didn't find studies
comparing the Tesla turbine to other small-scale expanders. The third most suggested
application is the use of unconventional working fluids. which is assessed through
identifying the reported working fluids in Tesla turbine research. Figure A.6 . Other
applications were also found. but they were suppressed from Figure A.6 due to their

lower occurrence.
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Figure A.6 — Working fluids utilized in Tesla turbines.

Figure A.6. shows that the largest part of the studies (56%) utilized air as working
fluid. due to its easy availability. managing. and conditioning. Water and
hydrocarbons/refrigerants are the second and third most used work fluids. respectively.
This last one presented an increase due to recent developments in ORC studies. An
interesting application for the Tesla turbine was reported in [33,86]. in which it served

as an energy recovery device. installed in bloodstreams to power up equipment like a



pacemaker. It was also found studies that analyzed Tesla turbines running with steam

and flash steam. however. none of them presented experimental approaches.
Tesla Turbine output power and efficiency time-based evolution

Figure A.7 presents a timeline for reporting efficiency in research articles. It
makes a distinction between experimental and not experimental approaches (hatched
areas). and the y-axis presents the number of published works considering the ranges of
output power and efficiency. From the timeline presented in Figure A.7. it is possible to
see that for most of the recent works (2002 to 2020) the number of experimental
approaches is 44%. Finally. taking into account the whole timeframe (1965 to 2020) is

possible to conclude that no clear evolution in efficiency values is observed.
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Figure A.7 — Timeline of reported efficiency.



Figure A.8 presents a timeline for reported output power. It indicates that recent
reports of non-experimental output power (from 2002) have been largely focused on
small-scale developments. lower than 1 kW. It is worth noticing that reports on sub-watt
scale Tesla turbine began in 2016. along with energy harvesting topics. Reported output
power for experimental works. shows a decreasing behavior. from the medium power
range (1 kW to 20 kW) reaching the lower ones (<1 kW). This trend can be interpreted
as an attempt to size down Tesla turbines to obtain higher efficiencies. which is the same

trend observed for the non-experimental output power.
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Figure A.8 — Timeline of reported output power.

Critical review

The SLR results pointed out Tesla turbine characteristics such as key parameters

classification (independent variables). performance map (reported efficiency and power



output). and its most common applications. The analysis of independent variables shows
that more than 16 different types of modifiable parameters in the TT field. For these
variables. no quantitative or qualitative ranking considering the effects of changes in
independent variables. like those obtained during the DoE analysis. was found. Also.
different trends were observed on the effects in output power and efficiency for some
independent variables.

Reported efficiency values in nonexperimental studies ranged from 40% to 60%.
on average. The average efficiency reported by experimental studies was just above
20%. which points out the lack of consensus regarding the TT maximum efficiency.
Probably. higher efficiency could be found for generated power <1 kW and forward into
sub-Watt scale. However. is still to be proven if its performance can be competitive
concerning other turbine technologies.

The analysis of TT applications shows that this equipment is mainly reported as
a small-scale turbine and its other described strong points are yet to be validated.
Among Tesla turbine reported experimental approaches. only three used “non-
conventional” fluids. which demonstrate that this TT characteristic is still to be proved.
In addition. as far as the authors are aware. no published work suggests that Tesla
turbines are a low-cost and/or low-maintenance alternative.

These findings indicate that experiments which present a ranking of independent
parameters cause-effect magnitude and statistical ground are fundamental to further
development in this research field. An extra benefit of the Dok methodology application
is a higher standardization in the analysis since it was shown that in many studies the
determination of TT efficiency does not present technical rigor.

It is interesting to highlight that Tesla turbines are expected to present higher
output power values for higher rotational speeds. However. this behavior is obtained
considering an increase in the available turbine inlet energy or a decrease in rotor outer
diameter. which leads to lower turbine efficiencies. Therefore. this characteristic
combined with the findings presented in Figure 3 and Figure A.5. reinforces that the
spectrum of application for Tesla turbine is restricted to small scale turbines (output

power <1 kW). and to the subWatt scale.



Table A.1 — Considered works in SLR.

Type of study Efficiency range
Work| Pub. year Review | Experimental | CFD | Analytical | <20 i% :% 68% f(())o re;:)or:e d
[87] 1970 X X
[88] 2017 X
[89] 2019 X X
(4] 1966 X
[48] 2012 X X X
[90] 1971 X X
[91] 1968 X
[60] 2009 X
[92] 2010 X
[59] 2010 X
[93] 2019 X
[94] 2011 X X X
[95] 2012 X X X X
[96] 2019 X X X
[97] 2019 X X
[98] 2009 X X
[50] 2008 X
[51] 2013 X X X
[99] 2019 X X
[100] 2019 X
[101] 1976 X
[102] 2010 X
[103] 2013 X X X
[104] 2014 X
[25] 2014 X X
[58] 2017 X X
[52] 2016 X
[62] 2009 X
[27] 2019 X X
[105] 2014 X X X
[54] 2019 X X
[106] 2013 X X
[107] 2013 X X
[28] 2019 X
[29] 2011 X X
[12] 2013 X X
[45] 2009 X X X
[46] 2011 X
[30] 2008 X




Table A.1(cont.) — Considered works in SLR.

Type of study Efficiency range
Work | Pub. year Review | Experimental | CFD | Analytical | <20 i% ‘;% 68%- 1830 re;:\lo(::e d
[31] 2003 X X X
[32] 2017 X
[108] 2017 X X X X
[57] 2016 X X
[109] 2017 X
[7] 2018 X
[110] 2015 X
[111] 2019 X X X
[53] 2002 X
[112] 1974 X X
[113] 2015 X X
[33] 2014 X X X
[63] 2016 X
[34] 2018 X
[35] 2018 X
[56] 2019 X
[114] 2009 X X X
[3]. 1965 X X X
[49] 2010 X X X
[115] 2011 X
[11] 2012 X X X X
[36] 2018 X X X
[37] 2018 X X X
[38] 2019 X X X X
[47] 2019 X X
[39] 2014 X X X
[40] 2017 X X
[116] 2019 X X X X
[23] 2012 X
[117] 2013 X X
[118] 2016 X X
[21] 2017 X
[119] 2017 X X
[41] 2013 X X
[120] 2020 X
[121] 2014 X
[122] 2017 X
[8] 2017 X
[85] 2018 X
[123] 2018 X X
[44] 2020 X X




Table A.1(cont.) — Considered works in SLR.

Type of study Efficiency range

Work | Pub. year ] . . 20- | 40- | 60- | 80- Not
Review | Experimental | CFD | Analytical | <20 40 | 60 | 80 | 100 | reported

[61] | 2019 X

[124] | 2018 X X X
[5] 1976 X

[125] | 2008 X X
[10] | 2014 X X X

[22] 2019 X




Test rig information

Table A.2 — Test rig components.

Sensor
TAG Description Model Range Sensitivity datasheet
uncertainty
Compressor BRAVO CSL
P 60BR/350
PIO1 Pressure indicator - 0-17 bar 0.1 bar -
VEO1 Valve - - - -
PCVOL Pressure control Norgren R17 0.3-8.5 i )
valve bar
Tior | Temperature . 0-200 °C 5°C -
indicator
Electric
- Heater . - -
resistance
Temperature PT-100 - N o o
- +
TT01 transmitter - CLP NOVUS 0-300 °C 380 mQ/°C +0.55°C
VEQ2 Valve - - - -
VEO3 Valve - - - -
prog | ressuretransmitter | ps 108 | 0-10bar | 46mV/kPa | +0.05 bar
(gauge) — Inlet
Temperature Thermocouple | -200to . .
+
1102 transmitter — Inlet K 1250 °C ALuv/eC +0.5°C
Pressure transmitter -0.5 bar-
PT02 . PSE550-X505 |gto+0.5 46 mV/kPa +0.005 bar
(gauge) — Housing
bar-g
Temperature Thermocouple | -200to . .
+
17103 transmitter - Housing K 1250 °C ALuv/ec £05°C
Lco1 Load cell B°""’|'35' g " lo-1ikg | 1mvv +0.005 [kg]
SS01 Speed sensor BR200ODDTN - - -
Pressure transmitter -0.5 bar-
PTO3 PSE550-X505 |[gto+0.5 46 mV/kPa +0.005 bar
(gauge) — Outlet
bar-g
Temperature Thermocouple . .
+
104 transmitter — Outlet K Arpv/ee +0.5°C
- Venturi - - -
Differential pressure -2to2
+
DPTOL| o ar—venturi | MPXV7002 P 1V/kPa +50 Pa
Temperature
TTO5 transmitter - - - 41 pv/°C +0.5°C
Environment
Heater CLP NOVUS 1000 - - -

Auto transformer

Varivolt 1.6 kVA
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Figure A.9 — Test rig systematic drawing.




Database

Table A.3 — Mean values for independent and dependent variables for CCD — database.

Essay Rotational Trrs Wturb Inlet Housing Outlet Environment | Inlet pres. Housing Outlet my T - turb
order speed [Nm] [W] temp. temp. temp. temp. [C] [bar-g] pres. pres. [ke/s] %]
[rpm] [c] [C] [cl [bar-g] [bar-g]
1 4008 0.93 390 39.0 28.2 23.9 22.6 2.99 -0.093 -0.118 0.0254 14.0
2 4005 0.71 298 304 223 233 22.6 2.49 -0.101 -0.121 0.0226 13.3
3 4011 0.70 294 50.2 36.5 29.7 22.6 2.49 -0.106 -0.123 0.0216 12.9
4 4013 0.73 307 39.3 28.7 23.5 224 2.49 -0.098 -0.118 0.0220 13.7
5 4009 0.45 189 40.8 33.4 29.3 22.8 2.00 -0.112 -0.127 0.0187 10.8
6 4011 0.72 302 39.7 30.9 30.8 22.7 2.50 -0.106 -0.124 0.0222 13.3
7 3999 0.71 297 40.1 29.5 28.5 22.6 2.49 -0.109 -0.127 0.0220 13.2
8 6024 0.05 32 30.8 29.1 27.2 22.6 2.00 -0.084 -0.129 0.0193 1.9
9 2018 0.68 144 50.2 35.9 30.0 21.9 1.99 0.005 -0.001 0.0182 8.2
10 6001 0.40 251 29.6 223 22.7 223 3.01 -0.090 -0.139 0.0265 9.3
11 4007 0.75 315 40.3 26.9 22.7 21.3 2.49 -0.121 -0.139 0.0220 13.8
12 2013 1.01 213 40.1 29.7 24.8 21.4 2.49 -0.143 -0.139 0.0222 9.3
13 4007 0.75 315 40.3 26.9 22.7 21.3 2.49 -0.121 -0.139 0.0220 13.8
14 5995 0.05 31 50.2 36.7 28.5 22.1 2.00 -0.090 -0.132 0.0183 1.7
15 5998 0.24 151 39.9 36.7 34.0 22.5 2.49 -0.075 -0.125 0.0218 6.7
16 1996 0.63 132 30.1 26.0 26.7 22.0 1.99 -0.131 -0.126 0.0195 7.5
17 5982 0.42 263 50.2 37.7 28.2 22.2 2.99 -0.071 -0.126 0.0248 9.3
18 2022 1.23 260 30.0 23.8 245 22.2 3.00 -0.128 -0.128 0.0261 9.3
19 4016 0.75 315 39.4 33.8 30.5 22.4 2.49 -0.109 -0.128 0.0222 13.9
20 2012 1.24 261 50.6 38.1 30.1 22.0 2.99 -0.129 -0.129 0.0251 9.1



Table A.3 (cont.) — Mean values for independent and dependent variables for CCD — database.

Essay Rotational Trurh Wturb Inlet Housing Outlet Environment | Inlet pres. Housing Outlet mv Mo turd
order speed [Nm] (W] temp. temp. temp. temp. [C] [bar-g] pres. pres. [ke/s] %]
[rpm] [c] [cl [c] [bar-g] [bar-g]
21 4000 0.94 394 40.2 29.7 29.6 22.9 2.99 -0.105 -0.129 0.0250 14.2
22 4019 0.69 290 29.9 24.6 25.5 22.7 2.50 -0.109 -0.130 0.0226 12.9
23 4010 0.73 307 50.3 36.6 29.2 22.3 2.50 -0.112 -0.131 0.0218 13.2
24 3991 0.72 301 39.9 34.4 31.2 22.9 2.49 -0.112 -0.131 0.0222 13.2
25 4001 0.43 180 39.6 29.5 29.5 22.8 1.99 -0.117 -0.131 0.0192 10.0
26 3985 0.69 288 40.2 29.1 27.8 22.7 2.49 -0.113 -0.131 0.0223 12.5
27 4009 0.73 306 40.4 27.9 25.9 23.0 2.49 -0.110 -0.131 0.0233 12.8
28 6027 0.05 32 30.3 27.1 24.4 25.2 2.00 -0.095 -0.141 0.0208 1.6
29 2001 0.68 142 50.5 34.8 29.1 25.3 2.00 -0.182 -0.175 0.0196 7.2
30 5996 0.43 270 30.1 25.3 29.3 25.1 2.99 -0.047 -0.107 0.0267 9.6
31 3993 0.76 318 40.9 28.0 24.9 24.6 2.49 0.033 -0.005 0.0234 13.4
32 1995 1.00 209 39.9 32.7 29.1 24.8 2.49 0.003 -0.008 0.0226 9.0
33 3996 0.74 310 41.0 29.7 26.6 25.0 2.49 0.032 -0.006 0.0227 13.2
34 6025 0.06 38 49.9 38.1 30.3 24.0 2.00 0.051 -0.012 0.0193 2.0
35 6012 0.24 151 39.3 374 33.0 24.0 2.49 0.052 -0.018 0.0229 6.5
36 1999 0.64 134 29.6 26.9 28.0 24.0 2.00 -0.126 -0.122 0.0207 7.2
37 5985 0.44 276 49.4 36.5 25.3 23.7 3.01 -0.068 -0.124 0.0269 9.0
38 2001 1.25 262 29.6 24.6 25.8 23.9 2.99 -0.120 -0.121 0.0268 9.2
39 4014 0.76 319 40.0 27.0 22.2 23.6 2.51 -0.103 -0.123 0.0230 13.6
40 2006 1.26 265 49.7 34.5 29.1 23.8 2.99 -0.127 -0.127 0.0260 9.5



Table A.4 — Essays by order: measured value vs predicted value.

Essay

Measured value

Predicted value

Order my T rurp [W] W turb my Trurp (W] W turb
[kg/s] | [Nm] [%] [kg/s] | [Nm] [%]
1 0.0254 0.93 390 14 0.0257 0.93 383 14.6
2 0.0226 0.71 298 13.3 0.0229 0.72 302 13.3
3 0.0216 0.7 294 12.9 0.0219 0.72 302 13.3
4 0.022 0.73 307 13.7 0.0225 0.72 302 13.3
5 0.0187 0.45 189 10.8 0.0192 0.45 200 10.2
6 0.0222 0.72 302 13.3 0.0225 0.72 304 13.3
7 0.022 0.71 297 13.2 0.0224 0.72 302 13.3
8 0.0193 0.05 32 1.9 0.0197 0.04 25 2
9 0.0182 0.68 144 8.2 0.0186 0.65 135 7.6
10 0.0265 0.4 251 9.3 0.0264 0.42 268 9.4
11 0.022 0.75 315 13.8 0.0224 0.72 302 13.3
12 0.0222 1.01 213 9.3 0.0224 0.98 211 9.4
13 0.022 0.75 315 13.8 0.0224 0.72 302 13.3
14 0.0183 0.05 31 1.7 0.0187 0.04 29 2.1
15 0.0218 0.24 151 6.7 0.0224 0.26 157 6.6
16 0.0195 0.63 132 7.5 0.0197 0.65 133 7.5
17 0.0248 0.42 263 9.3 0.0252 0.42 266 9.4
18 0.0261 1.23 260 9.3 0.0263 1.25 267 9.2
19 0.0222 0.75 315 13.9 0.0225 0.72 302 13.3
20 0.0251 1.24 261 9.1 0.0251 1.24 265 9.2
21 0.025 0.94 394 14.2 0.0257 0.93 383 14.6
22 0.0226 0.69 290 12.9 0.023 0.72 304 13.3
23 0.0218 0.73 307 13.2 0.022 0.72 304 13.3
24 0.0222 0.72 301 13.2 0.0224 0.72 302 13.3
25 0.0192 0.43 180 10 0.0192 0.44 198 10.1
26 0.0223 0.69 288 12.5 0.0224 0.72 302 13.3
27 0.0233 0.73 306 12.8 0.0224 0.72 302 13.3
28 0.0208 0.05 32 1.6 0.0197 0.04 25 1.9
29 0.0196 0.68 142 7.2 0.0187 0.66 135 7.6
30 0.0267 0.43 270 9.6 0.0262 0.42 265 9.3
31 0.0234 0.76 318 13.4 0.0224 0.72 302 13.3
32 0.0226 1 209 9 0.0224 0.98 209 9.3
33 0.0227 0.74 310 13.2 0.0224 0.72 302 13.3
34 0.0193 0.06 38 2 0.0187 0.04 25 1.9
35 0.0229 0.24 151 6.5 0.0225 0.26 155 6.5
36 0.0207 0.64 134 7.2 0.0197 0.66 135 7.6
37 0.0269 0.44 276 9 0.0253 0.42 270 9.5
38 0.0268 1.25 262 9.2 0.0262 1.25 264 9.1
39 0.023 0.76 319 13.6 0.0226 0.73 306 13.4
40 0.026 1.26 265 9.5 0.0252 1.24 264 9.2



