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ABSTRACT Diff. Diffuser [-]

In recent years, the demand for lightweight, compact, cost- Ex Ekman number [-]
effective, and low-noise-emission machines has increased Eff. Efficiency [-]
significantly. Tesla or bladeless machines can meet the current h Half disk gap [mm)]
market's demands, especially at a small scale. This article k Specific heat ratio [-]
examines Tesla compressor performance numerically, which is 1 Width of disk pack [mm]
influenced by a number of factors related to rotor and stator m Mass flow rate [g/s]
design. This study examines multiple aspects of Tesla's M Rotor model
compressor in order to improve its overall performance, n Number of disk gaps [-]
including the rotor, stator impact, and statorless or volute N Rotational speed [krpm]
casing. An innovative bladeless rotor has been independently P Pressure [Pa]
studied and optimized based on the Ekman number and diameter r Radius [mm)]
ratio. The disk gap and radius ratio are crucial to the R. Reynolds number [-]
performance of bladeless rotors. The rotor-only analysis RT Rotor [-]
determined an isentropic efficiency of 95%, which is in line with t Disk thickness [mm]
expectations. T Temperature [K]

An optimized rotor is initially simulated with a stator (vane v Velocity [m/s]
diffuser) and subsequently with a volute casing. In the diffuser V: Radial velocity [m/s]
case, it has been numerically demonstrated that bladeless Vi Tangential velocity [m/s]

compressors can achieve an overall efficiency up to 53%. It
should be noted, however, that compressor performance depends
on the number of diffuser vanes and the stator-rotor interaction.
With an increase in diffuser vanes, overall performance may be
affected by a significant increase in frictional losses and stator-
rotor interaction. In order to improve performance, the volute
casing is examined, which reveals that efficiency is improved by
3%-5% as compared to the best-vaned diffuser case. Even if the
final choice of the designer will depend on the performance
requirements and level of complexity acceptable for the specific
application, this study demonstrates that Tesla compressor with
volute, i.e. statorless, overperform any vaned diffuser
configuration both in terms of efficiency and pressure ratio.

Keywords: Tesla turbomachinery, Bladeless compressor, CFD.

NOMENCLATURE
(O Isobaric specific heat [kJ/(kg K)]
DR Diameter ratio [-]

VT Volute Model [-]
Greek Symbol

a Flow angle [°]

B Pressure ratio [-]

) Boundary layer thickness [mm]

€ diffuser exit/inlet ratio [-]

P Fluid density [Kg/m®]

n Efficiency [-]

T Torque [Nm]

v Kinematic viscosity [m?/s]

® Angular velocity [rad/s]
Subscripts

i Inlet

0 Outlet

t, t-t Total, total to total

st, t-st Static, total to static
Acronyms

CFD Computational Fluid Dynamics
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1. INTRODUCTION

The need for compact, lightweight, efficient, low-noise and
low-cost solutions proliferates worldwide in numerous
industries, including the automotive sector, light aircraft, small-
scale energy harvesting, and decentralized or centralized power
generation [1][2][3][4][5].- A promising solution to meet such
requirements at the micro-scale is represented by bladeless
turbomachinery, which was introduced for the first time by
Nikola Tesla (1856-1943) in 1913 [6][7]. There are many
advantages of bladeless or Tesla devices, including its
reversibility of operation, multiphase flow, ease of construction,
low noise [8], and low cost [9][10][11][12]. Tesla-type devices
consist of parallel thin flat disks that are mounted on the shaft
with a specified spacer in between each disk. An illustration of
the configuration of a Tesla compressor can be found in Figure
1. Through the rotation of the rotor, mechanical power is
provided to the fluid, which enters axially into the hole in the
rotor disk, flows through narrow radial channels traversing the
disk in an outward spiral pattern due to adhesion to the surface
and viscous drag between corotating disks, and exits from the
disk tangentially. In response to the shear force imparted by the
rotating disk, the dynamic pressure of the fluid at the disk outlet
increases. In contrast to bladeless turbomachinery, conventional
turbomachinery dominates the global market, but it has several
disadvantages at the microscale, such as tight clearances, high
frictional losses in rotors, scaling down the size efficiency drops
[9][13], boundary layer loss [14], viscous effects, and high
manufacturing costs associated with microblade impellers. Tesla
turbomachinery may represent a viable alternative, despite being
hindered by low efficiency and lack of research.

Fluid Exit

Disk pack

FIGURE 1: TESLA COMPRESSOR: PRINCIPLE OF OPERATION

This study aims to determine the optimal geometry of the
bladeless compressor and to quantify its performance and
efficiency numerically. Based on these numerical results, a Tesla
compressor prototype is being developed for validation at the
TPG lab, University of Genova (Italy). Tesla or bladeless
expander prototypes developed at TPG lab have demonstrated
the highest efficiency of 36.5% experimentally [15] with two

nozzle configurations at 10000 rpm, and numerically 58% with
8 nozzle configurations at 40000 rpm [16]. Such expander
prototype was also tested in reverse mode, i.e. compressor mode.
A numerical study in compressor mode has achieved 43%
isentropic efficiency without any modifications to the expander
prototype model: such numerical results were also compared to
the experimental measurements, affected by high leakage and
ventilation losses [1]. As part of an effort to increase Tesla
compressor performance and efficiency, rotor geometries have
been independently studied based on the rotor disk gap and stator
(diffuser) configurations [10].

The purpose of this paper is to investigate the performance of
the innovative Tesla or bladeless compressor by numerically
analyzing several aspects.

e An independent rotor analysis is carried out based on the
diameter ratio as well as an optimal Ekman number and
Reynolds number.

e In terms of rotor performance, the inlet and outlet flow
angles of each rotor are analyzed.

o A diffuser configuration proposed by Tiwari [10] has been
studied with the optimized rotor.

o A statorless (volute casing) Tesla compressor is studied with
an optimized rotor, and comparisons are made with a stator-
driven compressor.

e A sensitivity analysis of the number of stators (diffuser
vane) is conducted to determine how overall performance is
affected.

2. STATE-OF-THE-ART

There is a limited amount of literature available regarding
Tesla or bladeless compressors and pumps. Among the most
famous names in bladeless turbomachinery, Waren Rice was
inspired by Nikola Tesla's invention. Rice [9] formulated
analytical equations to describe the bladeless compressor/pumps
through a first approximation technique and subsequently
provided the solution through numerical computation. The
efficiency of Tesla rotors was examined by varying the friction
coefficient from 0.01 to 0.06 and the ratio of the outer radius to
the gap. Under low mass flow rates, he obtained the highest rotor
efficiency >90%. Rice designed a bladeless rotor for the Tesla
compressor with 77 numbers of disks that used an outer radius
of 75 mm, a thickness of 0.5 mm, and a gap of 0.5 mm.
Experimental results showed that he was able to achieve a
bladeless compressor efficiency of 23% at 20000 rpm and a mass
flow rate of 101 g/s. Rice [13] recommended disk gaps should
be twice the boundary layer thickness, still retaining laminar
flow between co-rotating disks with Reynolds number in the 5 to
6 range. Crawford and Rice [17] analyzed the design of the rotor:
multiple disks were the principal design problem for pumps to
ensure effective diffusion of the flow as it exits the rotor. The
small flow exit angle represents the main problem since it tends
to hinder the following pressure recovery (low efficiency of the
diffuser). In order to improve the performance of shear force
pumps, Wang [ 18] characterized the loss of pumps with different
geometry configurations at various speeds. With air as the
working fluid, he predicted efficiency of 82% of the rotor, while
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the maximum overall efficiency was predicted equal to 35%.
Major losses occur immediately following the tip of the rotor in
the cavity and the interaction between the rotor and the stator.
The Tesla turbomachinery has the advantage of being able to
operate in reversible mode with minor modifications [9][16][18].
It is important to note that Tiwari [1] has numerically studied a 3
kW air Tesla prototype expander in reverse operation at different
rotational speeds and he has achieved a maximum efficiency of
43% at 30000 rpm and a mass flow rate of 20 g/s (numerical).
The CFD analysis revealed recirculation in the diffuser that
resulted in significant pressure loss. As a matter of fact, the
diffuser (compressor mode) was originally designed for the
expander prototype (as a nozzle) with a divergent angle of 18.2°,
which is quite aggressive for compressor mode. After comparing
the numerical results with the experimental results, he found that
the efficiency had been greatly reduced due to leakage. Due to
the large clearance between the extreme disk and the housing,
leakage was possible. However, Tiwari [1] was able to
demonstrate good agreement between experimental and
numerical results at very low flow regimes, with coherence in
terms of maximum achievable pressures. It was noted that
performance can be improved acting on several factors:

e Rotor design, disk gaps were 0.1mm, and Ekman and
Reynolds's numbers were 0.8 and 2.3, respectively,
which are sub-optimal values.

e (Clearances between the rotor and the stator, which
could be reduced.

e  C(Clearance between the end disk and the housing, where
a sealing system could be installed.

o Diffuser vanes, present high recirculation leading to
losses, suggesting that an improved geometrical design
would be needed.

The bladeless turbocharger patent was filed by Palumbo [19] in
2002. This patent implements a labyrinth seal to prevent air from
escaping.

A study of shear force on disks pumps was conducted
analytically by Hasinger [20] formulating equations (Egs.l)
governing their performance.

E.=h/§ = hJo/v (1)

Hasinger's research focused on the Tesla rotor at different radius
ratios (2-5), as well as the gap between disks. Interestingly, they
observed a higher efficiency at a higher radius ratio at extremely
low mass flow rates. A similarity parameter or Ekman number
was used to evaluate the disk gap; however, the pump was
designed with a radius ratio of 4 and achieved a rotor-only
efficiency of 55% under experimental conditions with water as
the working fluid. According to Wang [18] and Boyd and Rice
[21], the flow field consists of two distinct regions, namely the
entrance and the asymptotic/Ekman region. A flow velocity
profile is not fully developed in the first case, while a boundary
layer is fully developed in the second case.

The Reynolds number can be calculated in several ways, but
the most popular method is Eqgs. 2 and 3 used in Tesla
turbomachinery.

(2h)?
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As a result of his numerical study of the Tesla rotor, Tiwari [10]
optimized the disk gap based on Ekman number (Eq. 1) and
Reynolds number (Eq. 2 and 3). The results indicated that the
disk gap should be at least three times the thickness of the
boundary layer, where Reynolds number based on Eq. 2 is 10 or
11 and Ekman number is 1.5-1.6. Tiwari [10] achieved the
highest rotor efficiency of 82% at a low mass flow rate with an
Ekman number of 1.6. In order to eliminate the diffuser
recirculation issue encountered in previous studies [1], several
vane geometries were investigated. A maximum total to static
efficiency of 52%-53% was obtained numerically with diffuser
geometrical inlet and outlet ratios of 3 in the absence of
recirculation.

Wang et al. [18] conducted a numerical study involving
stationary components and rotors in an effort to determine the
loss mechanisms of shear stress pumps, which were primarily
focused on the outlet area of the pump. At the rotor exit, highly
swirled flow was observed, resulting in a high total pressure loss
in the static diffuser. However, when the flow coefficient of the
rotor is low and the dynamic pressure is high, the efficiency of
the rotor is higher. So, a compromise between rotor efficiency
and diffuser efficiency needs to be found. Wang [18] analyzed
the performance drop after the outlet of the rotor numerically and
experimentally. This drop was caused by strong recirculation of
air in the diffuser and scroll volute, which caused reverse flow
enters the rotor, causing friction loss and reducing overall
performance. A Tesla compressor with a volute configuration
was also investigated by Rice [9], but his studies were primarily
focused on the rotor model. There was no detailed discussion of
the volute configuration.

3. NUMERICAL ANALYSIS OF TESLA COMPRESSOR

This section is concerned with the numerical analysis of the
bladeless compressor in 3D CFD that captures the most relevant
flow phenomena occurring inside a Tesla (bladeless) compressor.
The bladeless rotor is 3D numerically optimized first, then
diffuser and volute with rotor configurations are 3D simulated,
in order to retain sufficient accuracy with reduced computational
efforts

3.1.Tesla compressor geometry and boundary
conditions
In this section, Tesla compressor geometry and boundary
conditions are discussed: first rotor-only configuration, second
coupled rotor and stator configuration (diffuser), and third
coupled rotor and volute configuration.
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3.1.1  Rotor only

Since pressure is highly dependent on the radius ratio, the four
rotor models in Table 1 are chosen to analyze rotor performance.
Total pressure can be evaluated using Eq. (4) based on the fluid
type, while maximum pressure can be calculated with Eq.

($)[22].

1 2( [ i)z 1
Pt = Pmax +5p0° = 50 4 Cp(0n,)? (4
_ 7o (p2m(2R)rdr)(w?r)

The selected designs encompass different outer diameter to
inner diameter ratios (DR): the diameter ratio is 2 for M0, 2.5 for
M1 and M2, and 3 for M3. Diameter ratios of 2.5 are considered
twice with changes to the absolute diameter values (M1 and M2).
In this analysis, the numerical study is carried out within a single
disk gap while the width of the disk pack can be calculated by

Eq. (6).
l=t(n+1)+n=2h (6)

For the rotor-only analysis, boundary conditions are shown in
Fig. 2 (a). The full gap (2h) is chosen with a 1/8" (45°) tangential
portion considered for rotor-only analysis to reduce the
computational cost [1][10][16]. In order to minimize any three-
dimensional effects (in the mean), a periodic boundary condition
is used in the spanwise direction. For the boundary condition y
= Ly/2, no-slip boundary conditions are applied.

TABLE 1: DESIGN PARAMETERS OF TESLA COMPRESSOR

Tesla Compressor

Parameters Model Model Model Model
(M0O) (M1) (M2) (M3)

Disk outer diameter, mm 120 120 150 120

Disk inner diameter, mm 60 48 60 40

Diameter ratio 2 2.5 25 3

Disk thickness, mm 0.1

Disks gap, mm 0.2

Re,(0(2h)?/ v) 10

Ex number, (h\(o/v)) 1.6

No of diff.1 vanes 8

Diff.1 angle, ° 3.5

Diff.1 throat, mm 1.1

Diff. 1 exit, (length), mm 3.3 (45)

VTM1 duct outlet, mm - 14.5 - -

VTM1 diff . exit, mm - 215 - -

VTM1, outer dia., mm - 150 - -

Rotational speed N, krpm 40

3.1.2  Diffuser configuration

As shown in Fig. 2 (b), a single fluid domain is considered
with rotor and diffuser configuration. As a result, consider half
of the disk gap () and half of the disk thickness (#/2) with 1/8t

tangential portion (45°) in order to minimize computation costs.
On one side of the fluid domain (center of gap and diffuser), the
symmetry 2 boundary condition is applied, while on the other
side, the symmetry 1 (diffuser) boundary condition is applied.
Figure 2(b) shows a rotating wall indicated by red color. There
has been a tradition of evaluating diffuser performance based on
a quasi-one-dimensional theory of nozzles [23]. A performance
map for a linear nozzle with a rectangular cross-section is shown
in Fig. 2 (c), which is taken from Ikui (1988) and highlighted by
Obayashi [23]. In the present study, however, the diffuser
geometrical outlet (he) is 3.3 while the inlet throat (h;) is 1.1, as
shown in Table 1 which is fixed at 3.5° angle: in fact, despite
nearly tangent diffusers would be theoretically desirable for
Tesla compressors, manufacturing constraints require a
minimum angle to be respected [13]. The diffuser is designed
with a high-pressure recovery coefficient as indicated in Fig. 2
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FIGURE 2: TESLA  COMPRESSOR  GEOMETRY AND

BOUNDARY CONDITIONS FOR CFD MODELLING — (a) ROTOR
ONLY (b) DIFFUSER CONFIGURATION AND (c) LINEAR
NOZZLE PERFORMANCE MAP WITH A RECTANGULAR
CROSS-SECTION (IKUI, 1988).

3.1.3  Statorless (Volute) configuration

Volutes perform two key functions: collection and diffusion. A
compressor volute shape can have a significant impact on
performance due to the non-symmetrical pressure distribution
[24][25][26]. A simple calculation is done for the statorless
"volute" geometry in accordance with Pan and Yu [27][28][29].
The volute geometry is analyzed with rotor model M1, where the
volute outer diameter is 150 mm, and duct outlet is 14.5 mm, and
the volute diffuser duct outlet is 21.5 mm. The diffusers or
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volutes perform the functions of compressors by handling flow
at a very small angle, making them very inefficient pumps or
compressors [13]. As a consequence, the flow angle is
maintained at its lowest. In this study, it has been fixed at a 3.5°
angle.

For statorless analysis, both rotor and volute geometries are
considered as a single fluid domain for the full circumferential
domain (360°). A half-gap () and half-disk thickness (#/2) are
taken into account when considering the volute, as shown in Fig.
3. Other boundary conditions such as symmetry, wall, and
rotating wall are also considered as previous diffuser
configurations in section 3.1.2.
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FIGURE 3: TESLA COMPRESSOR GEOMETRY AND

BOUNDARY CONDITIONS FOR CFD MODELLING VOLUTE
CONFIGURATION.

3.2. Numerical set-up

The numerical analysis was performed using the commercial
software ANSYS FLUENT. The ANSYS program provides two
types of solvers: first pressure-based and second is density-
based. A density-based method was developed to solve highly
compressible flows, while a pressure-based method was
designed to solve flows that were incompressible or mildly
compressible.[30]. However, over time it has been demonstrated
that pressure-based solvers are more stable than density-based
solvers when dealing with highly compressible flows [31][32] in
turbomachinery applications. A density-based solver determines
the density field by solving the continuity equation, while a
pressure field is determined by solving the equation of state [30].

In this study, a pressure-based steady solver is selected for
solving steady and compressible flows, employing ideal gas as
the working fluid. The three-dimensional Reynolds Averaged
Navier—Stokes (RANS) equations are discretized using the
“finite volume method.” The most commonly used RANS
models are those defined by a pair of equations. Compared to
other turbulence models, they offer an excellent trade-off
between computation cost and accuracy, as demonstrated by
Menter's [33] SST (shear stress transport) turbulence model in
1994. Using the SST model, it can combine the robust and
accurate formulation of the k-® model [34] in the near-wall
region with the free-stream independence of the k-® model in

the far field (Menter, 1992) [33][35]. The k- SST viscous model
is selected in this numerical study, which has become the
industry standard for the analysis of turbulence. In addition, the
energy equation is considered in order to take into account heat
transfer in the flow field. For consideration of the temperature
change caused by shear forces, the viscous heating option is
selected. The compressibility effect should be enabled in
pressure-based solvers when a compressible fluid is being used.
The curvature option is also enabled in order to capture accurate
results near the edge of the carve.

For solving the governing equations, a coupled scheme for
fluid coupling of pressure and velocity is used. The coupled
scheme has some advantages over non-coupled approaches. This
scheme provides a robust and efficient single-phase
implementation for steady-state flows, exhibiting superior
performance to segregated schemes. This scheme is based on a
second-order linear interpolation upwind. The flow domain
between two rotating disks is considered to be stationary. When
considering the entire '"rotor-diffuser" and "rotor-volute"
configuration, half of the thickness of the disk and half of the gap
between rotating disks are considered to be a single fluid domain.
The boundary conditions for temperature (300 K) and total
pressure (atmospheric) have been set at the inlet, whereas the
mass flow boundary condition has been set at the outlet [1][10]
[36]. The rotating wall is considered a moving wall with no-slip
conditions. The standard roughness model (sand-grain roughness
constant-0.5) is considered on both moving and stationary walls.
Inflation layers are applied on both stationary and moving walls
The facet average wall function y+ values are maintained as
recommended by the k-o SST model. It is recommended to use
a facet average y+ value of less than 1 for this model, but this
value may be less than 5 depending on the complexity of the case
[37].

3.3. Grid generation

This study examines the generation of meshes for the Tesla
rotor only, diffuser "rotor-stator" and statorless configuration
"rotor-volute". A hexahedral mesh is generated for the rotor,
while polyhedral meshes are generated for the stator and stateless
configuration as shown in Fig. 4. Mesh sensitivity analysis is
performed from coarse to fine cells for accurate analysis as
shown in Table 2. Hexahedral meshes are generated exclusively
for the rotor as shown in Fig. 4 (a), ranging from 17005 to
202882 cells, with a final selection of 202882 cells with almost
minimal error for pressure, torque, and mass flow rate. The stator
and stator-less configurations generate a tetrahedral mesh that is
converted into a polyhedral mesh using the ANSYS FLUENT
software as shown in Fig. 4 (b and c). Polyhedral elements have
become increasingly popular as alternatives to tetrahedral
elements [30][38]. A polyhedral structure has the advantage of
having more adjacent neighboring cells than a tetrahedral
structure. Since polyhedral meshes have more nodes and faces
per cell, as well as more neighbors, there is a greater number of
computations per cell [38]. However, this is offset by the fact that
convergence takes place within a shorter period of time. In order
to determine the sensitivity of the stator configuration, 972476
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cells are considered with 0.57%, 0.2%, and 0.098% change for
static pressure, torque, and mass flow rate respectively. In the
case of a statorless (rotor and volute) configuration, 1263827
cells are considered with a change of less than 0.5% in all static
pressure, torque, and mass flow rate conditions.

TABLE 2: GRID INDEPENDENCE ANALYSIS

Mesh ‘ # Nodes |# Element Total % Torque % Mass %
model # pressure (Pa)|Change (Nm) Change |Flow (g/s)| Change
Rotor only - Hexahedral mesh
1 34560 17005 71324 -6.77% | 0.000366 | -1.80% | 0.02481 | -0.751%
2 51042 25200 71405 -6.65% | 0.000366 | -1.77% | 0.02490 | -0.390%
3 104152 51612 72550 -4.96% | 0.000365 | -2.00% | 0.02512 | 0.471%
4 208146 | 137700 76050 -0.13% [ 0.000373 | 0.01% | 0.02503 | 0.109%
5 306252 | 202882 76150 0.000373 0.02500
Diffuser configuration (Rotor+Stator) - Polyhedral mesh
Mesh # Nodes |# Element Static % Torque % Mass %

model # pressure (Pa) |Change| (Nm) [Change [flow (g/s) | Change
1 397228 | 145660 41770 -0.93% [0.0004360(-1.577%| 0.03000 | -0.079%
2 736649 | 260331 42440 0.66% |0.0004324(-2.418%| 0.03008 | 0.184%
3 1266714 | 441190 42400 0.57% |0.0004420(-0.209%| 0.03000 | -0.098%
4 2840156 | 972476 42160 0.0004429 0.03003

Statorless configuration (Rotor + Volute) - Polyhedral mesh

1 1690842 | 756386 40175 -5.85% |0.0068652| 6.27% | 0.449997 | -0.0007%
2 1549122 | 328173 41100 -3.47% |0.0064050| -0.47% | 0.449999 | -0.0002%
3 2202884 | 456693 42250 -0.65% |0.0064114| -0.37% | 0.449996 | -0.0009%
4 3464166 | 711906 42300 -0.53% |0.0064167| -0.29% | 0.449998 | -0.0004%
5 6241187 | 1263827 42525 0.0064349 0.450000

/

(a) (b)

(c)
FIGURE 4: TESLA COMPRESSOR: GENERATED MESH - (a)
ROTOR ONLY (b) DIFFUSER CONFIGURATION AND (c)
VOLUTE CONFIGURATION

4. RESULTS AND DISCUSSION

In this section, Tesla compressor numerical results are
discussed for all three configurations: rotor only, rotor-stator, and
rotor with volute configurations.

4.1.Independent rotor analysis

In order to conduct independent rotor analyses with a single
disk gap, four-rotor models are considered: M0, M1, M2, and
M3 as shown in Table 1. As illustrated in Figure 5, the total to
total pressure ratio is plotted against the mass flow rate. The total
pressure is taken using the mass-weighted average method and
pressure ratio is calculated by Eq.(7).

— Pt—o
B: = P (7

Based on the results, it appears that pressure ratios are highly
dependent on area, as shown in Figure 5. In all four models, there
is a sharp increase in pressure ratio at low mass flow rates, which
was also highlighted by other authors[1][9][13][18]. Due to its
150 mm outer diameter, M2 (DR-2.5) indicates a total to total
pressure ratio of 2.6, higher than the other models which have
120 mm outer diameter. The models M0, M1, and M3 have a
fixed outside diameter of 120 mm with variations in their inlet
sections. Nevertheless, the higher diameter ratio implies a bit
higher pressure ratio than the lower diameter ratio. As the mass
flow increases, model M3 (DR-3) decreases with a bit higher
gradient than M1 and MO. In the case of the M3 (DR-3) and M1
(DR-2.5), the maximum total pressure ratio is 1.95 and 1.91 at
0.04 g/s mass flow rate, respectively.

2.7
i RT-M0O DR-2
—+—RT-M1 DR-2.5
ST RT-M2 DR-2.5
E RT-M3 DR-3
v 23 +
=
2
8
A2l
=
=
219 ¢
=
=
17 f
15
0 0.2 0.4 0.6 0.8
Mass Flow [g/s]

FIGURE 5: ROTOR-ONLY; TOTAL TO TOTAL PRESSURE
RATIO VS MASS FLOW RATE FOR DIFFERENT DIAMETER
RATIOS

Figure 6 illustrates the relationship between total to total
efficiency and mass flow rate for Tesla rotor models. The total to
total efficiency is calculated by using Eq.(8). Cp, the specific heat
at constant pressure, and k, the heat capacity ratio, are constant
with temperature. The Cp value for air is 1.005 kJ/kg K, and the
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k value is 1.4. There are several averaging methods but in this
study, the mass-weighted average method is considered [39].

=
:Btk -1

Tw

Ne—¢ = M Cp Ty (®)
Many authors[1][9][13][21] have predicted that the efficiency of
rotors can reach more than 90%. In fact, thanks to the choice of
the optimal Ekman number equal to 1.6 for all rotor models to
use the optimal gap between disks. This CFD study predicted at
low mass flow rates of 0.04 g/s, rotor efficiency reached a
maximum of >95% for the diameter ratios 2.5 and 3 (M1 and
M3) while M2 at 0.8 g/s. It has been studied numerically by
Tiwari [10] that bladeless rotors with diameter ratios of 2 (MO0)
and an optimal disk gap of 0.2 mm produce a maximum
efficiency of 82.5%. Models M1 and M2 have a diameter ratio
of 2.5, with an outer diameter of 150 mm and 120 mm,
respectively. As M2 has a wider area than M1, it indicates a
higher efficiency at higher mass flow rates, but both models
indicate >95% efficiency. As a result of the diameter ratio 3, the
M3 predicted a bit higher efficiency at low mass flow rates, but
as the mass flow rates increase, the efficiency decreases with
higher gradients as compared to the diameter ratio 2.5 of the M1.
Nikola Tesla [6][7] claimed a bladeless rotor efficiency of around
97% which is possible to be obtained just at a very low mass flow
rate. The performance of bladed compressors is evidently
affected by a decrease in rotor diameter, whereas in bladeless
turbomachinery the performance and efficiency are not
significantly affected by scaled-down sizes [9]. Due to this
working principle, viscous loss affects the performance of
bladeless compressors by increasing the mass flow rate.

1

RT-M0_DR-2

——RT-MI DR-25
RT-M2_DR-2.5

0.9 1 RT-M3 DR-3

0.8 1

Total- Total Efficiency [%o]

0.7 1

0.6 o e e
0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8
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FIGURE 6: ROTOR ONLY - TOTAL TO TOTAL EFFICIENCY VS
MASS FLOW RATE FOR DIFFERENT DIAMETER RATIOS

Figure 7 illustrates the relationship between the inlet and outlet
flow angle and the mass flow rate: 0° corresponds to the radial
direction. As the bladeless rotor spins at 40000 rpm, the tip
velocity is significantly higher as the radius of the rotor

increases. In this case, the pressure ratio line is asymptotic to the
y-axis, whilst the bladed compressor is generally asymptotic to
the x-axis. The results of this study are quite interesting at first
glance, and they explain the advantages of bladeless
turbomachinery. Despite varying mass flow rates, the flow can
adapt to the optimal flow angle due to the absence of blades,
which results in high performance every time [10]. The mass-
weighted averaging method uses for the velocities and flow
angle evaluated using Eq.

tan (a,) = Zt-"

r_o

(€)

As aresult of a very low mass flow rate of 0.04 g/s (highest rotor
efficiency obtained), the outlet flow angle is approximately
89.92°, i.e. almost 90°. When the mass flow rate is low, the flow
angle is almost tangential, but as the mass flow rate increases,
the flow angle drops, which is caused by an increase in radial
velocity. Despite this, maintaining an almost tangential flow
angle at higher mass flow rates is challenging for achieving
higher efficiency when a diffuser will be coupled. However, the
M2 model is predicted to have a higher flow angle in relation to
increasing mass flow when compared to M1 and M3. Therefore,
a flow angle of around 90 degrees is required for optimum
efficiency of rotor-only. It is estimated that the outlet flow angle
at the peak rotor efficiency point is 89.92° (almost tangential).
This flow angle is quite difficult to maintain in a stator
configuration. When the mass flow rate is increased, there is a
15%-18% drop in rotor efficiency with a 2° change in outlet flow
angle.
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FIGURE 7: ROTOR-ONLY INLET (DASHED LINE) AND
OUTLET (SOLID LINE) FLOW ANGLE VS MASS FLOW RATE
FOR DIFFERENT DIAMETER RATIOS

In conventional turbomachinery generally [40][41][42][43] it
should be noted that IGV (inlet guide vane) can also improve the
performance of turbomachinery such as fans, compressors, and
pumps. In bladeless turbomachinery, there are no flow guiders
and inlet nose cones.
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The flow angle at the inlet of the bladeless compressor is also
studied in order to analyze its impact on its performance. The
inlet flow angle is calculated using Eq.(10).

tan (a;) = % (10)

ri

A flow guide is not present in the inlet section, which means
that the flow practically enters axially so that the extra-axial fluid
domain is considered. The flow is entering almost axially and
moves spirally between disks and exits radially. Using the inlet
tangential and radial velocities, the flow angle is determined that
the maximum is around 80° at a mass flow rate of 0.04 g/s. As
the mass flow rate increases, the inlet flow angle drops suddenly,
resulting in an increase in radial velocity and a decrease in
tangential velocity, as expected. However, a low inlet flow angle
may be able to have some effect on the overall performance.
However, the implementation of the conical flow guider would
enable the flow to enter not in a pure axial but with a mix of
radial and axial flows. In addition to reducing the inner radial
velocity utile the extreme disk. By increasing the flow guider
length, the total to static efficiency can be improved by reducing
the radial inlet velocity towards the extreme disk, which could
improve the overall performance by some amount. It is expected
that such studies will be analyzed in the near future in order to
minimize inlet losses.

4.2.Tesla compressor analysis with stator (diffuser)
and statorless (volute) configuration

In this section, numerical analysis is performed for stator (vane
diffuser) and statorless configurations for MO (DR 2), M1 (DR
2.5), and M2 (DR 2.5) geometries. The rotor model > DR-2.5
exhibits better performance at low mass flow rates and decreases
in performance with a high gradient as the mass flow rate
increases. Therefore, the rotor considered the rotor model M1
DR-2.5 in order to analyze the performance of the diffuser (8-
numbers) and volute configuration at higher mass flow rates
because it has a lower gradient as compared to rotor model M3
(DR-3). An illustration of the total to static pressure ratio and
mass flow rate for the stator (vaned diffuser) and statorless
(volute) configurations with rotor model M1 is shown in Fig. 8.
According to the results, the ratio of total to static pressure
increases as the mass flow rate decreases. The highest pressure
ratio of 1.75 is shown for model M2 at 0.55 g/s, which can be
compared to the M1 highest pressure ratio of 1.4 at 0.6 g/s: the
different values are mainly due to the higher tip speed of M2 than
M1. The Total to static pressure ratio is calculated by Eq. (11)
using the mass-weighted average method.

DPst—
Brost == (11)
Pt-i

With regards to volute, results are provided for the rotor model
M1 (DR2.5). A volute tongue is generally the "start" of the
volute, which area increases as more flow is added in the
direction of rotation [30][25][43]. When approaching the tongue

from the other side, the objective is to prevent the flow from
being recirculated. The volutes tend to perform worse in flow
rates that are greater than or less than their design point, much
like impellers, which have a design point flow at which they are
most efficient [43]. Comparing the diffuser case (diff]l) and the
volute case (VIMI), the volute model allows the maximum
pressure ratio to increase from approx. 1.45 to 1.48 and the curve
of the volute model (VIM1) has a low gradient as opposed to
that of the diffuser model: furthermore, the volute compressor
shows a characteristic curve shifted to higher mass flow values,
which is beneficial in terms of system compactness by reducing
the number of disks and gap. The mass flow is continuously
added in the rotational direction of the volute casing, which
results in a higher pressure ratio and an avoidance of
recirculation. It is also possible for such a bladeless device to
prevent surge events: this aspect needs further investigation.
According to Rice's [9] study at different rotational speeds, they
found a higher pressure ratio at very low mass flow rates, which
is not common in conventional compressors, prone to surge after
a minimum mass flow rate. When the mass flow rate is 1.2 g/s,
the Mach number for the volute configuration is less than 0.9, so
increasing the mass flow rate further the volute configuration
will enter choke conditions.
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FIGURE 8: TOTAL TO STATIC PRESSURE RATIO VS MASS
FLOW RATE FOR DIFFERENT ROTOR (DASHED LINE) MODELS
AND ROTOR WITH DIFFUSER & VOLUTE CONFIGURATIONS
(SOLID LINE)

As shown in Figure 8, the dashed line indicates the total to
static pressure ratio for the rotor models M1 (DR-2.5) and M2
(DR-2.5), whereas the solid line indicates the total to static
pressure ratio for the entire configuration i.e. rotor with diffuser
and volute configuration. Basically, this is the analysis of the rise
in static pressure between the rotor and stator, or between the
rotor and volute. Static pressure increases with decreasing mass
flow rate due to an increase in enthalpy for both stator and volute
configurations. A higher total-static pressure ratio is observed at
a low mass flow rate for rotor models M1 and M2, as indicated
by the dashed line in Figure 8. Rotor and sator rise static pressure
differences are 1.5 to 1.8 times the rotor static pressure, while in
the volute configuration, they are 1.8 to 2.15 times. The static
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pressure rise is improved in the volute case compared to the
stator case. It is noted that the static pressure rise in the volute
configuration is greater than two times the static pressure rise in
the rotor peripheral when the mass flow rate is higher at the outlet
and decreases somewhat as it approaches lower mass flow rates.
It is due to the working principle of bladeless compressors that
they show higher performance at lower mass flow rates, while
conventional compressors are characterized by lower
performance.

Figure 9 illustrates the total to static efficiency vs mass flow
rate. When the diffuser configuration is used, the maximum total
to static efficiency is 53.5%, whereas the volute configuration
VTMI is found to have a higher efficiency around 55.5% at a
higher mass flow rate. The total to static efficiency is calculated
by Eq. (12).

Ne-st = M Cp Tyq (12)

Tw

It is evident that the diffuser configuration differs by 1-2 % in
efficiency from the rotor models MO and M1, which indicates
that the diameter ratio plays an imperative role in the bladeless
compressor efficiency, rather than on pressure ratio and mass
flow, whereas, indeed, plays a less significant role. A bit higher
rotor efficiency is indicated by the rotor model M3 (DR 3) as
compared with DR-2.5. However, the higher diameter ratio
increases the efficiency but specifically in a specific very low
mass flow rate and the higher diameter ratio curve decreases with
a higher gradient as the mass flow rate increases. Therefore, in
this study, it is estimated that diameter ratios of 2.5 and 3 are
suitable for obtaining maximum efficiency. In the overall
analysis of rotor and stator performance, the rotor model 1 (DR-
2.5) is selected to analyze efficiency at a higher mass flow rate,
since it has a lower gradient than the rotor model 3 (DR-3).
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FIGURE 9: TOTAL TO STATIC EFFICIENCY VS MASS FLOW
RATE FOR DIFFERENT COMPRESSOR (WITH DIFFUSER AND
VOLUTE) CONFIGURATIONS

The fact that rotor efficiency is higher at low mass flow rates
has been discussed in section 4.1, whereas with stator and volute

configurations, efficiency is likely to be reduced by the
interaction between the rotor and the stator. Many authors have
observed that rotor efficiency is high but performance falls
heavily just after the rotor or when the stator has interacted with
the rotor [1][9][13][18]. Due to rotor and stator interaction,
efficiency decreased by>15%, whereas rotor efficiency is > 78%
at 0.4 g/s. As a result of the use of the volute, the rotor-to-stator
interaction losses are minimized, resulting in an overall
improvement in efficiency > 4% at a higher mass flow rate. A
contour plot of the static pressure and velocity magnitude for a
statorless (VTM1) configuration is shown in Fig. 10 (a) and 10
(b), at the maximum efficiency point, corresponding to a mass
flow rate 0.7 g/s mass flow rate. The volute case exhibits a well-
distributed static pressure, which is not seen in the diffuser case
as suggested by Tiwari [10]. Throughout the volute diffuser
section, there is the continuous addition of mass flow that results
in a uniform distribution of velocity magnitude. In this case, no
recirculation has been observed.
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With regard to the diffuser case, sensitivity is performed for
the same rotor model M1 (DR 2.5) at varying the number of
diffuser vanes. Four, eight, and twelve vanes diffuser
configurations are simulated using rotor model M1 in order to
assess their impact on Tesla compressor performance. As
explained in section 3.1.2 diffuser, the stator angle is fixed at
3.5°, and each diffuser vane is placed every 1/8" part (8V-45°),
so a total of eight diffuser vanes. In the same way, four and
twelve-diffuser vane designs are studied without adjusting the
rotor (RT-M1) geometry and the stator angle. The diffuser vane
numbers are only varied by four-1/4" parts (4V-90°) and twelve-
1/12'% parts (12V- 30°) as shown in Fig.11.

FIGURE 11: STATOR (DIFFUSER VANE) CONFIGURATIONS
WITH ROTOR MODEL M1
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NUMBERS OF DIFFUSER VANES (M1 GEOMETRY)

The boundary condition is applied as discussed in previous
section 3.1.2 for the other stator configuration number 4 and 12.
indicated in Figure 12 the solid shows the pressure ratio while
the dashed line shows efficiency. The highest pressure ratio of
1.45 and the highest efficiency of 53.8% is achieved with the 4
diffuser model. By doubling the number of diffuser vanes from
four to eight, pressure and efficiency show minor changes, while
mass flow rate is almost doubled for the same pressure ratio.
However, with a further increase of the diffuser vanes to 12, both
pressure ratio and efficiency drop. The peak pressure ratio is now
just slightly over 1.4 while efficiency is reduced by 4% points as
compared to the 4 diffuser configuration. Hence, this indicates
that increasing the diffuser vane area leads to an increase in skin
frictional losses, which has an impact on overall performance.

10

Similarly, Chehhat[44] pointed out that in a conventional
centrifugal compressor, both pressure ratio and efficiency are
affected by increasing the diffuser vanes, and high performance
is achieved at a low number of vanes. Nevertheless, such an
impact is not universal but is dependent on the specific geometry
adopted.

5. CONCLUSION

In this article, bladeless or Tesla compressors are numerically
analyzed at different rotor diameters with stator and statorless
(volute) configurations. The rotor has been studied
independently, which indicates that a larger diameter ratio tends
to lead to higher rotor total-to-total efficiency at low mass flow
rates. However, maximum rotor efficiency >95% is achieved at
rotor diameter ratio > 2.5, where the gap is defined as per optimal
Ekman and Reynolds numbers. Pressure is increased
proportionally to rotational speed and external radius, which
leads to greater pressure ratios with a larger diameter ratio. At
the peak point of rotor efficiency, the outlet flow angle is close
to tangential. Maintaining this flow angle with a stator
configuration is quite challenging, and with a higher angle
performance is adversely affected.

The rotor model M1 (DR-2.5) is simulated with diffuser
configurations, resulting in a maximum total to static efficiency
of 53.5% when the total to static pressure ratio is 1.44. However,
for further performance improvement, the statorless (VIMI1)
configuration is simulated as well using the same rotor model
M1. A volute configuration can improve overall performance
over 55% of total to static efficiency, as well as produce a total
to static pressure ratio of 1.48, which is higher than any vaned
diffuser configuration, also allowing for almost double mass
flow rates for the same pressure ratio.

The sensitivity on the number of diffuser vanes predicts that a
lower number of diffuser vanes would result in a higher pressure
ratio and efficiency, but lower mass flow rates. In fact, increasing
the number of diffuser passages will lead to frictional losses that
degrade overall performance.

According to the numerical results, the volute configuration is
the best choice for bladeless compressors from all perspectives,
including pressure ratio, efficiency, and mass flow (when high
mass flow designs are desirable).

This numerical analysis represents the foundation for the
development of a reversible experimental prototype in the near
future.
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