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Abstract

The Tesla turbine operates on viscous shear between parallel discs and, despite its me-
chanical simplicity, is typically characterized by low efficiency. In the present study, three-
dimensional computational fluid dynamics (CFD) simulations performed using ANSYS
Fluent are used to examine a hybrid Tesla turbine design in which 0.25 mm thick partial
height blades are fitted on the disc faces, with 1 mm distance between them, thereby
creating a 0.5 mm flow passage. Simulations employing the k-ω Shear Stress Transport
(SST) turbulence model were performed for three blade counts (3, 6, and 9) and three
blade geometries (curved, straight, and inverted curve) at rotational speeds from 1000 to
19,000 rpm and inlet pressures of 2 to 4 bar. Comparative analyses with standard 1 mm
plane-disc rotors and reduced-gap 0.5 mm plane-disc rotors show that the hybrid arrange-
ment consistently provides better torque and efficiency; this enhancement is not only due
to the reduced gap but also to increased pressure-induced momentum and improved flow
guidance provided by the blades. The curved blade was found to be the most favourable
configuration, and the efficiency was positively related to the number of blades, with a
maximum efficiency of 57.5% at 13,000 rpm using nine blades. The analyses sustain the
conclusion that adding blades to the rotor discs positions the Tesla turbine model as a
hybrid apparatus, combining viscous and pressure mechanisms to significantly enhance
turbine performance.

Keywords: Tesla turbine; computational fluid dynamics; bladed-disc interaction; efficiency;
power; renewable energy systems

1. Introduction
Modern energy transition policies, such as the European Green Deal [1,2], increase

the demand for new turbomachines that are not only efficient but also low-cost, robust,
and flexible. Traditional axial and radial turbines are well developed; however, they are
composed of highly complex elements, are expensive to manufacture, and have a restricted
range of operation depending on the specific type of turbine [3]. This makes them less ideal
for applications like microgeneration, low-temperature heat recovery, and adapting to the
variable outputs of renewable energy sources.

The Tesla turbine, patented in 1913, features a simpler mechanism with fewer com-
ponents compared to conventional turbines [4]. Its design, which utilizes a bladeless
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rotor composed of parallel discs, extracts energy through viscous stress on the surfaces
of the rotor discs [5]. While this makes it exceptionally robust, its performance is often
limited; furthermore, a lack of investment and research has historically hindered its adop-
tion compared to conventional pressure-driven turbines. Later designs employed steam
as the working fluid, and reports indicate that one of Tesla’s designs produced 22.3 kW
at 20,000 rpm, although it could deliver a higher output. Tesla claimed to have built a
turbine producing 149,000 watts (200 horsepower) with 25 discs of 0.457 m in diameter,
rotating at 9000 rpm, using heated steam as the working fluid. The thermal efficiency of
this machine was 19%, and its mechanical efficiency was 75%. Tesla posited that it would
be possible to achieve even larger outputs by utilizing superheated steam and significantly
higher pressures [4].

The absence of blades makes the turbine particularly appealing for low-enthalpy
cycles, organic Rankine cycle (ORC) systems, and compressed-air microgeneration, where
operating flexibility and sustainability are the most important factors [6–8]. Although
Tesla turbines may be less efficient under conventional operating conditions than their
blade-driven equivalents, recent studies reveal that significantly increased efficiency is
possible through geometric optimization, proper selection of the number of discs and disc
spacing, improved nozzle design, and control of operating conditions. The theoretical and
experimental basis of the multi-disc turbine was laid by Rice et al. [9,10]. They showed that
their analytical model described the velocity distribution and the flow behaviour inside the
disc gaps, and in the optimum efficiency regime, the laminar-to-transient regime, viscous
shear is dominant in the flow. They also emphasized the important effect of disc spacing
and the number of discs on overall efficiency and pointed out that small changes in these
parameters can result in big variations in energy conversion efficiency. Allen et al. [11]
provided a comprehensive theoretical overview which incorporated equations for both
momentum and energy balances, incorporating hydrodynamic and mechanical behaviours.
The authors confirmed that the torque is inversely proportional to the square of the
angular velocity.

As a result of advances in computational fluid dynamics (CFD), it is now possible to de-
fine the internal mechanisms that cause energy losses more accurately. A three-dimensional
study of the flow inside the rotor was conducted by Ciappi et al. [12], which revealed recir-
culation zones and regions of non-uniform pressure gradients that contribute to viscous
dissipation and the degradation of effective torque. Furthermore, Galindo et al. [13] pro-
vided quantitative measurements showing that between 64% and 88% of total energy dissi-
pation stems from the inefficient conversion of pressure to kinetic energy in the rotor-stator
system, thereby highlighting the importance of geometric and aerodynamic optimization.
Rusin et al. [14] described an experimental and numerical study of a rotor composed of
five 160 mm diameter discs spaced 0.75 mm apart, fed by compressed air with pressure
ratios ranging from 1.4 to 1.88. The authors found a peak efficiency of approximately
10.3%, which was highly dependent on the mass flow rate and losses in the side clearances.
Later, in 2021, Rusin et al. [15] used response surface optimization methods to achieve
an efficiency increase of up to 100%, proving that substantial improvements are possible
when structural and operational parameters are optimized simultaneously. Regarding
small Tesla turbines and miniaturization, Qi et al. [16] showed that, all other factors being
equal, a smaller turbine diameter leads to a higher isentropic efficiency. Another important
consideration for overall performance is the injector design and angle. Lampart et al. [17]
conducted CFD simulations to explore various tangential injector designs and determined
that four inlets on 100 mm discs are the most efficient and stable in terms of flow. Neckel
et al. [18] examined convergent-divergent nozzles and found that an outlet-to-throat ratio of
approximately 2.1 minimizes shock wave formation, reduces pressure losses, and improves
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energy conversion. Pahlavanzadeh et al. [19] assessed one-to-one and one-to-many nozzle
configurations using Large Eddy Simulation (LES), featuring physical separation between
each gap. They found that the former favours a uniform and stable flow, thereby leading to
higher isentropic efficiency.

Beyond geometrical considerations, turbine design must also account for material
properties such as surface finish and roughness. Given that its mode of operation relies on
viscous friction between the working fluid and the encountering surfaces, surface rough-
ness significantly influences momentum transfer. Rusin et al. [20] developed an extended
analytical model that considers the velocity profile in microchannels with controlled rough-
ness, showing that roughness on the order of 10−5 m could enhance the generated power
and isentropic efficiency by up to 2.5 times. Pahlavanzadeh et al. [21] experimentally
confirmed the porous layer model (PLM) by achieving an efficiency gain of about 4.6% at
22,000 rpm with a roughness of 60 µm. Nozzle geometry and seal enhancements were also
experimentally studied by Mandal et al. [22] and Tiwari et al. [23], who discovered that
nozzle seals of the type used by MTUs could reduce side losses by a factor of four and
improve total efficiency by between 5% and 8%. Sanchez [24] and Klingl [25] demonstrated
that further power and efficiency improvements can be achieved by combining optimal
roughness and sealing with compressed air, making it a promising and sustainable alterna-
tive fluid for microgeneration. There is also growing interest in the use of Tesla turbines for
thermal systems. Aghagoli et al. [26] substituted expansion valves with Tesla turbines in
transcritical CO2 cycles and found that they provided a 9.8% increase in the coefficient of
performance (COP) and a 28.9% increase in exergetic efficiency. Talluri et al. [27,28] utilized
the turbine in organic Rankine cycles (ORCs) with the fluid R1233zd(E) and reported an
efficiency of over 60% at unit Mach conditions, whereas Sheikhnejad et al. [29] demon-
strated its viability in refrigeration systems. Kachawong et al. [30] examined operations
with saturated steam in ORCs, achieving an efficiency of 91% and demonstrating the effec-
tiveness of the turbine under low enthalpy. Recent advances are also investigating the use
of computational optimization and artificial intelligence [31]. Renuke et al. [32] proposed a
zero-dimensional (0-D) prototype design utilizing non-dimensional parameters like the
Reynolds and Ekman numbers, whereas Lisker et al. [33] compared various working fluids
and found that steam yields the highest efficiency at 94.9%, followed by helium and air,
both of which are suitable for domestic microgeneration.

Other recent research has focused on the use of blades in Tesla turbines, with the aim of
enhancing momentum transfer and optimizing internal flow. The use of new materials and
improvements in manufacturing accuracy have enabled the reinvention of the Tesla turbine.
This includes the incorporation of modified surfaces and hybrid profiles, such as guide
vanes implemented as blades at the disc extremities that span the entire gap width. This is
illustrated by the research of Podergajs et al. [34], who cited a similar hybrid Tesla-Pelton
design patented by Fuller in 2010. They discussed its potential for microgeneration, where
small peripheral blades attached to the discs combine the viscous action of the Tesla design
with the characteristics of impulse turbines, achieving higher torque and efficiency under
variable flows. Similarly, Joshi et al. [35] presented a three-dimensional CFD numerical
model of a Tesla turbine operating with compressed air. In their study, blades and internal
channels added to the discs facilitated improved streamline organization, reduced recircu-
lation regions, and substantially increased the conversion of pressure energy into kinetic
energy, yielding almost twice the power generation. These developments support the use of
such blades as a viable evolution of Tesla’s original concept, as they can improve efficiency
without compromising the turbine’s inherent constructive simplicity, thereby broadening
its applicability. However, in all cases where blades were previously studied, the blades
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essentially acted as walls, blocking the inter-disc passages and forcing the flow to impinge
directly upon them.

The main aim of this research is to optimize the performance of a Tesla turbine by
inserting blades which direct the flow between the rotor discs based on previous investiga-
tions. This paper is designed to compare the geometric and aerodynamic characteristics
of these blades with the fluid mechanics and performance of the turbine, including such
variables as torque, efficiency, pressure distribution, entropy generation and internal flow.
For this purpose, three-dimensional simulations will be performed in the software ANSYS
Fluent 2025. The high resolution k − ω SST turbulence model will be used. This model
is very useful in the simulation of complex flow phenomena such as flow separation and
recirculation zones. Three types of blade design will be tested using different curves and
angles of the blade. The goal is to find the design that helps to transfer momentum as much
as possible without changing the basic principle that the Tesla turbine is based on, namely,
viscous shear between parallel discs. Finally, the aim of the research is to provide guide-
lines which will allow higher turbine efficiencies and power output for compressed-air
and other micro-generation systems, thereby helping the development of compact and
high-performance turbomachinery.

2. Turbine Description and Boundary Conditions
The geometry analyzed in this study corresponds to a single-stage Tesla turbine com-

posed of ten parallel rotor discs arranged within a cylindrical casing. A three-dimensional
view of the turbine assembly is shown in Figure 1. The working fluid is injected into the
system through a curved nozzle that directs the flow tangentially into the inlet chamber,
thereby inducing rotor rotation via viscous forces acting along the disc surfaces.

Figure 1. Schematic and dimensions of the Tesla turbine.

To reduce computational costs without compromising physical accuracy, a simplified
single disc-gap model was adopted. Due to the geometric and fluid-dynamic symmetry
between the inter-disc channels, the computational domain was restricted to a single
representative disc. Symmetry boundary conditions were applied to the lateral faces to
replicate the periodic flow behaviour of the full rotor. The boundary conditions were
specified as follows: the turbine inlet and outlet were defined as a pressure inlet and a
pressure outlet, respectively. Additionally, all solid surfaces were treated as adiabatic,
no-slip walls. The specific parameter values are listed in Table 1.

The straight and curved-bladed discs are shown in Figure 2; the blade height was set
to 0.25 mm and the blade thickness to 1 mm for all blade configurations.

The results obtained from the single-disc simulation were extrapolated to the full set of
ten discs, allowing for the estimation of overall turbine performance, including torque, shaft
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power, and efficiency. However, it should be noted that this approach does not account
for interactions between multiple discs or casing and outlet losses; therefore, it represents
an idealized rotor configuration. This simplification is widely adopted in other numerical
studies of Tesla turbines [15,30], as it preserves the physical fidelity of the flow behaviour
while significantly reducing computational effort.

Table 1. Dimensions of the Tesla turbine for the base case.

Parameter Unit Value

Inlet Pressure bar 2, 3, 4
Inlet temperature C 20
Rotational speed rpm 1000–19,000

Stator diameter (St) mm 276.15
Outer Disc Radius (Rout) mm 135.0
Inner Disc Radius (Rin) mm 45

Disc gap (gap) mm 1
Nozzle exit (Ne) mm 9

Disc Thickness (t) mm 1
Number of discs (N) - 10

Clearance (clc) mm 3.15

Figure 2. Schematic of the bladed disc: (a) straight blade; (b) curved blade; (c) blade configurations.

3. Numerical Model
In the present study, the Shear Stress Transport (SST) k-ω turbulence model was

selected, as it provides reliable predictions of near-wall shear gradients, boundary-layer
behaviour, and flow separation under strong adverse pressure gradients. The SST model
combines the advantages of the k-ε formulation in the free-stream region with the ro-
bustness of the SST k-ω model for boundary layers through a set of blending functions.
It is widely applied in turbomachinery simulations, where accurate prediction of shear-
driven boundary layers, wall shear stresses, and flow separation phenomena is essential
for reliable performance evaluation. Although the SST k-ω model combined with the
MRF approach does not explicitly resolve transient rotor–stator interactions, it provides
a computationally efficient framework for predicting the time-averaged flow behaviour
and comparing the relative performance of different rotor geometries. Since the objective
of the present study is to evaluate the mean performance characteristics and identify the
dominant energy transfer mechanisms of the hybrid Tesla turbine, rather than analyzing
transient flow phenomena, the steady-state approach provides an appropriate methodology
for the present investigation.
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Numerical simulations were performed in ANSYS Fluent utilizing the Moving Ref-
erence Frame (MRF) approach to model rotor motion [36]. The MRF method provides
a steady-state representation of the rotating flow field, allowing efficient prediction of
time-averaged turbine performance while maintaining reasonable computational cost. The
working fluid was modelled as a Newtonian ideal gas, with its temperature-dependent
thermophysical properties derived using NASA 9-coefficient thermodynamic polynomials;
additionally, enthalpy and thermal conductivity were computed as proposed by McBride
et al. [37]. The continuity equation, which expresses the conservation of mass, is given by

∂ρ

∂t
+∇·(ρur) = 0, (1)

where ρ represents the density, t represents time, and ur represents the velocity vector in
the rotating frame. The equation for linear momentum in the rotating frame of reference is
given by

∂(ρur)

∂t
+∇·(ρurur) = −∇p +∇·Γe f f − 2ρ(w × ur)− ρ(w × (w × r)), (2)

where p is the static pressure, w is the angular velocity vector, and r is the position vector.
The last two terms represent the Coriolis and centrifugal forces, respectively [24].

The effective stress tensor is Γe f f = Γl + Γt.
For Newtonian fluids, the laminar viscous stress tensor is defined by

Γl = µ

(
∂ur,j

∂xj
+

∂ur,j

∂xi

)
−
(

2
3

)
µ(∇·ur)δij, (3)

where µ is the molecular viscosity and δij is the Kronecker delta.
The Reynolds stresses are modelled using the Boussinesq hypothesis for the

turbulent component:

Γt = −ρu′
r,iu′

r,j = µt

(
∂uri
∂xj

+
∂urj

∂xi

)
−
(

2
3

)
ρkδij. (4)

The equation for conservation of total energy is written as follows [14]:

∂(ρE)
∂t

+∇·[ur(ρE + p)] = ∇·(ke∇T) +∇·
(

Γe f f ·ur

)
, (5)

where E is the total specific energy defined by (E = e + 1
2 |ur|2), T is the temperature, ke is

the effective thermal conductivity.
The Shear Stress Transport (SST) k-ω model was selected, the transport equations for

turbulent kinetic energy k and the specific dissipation rate ω are given by

∂(ρk)
∂t

+∇·[ρurk] =
[
∇·
(

µ +
µt

σk

)
∇k
]
+ Pk − β∗ρkω, (6)

∂(ρω)

∂t
+∇·[ρurω] =

[
∇·
(

µ +
µt

σk

)
∇k
]
+ α

k
ω

Pk − βρω2 + CDkω, (7)

where Pk is the turbulent production term, CDkω is the cross-diffusion correction, and the
empirically calibrated constants are σω, c, β and β∗. The turbulent viscosity is obtained by

µt = ρ
c1k

max(c1ω, SF2)
, (8)
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where S is the shear rate and F2 the characteristic mixing function of the SST formulation.
Compressible modelling enables the accurate capture of density variations, pressure

gradients, and viscous dissipation, crucial phenomena in the injection throat regions and
between the discs, where the Mach number can approach or exceed unity. This approach
aligns with the recommendations of Versteeg and Malalasekera [38].

The mechanical power is expressed as

Pexit = Tq.w, (9)

where Tq is the total torque on the rotor and w is the angular velocity.
The total-to-static efficiency is determined by

e f f =
Pexit

.
mCpTi[1 − (po/pi)

(γ−1/γ)]
, (10)

where
.

m denotes the inlet mass flow rate, Cp the specific heat, Ti the inlet temperature,
and pi total inlet pressure and po the outlet static pressures, and γ the ratio of specific
heats. This set of equations allows for a precise description of the combined effects of
compressibility, viscous shear, and rotation, all of which are fundamental to understanding
and predicting the aerodynamic behaviour of the Tesla turbine.

The working fluid is modelled as an ideal compressible gas obeying the equation
of state:

p = ρRT, (11)

where R is the specific gas constant.
Thermodynamic properties were evaluated using the NASA polynomial formulation

implemented in ANSYS Fluent. Accordingly,

Cp = Cp(T), h = h(T), e = h(T)− RT, (12)

where Cp, h, and e are the specific heat, specific enthalpy, and specific internal
energy, respectively.

To quantify the individual contributions of viscous shear and pressure forces to the
total power output, the total torque (Ttotal) was decoupled into its viscous (Tvisc) and
pressure (Tpres) components with respect to the axis of rotation (k̂). The viscous torque
is generated by the tangential shear stress (τw) acting on the fluid-solid interfaces of
the parallel discs and is calculated by integrating the shear stress over the disc surface
area (Adisc):

Tvisc =
∫

Adisc

(→
r ×→

τ w

)
· k̂ dA. (13)

The pressure-induced torque is generated by the pressure difference acting across the
pressure and suction sides of the partial-height blades, and is obtained by integrating the
pressure over the normal the disc surface area (Adisc):

Tpres =
∫

Adisc

(→
r × pn̂

)
· k̂ dA. (14)

In the solver, the viscous and pressure-induced torque components were obtained
from surface moment reports by selecting the corresponding wall boundaries and defining
the rotor axis as the moment axis. The associated power contributions were calculated by
multiplying their respective torque components by the angular velocity (Ω): Pvisc = Tvisc ·w
and Ppres = Tpres · w.
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To quantify these aerodynamic losses, the entropy generation (Sgen) is analyzed. The
entropy generation from viscous dissipation, denoted as Sv, have from spatial gradients
within the time-averaged velocity field, whereas the turbulent dissipation, denoted as
St, is driven by the inhomogeneity of the fluctuating velocity components [39]. Their
mathematical formulations are expressed as follows:

Sv =
µ

Ts

{
2

[(
∂ux

∂xx

)2
+

(
∂uy

∂xy

)2

+

(
∂uz

∂xz

)2
]
+

(
∂ux

∂xy
+

∂uy

∂xx

)2

+

(
∂uz

∂xx
+

∂ux

∂z

)2
+

(
∂uy

∂xz
+

∂uz

∂xy

)2
}

, (15)

St =
µ

Ts

2

(∂u′
x

∂xx

)2
+

(
∂u′

y

∂xy

)2

+

(
∂u′

z
∂xz

)2
+

(
∂u′

x
∂xy

+
∂u′

y

∂xx

)2

+

(
∂u′

z
∂xx

+
∂u′

x
∂xz

)2
+

(
∂u′

y

∂xz
+

∂u′
z

∂xy

)2
, (16)

where ux, uy, and uz represent the time-averaged velocity components; u′
x, u′

y, and u′
z

are the fluctuating velocity components. Because the exact fluctuating velocity field is
not resolved in standard RANS simulations, the aerodynamic cost of the pressure-driven
torque can be quantified by St =

βρωk
T , using the parameters of the k − ω SST model [40].

4. Numerical Procedure
ANSYS Fluent was used to carry out the RANS simulation and solve the Navier–Stokes

equations in three-dimensional, compressible flow, using the finite volume method (FVM).
The coupling between pressure and velocity was achieved, the COUPLED algorithm was
selected with second order spatial discretization. The same method is commonly applied
to research problems involving high speed flows, as it demonstrates good stability with a
reduced dispersion error [36]. A second-order upwind scheme was adopted to discretize the
convective transport, which provides an optimal balance between accuracy and robustness.
The solution was deemed successful when the residuals were reduced to less than 10−4 and
the average torque and pressure did not change by more than 1% for over 300 iterations.

The computational mesh considered for the simplified model consists of a single
rotor disc and two half inter-disc gaps, which together represent one complete inter-disc
flow channel between two consecutive rotor discs. The domain was entirely meshed with
structured hexahedral elements, ensuring high orthogonality and numerical accuracy. Near
the discs and the nozzle walls, prismatic layers with a first-cell height of 0.002 mm were
generated to maintain the dimensionless wall distance (y+) close to 1. This condition
is essential for the k − ω SST turbulence model to adequately capture boundary layer
behaviour and shear stresses along the solid surfaces. The domain was divided into
two main computational regions, as shown in Figure 3.

Figure 3. Computational grid of the simplified model, showing the rotating zone (brown), the
stationary zone (black), representing the stator and the nozzle regions, the inlet boundary (blue), and
the outlet boundary (red).

In the injection nozzle region, the computational mesh was locally refined to accurately
resolve the inlet jet flow and its interaction with the rotating discs. This refinement ensures
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a faithful representation of the velocity profiles and pressure variations at the tangential
interface between the nozzle and the rotor. The mesh refinement adopted for the bladed-
disc cases is illustrated in Figure 4, showing the mesh distribution around both the curved
and straight blades as well as detailed views near the blade surfaces and blade tip.

Figure 4. Mesh for the bladed-disc cases, showing in detail the refinement in blade-wall direction for
the curved blade (a); the straight blade (b); zoom in the distribution on blade in the plane normal to
symmetry (c) and distribution in z direction for the blade tip (d).

5. Mesh-Independence Study
A mesh-independence analysis was performed by comparing the predicted power

output and mass flow rate obtained using coarse, medium, and refined meshes. The results
showed that, beyond a certain mesh resolution, the relative variations between successive
refinements were below 1%, indicating that the solution was effectively independent of
further grid refinement. The final mesh was therefore selected by considering the balance
between numerical accuracy and computational cost.

To further quantify the discretization uncertainty, Richardson’s extrapolation method
was applied. This method estimates the asymptotic solution by evaluating the variation
between three systematically refined meshes as the characteristic cell size decreases [41].
The obtained results confirmed that the selected mesh provides sufficient accuracy for the
numerical analysis.

Three grid levels were evaluated for both the plane and bladed-disc cases, as summa-
rized in Table 2. This yielded refinement ratios of r21 = 1.35 and r32 = 1.30 for the plane disc
case, and r21 = 1.30 and r32 = 1.22 for the bladed-disc case, which aligns closely with the
values recommended by Roache [41]. The Grid Convergence Index (GCI) values presented
in Table 3 confirm that the discretization error is minimal, demonstrating high numerical
precision and solution stability, as also illustrated in Figure 5. Consequently, Grid 2 was
adopted for the primary simulations, representing the best balance between computational
cost and result reliability, as the relative error between Grid 1 and Grid 2 was less than 2.5%
in all cases.
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Table 2. Number of cells and average representative length for each grid (Grid 1 the most refined and
Grid 3 the coarsest) for the plane-disc and the bladed-disc cases.

Plane Bladed Disc

Nº Cells h Nº Cells h

Grid 3 1,640,052 9.21 × 10−4 3,095,388 7.08 × 10−4

Grid 2 3,314,892 7.11 × 10−4 7,103,498 5.79 × 10−4

Grid 1 6,715,271 5.22 × 10−4 14,320,664 4.46 × 10−4

Table 3. Results for the Plane Disc and Bladed Disc GCI and relative error for the extrapolated result.

Parameter Grid 3 Grid 2 Grid 1 P Err extrapolated
[%] GCI 21 [%] GCI 32 [%]

Plane
Disc

Power (W) 174.35 177.84 179.54 3.14 0.59 0.74 1.94
Mass flow (g/s) 7.99 7.88 7.81 2.58 0.74 0.92 2.00

Bladed
Disc

Power (W) 197.92 202.93 204.05 7.91 0.079 0.099 0.784
Mass flow (g/s) 7.90 8.03 8.08 4.92 0.25 0.319 1.15

Figure 5. Grid convergence study using the Richardson extrapolation method for the plane disc
configuration, showing results for mass flow rate and power: (a) plane disc; (b) curved bladed disc.

6. Model Validation
The consistency and reliability of the numerical model were evaluated using the

experimental results reported by Zhao et al. [42], as no experimental data are currently
available for the specific Tesla turbine configuration considered in this work. In the reference
study, the turbine consisted of five discs with an outer diameter of 80 mm, an inner diameter
of 30 mm, a disc thickness of 0.7 mm, a disc spacing of 0.8 mm, and a nozzle width of 4 mm.
Although the geometric and operating conditions differ from those of the current study, the
comparison provides a valuable basis for assessing the accuracy of the adopted numerical
methodology, as shown in Figure 6.

The maximum deviation observed between the simulated and experimental results
was less than 4%, demonstrating the high consistency and reliability of the employed numer-
ical approach. Differences in this magnitude are common and considered acceptable in CFD
analyses of turbomachinery, as they may arise from experimental uncertainties, geometric
simplifications, or the intrinsic limitations of turbulence models. Recent studies [17,21,29]
have reported deviations between 2% and 6% in similar comparisons, highlighting that
errors below 5% indicate an excellent correlation between experimental and numerical data.
Thus, the validation stage confirms that the proposed model is physically consistent and
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numerically robust, ensuring it can be confidently used to analyze the various scenarios
simulated in this study.

Figure 6. Comparison of simulated and experimental power output at various inlet pressures, based
on Zhao et al. [42].

7. Results and Analysis
To evaluate the performance of the Tesla turbine and the influence of incorporating

partial-height blades, a comprehensive series of numerical simulations was conducted. The
simulations covered rotational speeds ranging from 1000 to 19,000 rpm and inlet pressures
from 2 to 4 bar for the conventional plane-disc configuration. A comparative analysis
with the bladed-disc configurations was then performed to evaluate the influence of blade
geometry and provide a deeper understanding of the associated flow mechanisms.

The specific energy (J/kg), representing the mechanical energy extracted per unit mass
of working fluid, was evaluated to compare the energy transfer capability of the rotor
under different operating conditions. Since the mass flow rate varies with inlet pressure,
this parameter provides additional insight into the effectiveness of the energy-extraction
process. As illustrated in Figure 7, the specific energy initially increases with rotational
speed for all investigated inlet pressures. The results show that the optimal operating point
strongly depends on the inlet pressure. Increasing the inlet pressure from 2 bar to 4 bar
increases the maximum achievable specific energy and shifts the optimal rotational speed
toward higher values, from approximately 11,000 rpm at 2 bar to nearly 15,000 rpm at 4 bar.

Figure 7 highlights the balance between performance improvement and aerodynamic
limitations. Although higher inlet pressure increases the available flow energy and shifts
the performance curves upward, stronger compressibility effects at elevated rotational
speeds introduce additional losses and reduce the effective operating range. Therefore,
among the investigated cases, the 2-bar condition provides a wider operating range before
significant aerodynamic losses occur.

The evolution of the flow is presented in the tangential velocity fields in Figure 8 for
the inlet pressure of 2 bar at 4000 rpm, 9000 rpm and 14,000 rpm, respectively. At 4000 rpm,
the flow is still weak and non-uniform, and there are large low-velocity regions near the
inner radius. The high-velocity jet from the nozzle penetrates deeper into the inter-disc
gap at high rotational speed (9000 rpm), which decreases the size of the low-velocity zones.
At 14,000 rpm, the tangential velocity exhibits a uniform distribution, consistent with the
increase in specific energy observed in Figure 7. This behaviour confirms that the optimal
operating conditions occur near or above 10,000 rpm for most pressure levels.
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Figure 7. Specific energy (energy per unit mass) as a function of rotational speed for different inlet
pressures, with black segments indicating supersonic (Ma > 1) internal-flow conditions.

Figure 8. Tangential velocity contours in the Tesla Turbine with plane discs at 2 bar for different
rotational speeds: (a) 4000 rpm; (b) 9000 rpm; (c) 14,000 rpm.

In the plane-disc configuration, momentum extraction was exclusively based on
viscous shear, which becomes continuously less predominant at high rotational speeds
due to the boundary layer becoming thinner and increased flow separation. To check if
the partial-height blades can reduce these losses inherent to the rotor, bladed and planar
rotor designs were compared to each other under the same set of boundary conditions.
The following results indicate the effect of blade insertion on power production, efficiency,
pressure distribution, and development of tangential velocities.

The power output of the curved-bladed disc configuration is shown in Figure 9a for
pressures at the inlet of 2, 3 and 4 bar. There is a strong dependence of maximum power on
the inlet pressure. As shown in Figure 9, the increase in mechanical power associated with
higher inlet pressures is fundamentally driven by enhanced momentum transfer from the
fluid to the rotor. For a fixed outlet condition, elevating the inlet total pressure increases the
overall pressure gradient across the turbine. This thermodynamic potential translates into
a higher mass flow rate and increased flow velocities, particularly the tangential velocity
component at the rotor inlet. Consequently, the higher kinetic energy of the fluid intensifies
both the viscous shear stresses on the parallel disc surfaces and the pressure differentials
acting across the individual partial-height blades. This combined amplification of shear-
driven and pressure-driven torque directly yields the higher power output observed. As
the speed of rotation increases, the power output increases up to a certain point, and then
the power output decreases. This drop starts at around 11,000 rpm in the 2 bar cases,
15,000 rpm in the 3 bar cases and 17,000 rpm in the 4 bar cases. This transition indicates
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that increased inlet pressures will need to be met with increased rotational speeds before
the losses due to aerodynamics begin to take precedence over the losses due to the fluid
energy. The curved-bladed rotor consistently generates more power, up to 30% higher at
14,000 rpm at 2 bar inlet pressure than the plane-disc case, as illustrated in Figure 9b. The
fluid-dynamic mechanisms that contribute to this macroscopic enhancement, particularly
the enhanced flow guidance, the tangential acceleration, and the momentum imparted
from the pressure distribution, are described later by analyzing the distributions of surface
shear stress and pressure.

Figure 9. (a) Power output as a function of rotational speed for different inlet pressures for the curved
bladed disc; (b) power increase between the plane-disc and curved bladed-disc configuration at 2 bar.

The contours in Figure 10a,b present the effect of the partial-height blades on the skin-
friction distribution. The baseline plane-disc (Figure 10a) exhibits a uniformly distributed
and visually higher overall level of skin friction across the entire disc surface. In contrast,
the bladed configuration (Figure 10b), while presenting localized peaks of elevated shear
stress directly along the blade paths and near the inlet nozzle, visually demonstrates lower
average wall shear stress over the broader inter-blade regions. This indicates an overall
reduction in the purely viscous momentum transfer on the disc walls.

However, this reduction in global viscous efforts is compensated by a secondary
mechanism, as revealed by the static pressure fields extracted at the blade mid-span
plane. While the plane-disc (Figure 10c) shows a simple, near concentric radial pressure
drop, the bladed disc (Figure 10d) disrupts this symmetry. Distinct pressure gradients are
observable across the individual blade faces, with high-pressure stagnation zones on the
advancing faces and lower-pressure regions on the trailing faces. This cross-blade pressure
differential introduces a new, pressure-induced torque production that is entirely absent in
the conventional plane-disc configuration. The introduction of this new pressure-driven
torque overcomes the reduction in uniform wall friction, driving the macroscopic power
gains characteristic of this hybrid design.

Corroborating the visual evidence from the skin-friction coefficient contours discussed
previously, Figure 11 quantitatively demonstrates the individual torque contributions as a
function of rotational speed. As expected from the previous analysis, the purely viscous
torque generated by the bladed turbine is consistently lower than that of the conventional
plane-disc rotor across the entire operating range. For instance, at 14,000 rpm, the viscous
torque decreases from approximately 0.103 Nm in the plane-disc configuration to 0.094 Nm
in the bladed configuration, corresponding to a reduction of nearly 9%.
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Figure 10. Skin-friction and static pressure contours for the plane-disc (left) and bladed-disc (right)
configurations at 2 bar and 11,000 rpm: (a) plane-disc skin friction; (b) bladed-disc skin friction;
(c) plane-disc static pressure; and (d) bladed-disc static pressure.

Figure 11. Viscous and pressure-induced torque components for the plane-disc model and bladed
model as a function of rotational speed for one disc at 2 bar.

However, the graph clearly illustrates the fundamental advantage of the proposed
hybrid mechanism. At the same rotational speed, the pressure-induced torque component,
generated by the localized form drag across the partial-height blades, contributes an
additional 0.042 Nm. When combined with its corresponding viscous contribution, the
total torque delivered to the shaft reaches 0.136 Nm, representing an overall enhancement
of approximately 31.5% compared with the plane-disc baseline.
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This quantitative breakdown confirms that the pressure contribution compensates for
the reduction in viscous torque and represents the main factor responsible for the overall
performance improvement.

As shown in Figure 12, increasing the inlet pressure significantly increases the turbine
power output, from 1954 W at 2 bar to 6558.6 W at 4 bar (at 11,000 rpm). However, this
power improvement is accompanied by additional aerodynamic limitations. At 4 bar,
the flow velocity downstream of the nozzle reaches Mach 1.21, resulting in localized
supersonic regions. These compressibility effects can promote the formation of shock
waves, leading to increased stagnation pressure losses, viscous dissipation, and possible
boundary-layer separation.

Figure 12. Tangential velocity contours for different inlet pressures at 11,000 rpm: (a) 2 bar, (b) 3 bar,
and (c) 4 bar.

Therefore, although higher inlet pressures allow greater power extraction, they also
introduce additional aerodynamic losses and more complex internal flow behaviour. Conse-
quently, operation at 4 bar may exceed the optimal operating range of the current subsonic
turbine design.

By comparing the spatial distribution of Sgen with the static pressure field, regions of
high turbulent dissipation and their relationship with the pressure-driven energy-extraction
mechanism can be identified. This combined analysis provides a clearer understanding
of how the proposed blade geometry enhances pressure-induced work extraction while
controlling the associated turbulent energy losses.

This mechanism is illustrated by the volumetric entropy generation contours. As
shown in Figure 13a, the plane-disc configuration exhibits a large region of high dissipation
near the inlet, resulting from unguided expansion and local flow stagnation. In contrast, the
introduction of partial-height blades (Figure 13b) modifies the irreversibility distribution.
The entropy generation becomes more organized and is mainly concentrated near the
leading edges and suction surfaces of the blades due to wake formation and local flow
disturbances. By improving the guidance of the working fluid, the blades enable additional
energy extraction through pressure differences across their surfaces instead of relying
exclusively on boundary-layer viscous shear. This transition toward a hybrid energy-
extraction mechanism increases the total torque production, compensating for the localized
increase in turbulent losses.

To analyze whether the performance improvement originates only from the reduction
in the inter-disc gap caused by the blade tips, an additional plane-disc configuration was
simulated with a gap equivalent to the minimum flow passage created by the blades.
Since the blades have a height of 0.25 mm on each disc surface, an equivalent plane-disc
simulation with a 0.5 mm gap was performed. The performance results shown in Figure 13c
indicate that the reduced-gap (0.5 mm) configuration provides similar performance to the

https://doi.org/10.3390/fluids11070166

https://doi.org/10.3390/fluids11070166


Fluids 2026, 11, 166 16 of 25

original 1.0 mm gap configuration at lower rotational speeds. However, above 11,000 rpm,
the 0.5 mm configuration achieves higher efficiency and power output than the 1.0 mm gap
turbine. Nevertheless, the bladed configuration achieves the highest efficiency for most
operating conditions, reaching a maximum value of approximately 53.3% at 13,000 rpm
compared with 46.6% for the 0.5 mm gap configuration. At high rotational speeds, all
configurations experience a reduction in efficiency; however, the bladed rotor maintains
its performance advantage. This demonstrates that the improvement is not solely caused
by gap reduction but also results from enhanced flow guidance and additional pressure-
induced energy extraction provided by the partial-height blades.

Figure 13. Volumetric entropy generation (Sgen) contours for (a) the plane-disc turbine with a 0.5 mm
gap and (b) the bladed-disc configuration at an inlet pressure of 2 bar. (c) Turbine efficiency as a
function of rotational speed for the 1.0 mm gap, 0.5 mm gap, and bladed-disc configurations.

The influence of three different blade geometries, namely curved, straight, and in-
verted curved blades, on the tangential and radial velocity fields extracted at the blade
mid-span plane for the six-blade configuration is shown in Figure 14. As illustrated in
Figure 14a,d, the curved blade provides a well-distributed velocity field along the disc. The
peak tangential velocities are aligned with the natural flow path created by the injector,
while the radial velocity contours demonstrate a smooth, progressive inward flow. The
curvature of the blades effectively assists the desired spiralling motion of the Tesla turbine,
enhancing jet directionality and promoting continuous flow development across the disc
channel. This aerodynamic guidance is explicitly corroborated by the radial velocity con-
tours, which reveal a distinct zone of negative radial velocity immediately downstream
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of the blades. This negative velocity mathematically indicates an inward-directed flow
towards the central exhaustion, in contrast to the third geometry, which presents positive
values after the blades.

Figure 14. Contours of tangential velocity (top row) and radial velocity (bottom row) evaluated at
the blade mid-span plane for different blade geometries at 2 bar and 11,000 rpm: (a,d) curved blade,
(b,e) straight blade, and (c,f) inverted curved blade.

The straight blade, in contrast, presents a much more abrupt interaction with the flow.
Although it demonstrates higher localized tangential velocities and a radial velocity field
(Figure 14e) that reveals a similar, inward-directed behaviour compared to the curved
model. The tangential velocity peaks are primarily concentrated on the clearance, failing to
effectively penetrate the inter-disc spacing. This peripheral concentration, coupled with
significantly lower tangential velocities towards the centre of the turbine, is strongly indica-
tive of severe aerodynamic losses. These characteristics demonstrate that the geometric
mismatch forces a high incidence angle, which acts as a partial flow blockage at the inlet,
restricting the fluid from smoothly entering the disc channel and resulting in a highly
inefficient flow redirection.

The inverted curved blade, shown in Figure 14c,f, exhibits the least favourable flow
behaviour. Although its tangential velocity distribution within the inter-disc spacing is
slightly improved compared with the straight-blade configuration, it still presents rela-
tively low velocity values near the central region of the turbine. By comparing the region
immediately downstream of the injector with the optimized curved-blade configuration,
it can be observed that the inverted geometry redirects part of the flow toward the outer
region of the discs. This unfavourable flow behaviour is confirmed by the radial velocity
contours, which show positive radial velocity regions immediately downstream of the
blades. Unlike the curved-blade configuration, these positive radial velocities indicate
a tendency for the flow to move outward, opposing the desired inward radial transport
toward the outlet. This reduces the effective flow-guidance capability and negatively affects
the energy-extraction process.

Figure 15 presents a comprehensive comparison of the different blade shapes in terms
of torque generation mechanisms, mass flow rate, and specific energy production at an
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inlet pressure of 2 bar across different rotational speeds. As shown in Figure 15a, the total
torque generated by one disc decreases monotonically with increasing rotational speed for
all bladed configurations. However, an important distinction can be observed regarding
the contribution of each torque generation mechanism. For both the straight and inverted
curved blades, the percentage of pressure-induced torque increases significantly with rota-
tional speed, eventually becoming the dominant contribution to power extraction (reaching
approximately 60% and 55% at 17,000 rpm, respectively). This increased dependence on
form drag and pressure forces shifts the operating mechanism away from the traditional
viscous-driven principle of the Tesla turbine. In contrast, the curved blade design effec-
tively mitigates this issue, maintaining a pressure-induced torque fraction well below 40%
(mostly hovering between 20% and 35%) across the entire operational range. This proves
that the curved geometry enhances overall performance while preserving the fundamental
boundary-layer shear mechanism. This physical behaviour is further contextualized by the
mass flow rate for one slice trends shown in Figure 15b. As the rotational speed increases,
stronger centrifugal effects generate greater resistance to the inward radial flow, result-
ing in a progressive reduction in mass flow rate across all geometries. While the bladed
configurations provide slightly higher mass flow rates than the plane-disc model at lower
rotational speeds, all configurations approach a limiting flow condition at high rotational
speeds, decreasing to approximately 0.0064–0.0068 kg/s at 17,000 rpm. This limitation
restricts the maximum mechanical power that can be extracted from the turbine.

In Figure 15c, the straight blade exhibits moderate performance with higher energy
values than the plane-disc configuration but lower values than the curved blade. It can
produce a small increase in power; however, with a slightly higher mass flow, reaching a
peak of 1986 W at 11,000 rpm, compared with 1954 W shown by the curved blade. This
behaviour can be linked to non-optimal guidance, which contributes to the mass flow and
limits effective energy transfer. The straight blade presents a very high local acceleration in
Figure 14b but also exhibits a clear performance penalty compared to the normal curved
geometry, although it still performs better than the plane-disc configuration. An additional
insight is provided in Figure 15b, which demonstrates the mass flow through turbine slices.
The curved blade reveals a steady mass-flow rate, whereas the straight and inverted curve
blades reveal a decreasing mass-flow rate as rotational velocity increases, similar to the
original disc case. This decrease in mass flow can be interpreted as approaching a choking
limit, which limits the mechanical power that can be generated.

It has been demonstrated that incorporating blades into Tesla turbine discs improves
torque generation and overall performance compared with the conventional plane-disc
configuration. However, the blade number plays a critical role in controlling the balance
between viscous coupling, pressure-induced torque generation, and aerodynamic blockage.
Therefore, three configurations (3, 6, and 9 blades), uniformly distributed as shown in
Figure 16, are investigated to evaluate the influence of blade number on the internal flow
behaviour and mechanical performance. Increasing the blade number reduces the angular
spacing between adjacent blades, modifying the available flow passages. The three-blade
configuration provides wider channels with lower flow restriction, while the six-blade
configuration represents an intermediate case. The nine-blade arrangement provides
stronger flow guidance due to the narrower passages, although with a potential increase in
aerodynamic losses. The following results analyze these effects through tangential velocity,
skin-friction distribution, and power generation.

Figure 17 shows the contours of the tangential velocity, illustrating how these geomet-
rical differences translate into fluid behaviour. With the minimum number of blades, the
flow is accelerated to generate a relatively smooth but less powerful tangential field. The
six-blade design exhibits higher acceleration and better alignment with the direction of
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rotation, leading to a more effective transfer of momentum. The maximum magnitudes
of tangential velocity are found near the inlet when nine blades are employed, though
with steeper gradients that indicate the initiation of stronger shear layers. A similar trend
can be observed in the skin-friction coefficient contours: the three-blade layout produces
lower friction values, which are related to lower levels of shear stress; the six-blade layout
promotes greater flow attachment, resulting in the formation of a stronger skin-friction
profile; and the nine-blade layout presents the highest values of skin friction, which is
associated with the strengthened interaction between the fluid and the blade surfaces.

Figure 15. Comparison of different blade shapes in terms of (a) total torque and percentage contribu-
tion of pressure-induced torque, (b) mass flow rate per gap, and (c) specific energy production at an
inlet pressure of 2 bar for different rotational speeds.

Figure 16. Schematic of blade distribution for three (a), six (b), and nine (c) blades in the curved blade
configuration.
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Figure 17. Tangential velocity and skin-friction coefficient contours for three, six, and nine-blade disc
configurations at 2 bar and 11,000 rpm: (a,d) three blades; (b,e) six blades; (c,f) nine blades.

The impact of blade count on the internal flow gives a preliminary idea of the effect
that these geometric changes will have on different fluid-dynamic behaviours. As seen in
the tangential velocity contours, a few blades produce a less energetic, but more uniform
tangential velocity field. The six-blade arrangement results in a higher level of acceleration
and a greater degree of rotational alignment, demonstrating a more efficient transfer
of torque. The nine-blade configuration has maximum tangential-velocity magnitudes,
especially near the nozzle, with larger velocity gradients, which imply the presence of
higher shear stresses in the system (see Figure 17c,f). The six-blade configuration exhibits
the lowest friction distributions, and it can be explained by the reduced shear interaction
with the fluid caused by the blockage generated by the blades, which disrupts the flow,
whereas the three-bladed configuration has increased friction distributions with a more
uniform friction zone. In the nine-blade configuration, the highest friction distributions
can be explained by increased interaction with the fluid along the disc surfaces. These
observations are followed by the more detailed quantitative investigation that follows,
which examines the effects of blade count on radial profile and overall power production
in detail.

The tangential velocity contours increase from the three-blade to the nine-blade con-
figuration, and the three-blade case has the highest velocity along the radial direction. The
same does not apply to the skin-friction contours, which exhibit different trends. Atypically,
more blades mean higher velocity gradients and, for the nine-bladed model, higher viscous
work in the disc surfaces. Analysis of these results shows that the performance of the
turbine, and power in particular, is generally improved in blade-modified discs.

Figure 18 presents the power output and each specific contribution for different blade
counts at 2 bar and 11,000 rpm, along with their percentage contribution to the total
power compared to the plane-disc model. As shown in Figure 18a, increasing the number
of blades increases the total power output and enhances the contribution of pressure-
induced effects generated by the blades. Figure 18b shows that although power output
increases with blade count, the rate of improvement gradually decreases, indicating the
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existence of an optimal blade number. However, it is important to highlight that viscous
shear remains the dominant driving mechanism across all investigated configurations.
Even for the optimal nine-blade design, the pressure contribution, while providing a
significant performance improvement, does not exceed the viscous contribution. These
partial-height blades act as localized obstacles in the primary flow path. As the fluid
impinges upon the blade profiles, local deceleration occurs, generating a high-pressure zone
on the pressure side and a corresponding lower-pressure region on the suction side. This
pressure difference creates a form-drag contribution acting on the blade surfaces, generating
an additional pressure-induced torque component similar to the mechanism observed in
impulse-type turbomachinery.

Figure 18. (a) Total power, viscous power, and pressure-induced power for different numbers of
blades at 2 bar and 11,000 rpm; (b) percentage contribution to total power and relative power increase
in the viscous and pressure-induced components with respect to the plane-disc configuration.

As shown in Table 4, increasing the number of blades leads to a gradual improvement
in both power output and total-to-static efficiency at the best operating point, with the
nine-blade model achieving a maximum efficiency of 57.5% at 13,000 rpm. This perfor-
mance enhancement is governed by two main physical mechanisms.

Table 4. Results of mass flow rate, power and efficiency for 2 bar inlet pressure in discs with 3, 6 and
9 blades on each side.

No of Blades Measurement
Rotational Velocity (rpm)

5000 7000 9000 11,000 13,000 15,000 17,000

3
Mass Flow [g/s] 8.25 8.15 7.97 7.75 7.43 7.00 6.53

Power [W] 1180.4 1505.8 1727.0 1818.7 1745.6 1439.1 685.1
Efficiency [%] 29.5 38.1 44.7 48.5 48.4 42.5 25.2

6
Mass Flow [g/s] 8.28 8.19 8.03 7.82 7.50 7.06 6.39

Power [W] 1217.0 1574.5 1826.4 1954.0 1924.9 1573.9 1110.0
Efficiency [%] 30.6 40.0 47.3 52.0 53.3 46.3 36.1

9
Mass Flow [g/s] 8.30 8.22 8.08 7.84 7.60 7.13 6.29

Power [W] 1256.5 1638.2 1920.3 2053.1 2101.6 1834.3 1358.6
Efficiency [%] 31.5 41.4 49.4 54.4 57.5 53.5 44.9

First, increasing the blade count provides more surfaces for the generation of pressure-
induced torque through the pressure difference formed across the blades. Second, higher
blade numbers create narrower inter-blade channels, improving flow guidance and pro-
moting a more effective transfer of fluid momentum to the rotor.
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This behaviour is supported by the flow contours shown in Figure 17, which show
that increasing the number of blades produces higher tangential velocities and modifies
the skin-friction distribution. Although the three-blade configuration generates higher skin
friction than the six-blade model due to wider flow passages, it does not provide the same
pressure-induced contribution as the nine-blade design. In the nine-blade configuration,
improved flow guidance increases tangential acceleration and enhances the overall torque
generation mechanism.

As demonstrated in Figure 18, despite the additional torque generated by blade-
induced pressure differences, viscous shear remains the dominant power-extraction mecha-
nism. Therefore, the modified rotor maintains the fundamental operating principle of the
Tesla turbine while benefiting from an additional pressure-induced contribution. These
results demonstrate that blade number represents an important design parameter, requir-
ing a balance between improved flow guidance, pressure-induced torque generation, and
potential aerodynamic blockage effects to maximize turbine performance.

Table 5 presents the maximum velocity (Vmax) and the corresponding Mach number in
the nozzle region for different rotational speeds and blade counts. The results show that
the presence of blades has only a modest influence on peak velocity for most operating
conditions, with the nine-blade configuration consistently exhibiting the highest values. For
example, at 9000 rpm, Vmax increases from 262.2 m/s for the plane-disc case to 272.7 m/s
for the nine-blade configuration, with the Mach number changing from 0.81 to 0.85. At
low rotational speeds (1000–3000 rpm), all configurations operate close to sonic conditions
(Ma = 1.00–1.02), regardless of blade count, due to the strong geometric contraction imposed
by the nozzle, which dominates over rotor-induced effects. As rotational speed increases,
the Mach number decreases, falling into the subsonic range of 0.54–0.79 at 17,000 rpm
across all bladed configurations. Overall, the results indicate that the local acceleration
within the nozzle remains within stable limits and does not lead to premature choking or
the formation of internal shock waves.

Table 5. Maximum velocity (m/s) in the nozzle region and corresponding Mach number (Ma) at the
same reference location for different blade counts and rotational.

Rotational
Velocity

(rpm)

Number of Blades

0 3 6 9

Vmax Ma Vmax Ma Vmax Ma Vmax Ma

1000 314.6 1.02 318.37 1.02 319.1 1.02 319.4 1.03
3000 302.7 0.96 309.15 0.98 311.0 0.98 312.3 1.0
5000 287.6 0.90 296.9 0.93 300.1 0.95 297.2 0.94
7000 279.3 0.87 281.0 0.87 284.3 0.89 286.8 0.90
9000 262.19 0.81 263.8 0.81 268.2 0.83 272.7 0.85

11,000 243.9 0.75 246.6 0.76 251.1 0.77 275.2 0.79
13,000 225.4 0.72 234.2 0.70 236.6 0.72 261.0 0.77
15,000 205.6 0.62 209.3 0.63 210.5 0.64 213.4 0.65
17,000 182.3 0.56 185.4 0.57 182.3 0.55 179.7 0.54

8. Conclusions
This study presents a comprehensive analysis of the geometric and operating parame-

ters of a Tesla turbine with rotor modifications, with a particular focus on the introduction
of partial-height blades and the effects of blade number and shape. All simulations were
performed using ANSYS Fluent. Throughout the evaluation of power production, tangen-
tial and radial velocity distributions, skin-friction distributions, pressure gradients, and
mass-flow behaviour, a clear and coherent physical interpretation of the blade-induced
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modifications in the internal flow has been obtained. Based on these results, several
important conclusions can be drawn:

• The fundamental premise of the ‘hybrid’ performance lies in the synergistic coupling
of two distinct momentum transfer mechanisms within the same fluid domain. In a
conventional Tesla turbine, energy extraction relies exclusively on the viscous shear
stress developed along the boundary layers of the smooth parallel discs. The presence
of blades produces a significant increase in momentum transfer within the admissible
operating regime. While mechanically simple, this purely viscous mechanism, the
integration of partial-height blades, alters this dynamic by introducing a pressure-
driven mechanism; designs that introduce blades exhibit higher tangential acceleration,
steeper pressure gradients, and higher skin-friction coefficients along the disc surface
compared to the plane-disc design, which directly contributes to the enhancement of
torque generation in the subsonic regime. As a result, performance improvements are
physically realized whenever operation is restricted to regimes characterized by Mach
numbers less than 1. This behaviour is a result of a trade-off between flow guidance,
viscous dissipation, and operational stability;

• Regarding the geometric parameters, increasing the number of blades positively
impacted the energy conversion process. The configuration with nine curved blades
emerged as the optimal design among the tested geometries, delivering the highest
isentropic efficiency (57.5% at 13,000 rpm and 2 bar) and torque by maximizing the
pressure-induced forces operating under a subsonic regime (Ma < 1) at 2 bar.

Overall, the results demonstrate that a Tesla turbine equipped with optimized partial-
height blades can significantly outperform the conventional plane-disc configuration. Un-
der identical operating conditions in the subsonic regime, the modified turbine achieves a
27% increase in power output and an efficiency improvement of approximately 10%. The
incorporation of partial-height blades enhances the torque-generation process by modifying
the pressure distribution and guiding the flow more effectively toward the outlet, thereby
improving momentum transfer, while viscous shear remains the dominant energy-transfer
mechanism. This confirms the hybrid operating behaviour of the proposed turbine con-
cept. However, these effects are inherently non-linear, and both blade number and blade
curvature require careful optimization to avoid excessive losses associated with viscous
dissipation, aerodynamic blockage, and compressibility effects. Among all investigated
operating conditions and geometrical configurations, the nine curved partial-height blade
configuration achieves the highest power output and efficiency improvement.

Author Contributions: Conceptualization, K.P., A.B., and M.A.; methodology, A.B. and M.A.; soft-
ware, K.P. and A.B.; validation, K.P. and A.B.; formal analysis, K.P., A.B., R.A., F.R., and M.A.;
investigation, K.P., A.B., R.A., F.R., and M.A.; resources, R.A. and M.A.; writing—original draft
preparation, K.P.; writing—review and editing, A.B., R.A., F.R., and M.A.; supervision, A.B., R.A.,
and M.A.; project administration, A.B., R.A., and M.A.; funding acquisition, R.A. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was supported by the Project GreenAuto: Green Innovation for the Automotive
Industry, n◦ 02/C05- i01.02/2022.PC644867037-00000013 from the Incentive System to Mobilizing
Agendas for Business Innovation, funded by the Recovery and Resilience Plan. This research
was also supported by the Research Unit of Centre for Mechanical and Aerospace Science and
Technologies (C-MAST-UBI), through the Projects references UID/00151/2025 (https://doi.org/10
.54499/UID/00151/2025), UID/PRR/00151/2025 (https://doi.org/10.54499/UID/PRR/00151/20
25), and UID/PRR2/00151/2025 (https://doi.org/10.54499/UID/PRR2/00151/2025), funded by
FCT—Fundação para a Ciência e a Tecnologia, IP/MECI.

https://doi.org/10.3390/fluids11070166

https://doi.org/10.54499/UID/00151/2025
https://doi.org/10.54499/UID/00151/2025
https://doi.org/10.54499/UID/PRR/00151/2025
https://doi.org/10.54499/UID/PRR/00151/2025
https://doi.org/10.54499/UID/PRR2/00151/2025
https://doi.org/10.3390/fluids11070166


Fluids 2026, 11, 166 24 of 25

Data Availability Statement: The data that support the findings of this study are available on request
from the corresponding author.

Conflicts of Interest: Author Kahinan Pastro, Amine Benmoussa and Ricardo Awazu were employed
by the company 4 ITEC Lusitânia, S.A, Lugar do Pombal, Zona Industrial do Salgueiro, 3530-259
Mangualde, Portugal. The remaining authors declare that the research was conducted in the absence
of any commercial or financial relationships that could be construed as a potential conflict of interest.

References
1. European Commission. The European Green Deal; EU Publications: Brussels, Belgium, 2019. Available online: https://eur-

lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A52019DC0640 (accessed on 6 December 2025).
2. European Parliament and Council. Directive (EU) 2024/1780 on the Promotion of the Use of Energy from Renewable Sources

(RED III). 2024. Available online: https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A32024L1780 (accessed on
6 December 2025).

3. Fraas, A.P.; Samuels, G. Power Conversion Systems of the 21st Century. J. Power Div. 1978, 104, 83–97. [CrossRef]
4. Tesla, N. Turbine. U.S. Patent 1,061,206, 6 May 1913. Available online: https://patents.google.com/patent/US1061206A (accessed

on 3 December 2025).
5. Renuke, A.; Vannoni, A.; Pascenti, M.; Traverso, A. Experimental and Numerical Investigation of Small Scale Tesla Turbines.

J. Eng. Gas Turbines Power 2019, 141, 121011. [CrossRef]
6. Song, J.; Gu, C.W.; Li, X.S. Performance estimation of Tesla turbine applied in small-scale Organic Rankine Cycle (ORC) system.

Appl. Therm. Eng. 2017, 110, 318–326. [CrossRef]
7. Carey, V.P. Assessment of Tesla turbine performance for small scale Rankine combined heat and power systems. J. Eng. Gas

Turbines Power 2010, 132, 122301. [CrossRef]
8. Ganguly, A.; Sengupta, S.; Pramanik, S. Waste heat recovery using Tesla turbines in Rankine cycle power plants: Thermofluid

dynamic characterization, performance assessment and exergy analysis. Appl. Therm. Eng. 2022, 207, 118141. [CrossRef]
9. Rice, W. Tesla Turbomachinery. Am. Soc. Mech. Eng. 1963. ASME Paper No. 63-WA-196.
10. Rice, W. An Analytical and Experimental Investigation of Multiple-Disc Turbines. J. Eng. Power 1965, 87, 29–36.
11. Allen, J. Examining the Tesla Turbine. Am. Inst. Aeronaut. Astronaut. 1989. AIAA Paper No. 89-0123. [CrossRef]
12. Ciappi, L.; Fiaschi, D.; Niknam, P.H.; Talluri, L. Computational investigation of the flow inside a Tesla turbine rotor. Energy 2019,

173, 207–217. [CrossRef]
13. Galindo, Y.; Núñez, J.; Beltrán, A. Identifying and Mitigating Energy Losses in Tesla Turbines: A Study on CFD Optimization.

Energy Sci. Eng. 2024, 12, 4090–4100. [CrossRef]
14. Rusin, K.; Wróblewski, W.; Rulik, S.; Majkut, M.; Strozik, M. Performance Study of a Bladeless Microturbine. Energies 2021,

14, 3794. [CrossRef]
15. Rusin, K.; Wróblewski, W.; Rulik, S. Efficiency-Based Optimization of a Tesla Turbine. Energy 2021, 236, 121448. [CrossRef]
16. Qi, W.; Deng, Q.; Yuan, S.; Chen, B. Advantages of the Aerodynamic Performance of Micro-Tesla Turbines. Energy Sci. Eng. 2023,

11, 1–12. [CrossRef]
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