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Abstract. The Tesla turbine is an original expander working on the principle of torque transmission by 

wall shear stress. The principle – demonstrated for air expanders at lab scale - has some attractive features 

when applied to two-phase expanders: it is suitable for handling limited flow rates (as is the case for 

machines in the range from 500W to 5 kW), it can be developed to a reasonable size (rotor of 0.1 to 0.25 m 

diameters), with acceptable rotational speeds (which range from 500 to 10000 rpm). The original concept 

was revisited, designing it for two-phase operation and considering not only the rotor configuration but the 

whole machine. The flow model was developed using complete real fluid assumptions including several 

new concepts such as bladed channels for the stator, labyrinth seals, and a rotating diffuser. Preliminary 

design sketches are presented, and results discussed and evaluated.  

1 Introduction 

In recent years, the public engagement towards a 

sustainable energy production has rushed many 

researchers, industries, and energy suppliers to search 

for new ways of producing and recovery energy in an 

ecological way. This kind of solution needs to be 

efficient, clean, and effective, reducing the need for 

primary energy production. These requirements pointed 

the way to the development of new technologies, the 

increase of efficiency of the already existing ones, and 

to the exploitation of wasted streams of energy. 

The recovery of an energy stream can be obtained 

from a system both internally and externally. The 

external recovery usually deals with waste heat flows, 

such as combustion gases or hot streams in industrial 

processes. Internal recovery, on the other hand, is 

attractive for inverse cycle technologies, such as heat 

pump or refrigeration cycles. A practicable solution to 

recover the wasted energy stream in an inverse cycle is 

by replacing the throttling valve with an expansion 

device [1].  

Within this framework, the importance of 

developing efficient expanders is of paramount 

importance, as they could find applications not only in 

the inverse cycle market but also in the market of power 

cycles based on trilateral systems [2], which are very 

fitted for the recovery of low-temperature streams with 

variable specific heat.  

                                                 
* Corresponding author: daniele.fiaschi@unifi.it  

Moreover, inverse cycles and particularly the heat 

pumps market has been growing steadily in the last 

years, as a result of the improvement derived by the air-

sourced heat pumps, which are considered as a 

renewable technology [3]. However, a challenging point 

for the further development of more efficient heat 

pumps is the very difficult task of recovery of the 

internal stream, as the actual expanders often do not 

combine the requirements of low cost, efficient and 

reliable. 

Actual expanders for throttling energy recovery are 

divided into two main categories: velocity type 

(turbines) and volumetric type (rotary vane, piston, 

screw, and scroll expanders). For medium and low 

power systems, especially when working with 2 phase 

fluids, the volumetric expanders are commonly the best 

solution. Indeed, velocity type expanders are hindered 

by several dynamic issues due to the requirement for 

very high rotational speeds and the large volumetric 

difference between the two phases [4]. 

The Tesla turbine, with its relatively simple 

structure, could become a possible candidate for 2 phase 

expansion devices, which could find its market in the 

low power range (500 W – 5 kW). 

1.1 Tesla Turbine 

The Tesla turbine is a viscous turbine, which 

working principle is based on the power conversion 

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
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from the balance of the friction forces at the walls and 

the exchange of momentum. 

The turbine concept was exposed for the first time at 

the beginning of the last century when Tesla registered 

a patent for the expander in 1913 [5]. 

The main trait of the turbine is the absence of blades, 

which characterize the rotor configuration and the 

working behavior. The rotor is therefore bladeless and 

is composed of several staked disks with a very small 

gap between them. Indeed, the gap between the disks is 

a fundamental design parameter for this expander, as its 

dimension strongly affects the performance. Very tight 

gaps are necessary in order to reach desirable rotor-only 

efficiencies (75-90%) [6]. 

After the pioneer Tesla work, it was W. Rice and his 

research group in the 60s and 70s of the last century who 

further studied and developed this expander. 

Particularly, they both developed an advanced 

numerical model of the flow within the rotor of a Tesla 

turbine and performed a full set of experimental 

investigations on six different turbine configurations. 

The working fluid analyzed was air and also assessed 

that the main component responsible for the drop in the 

total efficiency was the nozzle. 

More recently, quite a number of studies have been 

released on the Tesla turbine, both involving numerical 

simulations [7, 8] and experimental test campaigns [9]. 

The majority of the numerical simulations consider the 

working fluid as incompressible [5, 8], only recently 

some studies are starting to consider the real fluid 

behavior [10, 11]. In experimental test campaigns, the 

working fluids are generally air or water [12, 13], but in 

recent times, a new assessment on organic fluids are 

advancing. Indeed, only recently the Tesla turbine has 

been considered as a suitable expander for ORC [14, 15] 

and it is even more innovative the application of this 

turbine in 2-phase operation. 

In the last year, a few research papers have been 

published, reporting the development of an innovative 

test rig for the characterization of the flow within a 2-

phase Tesla turbine [16], the possible benefits of 

utilizing a Tesla turbine instead of an expansion valve 

within a high-efficiency HVAC system [17], or for the 

energy harvesting when replacing the expansion valves 

in high-pressure natural gas pipelines [18, 19]. 

The aims of this study are (i) to present a preliminary 

mathematical model of the Tesla 2-phase rotor and (ii) 

to introduce a reliable design of the expander so that it 

can be easily adapted to the specific application. 

2 Flow modeling  

The flow modeling was centred on two components 

of the turbine, the stator and rotor.  

2.1 Stator Flow 

The stator modeling is of paramount importance 

when dealing with Tesla turbines, as it is the component 

that introduces the highest losses within the turbine, as 

recognized by [20]. The assessed stator is composed by 

4 nozzles for each stator disk. The nozzles are curved, 

starting with a radial inlet and an exit which is almost 

tangential to the rotor inlet, in order to provide the right 

flow direction. The design was carried out from a 

standard approach derived from radial turboexpanders 

vaned stator [21], modified with partial admission in 

order to deal with considerably reduced flow rates, as 

was the case for the single-phase ORC nozzle [22, 23]. 

The flow model considers the working fluid as a real 

fluid; thermodynamic properties are evaluated locally 

depending on the local variables (for example quality 

and pressure), at present using the Engineering Equation 

Solver library data [24].  

Differently from the single-phase expansion, it is 

necessary to define a formula for the calculation of the 

viscosity and sound speed of the flow in 2-phase 

conditions. Equations 1 and 2 have been implemented in 

the code, as suggested by [25]. 

The iterative design process, which was utilized for 

the single-phase design [23] has been kept: the output of 

the process is two-loss coefficients, ζD and ζR, whose 

values are equaled iteratively until convergence is 

reached for a given geometry.  

𝜇𝑇𝑃

=
1

2
[𝜇𝑙

2𝜇𝑙 + 𝜇𝑔 − 2(𝜇𝑙 − 𝜇𝑔)𝑥

2𝜇𝑙 + 𝜇𝑔 + (𝜇𝑙 − 𝜇𝑔)𝑥

+ 𝜇𝑔

2𝜇𝑔 + 𝜇𝑙 − 2(𝜇𝑔 − 𝜇𝑙)(1 − 𝑥)

2𝜇𝑔 + 𝜇𝑙 + (𝜇𝑔 − 𝜇𝑙)(1 − 𝑥)
] 

(1) 

𝑆𝑆𝑇𝑃 = [
𝜀

𝑆𝑆𝑔
2 +

(1 − 𝜀)2

𝑆𝑆𝑙
2 + 𝜀(1 − 𝜀)

𝜚𝑙

1.35𝑝
]

−0.5

 

 

(2) 

2.2 Rotor Flow 

An innovative feature of the present work is the 

development of a simple model for the evaluation of the 

flow within a Tesla turbine in 2-phase conditions. 

In order to develop a sound analytical model, the 

following assumptions have been made: 

a) Steady flow regime;  

b) The viscous force is treated as a body force acting on 

the flow at each (r - θ) position; 

c) Two-dimensional flow: 

 𝑉𝑧 = 0; 

 Vr = constant across the channel  

 Vθ = constant across the channel 

d) Radial symmetric flow field, uniform at the inlet (r 

= r0). The flow field is thus the same for any θ, 

therefore the derivative ∂/ ∂θ = 0 for all flow 

variables; 

e) (∂p/ ∂θ) negligible compared to wall friction forces 

 

Taking into account the previous assumptions, the 

fundamental Navier-Stokes equations in cylindrical 

coordinates are reduced to: 

Continuity 
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1

𝑟

𝜕(𝑟𝜌𝑇𝑃𝑉𝑟,𝑇𝑃)

𝜕𝑟
= 0 𝑟𝜌𝑇𝑃𝑉𝑟,𝑇𝑃 =

𝑐𝑜𝑠𝑡 
(3) 

 

Momentum, r-direction 

𝑉𝑟,𝑇𝑃
𝜕𝑉𝑟,𝑇𝑃

𝜕𝑟
−

𝑉𝜃,𝑇𝑃
2

𝑟
= −

1

𝜌𝑇𝑃
(

𝜕𝑝

𝜕𝑟
)

𝑇𝑃
+

𝑓𝑟,𝑇𝑃  

(4) 

Momentum, θ-direction 

𝑉𝑟,𝑇𝑃
𝜕𝑉𝜃,𝑇𝑃

𝜕𝑟
+

𝑉𝑟,𝑇𝑃𝑉𝜃,𝑇𝑃

𝑟
= 𝑓𝜃,𝑇𝑃  (5) 

Momentum, z-direction 

−
1

𝜌𝑇𝑃
(

𝜕𝑝

𝜕𝑧
)

𝑇𝑃
= 0 

 

(6) 

Knowing the mass flow rate inside each channel, it 

follows that locally: 

𝑉𝑟,𝑇𝑃 = −
�̇�𝑡𝑜𝑡̇

2𝜋𝑟𝑏𝜌𝑇𝑃  
  (7) 

The two-phase homogeneous model (𝑤𝑙 = 𝑤𝑔 = 𝑤) 

[26, 27] has been implemented within the code in order 

to compute the flow field of a 2 phase Tesla turbine; the 

shear stress can therefore be written as (8). 

𝜏𝑤 =
𝑓𝑇𝑃𝜌𝑇𝑃

2
𝑤2 =

𝑓𝑇𝑃𝜌𝑇𝑃

2
[(𝑉𝜃 −

𝜔𝑟)2 + 𝑉𝑟
2]  

(8) 

The friction factor can be computed through 

Churchill correlation (8). 

𝑓𝑇𝑃=2 [(
8

𝑅𝑒𝑇𝑃
)

12

+
1

(𝐴+𝐵)
3

2⁄
]

1
12⁄

  (9) 

Following then the same procedure highlighted for 

single phase flow in [11], it is possible to obtain the 

pressure gradient in radial direction (10), and the 

tangential velocity (11). 

(
𝜕𝑝

𝜕𝑟
)

𝑇𝑃
=

𝜌𝑇𝑃𝑉𝜃
2

𝑟
+

𝜌𝑇𝑃𝑉𝑟
2

𝑟
+

2𝜌𝑇𝑃𝑓𝑇𝑃

𝐷ℎ
∗

√[(𝑉𝜃 − 𝜔𝑟)2 + 𝑉𝑟
2] ∗ 𝑉𝑟  

(10) 

(
𝜕𝑉𝜃

𝜕𝑟
)

𝑇𝑃
= −

2𝑓𝑇𝑃

𝐷ℎ
∗

(𝑉𝜃−𝜔𝑟)

𝑉𝑟
∗

√(𝑉𝜃 − 𝜔𝑟)2 + 𝑉𝑟
2 −

𝑉𝜃

𝑟
  

(11) 

3 Working fluid assessment 

Once the code has been developed, a parametric 

assessment was carried out in order to investigate the 

possibility of developing an innovative 2-phase Tesla 

prototype. The working fluid selected for the 

dimensioning of the expander is the refrigerant 

R1234ze(E), which is a new generation HFO that will 

gradually substitute the widespread fluid R134a, due to 

its low GPW (=7) and nil ODP. 

The first parameters which have been analyzed are 

the rotor diameter ratio and the rotor external diameter. 

Figure 1a displays the variation of power per single 

channel, as a function of rotor inlet diameter and rotor 

diameter ratio, for a gap between the disks of 0.1 mm, a 

channel mass flow rate of 0.0125 kg/s, a total inlet 

pressure of 997.4 [kPa] in saturated liquid condition. 

The same analysis has been carried out with a gap width 

of 1 mm and shown in Fig. 1b. From the analysis, it is 

shown that higher rotor diameter slightly provides an 

increase in power generation, while choosing the right 

rotor diameter ratio is of paramount importance. 

Particularly, low diameter ratio values allow a better 

power conversion within the turbine. Even if the rotor 

diameter slightly affects power production, it is of 

fundamental importance when selecting the operating 

rotational speed. Indeed, higher rotor diameters allow 

selecting lower rotor speed velocities. This is connected 

to providing the right match between inlet tangential 

velocity and rotational speed, as indicated in [28]. 

 

 

Fig. 1. Power per channel [W] vs inlet rotor diameter and 

rotor diameter ratio for (a) 0.1 [mm] channel width and (b) 1 

[mm] channel width. 

In order to reduce the leakage flow around the rotor, 

which will lead to blockage, windage, and pumping 

losses [29], the highest gap (1 mm) is selected to 

perform the other performance analyses. Indeed, 

selecting a wider rotor channel gap allows establishing 

a preferential flow path for the fluid (the gap between 

the rotor and the carter is in the order of 0.1 mm). 

Figure 2 is therefore obtained for the same total 

conditions and mass flow rate of the analysis showed in 

Fig. 1, with a gap of 1 mm, a rotor diameter ratio of 0.2, 

and a rotor inlet diameter of 0.2 m. As expected, the 

power of the channel increases with Mach number and 

rotational speed. It is interesting to note that the 

parameter which mostly affects power production is the 

inlet Mach number. Indeed, high Mach number implies 

high velocities, which consequently results in higher 

power conversion, as implied by the Euler equation. 
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Figure 3 displays the power par channel production 

as a function of total mass flow rate (considering 10 

rotor channels) and rotational speed, for a Mach number 

of 0.6. As for the previous case, the highest power 

production is obtained for a higher mass flow rate and 

rotational speed. Of particular interest is the very high 

increase of power with total mass flow rate even at 

relatively low rotational speeds. 

 

Fig. 2. Power par channel [W] vs rotor inlet Mach number 

and rotational speed. 

 

Fig. 3. Power par channel [W] vs total mass flow rate and 

rotational speed. 

4 Prototype Design 

From the performed parametric analyses it was 

possible to individuate the right dimensions for the 

prototype, which is supposed to be tested at the 

University of Florence test bench [30]. 

In the presented design, the external carter, which is 

divided into 2 in order to allow an easy assembly, 

composes the plenum chamber, which guarantees a 

correct flow distribution at a limited number (typically, 

2 to 4) of radial nozzle inlets (fig. 4). The employed 

design of the expander configures the stator as several 

stacked disks with machined nozzles. Each stator disks 

provided the mass flow rate to a specific rotor disk. 

An axial section of the machine is shown in figure 5, 

displaying the feasibility of modular arrangement, 

changing the numbers of the stator and rotor disks. The 

mechanical configuration is a sound double-supported 

shaft, with one bearing for each side of the expander.  

An improved feature of this expander compared to 

the one developed for single-phase operation is the more 

complex labyrinth sealing systems which have been 

designed in order to guarantee that no (or a very limited 

amount) flow passes around the rotor. This guarantees 

the reduction or even the absence of blockage, windage, 

and pumping losses. Furthermore, a slot for a sliding 

sealing has been also considered, in case the labyrinth 

sealing would not allow complete blockage of the 

leakage flow, as shown in Fig. 6. 

 

 

Fig. 4. Plenum chamber and nozzles configuration 

 

 

Fig. 5. Axial section of the proposed 2-phase Tesla turbine 
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Fig. 6. Enlargement of sealing configurations, labyrinth and 

sliding. 

The last original trait of the proposed design is the 

introduction of a diffuser at the exit of the rotor. The 

introduction of such a component, allows the recovery 

of the kinetic energy in pressure, increasing the turbine 

efficiency. Figure 7 highlights the proposed 

configuration of the diffuser and, finally, Table 1 

resumes the main dimension of the depicted prototype.  

 

Fig. 7. Enlargement of diffuser section. 

Table 1. 2-phase Tesla turbine geometry 

Parameter Value Unit 

Stator inlet diameter 0.25 [m] 

Stator outlet diameter 0.201 [m] 

Number of stator channels 2 [-] 

Inlet Stator angle (radial direction) 0 [°] 

Outlet Stator angle (radial direction) 87 [°] 

Stator Vane Height 0.001 [m] 

Rotor inlet diameter 0.2 [m] 

Rotor outlet diameter 0.04 [m] 

Channel Height 0.001 [m] 

Number of rotor channels 10 [-] 

5 Conclusions  

An original Tesla turbine design for a 2-phase 

application was developed in this project. The 

performance assessment was performed with 

R1234ze(E) as a working fluid in order to demonstrate 

the feasibility of the proposed application with a specific 

prototype size (rotor diameter 0.2 m). 

A pivotal point of this research is the conceptual 

design applied for the design of the 2-phase expanders, 

which tried to tackle all of the issues encountered in 

previous experimental studies [29]. The key results may 

be summarised as follows: 

 A novel design concept was introduced, tackling 

rotor inefficiency issues derived from the leakage 

flows, through the application of advanced sealing 

configuration. 

 The expected nominal power of the prototype is of 

200 W and the expected rotor efficiency of 70%, 

for a total mass flow rate of 0.125 kg/s and a total 

of 10 rotor disks. If a higher mass flow rate could 

be reached (actually limited by the test bench), a 

higher power production could be obtained. 

The results indicate that the Tesla turbine appears 

potentially competitive with other 2-phase expanders 

thanks to its simple, adaptable design and to the 

promising power values obtained. 
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Nomenclature 

f friction factor 

g gas 

l liquid 

ṁ Mass flow rate [kg/s] 

ORC Organic Rankine Cycle 

p Pressure [Pa] 

r Radius [m] 

SS Sound speed 

TP 2-phase 

u Peripheral velocity [m/s] 

v Absolute velocity [m/s] 

w Relative velocity [m/s] 

x Quality 

𝜀 Void fraction 

𝜃 tangential 

μ Dynamic viscosity, [kg/(ms)] 

ρ density, [kg/m3] 

ω Rotational Speed [rad/s] 

ζ Loss coefficient 
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