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A B S T R A C T

In industrial facilities, a considerable amount of waste heat is often generated. However, due to 
the high costs associated with traditional methods of recovery, which do not align with the 
economic interests of enterprises, this waste heat is frequently wasted. With technological ad-
vancements, the bristle turbine has been proposed as a solution capable of effectively managing 
waste gases and providing added value to enterprises. Its advantages lie in its simple structure, 
easy installation, low rotational speed, and high reliability, offering a new option for waste heat 
recovery and utilization. Despite its potential, no previous research has conducted a detailed 
simulation of the bristle turbine, particularly focusing on internal flow dynamics, energy loss 
mechanisms, drag forces, and entropy generation. This study is the first to explore these critical 
aspects, making a novel contribution to the field. The paper presents the computational fluid 
dynamics (CFD) simulation of a 20 kW bristle turbine. The numerical simulation results are in 
good agreement with experimental results. Subsequently, the isentropic efficiency of the turbine 
at different speeds is simulated, and the performance of the turbine under off-design conditions is 
analyzed. By investigating the energy loss mechanisms within the turbine, optimization designs 
are proposed.

1. Introduction

In recent years, due to the increasing demand for energy efficiency and sustainable development, the recovery of low-grade waste 
heat has become an important focus area. To effectively recover and utilize low-grade waste heat in industrial production, various 
technologies and methods have been developed to reduce environmental impact and promote sustainability across different industrial 
and commercial sectors [1]. Su et al. [2] categorized multiple typical waste heat generating industries into three classes based on the 
grade of waste heat, providing a comprehensive review of the potential and methods of waste heat recovery.

Industries such as pulp and paper manufacturing, food processing, and textiles often generate high-pressure steam, which is 
typically reduced to a safe range using pressure reducing valves to ensure that the system pressure does not exceed the set value, 
thereby ensuring the normal operation of the steam system [3]. The use of pressure reducing valves does not effectively utilize 
high-pressure steam, adversely affecting the economic benefits of enterprises [4].

The use of an appropriate pressure reduction device instead of pressure reducing valves is particularly important. Therefore, the 
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turbine expander is a good choice, as it can achieve pressure reduction and provide power output [5]. By converting the pressure 
energy of steam into kinetic energy through the principle of steam converting the rotor’s kinetic energy into mechanical energy, steam 
pressure can be reduced. Energy is then extracted from the fluid by the rotation of turbine blades and converted into power output. For 
example, Peng et al. [6] designed a 1.5 kW single-stage partial admission impulse turbine for waste heat recovery from an internal 
combustion engine and conducted 3D CFD simulations, achieving a total-to-static efficiency of 42.5 %. Additionally, experimental 
research was carried out on a two-stage counter-rotating partial admission turbine. The results demonstrated that adding a second 
stage effectively recovers the energy from the first rotor’s outlet, significantly improving overall performance [7,8]. These findings 
mark important progress in the development of kW-class steam turbines.

With technological advancements, the concept of a miniaturized bladeless turbine has been proposed for waste heat applications or 
as an alternative to pressure reducing valves in steam pipeline systems with different pressure levels. Kupka et al. [9] designed and 
manufactured a micro-scale bladeless-type steam turbine with an output power of approximately 20 kW (also called bristle turbine 
because its rotating parts are similar to bristle), conducted experimental tests, and analyzed the isentropic efficiency of the turbine 
under different mass flow conditions. Compared to traditional turbines, this unconventional turbine has a simple structure, low-cost 
operation and maintenance, and high flexibility since it can be quickly started and stopped, which are factors/properties that strongly 
influence applicability in practice, particularly in the sub-MW class.

At present, with the exception of a Tesla turbine, there is a lack of literature on the numerical simulation of micro-scale bladeless- 
type steam turbine, and, to the authors’ knowledge, only one study has conducted experimental tests on them [9]. However, there has 
been no detailed numerical simulation of the internal flow of the turbine. Due to the limitations of experimental methods, it is difficult 
to fully understand the internal flow mechanism and performance characteristics of miniaturized bladeless turbines based solely on 
experimental results. Therefore, it is essential to conduct a detailed examination of the internal flow field of miniaturized bladeless 
turbines through CFD numerical simulation. Similar to other unconventional turbines such as jet propulsion turbines [10], tangential 
turbines with rotating channels [11], or Tesla turbines [12], they all feature unconventional bladeless forms, with the latter two being 
impulse turbines, where most of the expansion occurs within the nozzle. Regardless of their operating principles, the nozzle is a key 
component capable of greatly influencing the overall performance of bladeless turbines. Since the nozzle is one of the main con-
tributors to efficiency loss (along with nozzle-rotor interaction), special concern must be paid to its proper design to make these 
turbines more feasible.

Among unconventional bladeless turbines, the Tesla turbine is frequently investigated with a focus on its application at the 
microscale level, and scholars have conducted quite a lot of numerical simulations and experimental research on it. Siddiqui et al. [13] 
conducted a CFD analysis of a Tesla bladeless turbine using compressed air as the working fluid, analyzing various flow states using 
laminar and turbulent characteristics, and evaluating the turbine’s power coefficient and efficiency. Recent research by Akele et al. 
[14] has focused on the design, construction, and simulation of Tesla turbines and pumps, emphasizing the importance of numerical 
simulation in understanding the performance of these systems. Ciappi et al. [15] through the validation of a commercial 3D CFD 
model, confirmed the effectiveness of the two-dimensional EES model and demonstrated the reliability of the analysis method in Tesla 
turbine design, filling a gap in the literature. Schosser et al. [16] summarized the numerical simulation of incompressible laminar flow 
in bladeless radial turbines, revealing the accuracy of simplified analytical performance predictions and flow field given a specific 
geometric shape, providing important guidance for numerical calculations.

Manfrida et al. [17] studied the optimal geometric shape of Tesla turbine rotors used in the micro power generation field, finding 
that the gap between disks and the outlet diameter largely determines the power generation capability. In addition, Hamdani et al. 
[18] further analyzed the relationship between disk gaps, number of disks, disk diameter, and torque.

However, experimental data and CFD numerical simulation studies on other types of bladeless turbines are very scarce. Only one 
prototype of a jet propulsion steam turbine has been built and tested, studying the relationship between a pressure ratio and isentropic 
efficiency, and analyzing the reasons for efficiency reduction with increasing pressure. The results indicate the need for better designs 
to improve efficiency, such as using different combinations of labyrinth seal designs and more efficient nozzles [10]. Benini et al. [19] 
provided a detailed introduction to this type of jet propulsion turbine, including its design, manufacturing, and operation stages. 
Barbarelli et al. [20] studied a tangential flow turbine with rotating channels, which is suitable for regions of low specific speed (Ns) 
and high specific diameter (Ds), overcoming the performance disadvantages of traditional turbines in this range. Based on the work of 
Scornaienchi et al. [21], Barbarelli et al. [22] optimized a small tangential flow turbine with rotating channels and tangential inlet 
nozzles, and developed a prototype with five guide vanes, achieving a maximum efficiency of 43.5 % and a maximum power of 11.2 
kW.

However, to the best of our knowledge, detailed aerodynamic analysis of bristle turbines has not been previously reported. This 
paper addresses this critical research gap by conducting a numerical analysis on a single-stage 20 kW bristle turbine, validating 
experimental results using three-dimensional computational fluid dynamics (CFD) simulations. By analyzing the internal flow char-
acteristics within the bristle turbine, this study fills a significant gap in numerical simulation research, particularly regarding the 
interaction between internal flow and the bristles. These findings provide essential insights that can guide the optimization of design 
and performance in micro-scale bladeless turbines, contributing to future advancements in this area.

2. Objects and methods

2.1. Bristle turbine model

The bristle turbine analyzed in this paper is suitable for the recovery and utilization of low-grade waste heat in industrial 
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production, serving as an alternative to pressure reducing valves. High-pressure steam passes through the bristle turbine, reducing the 
pressure to a range acceptable for subsequent equipment. It mainly consists of a volute (containing an inlet chamber with nine CD 
nozzles), a rotor, and an outlet pipe, as shown in Fig. 1. The decision to use nine nozzles was based on comprehensive considerations of 
design, flow dynamics, and mechanics. Compared to the traditional circumferential uniform distribution, grouping the nozzles into a 
single block simplifies the mechanical design, manufacturing, and assembly processes. It also streamlines the fluid supply system, as 
steam can be supplied from a single inlet point, eliminating the need for a complex flow distribution network around the entire 
circumference. This centralized configuration reduces potential flow losses and allows for a more direct and controlled fluid delivery. 
The purpose of this paper is to analyze the internal flow characteristics of the bristle turbine through CFD simulation, elucidating the 
internal energy loss mechanism and filling the gap in the numerical analysis of this unconventional turbine. This provides a means for 
performance prediction and identification of key areas for aerodynamic optimization to enhance the overall performance of bristle 
turbines under design and off-design operating conditions.

2.2. CFD model

To reduce the computational domain grid size, Ansys ICEM was used to create a hexahedral grid for the rotor and outlet pipe. Ansys 
Meshing was employed to generate a tetrahedral grid for the volute.

The Ansys CFX solver was used for numerical computation, with the standard k-epsilon turbulence model. The simulation results 
are sensitive to the properties of the actual working fluid used in the system. In this study, the real gas dry steam equation was selected 
to describe the properties of the working fluid. Boundary conditions were set using inlet and outlet pressures. Total pressure was set at 
the inlet of the computational domain, while static pressure was set at the outlet. The rotor region was defined as a rotating domain 
with a speed of 9840 rpm, while the remaining regions were set as stationary domains. The rotor-stator interface with a pitch of 360◦

was set as a rotor-stator type interface, and interfaces between stationary domains were set as General Grid Interface (GGI). All walls 
were assigned no-slip conditions. The reference pressure was set to 0 Pa to obtain absolute pressure directly. The convergence criterion 
was set to reduce all scaled residuals below 1e-4. CFX simulation domain and grid are shown in Fig. 2.

To ensure the accuracy of the calculations, grid independence verification was conducted. In the entire bristle turbine, the nozzle 
and turbine rotor mesh play a crucial role in numerical simulation. Five sets of grids with different numbers of elements were 
generated, and calculations were performed under the same operating conditions. The isentropic efficiency of the turbine was used as 
the reference value for evaluation, as shown in Fig. 3. It can be seen that the number of grid elements begins to stabilize at 10 million, 
and higher mesh resolution has little impact on the solution accuracy, whereas required computational time is considerably increased. 
For considerations of computational efficiency, 10 million grid elements were used as the standard for CFD numerical simulation in the 
study.

3. Theory

3.1. Dimensionless number analysis

As an unconventional expansion component, it is essential to validate the dimensionless parameters of the bristle turbine. Balje 
[23] proposed different applicable ranges for expansion components based on the magnitude of a specific speed. Therefore, the ra-
tionality of the selection of expansion components can be judged based on the specific speed Ns and specific diameter Ds. The defi-
nitions of Ns and Ds are as follows: 

Ns =
ω

̅̅̅̅̅̅̅̅̅̅̅
m/ρ0

√

(Δhis)
3/4 [ − ] (1) 

Fig. 1. Bristle turbine model.
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Ds =
D(Δhis)

1/4

̅̅̅̅̅̅̅̅̅̅̅
m/ρ0

√ [ − ] (2) 

Where ω [rad⋅s− 1] is the angular velocity of the turbine rotation; m [kg⋅s− 1] is the mass flow rate; ρ0 [kg⋅m− 3] is the density at the 
turbine inlet; Δhis [kJ⋅kg− 1] is the isentropic enthalpy drop during the expansion process of the turbine; D [m] is the outer diameter of 
the turbine rotor.

The input parameters for conducting CFD analysis of the bristle turbine are shown in Table 1.
Based on the experimental results of Kupka et al. [9], a set of Ns and Ds data was obtained, and the data points were superimposed 

onto the Balje chart [23], as illustrated in Fig. 4. The figure shows that the experimental data points for the bristle turbine fall within a 
speed ratio range of 0.1–0.4, similar to the Terry turbine and matching with certain impulse turbines. Thereby validating the ratio-
nality of the selection of the expansion component.

Fig. 2. Domain and mesh for CFX simulation.

Fig. 3. Mesh sensitivity analysis.

Table 1 
Bristle turbine input parameters.

Parameter Value

Total pressure at the turbine inlet P0 [MPa] 1
Total temperature at the turbine inlet T0 [K] 463.15
Static pressure at the turbine outlet Pout [MPa] 0.1
Mass flow rate of steam m [kg⋅s− 1] 0.216
Density at the turbine inlet ρ0 [kg⋅m− 3] 4.992
Turbine rotational speed n [rpm] 9840
Turbine diameter D [m] 0.4
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3.2. Supersonic nozzle

The pressure drop of the bristle turbine mainly occurs at the nozzle, which means that the turbine belongs to the category of 
impulse type turbines. The design of the nozzle plays a crucial role in the overall performance of the bristle turbine due to high flow 
acceleration in the nozzle and associated irreversibility resulting in energy loss. In this study, it is assumed that the pressure ratio at the 
inlet and outlet of the turbine is equal to that of the nozzle, so the degree of reaction of the stage is zero. Therefore, the pressure at the 
outlet of the nozzle is the same as that at the outlet of the turbine. Due to the high expansion ratio of the turbine in this study, CD 
nozzles are used to avoid choked flow and overcome the limitations of convergent nozzles. This is because they can accommodate a 
larger range of expansion ratios to produce desired mass flow rate. The principle of the CD nozzle is depicted in Fig. 5, where sonic 
speed is achieved at the throat and supersonic speed is achieved in the expansion section.

Assuming that the flow in the nozzle is adiabatic, the throat cross-sectional area At can be expressed as 

At = m

/ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2κ
κ − 1

P0ρ0

(

PR
2
κ
cr − PR

κ+1
κ

cr

)√
[
m2] (3) 

where m [kg⋅s− 1] is the mass flow rate, κ [− ] is the heat capacity ratio, P0 [Pa] is the total inlet pressure, ρ0 [kg⋅m− 3] is the inlet density, 
and PRcr [− ] is the critical pressure ratio which can be calculated from Eq. (4). 

PRcr =

(
2

κ + 1

) κ
κ− 1

[ − ] (4) 

The nozzle outlet cross-sectional area Ae [m2] can be expressed as 

Ae

At
= PRcr

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
κ − 1
κ + 1

1

PR
2
κ − PR

κ+1
κ

√

[ − ] (5) 

The nozzle pressure ratio PR is defined as 

PR =
Pout

P0
[ − ] (6) 

Fig. 4. Ns-Ds chart for bristle turbine (data points superimposed onto Ns-Ds mother chart taken from Ref. [23]).

Fig. 5. Schematic of the CD nozzle.
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And the specific heat ratio κ can be obtained from the following expression 

κ =
cpm

cpm − R
[ − ] (7) 

in which R [J⋅K− 1⋅mol− 1] is the gas constant and cpm is the average specific heat capacity at constant pressure 

cpm =
Δhis

T0 − Tout,is

[
J ⋅ kg− 1 ⋅ K–1] (8) 

Where Δhis [J⋅kg− 1] is the ideal enthalpy drop of the nozzle, which can be obtained by REFPROP software [24]. In this paper, nine 
individual nozzles are used for research. The main geometric parameters of the nozzle are shown in Table 2.

3.3. Turbine rotor

The rotor consists of two concentric disks of the same diameter, with brush-like bristles fixed on the disks and arranged at equal 
intervals along the circumference, resembling bristles. Supersonic steam flow exiting the nozzle outlet impinges on the bristles of 1.6 
mm diameter, converting kinetic energy into mechanical energy, thereby driving the turbine rotor to rotate and generate output work. 
The principle of impact in the bristle region is illustrated in Fig. 6. When steam impacts the bristles, part of its kinetic energy is 
converted into mechanical energy, while the remaining portion is converted into heat, resulting in a decrease in steam temperature.

The mechanical power transmitted from the turbine shaft can be obtained using Eq. (9). 

P =
n • τ
9550

[kW] (9) 

Where τ [N⋅m] is the torque of the rotor and n [rpm] is rotational speed of the rotor.
The torque value is directly determined from the CFD post-processing results using the overall momentum of the turbine rotor.

3.4. Entropy production theory

Based on the second law of thermodynamics, there is always energy loss due to dissipative effects in mechanical processes. This 
process is irreversible and is always accompanied by an increase in entropy. The evaluation of irreversible losses in flow largely de-
pends on the concept of entropy production rate (EPR). This concept, derived from the entropy transport equation, effectively 
quantifies the magnitude of local irreversible losses. The specific expression for the volumetric entropy production rate is provided in 
the literature [25]: 

ṠPRO,D =
μ
T
{2

[(
∂u
∂x

)2

+

(
∂v
∂y

)2

+

(
∂w
∂z

)2]

+

(
∂u
∂y

+
∂v
∂x

)2

+

(
∂u
∂z

+
∂w
∂x

)2

+

(
∂v
∂z

+
∂w
∂y

)2} [
W ⋅ m–3 ⋅ K–1] (10) 

ṠPRO,Dʹ =
μ
T
{2

[(
∂uʹ

∂x

)2

+

(
∂v́
∂y

)2

+

(
∂wʹ

∂z

)2]

+

(
∂uʹ

∂y
+

∂v́
∂x

)2

+

(
∂uʹ

∂z
+

∂wʹ

∂x

)2

+

(
∂v́
∂z

+
∂wʹ

∂y

)2}[
W ⋅ m–3 ⋅ K–1] (11) 

Where, ṠPRO,D [W⋅m− 3⋅K− 1] represents the direct (viscous) dissipation entropy production rate caused by time-averaged movement, 

ṠPRO,Dʹ [W⋅m− 3⋅K− 1] represents the indirect (turbulent) dissipation entropy production rate caused by velocity fluctuations. T [K] 
represents the local mean temperature, μ [Pa⋅s] is the dynamic viscosity, u, v,w and uʹ, v́ ,wʹ [m⋅s− 1] are respectively the time-averaged 
and fluctuating velocities in the flow field in the direction of x, y, and z.

In the Reynolds-Averaged Navier-Stokes (RANS) method, the fluctuating velocity components are not included in the governing 
equations, leaving only the time-averaged components available for iterative solutions. Therefore, the CFD post-processing calculates 
the direct dissipation rather than the indirect dissipation. In conjunction with the k-ε turbulence model, the right-hand side of equation 
(11) can be replaced by the product of density ρ [kg⋅m− 3] and the turbulence dissipation rate ε [m2⋅s− 3]. 

ṠPRO,Dʹ =
ρε
T

[
W ⋅ m–3 ⋅ K–1] (12) 

Additionally, high velocity gradients exist in the wall region, generating significant wall effects that result in entropy production. 

Table 2 
Bristle turbine nozzle geometric parameters.

Parameter Value

Throat diameter dt [mm] 4.65
Outlet diameter de [mm] 7.28
Angle of spread γ [◦] 7
Number of nozzles 9
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Duan et al. [26] proposed a widely adaptable wall function with high computational accuracy to calculate the unit area entropy 
production rate near the wall, ṠPRO,W [W⋅m− 2⋅K− 1]. 

ṠPRO,W =
τ⇀w • v⇀w

T
[
W ⋅ m–2 ⋅ K–1] (13) 

Where, τ⇀w [Pa] represents the wall shear stress, v⇀w [m⋅s− 1] represents the velocity at the center of the first layer of grid cells adjacent to 
the wall.

By integrating the dissipation entropy production rate and the wall entropy production rate over each computational domain, the 
losses within each component of the system can be determined. The detailed derivation of the corresponding formulas is shown below. 

PD =

∫

V

T ⋅
(
ṠPRO,D+ṠPRO,Dʹ

)
dV [W] (14) 

PW =

∫

A

T ⋅ ṠPRO,W dA [W] (15) 

In the equations, PD and PW [W] represent the entropy losses caused by dissipation and wall friction, respectively. These two 
components of entropy loss account for only a part of the total loss. There are other unaccounted entropy losses, such as those caused 
by heat conduction, and irreversible phase transitions. We categorize these unquantifiable entropy losses as Pothers [W], to facilitate a 
comprehensive quantification of the total losses.

4. Results and discussions

4.1. With constant mass flow rate and varying speed

4.1.1. Verification of experimental results and CFD numerical simulation results
The reliability verification of CFD numerical simulation method is an important problem. This paper makes a comparison based on 

the experimental data tested by Kupka et al. [9]. The comparison of CFD simulation results and experimental results at design 
operating conditions is shown in Table 3.

From Tables 3, it can be observed that the relative difference between the CFD simulation results and experimental results for 
generator power is less than 10 %. Given that the CFD numerical simulations were conducted under adiabatic conditions, neglecting 
thermal losses at the walls, the calculated generator power is slightly higher. Therefore, the CFD numerical simulation method 
demonstrates a certain level of reliability.

Based on the original bristle turbine model, the non-design performance of the turbine was estimated using CFD simulation. Under 
a constant expansion ratio and mass flow rate conditions, the turbine’s performance under off-design conditions was simulated by 
varying the rotational speed of the rotating domain. Starting from 9840 rpm, with increments of 1500 rpm, six data sets were obtained 
as shown in Fig. 7. In Fig. 7(a), the relationship between the velocity ratio and isentropic efficiency is presented. Although the design 
operating point is 9840 rpm, the highest efficiency point occurs not at the design condition, but near a blade tip speed ratio of 0.27 
(approximately 11400 rpm). Fig. 7(b) displays the turbine’s performance under different flow coefficients and stage loading co-
efficients. Compared to conventional turbines, the performance appears slightly inferior; however, the bristle turbine is a relatively 

Fig. 6. Schematic diagram of steam flow impacting bristles (thrust elements).

Table 3 
CFD simulation results and experimental results.

Item Steam mass flow rate 
[kg⋅h− 1]

Steam inlet pressure 
[MPa]

Steam inlet 
temperature[K]

Steam outlet 
pressure [MPa]

Generator power 
[kW]

Rotational speed 
[rpm]

experiment 777.0 1.076 463.65 0.1012 20.65 9681
numerical 

simulation
781.82 1.0 463.15 0.1045 22.87 9840
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new and less-explored design with significant optimization potential yet to be realized.
The velocity ratio can be obtained using Eq. (16). 

π =
u
c0

[ − ] (16) 

Where u [m⋅s− 1] is the circumferential linear velocity at the rotor inlet, and c0 [m⋅s− 1] is the ideal expansion velocity: 

c0 =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2(h01 − h2s)

√ [
m ⋅ s− 1] (17) 

Since kinetic energy at the turbine outlet is not utilized and is completely wasted, the isentropic efficiency in this paper is the total- 
to-static isentropic efficiency: 

η =
h01 − h02

h01 − h2s
[ − ] (18) 

Where h01 [J⋅kg− 1] is the stagnation enthalpy at the nozzle inlet, h02 [J⋅kg− 1] is the stagnation enthalpy at the turbine outlet, and h2s 
[J⋅kg− 1] is the isentropic static enthalpy at the turbine outlet.

4.1.2. Analysis of internal flow
Detailed analysis of the internal flow of the bristle turbine has not been reported in the existing literature, leaving a gap in research. 

Conducting internal flow analysis is essential for optimizing and innovating the sustainability of the bristle turbine. To facilitate in-
ternal analysis, we created a symmetrical section of the nozzle, as shown in Fig. 8.

High-pressure and high-temperature steam passes through a supersonic nozzle, where thermal energy is converted into kinetic 
energy. At the nozzle outlet, the pressure decreases, and the flow velocity increases significantly. Subsequently, the high-speed steam 
enters the passages of the rotor. Within these passages, the high-speed steam impacts the bristle-like structures, generating a powerful 
thrust force that drives the turbine’s rotation. The steam then passes through a nozzle structure similar to gradual contraction and 
expansion, experiencing secondary expansion, which further accelerates the steam. As the steam flows through the bristles, a phe-
nomenon of diversion occurs, and the conversion of kinetic energy leads to a gradual decrease in velocity. Fig. 9 illustrates the velocity 
distribution of steam inside the turbine, with rotational speeds increasing from the design value of 9840 rpm (a) to (f) at intervals of 

Fig. 7. Performance variations of the turbine under different operating conditions.

Fig. 8. Symmetrical profile of nozzle.
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1500 rpm. With the increase in rotational speed, the velocity of steam inside the turbine shows a decreasing trend near the first row of 
bristles. Considering that torque is proportional to the square of velocity and resistance, it can be inferred that torque decreases 
accordingly.

Although the operating principle of the bristle turbine differs from that of conventional bladed turbines, the formation of liquid 
droplets should still be taken into account. The dryness field within the nozzle and rotor is depicted in Fig. 10. The minimum dryness 
fraction, approximately 0.88, occurs at the nozzle exit and at an intermediate position. The bristle turbine design has already 
considered the effects of wet steam, such as the use of erosion-resistant alloys like titanium (as utilized in experimental work [9]) to 

Fig. 9. Internal velocity distribution at different rotational speeds.

Fig. 10. Distribution of dryness inside the turbine under design conditions.
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mitigate erosion and extend turbine lifespan. Therefore, a dryness fraction of 0.88 is likely acceptable for this application.
Subsequently, the static pressure and Mach number fields were analyzed, as shown in Fig. 11. At the nozzle throat, significant 

expansion occurred, causing a substantial drop in static pressure. As the nozzle continued to expand, the pressure gradually decreased, 
with the pressure at the nozzle outlet being determined by atmospheric pressure. On both the pressure and suction sides of the bristle, 
noticeable pressure fluctuations were observed, accompanied by shock waves. The suction side experienced a much lower pressure 
than the corresponding pressure on the pressure side. Additionally, the Mach number field revealed localized acceleration to super-
sonic speeds in certain regions, further intensifying the pressure variations and shock phenomena. As shown in Fig. 12, the trend of 
pressure variation along the axial direction is displayed. There is a significant pressure difference in the region where steam impacts 
the bristles, reaching up to 90,000 Pa under design conditions, indicating a huge load acting on the bristles to drive the turbine’s 
rotation. As shown in Table 4, with the increase in rotational speed, the average pressure difference gradually decreases, which can 
prove that the load on the bristles also decreases accordingly.

In order to delve into the physical process of steam driving the rotation of the rotor, we extracted key parameters for analysis. 
Firstly, we calculated the drag force FD of the bristles at different rotational speeds. 

FD = CD
ρ12v2

1AP

2
[N] (19) 

AP [m2] represents the projected area along the jet direction, and the drag coefficient CD is expressed as: 

CD =
2P12

ρ12v2
1

[ − ] (20) 

where P12 [Pa] represents the pressure difference between the pressure side and the suction side, ρ12 [kg⋅m− 3] denotes the average 
steam density between both sides, and v1 [m⋅s− 1] stands for the average velocity on the pressure side.

In order to further compare and analyze, it is necessary to calculate the tangential force of the turbine rotor. The tangential force Fτ 
of the turbine rotor under different rotational speeds is expressed as: 

Fτ =
τ

0.5D
[N] (21) 

where τ [N⋅m] represents the torque of the rotor. The comparison of drag and tangential forces acting on bristles at different rotational 
speeds is shown in Fig. 13.

From the graph, it can be observed that the trends of both forces are quite similar. The tangential force, which is deriver from 
torque, represents the total driving force generated by all the bristles of the turbine rotor. In contrast, the drag force only accounts for 
the force generated by the row of bristles primarily impacted by the steam. As a result, there is a noticeable gap between the two forces.

Fig. 11. Distribution of static pressure (a) and Mach number (b) inside the turbine under design conditions.
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4.1.3. Energy loss analysis
By performing a quantitative analysis of various types of entropy production losses, the proportion of total energy loss can be 

determined. Fig. 14(a) shows the distribution of different types of entropy production losses as a function of rotational speed. From the 
figure, it can be observed that the entropy production losses caused by dissipation and wall effects exhibit a generally increasing trend 
as the rotational speed increases. In contrast, the entropy production losses caused by other factors show a decreasing trend. This 
behavior is due to the fact that, as rotational speed increases, the internal flow becomes more chaotic and disordered, leading to 
additional dissipative effects from vortices and turbulence at various scales. Simultaneously, as rotational speed increases, the dif-
ference between the steam velocity at the nozzle exit and the tangential velocity of the rotor blades gradually decreases. Consequently, 
shock and impact losses are reduced, leading to a corresponding decrease in losses associated with temperature changes in the 
medium.

Fig. 14(b) illustrates the overall proportion of the combined dissipation and wall entropy production losses for different compo-
nents. As shown in the figure, the volute, which contains nine nozzles, accounts for the largest proportion of entropy production losses, 
reaching up to 48 % under near-optimal operating conditions (11340 rpm), whereas the outlet pipe contributes the least, with only 11 
% of the entropy production losses. Under design conditions, the volute and rotor are the primary sources of energy loss. However, 
when deviating from the design conditions, the losses associated with the outlet pipe and cavity gaps increase, accounting for up to 43 
% of the total losses at a rotational speed of 17340 rpm.

Quantitative analysis of the losses in each component alone is not sufficient to pinpoint the exact locations where energy losses 
occur. Dissipative effects are unavoidable in the energy conversion process, and the dissipation entropy production rate is closely 

Fig. 12. Static pressure distribution along the axis.

Table 4 
Average pressure difference between the pressure and suction side of bristles (0.02–0.04 m).

Pressure side [Pa] Suction side [Pa] Difference [Pa] Speed [rpm]

1 143940 123478 20462 9840
2 163027 139943 23084 11340
3 177700 161840 15860 12840
4 191230 183878 7352 14340
5 211033 205117 5916 15840
6 232439 225263 7176 17340

Fig. 13. Comparison of the drag force and torque-based tangential force at different speeds.
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related to flow losses. By qualitatively analyzing the distribution of entropy production rates within the turbine flow passages, it is 
possible to identify where and how energy dissipation occurs. Fig. 15 illustrates the locations of energy dissipation within the turbine.

As steam passes through the nozzles, it is observed that the entropy increase is not significant in the converging section of the 
nozzles, where the velocity is relatively low. However, there are regions of higher energy dissipation in the throat and diverging 
sections, primarily due to wall friction losses. These losses occur near the wall surface and are caused by viscous resistance within the 
boundary layer. In these regions, the fluid interacts with the nozzle wall, and viscous effects lead to variations in the velocity profile, 
resulting in lower fluid velocity near the wall. This interaction causes energy transfer between fluid molecules, generating heat and 
dissipating a portion of the energy into the fluid in the form of heat. Therefore, efficient nozzle design is crucial to reducing entropy 
production losses caused by viscous dissipation, which is vital for improving the performance of bristle turbines.

High-velocity steam impacts the pressure surface of the bristles, creating a high-pressure region on the pressure surface, which, in 
turn, leads to a low-pressure region on the suction surface (as shown in Fig. 11). This pressure gradient influences the flow of the fluid. 
Due to the effects of inertia and the pressure gradient in high-speed flows, fluid separation occurs on the suction surface. This 

Fig. 14. Types of entropy production loss (a) and loss distribution (b) of each turbine component.
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separation leads to flow instability and the formation of vortices, creating a highly turbulent dissipation region between adjacent rows 
of bristles. Therefore, the structure and arrangement of the bristle rotor impact elements have a significant influence on reducing 
turbulent dissipation.

4.2. With varying mass flow rate

When the mass flow rate or rotational speed deviates from the design values, then the turbine is running at an off-design operating 
point resulting in different turbine characteristics (efficiency, power output etc.). Off-design conditions occur in many occasions 
especially when it comes to a low-grade heat source with frequently changing parameters so turbine’s flexibility is appreciated in this 
case.

Since a turbogenerator connected to the grid has to maintain constant frequency due to synchronization, the turbine operates at 
constant rotational speed even during changes to the load. In this situation, turbine power is adjusted by regulating the steam mass 
flow rate through a control valve located in front of the turbine. Reducing the mass flow rate affects the nozzle exit velocity and alters 
the flow behavior in the rotor passage.

To further validate the reliability of CFD numerical simulations, we assume that the flow regulation process is isenthalpic. When 
steam passes through the throttle valve, there will be changes in pressure and temperature downstream. Using REFPROP software, we 
calculated the downstream pressure and temperature, thereby obtaining the initial boundary conditions. Taking the uncertainty of the 
power analyzer used in the experiment as a reference, and based on single-sample uncertainty (as described by Moffat [27]), a uniform 
error of ±0.5 kW was applied to all experimental shaft power readings. The error bands of the experiment compared with the CFD 
numerical simulation are shown in Fig. 16.

From the figure, it can be seen that the CFD numerical simulation results are slightly higher than the experimental ones. Excluding 
extreme values, the isentropic efficiency generally differs by about 5 percentage points, with the overall trend closely matching the 
experimental results. The CFD simulation results are based on ideal conditions with adiabatic walls specified. In practice, the steam at 
the turbine inlet may contain moisture or may not be fully vaporized, which is not considered in the simulation. Additionally, me-
chanical losses from bearings and seals are present in the experimental tests. These factors contribute to the CFD simulation results 
being higher than the experimental test results. Considering these factors, we can reasonably explain the deviations between the CFD 
simulation results and the experimental ones.

4.3. Modification of bristle geometry

The geometry of the impact elements greatly influences the aerodynamic drag generated through interaction with the working 
fluid, which in turn affects the torque produced by the turbine rotor. Schmirler [28] utilized a test rig with 90 kW air compressor as the 
source of compressed air to investigate the aerodynamic drag of impact elements with different cross-sectional shapes. The results 
indicated that impact elements with a square cross-section exhibited the best performance in terms of aerodynamic drag, increasing 
drag by 22 % compared to circular cross-sections of the same area. To verify whether the modification of the impact element would 
enhance the performance of the bristle turbine, the impact element shape was changed from cylindrical to square, as illustrated in 

Fig. 15. Detailed distribution of internal dissipation entropy production rate (DEPR) at different speeds.
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Fig. 17.
By modifying the shape of the bristles and conducting CFD numerical simulations, the differences in isentropic efficiency before and 

after the modification were compared, as shown in Fig. 18. The results indicate that there are no significant differences between the 
simulation outcomes of the two designs. This suggests that changing the impact element from a cylindrical to a square shape has a 
minimal effect on the performance of the bristle turbine.

Compared to the cylindrical element, the square element is more favorable for the conversion of kinetic energy. As shown in Fig. 19, 
when steam impacts the square element, the velocity drop per unit length is more pronounced, particularly near the edges where flow 
separation is more significant. The increased flow separation associated with the square design is expected to lead to higher resistance. 
In Fig. 20, it is evident that near the design operating conditions, the square element exhibits greater resistance when impacted by 
steam than the cylindrical element. The turbulence and wake region generated by the square element may introduce more flow 
disturbances than initially anticipated, rather than producing useful work. Excess turbulence could have dissipated energy through 
vortices and low-pressure regions behind the square element, negatively impacting the overall performance of the turbine. Conse-
quently, the increase in resistance did not lead to an improvement in the performance of the bristle turbine. This analysis highlights the 
importance of optimizing element shapes and configurations to balance the benefits of kinetic energy conversion against potential 
increases in drag and flow disturbances. Further design refinements may be necessary to enhance the efficiency of the bristle turbine.

4.4. Discussion

Conventional turbines, even in small-scale applications, benefit from decades of optimization and design refinement. The aero-
dynamics, blade geometry, materials, and operating conditions of traditional turbines have been thoroughly studied and adjusted to 

Fig. 16. Comparison of CFD numerical simulation and experimental results under different flow rates.

Fig. 17. Modification of rotor impact elements.

Fig. 18. Differences between impact elements of different shapes.
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maximize efficiency, often exceeding 50 % even in smaller models. In contrast, the bristle turbine is a relatively new and less explored 
design, with maximum efficiencies in existing reports still below 35 %, indicating significant optimization potential yet to be realized.

In conventional turbines, blades are engineered to convert fluid energy efficiently due to their highly aerodynamic shapes, which 
minimize losses from turbulence and friction. The working principle of a bristle turbine, however, is quite different. Energy transfer 
relies on interactions between the fluid and the bristle elements, which may lead to greater energy dissipation due to increased tur-
bulence, friction, and wake formation compared to smooth aerodynamic blades. Moreover, the more complex interaction between the 
bristles and the steam can result in higher mechanical losses. In the future, we will take this as an opportunity to further explore hog 
bristle turbines, aiming to achieve optimal bristle shapes and arrangements that maintain the benefits of turbulence enhancement 
while minimizing unnecessary energy losses.

Additionally, conventional impulse turbines feature carefully optimized nozzle designs that ensure the fluid impacts the blades at 
the most efficient angles. This aspect presents an opportunity for further refinement in our bristle turbine design.

5. Conclusions and recommendations

(1) This study conducted CFD numerical simulations of the bristle turbine, verifying the feasibility of applying CFD to bristle 
turbines. The results demonstrated a high level of agreement between CFD simulations and experimental tests, with a relative 
error of around 10 %, indicating a certain degree of accuracy.

(2) Under constant expansion ratio and mass flow rate conditions, the turbine performance under off-design conditions was pre-
dicted by varying the rotational speed of the rotating domain. The results showed that the design point is not the optimal 
operating condition, with the highest efficiency occurring at a speed ratio of approximately 0.27. Therefore, selecting an 
appropriate rotational speed can further improve the performance of the bristle turbine.

(3) By establishing a profile of a single nozzle and calculating the drag force exerted on the bristles near the nozzle outlet based on 
the pressure difference across the first row of bristles, it was found that the drag force on the bristles is consistent with the trend 
of the tangential force provided by the turbine torque as the rotational speed changes. This reveals the aerodynamic charac-
teristics within the turbine, filling a gap in the research on internal flow in bristle turbines.

(4) Using entropy production theory, the energy loss proportion of each component of the bristle turbine was analyzed. The results 
indicate that the volute and rotor are the primary components contributing to energy loss. Further optimization of the nozzle 
and rotor bristles can be used to enhance the performance of the bristle turbine.

Fig. 19. The velocity distribution of different impact elements.

Fig. 20. Differences in drag forces of different impact elements.
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(5) The turbine configuration was altered by modifying the shape of the bristles in the bristle turbine. It was found that replacing 
cylindrical short rods with square short rods did not significantly improve performance, indirectly suggesting that the choice of 
bristle shape in the manufacturing process can be made based on budget constraints.
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Nomenclature

Symbols
A: area (m2)
cpm: specific heat capacity at constant pressure (J/kgK)
d: diameter (m)
h: specific enthalpy (J/kg)
k: turbulence kinetic energy (J/kg)
n: rotational speed (rpm)
p: pressure (Pa)
P: power (W)
S: entropy production rate (W/m3K)
t: time (s)
T: temperature (K)
u, v, w: velocity components (m/s)
V: volume (m3)
x, y, z: directions of the Cartesian coordinates
ϵ: turbulent dissipation rate (m2/s3)
κ: specific heat ratio (− )
μ: dynamic viscosity (Pa⋅s)
ρ: density (kg/m3)
τ: torque (N⋅m), wall shear stress (Pa)
ψ: stage loading coefficient (− )
Φ: flow coefficient (− )

Abbreviations
CD –: convergent-divergent nozzle
CFD –: computational fluid dynamics
DEPR –: dissipation entropy production rate
Ds –: specific diameter
EES –: engineering equation solver
EPR –: entropy production rate
GGI –: general grid interface
PR –: pressure ratio
RANS –: Reynolds-Averaged Navier-Stokes
Ns –: specific speed
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