
 
 

University of Birmingham

CFD Simulations of Compressed Air Two Stage Rotary
Wankel Expander – Parametric Analysis
Sadiq, Ghada; Tozer, Gavin; Al-Dadah, Raya; Mahmoud, Saad

DOI:
10.1016/j.enconman.2017.03.040

License:
Creative Commons: Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

Document Version
Peer reviewed version

Citation for published version (Harvard):
Sadiq, G, Tozer, G, Al-Dadah, R & Mahmoud, S 2017, 'CFD Simulations of Compressed Air Two Stage Rotary
Wankel Expander – Parametric Analysis', Energy Conversion and Management, vol. 142, pp. 42-52.
https://doi.org/10.1016/j.enconman.2017.03.040

Link to publication on Research at Birmingham portal

Publisher Rights Statement:
Initially checked: 13/3/17

General rights
Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.

•Users may freely distribute the URL that is used to identify this publication.
•Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.
•User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
•Users may not further distribute the material nor use it for the purposes of commercial gain.

Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.

When citing, please reference the published version.
Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.

If you believe that this is the case for this document, please contact UBIRA@lists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.

Download date: 26. Apr. 2024

https://doi.org/10.1016/j.enconman.2017.03.040
https://doi.org/10.1016/j.enconman.2017.03.040
https://birmingham.elsevierpure.com/en/publications/86499149-ea44-45d4-b5ca-c054ceddaf0b


CFD Simulations of Compressed Air Two Stage Rotary Wankel Expander 1 
– Parametric Analysis  2 

 3 
Ghada A. Sadiq a, b, Gavin Tozer a, Raya Al-Dadah a, Saad Mahmoud a 4 

a School of Engineering, University of Birmingham,            5 
 Birmingham, United Kingdom 6 

b Al-Mustansiriya University, Baghdad, Iraq 7 
GAS312@bham.ac.uk 8 

 9 
 10 
ABSTRACT 11 

A small scale volumetric Wankel expander is a powerful device for small-scale power generation in 12 

compressed air energy storage (CAES) systems and Organic Rankine cycles powered by different heat sources 13 

such as, biomass, low temperature geothermal, solar and waste heat leading to significant reduction in CO2 14 

emissions. Wankel expanders outperform other types of expander due to their ability to produce two power 15 

pulses per revolution per chamber additional to higher compactness, lower noise and vibration and lower cost. 16 

In this paper, a computational fluid dynamics (CFD) model was developed using ANSYS 16.2 to simulate the 17 

flow dynamics for a single and two stage Wankel expanders and to investigate the effect of port configurations, 18 

including size and spacing, on the expander’s power output and isentropic efficiency. Also, single-stage and 19 

two-stage expanders were analysed with different operating conditions. Single-stage 3D CFD results were 20 

compared to published work showing close agreement. 21 

The CFD modelling was used to investigate the performance of the rotary device using air as an ideal 22 

gas with various port diameters ranging from 15 mm to 50 mm; port spacing varying from 28 mm to 66 mm; 23 

different Wankel expander sizes (r = 48, e = 6.6, b = 32) mm and (r = 58, e = 8, b = 40) mm both as single-stage 24 

and as two-stage expanders with different configurations and various operating conditions. Results showed that 25 

the best Wankel expander design for a single-stage was (r = 48, e = 6.6, b = 32) mm, with the port diameters 20 26 

mm and port spacing equal to 50 mm. Moreover, combining two Wankel expanders horizontally, with a larger 27 

one at front, produced 8.52 kW compared with single-stage which gave 4.75 kW power output at the same 28 

operating conditions. Also, a maximum isentropic efficiency of 91 % was calculated with inlet pressure of 6 bar 29 

and inlet temperature of 400 K at 7500 rpm for the two-stage compared to the 87.25 % for the single-stage.  30 

Keywords: Wankel expander; design consideration; volumetric expansion device; 3D CFD analysis; single 31 
and stage-stages. 32 
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Nomenclature 
 

b rotor width (mm) φ  velocity angle (degree) 
e eccentricity (mm) 𝛎𝛎  rotor angle (degree) 
H enthalpy (kJ/kg) η efficiency (%) 
k turbulent kinetic energy (m2/s2) ε dissipation rate (m2/s3) 
N shaft speed per second (rpm) ρ  density (kg/m3) 
O origin (-) 𝜇𝜇  viscosity (N.s/m2) 
p pressure (N/m2)  

Subscript/superscript                                                                         
r  rotor radius (mm) h housing 
t time (s) inlet inlet port 
U velocity (m/s) outlet outlet port 
v volume (m3) r rotor 
W work (J) tot total 
x coordinates in the x direction   

Acronyms 
y coordinates in the y direction 3D three dimensional 
 

Greek symbols CFD computational fluid dynamics 
α angle (degree) UDF user defined functions 
β angle (degree) CG centre of gravity 
θ rotation angle (degree)   
 35 

1. Introduction 36 
 37 

Different studies have been carried out since the invention of the rotary engine by Felix Wankel to improve 38 

its design and performance [1-3]. Various work reported on the simulation and optimization of the Wankel 39 

engine combustion chambers with several fuels such as petrol [4-5], methane and octane [6], hydrogen and 40 

diesel [7] and hydrogen enriched ethanol and gasoline [8-9]. Researchers also investigated the effects of apex 41 

seals on the performance of the Wankel engine [10-11], whereas others studied the side ports, a micro rotary 42 

internal combustion engine [12, 13] and design of the Wankel engine [14]. Wankel engines have also been 43 

investigated as part of automotive hybrid systems using electric motor and a Wankel engine as a range extender 44 

[15-17]. Furthermore, some studies used the Wankel geometry as a compressor [18-19] and as a pump [20]. 45 

Use of a Wankel rotary engine as an expansion device was recently investigated by researchers [21-28]. 46 

Badr and coworkers investigated the Wankel expander for power generation using Rankine steam power cycle 47 

[21-23]. In [21] they developed a modelling technique and described the performance of the expansion devices 48 

for the commercially available Wankel engines of Mazda and Curtiss-Wright for different boiler pressures. 49 

While in [22] the design was considered by choosing the geometry; two inlet and two exhaust ports giving two 50 

power pulses per revolution. The location of the inlet ports were fixed on the periphery of the rotor housing and 51 

the exhaust ports were located on the side housing, in this case the intake system required valves to reach to the 52 

optimal design by using a computer-aided-design technique, furthermore material and lubrication for the 53 

expansion device were discussed. Their results of (5-20) kW output power was achieved for the Mazda engines 54 

(rotor radius 118.5 mm) and the Curtiss- wright engine at 3000 rpm output shaft speed, also the indicated power 55 
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output and steam mass flow rate of the Mazda Wankel expander were 16.8 kW and 0.12 kg/s respectively, at 56 

boiler pressure 6 bar and condenser pressure 1.25 bar. In [23] the performance of Wankel expander was 57 

compared with turbines, rotary vane and helical-screw expanders showing the benefits of using the Wankel 58 

geometry as an expansion device including compactness, low vibration, low noise and cost. Although both the 59 

helical-screw and Wankel expander are the most appropriate devices, some problems remain with using screw 60 

expanders, mainly due to the cost of the reduction gear boxes and speed control equipment. 61 

Antonelli et al. [24-27] studied the performance of Wankel expanders with steam and different working 62 

fluids for an Organic Rankine Cycle (ORC). Comparison between the numerical modelling software AMESim 63 

and experiments in terms of delivered torque, mass flow rate and indicated pressure was carried out in [24] and 64 

results were experimentally validated using compressed air. ORC was also used in [25-26]. Their results showed 65 

that an expansion isentropic efficiency of around 85 % and thermal ORC cycle efficiency of 10 % were 66 

achieved using pentane as working fluid. A small sized power plant using a steam driven Wankel rotary 67 

expander and heat generated from renewable sources was investigated theoretically by [27]. Results showed an 68 

increase in the thermal efficiency and a noticeable decrease in steam specific consumption up to 25% when 69 

comparing the single-stage with multistage Wankel expanders.  70 

The use of the Wankel expander for portable power applications was studied to show the ability of 71 

producing electrical power in the order of milliwatts, with an energy density better than batteries [28]. It used a 72 

set of intake/exhaust ports to supply the gas from a gas compressor which then expanded in the expander 73 

chambers providing a driving pressure to rotate the rotor. In this design the electrical generator was integrated 74 

with the rotor to save space and remove the need for an extended crankshaft. 75 

Although Computational Fluid Dynamics (CFD) is powerful tool for detailed three-dimensional simulation 76 

and optimization of the developed Wankel engine; there is limited published work regarding the simulation of 77 

the Wankel expander.  To the authors knowledge the effect on performance of inlet/outlet port configurations, 78 

size and spacing has not been considered within the previous literature. Furthermore, there had been no 79 

comparison of single-stage with two-stage Wankel expanders. In this study, three-dimensional CFD modelling 80 

using ANSYS fluent was developed to investigate different expander configurations with various operating 81 

conditions and with compressed air as the working fluid. 82 

2. Wankel expander geometry 83 
 84 
The Wankel expander consists of the housing and two moving parts, the rotor and the eccentric output 85 

shaft. The rotor’s motion is controlled by two spur gears, an external gear is fixed to the side housing and an 86 
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internal gear is fixed within the rotor to ensure the rotor tips maintain contact with the housing [29]. The 87 

geometry of the rotor housing and flanks are controlled principally by the radius r of the rotor and the 88 

eccentricity e of the output shaft. The eccentricity e and the generating rotor radius r are the key dimensions in 89 

designing the Wankel rotary expander as shown in Fig. 1. 90 

 91 
Fig. 1. Definitions of geometric parameters. 92 

 93 
The rotor has two simple motions, translation of the rotor centre along the eccentric shaft radius e and 94 

rotating around its own centre. The rotor rotates one revolution around its centre whilst the shaft completes three 95 

revolutions around the eccentric circle.  96 

The parametric equations of the housing are given as:       97 

𝑥𝑥ℎ = 𝑒𝑒 cos 3𝜃𝜃 + 𝑟𝑟 cos𝜃𝜃         (1) 98 

𝑦𝑦ℎ = 𝑒𝑒 sin 3𝜃𝜃 + 𝑟𝑟 sin𝜃𝜃        (2) 99 

Equations for the rotor shape: 100 

𝑥𝑥𝑟𝑟 = 𝑟𝑟 cos 2𝜈𝜈 + 3𝑒𝑒2

2𝑟𝑟
(cos 8𝜈𝜈 − cos 4𝜈𝜈) ± 𝑒𝑒 �1 − 9𝑒𝑒2

𝑟𝑟2
sin2 3 𝜈𝜈�

1
2 (cos 5𝜈𝜈 + cos 𝜈𝜈)    (3) 101 

𝑦𝑦𝑟𝑟 = 𝑟𝑟 sin 2𝜈𝜈 + 3𝑒𝑒2

2𝑟𝑟
(sin 8𝜈𝜈 − sin 4𝜈𝜈) ± 𝑒𝑒 �1 − 9𝑒𝑒2

𝑟𝑟2
sin2 3 𝜈𝜈�

1
2 (cos 5𝜈𝜈 + cos 𝜈𝜈)   (4) 102 

Where the intervals 𝛎𝛎 are: 103 

𝛎𝛎 = 

















6
21,

6
19,

6
13,

6
11,

6
5,

2
ππππππ

 104 

 105 

3. Computational fluid dynamic (CFD) 106 
 107 
Computational fluid dynamics is very useful for analysing any fluid system effectively before committing 108 

to manufacturing. In this case CFD was used to simulate the flow through the Wankel expander, in order to 109 

investigate the performance using various port configurations. To achieve this, the software ANSYS Fluent 110 

(16.2) was used as it has the capability to allow the mesh to dynamically change with time, which is necessary 111 
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for the simulation of the complex motion of the Wankel geometry. In order to create the correct movement, user 112 

defined functions (UDF’s) were written and implemented in Fluent to provide the exact mesh movement at a 113 

given rotational speed. The format of UDFs code was developed according to ANSYS Fluent User Guide [30]. 114 

The flow chart in Fig. 2 illustrates the major steps used for the CFD simulation work.  115 

 116 

Fig. 2. Flow chart for the CFD modelling steps. 117 
 118 

Creation of the rotor and housing geometry was carried out in Solidworks 2015 [31] using an Excel file 119 

(2010) [32] with a set of x, y coordinates of both the rotor and housing as detailed in (equations 1-4). These 120 

coordinates were then copied into two separate text files (one for the housing and one for the rotor). Once the 121 

points were imported as curves in SOLIDWORKS, the shapes could be extruded to create the 3D Wankel 122 

geometry. Before the geometry was imported to ANSYS Workbench 16.2, ports and seals were created in order 123 

to generate the overall geometry and produce the mesh for the CFD. Tetrahedrons mesh type was used for the 124 

3D Wankel geometry and the effect of mesh size on accuracy (i.e. grid independency) was studied. Grid 125 

independency study showed that the solution will be stable and the results not dependent on the number of grid 126 

therefore the number of elements of 150000 was used as shown in Fig. 3. While Fig. 4 illustrates the mesh types 127 

used in the Wankel expander simulation.  128 
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 129 

Fig. 3. Effect of mesh density on power output   130 

 131 

  Fig. 4. Wankel expander mesh used 132 

In Fluent solver, some assumptions were considered in the numerical computations as 3D compressible 133 

flow, no slip on the wall boundary and adiabatic conditions, atmospheric pressure is 1.013 bar and ambient 134 

temperature 300 K as suggested in ANSYS Fluent user guide [30]. The transient solver was selected to allow a 135 

time dependant solution, which is important for the Wankel expander simulation through a full cycle (one 136 

rotation). Viscous model k-epsilon (RNG) was also required to simulate turbulence and the ‘coupled’ pressure-137 

velocity coupling scheme was used for 3D simulation. Various boundary conditions as shown in table 2 were 138 

input into Fluent representing different operating parameters.  139 

 140 
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 141 

Table 2 The boundary conditions of the Wankel expander 142 
Parameter Unit Range/value 
Inlet absolute pressure bar 3-12 
Inlet total temperature K 350- 450 
Outlet pressure bar 1.013 
Rotational speed rpm 1500- 7500 

 143 

Below are the CFD governing equations which were used for flow modelling, based on conservation of mass, 144 

momentum (Navier–Stokes) and energy equations and an equation for modelling the turbulence [33]. 145 

Continuity equation: 146 

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ ∇ ∙ �𝜌𝜌𝑈𝑈��⃗ � = 0             (5) 147 

Momentum equation: 148 

𝜕𝜕�𝜌𝜌𝑈𝑈��⃗ �
𝜕𝜕𝜕𝜕

+ ∇ ∙ �𝜌𝜌𝑈𝑈��⃗ × 𝑈𝑈��⃗ � = −∇𝑃𝑃 + ∇ ∙ 𝜏𝜏 + 𝑆𝑆𝑀𝑀�����⃗   (6) 149 

Energy equation: 150 

  𝜕𝜕(𝜌𝜌ℎ𝑡𝑡𝑡𝑡𝑡𝑡)
𝜕𝜕𝜕𝜕

+ ∇ ∙ �𝜌𝜌𝑈𝑈��⃗ ℎ𝑡𝑡𝑡𝑡𝑡𝑡� = −∇(𝜆𝜆∇𝑇𝑇) + ST (7) 151 

where (𝜏𝜏) is the stress tensor while 𝑆𝑆𝑀𝑀 and ST represent the momentum and temperature source terms 152 

respectively.  153 

Turbulence model RNG k-ε equation: 154 

𝜕𝜕
𝜕𝜕𝜕𝜕

(𝜌𝜌𝜌𝜌) + 𝜕𝜕
𝜕𝜕𝑥𝑥𝑖𝑖

(𝜌𝜌𝜌𝜌𝑢𝑢𝑖𝑖) = 𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

�𝛼𝛼𝑘𝑘𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒
𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗
� + 𝐺𝐺𝑘𝑘 + 𝐺𝐺𝑏𝑏 − 𝜌𝜌𝜌𝜌 − 𝑌𝑌𝑀𝑀 + 𝑆𝑆𝑘𝑘  (8) 155 

𝜕𝜕
𝜕𝜕𝜕𝜕

(𝜌𝜌𝜌𝜌) + 𝜕𝜕
𝜕𝜕𝑥𝑥𝑖𝑖

(𝜌𝜌𝜌𝜌𝑢𝑢𝑖𝑖) = 𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

�𝛼𝛼𝑘𝑘𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒
𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗
� + 𝐶𝐶1𝜀𝜀

𝜀𝜀
𝑘𝑘

(𝐺𝐺𝑘𝑘 + 𝐶𝐶3𝜀𝜀𝐺𝐺𝑏𝑏) − 𝐶𝐶2𝜀𝜀𝜌𝜌
𝜀𝜀2

𝑘𝑘
− 𝑅𝑅𝜀𝜀 + 𝑆𝑆𝜀𝜀  (9) 156 

where 𝐺𝐺𝑘𝑘 and 𝐺𝐺𝑏𝑏 symbolize the generation of turbulence kinetic energy. YM describes the turbulence 157 

compressibility effects in the k-ε model; 𝑆𝑆𝑘𝑘 and 𝑆𝑆𝜀𝜀 are user-defined source terms. 158 

User Defined Functions were developed to generate the motion of all volumes in Fluent, using C 159 

programming code. The first UDF defined the motion of the rotor where the (DEFINE_CG_MOTION) UDF 160 

type was used to give the rotor a constant rotational velocity about its own centre of gravity (CG), whilst 161 

translating the centre of gravity with time dependent x and y directional velocity. This results in a circular 162 

motion with a radius equal to the eccentricity. The rotation takes three times longer than navigating the eccentric 163 

circle.  164 

 165 

 166 
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The Cartesian coordinates of the rotor CG motion:       167 
   168 
𝑥𝑥 = 𝑒𝑒 cos𝜑𝜑           (10) 169 
            170 
𝑦𝑦 = 𝑒𝑒 sin𝜑𝜑           (11) 171 

Where φ = 3θ  172 

Linear velocities of the rotor: 173 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= −𝜑𝜑𝜑𝜑 sin𝜑𝜑𝜑𝜑           (12) 174 

            175 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝜑𝜑𝜑𝜑 cos𝜑𝜑𝜑𝜑           (13) 176 

Issues were encountered when attempting to use the eccentric UDF, mainly negative volume errors. This 177 

was due to the speed the apex of the rotor moves past the housing wall, resulting in the apex jumping past more 178 

than one node of the housing in a single time step, ultimately allowing cross-over of the mesh faces and 179 

producing physically impossible geometry. This could be solved by lowering the time step size, reducing the 180 

‘jump’ distance of the apex. However, for the model to be accurate, the gap between the rotor apex and the 181 

housing wall had to be as small as possible, to minimize leakage between chambers. A smaller gap size resulted 182 

in a finer mesh in that area and that in turn meant that the time step has to be even smaller. Consequently, 183 

reducing the time step would produce a large increase in simulation run time. Another UDF was created to solve 184 

this issue, this time for mesh motion of the housing wall. The UDF translates the nodes of the housing around 185 

their periphery mirroring the speed of the rotor apexes. This allows zero relative velocity between the apex and 186 

the housing wall, eliminating the primary source of negative volume error; the housing motion is demonstrated 187 

in Fig. 5. 188 

 189 
Fig. 5. Housing movement and rotor rotation path 190 

 191 
DEFINE_GRID_MOTION UDF type was used as it allows control of individual nodes. The code of the 192 

UDF cycles through all nodes of the housing wall and translate each a set distance along the housing geometry, 193 

(equations 1-2) for the housing shape were utilised. The following Pseudocode breaks down the steps of the 194 
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UDF, the geometric parameters are shown in Fig. 6. 195 

 Retrieve the x and y distance of the selected node from housing centre (O). 196 

 Find beta angle using e, r and (x2+y2). 197 

 Find angle alpha. 198 

 Using alpha, determine which quadrant of the housing the node is located in. 199 

 Depending on the quadrant, solve one of the four equations for theta. 200 

 From rotation speed and time step find, find new theta, to match speed of apexes. 201 

 Use new theta with (equations 1-2) to find the new x and y coordinates of the node. 202 

 Repeat steps 1-7 for all nodes on the housing wall. 203 

  204 

 205 
Fig. 6. UDF codes Alpha & Beta & Theta angles 206 

 207 
Each run takes around 15 hours (using Intel Core i7-3770 CPU @ 3.40 GHz and 16 GB of RAM). 208 

Pressure-Volume (P,V) diagrams were created using the results from ANSYS Fluent allowing the calculation of 209 

estimated net work done by each ‘chamber’ per revolution and this can be converted to power output simply by 210 

multiplying it by the output shaft speed (revolutions per second), see (equations 14-15). The following equations 211 

were used to calculate the power output. The area enclosed by the pressure-volume curve could be accurately 212 

calculated using the trapezoidal function in MATLAB [34] as shown in (equation 16). The isentropic efficiency 213 

was calculated using (equation 17).  214 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 = 𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 × 𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 𝑠𝑠ℎ𝑎𝑎𝑎𝑎𝑎𝑎 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠       (14) 215 

𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 = 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑡𝑡ℎ𝑒𝑒 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (𝑝𝑝, 𝑣𝑣)        (15) 216 

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝑡𝑡ℎ𝑒𝑒 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡(𝑝𝑝, 𝑣𝑣)        (16) 217 

The isentropic efficiency can be calculated by: 218 

𝜂𝜂 = 𝑊𝑊×𝑁𝑁
𝐻𝐻𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖−𝐻𝐻𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

           (17) 219 

 220 

9 
 



4. Single-stage expander results  221 
Fig. 7a shows a single-stage Wankle expander where the inlet ports are located on the front side of the 222 

expander while the outlet ports were located on the rear side. It is important to identify the location and size for 223 

the inlet and outlet ports of the expander to allow the inlet port to open on achieving minimum volume 224 

(maximum pressure) and the outlet port should open upon reaching the maximum volume of the chamber [22]. 225 

Fig. 7b shows the three dimensional mesh distributions. 226 

     227 
Fig. 7. Wankel Expander geometry (a) and meshes generation (b). 228 

 229 
Fig. 8a compares the CFD predicted expander volume at various rotor angles to that reported by [22] using 230 

the Mazda Wankel engine with (r = 118.5, e = 17, b = 69) mm showing good agreement. Fig. 8b compares the 231 

predicted power output from [22] and the CFD simulation, which are 16.8kW and 17.8kW respectively with a 232 

difference of about 6%. 233 

                                                                     234 
Fig. 8a. Comparison between CFD and published paper [22] results for volume of expander against rotor 235 

angle 8b. Comparison of the power output between CFD and published paper [22]. 236 

Fig. 9a,b,c shows the contours of absolute pressure, temperature and velocity vectors for (r = 48, e = 6.6, b 237 

= 32) mm and ports diameter 15 mm at inlet pressure equal to 3 bar, inlet temperature 400 K and the output 238 

shaft speed of 7500 rpm.  These contours and vectors can be viewed for any rotation angle and can therefore be 239 

used to ensure the model is behaving as expected.  240 
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   241 

 242 

Fig. 9. Contours of absolute pressure (a), temperature(b) and velocity vector (c). 243 
 244 

Different port configurations, sizes and locations were simulated, ports diameters (15, 18, 22, 30, 40 and 245 

50) mm, port spacing (28, 44, 57 and 66) mm and various inlet pressures ranging from 3 bars to 6 bars. The port 246 

configurations investigated are shown in Fig. 10. 247 

 248 
Fig. 10. Ports size, shapes and location configurations. 249 

(Red ports are inlets, blue ports are outlets) 250 
 251 

Fig. 11 shows the power output at different port diameter and spacing. It can be seen that the peak power 252 

output occurs for the diameter size somewhere between 30mm and 40mm and the optimal port spacing for the 253 

output shaft speed of 7500rpm is between 44mm and 57mm. However this size is very large and parts of the 254 

(a) 

(c) 

(b) 
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ports move over the edge of the housing boundary. This could cause other problems in a real expander’s 255 

operation. Therefore, to optimise power, it would be practical to design the largest possible diameter port 256 

without crossing the housing wall boundary.  257 

 258 

Fig. 11. Power output with increasing port diameter and spacing 259 
 260 

The results in Fig. 12 show the power output for the geometry dimensions (e = 6.6mm, r = 48mm,   b =32 261 

mm) and operating parameters of inlet pressure 3 bar, inlet temperature 400 K and output shaft speed (7500 262 

rpm). It can be observed that the 'leader' shape ports in the wider positions produce the largest power output. 263 

The 8 port configuration is 4 ports on either side of the housing. 264 

  265 
Fig. 12. Power output with different port shapes. 266 

 267 
CFD results showed that increasing the spacing between the ports leads to increasing the power output to 268 

reach a maximum of 1.8 kW at spacing of 50 mm. As for port diameter, increasing the port diameter will 269 

increase the power output to reach a maximum of 2.5 kW at port diameter of 30 mm. However the 20 mm port 270 

diameter with 2 kW power output would be the largest practical size for this geometry. 271 

The effect of expander thickness has been investigated for the cases with the rotor radius 48 mm and 272 

eccentricity 6.6 mm of (32, 48 & 64) mm. Fig. 13 reports the power output for the three cases and shows that the 273 

best power output can be achieved with the thickness of (32) mm. 274 
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 275 
 276 

Fig. 13. Power output and an isentropic efficiency of the Wankel expander for different rotor thickness  277 
 278 

Fig. 14 shows the CFD predicted power output using the three single-stage Wankel expanders with 279 

different dimensions at inlet pressure 6 bar, inlet temperature 400 K and 7500 rpm output shaft speed. It is clear 280 

that the best power output achieved was for single-stage (f) reaching 4.75 kW.  281 

 282 

Fig. 14. Comparison of the power out put for various single-stage: single-stage (f) (r=48, e=6.6, b=32) mm, 283 
single-stage (g) (r=58, e=5, b=40) mm and single-stage (h) (r=48, e=6.6, b=64) mm. 284 

Fig. 15 presents the power and isentropic efficiency with different rotating output speeds for the Wankel 285 

dimensions (r=48, e=6.6, b=32) mm and at (4 & 6) bar and 400 K, showing that increasing the rotational speed 286 

leads to increasing the power and an isentropic efficiency. 287 
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 288 

Fig. 15.  Power output and Wankel expander isentropic efficiency for different rotating speeds 289 
 290 

The performance of this Wankel expander was also evaluated at different inlet temperatures (350, 400, 291 

450) K, inlet pressures (6 and 4) bar and 7500 rpm shaft speed. The maximimum isentropic efficiency reached 292 

(88 %) at 350 K and 6 bar with power output 4.6 kW as illustrated in Fig. 16. 293 

 294 
Fig. 16. Power output and Wankel expander isentropic efficiency for different inlet temperature 295 

 296 

5. TWO-STAGEWANKLE EXPANDER 297 
A number of two-stage Wankel expander configurations were investigated to achieve the highest power 298 

output as shown in table 3. In this table, three sizes of single-stage Wankel expander and five different two-stage 299 

configurations are described as shown in Fig. 17. In all two-stage expander configurations, the exit ports from the 300 

first stage are linked to the inlet ports of the second stage. 301 
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 302 
Fig. 17. Configurations of  various two-stageWankel expanders (a) both horizontal – same size (b) 1st 303 

horizontal – 2nd vertical – same size (c) both horizontal – first smaller (d) both horizontal – second smaller 304 
(e) 1st horizontal  - 2nd vertical – second smaller. 305 

 306 
 307 

TABLE 3 TWO-STAGE EXPANDERS CONFIGURATIONS 308 

No. Details about the cases 
1 (a) Two horizontal stages - same size (r=48, e=6.6, b=32) mm. 

2 (b) Stage-stages - same size (r=48, e=6.6, b=32) mm, first stage horizontal and 
second stage vertical. 

3 Two horizontal stages - different size 
(c) 1st stage (r=58, e=8, b=40) mm, 2nd stage (r=48, e=6.6, b=32) mm. 
(d) 1st stage (r=48, e=6.6, b=32) mm, 2nd stage (r=58, e=8, b=40) mm. 

4 (e) Stage-stages - different size 
1st stage horizontal (r=58, e=8, b=40) mm, 2nd  stage vertical- (r=48, e=6.6, 
b=32) mm. 

5 Single-stage (f) (r=48, e=6.6, b=32) mm, (g) (r=58, e=5, b=40) mm.         

 309 
Fig. 18 compares the power output of the various two-stage configurations (a, b, c, d, and e) shown in Fig. 310 

15 and the single-stage (f) with the dimensions (r = 48, e = 6.6, b = 32) mm at inlet pressure of 6 bar, inlet 311 

temperature 400 K and 7500 rpm. It can be seen that the Wankel expander with two horizontal stages (second 312 

stage smaller - d) produced the highest power output of 8.52kW. 313 
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 314 
Fig. 18. Comparison between different two-stageWankel expander power output                                                         315 

(a, b, c, d, and e) shown in Fig. 15  and the single-stage (f). 316 

Fig. 19 presents the variation of the isentropic efficiency with different inlet pressures (4, 6, 8 & 12) bar, 317 

inlet temperature 400 K and 7500 rpm for the two horizontal stages, second stage smaller – d showing that a 318 

maximum isentropic efficiency of 91% at 6 bar. 319 

 320 
Fig. 19. Variation of the isentropic efficiency with different inlet pressure at 400 K and 7500 rpm 321 

The comparison of the power output for the best two-stage Wankel expander configuration (d) with the 322 

single-stage (f) is shown in Fig. 20. It is clear from this figure that increasing the inlet pressure will increase the 323 

power output for both configurations, but the two-stage continuously outperforms the single-stage. Also, as the 324 

inlet pressure increases, the difference between the two-stage and single-stage power output increases, showing 325 

that the two-stage benefits more from increasing higher inlet pressure. 326 

 327 
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 328 

Fig. 20. Comparison between two-stage (d) and single-stage (f) 329 

 330 

6. CONCLUSIONS 331 
 332 
CFD ANSYS Fluent was successfully used to simulate the operation of the Wankel geometry as a single-333 

stage and to develop a two-stageexpander device. The use of different parameters was investigated including the 334 

port configurations, location and size on the power output.  335 

CFD results showed that circular port shape provides better performance than other shapes in terms of the 336 

power output and isentropic efficiency. Increasing the spacing between the ports leads to the power output 337 

increasing to reach a maximum of 4.75 kW at spacing of 50 mm and port diameter of 20 mm. Also the two 338 

horizontal stages – with first stage larger (r=58, e=8, b=40) mm than the second stage (r=48, e=6.6, b=32) mm, 339 

gave the highest power output of 8.52kW and isentropic efficiency of 91% at inlet pressure of 6 bar, inlet 340 

temperature of 400K and 7500 rpm. Increasing the inlet pressure will increase the power output for both single 341 

and two-stageconfigurations, but the two-stageone outperforms that of the single-stage at all inlet pressure 342 

values. Also, as the inlet pressure increases, the two-stagepower output improvement increases compared to that 343 

of the single-stage. This work highlights the potential of Wankel expanders in energy conversion.  344 

 345 
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