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Abstract: Supercritical carbon dioxide (sCO2) can be mixed with dopants such as titanium tetrachlo-
ride (TiCl4), hexafluoro-benzene (C6F6), and sulphur dioxide (SO2) to raise the critical temperature of
the working fluid, allowing it to condense at ambient temperatures in dry solar field locations. The
resulting transcritical power cycles have lower compression work and higher thermal efficiency. This
paper presents the aerodynamic flow path design of a utility-scale axial turbine operating with an
80–20% molar mix of CO2 and SO2. The preliminary design is obtained using a mean line turbine
design method based on the Aungier loss model, which considers both mechanical and rotor dynamic
criteria. Furthermore, steady-state 3D computational fluid dynamic (CFD) simulations are set up
using the k-ω SST turbulence model, and blade shape optimisation is carried out to improve the
preliminary design while maintaining acceptable stress levels. It was found that increasing the
number of stages from 4 to 14 increased the total-to-total efficiency by 6.3% due to the higher blade
aspect ratio, which reduced the influence of secondary flow losses, as well as the smaller tip diameter,
which minimised the tip clearance losses. The final turbine design had a total-to-total efficiency of
92.9%, as predicted by the CFD results, with a maximum stress of less than 260 MPa and a mass
flow rate within 1% of the intended cycle’s mass flow rate. Optimum aerodynamic performance
was achieved with a 14-stage design where the hub radius and the flow path length are 310 mm and
1800 mm, respectively. Off-design analysis showed that the turbine could operate down to 88% of the
design reduced mass flow rate with a total-to-total efficiency of 80%.

Keywords: axial turbine; supercritical carbon dioxide; mean line design; CFD; aerodynamic design

1. Introduction

Supercritical carbon dioxide power cycles (sCO2) are promising candidates for concen-
trated solar power (CSP) plants [1–3]. Supercritical CO2 power cycles operate between two
pressure limits where both the heat addition and heat rejection pressures are higher than
the critical point of the working fluid. Consequently, the compression process takes place
in the supercritical phase using a compressor. The EU-funded SCARABEUS project [4] is
investigating the applicability of transcritical power cycles operating with CO2 mixtures,
where the working fluid is compressed in the liquid phase. This could result in enhanced
power generation efficiency and bring the levelised cost of electricity (LCoE) of CSP plants
to a competitive level within the renewable energy market [5]. Therefore, several sCO2-
based mixtures have been proposed to increase the mixture’s critical temperature and
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hence allow for air condensation in a transcritical power cycle for dry regions where water
cooling is not available [4,6].

According to the study presented by Tafur-Escanta et al. [7], blending CO2 with
carbonyl sulfide (COS) increased the efficiency of the cycle to 45.05%, compared to 41.25%
for pure CO2, while the specific investment cost decreased to 2621$/kWe for the blended
CO2 cycle compared to 2811$/kWe for the pure CO2 cycle. The SCARABEUS consortium
proposed hexafluorobenzene (C6F6), sulfur dioxide (SO2), and titanium tetrachloride (TiCl4)
as possible candidate mixtures [8,9]. The effects of changing C6F6 and TiCl4 molar fractions
on cycle performance were presented, considering safety and health characteristics [10,11].
The study revealed an absolute efficiency gain of 3% compared to pure CO2 cycles, whilst
the optimum mixture molar fraction ranged from 10% to 20%. The cycle layouts were also
simpler when using mixtures compared to pure CO2 cycles. Doping pure CO2 with 20% to
30% SO2 was investigated by Crespi et al. [9], which resulted in an optimised recompression
cycle with an efficiency of 51% at 700 ◦C inlet temperature. This corresponds to an efficiency
gain of 2% compared to the recompression cycle operating with pure carbon dioxide.

The SCARABEUS consortium has tested the thermal stability of the three candidate
mixtures for operation at a turbine inlet temperature of 700 ◦C. According to the test results,
titanium tetrachloride (TiCl4) did not thermally degrade at 700 ◦C. On the contrary, C6F6
showed signs of thermal degradation for temperatures above 600–625 ◦C. Unfortunately,
the thermal stability of CO2/SO2 has not yet been confirmed after long exposure times, but
the experimental investigation is currently underway. Previous studies in the literature
have indicated that CO2/SO2 is thermally stable at temperatures above 700 ◦C [12]. In
addition to thermal stability, environmental hazards were considered for the selected
mixtures. TiCl4 has potential limitations due to its high reactivity with moisture in the air
and the formation of HCl and TiO2, which are both hazardous to human health. For these
reasons, and considering the cycle optimisation analysis, the current study aims to design
the turbine flow path for a CO2-SO2 precompression cycle layout, which has demonstrated
a superior performance compared to the other mixtures. It is worth mentioning that these
mixtures are to be implemented for closed cycles developed for CSP applications. These
power plants are strategically located in dry regions which are well-ventilated, effectively
mitigating various threats, including the toxicity of SO2.

Research has determined that turbine performance influences the thermal efficiency
of sCO2 cycles considerably [13–15]. A study by Novales et al. [13] estimated that sCO2
cycles can only compete with state-of-the-art steam cycles if turbine efficiencies are above
92%. They also estimated that a 1% efficiency change in the turbine could result in a
0.31–0.38% change in cycle efficiency. According to Brun et al. [15], a 1% decrease in
turbine efficiency decreased cycle efficiency by 0.5%. Therefore, it is evident that the path
to commercialisation of sCO2 cycles entails a better understanding of turbine design, yet it
remains to be seen what effect CO2 mixtures have on the achievable performance.

Several authors have investigated the design of sCO2 turbines at different scales to
reveal the critical design considerations and the expected efficiency ranges. Zhang et al. [16]
conducted a CFD analysis on a 15 MW single-stage axial turbine, predicting a total-to-static
efficiency of 83.96%. The study also demonstrated the significance of gas bending stresses
on the turbine blades. However, the impact of adding additional stages to the turbine on
the performance was not investigated. On the other hand, Shi et al. [17] predicted a total-
to-total efficiency of 92.12% for a three-stage design for a 10 MW axial turbine. Moreover,
they showed that the turbine can maintain 85% to 92% efficiency while operating at off-
design conditions in the range of mass flow rate from 115 kg/s to 201.3 kg/s. Total-to-total
efficiency above 90% was also predicted by Bidkar et al. [18] for four-stage and six-stage
50 MW and 450 MW axial turbines, respectively. Kalra et al. [19] designed a four-stage
axial turbine for a 10 MW CSP plant. The study focused on practical considerations such
as mechanical integrity, vibrational damping, sealing, shaft assembly, and operational
transients. It highlighted the unique challenges imposed by sCO2 turbines, such as high
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torque requirements, small aerofoil fabrication, aero-design optimisation with mechanically
safe blade design, and high cycle fatigue life of the rotor.

Schmitt et al. [20] designed the first stage of a sCO2 axial turbine by mean line design
and 3D design using a STAR-CCM+ CFD package. They observed that both methods
predict similar vane geometries, but mean line design overestimates the efficiency of the
stage when compared to the CFD analysis. The reason for the discrepancy was attributed
to the inadequacy of the Soderberg loss model to capture all primary losses. They also
observed that the fluid’s high density at the turbine inlet results in short blades relative to
the blade chord length, which promotes secondary flow and tip clearance losses.

To properly model the thermodynamic properties of the selected CO2 mixtures,
Aqel et al. [21] investigated the effect of the choice of the equation of state (EoS) and
its calibration on the turbine design accuracy. The uncertainty in mean diameter and blade
height when using the Peng–Robinson EoS was 2.6% and 4.3%, respectively. However,
most of the deviations stemmed from variations in the turbine boundary conditions as
defined by the cycle model. This indicates that turbine designs for CO2/SO2 can be de-
signed with reasonable accuracy, even with uncertainty in the fluid model. It is worth
noting that the mixture modelling is most critical when modelling the thermodynamic
cycle, and there is not a large sensitivity when considering the turbine in isolation because
the turbine operates quite far from the critical point of the fluid where non-ideal effects are
most significant. Specifically, the compressibility factor of pure CO2 at the turbine inlet
conditions of 700 ◦C and 239 bar is 1.054, which indicates a behaviour close to ideal gas
with less dependency on the equation of state and binary interaction parameters [11].

Turbine blades are generated using the preliminary mean line analysis, which can be
used, along with a few assumptions, to generate the 3D blades for the CFD simulations
and structural analysis. A conjugate aerodynamic–structural blade shape optimisation
model can be conducted to improve the 3D blade design assumptions and align the design
to the power cycle requirements [22]. Kalra et al. [19] followed a similar methodology in
designing a four-stage sCO2 expander by generating a mean line flow path followed by a
3D numerical simulation and detailed rotor dynamic analysis.

In this paper, the flow path and aerodynamic design of a 130 MW axial turbine operat-
ing with an 80–20% molar composition of CO2/SO2 is presented. This design is initiated
utilising mean line design and further refined using CFD simulation. Design constraints
are introduced based on industrial experience to ensure design feasibility in terms of
aerodynamic–mechanical integration. The proposed turbine design is evaluated under
various operating conditions to enhance understanding of the aerodynamic performance at
both design and off-design conditions. More details about the aerodynamic–mechanical
design and integration of this turbine have been published in another publication [23].

2. Design Process
2.1. Meanline Design Model

An in-house mean line design tool is used to develop the turbine flow path [24,25].
Within the tool, the steady-state mass, energy, and momentum equations are solved to
obtain the blade geometry, velocity triangles, and thermodynamic properties for all turbine
stages. The design process starts by defining the boundary conditions, including the total
inlet temperature, the total inlet pressure, the pressure ratio, the mass flow rate, and the
inlet flow angle. Six decision parameters, presented in Table 1, are defined, which include
the loading and flow coefficients ( ψ, ϕ), degree of reaction (Λ), trailing edge thickness-to-
throat ratio (t/o), pitch-to-chord ratio (s/c), and blade surface roughness. The values for ψ
and ϕ are selected to allow for optimum turbine aerodynamic performance based on the
Smith chart [26]. The trailing edge-to-throat ratio (t/o) is selected to reduce the trailing edge
losses and is set based on the specified range in the literature as indicated in Table 1. The
pitch-to-chord ratio is defined based on industrial recommendations.
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Table 1. Mean line model design criteria.

Design Parameter Value Design Parameter Value

Surface roughness (mm) 0.002 Degree of reaction Λ 0.5
Stage flow coefficient ϕ 0.5 [26] Trailing edge − to − throat ratio t/o 0.05 [27]
Stage loading coefficient ψ 1 [26] Pitch − to − chord ratio s/c 0.85 [28]

The number of turbine stages and the number of rotor and stator blades are deter-
mined based on the defined boundary conditions and decision parameters. Practically,
it is recommended to restrict the number of blades within the range of 35 to 100. This
range ensures optimal aerodynamic design that meets both mechanical and rotor dynamic
constraints. To ensure the mechanical strength of the blades, a static bending stress limit of
130 MPa is set, excluding any stress intensification factor (SIF). Additionally, a slenderness
ratio, defined as the ratio of the total axial flow path length to the hub diameter, is required
to be less than 9 to ensure structural integrity. The thermodynamic properties and velocity
triangles can be obtained at each boundary for both the stator and rotor, as defined in
Figure 1. Following that, the blade geometry can be obtained, including blade heights,
annulus area, chord and axial chord length, blade pitch, and throat-to-pitch ratio (o/c), as
shown in Figure 2 [24,25]. The mean line design model generates a 1D geometry for each
stage, including the inlet/outlet angles, the stagger angle, the chord length, the throat
opening, and the trailing edge thickness. The number of stages, the number of blades per
stage, and the tip clearance values are also provided.
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Figure 1. Geometry of a blade cross-section where C is the absolute velocity, W is the relative velocity,
U is the blade linear speed, Ca is the absolute axial velocity, Cw is the absolute tangential velocity, α is
the absolute velocity angle and β is the relative velocity angle.
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According to an analysis conducted by the authors in a previous work, the Aungier
loss model [29] is one of the most suitable for sCO2 axial turbine design [25]. The mean
line design tool has been previously verified against multiple cases from the literature.
This includes cases involving air, CO2 and organic fluids as the working medium. A good
agreement was obtained for both the geometric parameters as well as the total-to-total
efficiency. A maximum percentage difference of 1.5% and 1.2% in the total-to-total and
total-to-static efficiencies, respectively, was observed [30].

2.2. CFD Model Definition

CFD simulations are initiated by generating the 3D blades using the mean line de-
sign results in addition to making certain geometrical assumptions, which can be further
evaluated and refined in subsequent design phases. These assumptions include the leading-
edge thickness, inlet/outlet wedge angles, aerofoil curvature control points, and blade
base fillet. The 2D aerofoil is extruded to form the 3D blade since the mean line design
indicates relatively short blades. Specifically, the ratio of the blade height to the mean
diameter ranges between 8% and 15%. The CFD results are compared to the mean line
design model to verify the suitability of the applied mean line loss model. To ensure a
suitable design, the predicted mass flow rate for the given pressure ratio is compared
with cycle requirements and the 3D blade design assumptions are adjusted accordingly.
The resulting 3D blade geometry is then evaluated using finite element analysis (FEA) to
ensure that mechanical stresses are within the imposed limits. The blade base fillet can be
modified to meet the stress constraints, along with adjusting the aerofoil thickness. Further
improvements to the 3D blade geometry are achieved using blade shape optimisation with
the goal of improving the performance while aligning with the cycle operating conditions
and safety considerations.

A 3D steady-state multi-stage CFD model is set up for a single flow passage, as
shown in Figure 3. The turbulence model is k-ω SST, which is widely considered for
turbomachinery simulations [31]. Near the walls, a scalable wall function model is used,
which employs equilibrium wall functions for high Reynold’s number flow. The CFD solver
is ANSYS CFX (2020 R2). The interfaces between the stator and rotor blades are modelled
using a mixing plane approach, where the pitch ratios are defined as the ratio between the
number of blades in the downstream blade row and the upstream blade row.
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Figure 3. Numerical domain of the 14-stage design.

In the proposed design, the ratio of the rotor to stator number of blades falls within the
range of 0.893 to 0.914. This ratio is sufficiently close to unity, which ensures that modelling
a single passage of each blade row has a minimal impact on the solution accuracy. The
boundary conditions defined for this model are the total pressure and the total temperature
at the inlet of the first stator blade, while the static pressure is defined at the outlet of the
last rotor. The rotor blades are unshrouded with a tip clearance gap of 0.07% of the tip
diameter for each stage.
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Alongside design-point verification, an off-design CFD model is set up to assess
turbine performance at different operating conditions. This model provides insights into
the acceptable turndown capability, defining the operating range without a significant
performance deterioration. The off-design simulations are set up by varying the inlet total
pressure while maintaining a constant inlet total temperature and static outlet pressure.
The results are presented using the non-dimensional form of the mass flow rate defined
by Equation (1), where

.
m is the mass flow rate, γ is the specific heat ratio, R is the ideal

gas constant, T01 is the total inlet temperature, Dh is the hub diameter, and P01 is the inlet
total pressure.

mRed =

.
m
√

γRT01

D2
hP01

(1)

The mesh quality has been controlled by controlling the global element size while
maintaining y+ values on the walls around 50 to best suit standard wall functions [32]. The
required number of grid points is identified using a mesh independence study applied
to a single stage to obtain efficiency tolerance within 0.02% compared to the finest mesh,
as reported in Figure 4. This mesh size is then applied to the remaining stages. The total
number of grid points per stage, in this case, ranges between 3.1 and 3.7 million points,
while the total number of grid points of the domain is 47.3 million.

Int. J. Turbomach. Propuls. Power 2024, 9, x FOR PEER REVIEW 6 of 18 
 

 

Alongside design-point verification, an off-design CFD model is set up to assess tur-

bine performance at different operating conditions. This model provides insights into the 

acceptable turndown capability, defining the operating range without a significant per-

formance deterioration. The off-design simulations are set up by varying the inlet total 

pressure while maintaining a constant inlet total temperature and static outlet pressure. 

The results are presented using the non-dimensional form of the mass flow rate defined 

by Equation (1), where 𝑚̇ is the mass flow rate, 𝛾 is the specific heat ratio, 𝑅 is the ideal 

gas constant, 𝑇01 is the total inlet temperature, 𝐷ℎ is the hub diameter, and 𝑃01 is the 

inlet total pressure. 

𝑚𝑅𝑒𝑑 =
𝑚̇√𝛾𝑅𝑇01

𝐷ℎ
2𝑃01

 (1) 

The mesh quality has been controlled by controlling the global element size while 

maintaining 𝑦+ values on the walls around 50 to best suit standard wall functions [32]. The 

required number of grid points is identified using a mesh independence study applied to 

a single stage to obtain efficiency tolerance within 0.02% compared to the finest mesh, as 

reported in Figure 4. This mesh size is then applied to the remaining stages. The total number 

of grid points per stage, in this case, ranges between 3.1 and 3.7 million points, while the 

total number of grid points of the domain is 47.3 million. 

 

Figure 4. Mesh study of the first stage out of the 14-stage design. The blue line shows the efficiency 

variation with the number of grid points while the red dashed line highlights the selected mesh 

point for the study. 

The thermophysical properties of the sCO2 mixtures are evaluated using SIMULIS 

[33]. The selected equation of state is Peng–Robinson in both mean line design and CFD 

simulations for its simplicity and accuracy [21]. The binary interaction parameters for the 

selected EoS were selected to match those used for the cycle analysis to ensure consistency 

in the thermodynamic properties obtained by both models [21,34]. The properties are in-

troduced to the CFD models using look-up tables that cover the expected pressure and 

temperature ranges with the size of 500 × 500 points. The pressure range is set between 10 

bar and 300 bar, while the temperature range is set between 400 K and 1200 K. The CFD 

model results have been checked to ensure that the property tables cover the global min-

imum and maximum values of the pressure and temperature within the solution domain. 

It is worth noting that the CFD model has been verified against both numerical and 

experimental results available in the literature, as illustrated in the authors’ previous work 

[22,35]. A good agreement was observed between the proposed model and the published 

data in terms of the total-to-total efficiency and the stator/rotor loss coefficients. Compared 

to the results of a numerical CFD study of a 15 MW sCO2 turbine, the calculated deviation 

in the total-to-static efficiency was 0.2% [22]. Compared to the experimental results of a 

140 kW axial air turbine, the obtained deviation in the total-to-total efficiency was 1% [35]. 

Figure 4. Mesh study of the first stage out of the 14-stage design. The blue line shows the efficiency
variation with the number of grid points while the red dashed line highlights the selected mesh point
for the study.

The thermophysical properties of the sCO2 mixtures are evaluated using SIMULIS [33].
The selected equation of state is Peng–Robinson in both mean line design and CFD simula-
tions for its simplicity and accuracy [21]. The binary interaction parameters for the selected
EoS were selected to match those used for the cycle analysis to ensure consistency in the
thermodynamic properties obtained by both models [21,34]. The properties are introduced
to the CFD models using look-up tables that cover the expected pressure and temperature
ranges with the size of 500 × 500 points. The pressure range is set between 10 bar and
300 bar, while the temperature range is set between 400 K and 1200 K. The CFD model
results have been checked to ensure that the property tables cover the global minimum and
maximum values of the pressure and temperature within the solution domain.

It is worth noting that the CFD model has been verified against both numerical and
experimental results available in the literature, as illustrated in the authors’ previous
work [22,35]. A good agreement was observed between the proposed model and the
published data in terms of the total-to-total efficiency and the stator/rotor loss coefficients.
Compared to the results of a numerical CFD study of a 15 MW sCO2 turbine, the calculated
deviation in the total-to-static efficiency was 0.2% [22]. Compared to the experimental
results of a 140 kW axial air turbine, the obtained deviation in the total-to-total efficiency
was 1% [35].
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2.3. Blade Shape Optimisation

The 3D blade geometry can be further improved through blade shape optimisation, as
explained by the authors in a previous publication [22]. The optimisation model uses a set
of decision variables represented by the blade aerofoil angle and thickness distributions,
while the objectives and constraints are introduced to maintain an efficient operation and a
safe design. The search space is defined by selecting a certain range for the thickness and
angle magnitudes at four different locations, specifically, the leading edge, trailing edge,
and two mid-points, as shown in Figure 5. The range for each decision variable is defined
around the reference value using manual iterations aimed at maintaining a reasonable
aerofoil shape, as reported in Figure 6.

Int. J. Turbomach. Propuls. Power 2024, 9, x FOR PEER REVIEW 7 of 18 
 

 

2.3. Blade Shape Optimisation 

The 3D blade geometry can be further improved through blade shape optimisation, 

as explained by the authors in a previous publication [22]. The optimisation model uses a 

set of decision variables represented by the blade aerofoil angle and thickness distribu-

tions, while the objectives and constraints are introduced to maintain an efficient opera-

tion and a safe design. The search space is defined by selecting a certain range for the 

thickness and angle magnitudes at four different locations, specifically, the leading edge, 

trailing edge, and two mid-points, as shown in Figure 5. The range for each decision var-

iable is defined around the reference value using manual iterations aimed at maintaining 

a reasonable aerofoil shape, as reported in Figure 6. 

 

Figure 5. Blade aerofoil geometry as defined for the optimisation model. The green dashed line 

represents the aerofoil chord line. 

 

Figure 6. Exemplary range for decision variables of optimisation model search space. 

Within the optimisation model, the mass flow rate is confined to within 1% of the 

cycle design mass flow rate, and the maximum stress is kept under 260 MPa. This stress 

limit accounts for all stress and is not to be confused with the static stress limit imposed 

in the mean line design, as the former limit represents the peak equivalent stress while the 

latter limit is an average cross-section stress. A one-way link is set up between the CFD 

and FEA models, where the CFD flow results are transferred to the FEA model to define 

the aerodynamic loads. Due to the limited blade deformation, which is found to be within 

0.2% of the blade height, there is considered limited added value in studying the effect of 

blade deformation on the flow field. 

The optimisation process is carried out using a surrogate model to replace the phys-

ical CFD/FEA models during the optimisation iterations. The CFD/FEA models have been 

used to solve a set of learning points generated using a central composite design of exper-

iment algorithm (CCDoE). These learning points are used to construct response surfaces 

for each output parameter. Although this methodology depends on the surrogate model 

-24

0

24

48

72

96

0

2

4

6

8

10

1 2 3 4

A
n

g
le

 (
d

eg
)

T
h

ic
k

n
es

s 
(m

m
)

Point

Angle range

Thickness range

−

Figure 5. Blade aerofoil geometry as defined for the optimisation model. The green dashed line
represents the aerofoil chord line.
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Within the optimisation model, the mass flow rate is confined to within 1% of the
cycle design mass flow rate, and the maximum stress is kept under 260 MPa. This stress
limit accounts for all stress and is not to be confused with the static stress limit imposed in
the mean line design, as the former limit represents the peak equivalent stress while the
latter limit is an average cross-section stress. A one-way link is set up between the CFD
and FEA models, where the CFD flow results are transferred to the FEA model to define
the aerodynamic loads. Due to the limited blade deformation, which is found to be within
0.2% of the blade height, there is considered limited added value in studying the effect of
blade deformation on the flow field.

The optimisation process is carried out using a surrogate model to replace the physical
CFD/FEA models during the optimisation iterations. The CFD/FEA models have been
used to solve a set of learning points generated using a central composite design of experi-
ment algorithm (CCDoE). These learning points are used to construct response surfaces
for each output parameter. Although this methodology depends on the surrogate model
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accuracy, it allows for increasing the number of iterations during the optimisation process
and achieving lower tolerance. Furthermore, the accuracy of the surrogate model can be
improved by defining a set of refinement points that are solved using the actual CFD-FEA
models until the required tolerance is reached. The details of the optimisation process are
described in the authors’ previous work [22].

3. Results and Discussion
3.1. Flow Path Design

Different CO2 mixtures have been found to be promising to elevate the critical tem-
perature of the mixture. According to design optimisation results previously obtained by
the authors for the three proposed CO2 mixtures, it has been found that similar flow path
geometries are achieved, regardless of the working fluid, although it was found that the
chord length is larger for the TiCl4 designs compared to the SO2 and C6F6 designs due
to higher bending stresses [22]. However, no significant impact of the working fluid was
observed on the design process or the applied methodology. Among the mixtures, the
CO2-SO2 mixture has been selected for further analysis based on considerations of thermal
stability, health, and environmental factors, as discussed in the introduction.

The design process of a large-scale axial turbine is carried out based on the specified
boundary conditions and cycle requirements outlined in Table 2. These conditions and
requirements are specifically chosen for the SCARABEUS project. The turbine is designed
to produce 130 MW of power, which corresponds to a cycle net output of 100 MWe for a
concentrated solar power (CSP) plant. The turbine rotational speed is fixed at 3000 RPM to
match the electrical grid frequency requirements (i.e., 50 Hz) since it is not practical to use
a gearbox to decouple turbine and generator speeds at such power scales.

Table 2. Boundary and operating conditions.

Parameter Value Parameter Value

Dopant SO2 Outlet static pressure (bar) 81.24
Dopant molar fraction (%) 20% Mass flow rate (kg/s) 827
Turbine inlet total pressure (bar) 239 Rotational speed (RPM) 3000
Turbine inlet total temperature (K) 973

Initially, the aerodynamic performance of a four-stage design was investigated, which
was intended to limit the peripheral speed of the shaft to 180 m/s. That design achieved
a total-to-total efficiency of 87.5%, as evaluated by the mean line loss model. To enhance
the performance, the number of stages has been increased, whilst constraints have been
introduced to ensure the average rotor static bending stress is less than 130 MPa for all
stages, for rotor blade counts ranging between 35 and 95, and for a slenderness ratio less
than 9.

In view of the fact that turbine designs were evaluated at a constant rotational speed
and loading coefficient of 3000 RPM and 1.0, respectively [25], the number of stages dictates
the peripheral blade speed through the desired stage isentropic enthalpy drop. This, in
turn, directly defines the hub diameter. Increasing the number of stages resulted in smaller
peripheral speed, smaller hub diameter, and larger blade aspect ratio, yielding a higher
total-to-total efficiency, as indicated in Figure 7. It has been observed that increasing the
blade aspect ratio decreases the influence of secondary flow losses, as obtained using the
Aungier loss model. This can be attributed to reducing the ratio between the endwall
boundary layers to the flow path span. Additionally, reducing the hub diameter also
contributes to a decrease in the tip diameter, even with the increased blade length. This
leads to narrower tip clearance gaps, reducing the impact of associated losses on the overall
stage losses [36].
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The loss breakdown of the 4-stage, 9-stage, and 14-stage designs is shown in Figure 8,
as obtained using the Aungier loss model. In this figure, the average enthalpy loss coeffi-
cient per stage is presented for the stator endwall (SEW), stator profile (SPF), stator trailing
edge (STE), rotor endwall (REW), rotor profile (RPF), rotor trailing edge (RTE), and rotor
tip clearance (RTC). It is clear from the figure that the endwall and tip clearance losses are
significantly higher in the four-stage model, which is due to the large hub diameter, which
leads to shorter blades and larger relative tip gaps.

1 

Figure 8. The loss breakdown of the 4-, 9-, and 14-stage models obtained using the Aungier
loss model.

As a result of such design factors, the number of stages can be increased up to 14 stages
without exceeding the maximum rotor bending stress and slenderness ratio limits. Increas-
ing the number of stages from 4 to 14 results in an increase in total-to-total efficiency of
6.3%, thus achieving a design total-to-total efficiency of 93.8%, as evaluated by the mean
line loss models; this is due to the reduction in peripheral speed from 194 to 107 m/s and
hub diameter reduction from 1.2 to 0.62 m. The 14-stage design has a flow path length of
1.8 m, although the total shaft length, including the bearing span and axial gaps, is larger.
Further investigations of the rotor dynamic stability, torsional sizing, and dry gas seals
have been conducted and published in a separate paper focusing on the integration of
the aerodynamic and mechanical systems of the turbine [23]. These investigations have
shown an acceptable rotor-dynamic stability for the proposed 14-stage design and accept-
able shaft end torsional sizing, considering the market availability of a dry gas seal of a
suitable diameter.
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The meridional cross-section of the turbine flow path is shown in Figure 9, where the
unfilled and filled shapes represent the stator and rotor blades, respectively. Representative
geometrical parameters for the preliminary flow path, as obtained using the mean line
design model, are reported in Table 3.
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Figure 9. Meridional view of the proposed 14-stage flow path design.

Table 3. Mean line turbine design data for the 1st, 7th, and 14th stages.

Parameter S1 R1 S7 R7 S14 R14

Axial chord (mm) 35.53 38.96 40.43 44.28 48.75 53.12
Hub radius (mm) 310.61
Inlet tip radius (mm) 365.17 366.54 386.34 387.54 423.51 425.21
Outlet tip radius (mm) 366.17 368.04 387.21 389.81 424.74 428.99
No. of blades 58 53 53 48 47 42
Tip gap (mm) - 0.515 - 0.546 - 0.601

The CFD numerical results are compared to the cycle requirements, while several
design parameters, such as the outlet wedge angle, the inlet/outlet fillet radius, and the
suction side (SS) curvature control points, are manually adjusted to control the throat
opening and the mass flow rate. The mean line design (MLD) results have been verified
against the CFD results, as shown in Table 4. The obtained deviations in mass flow rate,
power, and total-to-total efficiency are 0.51%, 1.38%, and 0.52%, respectively.

Table 4. Comparison between mean line design and CFD model results.

Parameter Unit MLD CFD Difference
.

m kg/s 827.06 822.9 0.51%
Power MW 131.9 130.1 1.38%

ηtt % 93.84 92.90 1.01%
ηts % 93.06 91.95 1.21%

The mass flow averaged relative Mach number at the exit from each blade row is
compared to the mean line design results, as shown in Figure 10. Overall, both models
show the same trend where the Mach number increases as the pressure decreases because
the speed of sound decreases at the low-pressure stages. A good coincidence is observed
between the results from the two models; however, the velocities obtained using the CFD
models tend to be slightly higher, specifically in the last stages, due to the cumulative
deviation in the incidence angle.

The difference between the flow distribution of the first and last turbine stages at the
design point is compared at mid-span in Figure 11. No local regions of supersonic flow,
and hence no shock losses, exist. Both stages exhibit smooth streamlines without obvious
separation regions at mid-span when operating at the design point, confirming the good
coincidence between the flow angles and blade angles obtained using the mean line design.
However, the stagnation point in the last stage is shifted towards the blade suction side,
showing a larger incidence angle in the last stage compared to the first stage. This can be
attributed to the cumulative deviation between the mean line design and CFD results, as
shown in Figure 10.
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The maximum equivalent von Mises stresses are evaluated for the first and last turbine
stages. These stages are chosen because they represent the extreme design and operating
conditions. To limit the peak stress values, adjustments can be made to the blade geometry,
such as increasing the outlet wedge angle, increasing the base aerofoil thickness, increasing
the whole blade thickness, or increasing the base fillet size. The effect of these parameters
on the peak stresses obtained in the first turbine stage is summarised in Table 5, while
similar trends are obtained for the last turbine stage.

Table 5. The effect of geometry tuning on the peak stresses and aerodynamic performance.

Model
.

m (kg/s) Power (MW) ηtt (%) σS (MPa) σR (MPa)

Reference geometry 898.22 10.07 93.15 445.70 310.64
Increase outlet wedge angle
(decrease throat opening 5%) 846.46 9.60 92.98 333.28 258.38

Increase the base aerofoil
thickness (around 25%) 873.38 9.76 92.77 272.13 237.99

Increase the whole blade
thickness (around 25%) 848.72 9.46 92.19 269.86 223.97

Increase base fillet radius
from 1 mm to 2 mm 890.15 9.85 92.86 238.36 264.22
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It can be seen from the table that decreasing the throat opening by decreasing the
outlet wedge angle decreases the mass flow rate as well as the peak stress values of both the
stator and rotor. Decreasing the throat opening by 5% results in a decrease in the mass flow
rate, power, and total-to-total efficiency by 5.8%, 4.7%, and 0.2%, respectively. However,
the reduction achieved in the peak stresses is more significant where the stator and rotor
maximum equivalent stress decreases by 25.2% and 16.8%, respectively.

Further improvements to the blade geometry are achieved through blade shape optimi-
sation. This design phase seeks to improve the performance within the system constraints;
however, the performance improvement achievable through blade shape optimisation
depends on the reference geometry performance and the flexibility of the model constraints.
A comparison between the reference and optimised stages is shown in Figure 12 for the
first and last stages. The axis represents the axial (Z) and tangential (T) directions, while
the radial direction is selected at mid-span. The results of blade shape optimisation have
shown an increase in the total-to-total efficiency from 90.2% obtained for the initial blade
model to 92.9% for the optimised geometry. The optimised geometry for the first stage
shows only slight variations when compared to the last stage. This is because turbulence is
much lower at the turbine inlet compared to the cumulative vortices and incidence effects
that are present due to flow deviation within the final stage. As a result, the inlet wedge
angle is significantly increased in the last stage from 15◦ to 26◦ to account for the larger
flow angle deviation from the blade angle and reduce flow separation. This modification
in the last stage has resulted in an increase in the total-to-total efficiency relative to the
reference geometry, which is 0.65% larger than the improvement achieved in the first stage
for the same reference blade assumptions.
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Figure 12. Comparison between reference and optimised aerofoil for the 1st and 14th stages.

3.2. Evaluation of Design-Point Performance

The performance of each turbine stage is evaluated using both mean line design and
CFD models, as summarised in Figure 13. A good agreement was obtained between both
models for both total-to-total and total-to-static efficiencies; however, the mean line loss
model predicts a lower total-to-total efficiency than the CFD for most of the stages, with an
average difference of 1.2% across the stages. The overall trend indicates a slight increase in
the total-to-total efficiency with the stage number. It can be observed that the difference
between the total-to-total and total-to-static efficiency is high for each single stage, as
reported in Figure 13, and low for the multi-stage calculation, as reported in Table 4. This is
because the exit kinetic energy from a single stage is approximately equal to the exit kinetic
energy from the whole turbine. However, the ratio between the exit kinetic energy and
enthalpy drop is much lower for the multi-stage calculation compared to a single stage. As
such, the difference between total-to-total to total-to-static efficiency due to the exit velocity
is around 1% for the entire turbine, compared to 10% for a single stage.
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1 

Figure 13. Comparison between the MLD and CFD total-to-total and total-to-static efficiencies per
stage, along with the enthalpy loss coefficients obtained using the CFD model results.

Investigation of the loss breakdown structure of similar turbine stages has revealed
that endwall losses are the predominant aerodynamic loss in turbines of this scale operating
within sCO2 [25]. However, near the final turbine stages, where the blades are longer, and
the boundary layers occupy a narrower portion of the flow path, the overall losses are lower.
Similar to the total-to-total efficiency, the total-to-static efficiency decreases almost in unison
with the shift in the total-to-total efficiency, which is because all the stages are designed
with identical velocity triangles. To further understand the distribution of losses between
the turbine stages, the enthalpy loss coefficients obtained using the CFD model results
are plotted over the efficiency curves in Figure 13. Generally, the losses decrease with the
stage number, which reflects the efficiency results shown in Figure 13. Moreover, the rotor
losses are higher than the stator losses due to the blade rotation and tip clearance, which
generates more turbulence. However, the last stator and rotor enthalpy loss coefficients are
39% and 13% lower than the first stage, respectively. This indicates that the rotor losses are
more affected by the development of the flow field and cumulative flow angle deviation
compared to the stator losses.

3.3. Off-Design Analysis

The performance of the turbine at off-design has been investigated using the CFD
model, and the results are reported in Figure 14. The total-to-total efficiency is effectively
constant between a reduced mass flow rate of 0.0395 and 0.0412. However, the efficiency
sharply decreases at lower reduced mass flow rates. The off-design results have shown
that the turbine can operate down to 88% of the design’s reduced mass flow rate with
total-to-total efficiencies of over 80% and 81% of the design’s reduced mass flow rate with
total-to-total efficiencies of over 60%. A further reduction in the mass flow rate leads to a
poor performance or even negative power output, which indicates that the turbine requires
external power to continue running at 3000 RPM.

Int. J. Turbomach. Propuls. Power 2024, 9, x FOR PEER REVIEW 13 of 18 
 

 

 

Figure 13. Comparison between the MLD and CFD total-to-total and total-to-static efficiencies per 

stage, along with the enthalpy loss coefficients obtained using the CFD model results. 

Investigation of the loss breakdown structure of similar turbine stages has revealed 

that endwall losses are the predominant aerodynamic loss in turbines of this scale operat-

ing within sCO2 [25]. However, near the final turbine stages, where the blades are longer, 

and the boundary layers occupy a narrower portion of the flow path, the overall losses are 

lower. Similar to the total-to-total efficiency, the total-to-static efficiency decreases almost 

in unison with the shift in the total-to-total efficiency, which is because all the stages are 

designed with identical velocity triangles. To further understand the distribution of losses 

between the turbine stages, the enthalpy loss coefficients obtained using the CFD model 

results are plotted over the efficiency curves in Figure 13. Generally, the losses decrease 

with the stage number, which reflects the efficiency results shown in Figure 13. Moreover, 

the rotor losses are higher than the stator losses due to the blade rotation and tip clearance, 

which generates more turbulence. However, the last stator and rotor enthalpy loss coeffi-

cients are 39% and 13% lower than the first stage, respectively. This indicates that the rotor 

losses are more affected by the development of the flow field and cumulative flow angle 

deviation compared to the stator losses. 

3.3. Off-Design Analysis 

The performance of the turbine at off-design has been investigated using the CFD 

model, and the results are reported in Figure 14. The total-to-total efficiency is effectively 

constant between a reduced mass flow rate of 0.0395 and 0.0412. However, the efficiency 

sharply decreases at lower reduced mass flow rates. The off-design results have shown 

that the turbine can operate down to 88% of the design’s reduced mass flow rate with 

total-to-total efficiencies of over 80% and 81% of the design’s reduced mass flow rate with 

total-to-total efficiencies of over 60%. A further reduction in the mass flow rate leads to a 

poor performance or even negative power output, which indicates that the turbine re-

quires external power to continue running at 3000 RPM.  

 

Figure 14. The off-design performance maps of the proposed turbine design. 

72%

76%

80%

84%

88%

92%

96%

0.00

0.02

0.04

0.06

0.08

0.10

0.12

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

E
ff

ic
ie

n
cy

η
[%

]

E
n
th

al
p

y
 l

o
ss

 c
o
ef

fi
ci

en
t
ζ

[-
]

Stage count

ζ_S-CFD ζ_R-CFD η_tt-MLD

η_tt-CFD η_ts-CFD η_ts-MLD

ζS (CFD)                                       ζR (CFD)                                        ηtt (MLD)

ηtt (CFD)                                       ηts (CFD)                                       ηts (MLD) 

10

40

70

100

1

2

3

4

0.026 0.03 0.034 0.038 0.042 T
o
ta

l-
to

-t
o
ta

l 
ef

fi
ci

en
cy

 

[%
]

T
o
ta

l-
to

-t
o
ta

l 
p
re

ss
u

re
 

ra
ti

o
 [

-]

Reduced mass flow-rate [-]

Total-to-total

pressure ratio

Total-to-total

efficiency

Figure 14. The off-design performance maps of the proposed turbine design.
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The power produced by each stage at different off-design operating points is reported
in Figure 15a. At the design point, the power produced by each stage is almost the same,
as expected for a repeating stage design. However, a non-uniform power generation per
stage is observed at higher or lower pressure ratios. At higher pressure ratio operating
conditions, the stage power increases with stage number as a result of increasing absolute
velocity magnitudes, which, assuming the same blade outlet angles, increases both axial and
tangential components. When the velocity increases, the fluid density must also decrease,
which further compounds this increase in velocity. As such the velocity and power increase
from stage to stage until reaching a peak value for the last stage. In contrast, at low pressure
values, the velocity decreases and density increases, leading to an accumulative velocity
and power decrease until reaching a minimum power for the last stage. The performance
at 83.9% of the reduced mass flow rate shows almost zero power output from the last stage,
which means that this stage is no longer driving the turbine, which causes a sharp drop
in overall turbine efficiency. The expansion diagram represented by the enthalpy–entropy
plane is reported in Figure 15b, which reflects the observations of Figure 15a and indicates
the excessive entropy generation for reduced mass flow ratios of 93.7% and 83.9% cases.

Int. J. Turbomach. Propuls. Power 2024, 9, x FOR PEER REVIEW 14 of 18 
 

 

The power produced by each stage at different off-design operating points is reported 

in Figure 15a. At the design point, the power produced by each stage is almost the same, 

as expected for a repeating stage design. However, a non-uniform power generation per 

stage is observed at higher or lower pressure ratios. At higher pressure ratio operating 

conditions, the stage power increases with stage number as a result of increasing absolute 

velocity magnitudes, which, assuming the same blade outlet angles, increases both axial 

and tangential components. When the velocity increases, the fluid density must also de-

crease, which further compounds this increase in velocity. As such the velocity and power 

increase from stage to stage until reaching a peak value for the last stage. In contrast, at 

low pressure values, the velocity decreases and density increases, leading to an accumu-

lative velocity and power decrease until reaching a minimum power for the last stage. The 

performance at 83.9% of the reduced mass flow rate shows almost zero power output from 

the last stage, which means that this stage is no longer driving the turbine, which causes 

a sharp drop in overall turbine efficiency. The expansion diagram represented by the en-

thalpy–entropy plane is reported in Figure 15b, which reflects the observations of Figure 

15a and indicates the excessive entropy generation for reduced mass flow ratios of 93.7% 

and 83.9% cases. 

 

Figure 15. Off-design evaluation per stage. (a) Power developed, (b) enthalpy–entropy diagram, and 

(c) the rotor inlet incidence angle as obtained at different operating inlet total pressures. 

The flow deviation angle at the rotor inlet is shown in Figure 15c. The deviation angle 

at the design point is around zero, such that the incidence losses are minimised. At higher 

pressures, the deviation angle increases, especially for downstream stages; however, the 

efficiency drop is negligible because no flow separation occurs. At lower pressure ratios, 

the incidence deviation angles become much higher and negative (in the clockwise 

-60

-40

-20

0

20

40

0 2 4 6 8 10 12 14

R
o

to
r 

in
le

t 
in

ci
d

en
ce

 [
d

eg
]

Stage

         = 101.9 %

         = 101.4 %

         = 100 %

         = 97.8 %

         = 93.7 %

         = 83.9 %

-2

4

10

16

0 2 4 6 8 10 12 14

P
o

w
er

 p
er

 s
ta

g
e 

[M
W

]

Stage

450

500

550

600

650

700

200 250 300 350 400

h
 [

k
J/

k
g
.K

]

s [J/kg.K](a) (b)

(c)

𝑚̇ 𝑒𝑑 𝑚̇ 𝑒𝑑𝑑

𝑚̇ 𝑒𝑑 𝑚̇ 𝑒𝑑𝑑

𝑚̇ 𝑒𝑑 𝑚̇ 𝑒𝑑𝑑

𝑚̇ 𝑒𝑑 𝑚̇ 𝑒𝑑𝑑

𝑚̇ 𝑒𝑑 𝑚̇ 𝑒𝑑𝑑

𝑚̇ 𝑒𝑑 𝑚̇ 𝑒𝑑𝑑

s

h

−2

−20

−40

−60

Figure 15. Off-design evaluation per stage. (a) Power developed, (b) enthalpy–entropy diagram, and
(c) the rotor inlet incidence angle as obtained at different operating inlet total pressures.

The flow deviation angle at the rotor inlet is shown in Figure 15c. The deviation angle
at the design point is around zero, such that the incidence losses are minimised. At higher
pressures, the deviation angle increases, especially for downstream stages; however, the
efficiency drop is negligible because no flow separation occurs. At lower pressure ratios, the
incidence deviation angles become much higher and negative (in the clockwise direction
relative to the axial direction), causing flow separation and a significant deterioration in
overall turbine performance.
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The flow structure at 100% and 88% of the design reduced mass flow rate is represented
by the Mach number distribution in Figure 16. At low reduced mass flow rates, flow
separation is observed starting from the sixth turbine stage and propagating towards the
final turbine stages as a result of increasing the incidence angle. It has been found that the
location where separation first occurs moves further upstream towards the turbine inlet
as the pressure ratio decreases. This explains the drop in efficiency and in stage power
production at lower reduced mass flow rates, as shown in Figures 14 and 15a.
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4. Conclusions

This paper has presented the aerodynamic design of a 14-stage 130 MW turbine
operating with a CO2/SO2 mixture. The design process was initiated by defining the
aerodynamic and mechanical constraints along with the cycle requirements, which were
used to obtain the basic flow path through mean line design.

The adoption of a multi-stage mean line design method, based on the Aungier loss
model, was proven to be effective in predicting turbine performance with maximum
deviations in efficiency of 1.5% compared to selected verification case studies. The results
obtained from the mean line analysis demonstrated that increasing the number of stages
from 4 to 14 yielded a significant improvement in total-to-total efficiency, increasing from
87.5% to 93.8%. The improvement was achieved by increasing the blade aspect ratio, which
reduced the impact of secondary flow losses, and by reducing the tip diameter, resulting in
lower tip clearance losses. However, this can introduce challenges related to shaft stability
and high bending stresses due to smaller hub diameters, longer flow paths, and larger
aspect ratio blades.

A good agreement was achieved between the mean line approach and the CFD results,
from which it can be concluded that there is no specific impact of the working fluid on
the design methodology, although the working fluid impacts the design assumptions and
constraints. The difference between the total-to-total efficiency of the mean line design
and the CFD model was less than 2%, providing confidence in the mean line design
methodology for such turbines.

Blade shape optimisation played a crucial role in aligning the turbine boundary
conditions with the cycle design conditions by ensuring that the mass flow rate remained
within 1% of the cycle mass flow rate for the given pressure ratio. The optimisation process
improved turbine total-to-total efficiency by 2.7%, from 90.2% to 92.9%, while maintaining
acceptable stress levels. The performance analysis of the proposed turbine revealed that
stage losses decrease with stage number because of the accompanying increase in blade
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height. The stator and rotor enthalpy loss coefficients of the last stage were found to be 39%
and 13% lower than those of the first stage, respectively. Finally, the off-design analysis
indicated the proposed turbine could run down to 88% of the design’s reduced mass flow
rate with total-to-total efficiencies of over 80%.

Ultimately, this paper has demonstrated the suitability of the proposed methodol-
ogy in designing an axial turbine for the proposed novel working fluid whilst achiev-
ing a total-to-total efficiency of 92.9% and meeting the necessary mechanical and rotor
dynamic constraints.
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