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ABSTRACT

Supercritical CO, (sCO,) mixtures have been found to be
promising for enhancing the performance of power cycles for
concentrated solar power (CSP) applications, with up to a 6%
enhancement in cycle efficiency compared to a simple recuper-
ated CO, cycle depending upon the mixture and cycle configu-
ration chosen. Given that turbine efficiency significantly affects
the overall plant performance, it is important to confirm whether
turbines operating with CO, mixtures can achieve the same ef-
ficiencies compared to pure CO,, whilst exploring whether the
use of mixtures introduces any differences in the turbine design.
This study aims to investigate the differences in turbine flow path
designs produced for pure CO, compared to CO, mixtures, whilst
taking into account aerodynamic, rotordynamic and mechanical
design aspects, as assessed during the mean-line design pro-
cess. The aim of this study extends to evaluating the effect of
key turbine design variables, such as the loading coefficient, flow
coefficient and degree of reaction, on the flow path design and
overall aerodynamic performance. Multiple flow path designs
have been produced for axial turbines operating with pure CO;
and mixtures of CO, with titanium tetrachloride (TiCLy), hex-
afluorobenzene (CoFg) and sulphur dioxide (SO, ) for installation
in a 100 MWe CSP plant. It is found that turbines operating
with either pure CO, or CO, mixtures result in overall total-to-
total efficiencies in excess of 92.5%, where the highest turbine
efficiency is achieved for the turbine operating with pure CO»,
whilst this reduces by a maximum of 1.1 percentage points for the
COy/TiCL4 mixture. This reduction in efficiency is because the
COy/TiCLy turbine is limited to a maximum of six design stages
in order to meet the imposed mechanical design criteria, whilst
the pure CO; turbine can accommodate thirteen stages leading
to higher aerodynamic efficiency. The difference between the two
cases is the result of a higher mass-flow rate for the CO/TiCLy
mixture (66% greater than for pure CO,), which results in high
rotor bending stresses and limits the number of stages to comply

with the design criteria. It is also found that designing the tur-
bine at loading and flow coefficients of 0.8 and 0.6 respectively,
whilst fixing the degree of reaction and pitch-to-chord ratio to
values of 0.5 and 0.85 respectively, resulted in an efficiency en-
hancement of 0.2% with respect to a baseline design produced
at loading and flow coefficients of 1.0 and 0.5. This increase is
due to being able to increase the number of stages from eleven to
fifteen. This indicates that there is not much benefit in modifying
key design parameters to improve the turbine efficiency as the
0.2% efficiency enhancement is considered within the margin of
accuracy of mean-line flow path design.

Keywords: Axial turbine, mean-line design, CO, mixtures,
flow path design, pure CO,.

1. INTRODUCTION

Mixing CO, with certain additives, namely CO,/TiCly,
CO,/CgF¢ and CO,/SO,, has been shown to increase the crit-
ical temperature of the working fluid compared to the pure CO,.
This enables an economically feasible condensation at elevated
air temperatures in dry regions where CSP plants are located and
thus significantly reducing compression work. Therefore, the
utilisation of certain CO, mixtures has been found to be promis-
ing for CSP applications achieving up to six percentage points
increase in cycle efficiency compared to a simple recuperated
non-condensing CO; cycle, depending on the implemented cycle
configuration and the nature of the selected mixture [1]. Using
CO; mixtures has the potential to reduce the capital expenditure
(CAPEX) by 30% and operational expenditures (OPEX) by 35%
compared to state-of-the-art steam cycles [2]. Therefore, the
SCARABEUS project aims to demonstrate the potential of using
CO; mixtures for large-scale plants in the order of 100 MW,,.

To achieve this aim, multiple dopants have been identified
to increase the critical temperature of CO, based working flu-
ids. Morosini et al. [3] and Manzolini et al. [4] examined the
potential of using CO,/CgFs mixture for a power cycle coupled
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with a solar power tower system. A simple recuperated cycle
efficiency of 42.5% and 46.5% has been obtained by operating
at maximum cycle temperatures of 550 and 650 °C respectively.
The same mixture has been further examined by Rodriguez et
al. [5] in addition to considering two other mixtures (CO,/TiCly
and CO,/SO,) with respect to a pure CO; for simple recuperated
cycle configurations. As a result, CO, mixtures achieved thermal
efficiency up to 51.6% at a maximum cycle temperature of 700°C.
Therefore, the selected mixtures have shown to outperform both
steam Rankine and pure sCO;, cycles. Later, Morosini et al.
[6] examined the performance of multiple cycles operating with
CO,/SO, mixture. The results of the analysis showed that the
recompression layout results in a power block electric efficiency
of 48.67% (2.33% higher than the respective sCO; cycle).

Similarly, Crespi et al. [7] examined the cycle performance
operating with the CO,/TiCly and CO,/CgFg mixtures for re-
cuperated and precompression cycle configurations respectively.
Using the mixtures resulted in an efficiency gain of 4-5% points
with respect to an equivalent cycle operating with pure CO,.
Furthermore, Crespi et al. [1] investigated the potential of in-
troducing CO,/SO; in a transcritical recompression cycle. This
resulted in promising results where cycles thermal efficiencies
of ~ 45% and greater than 51% have been obtained at 550 and
700 °C respectively. Thus, the CO,/SO, mixture has shown an
efficiency equal to or higher than the other promising mixtures
including COz/TiCh and CO2/C6F6.

Ultimately, for the SCARABEUS project, three candidate
mixtures have been found to be promising for CO, power cycles
including CO,/TiCly, CO,/CeF¢ and CO,/SO,. The thermal sta-
bility of these candidate mixtures has been previously investigated
within the project consortium and only CgFg showed signs of ther-
mal degradation at temperatures greater than 600°C [8]. Apart
from thermal stability concerns, the use of the TiCL4 dopant may
face some potential limitations due to possible corrosion effects
resulting from the high reactivity of TiCL4 with air moisture.
Additionally, the formation of H,SO4 when SO, combines with
water may add some challenges to the use of the SO, dopant.
Nonetheless, it is worth mentioning that the health hazards as-
sociated with both SO, and TiCly are very similar to hazards
associated with other fluids that are commonly employed in CSP
plants, such as Therminol VP1 [1]. As for the environmental
hazards, none of the selected mixtures have any significant global
warming potential or ozone depletion potential. Therefore, the
environmental impact of the selected dopants is considered min-
imal.

Given that the previous studies showed that the best cycle
configuration is strongly dependent on the dopant [7], simple
recuperated, precompression and recompression cycles have been
selected for CO,/TiCly, CO,/CgFg and CO»/SO; respectively [9].
Considering that the main target of the SCARABEUS project is
to reduce the cost of the power block, Morosini et al. [6] carried
out an economic analysis for the power block of a transcritical
cycle operating with recompression CO,/SO; cycle. A specific
CAPEX of 1000 $/kW. was obtained for the cycle compared
to 1160 $/kW, for the sCO; cycle with the same cycle layout.
Likewise, the CAPEX of a simple recuperated cycle working
with the optimal CO,/SO, mixture was found to be 718 $/kW,

compared to a CAPEX of 795 $/kW, for the same cycle layout
operating with pure CO».

Bearing in mind that the cycle performance is greatly depen-
dent upon the performance of the different cycle components,
particularly the turbine and heat-exchangers, some of the re-
cent research focused on designing sCO; turbines for different
scales. Enhancing the design and performance of the different
cycle components should result in better system performance and
hence, cost reduction for the overall CSP technology. To realise
this development, a multi-stage turbine design process needs to be
carried out starting from the preliminary aerodynamic design and
optimisation, using a combination of one-dimensional mean-line
design and suitable loss models and ending with through-flow
analysis and computational fluid dynamic (CFD) analysis. Ulti-
mately, the design should be validated against experimental data
to give credence to the developed model.

In regards to the preliminary aerodynamic design stage, some
studies presented the sCO; turbine design for small-scale appli-
cations. Qi et al. [10] presented a mean-line design for a 100-
200 kW sCO, radial turbine; where several designs have been
developed for a set of loading and flow coefficients to allow for
selecting feasible designs according to the manufacturing and
structural constraints. Holaind et al. [11] addressed the design of
a small-scale sCO, radial turbine with output power ranging from
50-85 kW. Furthermore, Zhou et al. [12] proposed a 1.5 MW sCO,
radial inflow turbine design and the 1D results were shown to be
consistent results with 3D CFD simulation results with a maxi-
mum deviation of 5%. LV et al. [13] presented an optimisation
study for the performance of a radial inflow turbine using sCO;
working fluid. This was done by combining a one-dimensional
design method with an optimisation algorithm for both nominal
and off-design performance conditions. The overall total-to-static
efficiency showed a good agreement between the 1D model and
the CFD results. Saeed et al. [14] designed a sCO» radial turbine
within the analysis process of a 10 MW, recompression supercrit-
ical carbon dioxide cycle. The turbine design and optimisation
models were validated against CFD simulations. The validation
results for the design and optimisation models showed a maxi-
mum difference of six percent in the turbine mass flow rate which
was considered to be within the acceptable error range.

Radial turbines are known to be suitable for small-scale ap-
plications and hence, the previous studies focused on designing
radial turbines producing power of up to 10 MW. Nonetheless, ax-
ial turbines are capable of handling high mass flow rates more ef-
ficiently than radial turbines and hence are suitable for large-scale
applications; including electrical power generation and propul-
sion systems. To advance the state of the art with regards to sCO;
axial turbine design, Schmitt et al. [15] presented the preliminary
aerodynamic design of a first stage of a 100 MW sCO, turbine.
Moroz et al. [16] studied some design aspects of a 100 MW sCO,
turbine. The study included the integration of aerodynamic-
structural optimisation with the mean-line design to maximise
the turbine efficiency along with satisfying the structural limita-
tions. Zhang et al. [17] proposed a design for sCO, axial turbine
for an output power of 15 MW. The one-dimensional design was
validated against CFD simulations and a good agreement was
obtained between both results. Finally, Shi et al. [18] presented
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a three-stage 10 MW sCO, axial turbine design using 3D CFD
simulations, optimisation methods and off-design performance
analysis.

Several test rigs were developed with a power rating of up
to 8 MW to examine the feasibility and operation of CO, cycles.
The majority of the present test rigs considered radial turbine
configurations with only a single 1 MW axial turbine [19-24].
Additionally, some conceptual designs have been presented for
large-scale turbines with power ratings of 246 MW, 450 MW, and
645 MW and turbine efficiencies of 92.9%, 90% and 90% have
been predicted respectively [25-27].

Most of the sCO, turbomachinery designs and test facilities
presented in the literature review have considered small-scale
radial turbines with fewer studies focused on developing the de-
signs for large-scale axial turbines of around 100 MW power rat-
ing. The earlier studies and conceptual designs have focused on
aspects of turbine designs for sCO; based plants without account-
ing for the effects of introducing CO, mixtures. Comparatively,
the SCARABEUS project is concerned with the application of
CO; mixtures for large-scale CSP plants (100 MW,). Some
aspects of large-scale axial turbine design operating with CO,
mixtures has been presented in the authors previous work [9].
This work included the design of multiple flow paths operating
with CO,/TiCly, CO,/CgFg and CO,/SO, mixtures in addition
to investigating the sensitivity of the design to changing the cy-
cle boundary conditions and molar fraction of these mixtures.
Ultimately, it was shown that using CO, mixtures resulted in a
total-to-total turbine efficiency in excess of 92%.

The differences in the flow path design resulting from the
use of CO, mixtures with respect to the pure CO; have not been
discussed within the earlier analysis conducted by the authors.
Therefore, it is important to explore if any differences are imposed
by introducing CO;, mixtures compared to pure CO;, and to also
highlight if there is any impact of using the mixtures on the
turbine performance compared to the pure CO,. Thus, this study
aims to investigate the differences in turbine flow path designs
operating with pure CO, compared to CO, mixtures, whilst taking
into account aerodynamic, rotordynamic and mechanical design
aspects which are assessed using a mean-line design process. The
aim of this study also extends to exploring whether there is any
advantage in modifying key design parameters to further improve
the efficiency of the turbine. This includes examining the effect
of changing the loading coefficient, flow coefficient, degree of
reaction and pitch-to-chord ratio on the flow path design and
overall turbine performance.

2. DESIGN METHODOLOGY

An in-house mean-line design tool is used to design the tur-
bine, which assumes a constant hub diameter [9, 28, 29]. Within
the current research framework, the flow paths are designed at
a constant hub diameter to avoid the potential rotordynamic and
mechanical challenges associated with turbines designed at a con-
stant mean-diameter. Designing the flow path at a constant mean-
diameter results in a hub diameter that is decreasing from inlet
to exhaust and hence, results in an increased radius ratio along
the turbine. On this matter, larger chord sizes are needed to
limit the stresses on the blade roots for the increased radius ratio;

where larger chord sizes result in larger roots and add additional
challenges for the stiffness and rotordyanmics of the rotor.

The turbine design process is initiated by defining the bound-
ary conditions; the total inlet temperature, the total inlet pressure,
the pressure ratio, the mass flow rate and the inlet flow angle. This
is followed by defining some of the commonly used dimension-
less parameters such as the loading coefficient, flow coefficient,
degree of reaction and pitch-to-chord ratio [9, 29]. Repeating tur-
bine stages are assumed within the design methodology where the
blade geometry, velocity triangles and thermodynamic properties
are obtained for the given set of inputs. Ultimately, the design
tool is integrated with the Aungier loss model [30] to predict the
performance of the turbine accounting for profile, secondary, tip
clearance, trailing edge, shock and supersonic losses. The turbine
aerodynamic performance is represented using the total-to-total
turbine efficiency which is defined in Equation 1:

-1

Nie = ey

. {Rwj + §sC§%
+ B ——
2(ho1 — ho3)

where C and w are the absolute and relative velocities and (s
and (g are the enthalpy loss coefficients for the stator and rotor
respectively, (ho; — ho3) is the total enthalpy drop across the
turbine stage.

The aerodynamic losses are introduced within the mean-line
design model in the form of stagnation pressure coefficients for
the stator and rotor (Ys and Yr) which are predicted using the
Aungier loss model [30]. To estimate the turbine total-to-total
efficiency, using Equation 1, the pressure loss coefficients can
be converted to enthalpy loss coefficients using the following
expressions [31]:

lr = YR X (1 +0.5(k M32)) )

ls = Ys X (1 +0.5(k Mf)) 3)

where k is the specific heat ratio, and M, and M3 are the absolute
rotor inlet and relative rotor outlet Mach numbers respectively.
Considering that the expanding fluids (CO, and CO, mix-
tures) are characterised with a high power density, the bending
stresses generated by the fluid expansion are more critical than the
centrifugal stresses generated by blade rotation. Therefore, fur-
ther to considering the aerodynamic performance, rotodynamic
and mechanical design constraints have been specified within the
mean-line design methodology based on industrial experience. In
brief, the constraints were set to limit the rotor bending stresses,
slenderness ratio (the ratio of the bearing span with respect to the
hub diameter) and chord length to 130 MPa, 9 and 100 mm respec-
tively. The flow paths are designed in this study using a manual
process that involves tuning and adjusting the number of stages
and the number of blades to meet the set design criteria. This
ensures that multiple flow paths with high aerodynamic perfor-
mance can be achieved that comply with the specified mechanical
and rotordynamic design criteria. The flow paths are designed
to operate at a synchronous rotational speed of 3,000 RPM for
the net CSP plant power of 100 MW, assuming a connection to
a 50 Hz grid. This is due to the difficulty of incorporating a

Copyright © 2023 by ASME;
reuse license CC-BY 4.0

¥20z AInf 90 uo 3senb Aq Jpd°1 15 101-€20ZIB-£0088ZIZ 10N LL28ZTLIE00VSZLELON/EL0.L8/E20Z LD/Pd-sBuIpaaooid/ | ©/610"awse uonos|j0je}bipawse//:djy wol papeojumoq



gearbox for such turbine scales, which means non-synchronous
designs are not suitable. Further details about the design criteria
can be found in the authors previous work [9].

It is worth mentioning that the mean-line design tool has been
verified against multiple cases from the literature operating with
different working fluids including air, sCO, and R1233zd(E).
A maximum percentage difference of 1.3% and 1.2% in the
total-to-total and total-to-static efficiency, respectively, was ob-
tained between the developed model and the verification cases.
The full verification results are presented in the authors previ-
ous works [9, 29]. Furthermore, the mean-line design tool has
been verified against CFD simulation results for a 130 MW ax-
ial turbine operating with 80%C0;,/20%S0O, mixture. A good
agreement was obtained between the mean-line model and CFD
results where a maximum difference in the mass flow rate and
total-to-total efficiency of 0.5% and 1.0% was achieved respec-
tively [32]. For the same turbine design, the blade has also
been evaluated using finite element analysis to ensure mechan-
ical stresses are within the specified limits (i.e., the maximum
stress is less than 260 MPa). This analysis included adjusting
the fillet at the base of the blade to satisfy the stress constraints.
Ultimately, this demonstrates that using the bending stress limit
applied within the mean-line design model results in feasible tur-
bine geometries from a mechanical design perspective. Further
improvements to the 3D blade geometry can be achieved using
blade shape optimisation to match the cycle operating conditions
alongside improving the turbine performance [32]; however, such
analysis is beyond the scope of the present study.

Given that the current study deals with modelling both pure
CO; and CO; mixtures, the thermodynamic properties of the can-
didate mixtures are obtained using the Peng-Robinson equation
of state (EoS). Binary interaction parameters (k;;) were used to
tune the mixing model to predict the vapour-liquid equilibrium
properties of the examined mixtures accurately. The parameters
have been obtained by regression of experimental VLE (Vapour
Liquid Equilibrium) data available within the Aspen library [33—
35].

3. RESULTS AND DISCUSSION

In the current study, multiple flow paths are designed for a
large-scale axial turbine operating with CO,/TiCLy4, CO, /CgFg
and CO; /SO, mixtures alongside pure CO,. Using the in-house
design tool, the flow path designs are optimised for aerodynamic
performance considering both the rotordynamic and mechanical
design constraints. Initially, the number of design stages is as-
sumed and hence, the flow path is designed and its aerodynamic
performance is evaluated. The flow paths are designed at a fixed
loading coeflicient, flow coefficient, degree of reaction, pitch-to-
chord ratio and trailing edge-to-throat ratio of 1.0, 0.5, 0.5, 0.85
and 0.05 respectively.

In a previous analysis done by the authors [9], it has been
found that increasing the number of stages results in higher tur-
bine efficiency. Increasing the number of stages results in a
reduction in the peripheral speed which is dictated by the design
methodology where a fixed loading coefficient is assumed at a
constant rotational speed. Therefore, smaller hub diameters are
obtained at reduced peripheral speeds, which results in enhanced

turbine performance. The reduction in peripheral speeds results
in designs with longer blade heights, and hence a reduced chord-
to-height ratio and reduced secondary flow losses. Additionally,
lower tip clearance losses are experienced with small hub diame-
ters since the clearance gap is defined as a fixed percentage of the
tip diameter. Therefore, increasing the number of stages results
in a smaller hub diameter and high aerodynamic performance.
More specifically, up to 5% enhancement in the total-to-total ef-
ficiency was obtained when increasing the number of stages from
four to fourteen for the CO,/TiCL4 and CO, /SO, mixtures.

The flow path designs are explained in the following subsec-
tions using the same methodology; where the efficiency is opti-
mised by reducing the hub diameter alongside complying with the
specified mechanical and rotodynamic design constraints. Given
that the optimum cycle configuration has been found to change
with the selected mixture, recuperated (Figure 1), precompres-
sion (Figure 2) and recompression cycles (Figure 3) were found
to be optimum for the CO,/TiCL4, CO,/C¢Fg and CO, /SO, mix-
tures [9] respectively. A recuperated cycle is composed of a recu-
perator (R), pump, primary cooler (PC), primary heat exchanger
(PHX), and turbine (T). Recompression and precompression cy-
cles are proposed to enhance the performance of the recuperated
cycle. The recompression cycle involves splitting the internal
heat recovery process among the low and high-temperature recu-
perators to balance the heat capacity rates of the two streams and
reduce cycle irreversibilities. In comparison, the precompres-
sion cycle involves the placement of an additional compressor
between the low and high-temperature recuperators to overcome
the constraint imposed by the condensation temperature on the
exhaust pressure in recuperated cycles, and hence increase the
specific work of the cycle.

It is worth mentioning that the performance of precompres-
sion and recompression cycles will depend on the efficiency of
the compressor in addition to the turbine. In this analysis, the
optimal cycles were identified under the assumption of fixed isen-
tropic efficiencies for all rotating machinery, and the focus is on
the turbine. However, the design of a suitable compressor for
these novel working fluids is another critical task, and this should
be considered in future work.

PHX

N
w

PC

FIGURE 1: SIMPLE RECUPERATED CYCLE WITH A RECUPER-
ATOR (R), PUMP, PRIMARY COOLER (PC), PRIMARY HEAT EX-
CHANGER (PHX), AND TURBINE (T) OPERATING WITH THE
CO,/TICL4 MIXTURE [9].
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FIGURE 2: PRECOMPRESSION CYCLE WITH A HIGH-
TEMPERATURE RECUPERATOR (HTR), LOW-TEMPERATURE
RECUPERATOR (LTR), PUMP, COMPRESSOR (C), PC, PHX AND T
OPERATING WITH THE CO,/CgFg MIXTURE [9].

PHX

A

A 4

PC Pump

FIGURE 3: RECOMPRESSION WITH A HTR, LTR, PUMP, C, PC, PHX
AND T OPERATING WITH THE CO2/SO, MIXTURE [9].

TABLE 1: OPERATING CONDITIONS FOR CO, MIXTURES OPER-
ATING WITH DIFFERENT CYCLE CONFIGURATIONS [9].

Fluid C02/ TiCL4 C02/ C6F6 COz/SOQ
m [kg/s] 1241 877 827
To1 [K] 973

Py [MPa] 243 23.9 239
Po3[MPa] 9.7 5.63 8.15
X;[%e] 17 14.5 20
WMW] 128.9 151.5 141.35

The flow paths are firstly designed for the optimised cycle
configurations and molar fractions at a total inlet temperature
of 973 K. The boundary conditions for the CO, mixtures are
obtained based on the cycle analysis conducted in Salah et al. [9]
and are summarised in Table 1. The optimum molar fractions
were found to be 17, 14.5 and 30% for the CO,/TiCL4, CO,/CgF¢
and CO, /SO,, respectively, resulting in thermal cycle efficiencies
of 51.5, 50.5 and 51.5% for the three mixtures [9]. Meanwhile,
in this analysis, the CO,/SO; mixture is considered with a molar
fraction of 20% for reduced environmental hazards.

Figure 4 shows the total-to-total efficiency (7;;) and the num-
ber of stages of the flow paths designed for different cycle configu-
rations as presented in an earlier analysis by the authors [9]. It was

found that using the CO,/TiCly mixture resulted in the shortest
flow-path length compared to both CO,/C¢Fg and CO,/SO,. Fur-
thermore, the three CO, mixtures resulted in an overall total-to-
total flow path efficiency above 93% at a turbine inlet temperature
of 973K. According to the turbine boundary conditions dictated
by the cycle analysis, different turbine designs and number of
stages are obtained for all mixtures. Eight stages are obtained for
the CO,/TiCly to produce a power of 129 MW at a pressure ratio
of 2.5. Whereas fifteen and sixteen design stages are required
to produce power of 151.5 and 141.5 MW at pressure ratios of
4.2 and 2.9 for the CO,/CgFg and CO,/SO; respectively. This
is due to the significant increase in the mass-flow rate required
for the CO,/TiCly mixture for a constant power output of the
plant (100 MW,). The CO,/TiCly has the least specific work
followed by the CO,/CgFg and CO,/SO;. Thus, a mass flow rate
of 1241 kg/s is required for the recuperated cycle with respect
to 877 and 827 for the precompression and recompression cycles
respectively. This results in higher bending stresses applied on
the rotor blades and hence, in the least number of stages obtained
for the CO,/TiCly. Accordingly, flow path efficiencies of 93.3,
93.8 and 94.0% are obtained for the CO,/TiCly, CO,/CgFg and
CO,/S0O, respectively [9].

94.4 25
Nee
93.6 - = Stage count 20
€
—_ 15 g
X
T 92.8 ;O
< 10 ©
(%)
92.0
5
91.2 0

CO,/TiCLa CO,/CsFs C0,/S0;

FIGURE 4: STAGE COUNT AND TOTAL-TO-TOTAL EFFICIENCY
(n¢¢+) FOR THE THREE MIXTURES OPERATING WITH DIFFERENT
CYCLE CONFIGURATIONS [9].

To have a fair comparison between the effect of the three-
candidate mixtures on the flow path design with respect to the
pure CO,, recuperated cycle configurations are selected for all
working fluids where the same power output is assumed for
all designs. This is to overcome the differences in the turbine
boundary conditions imposed by operating with precompression
and recompression cycle configurations for the CO,/CgFg and
CO,/SO, mixtures. The results of this analysis are discussed in
Section 3.1. Furthermore, the comparison of the flow path de-
signs was extended to address the axial turbine differences in the
design dictated by the fluid properties by decoupling the turbine
design from the cycle conditions. To achieve this aim, the flow
paths are designed at a fixed volumetric flow rate and volumetric
expansion ratio (Section 3.1.1). Ultimately, the effects of chang-
ing the design variables on the flow path design are presented in
Section 3.2.
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3.1 Flow path comparison for fixed cycle configurations

Flow path designs are explained in this section for the three
mixtures and the pure CO, at the boundary conditions sum-
marised in Table 2 [36]. The boundary conditions for the CO,
mixtures and pure CO; are obtained based on the cycle analysis
conducted by Agel et al. [36] and Manzolini et al. [37] respec-
tively.

TABLE 2: OPERATING CONDITIONS FOR PURE SCO, AND CO,
MIXTURES OPERATING WITH RECUPERATED CYCLES.

Fluid CO, COu/TiCLsy COy/CeFs CO2/SO,
m [kg/s] 909 1393 1054 738
To1[K] 973

P01 [MPa] 25

Po3[MPa] 10.5 10.1 7.7 74
X;[%] - 174 15.7 26.4
WIMW] 140 141 141 137

The flow paths design details for the 1% and last turbine stages
are summarised in Table 3. Itis evident from the presented results
that pure CO, and CO, mixtures, operating with recuperative
cycles, result in flow path designs with efficiency in excess of
92.5%. Though similar performance is predicted for all working
fluids, there exist some differences between the flow path designs
of the CO, mixtures with respect to the pure CO,.

The CO,/SO; resulted in the longest flow path design while
CO,/TiCL4 resulted in the shortest flow path with the least num-
ber of stages due to experiencing the highest bending stresses.
This is due to the thermo-physical properties of CO,/TiCL4 where
the smallest specific work is obtained for the CO,/TiCL4 com-
pared to the other working fluids. Therefore, a higher mass flow
rate is needed to produce the same turbine power; 89% mass flow
rate higher than the CO,/SO, case. Hence, larger bending stress
is applied to the rotor blades. Sixteen design stages are required
for the CO,/SO, compared to thirteen, twelve and seven stages
for pure CO,, CO,/C¢Fg and CO,/TiCL4 respectively.

It can be noticed that the designs of CO,/CgFg, CO2/SO,
and pure CO; are very similar with regards to the hub diameter
(approximately 600 mm as shown in Figure 5) and chord length
with the shortest chord length is obtained by the CO,/SO, flow
path. On the other hand, due to the high stresses experienced
in CO,/TiCLy, a shorter flow path length and hence a larger
hub diameter of 686 mm are obtained. Additionally, the highest
aspect ratio is experienced in the last stage of CO,/SO, flow path
followed by pure CO,, CO,/CgFg and CO,/SO5.

Regarding the turbine performance, unlike the cycle analy-
sis, where up to 6% enhancement is achieved by operating with
precompression and recompression cycles compared to a simple
recuperated CO; cycle, a lower turbine efficiency is obtained by
using CO, mixtures compared to the pure CO, case; where a
maximum and minimum efficiency reduction of 1% and 0.2%
are achieved for the CO,/TiCL4 and CO,/CgFg respectively.

Contrary to the results obtained by operating with precom-
pression and recompression cycles, designing the turbine flow
paths within recuperated cycles resulted in different flow path
designs for the CO,/CgF¢ and CO,/SO,; where the CO,/CgFg

flow path is associated with less number of stages compared to
the CO,/SO; (12 versus 16 stages). For recuperated cycles with
the same power output, a greater mass flow rate is required for
CO,/CsFg, 1054 compared to 877 kg/s in the precompression
cycle, based on the specific work obtained using the imposed
boundary conditions. Hence, operating within a recuperated cy-
cle results in higher bending stress and the number of stages is
reduced for the CO,/CgF¢ from fifteen, for the precompression
cycle (Figure 4), to twelve stages to comply with the mechanical
and rotodynamic design criteria.

93.6 720
93.2
660 —
< 3
=928 %
c E
600 ©
92.4
92.0 540

CO,/TiCLs  CO,/CéFs  CO,/SO,

FIGURE 5: HUB DIAMETER (Dp,p) AND TOTAL-TO-TOTAL EFFI-
CIENCY (n¢¢) FOR THE THREE MIXTURES OPERATING WITH RE-
CUPERATED CYCLES.

3.1.1 Flow path comparison at fixed volumetric flow rate
and expansion ratio. This section aims to explore if any dif-
ferences in the design are introduced due to differences in the
thermo-physical properties of the working fluids. To do this, the
cycle and turbine are decoupled and the flow paths are designed
at a fixed volumetric flow rate and volumetric expansion ratio;
where the mass flow rate and outlet pressure for each mixture are
set to allow for a constant volumetric flow rate (V) and expansion
ratio (VR) of 9.4 m3/s and 0.49, respectively, for all designs.
The volumetric flow rate and expansion ratio are obtained at the
average fluid density and specific heat ratio between the inlet and
outlet conditions. Finally, an inlet pressure of 25 MPa and a molar
fraction of 20% have been set for all working fluids. A summary
of the turbine boundary conditions is presented in Table 4.

For a volumetric flow rate and expansion ratio of 9.4 m3/s
and 0.49, respectively, thirteen and twelve turbine stages are ob-
tained for the CO,/SO, and pure CO, compared to six stages for
the CO,/Cg¢F¢ and CO,/TiCL4 mixtures. Therefore, the CO,/SO,
design showed a similar hub diameter to the pure CO;, of approx-
imately 600 mm (Figure 6), with a similar total-total efficiency
of 93.9%. This is due to the similar density and specific heat
ratio for the CO,/SO, mixture at 20% molar fraction with respect
to the pure CO,. This results in similar mass flow rates, for the
same volumetric flow rate and expansion ratio, and hence, sim-
ilar number of stages are assigned for both designs (12 and 13).
These design details are summarised in Table 5.

On the contrary, the CO,/CgFg results in the lowest total-to-
total efficiency with respect to the pure CO; case; this is mainly
due to designing the flow path with approximately half the number
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TABLE 3: FLOW PATH DESIGN DETAILS FOR PURE CO; TURBINE COMPARED TO CO, MIXTURES OPERATING WITH RECUPERATED CY-

CLES.
Parameter . Pure C02 . COz/TlC]4 . C02/C6F6 . C02/SOZ
1% stage laststage 1% stage laststage 1% stage laststage 1% stage last stage
Number of stages [-] 13 7 12 16
Hub diameter [mm)] 601 686 601 613
Number of rotor blades 46 39 44 37 46 36 59 45
Radial tip clearance [mm] 0.52 0.59 0.56 0.62 0.50 0.60 0.50 0.60
Rotor chord length [mm] 54 69 62 79 53 76 42 61
Rotor blade height [mm] 67 118 55 99 54 123 49 113
Diffusion angle [°] 2.0 33 2.9 4.8 2.6 5.0 2.2 4.4
Staggering angle [°] 35 36 35 36 35 37 35 36
Aspect ratio [-] 1.24 1.71 0.88 1.24 1.03 1.63 1.19 1.87
Total-to-total efficiency [%] 93.50 92.65 93.26 93.22
TABLE 4: OPERATING CONDITIONS OF PURE CO; AND CO5, MIX- 94.4 720
TURES AT A CONSTANT VR AND V.
680
Fluid CO, COy/TiCLy COy/ CeFg COy/ SO,
; 93.6 —_
m [kg/s] 909 1514 1479 995 _ 640 E
To1[K] 973 X E
Py [MPa] 25 & 5
600 &
Pos[MPa]  10.5 10.1 7.7 74 92.8 =
X;[%] - 20
560
v [-] 1.212 1.197 1.23 1.22
3
p lkg/m>] 964 160.7 160.0 105.6 92.0 520

of stages of the pure CO, flow path which results in a larger hub
diameter of approximately 700 mm. For the CO,/C¢Fg mixture,
a greater mass flow rate is needed compared to the pure CO;
(in excess of 62%) to operate at the same volumetric flow rate
and ratio. This results in much higher bending stresses acting
on the rotor blades, and hence less stages are required to comply
with the mechanical and rotor-dyanmic design criteria. Similar
conclusions can be retrieved for the CO,/TiCL4 case which has a
similar density with respect to the CO,/CgF¢. Therefore, similar
turbine designs are obtained for both CO,/C¢Fg and CO,/TiCLy
mixtures.

Ultimately, designing the turbine to operate within different
cycle configurations results in similar flow path designs for both
CO,/Cg¢Fg and CO,/SO;, mixtures. Whilst, designing the turbine
to operate within fixed cycle configurations (recuperated) results
in different designs for both mixtures and similar designs between
the CO,/C¢F¢ and pure CO;,. Decoupling the cycle conditions
results in significant differences between the flow path designs
of both CO,/CgF¢ and CO,/SO, mixtures and similar flow path
designs for the CO,/SO; and pure CO,. It can be noted that
regardless of the cycle configuration, for all design cases, the
CO,/TiCL4 mixture results in designs with the shortest flow path
length (with 6 to 8 design stages).

3.2 Parametric study results

In view of the fact that the previous flow paths were designed
at fixed design parameters, further analysis has been conducted to
investigate the effect of aerodynamic design variables such as the
flow coefficient (¢), loading coefficient (), degree of reaction

CO./TiCLs  CO,/CéFs  CO»/SO:

FIGURE 6: HUB DIAMETER (Dp,p) AND TOTAL-TO-TOTAL EFFI-
CIENCY (n¢¢) FOR THE THREE MIXTURES AT A FIXED VOLUMET-
RIC EXPANSION RATIO AND FLOW RATE.

(1) and pitch-to-chord ratio (s/c) on the performance of axial
turbines operating with CO, mixtures.

To proceed further with the analysis, the CO,/C¢Fg flow path
was selected according to the health and environmental consider-
ations discussed in Section 1. Bearing in mind that the CO,/C¢Fjg
mixture showed some signs of thermal instability at temperatures
above 600°C, a precompression cycle with a maximum tempera-
ture of 550°C (823 K) is found to be the most thermally stable [38].
Consequently, a parametric study is presented in this section to
investigate the effect of the design variables on the performance
and flow path design of CO,/C¢Fg mixture operating within a pre-
compression cycle. The aim of this section is to explore whether
there is any advantage in further modifying the design parameters
with the goal of further improving the efficiency of the turbine.
A summary of the boundary conditions for the CO,/C¢Fg flow
path is shown in Table 6.

The velocity triangles and meridional view of the CO,/C¢F¢
flow path design are shown in Figures 7 & 8. These results
are obtained at the baseline design point operating at a loading
coefficient, flow coefficient, degree of reaction and pitch-to-chord
ratio of 1.0, 0.5, 0.5 and 0.85 respectively. Eleven turbine stages
are required for the CO,/CgF¢ with a hub diameter of 630 mm as
shown in Figure 7; where the unfilled and filled shapes represent
the stator and rotor respectively.
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TABLE 5: FLOW PATH DESIGN DETAILS FOR PURE CO, TURBINE COMPARED TO CO, MIXTURES AT CONSTANT VR AND V.

Pure CO, CO,/TiCly CO,/CsFg C0,/S0,

Parameter ! . .

15" stage last stage 1°' stage last stage 1°' stage laststage 17 stage last stage
Number of stages [-] 13 6 6 12
Hub diameter [m] 602 702 695 599
Number of rotor blades 46 39 44 37 43 37 41 36
Radial tip clearance [mm] 0.52 0.59 0.57 0.63 0.57 0.62 0.51 0.59
Rotor chord length [mm)] 54 69 64 80 65 80 60 75
Rotor blade height [mm] 67 118 55 94 56 94 68 119
Diftusion angle [°] 2.0 3.3 3.1 4.9 3.1 4.8 1.9 3.3
Staggering angle [°] 35 36 35 36 35 36 35 36
Aspect ratio [-] 1.23 1.70 0.86 1.16 0.86 1.18 1.12 1.59
Total-to-total efficiency [%o] 93.89 92.86 92.77 93.85

TABLE 6: OPERATING CONDITIONS FOR THE CO5/CgFg MIXTURE
AT 823 K.

Parameter Unite CO,/C¢Fgq
Inlet Temperature [7p; ] K 823
Inlet Pressure [Py ] MPa 239
Outlet pressure [Po3] MPa 6.1
Mass flow rate [ri] kg/s 1152
Optimum molar fraction X; %o 14.5

TABLE 7: FLOW PATH DESIGN DETAILS FOR THE CO,/CgFg MIX-
TURE.
Parameter ) CO,/CsFs
15" stage last stage
Molar fraction [%] 14.5
Number of stages [-] 11
Hub diameter [m] 630
Number of rotor blades 47 35
Radial tip clearance [mm] 0.51 0.63
Rotor chord length [mm] 53.7 81.9
Rotor blade height [mm] 50.7 130.3
Diffusion angle [°] 2.9 6.3

Staggering angle [°] 35 37
Aspect ratio [-] 0.95 1.60
Total-to-total efficiency [%] 93.68

The CO,/C¢Fg enter the stator blade row at a zero incidence
angle with @; = 0 where it expands and hence, speeds up in the
stator blades till reaching an absolute flow velocity of 120 m/s
and exits at an absolute angle @y = 64.8°. Then the fluid enters
the rotor blades with the same velocity and continues to expand
in the rotor blades with a specified degree of reaction of 0.5. As a
result, the working fluid leaves the rotor blades with a relative flow
angle of 83 = 64.9° and a relative flow velocity w3 = 53.5 m/s.

The turbine design has an inlet stator annulus area of 0.10 m>
and an outlet annulus area of 0.30 m? and stator inlet blade height
of 48.3 mm and a rotor outlet blade height of 130 mm. As a
consequence of the increased blade heights at the last turbine
stage, higher bending stresses are experienced with the later de-
sign stages in comparison with the earlier stages. It is worth
mentioning that all the flow path designs presented in the current

study have similar velocity triangles to the CO,/CgFg mixture
(Figure 8) due to designing them at a constant loading coeffi-
cient, flow coeflicient and degree of reaction of 1.0, 0.5 and 0.5
respectively.

Within this section, the effect of changing these design pa-
rameters on the aerodynamic turbine performance and flow path
design was investigated considering constrained (CD) and non-
constrained (NCD) design criteria. This is to highlight the effect
of changing those parameters from a purely aerodynamic stand-
point compared to considering both rotordynamic and mechanical
design considerations throughout the design process.

For the non-constrained criteria, the turbine aerodynamic
performance is investigated for a given number of stages and
number of rotor blades, over a wide range of design variables,
and the constraints imposed on the rotoric bending stress and
slenderness ratio are removed. Whilst, in the constrained crite-
ria, new turbines are designed over a range of design variables
¢, ¥, A, s/c considering the rotordynamic and mechanical de-
sign criteria. This means that for the non-contained criteria, the
aerodynamic performance is investigated for a fixed design (with
a fixed number of stages and rotor blades) at variable design pa-
rameters. However, different turbine flow paths with different
numbers of stages and blades are designed for the constrained
design criteria.

Figures 9 - 12 show the parametric analysis results of the
CO,/C¢Fg flow path; where both constrained (CD) and non-
constrained (NCD) design cases are considered. Considering
that ¢, ¥, A vary across the stages, the plotted values in Fig-
ures 9 - 12 are the arithmetic averages of the properties across the
stages.

To investigate the effect of changing the loading coefficient
(¢) on the performance of the CO,/CgF¢ flow path, ¢ was varied
between 0.8 and 1.5 while fixing the flow coefficient, degree of
reaction and pitch to chord ratio to 0.5, 0.5 and 0.85 respectively.
For the non-constrained case, denoted by the red line, the loading
coefficient was varied between 0.8 and 1.5 for the flow path
designed at a loading coefficient of 0.8; where fourteen stages
are required to comply with the design criteria. Increasing the
results in lower blade velocities hence smaller hub diameter and
higher total-to-total efficiency (77;;). The increase in the loading
coefficient from 0.8 results in an efficiency increase until a loading
coeflicient of 1.2 then the efficiency decreases slightly. Further
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FIGURE 7: TURBINE FLOW PATH MERIDIONAL VIEW FOR THE CO,/CgFg MIXTURE.
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FIGURE 8: VELOCITY TRIANGLES OF THE CO,/CgFg FLOW PATH.

increase in the loading coeflicient results in efficiency reduction
as shown in Figure 9.

Increasing the loading coefficient over the range from 0.8 to
1.5 for the constrained turbine design, denoted by the black line,
results in higher static bending stresses on the rotor blades and
hence, designs accommodate a small number of stages. Reducing
the number of stages results in higher peripheral blade speeds,
larger hub diameters and hence reduced total-to-total efficiency.
From a pure aerodynamic standpoint, increasing the loading co-
efficient from 0.8 to 1.5 results in an efficiency enhancement
of almost 1.1 percentage points. Nonetheless considering the
rotor-dynamic and mechanical design constraints, increasing the
loading coefficient over the examined range results in efficiency
reduction by around 4 percentage points. This significant reduc-
tion in the total-to-total turbine (1;,) efficiency is a result of the
number of stages reducing from fourteen to five stages to keep
the bending stresses within the threshold limit (130 MPa).

To investigate the effect of the flow coefficient (¢) on the
turbine performance, the analysis has been repeated at a fixed
loading coefficient, degree of reaction and pitch-to-chord ratio of
1.0, 0.5 and 0.85 respectively and the flow coefficient was varied
between 0.3 and 0.7. For the non-constrained case, denoted by the
red line, the flow coefficient was varied between 0.3 and 0.7 for
the turbine design produced at a flow coefficient of 0.3; where six
stages are required to comply with the design criteria. Increasing
¢ for the same turbine design, for the same number of stages and
rotor blades, at the same boundary conditions results in a lower
turbine efficiency (Figure 10) owing to the increase in the flow
velocities and hence, flow losses.

For the constrained turbine design, donated by the black line,
increasing the flow coefficient results in lower bending stresses,
and hence allows to accommodate more stages. This results in
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FIGURE 9: THE LOADING COEFFICIENT [y] EFFECT ON TOTAL-
TO-TOTAL EFFICIENCY [7¢¢] FOR CONSTRAINED (CD) AND NON-
CONSTRAINED DESIGNS (NCD).

smaller hub diameters, and enhanced turbine performance (7;;).
This effect is experienced up to an optimum ¢ of 0.5 for a con-
strained design where afterwards the efficiency deteriorates. In-
creasing the flow coeflicient (¢) over the specified range, from
0.3 t0 0.7, results in efficiency reduction by up to 2.6%. Nonethe-
less, taking into account the mechanical and rotor-dyanmic design
constraints allows for efficiency enhanced by up to 2.0 percentage
points; where the number of stages increases from six to thirteen
stages for the C¢F¢ flow path.

As for the effect of the degree of reaction (Figure 11), the
non-constrained and constrained designs experience the same
effects for increasing the degree of reaction from 0.3 to 0.45;
where an efficiency increase is achieved. It is worth noting that
the constrained design analysis was carried out for a twelve-
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FIGURE 10: THE FLOW COEFFICIENT [¢] EFFECT ON TOTAL-
TO-TOTAL EFFICIENCY [n7¢¢] FOR CONSTRAINED (CD) AND NON-
CONSTRAINED DESIGNS (NCD).

stage design operating at a degree of reaction of 0.3. Increasing
the degree of reaction beyond 0.45, for the constrained design,
results in higher stresses on the turbine blades due to the higher
pressure drop across the rotor blades and hence, less number
of design stages and less turbine performance. Increasing the
degree of reaction over the specified range results in total-to-total
efficiency (7;;) increase by approximately 0.5 percentage points
for the constrained turbine design.
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0.35 0.55
FIGURE 11: THE DEGREE OF REACTION [A] EFFECT ON TOTAL-

TO-TOTAL EFFICIENCY [r¢¢] FOR CONSTRAINED (CD) AND NON-
CONSTRAINED DESIGNS (NCD).

Furthermore, increasing pitch to chord ratio (s/c) from 0.80
to 0.85 results in better turbine efficiency as indicated in Figure 12
for the non-constrained turbine design due to reducing the blade
chord size and hence reducing the tip clearance losses. The
effect of changing the pitch-to-chord ratio was investigated for
a twelve-stage design produced at a pitch-to-chord ratio of 0.8.
The opposite effect is obtained for the constrained turbine design
where increasing s/ c results in higher bending stress and therefore
the design should accommodate less stages. Ultimately, the effect
of changing the pitch-to-chord ratio does not have a significant
effect on the turbine performance as noticed from the study results
due to the narrow range considered for this analysis. Nonetheless,
considering a wider range would result in more significant effects.
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FIGURE 12: THE PITCH-TO-CHORD RATIO [S/C] EFFECT ON
TOTAL-TO-TOTAL EFFICIENCY [5¢¢] FOR CONSTRAINED (CD) AND
NON-CONSTRAINED DESIGNS (NCD).

Given that changing both the flow and loading coefficients is
found to more significantly affect the performance of the turbine
compared to the rest of the design parameters, new flow paths have
been designed for the CO,/CgFg mixture for a range of different
loading and flow coefficients (¢ & ¢). This has been completed
at a constant degree of reaction and pitch-to-chord ratio of 0.5
and 0.85 respectively. Figures 13 & 14 reports the resulting stage
count and the total-to-total turbine efficiency obtained at different
W & ¢ values for constrained turbine designs. Increasing the flow
coefficient, while keeping the rest of the parameters fixed, means
the flow path can accommodate more stages, which increases the
efficiency (as indicated in Figure 10). On the contrary, increasing
the loading coefficient, while keeping the rest of the parameters
fixed, results in fewer turbine stages and less efficiency (as indi-
cated in Figure 9). Combining both effects together, it is observed
that by allowing the flow and loading coefficients to vary simulta-
neously at a fixed degree of reaction and picth-to-chord ratio, it is
possible to increase in number of stages in some cases. However,
in other cases, the slenderness ratio limits the number of stages
as shown in Figures 13 & 14.

By comparing the results obtained at different values of ¢ & ¢
to the baseline flow path designed at ¢ = 1.0 and ¢ = 0.5, it is
observed that a maximum efficiency of 93.8% can be obtained
at y = 0.8 and ¢ = 0.6. This corresponds to an efficiency en-
hancement of 0.2%, where the number of stages is increased from
fifteen stages compared to eleven stages for the baseline design
case. Bearing in mind that increasing the number of stages adds
challenges related to the complexity and the cost of the turbine,
some consideration of stage number and efficiency enhancement
should be should be taken into account. In this capacity, the maps
reported in Figures 13 & 14 give an indication of the number of
stages needed to achieve high turbine performance. In this regard,
to achieve an efficiency greater than 93% (i.e., the yellow area in
Figure 14), the turbine should be designed with the number of
stages ranging from nine to fifteen; in this range efficiencies of
93.1 & 93.8% are obtained for the designs with nine and fifteen
stages designs respectively, with an efficiency difference of 0.69
percentage points.

It is worth mentioning that the same parametric study anal-
ysis has been repeated for the CO,/sCO; mixture and the same
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FIGURE 14: TOTAL-TO-TOTAL TURBINE EFFICIENCY [n¢¢] AT DIF-
FERENT LOADING [y] AND FLOW COEFFICIENTS [¢].

conclusions can be drawn. However, some differences are ob-
served in the trends of efficiency with the variation in the flow
coefficient. This is due to the CO,/sCO, mixture having a lower
sensitivity in the bending stress to the flow coeflicient compared
to the CO,/CgFg. This is a result of the imposed boundary con-
ditions and differences in the thermo-physical properties of both
working fluids.

4. CONCLUSION

Axial turbine flow path designs for a 100 MW, power plant
operating with pure CO, and CO, mixtures were compared at dif-
ferent operating conditions. This includes designing flow paths
for the same cycle configuration and power output, alongside
comparing flow paths designed at the same volumetric flow rate
and expansion ratio. It was found that turbines operating with
both pure CO;, and CO, mixtures result in overall total-to-total
efficiencies in excess of 92.5%; where the highest turbine effi-
ciency is achieved for the turbine operating with a pure CO,.
The CO,/TiCL4 mixture results in the lowest efficiency, with a
maximum efficiency that is 1.1 percentage points lower than that
of pure CO;. This is because the CO,/TiCL4 can only accommo-
date six stages compared to the thirteen-stages that are possible
for pure CO,. This is due CO,/TiCL4 design resulting in high
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rotor bending stresses which is associated with a higher mass flow
rate for the same power output. In general, differences in the flow
path designs, including the flow path length (number of stages)
and turbine geometry, are observed which are due to differences
in both the imposed boundary conditions and the properties of
the working fluids.

A parametric study was conducted to investigate the effects
of changing the aerodynamic design variables, namely the flow
coeflicient, loading coefficient, degree of reaction and pith-to-
chord ratio, on the turbine design and achievable performance,
whilst considering the mechanical and rotor-dynamic design as-
pects. A change in the loading and flow coeflicients was found
to significantly affect the turbine design when compared to the
degree of reaction and pitch-to-chord ratio which showed a lower
sensitivity. Increasing the flow coefficient from 0.3 to 0.7, while
keeping the loading coefficient, pitch-to-chord ratio and degree
of reaction constant at values of 1.0, 0.85 and 0.5 respectively,
resulted in an efficiency increase of up to 2.0 percentage points,
which is due to being able to increase the number of stages from
six to thirteen. Increasing the loading coefficient from 0.8 to 1.5,
at a constant flow coefficient, pitch-to-chord ratio and degree of
reaction of 0.5, 0.85 and 0.5 respectively, resulted in an efficiency
reduction of around four percentage points as a result of having to
reduce the number of stages from fourteen to five to comply with
the rotordynamic and mechanical design constraints. Changing
the flow and loading coeflicients simultaneously, whilst maintain-
ing the degree of reaction and pitch-to-chord ratio at values of 0.5
and 0.85 respectively, resulted in an efficiency enhancement of
0.2% with respect to the baseline design produced at loading and
flow coefficients of 1.0 and 0.5 respectively. This indicates that
modifying key design parameters does not result in significant
efficiency enhancements bearing in mind that the 0.2% is within
the margin of accuracy of mean-line flow path design.

It is concluded that both CO, and CO, mixtures result in
promising turbine performance with total-to-total efficiencies in
excess of 92.5%. Moreover, insignificant differences in aerody-
namic performance are observed for turbines operating with CO,
mixtures compared to those operating with pure CO,. Ultimately,
this indicates that the promising enhancements in the overall plant
performance of CO, mixtures compared to the pure CO, is not
hindered by a reduction in the achievable turbine efficiency.
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