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ABSTRACT 
Solar power towers using supercritical CO2 (sCO2) 

Brayton cycles were proposed as the next-generation 
Concentrating Solar Thermal (CST) technology.  One of the 
challenges facing rapid deployment of CST using sCO2 cycles 
remains to be the power block and, in particular, the lack of 
reliable sCO2 turbine technology. The main challenge for 
sCO2 turbine designers is in the area of component 
technologies such as materials, bearings and seals.  The 
combination of high temperatures (above 600oC), high 
rotational speeds, and high fluid densities create a perfect 
storm for sCO2 turbine designers. This paper investigates 
appropriate bearings and seals for a sCO2 radial-in-flow 
turbine proposed for Concentrating Solar Thermal 
applications. 

INTRODUCTION 
This paper describes on-going work on mechanical design 

of a prototype supercritical CO2(sCO2) radial turbine being 
developed for future Concentrating Solar Thermal (CST) 
power generation in sizes 300 kW to 30 MW.  While the 
focus of our team is on CST, the benefits of sCO2 cycles are 
not limited to solar thermal.  They are seen as the next-
generation technology in a diverse range of applications 
including nuclear power generation[1], fossil fuel power 
generation[2], concentrated solar power[3], shipboard power, 

waste heat recovery, and geothermal power generation[4].  
This is the main reason sCO2 technology is vigorously pursued 
in USA, where the Department of Energy (DoE) awarded up 
to $80m in 2016 to design, build and operate by 2024 a 10-
MWe sCO2 plant test facility (the STEP facility) in San 
Antonio, Texas.  The STEP project brings together three 
DoE Offices (Nuclear Energy, Fossil Energy, and Energy 
Efficiency and Renewable Energy).  As suggested by this 
partnership, the US project is not limited to CST and aims to 
develop utility-scale sCO2 power cycle technology across a 
range of markets including coal, nuclear, gas geothermal and 
solar[5]. 

As a result of this emerging interest in supercritical CO2 
cycles from different power generation sectors, the relevant 
research effort has increased substantially over the last 10 
years.  Most of the published research has been directed to 
thermodynamic optimisation and feasibility analysis for 
different applications.  Crespi et al[6] provides a good 
summary of research in this area and analyses performance of 
different sCO2 cycle configurations as standalone power 
generators or in topping or bottoming cycles.  Turchi et al[7] 
examined different power block configurations specifically 
for CST plants using sCO2 cycles. Brun, Friedman and Dennis 
[8] collated a collection of articles as a reference textbook on 
fundamentals and applications of sCO2 power cycles.  
Gurgenci[9], Balaji and Gurgenci[10] demonstrated the 
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potential advantages of CST using sCO2 cycles for off-grid 
and fringe-of-grid power generation in Australian outback and 
other places in the world where there may be no secure access 
to a strong power grid. In fact, the application of load-
following standalone renewable power generation has been 
the main motivation for the work reported in this paper. 

In contrast to fundamental thermodynamics and 
economic studies, the published work on engineering of 
supercritical CO2 cycle component technologies is scant.  
This is probably because there is no working power generator 
yet using a sCO2 cycle and a sCO2 turbine.  The few sCO2 
power block implementation projects have been at laboratory 
scale and were undertaken as experimental campaigns rather 
than for power generation. Nevertheless, they helped the 
community develop a better understanding of the underlying 
issues.  The two notable pioneering studies are the 125-kW 
sCO2 turbine tested in Sandia National Laboratory[11] and the 
100-kW Integrated System Test facility (IST) of the Knolls 
Atomic Power Laboratory (KAPL)[12].  The work 
undertaken on these two relatively small test loops  identified 
significant challenges in sCO2 power block technology that 
have been motivating the global research effort in this area 
since then. 

In the Asian continent, the 10-kW loop built at the Tokyo 
Institute of Technology was a proof-of-concept demonstration 
of a sCO2 Brayton cycle and identified high windage losses, 
and bearing and seal design as the critical challenges for sCO2 
turbines[13]. The SCIEL (Supercritical CO2 Integral 
Experiment Loop) in KAERI (Korea Atomic Energy Research 
Institute) was designed and built by a research group from 
three Korean research institutions KAERI, KAIST and 
POSTECH[14].  A variety of cycle configurations and 
turbine inlet temperatures were tested while the compressor 
inlet temperature was fixed at the near-critical temperature of 
33.2oC and much attention was spent on compressor 
efficiency.  A shrouded radial rotor design was used in the 
turbine and the rotor shaft was sealed by labyrinth seals and 
the leakage was extracted. Gas foil bearings and magnetic 
bearings were considered and gas foil bearings were selected 
because they were more convenient to utilise at this small size.  
Contact bearings such, e.g. ball bearings, were not considered 
due to the very high rotational speed[15].  In China, a 
number of supercritical CO2 turbine design studies were 
published[16-19] in the last couple of years but no actual 
turbine has yet been constructed. 

 

THE ASTRI PROGRAM 
The University of Queensland (UQ) is a partner in the 

Australian Solar Thermal Research Institute (ASTRI), which 
is an eight-year, $87 million international research 
collaboration to develop concentrating solar thermal (CST) 
power technologies.  The UQ is responsible in ASTRI for 
development of a power block based on a closed supercritical 
CO2 cycle.   

The aim of the ASTRI project is to bring the sCO2 turbine 
technology to a technology readiness level suitable for 
commercial demonstration at a 1-25 MWe plant size in 2022.  

Towards this aim, the UQ team is now designing a proof-of-
concept 300-kWe sCO2 turbine and will test it at the CSIRO 
Newcastle Solar Tower installation. The turbine will have a 
radial in-flow configuration.  The design configuration will 
be suitable for scaling up to higher plant sizes up to 25-MWe.  
In a recent study, CST plants using a sCO2 power block were 
found to offer the cheapest electricity in this size range for off-
grid and fringe-of-grid power generation in Australia[10], the 
size of which market is estimated to be equal to 6% of the total 
Australian generation capacity. 

Solar power towers using supercritical CO2 (sCO2) 
Brayton cycles were in fact proposed as the next-generation 
Concentrating Solar Thermal (CST) technology six years ago 
in a US Department of Energy (DoE) study[20]. 

One of the challenges facing rapid deployment of CST 
using sCO2 cycles remains to be the power block and, in 
particular, the lack of reliable sCO2 turbine technology. The 
main challenge for sCO2 turbine designers is in the area of 
component technologies such as materials, bearings and seals.  
This paper investigates appropriate bearings and seals for a 
sCO2 radial-in-flow turbine proposed for Concentrating Solar 
Thermal applications. 

 
BEARING AND SEAL CHALLENGES 

In the 1-25 MWe size range, a radial-in-flow turbine 
configuration is most appropriate.  There are well-
established design tools to facilitate the aerodynamic design 
of the nozzles and the rotor blades.  Compared to gas and 
steam turbines, much higher fluid densities offer a challenge 
but a number of studies have demonstrated that these 
challenges can be overcome.  The design of the bearings and 
the seals however is still a formidable challenge. 

The combination of high temperatures (above 600oC), 
high rotational speeds, and high fluid densities create a perfect 
storm for sCO2 turbine designers. 

High Temperatures 
Referring to Figure 3 of Crespi[6], the thermodynamic 

cycle efficiency of a sCO2 cycle does not achieve the 
efficiency of the advanced ultracritical steam power cycle at 
tutbine inlet temperatures below 700oC.  It is worth noting 
that ultracritical steam power generators have to use multiple 
reheat stages to achieve their high efficiencies at increased 
cost and complexity and are viable only at utility-scale (e.g. 
1000 MW).  A supercritical CO2 power block can achieve 
similar efficiencies with much simpler power block lay-outs 
and, using a radial turbine, at sizes as small as 1-MW.  In off-
grid and fringe-of-the-grid applications where USC steam 
power is not an option, the sCO2 can become competitive at 
lower temperatures as identified in Balaji and Gurgenci[10].  
Nevertheless, the long-term potential of sCO2-based power 
generation can only be achieved at turbine inlet temperatures 
exceeding 700oC.  Although our 300-kW prototype is 
designed for a turbine inlet temperature of 560oC, the next 
turbine to be built in the ASTRI program will take CO2 in at 
700oC. 

At such high temperatures, oil-based lubrication is not an 
option.  Gas foil bearings are feasible but they have to be 
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placed outside the pressure boundary to avoid the high 
windage losses associated with high-density fluid rotating in 
these bearings at very high speeds.  This was a lesson 
identified very early in the SNL tests[11]. 

High Rotational Speeds 
The high rotational speed is a concern for sCO2 turbines 

especially at small to medium sizes.  This is unfortunate 
because this size range is a significant market opportunity.  
The sCO2 power block has the potential to make CST a 
competitive commercial option in this important market, 
which CST so far has failed to capture mainly because of its 
dependence on steam turbines.  Steam cycles cannot be 
commercially and efficiently be deployed at sizes small 
enough to serve the current commercial demand in off-grid 
and fringe-of-grid markets[9]. 

Supercritical CO2 radial-in-flow turbines offer the 
potential for modular scaleable and efficient CST power 
generation in sizes from 1-MWe to 30-MWe. However, these 
small sizes come with a price.  The rotational speed of a 
supercritical CO2 turbine is inversely proportional to its size 
and rotor shafts for small turbines need to rotate very fast so 
as to deliver acceptable isentropic efficiencies.  This is seen 
in Figure 1 that shows the variation of the isentropic efficiency 
with the rotational speed. 

  

Figure 1 Change of efficiency with rotor sped 
 
Each dot in Figure 1 is a turbine with different geometry 

parameters (blade angles, etc) and was designed by 
minimising the inlet Mach number using the meanline design 
method proposed by Whitfield[21]. As seen in this figure, 
there is a sharp rise as the speed starts increasing from 20000 
but curve gets flatter as the speed gets higher.  The speed of 
50,000 RPM is the optimum value for the 300-kW turbine in 
a trade-off between the design of bearings and seals and the 
rotor efficiency. 

Using the 300-kW turbine as a reference, we can plot the 
speed for larger turbine sizes by using the similarity law: 

P ∝ ρ ω  
While using this law, we also note that we would like to 

keep the linear surface speed of the shaft as small as possible 
to help with bearing and seal design. The optimum rotor speed 

against the shaft power can then be plotted as shown in Figure 
2. This chart should only be used as only a preliminary guide.  
The optimum speed at each size needs to be calculated 
specifically. 
 

  

Figure 2 SCO2 turbine speed versus shaft power 
 
A more subtle effect of higher speed on the bearings is the 

radial loads on the bearings.  To serve as a dispatchable 
generator with rotating inertia, a sCO2 turbine must use a 
synchronous generator.  Since synchronous generators 
operate much lower speeds, the speed of the sCO2 turbine 
needs to be reduced to the synchronous speed.  This can be 
done by using a high-speed gearbox.  The rotor shaft support 
bearings would then have to support the pinion power 
transmission force.  We can directly couple to a high-speed 
DC generator.  This would keep the radial bearings loads 
small but lose the advantage of the rotational inertia of the 
rotor shaft and its stabilising effect on the AC grid. 

High density 
One might argue that the above challenges are not unique 

to sCO2 turbines.  For example, gas turbines are subject to 
even higher temperatures and turbocharger rotational speeds 
are comparable to sCO2 turbines.  Lack of suitable bearing 
technology has not been a problem for them.  Bearing 
selection is a problem for sCO2 turbines because there is the 
additional challenge of higher fluid density combined with 
high-temperature and high-speed conditions. For example, the 
sCO2 density at 20MPa and 700oC is 104 kg/m3, two orders of 
magnitude higher than the density of the gas turbine 
combustion products. 

A high-density fluid churning in the bearing passages at 
very high speeds causes significant problems.  Early research 
identified stability issues and high windage losses if gas foil 
bearings or similar used in sCO2 turbines with sCO2 itself 
serving as the bearing lubrication fluid, as described in [8] but 
also in [11, 22]. 

 
BEARING AND SEAL CHOICES 

Let us now describe how we are proposing to address 
these challenges in a radial-in-flow sCO2 turbine, which is the 
type of turbine most appropriate for modular scaleable CST 
power plants.  

ASTRI Turbine Configuration 
There are no commercial options for bearings that will be 

capable of operating in the hot high-pressure high-temperature 
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sCO2.  Earlier, the University of Queensland explored the 
possibility of designing bearings and seals that could be placed 
within the pressure boundary [23-26] of a sCO2 turbine.  
While this would make the mechanical design task easier, the 
windage losses would be too high. Unfortunately, we are not 
able to design bearings that can operate with the high-density 
fluid at low friction. 

We decided to place the bearings and the main gas seal 
outside the pressure boundary.  Our selected turbine rotor 
layout is shown in Figure 3. Standard bearings and standard 
seals are employed but they are isolated from the high-
temperature high-pressure cycle fluid. 

  

Figure 3 Supercritical CO2 radial-in-flow turbine lay-
out 

 
 
A disadvantage of this design is the extra unsupported 

shaft length due to the need for including a space between the 
dry gas seal and the labyrinth seal.  The choice for the 
bearings and the interaction between the bearing and the shaft 
dynamics need to be examined carefully in this design. 

The University of Queensland (UQ) and Henan 
University of Science and Technology(HAUST) have a joint 
project investigating the dynamics of a sCO2 turbine rotor 
shaft under different bearing arrangements. 

While the turbine design is yet to be finalised, based on 
preliminary rotor and seal design, it is possible to present a 
parametric relation between the rotor shaft diameter and the 
rotor length as given in Figure 4.     

 

  

Figure 4 Supercritical CO2 rotor shaft geometry 
 
A closed-form for the gyroscopic whirl of the overhung 

rotor of mass m can be found using the procedure in rotor 
dynamics textbooks, e.g. Lee[27].  The lay-out and the shaft 
geometry is represented by an axially symmetric spring 
constant that represents the restoration tendency against shaft 
bending. The value of this constant is estimated by using the 
relations for a simply supported overhung beam subject to an 

end moment (e.g. App.14-1 in [28]). Assuming perfectly rigid 
supports, the critical frequency for the rotor gyroscopic whirl 
is related to the bearing spacing bD as shown in Figure 5. 

     
 

  

Figure 5 Rotor whirl critical frequency as a function 
of the bearing spacing 

 
As expected, the critical frequency is the highest for 

minimum bearing spacing.  However, there is a minimum 
bearing span required to cover the widths of the bearings 
themselves and the width of the pinion.  Therefore, even 
ignoring the compliance of the bearings, the calculated critical 
frequencies are lower than and close to the operating 
frequency of 50000 RPM (833 Hz).  The bearing compliance 
of course will reduce this further and this means crossing over 
at least one critical frequency during start-ups. 

This emphasises the importance of using the appropriate 
bearings.  It also means that the rotor dynamics need to be 
carefully examined when the bearing choices are finalised.  

Bearing Choices 
Only non-contact bearings can be considered for the 

ASTRI turbine. Rolling element bearings are not an option 
because their life expectation would be too low at our high 
rotor speeds.  There are three non-contact bearing options: 

 Oil-lubricated tilted-pad bearings (TP) 
 Oil-lubricated hydrostatic bearings (HS) 
 Magnetic bearings (MB) 
Both radial and thrust bearings are needed. Although the 

back-to-back rotor configuration of Figure 3 minimises the 
axial force because the two axial loads from the two rotors 
cancel each other, a thrust bearings is still needed. 

In selecting appropriate bearing technology, the bearing 
stiffness and the damping values are important parameters 
when trying to control the rotor dynamics.  Assuming y- and 
z- are the two orthogonal radial directions, the bearing forces 
are related to radial displacements and rates of displacements 
through stiffness and damping matrices as in the following 
equation: 
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Table 1 lists typical stiffness and the damping values for 
the turbine choices to be considered.  Ball bearings (BB) are 
included in Table 1 for comparison only (they are not 
considered as a viable option for high-speed turbines).  The 
coefficient values in Table 1 are for a 300kW/50000RPM 
turbine and a bearing span shaft diameter of 60mm.  
Bearings were sized for a 18-tooth pinion placed at mid-span 
taking the torque to a high-speed gear box that takes the speed 
down to enable synchronous generation.  The purpose of this 
table is to aid a parametric analysis as part of the preliminary 
design process.  Therefore, the stiffness and damping 
coefficients are listed only in order of magnitude precision. 
Magnetic bearings can be actively controlled to a certain 
extent.  Therefore, no value is provided for magnetic 
bearings. 

The stiffness values in Table 1 are normalised against the 
stiffness of the flexible overhung shaft supported by rigid 
bearings for a bearing span of 4D, which is computed as: 
 k=7.1 x 106 N/m  

The damping coefficients in Table 1 are normalised 
against the critical damping coefficient, which is calculated as 

 Cc=2mbwc=2 x 0.817 x 6770 = 11060 kg/s 
 

Table 1 – Stiffness and damping coefficients for 
different bearing options  

 
Bearing kyy kzz kyz kzy cyy czz cyz czy 

BB 35 35 0 0 0 0 0 0 

TP 10 6 14 1 3x10-4 6x10-4 6x10-4 6x10-4 

HS 200 200 50 -50 15 8 -5 7 

 
The observations from Table 1 should apply to a range of 

turbines beyond the size considered in this study. It is 
observed that the tilted-pad bearing stiffness values are within 
an order of magnitude of the shaft stiffness.  Therefore, for 
such bearings, the rotor dynamics must include the coupling 
between the shaft and the bearing dynamics.  The cross-
coupled stiffness terms (kyz and kzy) need special attention 
because they may be a source of instability.  The damping 
terms are relatively small and will not have a significant 
influence on rotor dynamics.  

 
Seal Choices 
Two types of seals are used in the ASTRI turbine as 

shown in Figure 3.  Starting from the rotor, the first seal seals 
the high-temperature gas.  This is a labyrinth seal.  
Labyrinth seals are not perfect seals and they always leak.  
The labyrinth seals on the ASTRI turbine are designed with 
relatively high clearances to accommodate thermal expansion 
as well as vibrations of this overhung shaft.  The leaks from 
the labyrinth seal are controlled by the pressure of the cooling 
sCO2 flow that circulates through the cooling zone.  
Labyrinth seals are well-understood and pose no special 
challenges in this application. 

The second seal sets the pressure boundary by isolating 
the cool high-pressure cooling circulation from the bearings.  
At a speed of 50000 RPM, a dry gas seal is the only viable 
option. 

Both seals will influence rotor dynamics at varying 
degrees.  The dry gas seal is adjacent to the bearings and its 
influence is expected to be limited.  The labyrinth seal is 
separated from the supports by the length of the cooling zone 
and its stiffness may be a significant influence and must be 
included in rotor dynamics computations once its design is 
finalised. 

 
CONCLUSIONS 

Design and selection of bearings and seals for sCO2 
turbines offer specific challenges to the turbine designer as 
described in this paper.  These challenges, while formidable, 
are not unsolvable and there are viable off-the-shelf options 
provided the turbine lay-out is designed to isolate these off-
the-shelf options from the high-temperature high-density gas. 

Stiffness and damping of the bearings and seals need to 
be carefully considered and analysed in full rotor system 
dynamic modelling.  The stiffness and damping 
characteristics for the supercritical turbine bearings and seal 
choices were listed to help informed selection. 
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