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Abstract: Research on concentrated solar power (CSP) plants has been increasing in recent years.
Supercritical carbon dioxide (S-CO2) has been applied to solar power plants due to its promising
physical properties. S-CO2 has a relatively low critical temperature of 31.1 ◦C and owns high density
in the supercritical region. Hence, it is a vital working fluid in the application of low temperature
heat source and miniature power equipment. Due to the fact that solar power system has a constantly
changing heat source according to season and weather, a satisfactory off-design performance is
necessary for the turbine in a solar power system. In this work, a S-CO2 radial-inflow turbine based
on CSP is designed. A thorough numerical analysis of the turbine is then performed. To investigate
the off-design performance of this turbine, three types of nozzle profiles with different leading edge
diameters are adopted. Mach number, temperature and pressure distribution are covered to present
the off-design effect with different nozzle profiles. Moreover, the relation of output power, mass flow
rate and efficiency with different leading edge diameter (LED) are analyzed. Results show that
different LED has a vital influence on the aerodynamic characteristics and off-design performance of
the S-CO2 turbine based on CSP. In addition, the designed turbine with LED = 4 mm can obtain the
highest mass flow rate and output power. While the turbine with LED = 10 mm provides slightly
better off-design efficiency for CSP plants.

Keywords: concentrated solar power; S-CO2; radial-inflow turbine; off-design performance; leading
edge diameter

1. Introduction

Supercritical carbon dioxide (S-CO2) has a low critical temperature. Specifically, its critical
temperature is 304.2 K while its critical pressure is 7.38 MPa [1]. As a working fluid in radial-inflow
turbine, S-CO2 has many advantages. Its critical condition is easy to reach due to the low critical
temperature and it is in favor of the environment. Hence, S-CO2 is safe for industrial use and has low
cost [2]. The most useful merits of S-CO2 lie in its high density and low viscosity, which result in high
efficiency and compact mechanical structure in the radial-inflow turbine [3,4]. The research on S-CO2

fluid has been increasing lately. In the last 5 years, the investigations on S-CO2 Brayton cycle and S-CO2

solar Rankine cycle have been covered [5–7]. Due to all these advantages, the S-CO2 power cycle has
now been considered as the most popular and attractive competitor in concentrated solar power (CSP),
coal power system, and bottoming cycle of fuel cells [8–10]. As in turbomachinery, S-CO2 also possesses
many advantages for convenient use. For miniature turbomachinery, radial turbines and centrifugal
compressors with compact mechanical structure and complex geometries have been designed [11].
For turbomachinery with large power, we usually adopt axial turbines and compressors [12].

One of the most important applications of S-CO2 is the usage in solar power. Recently, more and more
scholars have begun to pay attention to this field. Wang X R et al. [13] studied the feasibility of a combined

Energies 2018, 11, 3014; doi:10.3390/en11113014 www.mdpi.com/journal/energies

http://www.mdpi.com/journal/energies
http://www.mdpi.com
http://www.mdpi.com/1996-1073/11/11/3014?type=check_update&version=1
http://dx.doi.org/10.3390/en11113014
http://www.mdpi.com/journal/energies


Energies 2018, 11, 3014 2 of 13

CO2 cycle comprising a topping S-CO2 cycle and a bottoming T-CO2 cycle. Iverson B D et al. [14]
illustrated the characteristics of developmental Brayton turbomachinery in response to a fluctuating
thermal input in solar environments. Binotti M et al. [15] presented a preliminary thermodynamic analysis
of three different S-CO2 power cycles, which was employed in a high temperature solar tower system,
working up to 800 degrees C. Kouta A et al. [16] conducted a performance analysis for a solar driven
S-CO2 Brayton cycle combined with a multiple effect evaporation with thermal vapor compression. They
proposed two new different supercritical Brayton cycles, which are respectively the regeneration and
recompression S-CO2 cycles. Hakkarainen E et al. [17] conducted a dynamic modelling and simulation of
a CSP plant based on a S-CO2 closed brayton cycle.

From the above, the application of S-CO2 in CSP has raised more and more attention. Turbines,
as one of the core components in the Brayton cycle, are vital in the investigation of the S-CO2

thermal cycle. Due to the variability of solar power, the off-design performance of the turbine
in CSP is important and it is affected by the nozzle profile. In this paper, three types of nozzle
profiles with different LED are adopted in a turbine used in CSP. Mach number, temperature and
pressure distribution are covered to present the off-design effect with different nozzle profiles.
Moreover, the relation of output power, mass flow rate and efficiency with different LEDs are analyzed.
The investigation is helpful for the further development of solar power technologies using S-CO2.

2. Research Object

The S-CO2 turbine investigated in this paper derives from 1D thermodynamic design, as we
have discussed in Reference [18]. The design process is implemented to obtain the preliminary
geometric parameters of the impeller and the nozzle. The computation is based on the mass, energy
and momentum conservation and it is performed to get the best efficiency at the rotational speed of
50,000 rpm. The fluid properties of S-CO2 are referred to from NIST REFPROP.

2.1. Impeller

The designed impeller is shown in Figure 1. The working fluid S-CO2 flows into the impeller
from radial direction and discharges from axial direction. In this process, S-CO2 fluid expands to apply
work to the impeller. The backward bent vane is adopted in the impeller to guarantee a favorable
aerodynamic performance. The detailed geometric parameters are listed in Table 1.
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Figure 1. Structure of impeller.

Table 1. Detailed geometric parameters of impeller.

Parameter Value

Blade number 10
Diameter of impeller (mm) 92.2

Inlet blade height (mm) 2.97
External diameter of outlet (mm) 40.6

Inner Diameter of outlet (mm) 16
Outlet blade angle (◦) 27

Axial length (mm) 20
Impeller type shrouded
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2.2. Three Types of Nozzle

There are three types of nozzle profiles which are investigated in this research to illustrate the
off-design performance. The primary objective of this investigation is to design a S-CO2 turbine with
the output power around 300 kW under design condition and to obtain a better off-design performance.
As the LED increases, the mass flow rate of the turbine decreases due to the flow area reduction at
the nozzle inlet, which also results in the decline of output power. Hence, we finally choose the LED
between 4 mm and 10 mm to satisfy the need of output power and investigate the effect of LED
on off-design performance. Figure 2 presents the nozzle profile with a different LED. In the nozzle,
the pressure of S-CO2 declines and the velocity increases. The detailed geometric parameters of the
nozzle are listed in Table 2.
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Figure 2. Nozzle profile: (a) LED = 10 mm; (b) LED = 7 mm; (c) LED = 4 mm.

Table 2. Detailed geometric parameters of nozzle.

Parameter Value

Blade number 13
Outlet diameter (mm) 136.2
Inlet diameter (mm) 104.2
Blade height (mm) 2.97

Inlet blade angle (◦) 45
Outlet blade angle (◦) 10

3. Numerical Method

In this paper, the 3D viscous turbulent CFD simulation is obtained in commercial CFD
software ANSYS-CFX.

3.1. Governing Equations and Boundary Conditions

The governing equations are composed of the conservation of mass, energy and momentum.
A general form of the governing equations can be expressed as:

∂(ρφ)

∂t
+ div(ρuφ) = div(Γgradφ) + S (1)

In the above equation, the terms are respectively transient, convective, diffusive and source term.
In addition, ϕ corresponds to universal variable. When ϕ = 1, Equation (1) represents a continuity
equation. If an energy equation is needed, we can define ϕ as temperature. If we define ϕ as the
velocity upon arbitrary direction, Equation (1) now corresponds to the momentum equation. Moreover,
Γ is the generalized diffusion coefficient and S is the generalized source term. In this calculation,
the conservation of mass, momentum and energy is established for the viscous and compressible flow.
A total energy equation including viscous term is used for energy conservation and the friction loss of
the turbine mainly lies in the wall of blade, hub and shroud. Moreover, the high resolution advection
scheme in CFX is adopted.

We adopt Reynolds Averaged Navier-Stokes (RANS) equations to dispose of the turbulent flow
and we employ the finite volume method to discretize the steady RANS equations. SST (Shear Stress
Transport) k-ω turbulence model is adopted in this research. This turbulence model was proposed
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by Menter [19] based on the k-ε and k-ω turbulence model. Its advantage mainly concentrates on the
combination of the k-ε turbulence model and the k-ω turbulence model. It overcomes the disadvantages
of the k-ε turbulence model and can simulate the low Reynolds number around the wall region. Also,
it solves the problem that the k-ω turbulence model needs grids of high quality. Hence, it is accurate
and appropriate to simulate the turbulent flow in radial-inflow turbines [20].

To solve the aforementioned governing equations, we need to add proper boundary conditions.
In this research, boundary conditions are as follows: total pressure of inlet (15 MPa), total temperature
of inlet (550 K) as designed condition and static pressure of outlet (8 MPa). The interface of the rotor
and stator is coupled by a frozen rotor method. The converged result is obtained when RMS residuals
of mass and momentum are below 10−4. The numerical method adopted in this research can be
verified by Kim S.G. et al. [21] from Korea Advanced Institute of Science and Technology. They built
an experimental system for a SCO2 centrifugal compressor and compared the CFD result with the
experimental result, which appeared to conform. Meanwhile, the rotating speed is 50,000 rpm. To
simulate the inlet volute, the flow angle at the nozzle inlet is 45◦. In off-design conditions, based on
the characteristic of CSP plants, the inlet temperature constantly changes due to the climatic variation.
Hence, in the computation, the inlet temperature varies from 350 K to 650 K, with 50 K as a gradient.
In other words, for off-design conditions, only the inlet total temperature varies and the value is
respectively 350 K, 400 K, 450 K, 500 K, 600 K and 650 K.

3.2. Implementation of Fluid Properties

In order to simulate the fluid property of S-CO2 precisely, we use the real gas property (RGP)
format table to implement the sharply variable density and specific heat capacity near the critical point.
The data for RGP format table is obtained from NIST REFPROP 9.0, which is widely referred as fluid
property database. In addition, the RGP table generates from MATLAB 2017a, which can acquire fluid
property data from REFPROP and convert it to a RGP file in a predefined pressure and temperature
range. In order to save the computation cost, the pressure range is from 7 MPa to 16 MPa, with 0.2
MPa as a gradient and the temperature range is from 250 K to 800 K, with 5 K as a gradient. The CFX
solver calculates the S-CO2 property by bilinear interpolation. An input method of TASCflow RGP is
used in ANSYS CFX 15.0. The accuracy of the RGP table used in the CFX code has been verified by
Odabaee M et al. [22] and Kim S G et al. [21]. Figure 3 presents the phase diagram of S-CO2. In this
research, the investigated region mainly lies in the supercritical fluid region.Energies 2018, 11, x FOR PEER REVIEW  5 of 14 
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Figure 4 shows the value variation of density along with the pressure and temperature range
studied in this research. In the S-CO2 turbine, the temperature is relatively high compared to S-CO2

compressors, as the lowest temperature in this research is above 350 K. Hence, the gradient is adequate
for the simulation of S-CO2.
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A computational mesh of high quality is necessary for this research. Therefore, we employ the
hexahedral mesh in the rotor and stator fluid domains. Due to the periodicity of the impeller and the
nozzle, the model of single flow channel is considered in the investigation. As shown in Figures 5
and 6, O-type mesh is applied around the rotor blades and three types of nozzle blades. O-type mesh
can greatly improve the mesh quality at the leading edge and the trailing edge of the blades. Besides,
H-type mesh is employed inside the flow channels, which also enhances the mesh quality. The mesh
of the boundary layers has been generated densely, especially for the blade surface, the hub wall and
the shroud wall.Energies 2018, 11, x FOR PEER REVIEW  6 of 14 
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To guarantee the validation of the numerical simulation, a mesh independence test has been
conducted under the designed condition with LED = 10mm. The result of the mesh independence test
is presented in Table 3 as below.

Table 3. Result of mesh independence test.

Sequence Number Total Element Number/104 Output Power/kW Relative Error/%

1 4.2 324.5 /
2 16.9 339.2 4.33
3 31.4 342.7 1.02
4 48.6 341.6 −0.32

As a result, when the total element number exceeds 314,000, the output power of the turbine is of
small variation. Hence, based on the balance of time cost and precision, we ultimately select sequence
number 3 to conduct the off-design numerical simulation for three LED types.

4. Results and Discussion

The computation results of the design condition and six off-design conditions with three different
types of LED are analyzed and discussed below. The convergence of the simulation happens when the
mass flow of the turbine inlet and outlet are equal and slightly fluctuate.

4.1. Off-Design Performance of Different LED

At first, the analysis of off-design performance for different LEDs is conducted. The pressure
distribution of the turbine can reflect the capacity of generating power. To be exact, the differential
pressure on the suction side and pressure side of the blade can generate torque and transfer to the
impeller. Meanwhile, the velocity vectors on the mid-span surface can reflect the flow conditions of
the turbine.

Figures 7–9 give the pressure contours with velocity vectors on the surface, which is presented at
the mid-span of the impeller and nozzle.
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As shown in Figures 7–9, when the inlet temperature is 400 K, the pressure gradient in the flow
passage of nozzle is not obvious. Meanwhile, the leading edge of the impeller blade presents a distinct
stagnation point, which indicates a relatively large aerodynamic loss. In the impeller, the pressure
distribution is apparently nonuniform and the pressure difference between the pressure side and the
suction side is relatively low, which can lead to less output torque towards the axis. Meanwhile, there
is a large vortex in the middle of the rotor flow passage according to the velocity vectors. Compared to
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Tin = 400 K, when the inlet temperature is 450 K in Figures 7b, 8b and 9b, the pressure distribution
is more uniform except that small stagnation points appear at the leading edge of the impeller blade
and the pressure difference on both sides of the blade is larger. As for the velocity vectors, there is
a distinct wake flow at the trailing edge of the nozzle, and the vortex in the middle of the rotor is
relatively small compared to that of Tin = 400 K. When the inlet temperature is 550 K at the design
point, the pressure distribution is most uniform and the pressure on the pressure side of the blade is
apparently greater than that on the suction side, which indicates a favorable ability of power output.
In addition, the vortex in the middle of the rotor passage disappears, which indicates a better flow
condition. In Figures 7d, 8d and 9d, the inlet temperature is larger than the design condition. We obtain
a similar pressure distribution with that of Tin = 550 K. Hence, the reduction of inlet temperature has a
greater influence on the aerodynamic performance.

Comparing three different LEDs, when LED = 10 mm, the decrease of temperature has the lowest
effect on the turbine since the stagnation point at the leading edge of the rotor blade is the smallest
and the flow condition is more uniform when Tin = 450 K. Moreover, the increase of temperature has
a larger impact on larger LED. Low-pressure region tends to expand as LED increases. When Tin =
650 K, a small vortex near the suction side of the rotor blade appears.

4.2. Aerodynamic Characteristics on Design Condition with Different LED

Then, we discuss the aerodynamic characteristics on design condition with different LED to
illustrate the influence of LED on the turbine performance. Mach number, pressure and temperature
distribution at the mid-span of the impeller and nozzle are covered.

Figure 10 shows the Mach number contours at the mid-span of the impeller and nozzle. In the
Mach number contours, we employ the relative coordinate system (CS) as a reference CS. Specifically,
the Mach number in the nozzle is defined as actual velocity divided by local sound speed and the
Mach number in the impeller is defined as the relative velocity, which does not include rotation speed,
divided by local sound speed.Energies 2018, 11, x FOR PEER REVIEW  9 of 14 

 

 
(a) (b) (c) 

Figure 10. Mach number contours at the mid-span of impeller and nozzle: (a) LED = 10 mm; (b) LED 
= 7 mm; (c) LED = 4 mm. 

As Figure 10 indicates, the working fluid S-CO2 accelerates in the nozzle flow passage. In the impeller 
flow passage, the velocity of S-CO2 on the pressure side is larger than that on the suction side. Comparing 
three LED types, when LED = 10mm in Figure 10a, the acceleration caused by the nozzle is most effective. 
At the outlet of the nozzle passage, the Mach number reaches almost 0.7. Moreover, the stagnation effect 
at the leading edge of the nozzle is most evident. As shown in Figure 10b,c, the low Mach number region 
at the middle of the impeller flow passage gradually decreases as LED reduces, which indicates that the 
wake flow effect of the nozzle blade diminishes gradually. Comparing the Mach number at the outlet of 
the impeller, the minimum shows when LED = 10 mm, which indicates least leaving velocity loss. To sum 
up, the turbine has the most efficient power capacity when LED = 10 mm. 

Figure 11 shows the pressure contours at the mid-span of the impeller and nozzle. There is an 
area of low pressure on the suction side at the trailing edge of the impeller blade. In this area, the 
pressure is below critical pressure 7.38 MPa. Hence, we describe it as a trans-critical area hereafter. 
In Figure 11, the pressure gradually declines along the flow direction through the nozzle and the 
impeller. The pressure distribution is similar in three LED types. Nevertheless, it can be observed 
that when LED = 10 mm, the trans-critical area at the trailing edge of the impeller blade is the smallest. 
Small trans-critical region can guarantee the operational stability of the turbine. Hence, the turbine 
with nozzle LED = 10 mm owns the most stable operation characteristic under design condition. 

 
(a) (b) (c) 

Figure 11. Pressure contours at the mid-span of the impeller and nozzle: (a) LED = 10 mm; (b) LED = 
7 mm; (c) LED = 4 mm. 

Figure 10. Mach number contours at the mid-span of impeller and nozzle: (a) LED = 10 mm; (b) LED = 7 mm;
(c) LED = 4 mm.

As Figure 10 indicates, the working fluid S-CO2 accelerates in the nozzle flow passage. In the
impeller flow passage, the velocity of S-CO2 on the pressure side is larger than that on the suction
side. Comparing three LED types, when LED = 10mm in Figure 10a, the acceleration caused by
the nozzle is most effective. At the outlet of the nozzle passage, the Mach number reaches almost
0.7. Moreover, the stagnation effect at the leading edge of the nozzle is most evident. As shown
in Figure 10b,c, the low Mach number region at the middle of the impeller flow passage gradually
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decreases as LED reduces, which indicates that the wake flow effect of the nozzle blade diminishes
gradually. Comparing the Mach number at the outlet of the impeller, the minimum shows when
LED = 10 mm, which indicates least leaving velocity loss. To sum up, the turbine has the most efficient
power capacity when LED = 10 mm.

Figure 11 shows the pressure contours at the mid-span of the impeller and nozzle. There is
an area of low pressure on the suction side at the trailing edge of the impeller blade. In this area,
the pressure is below critical pressure 7.38 MPa. Hence, we describe it as a trans-critical area hereafter.
In Figure 11, the pressure gradually declines along the flow direction through the nozzle and the
impeller. The pressure distribution is similar in three LED types. Nevertheless, it can be observed that
when LED = 10 mm, the trans-critical area at the trailing edge of the impeller blade is the smallest.
Small trans-critical region can guarantee the operational stability of the turbine. Hence, the turbine
with nozzle LED = 10 mm owns the most stable operation characteristic under design condition.
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In addition, Figure 12 shows the temperature contours at the mid-span of the impeller and nozzle.
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As Figure 12 indicates, the temperature distributions of three LED types are similar. Along the
flow direction, the temperature gradually decreases. Moreover, there is an evident stagnation point at
the trailing edge of the nozzle. Comparing three LED types, when LED = 4 mm, the throat section is the
closest to the nozzle inlet since the leading edge of the nozzle is of little effect on the inlet S-CO2 flow.
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4.3. Off-Design Performance of the S-CO2 Turbine with Different LED

Finally, yet importantly, the off-design performance of the S-CO2 turbine with different LED is
obtained, which illustrates the influence of LED on the varying operating conditions of the turbine
used in the CSP cycle.

Figure 13 gives the correlation of inlet temperature towards isentropic efficiency. The isentropic
efficiency discussed in this research is defined as Equation (2) as below:

ηis =
2Tz × 2π × r

60 ×
( .
min +

.
mout

)
∆his

. (2)

In Equation (2), T stands for torque, r represents the rotation speed, h is enthalpy, and
.

m is mass
flow rate. As for the subscripts, is stands for isentropic, in and out corresponds to the inlet and the
outlet of the turbine respectively, and z represents axial direction.

Energies 2018, 11, x FOR PEER REVIEW  10 of 14 

 

In addition, Figure 12 shows the temperature contours at the mid-span of the impeller and 
nozzle. 

 

 
(a) (b) (c) 

Figure 12. Temperature contours at the mid-span of the impeller and nozzle: (a) LED = 10 mm; (b) 
LED = 7 mm; (c) LED = 4 mm. 

As Figure 12 indicates, the temperature distributions of three LED types are similar. Along the 
flow direction, the temperature gradually decreases. Moreover, there is an evident stagnation point 
at the trailing edge of the nozzle. Comparing three LED types, when LED = 4 mm, the throat section 
is the closest to the nozzle inlet since the leading edge of the nozzle is of little effect on the inlet S-CO2 
flow. 

4.3. Off-Design Performance of the S-CO2 Turbine with Different LED 

Finally, yet importantly, the off-design performance of the S-CO2 turbine with different LED is 
obtained, which illustrates the influence of LED on the varying operating conditions of the turbine 
used in the CSP cycle. 

Figure 13 gives the correlation of inlet temperature towards isentropic efficiency. The isentropic 
efficiency discussed in this research is defined as Equation (2) as below: 

( )is
in out is

2 2
60

zT r
m m h

πη × ×=
× + Δ 

. 
(2) 

In Equation (2), T stands for torque, r represents the rotation speed, h is enthalpy, and m  is 
mass flow rate. As for the subscripts, is stands for isentropic, in and out corresponds to the inlet and 
the outlet of the turbine respectively, and z represents axial direction. 

 
Figure 13. Correlation of inlet temperature towards isentropic efficiency. Figure 13. Correlation of inlet temperature towards isentropic efficiency.

In Figure 13, the variation of isentropic efficiency of all three LED types shows the same trend.
When the inlet temperature of the turbine is larger than the design condition, the isentropic efficiency
declines. When the inlet temperature decreases, the isentropic efficiency first increases and then
rapidly descends. The highest isentropic efficiency happens when the inlet temperature is near 470 K.
Due to the characteristics of S-CO2, when the inlet temperature is close to the critical temperature,
the density of working fluid changes sharply. The geometry of the turbine does not fit the operation
condition, which results in a rapid decline of isentropic efficiency. While the inlet temperature increases,
the change of density has a relatively lower influence on the isentropic efficiency.

Comparing three LED types, when LED = 10 mm, the isentropic efficiency is the highest in
almost all the conditions. In addition, when the inlet temperature decreases, the isentropic efficiency
of LED = 10 mm drops more slowly. In general, the off-design performance of LED = 10 mm is
slightly better at efficiency while LED = 4 mm is lower than the two others. This is because larger
LED is insensitive to the change of velocity when inlet temperature increases. Hence, with larger LED,
the turbine tends to maintain the same velocity triangle as in design condition, which corresponds to
higher isentropic efficiency.

Moreover, the correlation of inlet temperature towards mass flow is shown in Figure 14.
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As indicated in Figure 14, the correlation of inlet temperature towards mass flow is similar to that
of inlet temperature towards isentropic efficiency. When the inlet temperature of the turbine is larger
than the design condition, the mass flow declines. When the inlet temperature decreases, the mass flow
first increases. Due to the characteristics of S-CO2, when the inlet temperature is close to the critical
temperature, the density of working fluid changes sharply. As the inlet temperature further decreases,
the phenomenon of flow congestion appears and the mass flow rapidly descends. The highest mass
flow happens when the inlet temperature is near 470 K.

Comparing three LED types, the mass flow of LED = 4 mm is the largest among all. Due to the
smallest LED, the nozzle flow passage obtains the largest flow area when LED = 4 mm. The trend
of mass flow variation in three LED types is similar in Figure 14. When inlet temperature increases,
the density of S-CO2 decreases, which results in a decline of mass flow rate. As the inlet temperature
further decreases, the flow congestion arises. Hence, the mass flow of three LED types decrease rapidly
and tend to be the same.

Figure 15 gives the correlation of inlet temperature towards output power.Energies 2018, 11, x FOR PEER REVIEW  12 of 14 

 

 
Figure 15. Correlation of inlet temperature towards output power. 

As shown in Figure 15, the output power always increases while the inlet temperature enlarges, 
which is on account of the higher enthalpy drop. In the meantime, when the inlet temperature is 
lower than 470 K, the output power decreases rapidly with the decline of inlet temperature. The lower 
enthalpy drop and lower isentropic efficiency both cause this phenomenon. While the inlet 
temperature is larger than 470 K, the output power presents a slow growth. 

Comparing three LED types, the output power of LED = 4 mm is the largest among all as it has 
the largest mass flow. The trend of output power variation in three LED types is similar in Figure 15. 
When the inlet temperature is below 400 K, the flow congestion arises and the output power of three 
LED types tends to be the same. While the inlet temperature passes 600 K, the absolute growing rate 
of LED = 10 mm is the lowest since larger LED has unfavorable flow condition with high inlet 
temperature. 

5. Conclusions 

In this paper, three types of nozzle profiles with different LED are adopted in a turbine used in 
CSP. Mach number, temperature and pressure distribution are covered to present the aerodynamic 
characteristics and the off-design effect with different nozzle profiles. Moreover, the relation of 
output power, mass flow rate and efficiency with different LED are analyzed. The conclusions in this 
research can provide a solid foundation for the usage of S-CO2 in CSP. The exact conclusions are as 
follows: 

(1) The reduction of inlet temperature has great influence on the aerodynamic performance. Taking 
LED = 7 mm as a representative, when the inlet temperature is below 400 K, the pressure 
distribution is disorderly and unsystematic, which indicates the low power capacity of the 
turbine. 

(2) Under design condition, when LED = 10 mm, the acceleration caused by the nozzle is the most 
effective and the turbine owns the most efficient power capacity. Meanwhile, the trans-critical 
area at the trailing edge of the impeller blade is the smallest. Hence, the turbine with nozzle LED 
= 10 mm owns the most stable operation characteristic. 

(3) When LED = 4 mm, the mass flow and output power is the largest since the nozzle flow passage 
obtains the largest flow area. For off-design conditions, when the inlet temperature further 
decreases below 400 K, the flow congestion arises. Comparing three different LEDs, the decrease 
of temperature has the lowest effect on the largest LED while the increase of temperature has 
the larger impact on the larger LED. When LED = 10 mm, the isentropic efficiency is slightly 
better while LED = 4 mm has the largest mass flow and power capacity. In a S-CO2 power system, 
larger mass flow rate will cause extra compression work in the compressor. Hence, for the 
selection of LED, one should consider both the efficiency and output power of the turbine and 

Figure 15. Correlation of inlet temperature towards output power.

As shown in Figure 15, the output power always increases while the inlet temperature enlarges,
which is on account of the higher enthalpy drop. In the meantime, when the inlet temperature is
lower than 470 K, the output power decreases rapidly with the decline of inlet temperature. The lower
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enthalpy drop and lower isentropic efficiency both cause this phenomenon. While the inlet temperature
is larger than 470 K, the output power presents a slow growth.

Comparing three LED types, the output power of LED = 4 mm is the largest among all as it
has the largest mass flow. The trend of output power variation in three LED types is similar in
Figure 15. When the inlet temperature is below 400 K, the flow congestion arises and the output
power of three LED types tends to be the same. While the inlet temperature passes 600 K, the absolute
growing rate of LED = 10 mm is the lowest since larger LED has unfavorable flow condition with high
inlet temperature.

5. Conclusions

In this paper, three types of nozzle profiles with different LED are adopted in a turbine used in
CSP. Mach number, temperature and pressure distribution are covered to present the aerodynamic
characteristics and the off-design effect with different nozzle profiles. Moreover, the relation of output
power, mass flow rate and efficiency with different LED are analyzed. The conclusions in this research
can provide a solid foundation for the usage of S-CO2 in CSP. The exact conclusions are as follows:

(1) The reduction of inlet temperature has great influence on the aerodynamic performance. Taking
LED = 7 mm as a representative, when the inlet temperature is below 400 K, the pressure
distribution is disorderly and unsystematic, which indicates the low power capacity of the turbine.

(2) Under design condition, when LED = 10 mm, the acceleration caused by the nozzle is the most
effective and the turbine owns the most efficient power capacity. Meanwhile, the trans-critical
area at the trailing edge of the impeller blade is the smallest. Hence, the turbine with nozzle
LED = 10 mm owns the most stable operation characteristic.

(3) When LED = 4 mm, the mass flow and output power is the largest since the nozzle flow passage
obtains the largest flow area. For off-design conditions, when the inlet temperature further
decreases below 400 K, the flow congestion arises. Comparing three different LEDs, the decrease
of temperature has the lowest effect on the largest LED while the increase of temperature has
the larger impact on the larger LED. When LED = 10 mm, the isentropic efficiency is slightly
better while LED = 4 mm has the largest mass flow and power capacity. In a S-CO2 power
system, larger mass flow rate will cause extra compression work in the compressor. Hence, for
the selection of LED, one should consider both the efficiency and output power of the turbine
and the compression work caused by larger mass flow rate, in order to obtain a best efficiency of
the CSP power net, especially when the heat source of the net is of drastic change.
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