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Abstract

In order to reduce the axial size of the supercritical carbon dioxide (SCO,) Brayton cycle system and enhance its
power-weight ratio, this paper proposes a counter-rotating design approach for SCO, turbines. The design process
primarily involves 1D aerodynamic design based on theoretical analysis of velocity triangles and blade geometry
modeling. A three-stage 10 MW SCO, axial turbine is selected as a test case and redesigned as a 1+ 1/2-stage counter-
rotating turbine (CRT) configuration. Compared with the three-stage turbine, the axial length of the CRT is reduced

by 63.5%. Subsequently, the performance of the designed counter-rotating SCO, turbine is validated through detailed
numerical analysis utilizing the three-dimensional computational dynamics method, considering real gas effects

of CO, by employing a physical property database for property calculations. The computational fluid dynamics results
demonstrate that under design conditions, the isentropic efficiency is 92.4%, which represents a 12.4 percentage
points improvement over the design target and satisfactorily meets the design objectives. Further analysis on the flow
field was conducted, and it was found that the turbine streamlines are uniform, the entropy increase is concentrated
at the trailing edge of the blades, and the average absolute outlet flow angle is 0° approaching the axial direction. The
behavior of the CRT under off-design conditions is also discussed.

Keywords Counter-rotating turbine, SCO, turbine, Aerodynamic design, Numerical simulation

1 Introduction

The closed supercritical carbon dioxide (SCO,) Brayton
cycle system can provide higher efficiency and reduce
carbon emissions for the power industry [1]. In addition,
it has the outstanding merit of much higher power den-
sity, i.e., significantly smaller size compared to a tradi-
tional power plant. Among its components, the turbine
plays an important role in the supercritical carbon diox-
ide Brayton cycle system, which directly affects the cycle
efficiency and power generation efficiency. Therefore, the
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selection and design optimization of the turbine is very
important [2].

Han et al. [3] proposed an improved coal-fired rec-
ompression SCO, Brayton cycle system, and provided
a detailed introduction to the design and numerical
simulation of a 5 MW SCO, turbine. Stepanek et al.
[4] designed and optimized SCO, turbines for high-
power cycles, achieving efficiencies comparable to
steam turbines. The research also emphasized the sig-
nificance of reducing the turbine size. Zhang et al. [5]
designed a 1.5 MW radial turbine and a 15 MW axial
turbine by combining the NIST physical program and
the SCO, aerodynamic design program. Lv et al. [6]
proposed an optimization design method that can pre-
dict various losses of the SCO, radial turbine, and the
computational fluid dynamics (CFD) simulation results
are in good agreement with the experimental results.
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Compared to a traditional axial turbine design, the
counter-rotating turbine (CRT), benefitting from the
counter-rotating concept, can fully take advantage of
the pre-swirl generated by the upstream rotor, reduc-
ing the number of downstream turbine guide vanes, or
even canceling the downstream guide vanes, which has
the potential of further enhancing the power density
and reducing the weight and cost of the SCO, plant.

As early as 1957, Wintucky et al. [7] analyzed the vari-
ation of 1+1/2 CRT efficiency with high and low-pres-
sure turbine speed-to-power ratio, exit whirl, and other
parameters. The research shows that the CRT is 2%—4%
more efficient than the traditional turbine. Louis et al.
[8] studied the design characteristics and off-design
characteristics of 1+1/2 and 1/2+1/2 CRTs in 1985,
and studied the variation of efficiency with load coef-
ficient. Bellocq et al. [9] conducted zero-dimensional
and one-dimensional design and performance analy-
sis of the engine’s multi-stage CRT, removing the guide
vanes, greatly reducing the engine weight and improv-
ing efficiency. Rajeevalochanam et al. [10] designed a
CRT to increase turbine power at the same mass flow
rate, expansion ratio, inlet, and outlet conditions as a co-
rotating turbine. The design results show that the perfor-
mance of the CRT is improved by 2% at the design point.

A number of studies have also been carried out on the
CRT in China. Cai et al. [11] and Ji et al. [12] carried out
a detailed analysis of the elementary stage velocity tri-
angle of the CRT and explored the preliminary design
method of the CRT. Liu et al. [13] studied the influence of
two-stage turbines’ efficiency on the performance of the
whole engine. They found that counter-rotating is able
to change the flow field by changing positive swirl flow
to negative swirl flow, which will help to increase turbine
efficiency. Zhou et al. [14] analyzed the design param-
eters of the CRT, optimized the selection of the velocity
triangle, and calculated the variation of the efficiency
with the outlet flow angle. Fang et al. [15] completed the
design of a high-load CRT with an expansion ratio of
5.69, and the efficiency of the CRT was 1.77% higher than
that of the traditional turbine. Zhao et al. [16] carried out
1+1/2,1+1, and 1+3/2 CRT elementary stage analysis,
and discussed the through-flow design and three-dimen-
sional aerodynamic design methods. An optimization
scheme is also proposed for variable working conditions
to make the turbine more stable under off-design condi-
tions. Luo et al. [17] applied the CRT technology to the
radial turbine and completed the aerodynamic design
and numerical analysis of a 14 1/2 counter-rotating radial
turbine. The results show that the maximum diameter of
the 1+1/2 counter-rotating radial turbine is reduced by
12%. and the efficiency is increased by 1.57%.
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Though great progress has been achieved in CRT
design in the past decades, the studies mentioned
above mainly focused on aero-engine applications. To
the authors’ best knowledge, research on the design of
CRT for the SCO, Brayton cycle is still rare. Regarding
the SCO, cycle, the turbomachinery components of the
supercritical carbon dioxide cycle power plant are rela-
tively small in size. However, the gas storage tanks, pipe-
lines, and other devices are large in volume, which will
largely offset the volume advantage brought by the tur-
bomachinery components. Therefore, there is still a need
to reduce the volume for SCO, cycle. Compared with a
traditional axial turbine, the CRT studied in this paper
can further reduce the volume while ensuring efficiency.
While having the above advantages, ensuring high effi-
ciency of the CRT remains a difficulty and challenge in
its design.

This paper proposes a counter-rotating SCO, turbine
design method. A 1D turbine design based on theoreti-
cal velocity triangle analysis was first carried out. Then,
on the basis of the designed geometric parameters, the
3D blade geometry of the CRT was obtained. Taking the
three-stage axial flow SCO, turbine designed by Kumaran
et al. [18] as the prototype, a counter-rotating redesign
was implemented to replace the prototype turbine with a
1+1/2 CRT. The numerical simulation results of the CRT
design were analyzed. Finally, the main advantages of the
SCO, CRT were summarized.

The differences in the research work of this paper are
mainly reflected in: (1) the meanline design calculation
process of the counter-rotating turbine under arbitrary
working fluid conditions is re-sorted out and described;
(2) compared with the traditional single-shaft configu-
ration, the counter-rotating turbine features dual shaft
speeds, resulting in more design variables and a larger
design space. This fundamentally alters the velocity trian-
gle matching law, particularly in multi-stage applications.

2 Turbine design

2.1 Turbine description

In the simple recuperative Brayton cycle system, the
three-stage turbine serves as a core component, with
the system integrating essential elements such as the
compressor, recuperator, main heat exchanger, turbine,
and gas cooler. Within this system, CO, operates under
supercritical conditions. Based on the thermodynamic
design points obtained from cycle calculations, we can
conduct initial aerodynamic designs for both the pro-
totype turbine and the CRT. This paper achieves the
redesign of the three-stage turbine into a 1+1/2 CRT,
and both designs strictly follow the same inlet and out-
let conditions to ensure consistency and comparability.
Subsequently, this paper will focus on elucidating the
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design process of the CRT, while providing only a concise
description of the prototype turbine design to facilitate a
comparative analysis with the design results of the CRT.
The specific design parameters have been summarized as
shown in Table 1.

2.2 Mean-line design

The physical properties of SCO, have a significant
impact on the size and design specifications of the tur-
bine, resulting in a turbine that is characterized by high
power density and lower enthalpy. This is evidenced by
the fact that the SCO, turbine has a smaller flow path and
fewer stages. Despite the SCO, turbine’s smaller dimen-
sions compared to those of a typical aero-engine, its
flow mechanism exhibits similarities to that of the aero-
engine. Consequently, the design techniques originally
employed for CRTs in aero-engines can be effectively
applied to the SCO, turbine.

Table 1 Design parameters of the turbine [18]

Parameter Value
Mass flow rate (kg/s) 104.8
Power (MW) 10
Isentropic efficiency (%) 80
Total-to-total pressure ratio 2.2
Inlet total pressure (kPa) 20350
Inlet total temperature (K) 8185
Rotational speed (r/min) 12000
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A 1+1/2 CRT typically consists of a row of 1st stage
stators, 1st stage rotors, and 2nd stage rotors rotating in
the opposite direction to the 1st stage rotors. Usually,
the work distribution between the two stages of the CRT
depends on the potential matching requirements of the
counter-rotating compressor. Due to the lack of guide
vanes in the 2nd stage turbine, under the target that the
2nd stage turbine outlet flow angle does not deviate from
the axial direction, the power capacity of the 2nd stage
turbine is limited by the fluid conditions at the outlet of
the 1st stage turbine, so it is difficult for the 2nd stage
turbine to achieve the design goal of the output power.
Therefore, one of the design challenges is how to reduce
the specific work ratio of 1st and 2nd stages [19]. Under
axial exhaust conditions, to enhance the work capacity
of the 2nd stage rotors, the 1st stage rotors must provide
appropriate flow velocity and angle [20].

The typical flow path and station diagram of a 1+1/2
CRT is shown in Fig. 1. Stations 1, 2, 3, 4, and 5 are
marked as stator inlet, rotorl inlet, rotorl exit, rotor2
inlet, and rotor2 exit, respectively.

Primarily, one-dimensional aerodynamic calculations
are carried out for the 1st stage of the counter-rotating
turbine. This design is a constant mean radius design,
and the values of the stage enthalpy drop, flow coeffi-
cient, load coefficient, and axial velocity ratio need to
be estimated at the beginning of the design. The initial
stage inlet hub-tip ratio (r,,/ry},), the inlet Mach num-
ber (Ma,), the first stage outlet hub-tip ratio (ry/rsp),
and the outlet total pressure (p,;) can be referred to
the original turbine design results. The flow coefficient

Rm

Fig. 1 Station diagram of 1+1/2 CRT
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and load coefficient are expressed by Egs. (1) and (2),
respectively:

C2a
"=u W

AhOstagel
v = w2 2)

According to the above equations, the axial velocity
C,, and inlet velocity U, of the rotor can be obtained:

AhOstagel
U = ——=— (3)
TV

Coa=U1 X ¢ (4)

The blade inlet and outlet areas and blade height can be
calculated according to the following equations:

- (2)]

A

Hplade = T X e (6)
m

A:Jr><rt2

The thermodynamic parameters of different stations of
the turbine can be calculated from the REFPROP software.
The state equations are:

oy cp, k1 =f(p, T) (8)

The static enthalpy /5 at the outlet of the rotor is calcu-
lated according to the state equations. The absolute veloc-
ity C; at the outlet of the rotor blade can be obtained from
the relationship between the total enthalpy and the static
enthalpy:

1
hos = 3 + - C; ©)
With the absolute velocity C; of the rotor outlet defined,

the tangential velocity component of the rotor blade outlet
can be calculated by the following formula:

C3a
Ky3 = — 10
o (10)
Csw = /C3 — C3, (11)

According to the trigonometric function relationship
between the velocity and angle of the velocity triangle,
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the flow angle and relative velocity of the rotor outlet are
obtained:

C3W )

a3 = arctan( (12)
3a
U
B3 = arctan(tan oz — 71) (13)
3a
CBa
" cos B3 (14)

Assuming that the tangential velocity at the inlet and
outlet of the rotor blade is constant, the tangential veloc-
ity at the inlet of the rotor blade can be obtained by Eul-
er’s work formula:

AhOstagel = U1 (Cow + C3y) (15)

Design parameters

v

Aerodynamic design ———

v

Blade modelling

v

CFD simulation and
analysis

No

Enough power and efficiency

Design results

Fig. 2 Flow chart of the CRT design
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Fig. 3 The distribution of four physical properties data

Similarly, the inlet flow angle and flow velocity of the
rotor can be obtained:

C
o = arctan( 2w) (16)
2a
u
By = arctan(tanay — —) (17)
CZa
C
Cy= 2 18)
cosayp
C2a
Wy =
2 cos B2 (19)

At this point, the velocity triangle of the 1st stage can
be determined. By assuming that the axial velocity ratio
of the 2nd stage K,; =1 and the outlet absolute flow angle
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a5 = 1°, the outlet angle and velocity of the rotor R2 can
be obtained.

The total-to-total efficiency formula for evaluating the
aerodynamic performance of a counter-rotating turbine
is defined by Eq. (20):

fsczz% +rRWE +ReWs

20
2Ahg 20)

N = [1+(

The loss model for the SCO, turbine is based on the
AMDCKO loss model, which has gained widespread
use in engineering. This model is based on the AMDC
model. The AMDC loss model has good prediction accu-
racy under typical turbine operating conditions of air-
craft engines, but it shows deviations in small turbines
and non-typical turbine applications. To address this
limitation, Kacker and Okapuu [21] improved the AMDC
model [22].
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Following the preliminary mean-line design of the 1st
stage turbine, the inlet and outlet parameters of the 2nd
stage rotor blade can be used to determine the 2nd stage
turbine design. However, the axial speed ratio and rota-
tional speed ratio between the 1st and 2nd stages must be
estimated. In order to reduce losses, the absolute velocity
of the outlet can be taken between the range of 0° and 5°.
Figure 2 shows the design process of the counter-rotating
turbine.

2.3 Physical properties of SCO, working fluid

Compared with other inert gases, CO, has relatively
moderate critical parameters, with a critical pressure of
7.38 MPa and a critical temperature of 31.1 °C (304.25
K), which is close to room temperature, stable, and abun-
dant. When the temperature and pressure values of CO,
are higher than the critical values, CO, enters the super-
critical state.

In order to accurately calculate the physical properties
of the real CO, gas, the NIST-REFPROP physical prop-
erty database was consulted to obtain a detailed physi-
cal property file for CO, gas. The file is employed in the
mean-line design and numerical calculations of the SCO,
CRT. Before the numerical calculations, the TabGen
module of NUMECA is employed to generate a folder
of physical property data sheets that can be identified
and utilized by the FINE/Turbo solver for simulating the
actual SCO, flow model.

Figure 3 shows the distribution of four physical prop-
erties data generated by TabGen, which are internal
energy (E) data E(p, T) with pressure (p) and temper-
ature (7) as variables, density (D) data D(p, T) with p
and T as variables, thermal conductivity (K) data K(H,
p) with enthalpy (H) and p as variables, H(S, p) with
entropy (S) and p as variables.

Fig. 4 Velocity triangle

Page 6 of 16

Table 2 Aerodynamic design results of CRT

Parameter First stage Second stage
Rotational speed (r/min) 12000 10000

Flow coefficient 033 0.7

Loading coefficient 2.74 1.25

Reaction 0.55 1

Number of blades 23/24 24

Solidity 1.24/1.28 1.28

Specific work (MW) 7.62 242

Axial length (mm) 1094

Specific work ratio 3.15

Isentropic efficiency (%) 876

Power (MW) 10.04

Table 3 Results of flow angle and tip clearance

Parameter S1 R1 R2
Absolute flow angle at the outlet (°) 77.38 62.34 1.1
Relative flow angle at the outlet (°) 77.38 75.12 56.42
Tip clearance (mm) - 0.098 0.138

2.4 Aerodynamic design results

This paper explores in depth the mean-line design meth-
odology for CRTs by parametrically adjusting key param-
eters such as axial velocity ratio, load coefficient, and
rotational speed ratio. Based on the design parameters
listed in Table 1, the aerodynamic design was carried out
for the 1+1/2 CRT and the three-stage turbine with CO,
real gas as the working fluid. Given that the thermody-
namic properties of SCO, are more complex compared
to ideal gases, the NIST-REFPROP physical property
database was utilized to calculate the thermodynamic
properties of CO, under different conditions.
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It is required that the blade size and number of the
CRT match those of the three-stage turbine, and both
adopt a constant mean diameter design. This design
strategy helps to highlight the significant advantages of
CRTs in reducing axial length and weight. The results of
the one-dimensional aerodynamic design of the CRT are
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shown in Tables 2 and 3, in which the rotational speed
ratio of the CRT is 1.2, the specific work ratio is 3.15, and
the isentropic efficiency is 87.6%, which is 7.6 percentage
points higher than the design target. Furthermore, the
output power reaches the target. To visually represent the
aerodynamic parameters, the velocity triangle of the CRT

150 4
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g
(=1
e r--—"—""/®r--itcFf71---"-"-""-""""""""""=""=""="="="="="=--
Z 130 g
a £
s <
g &
2
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110 T T T T T T T 1
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Axial position (mm)
(a) Meridian flow path of the CRT
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s2 R2
sl
140
B
g
= L - - |- - - -
g
F1304 &
& g £
= = 8
"O —
k o 3
120 - - ‘
| 300mm
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(b) Meridian flow path of the three-stage turbine

Fig.5 Meridian flow path
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Fig. 6 Blade profiles at hub and tip

Fig. 7 Three-dimensional geometry of CRT

Fig. 8 Mesh division

is illustrated in Fig. 4, with an axial velocity ratio of 1.4
for the 1st stage and approximately 1 for the 2nd stage.

In Fig. 5(a), the meridional flow path height of the CRT
remains constant. This design allows for an increase in
the axial velocity ratio, effectively reducing the specific
work ratio. In Fig. 5(b), the hub radius of the three-stage
turbine is approximately 121 mm, and the inlet height of
the blades is 21.84 mm. Through comparison, it is evi-
dent that the CRT has only half as many rows of blades.
The 1+1/2 CRT has three fewer rows of blades than the
three-stage turbine, and its axial length has been sig-
nificantly shortened from the original 300 to 109.4 mm,

Table 4 Mesh independence verification

Mesh number (million) 1.87 2.05 2.30 2.66 3.00

Total-to-total pressure ratio  2.187 2.187 2.188 2.19 2.19
Mass flow rate (kg/s) 10455 10457 10459 1046 1046
Isentropic efficiency (%) 90.6 919 923 924 9243

Table 5 Comparison of CFD and mean-line design results

Design target Mean- CFD Difference (%)

line

design
Total-to-total pres- 2.2 2.2 2.2 -
sure ratio
Mass flow rate (kg/s) 104.8 104.8 1046 -0.19
Isentropic efficiency 80 87.6 924 548

(%)
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a reduction of 63.5%. This design not only significantly 2.5 Blade modelling

reduces the axial size and weight of the turbine but also  To reduce the size deviation between the CRT and the

achieves cost savings. three-stage turbine, the blade height and hub height of
the CRT were controlled within an appropriate range.

Q 0(“' Q’h Q@ Q?, N

Relative Mach Number

(a) span=0.05

0
o
0
o
o
&

Relative Mach Number

(b) span=0.5

Relative Mach Number

(c) span=0.95

Fig. 10 The relative Mach number at different spanwise sections
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Entropy (J/ (kg K))

(a) span=0.05

Entropy (J/ (kg K))

(b) span=0.5

Entropy (J/ (kg K))

(c) span=0.95

Fig. 11 The entropy at different spanwise sections
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In the design of the flow path, a constant mean diame-
ter design method was adopted. This strategy effectively
decreased the expansion angle of the flow path of the
turbine, thereby increasing the axial velocity ratio. Mean-
while, a rear-loaded blade profile was chosen in the blade
design to minimize aerodynamic losses.

At the tip of the blade, the rotor is equipped with
a shroud to reduce the leakage loss at the blade tip.
Although the blade was relatively small and belonged to
the category of traditionally defined short blades, due
to the significant variation of the rotor reaction along
the radial direction, we employed curved and twisted
blades to reduce the leading-edge incidence angle and
thus improve flow characteristics. However, this design
also correspondingly increased the difficulty and cost of
industrial processing. Taking into account the factory’s
processing capabilities, the trailing edge thickness of the
blade was set to 0.8 mm, and the blade was generated
using a stacking method based on the center of gravity.

The final blade profiles at the hub and tip of the CRT
are shown in Fig. 6. In Fig. 6, S1, R1, and S2 represent the
first-stage stator, the first-stage rotor, and the second-
stage counter-rotating rotor, respectively. In Fig. 6, S1
adopts a straight blade design with a consistent blade
profile from hub to tip, while two rows of counter-
rotating rotors, both utilizing curved and twisted blade
designs. Finally, the three-dimensional geometry of the
blades stacked by different spanwise section blade pro-
files is shown in Fig. 7.

3 Numerical simulation

3.1 Mesh generation

Numerical calculations were conducted in NUMECA
software, using the AutoGrid module for meshing. The
mesh division is shown in Fig. 8. The H-O-H multi-block
structured grid was selected for the computational mesh.
To ensure the accuracy of numerical calculations, the
mesh at the wall intersections was refined. Addition-
ally, a triple-grid partitioning technique was employed
to accelerate convergence. To ensure that the calculation
results are independent of the number of meshes, the
independence of the mesh was verified. The mesh inde-
pendence verification is shown in Table 4. The results
indicated that when the total number of meshes is greater
than 2.66 million, the results are stable and unchanged at
the design point, and it can be assumed that the calcu-
lation results are independent of the number of meshes.
In order to speed up the calculation, a mesh of 2.66 mil-
lion was selected for CFD numerical calculation in this
paper, and the meshes of each row of blades are about 0.7
million, 0.96 million, and 1 million, respectively, and the
y* value of the mesh in the calculation process is less than
15.
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3.2 Numerical calculation setting

The turbine blade and solid wall boundary conditions
are selected as non-slip and adiabatic. The computa-
tions are performed using the FINE/Turbo solver to
solve the steady Navier—Stokes (N-S) equations. The
spatial discretization is carried out using a central dif-
ference scheme, while the time discretization employs a
fourth-order Runge—Kutta method for iterative solutions.
The turbulence model adopted is the Spalart—Allmaras
model. During the computation process, an implicit
residual smoothing method and multi-grid technology
are utilized to accelerate convergence. The boundary
conditions are set with a total inlet temperature of 818.5

(c) span=0.95
Fig. 12 The streamlines at different spanwise sections
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K, a total inlet pressure of 20350 kPa, and a static outlet
pressure of 8925.44 kPa.

4 Result analysis

4.1 Calculation results

The results of the three-dimensional calculations are
listed in Table 5 for comparison with the one-dimensional

1.0 = =

—{+S1
—O—RI1

0.8 —V—R2

o
o
1

Spanwise location
N
~
1

0.2

0.0 -~ = e
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calculations. The CFD results show that at the same
total-to-total pressure ratio, the mass flow rate is 0.19%
smaller and the efficiency is 4.8 percentage points higher
than those predicted by mean-line design, which satis-
fies the preliminary design requirements. This differ-
ence in efficiency mainly results from two aspects: the
geometry deviations introduced during the subsequent

Relative exit Mach Number
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Fig. 13 Relative Mach number and absolute flow angle distribution along the span
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3D blade modeling, and the prediction error of the cur-
rent empirical model. Overall, the mass flow rate differ-
ence is negligible, while the efficiency validated by CFD
is 12.4 percentage points higher than the design target,
which is a very significant increase. Consequently, the
primary parameters of the CRT satisfy the design target.

4.2 Flow field analysis of counter-rotating turbine

Figure 9 shows the static pressure distributions at dif-
ferent spanwise sections. A significant over-expansion
region is observed at the trailing edge of the three rows
of blades, which can be attributed to the considerable
thickness of the trailing edge and the rapid expansion of
boundary layer flow on the pressure surface. Along the
axial chord length, the static pressure on the stator blade
surface is observed to decrease gradually. Over-expan-
sion occurs on both sides of the leading edges of the 1st
and 2nd stage rotors because the curvature of the lead-
ing edges of the blades is too large, the area of the flow
path is reduced, and the CO, enters the flow path and
accelerates through it. Although there is a slight adverse
pressure gradient on the rotor suction surface, it does not
significantly affect the flow process.

From the relative Mach number cloud diagram in
Fig. 10, it can be observed that the maximum Mach num-
ber occurs in the throat of the 1st stage rotors, and there
exists a localized supersonic region with a maximum
Mach number of 1.2. CO, flows fully within the stator
blades, with the Mach number gradually decreasing from
the blade hub to the tip. At the 75% chord length posi-
tion on the suction surface of the 1st stage rotor blades,
the CO, reaches supersonic speed, and local supersonic
regions exist from the blade hub to the tip. For the 2nd
stage rotors, there is almost no change in the Mach num-
ber of the suction and pressure surfaces at the hub, which
is consistent with their static pressure distribution at the
hub. From the hub to the tip of the blade, the wake of the
2nd stage rotors gradually becomes larger, and the loss in
this area also increases.

Figure 11 shows the entropy distribution at different
spanwise sections of the CRT. The increase in entropy
represents the increase in loss. From Fig. 11, it can be
seen that the losses are increasing from the hub to the tip
of the blade and are mainly concentrated at the trailing
edge of the rotors. This is due to the thicker trailing edge,
forming a larger boundary layer, resulting in increased
losses.

The streamlines at different spanwise sections in
Fig. 12 are smooth, indicating that the flow condition in
the turbine passage is satisfactory and there is no large-
scale separation. Only in the span=0.05 section do the
streamlines in the 1st stage rotor converge to the suction
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surface and flow out along the trailing edge of the suction
surface.

Figure 13 shows the distribution of the relative Mach
number and absolute flow angle at the outlet of each row
of blades along the spanwise direction. The distribution
of the Mach number at the outlet of each row of blades is
uniform along the spanwise direction, with average val-
ues of 0.73, 0.86, and 0.43 for S1, R1, and R2, respectively.
The relative Mach number at the outlet of the R1 is maxi-
mum, and all the Mach numbers are less than 0.9 along
the spanwise distribution.

In the spanwise direction, the absolute outlet flow
angle distribution of R1 is relatively uniform from the
60% spanwise position to the blade tip. However, a nota-
ble change in the flow angle is observed below the 60%
spanwise position, with a shift from approximately —2°
to approximately —23°. This discrepancy in the distri-
bution of the flow angle along the spanwise direction is
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considerable, which results in a notable alteration in the
inlet angle of the R2 along the spanwise direction and
ensures that the absolute outlet flow angle of R2 exhibits
a near-zero value and a highly uniform distribution ful-
filling the design work output.

5 Off-design point operating characteristics

The isentropic efficiency and mass flow rate have been
analyzed by numerical calculations at five sets of speeds
from 70% to 100% and at different pressure ratios of
operating conditions. As shown in Fig. 14, the horizon-
tal coordinates of the graph are the total-to-total pressure
ratios, and the location of the design point is indicated. In
Fig. 14(a), the 1st and 2nd stage turbines’ rotors maintain
high efficiencies above 90% at both 90% and 100% speed.
The turbine efficiency decreases with increasing pres-
sure ratio at different speeds, and the decreasing trend in
efficiency increases with decreasing speed. The turbine
efficiency is highest at 100% design speed, and the high-
est point of efficiency is at a pressure ratio of 1.92. The
lowest efficiency is achieved at 70% design speed with a
pressure ratio of 1.92. Figure 14(b) shows the flow char-
acteristics of the CRT. The mass flow rate at different
speeds follows the same trend; when the pressure ratio is
greater than 2.88, the mass flow rate is almost unchanged
as the turbine approaches choke condition. Overall, the
CRT maintains high efficiency at different pressure ratios
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and therefore has excellent operating characteristics at
the off-design point.

The decrease in efficiency at low speed is due to the
change in incidence angle and relative inlet Mach num-
ber, which affects the accelerated flow in the blade pas-
sages. Figure 15 shows the streamlines and relative Mach
number of the rotor at 70% design speed and a pressure
ratio of 1.92. The incidence angle of R2 and R3 did not
approach their design angles. The flow hit the pressure
surface, and the inlet flow angle was a larger positive inci-
dence angle. Therefore, flow separation occurs near the
suction leading edge. However, as the incidence angle is
almost 0 at design speed, there is no such phenomenon
in the rotor passages.

6 Conclusion
In this paper, the CRT technology was applied to the
SCO, turbine design. A 14+1/2 CRT was designed based
on the rigorous analysis and elaborate selection of veloc-
ity triangles, aiming to replace a three-stage SCO, tur-
bine. Specific blade design and numerical simulation
were conducted for the designed CRT. The turbine flow
field was analyzed in detail. The simulated off-design
performance was also presented. The conclusions are as
follows:
(1) When designing a CRT, it is necessary to compre-
hensively consider not only the specific work ratio

Relative Mach Number
1

08

Fig. 15 Streamlines and relative Mach number at 70% speed with a pressure ratio of 1.92
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between the 1st and 2nd stage turbines and the
axial velocity ratio, but also the gas properties of
SCO,,.

(2) In the design results, both the pressure ratio and
the mass flow rate of the CRT achieved the design
target satisfactorily, with 12.4 percentage points
more efficiency than the design target. Under off-
design point conditions, the efficiency of the CRT
can still remain higher than 90% at 90% and 100%
design speed, showing it can maintain excellent
performance in the wide operating range.

(3) Under the premise of meeting the design targets,
the 14 1/2 CRT has three fewer blade rows than the
prototype three-stage turbine, and at the same time,
its axial length has been significantly shortened by
63.5%. This counter-rotating design is supposed to
not only significantly reduce the weight of the tur-
bine, but also effectively reduce material costs.

It should also be noted that the loss of CRT mainly
results from the 1st stage turbine. Therefore, further
improvement in the efficiency of the CRT is possible
through an optimization design for the 1st stage turbine
in future work.
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CFD  Computational fluid dynamics
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D Pressure, Pa

SCO,  Supercritical carbon dioxide
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