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Centrifugal turbine which has less land occupation, simple structure, and high aerodynamic efficiency is suitable to be used as
small to medium size steam turbines or waste heat recovery plant. In this paper, one-dimensional design of a multistage centrifugal
steam turbine was performed by using in-house one-dimensional aerodynamic design program. In addition, three-dimensional
numerical simulation was also performed in order to analyze design and off-design aerodynamic performance of the proposed
centrifugal steam turbine. The results exhibit reasonable flow field and smooth streamline; the aerodynamic performance of the
designed turbine meets our initial expectations. These results indicate that the one-dimensional aerodynamic design program is
reliable and effective. The off-design aerodynamic performance of centrifugal steam turbine was analyzed, and the results show
that the mass flow increases with the decrease of the pressure ratio at a constant speed, until the critical mass flow is reached. The
efficiency curve with the pressure ratio has an optimum efficiency point. And the pressure ratio of the optimum efficiency agrees
well with that of the one-dimensional design.The shaft power decreases as the pressure ratio increases at a constant speed. Overall,
the centrifugal turbine has a wide range and good off-design aerodynamic performance.

1. Introduction

With the continuous reduction of fossil energy and the
enhancement of people’s environment awareness, there has
been increasing attention to the high efficiency utilization of
energy, where the turbine is energy conversion component; if
the turbine is improved effectively, it can help to improve the
efficiency utilization of energy.

Centrifugal turbine is a new type of turbine engine which
has many advantages. In the centrifugal turbine, the gas flows
outward the center and the channel area of the flow path
increase naturally as the fluid volume flow increases, during
the expansion process. That meets the principle of aerody-
namic and geometric matching. In addition, centrifugal tur-
bine can be used to achieve multistage design [1] more easily
than centripetal turbine. Thus it can avoid the limitation of
supersonic flow. This is more useful for design conditions,
especially for off-design performance conditions.

For turbine as the key component, many scholars in this
area have done some relevant researches, but there is not
much research on centrifugal turbine. Domestically, mainly
Jing and Peng had studied the pneumatic analysis of a rocket
centrifugal turbine prototype starter and designed the modi-
fication turbine [2]; Yin-Ge et al. [3] and Xin et al. [4, 5]
had researched the single-stage centrifugal turbine design
and its off-design performance. Abroad, the preliminary
hydrodynamic design of a small centrifugal turbine for the
ORC was studied by Casati and others of the Delft University
of Technology. They introduced the optimization based on
the intermediate streamline method for evaluating turbine
design and performance [6–10].

In this paper, one-dimensional design method of cen-
trifugal steam turbine is proposed by drawing on the
conventional turbine [11]. And numerical simulation and
optimization of multistage centrifugal turbine were studied
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by referring to the inlet and outlet thermal parameters of a
small axial steam turbine.

2. Aerodynamic Design of a Steam
Centrifugal Turbine

2.1. One-Dimensional Design Method. A one-dimensional
design of centrifugal turbine has been developed, which is
based on the one-dimensional design method of conven-
tional turbine.Theone-dimensional thermodynamic calcula-
tion programwas developed by FORTRAN.Themain design
principles of centrifugal turbine one-dimensional design
program are as follows:

(1) The expansion flow is assumed to be adiabatic, steady,
and one-dimensional in the cascade channel.

(2) The properties of working fluids are obtained by
calling Refpro 9.0, which is applicable to a variety of
working fluid.

(3) In order to simplify the design of the blade, the blade
is designed to be of straight and constant height.

(4) Stator and rotor velocity coefficients𝜑 and𝜓 are based
on previous experience [12].

(5) Each stage of the rotor absolute flow angle is 90
degrees.

(6) The program is mainly composed of continuity and
energy equations to achieve one-dimensional design.

Figure 1 presents the design process of the centrifugal one-
dimensional aerodynamic program. The thermodynamic
parameters of the centrifugal turbine, inlet stagnation tem-
perature 𝑇∗0 , inlet stagnation pressure 𝑃∗0 , outlet pressure
𝑃𝑁, mass flow rate 𝐺, and rotation speed 𝑛, are based on
original conventional turbine.The other parameters, impeller
diameter ratio 𝑏 (the influence of diameter ratio on the
centrifugal turbine wheel efficiency is referred to in [3]; the
optimum wheel efficiency calculated at the optimum degree
of reaction and speed ratio increases as the diameter ratio
decreases; 𝑏𝑁 = 𝐷𝑁,out/𝐷𝑁,in), each stage outlet flow angle of
stator 𝛼1, the radial gap 𝛿 (𝛿 = 𝑅𝑟,in−𝑅𝑠,out or 𝛿 = 𝑅𝑠,in−𝑅𝑟,out,
because the passage area along the flowpath remains constant
in axial flow turbine or the flow area reduces in radial flow
turbine, so the radial gap can be large in traditional turbine,
while, in centrifugal turbine, the flow area increases with
the working fluid expansion. If the radial gap is too large, it
will make the working fluid compressive in the gap, which
is bad for turbine working. So the radial gap for centrifugal
turbine should be small.), and stage number𝑁, are previously
estimated. Iterative and screeningmethods are used to search
the maximum wheel efficiency of the centrifugal turbine.

Figure 2 shows the overall stages𝐻-𝑆 diagram.The super-
script ∗ represents the stagnant state. The second numbers
of subscript are as follows: 1 represents the stator and 2
represents rotor. Taking the first stage as an example, the
introduction of design process is as follows:

(1) In the stator, the steam expands from state 0 to
state 1. Lines 0-1 represent the actual expansion and

lines 0-1𝑠 is the ideal expansion. In this process, the
pressure energies are transferred to kinetic energies.
Then the thermal parameters, velocity and geometry
parameters can be calculated by using

isentropic expansion: 𝑠0 = 𝑠1,1𝑠 = 𝑓 (𝑃∗0 , 𝑇∗0 )
ℎ1,1𝑠 = 𝑓 (𝑠1,1𝑠, 𝑃1,1)

energy equation: ℎ∗0 = ℎ1,1𝑠 +
𝑐21,1𝑠
2 = ℎ1,1 +

𝑐21,1
2

𝑐1,1 = 𝜑𝑐1,1𝑠
𝑠1,1, 𝜌1,1 = 𝑓 (ℎ1,1, 𝑃1,1)

continuity equation: 𝐺 = 𝜌0𝑐0𝐴0 = 𝜌1,1𝑐1,1𝐴1 sin𝛼1

𝜒1 =
𝑢1,1
𝑐1,1𝑠

= 𝜋𝑛𝐷1,1out
60𝑐1,1𝑠

.

(1)

(2) Then, in the rotor, the steam continues to expand
from state 1 to state 2. Lines 1-2 represent the actual
expansion and lines 1-2𝑠 is the ideal expansion. The
fluid kinetic energies are transferred to mechanical
energies, whichmake the turbine outputs shaft power.
The thermal parameters and the velocity triangles can
be calculated by using

𝑤1,1 = √𝑐21,1 + 𝑢21,1 − 2𝑐1,1𝑢1,1 cos𝛼1

sin𝛽1 =
𝑐1,1 sin𝛼1
𝑤1,1

continuity equation: 𝜌1,1𝑐1,1𝐴1 sin𝛼1

= 𝜌1,2𝐴2 sin𝛼2√𝜓2 (𝑤21 + 2Δℎ2𝑠 + 𝑢21,2 − 𝑢21,1) − 𝑢21,2

energy equation: ℎ1,1 +
𝑤21,1
2 − 𝑢

2
1,1

2

= ℎ1,2𝑠 +
𝑤21,2𝑠
2 − 𝑢

2
1,2

2
𝑤1,2 = 𝜓𝑤1,2𝑠
isentropic expansion: 𝑠1,2𝑠 = 𝑠1,1 = 𝑓 (𝑃∗1,1, 𝑇∗1,1)

𝑃1,2 = 𝑓 (𝑠1,2𝑠, ℎ1,2𝑠)

𝑠1,2, 𝜌1,2 = 𝑓 (𝑃1,2, ℎ1,2)

𝛼2 = 90∘,

𝑐1,2 = √𝑤21,2 − 𝑢21,2

𝑡𝑔𝛽2 =
𝑐1,2
𝑢1,2

.

(2)

(3) The rotor actual outlet density 𝜌1,2 is compared with
estimated density 𝜌1,2. If |𝜌1,2 − 𝜌1,2| < 𝜀 (𝜀 is
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Figure 1: One-dimensional design process of centrifugal turbine.

a minimum), the assumption density 𝜌1,2 is valid.
Then the rotor outlet point is determined. If it is
not satisfied, then reassume 𝜌1,2 and repeat the above
steps until the conditions are met.

(4) Similar to the axial flow turbine, the relevant adiabatic
efficiency is given by (3), which is referred to in [13].

𝜂 = ℎ0 − ℎ1,2
ℎ0 − ℎ1,2𝑠

. (3)

The wheel efficiency is calculated at different speed ratio
to select the optimum speed ratio and other corresponding
parameters atmaximumefficiency. Geometry and thermody-
namic parameters are identified at the optimum speed ratio.

The above-mentioned steps are also adopted to design other
stages.

2.2. One-Dimensional Design Results. The one-dimensional
design program of the centrifugal turbine is used to design
the multistage centrifugal turbine. The initial design thermal
parameters are derived from a small axial turbine and
summarized in Table 1.

Because there is no stage number information about
the original axial turbine from the product information, the
different stage number was tested to design the centrifugal
turbine by using the one-dimensional design program. The
results show that if the stage number is 1 and 2, there is
supersonic in the centrifugal turbine. As the stage number
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Figure 2: Turbine expansion process.

Table 1: The initial design parameters of the centrifugal turbine.

Total pressure 𝑃0 (Pa) 1275000
Total temperature 𝑇0 (K) 613
Back pressure 𝑃𝑁 (Pa) 294000
Rotational speed 𝑛 (rpm) 6500
Mass flow 𝐺 (kg/s) 16.7
Rated power𝑊 (kW) 750

increased, there is no supersonic in the centrifugal turbine,
but the size of the centrifugal turbine becomesmore andmore
large. When the stage number is 3, and the diameter ratio
is 1.12, the centrifugal turbine is subsonic, and it can satisfy
the enthalpy drop as well as high efficiency. So the centrifugal
turbine is designed with three stages.

Then, the same blade height and the absolute airflow
angle of each stage are 90 degrees as the criteria, impeller
diameter ratio is estimated to be 1.12 for each stage, each
stage outlet flow angle of stator is assumed to be 12 degrees,
and radial clearance between stator and rotor is set to
be 2mm. The optimal efficiency and reasonable structure
are the objectives. The design parameters are calculated
by using the above-mentioned one-dimensional calculation
program, with iterative and screeningmethods. In this paper,
the designed three-stage centrifugal turbine just meets the
required enthalpy drop and has a very high wheel efficiency.
Themain aerodynamic parameters of each stage are shown in
Table 2, and themain aerodynamic parameters of overall cen-
trifugal turbine are shown in Table 3. The geometry parame-
ters are shown in Table 4, and the speed triangle data is shown
in Table 5. The speed triangle schematic diagram is shown as
Figure 3.
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Figure 3: The speed triangle of the centrifugal turbine.

3. Airfoil Design and Optimization

The working fluid flows are outward the center in the cen-
trifugal turbine. The passage area along the flow path in-
creases naturally with the expansion of the working fluid,
which makes the variety of specific volume matches the
change of flow passage area. It can be seen that the centrifugal
turbine is much superior to the conventional turbine from
the structure. In the centrifugal turbine, the blade plane
flow channel is expanding outward with the increase of the
radius. It is obviously inappropriate to use the airfoil of con-
ventional turbine at this time. So designing a suitable airfoil
for centrifugal turbine is needed.

3.1. Parametric Expression of Airfoil. Angle and thickness
design method is adopted to design airfoil, by using the inlet
and outlet geometry angle, blade height, and leading and
trailing edge diameters, which are based on one-dimensional
design results in Tables 3 and 4. On the BladeGen platform,
two-dimensional structure of the stator and rotor is iden-
tified. Stator and rotor of the first stage are an example, as
shown in Figures 4(a) and 4(b). The blade surface includes
four patches, namely, the leading edge and the trailing edge
and the suction side and the pressure side. The mean camber
line is controlled by cubic Bezier curve. The leading and
trailing edges are both ellipse. Blade number is determined
initially by referring to the relative pitch and expelling
coefficient and the data is provided in [12].The final numbers
of stator and rotor for each stage are both 65.

3.2. Blade Optimization for Three-Stage Centrifugal Steam
Turbine. In the optimization process of blade, the blade
number, the blade inlet and outlet geometry angles, and the
leading and trailing edge thicknesses are the fixed parameters,
and two control points of the tangent angle and two control
points of the blade thickness are taken as the optimization
parameters. Workbench is as the optimization software, and
NLPQL algorithm is used as optimization method.

In the stator optimization process, the minimum loss
coefficient is the object and stator back pressure is the con-
straint condition. Stators of three-stage centrifugal turbine
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Table 2: The main aerodynamic parameters of each stage.

Stage number 1st 2nd 3rd
Speed ratio𝑋𝑖 0.69 0.86 0.87
Reaction degreeΩ 0.322 0.453 0.468
Flow coefficient 𝜑 0.97 0.97 0.97
Flow coefficient 𝜓 0.95 0.95 0.95
Mach number of stator Ma 0.55 0.58 0.76
Shaft power𝑊 (kW) 1205 1551 2436
Wheel efficiency 𝜂 91.20% 90.97% 90.98%

Mean camber line

Suction side

Pressure side

(a) Initial profile of the first-stage stator

Leading edge

Trailing edge

(b) Initial profile of the first-stage rotor

Figure 4

Table 3: The main aerodynamic parameters of overall centrifugal
turbine.

Overall wheel efficiency 𝜂 90.50%
Overall shaft power𝑊 (kW) 5192
Mass flow 𝐺 (kg/s) 16.7
Back pressure 𝑃𝑁 (Pa) 294000

are optimized, respectively. The optimization mathematical
model of stator is expressed as

Object: Min (lossCoefficient)
Constraint: 𝑃te,1 ≤ 𝑃𝑁,1

= 𝑓 (𝑋𝜃[1,2], 𝑌𝜃[1,2], 𝑋𝑡[1,2], 𝑌𝑡[1,2]) .
(4)

The design variables 𝑋𝜃[1,2], 𝑌𝜃[1,2], respectively, are the
horizontal and vertical coordinates of control points of the
tangent angle.𝑋𝑡[1,2] and𝑌𝑡[1,2] are the horizontal and vertical
coordinates of control points of the blade thickness. A total
of eight variables are involved in optimization (the stator

of the first stage is an example, as shown in Figure 5). 𝑃te,1
represents the pressure at the trailing edge of the stator, and
𝑃𝑁,1 represents the stator back pressure of one-dimensional
design (𝑁 represents stage number).

Then the rotor is added behind the optimized stator. The
maximum shaft power is the object and rotor back pressure
is the constraint condition. The optimization mathematical
model of rotor is expressed as

Object: Max (ShaftPower)
Constraint: 𝑃te,2 ≤ 𝑃𝑁,2

= 𝑓 (𝑋𝜃[1,2], 𝑌𝜃[1,2], 𝑋𝑡[1,2], 𝑌𝑡[1,2]) .
(5)

The same as the stator, the design variables 𝑋𝜃[1,2] and
𝑌𝜃[1,2] are the horizontal and vertical coordinate points for
controlling the tangent angle of the rotor mean camber line,
respectively. 𝑋𝑡[1,2] and 𝑌𝑡[1,2] are the horizontal and vertical
coordinate points for controlling the thickness of the blade. A
total of eight variables are involved in optimization (the rotor
of the first stage is an example, as shown in Figure 6). 𝑃te,2
represents the pressure at the trailing edge of the rotor, and
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Table 4: The main geometrical parameters of the centrifugal turbine.

Stage number 1st 2nd 3rd
Stator inlet diameter𝐷𝑠,in (m) 0.597 0.758 0.959
Rotor outlet diameter𝐷𝑟,in (m) 0.754 0.955 1.208
Radial clearance 𝛿𝑁 (m) 0.002 0.002 0.002
Blade height𝐻 (m) 0.03 0.03 0.03
Symmetrical cone angle 𝛾𝑁 (degree) 0 0 0
Diameter ratio of stator𝐷𝑠,out/𝐷𝑠,in 1.12 1.12 1.12
Diameter ratio of rotor𝐷𝑟,out/𝐷𝑟,in 1.12 1.12 1.12
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𝑃𝑁,2 represents the rotor back pressure of one-dimensional
design.

The optimization strategy and process are shown in
Figures 7 and 8, respectively.

Figure 8 shows the blade optimization process. All of
thosewere simulated automatically on theworkbench. Firstly,
the value range of optimization parameters (𝑋𝜃[1,2], 𝑌𝜃[1,2],
𝑋𝑡[1,2], and 𝑌𝑡[1,2]), constraint condition, and object are set
artificially. Then, Design Exploration selects a set of data in
the value range of optimization parameters, automatically.
The blade geometry and parameterization are obtained by
geometry software. After that, the blade mesh is generated
by TurboGrid, and centrifugal turbine is simulated by CFX.
Finally, if the results satisfy the constraint and object, the
parameter values of blade control points are the optimization
values. If not, theDesign Explorationwill select another set of
data in the value range of optimization parameters, automati-
cally.Then repeat the above steps until the conditions aremet.
Since the optimized stages deviate from the design condition,
when they are calculated together, the leading and trailing
edge thicknesses of stator and rotor are needed to be changed
slightly for local adjustment, then the centrifugal turbine can
obtain a better performance.

Since the SST model is used in turbomachinery, in most
cases, it requires 𝑌+ to be very small (𝑌+ < 2). So the layer
mesh quality requirement of SST model is higher than 𝑘-
epsilonmodel. If the SST uses the samemesh generated for 𝑘-
epsilon, the layermesh quality for SST is not good and cannot
satisfy the requirement. The global size factors were changed
to increase the mesh number, and the mesh quality was

improved. So the grid number of SST is more than 𝑘-epsilon.
It is about 8627,000, while the grid number of 𝑘-epsilon
model is 4010,000. If the multistage centrifugal turbine
simulation turbulence model was SST, a lot of computing
memory will be needed; meanwhile a lot of calculating time
will be cost. We found that the calculation results of SST and
𝑘-epsilon models are almost the same, as shown in Table 6,
so there is no difference between SST model and 𝑘-epsilon
model to simulate themultistage centrifugal turbine. In order
to relax the demand on computer memory and to raise
the efficiency when the computational grid number is very
large, the 𝑘-epsilon model is used as the turbulence model to
simulate the centrifugal turbine.

The optimized centrifugal turbine is simulated by CFX,
based on Navier-Stokes equations. Stators and rotors use
structured grid generated in TurboGrid, and the total grid
number is about 4010,000; the blade global size factors of
mesh are 1.2, 1.2, 1.25, 1.25, 1.25, and 1.2 for each stator and
rotor, respectively. The computational model mesh used for
simulation is shown in Figure 9. The boundary conditions
are inlet total pressure, total temperature, back pressure, and
adiabatic wall. The turbine rotation speed is 6500 rpm. A
no-slip boundary condition is applied at all the solid walls.
The stator-rotor interface is Frozen Rotor. Separate periodic
conditions are used for rotor and stator regions. 𝐾-epsilon is
used as the turbulencemodel, and the fluid isWater Ideal Gas.

The optimal parameters of stator and rotor are almost
consistent with one-dimensional aerodynamic design. The
optimized stator and rotor of whole stages are both straight
blades and the blade diagram is referred to in Figure 10.
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Table 5: The speed triangle data of the centrifugal turbine.

Stage number 1st 2nd 3rd
𝛼1 (∘) 12 12 12
𝛽1 (∘) 37.93 64.47 68.44
𝐶1 (m/s) 322.1 328.7 408.1
𝑊1 (m/s) 108.9 75.74 91.22
𝑈1 (m/s) 229.1 290.3 367.0
𝛼2 (∘) 90 90 90
𝛽2 (∘) 14.18 12.32 13.84
𝐶2 (m/s) 64.81 71.02 101.3
𝑊2 (m/s) 264.6 332.8 423.3
𝑈2 (m/s) 256.6 325.1 411.0

Table 6: The contrast of SST and 𝑘-epsilon models.

Variable 𝐾-epsilon SST Δ
Wheel efficiency 𝜂 93.29% 93.01% 0.29%
Shaft power𝑊 (kW) 5387 5256.8 2.42%
Mass flow 𝐺 (kg/s) 16.708 16.443 1.59%
Back pressure 𝑃𝑁 (Pa) 291170 293999 0.97%

4. Results and Discussion

4.1. DesignConditionAerodynamic Performance. Thenumer-
ical simulation results of the optimized centrifugal turbine are
basically consistent with the one-dimensional aerodynamic
design, which shows that the one-dimensional design pro-
gram is reliable and effective. The overall performance data
of centrifugal turbine is shown in Table 7. Comparison of
performance data at each stage is shown in Table 8. Seen
from Table 8, the performance data has some deviations at
each stage. This is because the optimized stages influence
each other during the matching process. So it results in some
deviations in the performance data. And these deviations are
gradually accumulated in the process of fluid flow. As the
stage increases, the deviations are more. But, from the overall
performance data seen in Table 7, the overall performance

data is within 4% deviation. This is due to the fact that
there are positive and negative deviations at each stage,
which can offset each other. So the overall performance
data of one-dimensional design and simulation results is
not quite different. From the total shaft power and wheel
efficiency, the simulation results of overall centrifugal turbine
are better than one-dimensional design values. The three-
stage centrifugal turbine meets the design requirements and
has good performance.

Figures 11–13 show the distribution of pressure, Mach
number, and velocity streamline at the middle plane of the
three-stage centrifugal turbine, respectively. From the dia-
grams, the pressure distribution is uniform; the main flow in
the impeller is the pressure flow.The flow field in the cascade
channel is reasonable, and the streamline is smooth and the
aerodynamic performance is in line with the expectation. As
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Stator optimization rotor optimization
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Figure 7: Optimization strategy.

Table 7: The contrast of design value and CFD value of the overall performance of the centrifugal turbine.

Variable Design value Simulation value Δ
Wheel efficiency 𝜂 90.50% 93.29% +3.08%
Shaft power𝑊 (kW) 5192 5387 +3.75%
Mass flow 𝐺 (kg/s) 16.7 16.708 +0.05%
Back pressure 𝑃𝑁 (Pa) 294000 291170 −0.96%

Ansys-BladeGen: blade design

Ansys-Geometry: blade parameterization

Ansys-TurboGrid: mesh generation

Ansys-CFX: numerical simulation

Output optimized blade parameters

Ansys-Design Exploration: optimization

Satisfying the requirements

Not satisfying
the requirements

Figure 8: Optimization process.

can be seen from Table 8, the stator and rotor outflow angles
of the first and second stage have deviation from the one-
dimensional design value. From the analysis of the flow field
diagram, there is a flow separation in the small area near
the trailing edge; the fluid expands at the chamfered part of
the stator outlet and the gap between the rotor and stator,
which results in deflection of the flow angle. The flow loss
caused by the separation and the deviation of the inflow angle
caused by the flow deflection are not yet considered in the
one-dimensional design procedure. This is also the reason
why the simulation results deviate from the one-dimensional
design values.

4.2. Off-DesignConditionAerodynamic Performance. Figures
14, 15, and 16 show the relationship between mass flow 𝐺,
efficiency 𝜂, and shaft power 𝑊 at different rotation speeds
with variable pressure ratio 𝜋 = 𝑃𝑁/𝑃∗0 . The results indicate

that as 𝜋 decreases, the mass flow increases until the critical
flow is reached and then the mass flow remains constant,
when the speed is constant. This is because the flow process
appeared supersonic, and the flow reached its maximum.
And the flow passage had the blocking phenomenon, but the
turbine was still able to work. There is an optimal efficiency
point on the efficiencywith pressure ratio curve. At both sides
of the optimal efficiency point, the efficiency decreases with
the increase or decrease of 𝜋. This is due to the change of the
back pressure, and the enthalpy drop is changed, the speed
ratio is deviated from the optimum value, the flow angel is
deflected, and the blade surface occurs the flow separation.
Those lead to the flow loss increase and efficiency decrease.
For shaft power, the power decreases as 𝜋 increases. Because
of increase in back pressure, the enthalpy drop of the whole
stage is reduced. Then the work capacity of working fluid is
reduced. So the shaft power decreases with the increasing
𝜋. When the rotation speed changes, the optimum efficiency
point moves in the direction of pressure ratio decreasing and
the optimum efficiency value decreases with the increase of
the rotation speed. But the efficiency trend with the pressure
ratio is consistent at different speeds. For the mass flow, the
flow characteristics at different rotation speeds are basically
the same. It can be seen that the mass flow variation at
different rotation speeds is the same and the change has little
effect on mass flow. At different rotation speeds, the trends
of shaft power curves are basically the same. But the curve of
shaft powerwith the pressure ratio is steeperwith the increase
of rotation speed.

5. Conclusions

The three-stage centrifugal turbine is simulated by CFX
with Water Ideal Gas as working fluid, drawing on the
conventional turbine aerodynamic design method and off-
design condition performance researchmethod. Conclusions
are as follows.

The numerical simulation results of the whole stages are
basically consistent with the one-dimensional design results,
and the aerodynamic performance meets the expected
requirements, which indicates the reliability and effectiveness
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Figure 11: Static pressure distribution.

of the centrifugal turbine design. Because each stage of cen-
trifugal turbine is optimized, the simulated overall efficiency
is 3.08% higher than the one-dimensional design efficiency
and the shaft power is 3.75% more than the one-dimensional
design shaft power. At the design condition, the streamline
of three-stage centrifugal steam turbine is smooth at cascade
flow channel, the pressure distribution is uniform, and the
flow field is reasonable.

At the off-design condition, when the speed is constant,
the pressure ratio 𝜋 reaches the critical ratio and the mass
flow reaches the maximum. If 𝜋 continues to decrease, the
maximum flow value remains the same, and the flow passage
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Figure 12: Mach number distribution.

has the blocking phenomenon. But the turbine is still able to
work. At the same 𝜋, the speed decreases; then the mass flow
increases; but the impact is quite small.

At a constant speed, the efficiency is highest at optimum
pressure ratio 𝜋. The pressure ratio of the optimum efficiency
agrees well with that of the one-dimensional design. When
the speed decreases, the efficiency curve moves to the
place where 𝜋 increases, and the corresponding maximum
efficiency increases.

The shaft power curve trend with pressure ratio is sim-
ilar at different rotation speeds. But as the rotation speed
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Table 8: The contrast of design value and CFD value of each stage performance of the centrifugal turbine.

Variable
Stage number

1st 2nd 3rd
Design value Simulation value Δ (%) Design value Simulation value Δ (%) Design value Simulation value Δ (%)

Ma 0.55 0.55 0 0.58 0.52 −10.34 0.76 0.82 +7.89
Ω 0.32 0.30 −6.25 0.45 0.51 +13.33 0.47 0.42 −10.64
𝜒 0.69 0.63 −8.69 0.86 0.73 −15.12 0.87 0.67 −22.99
𝑊 (kW) 1205 1231 +2.16 1551 1384 −10.77 2436 2771 +13.75
𝜂 (%) 91.20 93.34 +2.35 90.97 87.36 −3.97 90.98 89.59 −1.53
𝛼1 (∘) 12.0 12.3 +2.5 12.0 14.2 +18.3 12.0 12.0 0
𝛼2 (∘) 90.0 78.9 −12.3 90.0 80.3 −10.8 90.0 90.0 0
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Figure 13: Streamline distribution.
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Figure 14:The variation of mass flowwith pressure ratio at different
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increases, the power curve drops faster when the pressure
ratio increases.

Overall, it can be seen that the centrifugal turbine has
a wide range and good off-design performance, from the
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Figure 15:The variation of efficiency with pressure ratio at different
speeds.

numerical simulation results of the three-stage centrifugal
turbine and the analysis of the off-design conditions.

Nomenclature

𝑇: Temperature, K
𝑃: Pressure, Pa
ℎ: Enthalpy, kJ/kg
𝑠: Entropy, kJ/(K⋅kg)
𝑛: Rotational speed, r/min
𝐺: Mass flow, kg/s
𝑏: Diameter ratio
𝐷: Diameter, m
𝑅: Radius, m
𝑐: Absolute velocity, m/s
𝑤: Relative velocity, m/s
𝑢: Circumferential velocity, m/s
𝐻: Height, m
𝑁: Stage number
𝑊: Shaft power, kW
Ma: Mach number.
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Figure 16: The variation of shaft power with pressure ratio at
different speeds.

Greek Letters

𝜌: Density, kg/m3
𝛾: Radial symmetry cone angle, ∘
𝛿: Radial clearance between stator and rotor, m
𝛼: Absolute angle, ∘
𝛽: Relative angle, ∘
𝜑: Stator flow coefficient
𝜓: Rotor flow coefficient
𝜒: Speed ratio
𝜂: Wheel efficiency
Ω: Reaction degree
𝜋: Pressure ratio.

Subscripts

0: First stage
in: Inlet
out: Outlet
𝑠: Stator
𝑘: Stage number.

Superscripts

∗: Stagnation condition.
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