Journal of

Marine Science
and Engineering

Article

Research on Optimization and Verification of the Number of
Stator Blades of kW Ammonia Working Medium Radial Flow
Turbine in Ocean Thermal Energy Conversion

Yun Chen 1209, Yanjun Liu **, Wei Yang !, Yiming Wang ?, Li Zhang 3 and Yongpeng Wu 3

check for

updates
Citation: Chen, Y,; Liu, Y.; Yang, W.;
Wang, Y.; Zhang, L.; Wu, Y. Research
on Optimization and Verification of
the Number of Stator Blades of kW
Ammonia Working Medium Radial
Flow Turbine in Ocean Thermal
Energy Conversion. J. Mar. Sci. Eng.
2021, 9,901. https://doi.org/
10.3390/jmse9080901

Academic Editor:

Constantine Michailides

Received: 5 August 2021
Accepted: 19 August 2021
Published: 20 August 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Institute of Marine Science and Technology, School of Mechanical Engineering, Shandong University,
Qingdao 266237, China; chenyuneast@mail.sdu.edu.cn (Y.C.); yang_w196@mail.sdu.edu.cn (W.Y.)
Key Laboratory of “High Efficiency Clean Advanced Manufacturing” Ministry of Education,
Shandong University, Jinan 250061, China; wym?798062625@163.com

Southern Marine Science and Engineering Guangdong Laboratory, Zhanjiang 524000, China;
zhangl@zjblab.com (L.Z.); wuyp@zjblab.com (Y.W.)

*  Correspondence: lyjl111@sdu.edu.cn; Tel.: +86-133-2513-6508

Abstract: Ocean Thermal Energy Conversion (OTEC) is one of the emerging industries of ocean
energy and an important link in carbon neutrality. Turbine is a key component of ocean thermal
energy conversion, which has an important impact on the performance and energy conversion
efficiency of the system. This paper fully considers the application characteristics of ocean thermal
energy conversion and the state conversion characteristics of ammonia working fluid. Taking the
100 kW radial inflow turbine in the OTEC application system as an example, based on the design,
the turbine is optimized for the key parameters of the turbine stator and the influence of different
geometric parameters is analyzed. Subsequently, the optimization results are verified by CFD
numerical simulation analysis under different conditions. The results show that the number of stator
blades has an important influence on the performance of the turbine. Further optimization studies
have shown that through optimization, when the number of stator blades is 33, the internal flow
field performance is the best, and the working conditions of the inlet and outlet working fluids are in
accordance with the design points without obvious shock wave and reverse flow phenomenon, the
efficiency is 89.46%, 3.94% higher than the design value.

Keywords: OTEC; radial inflow turbine; the number of the stator; efficiency

1. Introduction

In a modern society with rapid economic and social development, understanding
how to establish a balance between energy and the environment is an old topic. The
development and utilization of marine renewable energy is a potential solution to this
problem [1-5]. On the issue of recent climate change, the attention of ocean energy has
increased to a higher level [6-9]. Ocean thermal energy conversion [10] is a new type
of renewable energy and an important link in carbon neutrality. For example, if coal is
solidified solar energy, then ocean thermal energy conversion is liquefied solar energy.
Ocean thermal energy conversion [11] (OTEC) refers to the use of surface warm seawater
to heat certain low-boiling point working fluids and vaporize them to drive steam turbines
to generate electricity; at the same time, deep-layer cold seawater is used to condense the
exhausted steam after work into liquid, forming System circulation. The temperature of
seawater below 800 m is constant at about 4 °C, thus, the resource distribution of ocean
temperature difference energy mainly depends on the surface temperature of the seawater.
The lower the latitude, the higher the surface seawater temperature, the more abundant
ocean thermal energy is stored. Theoretically speaking, the temperature difference energy
resources can be developed and utilized in sea areas with a water depth of more than
800 m and a temperature difference of more than 18 °C. Therefore, among all kinds of
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marine energy, its resource reserves are very large. Different from coal, it is a new energy
technology that is developed and applied, environmentally friendly, pollution-free, and
inexhaustible [12,13]. Rankine cycle [14,15] is the most basic cycle of ocean thermal energy
conversion, and the national ocean cycle [16] is currently the most efficient. In the cycle, the
turbine is used to convert the internal energy of the working fluid into rotating mechanical
energy and finally into electrical energy, the performance of which plays a decisive role in
the output power and energy conversion efficiency of the entire power generation system.
In various forms of turbines, the radial inflow turbine has fewer components, and the
overall structure is simple and compact. In the case of reasonable design, the efficiency is
higher. It can be used under the conditions of small flow, low pressure and low temperature.
Achieve higher turbine efficiency.

Although turbines specially used for ocean thermal energy conversion have been
applied in many thermoelectric energy systems abroad, there are not too many related doc-
uments to introduce and elaborate, and there are very few aspects of ocean thermal energy
conversion radial inflow turbine stator optimization. In the ORC turbine optimization,
Li Xiao [17] took the stator efficiency as the optimization goal, controlled the four angle
parameters of the stator profile as design variables, and performed the response surface for
the stator profile of the radial inflow turbine with organic working fluid. After analysis
and optimization, the stator efficiency increased by 2% after optimization. Yonghui Xie
et al. [18] took the maximum stress minimum as the optimization goal, and selected four
parameters: the middle thickness of the blade hub, the middle thickness of the blade inlet
end, the absolute airflow angle (the angle with the radial direction), and the relative airflow
angle of the blade outlet. The geometry channel has been optimized. Li Yan et al. [19] used
NURBS curves to conduct aerodynamic optimization research on organic working fluid
radial inflow turbines, and optimized the stator blade profile and the meridian flow channel
of the blade wheel to make the flow channel change more uniform. Tan Xin [20] used
a high-precision flow field simulation method for a centrifugal annular cascade turbine.
Based on the optimization method, the optimized single-row stator total pressure loss
coefficient was reduced by 18.85%, and the wheel circumference efficiency of the entire
stage was increased by 4.18%. Wang Xing et al. [21] found that in the stator design process,
reducing the thickness of the front and middle sections of the stator can effectively reduce
the stator loss coefficient; the change of the profile of the middle section of the blade suction
surface has a greater impact on the blade loss coefficient, and the pressure surface of the
blade. The change of the middle profile has the least influence on the stator loss coefficient.
Peng Song et al. [22] took the total efficiency of the turbine as the optimization goal. The
two-dimensional stators were parameterized by Bezier splines with 8 control points, and
the rotor channel was generated by Bezier splines with 5 parameters. The runoff turbine
has been aerodynamically optimized. Ayad et al. [23] used the B-spline curve technique to
describe the blade angle and thickness changes, and used 20 design points to optimize the
geometric structure of the stator and rotor blades, and finally determined the best blade
shape of the turbine. Although there are many studies on ocean thermal energy conversion,
most of the turbines currently used are directly borrowed from traditional thermoelectric
turbines. However, the application requirements for different ocean temperature differ-
ences will be different, and the turbines need to be specifically designed and optimized [24].
Based on the experimental platform of the First Institute of Oceanography of the Ministry of
Natural Resources and considering the application characteristics of ocean thermal energy
conversion and the state conversion characteristics of ammonia working fluid, this paper
takes the 100 kW ammonia working fluid radial inflow turbine in the national ocean cycle
as the research object, designs the aerodynamic part and completes the CFD aerodynamic
performance simulation analysis. The optimization goal was determined according to the
characteristics of the internal flow field of the turbine, and the influence of the number
of stator in the standard operating conditions on the turbine performance was further
discussed, the aerodynamic performance of the turbine was optimized, and the expansion
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efficiency of the radial turbine was further improved, which provides a technical guarantee
for improving the efficiency of ocean thermal power generation.

2. Materials and Methods
2.1. Turbine Aerodynamic Design and 3D Modeling
2.1.1. Selection of Pneumatic Parameters

The cycle system proposed by the First Institute of Oceanography, Ministry of Natural
Resources [25], is shown in Figure 1. This cycle has the following characteristics: Firstly,
the ammonia vaporized from the evaporator first passes through the separator, which
ensures the purity of the gas passing through the turbine, and on the other hand, the lean
ammonia solution from the separator passes through the regenerator 1, and preliminary
heating of the solution from the pump to improve energy utilization. Second, part of the
ammonia from the separator passes through the turbine to perform work, and the other
part of the ammonia passes through the regenerator 2 to continue to heat the solution
from the regenerator 1. The efficiency of the system is improved by fully applying the
absorbed heat [16].

Splitter Turbine

Warn sea water{'"'""':iE;J """""""""""""

Evaporator

Generator

Absorber

Regenerator 2

Condenser

Cold sea water

Regenerator 1 Storage tank

Figure 1. National Sea Cycle.

Based on the National Sea Cycle, the thermal calculation of the overall cycle system is
first performed [26]. The relevant thermal parameters of the turbine inlet and outlet are
obtained, and the results are shown in Table 1.

Table 1. Thermal parameters of the turbine inlet and outlet given by cycle calculation.

Thermal Parameters Results
Inlet total pressure p; /MPa 0.83
Inlet total temperature T /K 297.15

Outlet static pressure p3/MPa 0.5
Massflow rate 71/kg-s ™! 244
Isentropic efficiency /- 0.85

2.1.2. Injtial Aerodynamic Design and Three-Dimensional Modling

Taking full account of the influence of the thermal properties of the ammonia working
fluid and the environmental peculiarities (small temperature difference) in the actual
application process of the ocean thermal energy conversion, combined with the design ideas
of the ORC radial turbine [27,28], carry out the preliminary startup design and simulation
of the turbine optimization. The overall working process and thermal conversion process
of the ammonia working fluid radial inflow turbine are similar to the working process and
thermal process of the R134 thermal energy conversion radial steam turbine previously
designed by our team [29], as shown in Figures 2 and 3. Since the focus of this article is to
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introduce the optimization of the ammonia working fluid radial inflow turbine nozzle, the
one-dimensional aerodynamic design process will not be expanded in detail.

Volute 0

Iy

nozzle 1

Rotor 2

Br

<

{

Figure 2. Schematic of the radial inflow turbine meridional view.

PO
0 T0
— : -
= | Tl
1 F
| T w :
Is N
=
q |S P3)32 N
NN o
o 1
= : 34 o A
; IS Isentropic expansion
% 2 éf_! 0--Isnozzle ~  e=eeseeeee
// -2/ ’28' ’ 0--2s nozzle to diffuser --e-eeeee-e
S

0--2s"nozzle to rotor  .eeeeeeenn.
1s-2s" rotor

dr

w

Actual expansion 0--5

Figure 3. Turbine thermodynamic process enthalpy and entropy change diagram.
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The ammonia working fluid first enters the volute, and the airflow flows evenly to
the stator through the volute; the gas enters the stator for initial expansion, realizing the
conversion of internal energy of gas to kinetic energy (0-1). The gas accelerated in the
stator enters the rotor and the kinetic energy of the gas is transformed into the mechanical
energy of the rotor, and finally converted into electrical energy. On the other hand, the
gas expands further in the moving blades to complete the transformation from internal
energy to mechanical energy (1-2), and the working fluid after work flows out after passing
through the diffuser. Combining the working process of the turbine, based on the known
design parameters, according to the unary flow theory, under the design conditions, by
referring to the fluid properties of NISTREFPROP 9.0 [30], the thermal parameters of
the ammonia working radial inflow turbine radially are calculated, and the main design
dimensions and structure of the turbine are obtained, which mainly involve the volute,
stator and rotor.

In the actual process of the preliminary design of radial inflow turbine with the
ammonia working fluid, the selection of empirical parameters takes a lot of time. First,
select the three dimensionless parameters reaction degree (), wheel diameter ratio p, speed
ratio %, and use genetic algorithm for single-objective optimization [31] to obtain the
design value corresponding to the maximum turbine efficiency. If the three parameters
obtained are within the parameter range given in the reference, the matching stator speed
coefficient ¢, rotor speed coefficient 1, rotor inlet absolute airflow angle «1 and outlet
relative airflow angle 32 are further determined; If it is not within the parameter range
given in the reference, adjust the parameter to further optimize. Finally, the optimal
7 basic parameter values under the design conditions are obtained. The specific results and
experience range [32] are shown in Table 2.

Table 2. The basic parameters and result.

Empirical Parameters Design Value Experience Value

(@) 0.49 0.35-0.55
n 0.44 0.3-0.5
U 0.623 0.65-0.7
ol 0.95 0.95-0.97
P 0.86 0.75-0.85

o /° 16.31 12-30

Ba/° 33.59 20-45

Specifically, the three dimensionless parameters reaction degree (), wheel diameter
ratio y, speed ratio u, are defined as follows:

Hag
O=-= 1
hs 4 ( )
Dy upy

= = —_— 2
=D T 2)

_ u
= ©)

In addition, hyy and ks are the rotor isentropic enthalpy drop and permeability en-
thalpy drop, respectively, calculated by Equations (4) and (5), D1, Doy, u1, uy,, are the
diameter and circumferential velocity of rotor inlet and outlet, Cg is the ideal isentropic
speed, calculated by Equation (6).

h2s’ = ils - iZS’ ’ (4)

hs = ip — a5, ©)

Cs = \/2hy, )
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The results of the initial aerodynamic design are shown in Table 3. It can be seen that
the designed turbine output is 121.45 kW and the isentropic efficiency is 0.8552, which
meets the requirements of the turbine design.

Table 3. Initial aerodynamic design results.

Basic Parameter Design Value
Rotor speed N/ r-min—! 18,300
Power output P/kW 121.45
Isentropic expansion efficiency ns /- 0.8552
Height of stator inlet Ij/mm 9.38
Diameter of stator inlet Dy/mm 326
Diameter of stator onlet Dy /mm 242
Rotor inlet absolute airflow angle o /° 16.31
Rotor inlet relative airflow angle 31/° 90.29
Rotor inlet circumferential speed u; / m-s~! 24411
Rotor inlet absolute speed ¢ /m-s ™! 253.57
Rotor inlet relative speed wy / m-s~! 69.89
Rotor inlet diameter D; /mm 240
Rotor inlet height l; /mm 11
Rotor outlet absolute airflow angle o /° 87.46
Rotor outlet circumferential speed up /m-s ™ 100.53
Rotor outlet absolute speed c; /m-s~! 74.87
Rotor outlet relative speed wy / m-s™ 129.60
Rotor outlet absolute airflow angle 3,/° 33.59
Rotor outlet outer diameter Dy /mm 128
Rotor outlet inner diameter Dy~ /mm 62
Rotor outlet height 1, /mm 32
Rotor axial length Br/mm 72
Diffuser inlet diameter Dy /mm 128
Diffuser outlet diameter D3 /mm 200
Diffuser length L/mm 342

Based on the one-dimensional calculation, the corresponding three-dimensional mod-
eling and meshing of the pneumatic components of the turbine are carried out. The volute
is divided into tetrahedral meshes, whose tongue is locally encrypted. The rotor and stator
are divided into hexahedral mesh, and the value of y+ near the wall of which is set to 30, and
the O-shaped mesh is used to encrypt it. The overall grid assembled in the CFX pre-processing
is shown in Figure 4, and the diffuser is not shown for the convenience of display.

In this article, the commercial numerical analysis software ANSYS CFX V19.0 [33,34]
is used to verify the radial inflow turbine designed in the previous section. In the initial
stage of the study, the total turbine inlet pressure was set to 0.83 MPa, the total temperature
was 297.15 K, and the turbine outlet mass flow rate was 2.44 kg /s, which was calculated
by cycles. The rotation speed of the rotor is 18,300 rpm. The relatively moving surface is
set as Frozen-rotor, and the relatively static surface is defined as Stage-Frame Change, In
addition, the “No Sliding Wall” option applies to all walls.

2.2. Optimized Method

The number of stator blades is a key factor affecting the performance of the turbine.
The gas from the volute enters the stator to make contact with the stator. A reasonable
number of stator blades can not only achieve smooth flow distribution, but also enable
the gas to complete ideal expansion in the stator. On the one hand, theoretically, the more
stator blades, the smoother the streamlines and the more uniform streamlines entering the
rotor. However, as the number of stator blades increases, the contact between the gas and
the blade surface will increase, which will increase unnecessary Friction loss. At the same
time, the increase in the number of blades will reduce the flow area, which is equivalent to
increasing a part of the blocking loss. On the other hand, the number of stator blades will
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also affect the stator exit speed, and the stator exit speed is the absolute speed of the rotor
inlet, which has an important influence on the speed and the airflow angle of the rotor inlet.
If the matching is not good, a large flow loss will occur at the stator outlet and the rotor
inlet, which will result in a decrease in the output work of the turbine and a decrease in the
efficiency of the turbine.

0.200 0.400 (m)
]
0.100 0.300

Figure 4. Turbine overall grid diagram.

On the premise that the stator-rotor radial gap remains unchanged, the optimization
method is used to optimize the number of blades. By increasing and decreasing the number
of stator blades around the design value, stator blades with different numbers of blades
can be obtained. Firstly, the numerical simulation is carried out by selecting nearby points
within the range of £2 around the design point. After approaching the optimal number,
the variation range is reduced to £1, and the optimal solution is gradually approached. As
shown in the figure, the number of stator blades has increased from 24 to 38, and the angle
between stator blades has been reduced from y’ to y” and v is the design point value, as
shown in Figure 5.

Figure 5. Changes in the number of stator blades.
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3. Results

According to the above optimization method, 11 sets of design values are selected
within the range of the number of stator blades from 24-38, which are respectively modeled
and simulated in a full three-dimensional state. The influence of different blade numbers
on the performance of the turbine is analyzed and the following results are obtained.

The effect of the number of stator blades on the total enthalpy drop of the turbine, the
enthalpy drop of the rotor and the degree of reaction is shown in Figure 6. It can be seen
from the figure that as the number of stator blades increases, the total enthalpy drop of
the turbine increases, while the rotor enthalpy drop decreases, and the degree of reaction
decreases as the number of stator blades increases. Along with the increase in the stator
blades, the gas flow in the stator is more uniform and closer to idealization, so the total
enthalpy drop of the turbine increases. However, the stator blades have a thickness, and
the increase of the stator blades has a certain blocking effect. In the same situation, the
speed of the stator outlet will increase, causing impact loss at the rotor inlet, so the rotor
enthalpy drop decreases as the stator blades increase.
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Figure 6. The influence of the number of stator blades on the total enthalpy drop of the turbine, the
enthalpy drop of the rotor and the reaction degree.

The degree of reaction is calculated by Equation (1), which reflects the relationship
between the enthalpy drop of the rotor and the total enthalpy drop of the turbine, and which
is a good predictor of the performance of the turbine. A large degree of reaction means
that the expansion of the gas in the rotor accounts for a large proportion. Correspondingly,
the expansion of the gas in the stator accounts for a small proportion. As a result, the stator
outlet velocity is low, and the reverse flow is at the rotor inlet. The velocity streamline
diagram when the number of stator blades is 24 in Figure 7a is shown, which shows that
when the number of stator blades is small, gas can’t achieve good distribution and initial
expansion. If the reaction is too small, it means that the expansion of the gas in the stator is
greater than the expansion in the rotor, and the stator exit velocity is high, which will cause
impact loss at the rotor entrance. In the velocity streamline diagram, there are streamline
concentration on the pressure surface and vortex on the suction surface, as shown in
Figure 7c (the number of stationary blades is 38). Both the reverse flow and the vortex
on the suction side of the turbine will cause the flow loss of the turbine, which directly
affects the output of the turbine and reduces the efficiency of the turbine. Therefore, it is
particularly important to select the appropriate number of stator blades in the design.
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5.431e+01 ;//4

2.912e-02

(b)

Figure 7. Velocity streamline diagram of 50% leaf height under different number of stator blades. (a) The number of stator
blades is 24; (b) the number of stator blades is 30; (c) the number of stator blades is 38.

The comparison between the design results and the simulation results of the degree
of reaction corresponding to the number of stator blades is shown in Figure 8. When the
number of stator blades is 30, the difference between the simulation result and the design
result is the smallest. At this time, the corresponding streamline diagram is shown in
Figure 7b. It can be seen from the figure that the gas is evenly distributed in the stator,
especially from the stator outlet to the rotor inlet, the streamline has achieved a smooth
transition, and the impeller reaches 90° air intake. There is no backflow, and there is no
obvious suction surface vortex.

0.75 — T 1 T * T T T T T
—=— CFX Q

T
0.70 —® Design Q
C} N
0.65
0. 60
0.55 \
0. 50

0. 45

0. 40 —

0.35 — T T T T T T T T T T T T
22 24 26 28 30 32 34 36 38 40
Number of stator

Figure 8. Comparison of design value and simulation value of reaction degree at different number of
stator blades.

Figure 9 shows the effect of the number of stator blades on turbine inlet and outlet
pressure, stator outlet pressure and stator outlet velocity. The boundary condition of
the turbine inlet is the pressure inlet, so the inlet pressure is constant, and the boundary
condition of turbine outlet is set as the mass flow outlet, so the outlet pressure is affected by
the number of stator blades, and as the number of stator blades increases, the outlet pressure
decreases. Therefore, the total pressure drop increases. The stator outlet pressure also
decreases with the increase in the number of stator blades, which makes the pressure drop
across the entire stator increase, so the speed of the stator outlet increases. The comparison
curves of the calculated and simulated values of turbine inlet and outlet pressure, stator
outlet pressure and stator outlet velocity are shown in Figures 10 and 11. It can be seen
from the figure that when the number of stator blades is 31 to 33, the turbine inlet and
outlet pressure and the stator outlet pressure have the high degree of agreement between
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simulation value and the calculated value indicates that with this number of stator blades,
the overall turbine expansion state is good, and the pressure drop gradient is uniform.
When the number of stator blades is 33, the simulation result of the stator exit speed is the
closest to the calculation result, indicating that the transition from the stator exit to the
moving rotor entrance is more in line with the design value, so that it will not have a big
impact on the moving rotor, nor will cause greater flow loss due to backflow.
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o 1 =
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] ) —300 @
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Figure 9. The influence of the number of stator blades on the pressure of the turbine inlet and outlet,
the pressure of stator outlet and the velocity of stator outlet.
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Figure 10. Comparison of design value and simulation value of turbine inlet and outlet pressure and
stator outlet pressure at different number of stator blades.
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Figure 11. Comparison of design value and simulation value of stator outlet velocity under different
at different number of stator blades.

Figure 12 shows the effect of the number of stator blades on the turbine inlet and
outlet enthalpy, stator outlet enthalpy and shaft power. The boundary conditions of the
turbine inlet are the same, so the inlet enthalpy is constant. However, as the number of
stator blades changes, the flow state of the ammonia working fluid in the turbine will
change. Correspondingly, the enthalpy of the turbine outlet and the enthalpy value of
the stator outlet will be affected. It is obvious from the figure that the enthalpy value
of the stator exit decreases as the number of stator blades increases, which increases the
enthalpy drop of the entire stator, which directly leads to an increase in the speed of the
stator exit. Moreover, as the number of stator blades increases, the enthalpy value of the
turbine outlet also decreases, and the total enthalpy drop of the turbine increases, which
is finally reflected in the change of shaft power. As shown by the curve in the figure, the
shaft power keeps increasing as the number of stator blades increases. Shaft power can
be calculated by Equation (7), which can better reflect the true value of shaft power in the
simulation state:

t
Pt=nx—, @)
a
2120 T T T T T T T T 180
{ Enthalpy of turbine inlet 1 :#U
g Y77/ Enthalpy of stator outlet —A— Shaft output power | 170 %
- 100 7 #88% Enthalpy of turbine outlet 4160
A/A - 150
80 ]
— 4 140
- 130
60 ]
7/ - 120
/ - 110
40 / ]
% - 100
20 :'.f. '3:% 7 90
5 - 80
0- S8 — T 70
22 36 40

Number of stator

Figure 12. The influence of the number of stator blades on the enthalpy of the turbine inlet and outlet,
the enthalpy of the stator outlet and the shaft power.
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Here, Pt is the shaft power/kW, t is the shaft torque/N-m, which can be obtained
from the simulation results, a is a constant, and a = 9549.

Although the shaft power keeps increasing as the number of stator blades increases,
the total-total efficiency is different. As shown in Figure 13, the total-total efficiency shows
a trend of rising first and then falling with the increase in the number of stator blades. And
before the number of stator blades is 30, the efficiency drops slowly. After the number
of stator blades is 30, the efficiency drops rapidly. When the number of stator blades is
28, the maximum value of total-total efficiency is obtained. The total-total efficiency is
defined as Equation (8):

h
Nt = Kt:t ’ (8)
htt - iin - iout ’ (9)
hstt = isin - Z'souz,‘/ (10)

Among them, 1y is the total-total efficiency, hy is the actual enthalpy drop, ks is the
equal entropy enthalpy drop, i;, and iy, are the total enthalpy of the turbine inlet and
outlet respectively, and i, and is,,; are respectively the total isentropic enthalpy of the
turbine inlet and outlet. All above enthalpy values are all obtained by simulation.
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Figure 13. The influence of the number of stator blades on turbine shaft power and total-total efficiency.

Through the above analysis, it can be seen that when the number of stator blades is 33,
the difference between the stator outlet speed, outlet static pressure and shaft power of the
turbine is the smallest from the one-dimensional design result, and when the number of
stator blades is 30, the reaction degree is closest to the originally given design value and
the efficiency is the highest. The specific data are shown in Table 4. Both results are better
than the results before optimization (the number of stator blades is 32).

Table 4. Statistics and comparison of simulation data for the optimal number of stator blades.

Parameters Design Result 30 33 No Optimization (32)
Stator outlet velocity ¢; / m-s~! 253.57 233.83 232.90 247.06
Outlet static pressure p3/MPa 0.50 0.53 0.50 0.51
Reaction degree () 0.49 0.49 0.43 0.45
Total-total efficiency 1 /% 85.52 92.07 88.63 89.82
Shaft power Py/kW 131.45 122.65 135.66 132.11
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4. Discussion

Through the above analysis, it can be seen that when the number of stator blades is
30 and 33, both have obvious advantages to a certain extent, and it is impossible to judge
which result is the best through a standard. In order to further verify the analysis and
ensure the scientificity of the results, the outlet boundary of the turbine was changed to
static pressure 0.5 MPa, and other conditions were kept unchanged, and then the simulation
was carried out, while paying attention to the outlet mass flow rate and turbine efficiency.
The simulation data of the number of stator blades of 30 and 33 under the pressure inlet to
pressure outlet conditions are obtained.

The comparison of simulation results is shown in Table 5. Under the boundary
conditions of pressure inlet and pressure outlet, it can be seen from the comparison between
the two sets of data in the table and the design value that when the number of stator blades
is 33, the difference between the outlet mass flow and the design value is smaller. At the
same time, comparing the two sets of data with the same number of stator blades under
different import and export conditions, it can be seen that when the number of stator
blades is 33, the two sets of data show better consistency, that is, when the inlet and outlet
boundary conditions of the turbine are changed, the turbine can still show good working
performance, and the robustness of the turbine is better.

Table 5. Comparative analysis of verification results.

Boundary Conditions One-DimensionalDesign PtoM1 PtoP?
Number of Stator Blades Result 30 33 30 33

Stator outlet velocity ¢; /m-s~! 253.57 233.83 232.90 251.72 253.88

Outlet static pressure of p3/MPa 0.5 0.53 0.50 0.5 0.5

Mass flow 7i1/kg-s™! 244 244 244 2.57 2.44
Reaction degree () 0.49 0.49 0.43 0.4335 0.4282
Total-total efficiency 1 /% 85.52 92.07 88.63 90.15 89.46
Shaft power P;/kW 131.45 122.65 135.66 143.31 135.74

1 Pressure inlet to mass flow outlet. 2 Pressure inlet to pressure outlet.

After verification and analysis, combined with the optimization results of 3 sections, it
can be concluded that under the design conditions, when the number of stator blades is 33,
the performance of the turbine is the best.

5. Conclusions

In this paper, through the optimization of the number of stator blades of a radial inflow
turbine with a 100 kW ammonia working fluid converted from ocean thermal energy, the
following conclusions are obtained:

(1) Within a certain range, as the number of stator blades increases, the outlet pressure
and outlet enthalpy of the turbine will decrease, and the shaft power will increase accordingly.

(2) Within a certain range, with the increase in the number of stator blades, the
turbine stator outlet speed gradually increases. Outlet speed that is too slow will result
in countercurrents and eddy currents at the inlet of the moving rotor, but an excessively
large stator outlet speed will also have an impact on the moving rotor and increase the loss.
Therefore, the total-total efficiency shows a trend of rising first and then falling with the
increase in the number of stator blades.

(3) After optimization analysis and verification comparison, there is an optimal num-
ber of stator blades under design conditions to make the pressure field and velocity field
the best, and at the same time obtain higher output power, efficiency and robustness. The
optimal number of stator blades is 33. At this time, the efficiency is 89.46%, which is
3.94% higher than the design value, and the output power is 135.74kW, which meets the
design requirements.
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(4) The optimization research method in this study is simple and direct, and is suitable
for the optimization of other parameters of the turbine. The results and verification analysis
also have a certain reference effect and provide a certain method basis for future research.

(5) This study uses full three-dimensional simulation, and the simulation results are
more accurate and reliable. However, due to the large number of grids, the corresponding
simulation time is relatively long. In further research, the sampling method can be further
optimized to improve the optimization speed
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