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ABSTRACT

Natural gas pressure difference power generation is an innovative low-carbon energy technology
that integrates energy efficiency, environmental protection, and economic benefits. This paper
proposes a ducted natural gas pressure energy power generation device using an axial-flow turbine.
The geometric parameters of the rotor and stator blades of the axial-flow turbine are derived through
a one-dimensional design method. Additionally, the flow characteristics and blade load distribution
of this blade profile are analyzed, and directions for further optimizing the turbine to enhance its
output power are put forward.
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1. INTRODUCTION

Natural gas, as a clean energy source, is being increasingly widely used in the energy sector [1].1ts
share in fossil fuels is growing increasingly larger [2].To ensure the safe supply and use of natural
gas, pressure reducing valves are required to reduce the pressure of high-pressure natural gas to a
specified level, which results in the waste of pressure energy [3]. Relevant studies have shown that
when 1 m?® of natural gas is depressurized from 10 MPa to 0.8 MPa, the maximum recoverable
pressure energy is 359.12 kJ [4]. Taking a gate station with a daily processing capacity of 500,000
m? as an example, when the pressure drops from 4.0 MPa to 0.4 MPa, the pressure energy loss is
approximately 101.7 MJ/h, resulting in an annual direct economic loss of 26.52 million RMB [5].
This indicates that the pressure energy in natural gas pipeline networks has enormous utilization
potential [6].However, external expansion machines require a large amount of space, and due to the
presence of a coupling, the risk factor increases[7].This paper proposes a ducted natural gas pressure
energy generation device using an axial-flow turbine.

2. DUCTED AXIAL-FLOW TURBINE DESIGN

The selection for the turbine blade median diameter is 100mm, the number of stator blades is 19, and
the number of rotor blades is 24. The selected rated rotational speed of the turbine is 38,000 r/min.
The inlet mass flow rate m=7kg/s, inlet total pressure P=1.7Mpa, and inlet total temperature 7p=300K.

Through geometric parameter calculation, the velocity triangle at the mid - diameter of the turbine
blade is obtained as shown in Fig. 1.
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Fig 1. Velocity Triangle at The Mid-diameter of The Blade Shape

The inlet and outlet geometric angles of the stator and rotor blades are derived from the inlet and
outlet flow angles in the reference velocity triangle. The one-dimensional design results of the blade
geometric parameters are shown in Table 1.

Table 1. Blade Profile Geometric Parameters

Geometric parameters Stator Rotor
Outer diameter/mm 120 120
Inner diameter/mm 80 79

Chord length/mm 20.63 16.25

Axial chord length/mm 14.27 14.63

Inlet geometry Angle/° 90 85

Exit geometric Angle/° 30 30
Flow channel form Equal outer diameter

Common parametric blade modeling methods include the mid-curve plus thickness distribution
method [8] and the method of determining the suction surface and pressure surface profiles separately
[9,10]. This paper uses the mid-curve plus thickness distribution method for blade modeling. The
mid-curve of the blade is constructed by a quadratic Bezier curve based on the actual chord length
(1). The thickness distribution of the blade follows the symmetrical distribution pattern of the CFtubo
AT-P series.

B(t) = (1—£)Po+ 2t(1— £)P1+£°Ps, ¢ €[0,1] (D)
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Fig 2. Angular Distribution Schematic of Mean Camber Line at Mid-diameter Along The Blade
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Among them, Ppand P; are determined by the chord length and the axial chord length, and the control
point P; is determined by the inlet and outlet geometric angles. Fig. 2 shows the schematic diagram
of the camber line and thickness distribution at the mid - diameter of the turbine stator and rotor
blades.

3. ANALYSIS OF DUCTED AXIAL-FLOW TURBINE

Computational Fluid Dynamics (CFD), as a more advanced method, has gradually become a means
of analyzing gas dynamics [11].In this paper, the mesh generation is carried out using TurboGrid, the
mesh partitioning software integrated within ANSYS. As shown in Fig. 3, The domain was divided
into rotating, stationary regions, and interfaces. The rotational speed was set to 38,000 rpm.The inlet
boundary condition for the import is selected as a pressure inlet. The inlet air temperature is set at
300K and the inlet pressure at 1.7 MPa. The air flow direction is axial. The outlet mass flow rate is
set to 7 kg/s for the entire flow channel. Taking the default mesh count of 40,000 in TURBOGRID as
the initial value, with an incremental step size of 10,000, the variation in calculation results began to
decrease sharply once the mesh count reached 100,000. The change in the calculated turbine output
power was within 0.8%; therefore, a mesh count of 100,000 was adopted as the benchmark for mesh
division density.

ﬂ
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Fig 3. Computational Domain Division in CFX-Pre

3.1. Blade Profile Flow Analysis
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Fig 4. Mach Number Distribution Nephogram

Fig. 4 presents Mach number distribution nephograms at different blade heights of the blade profile.
As shown in Fig. 4(b), the velocity distribution at the mid-diameter of the blade profile is in good
agreement with the results of the calculated velocity triangle. The velocity distribution in the flow
channel at this blade height is relatively uniform, indicating good overall fluid flow.As can be seen
from Fig. 4(a) and 4(c), the blade profile exhibits a higher degree of expansion at the root of the stator
blade. However, overall, the fluid is far from reaching a critical state in the blade profile, and the
degree of fluid expansion is not significant. The maximum Mach number at the outlet of the stator
blade is only 0.6725. If the flow channel area is further reduced to increase the degree of expansion,
the fluid can obtain more kinetic energy, thereby increasing the overall power output of the turbine.
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At 90% blade height, partial low-velocity regions appear on the pressure surface of the rotor blade
leading edge.

Fig. 5 shows the fluid trace diagrams near the rotor blades at different blade heights. As can be seen
from Fig. 5(b), the inlet direction of the airflow at 50% blade height is close to the calculated value.
Therefore, the geometric angle at the inlet of the rotor blade at 50% blade height is reasonable, and
the airflow does not separate on the pressure and suction surfaces of the impeller, resulting in small
flow losses of the gas.As shown in Fig. 5(a) and 5(c), at 10% blade height, the airflow has a large
positive incidence angle at the leading edge of the rotor blade, causing the airflow to separate
prematurely near the trailing edge of the suction surface. This will generate additional flow losses. At
the blade tip, the airflow has a large negative incidence angle, which makes the rotor blade bear
greater loads at the leading edge and causes a large-area separation region of the airflow at the leading
edge of the pressure surface of the rotor. This leads to significant flow losses and leading-edge losses
near the blade tip of the rotor blade.This is due to the mismatch between the geometric angles at the
stator outlet and rotor inlet at the blade tip and root. A two-section blade twist can be implemented to
individually adjust the inlet and outlet geometric angles at the tip and root.Further improve the
conversion efficiency of pressure energy [12].

(a)At 10% Blade Height (b)At 50% Blade Height (c)At 90% Blade Height

Fig 5. Fluid Trace Diagram

3.2. Blade Surface Load Distribution
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Fig 6. Pressure Distribution Law on Blade Surface at Different Blade Heights

Fig. 6 shows the pressure distribution on the blade surface at different blade heights of the blade
profile. It can be seen from the figure that the pressure load on the surface of the rotor blade exhibits
fluctuations near the inlet and outlet, and the fluctuations in the pressure distribution at the rotor inlet
increase significantly with the increase in blade height.

This is because the circumferential velocity of the turbine blade gradually increases along the blade
height, and the inlet angle of the airflow into the rotor blade also changes along the blade height.
However, the blade profile is designed only according to the velocity triangle at the mean diameter
and adopts a straight blade form. Therefore, when the airflow at each blade height enters the rotor
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blade, it will produce impact phenomena of different degrees. In the lower part of the blade, the
airflow generally impacts the pressure surface, while in the upper part of the blade, it impacts the
suction surface [13].

To further illustrate this phenomenon, Fig. 7 presents the pressure distribution nephogram at the
leading edge of the rotor blade. As shown in the figure, influenced by the airflow impact at the leading
edge of the rotor blade, a high-pressure region appears on the suction surface of the leading edge in
the blade tip to mid-diameter area. As the blade height decreases, the high-pressure region gradually
diminishes. Similarly, partial high-pressure regions also exist on the pressure surface of the leading
edge in the blade root to mid-diameter area.
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Fig 7. Pressure Distribution Nephogram on The Leading Edge Surface of Rotor Blade

4. SUMMARY

The one-dimensional design method determined that the axial-flow turbine has an outer diameter of
120 mm for both the rotor and stator blades, with the rotor inner diameter being 79 mm and the stator
inner diameter 80 mm. The rotor inlet geometric angle is 85°, the stator inlet geometric angle is 90°,
and the outlet geometric angles of both the rotor and stator are 30°. Additionally, the rotor chord
length is 16.25 mm, while the stator chord length is 20.63 mm.

The analysis of the blade profile's flow characteristics shows that the flow performance at the mid-
diameter is close to the computational results. The stator blade root exhibits a higher degree of
expansion, and the airflow at the leading edge of the rotor blade root has a larger positive incidence
angle. In contrast, the airflow at the rotor blade tip has a larger negative incidence angle, and partial
low-velocity regions appear on the pressure surface of the leading edge. The analysis of the blade
surface load distribution reveals that the pressure load on the rotor blade surface fluctuates near the
inlet and outlet. Moreover, as the blade height increases, the fluctuation of the pressure distribution
at the rotor inlet significantly intensifies.

The optimization directions for the device are proposed. Specifically, the inlet and outlet geometric
angles at the blade tip and root can be adjusted individually to induce blade twist, thereby reducing
energy losses and enhancing power output.
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