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eriments with a gas wave ejector
equipped with curved channels and an analysis of
the influence of channel angles

Yiming Zhao, Haoran Li and Dapeng Hu*

Gas wave ejectors (GWEs) utilize pressure waves to efficiently transfer energy between gases, and they have

broad applications in the chemical industry. In order to improve the performance of GWEs, the influence of

bending angles on GWE performance was studied and experiments involving a GWE equipped with curved

channels were carried out for the first time in this study. The research results show that when the exhaust

angle difference (4dout) is#�3.9� and the incident angle difference (4din) is >5.0� or#�5.0�, the equipment

performance decreases with an increase in the absolute values of the angle differences. The maximum

efficiency of the backward-curved-channel device is 61.6% within the experimental range. The

experimental efficiency of the curved-channel device and the static-pressure proportion of the total

pressure of the medium-pressure gas are enhanced in comparison with a traditional straight-channel

device, and the operating power consumption is relatively reduced. Due to the difference between the

gas incident and exhaust angles, the manner in which the performance of the curved-channel device

varies with the rotation speed is different depending on the working conditions.
1. Introduction

Compared with traditional energy sources such as oil and coal,
natural gas, as a safer and cheaper clean fuel, is used much
more widely in daily life.1 Meanwhile, the plentiful global
reserves of natural gas could satisfy long-term requirements
based on relevant assessments.2 Therefore, solutions that can
promote the extraction and transportation efficiencies of
natural gas have drawn much attention. Commonly, tight gas
wells or newly opened wells whose pressures are higher than
required for gathering and transportation are throttled to meet
unied requirements, resulting in the wasting of the pressure
energy of high-pressure gas.3 Meanwhile, the pressures of
shallow gas wells and medium/late-stage wells are oen lower
than the unied requirements and, because of this, turbo-
charged mining methods are oen applied, which can result
in large amounts of power consumption.4 To solve the problems
mentioned above, static ejectors and gas wave ejectors (GWEs)
are oen introduced to achieve energy transfer between high-
and low-pressure gases. The utilization of excess pressure
energy from high-pressure gas to boost low-pressure gas can not
only reduce the wasting of gas energy, but this can also increase
production from low-pressure wells via conserving energy and
reducing emissions. This is an effective way to solve the
problem of pressure inconsistency between gas wells.
University of Technology, Dalian 116012,

311
A static ejector is a stationary device that can realize direct-
contact energy transfer between gases. It primarily utilizes the
turbulent diffusion of the high-speed jet created by a high-
pressure uid to entrain a low-pressure uid, and energy
transfer between uids is completed via their direct mixing.5,6 A
static ejector has the advantages of a simple structure and low
manufacturing cost,7 but it mainly achieves energy transfer via
intermolecular collisions, resulting in high levels of viscous
dissipation during the transfer process. As a result, when the
pressure ratio between the high- and low-pressure gases is
small, the isentropic efficiency of this device is low and its
pressurization capacity is severely limited.8

Compared with a static ejector, a GWE primarily employs
pressure waves to transfer energy between gases, making its
working efficiency signicantly higher than that of a traditional
static ejector under applicable conditions. The fundamental
components of a GWE include a wave rotor composed of
homogeneous channels and xed end-plates with pressure
ports (as shown in Fig. 1). A GWE usually has the advantages of
a low rotational speed, simple structure, low manufacturing
and maintenance costs, and strong liquid carrying capacity,
since the rotor channels serving as the container for gas energy
exchange have simple geometry and high strength. It has the
potential to provide an effective technical method for resolving
natural gas transportation issues, improving chemical engi-
neering energy utilization efficiency, and reducing engineering
energy consumption.

Currently, wave rotor technology has been successfully
applied in the gas turbine top cycle,9–11 gas expansion
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 A schematic diagram of the fundamental components of a gas
wave ejector.
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refrigeration cycle,12–14 and some other elds.15–17 As an impor-
tant component of wave rotor technology, GWEs have been
investigated by several scientic research institutions, as shown
in Fig. 2.12,17,23 Power Jets Co., Ltd18 rst proposed the concept of
a GWE, and then Spalding19 performed preliminary related
theoretical research. Kenteld et al.20 of Imperial College Lon-
don accomplished the rst test of this technology in conjunc-
tion with a gas-wave divider,21 proving that these two three-port
wave rotor devices can achieve equivalent efficiency to turbo-
machinery when the pressures at each port are close enough.
Kharazi et al.22,23 of Michigan State University proposed the
application of this technology to the R718 refrigeration cycle,
using liquid water to eject and compress water vapor for
condensation, instead of using a condenser and rst-stage
compressor. This can help to reduce the overall structure size
and the manufacturing and operating costs of this system by
nearly 50%. Hu et al.27–29 of Dalian University of Technology
began to conduct in-depth numerical and experimental
research on GWEs based on their extensive experience in the
area of gas-wave technology.24–26 They obtained the complete
Fig. 2 Research progress relating to GWE technology. The numbers in
square brackets indicate the reference work from which each panel is
adapted.

© 2022 The Author(s). Published by the Royal Society of Chemistry
performance curves of GWEs equipped with straight rotor
channels30 and determined the laws governing the effects of
parameters such as rotational speed on equipment
performance.31

The research related to GWEs mentioned above has dened
appropriate functional wave systems and preliminarily veried
the application feasibility of this technology in the eld of
pressure equalization. However, since all existing gas ow and
gas wave theories related to GWEs are based on equal-section
straight rotor channels, the GWE devices investigated by
various institutions are all equipped with straight channels.20,27

According to the relevant studies, there is large ow loss in
straight channels during the gas injection process.31,32

Furthermore, the viscous dissipation of gas and other ow
losses can be promoted due to the medium-pressure gas being
exhausted along the rotor rotational direction. Because the
expansion and compression waves are isentropic in theory and
the theoretical boosting efficiency of the shock wave can reach
more than 75% when the pressure ratio is less than 5.0, the
above-mentioned gas ow loss phenomena are proposed to be
a major factor affecting the performance of GWEs with straight
channels over a certain range of operating conditions.12 This
study applied a curved rotor channel in GWE technology in
order to resolve this issue. The mechanism of inuence of the
channel bending angle on equipment performance was ob-
tained via analyzing the impact of angles on the gas wave and
gas ow processes. Also, the practical application effects of
curved channels in GWEs were veried via comparative exper-
iments. Different from internal combustion wave rotors or gas
wave superchargers, which both employ curved channels to
provide sha power output,33–36 this research focuses on using
a curved channel to reduce the energy loss inside a GWE and
improve its working efficiency. The research results can play
a certain role in promoting theoretical improvements and
extending the application of this technology.
2. Working principles and
performance evaluation parameters of
a GWE

The essential operating principle of a GWE can be better
explained via expanding the wave rotor and pressure ports into
an x–t (axial position-time) planar coordinate system. The
pressure distribution (as shown in Fig. 3) demonstrates that the
high-pressure gas enters into the channels and forms an inci-
dent shock wave S to compress the original gas in channels
when the channels rotate to connect with the high-pressure port
(translation in the plane development). The opening reection
of S happens as the channels move to connect with themedium-
pressure port, forming an expansion wave E1 that accelerates
the gas in the channels for discharge via the medium-pressure
port. When the channels deviate from the high-pressure port,
an expansion wave E2 forms to decelerate and depressurize the
gas in the channels, and gas discharge comes to a halt when E2
arrives at the outlet end of the channels. Because of E1 and E2,
a deep expansion region with pressure lower than the low-
RSC Adv., 2022, 12, 17294–17311 | 17295
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Fig. 3 A pressure contour map of a GWE using an x–t coordinate
system.
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pressure gas is generated in the channels, and the low-pressure
gas will be sucked into channels when the channels connect to
the low-pressure port. A compression wave C is generated
during the closing of the medium-pressure port. The low-
pressure gas stops entering the channels when C arrives at
the inlet end of the channels. The channels close at both ends
when they deviate from the low-pressure port, and the intensity
of the oscillating pressure waves existing in the channels
gradually weakens aer multiple reections. The gas in the
channels eventually enters a stable state with a rather uniform
pressure distribution before reconnecting to the high-pressure
port.

The energy exchange between gases can be divided into two
processes based on the above-mentioned working principle of
a GWE: the high-pressure gas expands to output work; and the
low-pressure gas is compressed via receiving the expansion
work. Wep and Weps are used to represent the high-pressure gas
actual output work and the isentropic expansion work, respec-
tively, in this study, and they can be expressed as follows:

Weps ¼ cpmhTh

0
BB@1�

�
pmt

pht

�g�1
g

1
CCA (1)

Wep ¼ Wepshep (2)

where cp represents the gas specic heat capacity; mh and Th
represent the mass ow rate and temperature of the high-
pressure gas, respectively; pmt and pht represent the total pres-
sure of the medium-pressure and high-pressure gas, respec-
tively; and hep is the isentropic efficiency of the high-pressure
gas expansion work output. Similarly, Wcom and Wcoms are
employed to represent the actual compression work and the
17296 | RSC Adv., 2022, 12, 17294–17311
consumption work when the low-pressure gas is isentropically
compressed, respectively, and they can be expressed as follows:

Wcoms ¼ cpmlTl

0
BB@
�
pmt

plt

�g�1

g � 1

1
CCA (3)

Wcom ¼ Wcoms

hcom

(4)

where ml, Tl, and plt represent the mass ow rate, temperature,
and total pressure of the low-pressure gas, respectively, and
hcom is the isentropic efficiency for compressing the low-
pressure gas. The total equipment isentropic efficiency is the
product of the efficiencies of these two energy exchange
processes. Since the actual output expansion work of the high-
pressure gas is equal to the actual power consumption for
compressing the low-pressure gas, the overall equipment
operation isentropic efficiency (h) can be expressed as follows:

h ¼ hephcom ¼ Wcoms

Weps

¼

mlpTlt

0
BB@
�
pmt

plt

�g�1
g � 1

1
CCA

mhpTht

0
BB@1�

�
pmt

pht

�g�1
g

1
CCA

(5)

In addition to the isentropic efficiency h, as an ejection
device, the ejection rate x can be given as follows:

x ¼ mlp

mhp

(6)

and this is employed to indicate the equipment suction capa-
bility, which is also an important parameter for evaluating the
working performance of a GWE.

The working conditions of a GWE can be represented using
the expansion ratio a and the compression ratio b, and the
specic expressions of both are as follows:

a ¼ pht

plt
(7)

b ¼ pmt

plt
(8)
3. Numerical simulations
3.1 Model for numerical simulations

3.1.1 Construction of a geometry model for curved chan-
nels. The bending angles of the wave rotor channels actually
refer to the angles of partition (the inner cylinder blades of the
wave rotor) between adjacent ow channels. As shown in
Fig. 4a, the angles between the partition and the tangent in the
opposite direction to rotor rotation are used to dene the
channel angles in this study, and the angles at the channel inlet
and outlet ends are respectively dened as the channel inlet
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Schematic diagrams of channel angles: (a) curved channels; (b)
straight channels.

Fig. 6 Schematic diagram of numerical calculation model and
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angle 4pin and the channel outlet angle 4pout. As shown in
Fig. 4b, the angles of commonly used straight channels satisfy
the relationship 4pin ¼ 4pout ¼ 90�.

As shown in Fig. 5a, this paper proposes using the single-
directrix scanning method to construct the inner cylinder
blades. Via changing the alignment parameters, this method
can achieve not only variable channel bending angles but also
a smooth transition between angles at both ends. Meanwhile,
the thickness of partitions can be ensured to be uniform and
the partitions can be radially distributed on the rotor end faces
through this construction approach. As demonstrated in
Fig. 5b, the single directrix bc used in this paper is a curve
segment intercepting the generatrix ao according to the channel
length and bending angle requirements, where r represents the
radius of the rotor middle surface, and a1 and b1 represent the
envelope angle (set to 90� in this paper) and the outlet angle of
the generatrix ao, respectively.

The equation of the arc-type generatrix is as follows:

b ¼ pmt

plt
(9)

where the equation of the curvature radius r is as follows:

r ¼ prma1

180ð1� sin b1Þ
(10)

and the equation of l is as follows:

l ¼ prma1t/180 (0 # t # 1) (11)
Fig. 5 Schematic diagrams of the channel forming method: (a) a sche
directrix.

© 2022 The Author(s). Published by the Royal Society of Chemistry
3.1.2 Numerical simulation method. Numerical simula-
tions can be used to derive the physical eld distribution of the
complex unsteady ow in the rotor channels that cannot be
reliably and thoroughly monitored via current experiments. The
numerical simulation method is currently widely used in wave
rotor technology,13,37 and its accuracy and efficiency have been
praised by academics and engineering technicians. In this
research, the CFD commercial soware FLUENT was used to
carry out the relevant numerical calculations.

As shown in Fig. 6, the ow domains of the three-
dimensional numerical model established in this research
primarily consisted of the xed pressure ports, rotating rotor
channels, and static gaps between the ports and channels. The
borders of the high- and low-pressure ports were dened as the
pressure inlet boundaries, and the border of the medium-
pressure port was set as the pressure outlet boundary. The
end faces of channels, end faces of pressure ports close to the
channels, and end faces of gaps were all set as sliding mesh
interfaces to connect each ow domain. Since the motion
process of each rotor channel between the pressure ports is
identical, the calculation model only considered some channels
to save computing resources, and the cyclic motion of channels
between the pressure ports was realized via setting periodic
boundaries. Except for the above-mentioned boundary surfaces,
the other model surfaces were set as walls. Pressure wave
propagation and the pressure exchange processes between
matic diagram of blade forming; (b) an extended diagram of a single

meshing.

RSC Adv., 2022, 12, 17294–17311 | 17297
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Table 2 Fluent solver settings used in this paper

Property Parameter

Dimensions of model 3D
Solver type Density-based
Time Transient
Fluid Air
Density Ideal gas
Energy model Activated
Species transport model Activated
Turbulence model SST-SAS
Convective ux type AUSM
Spatial discretization
Flow parameters Second-order upwind
Turbulent kinetic energy Second-order upwind
Specic dissipation rate Second-order upwind
Transient formulation Second-order implicit
Time step Minimum ¼ 1 � 10�6 s
Convergence criteria 1 � 10�3 for nonaxial velocity components

�4
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gases in the rotor channels are extremely fast, and the
temperature differences between gases in the ow channels are
small, so there is not enough time for heat exchange between
the gas and the walls. Therefore, the wall surfaces were all set to
be adiabatic. The boundary settings of the calculationmodel are
shown in Table 1.

The uid medium used in this study was air (at room
temperature with pressure less than 0.3 MPa), which can be
assumed to be an ideal gas. The state equation is as follows:

p ¼ rRT (12)

The calculations satisfy the following basic conservation
equations used in uid mechanics:

the mass conservation equation:

vr

vt
þ V$ ðr~uÞ ¼ 0 (13)

the momentum conservation equation:

vðr~uÞ
vt

þ V$ðr~u~uÞ ¼ �Vpþ V$sþ ~F (14)

and the energy conservation equation:

v

vt
ðrEÞ þ V$ðr~uEÞ ¼ V$ðkVTÞ þ V$ð~u$sÞ þ~u$~F (15)

where p, r, T, and ~u represent the gas pressure, density,
temperature, and velocity vector, respectively; ~F represents the
external volume force and s represents the viscous force tensor;
and E represents the gas total energy and k represents the
effective thermal conductivity.

The turbulent gas ow inside a GWE device always
undergoes signicant interactions with the walls. The gas
incidence and exhaust may generate a strong swirling ow
because of channel rotation, and direct contact processes
between gases with different pressures in the channels can
generate strong interactions. In order to ensure the reliability of
calculations, it is critical to select a suitable turbulence model
according to the ow characteristics mentioned above. In this
research, a new scale adaptive model, the SST-SAS turbulence
model,38,39 was chosen for numerical calculations, considering
the computing accuracy and economic requirements. In the
stable ow domain, the SST-SAS model behaves like the RANS
model; however, in the unstable ow domain it can dynamically
adjust the solution structure to capture more turbulent pulsa-
tion, so as to yield calculation results similar to the LES model.
Because of these properties, the SST-SAS model has excellent
Table 1 Boundary condition settings for numerical simulations

Part of geometry

High-pressure end face
Low-pressure end face
Medium-pressure end face
Interfaces of uid domains
Side faces of the passages on both sides of the model
Walls

17298 | RSC Adv., 2022, 12, 17294–17311
computing capabilities for powerful swirling and contact ows.
It can not only maintain calculation accuracy for near-wall
events, but it can also reveal the vortex ow and other
phenomena in detail. Kurec et al.40 used PIV technology to prove
that the SST-SAS model can accurately calculate the distribution
of state parameters in the wave rotor channels, and it can
determine gas contact and mixing conditions that cannot be
obtained using the classical RANS model. It can save large
amounts of computing resources compared with the LES
model, and it is perfectly suitable for researching gas wave
technology. All the simulations in this study were conducted
with double precision to ensure the accuracy of the calculations.
Some other related settings used in this study, such as the
discrete method, are shown in Table 2.

Because of the regular shape of each ow domain in this
model, a hexahedral mesh was used for mesh division. Because
the gaps are small and the changing gradients of each physical
parameter throughout the channel opening and shutting
processes are substantial, mesh renement was conducted
along the interfaces of the pressure ports, rotor channels, and
gaps, as shown in Fig. 6. The boundary layer meshes were also
set on the channel walls. The optimal number of model cells
was determined via grid independence verication. Fig. 7 shows
the parameter distribution curves 0.6 ms aer the channel
started to connect with the high-pressure port. When the
number of single-channel cells reaches 4.2 � 104, as shown in
Boundary condition type

Pressure inlet
Pressure inlet
Pressure outlet
Sliding mesh interface
Periodic boundary conditions
Adiabatic/smooth

5 � 10 or smaller for the rest

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Grid independence verification: (a) a comparison of pressure distributions; (b) a comparison of component distributions.
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Fig. 7a, the calculation model can more accurately capture the
low-pressure region (created by the vortex) and the small pres-
sure uctuations (caused by the multiple compression waves) at
the channel entry. At this single-channel mesh scale of 4.2 �
104, the composition distribution curve shown in Fig. 7b is
notably different from models using fewer single-channel cells,
indicating that this grid size can also capture the contact
surface shape more accurately. When the single-channel cell
number exceeds 4.2 � 104, the calculation results no longer
change, proving that further grid renement has no effect on
the calculation results. Therefore, 4.2 � 104 was chosen as the
single-channel mesh division standard in order to economize
computing resources and enhance the computing efficiency
while ensuring computational correctness. The minimum grid
size using this standard was 2.5 � 10�5 m and the total cell
number in this model was about 8.8 � 105.
3.2 Analysis of numerical simulation results

The effects of bending angles on device performance are closely
related to the gas jet direction. As shown in Fig. 8, this paper
denes the gas incident angle 4vin and exhaust angle 4vout for
the convenience of analysis. According to the trigonometric
function relationship, these two can be expressed as follows:

4vin ¼ arccot
vro

vin
(16)
Fig. 8 Schematic diagrams of the gas incident and exhaust angles: (a) g

© 2022 The Author(s). Published by the Royal Society of Chemistry
4vout ¼ arccot
vro

vvout
(17)

where vro, vin, and vout represent the rotor rotational linear
velocity, mass average velocity of the incident high-pressure gas,
and the axial component of the medium-pressure gas average
exhaust velocity, respectively.

The incident angle difference 4din and the exhaust angle
difference 4dout are dened to represent the difference between
the channel bending angle and the gas ow angle. The expres-
sions are as follows:

4din ¼ 4pin � 4vin (18)

4dout ¼ 4pout � 4vout (19)

In order to compare the effects of forward bending (channel
bends in the direction of rotor rotation where the angles satisfy
the conditions 4pin > 90� and 4pout > 90�), backward bending
(4pin < 90�, 4pout < 90�), and reversed bending at both channel
ends (4pin > 90�, 4pout < 90� or 4pin < 90�, 4pout > 90�) on
equipment performance, different models were established and
calculated via choosing two values as the channel inlet and
outlet angles from the possible selections of 30�, 45�, 60�, 75�,
90�, and 105�.

3.2.1 Inuence of the channel outlet angle. Fig. 9a shows
the variation of 4dout with 4pout under the conditions of a¼ 1.50
and b ¼ 1.25. The values of 4dout at the same 4pout value are
basically identical when 45� # 4pin # 105�, indicating that the
as incident angle 4vin; (b) gas exhaust angle 4vout.

RSC Adv., 2022, 12, 17294–17311 | 17299
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Fig. 9 Changing relationships involving 4dout and h under the conditions of a¼ 1.5 and b¼ 1.25: (a) variation of 4dout with 4pout; (b) variation of h
with 4dout.
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gas exhaust angles 4vout of different 4pin models in this range
are almost the same once 4pout is xed. The axial component
value of the medium-pressure gas exhaust velocity is almost
identical and unaffected by 4pin in different models. In addi-
tion, 4dout grows approximately linearly with an increase in
4pout when 4pin is xed within the range of 45� # 4pin # 105�,
indicating that the variation of 4pout does not signicantly
inuence the axial component of the exhaust gas velocity. When
4pin ¼ 30� with 4pout ¼ 30�/45�, the bending angles of the
channels at both ends becomemuch larger, resulting in a much
lower medium-pressure exhaust mass ow ratemmp and a small
axial component of the exhaust velocity vvout, as shown in Table
3. Therefore, the 4dout values at 4pin ¼ 30� are signicantly
higher than the corresponding values for other 4pin models
when 4pout ¼ 30�/45�.

Fig. 9b shows the variation of the total pressure efficiency h,
obtained via numerical calculations, with the exhaust angle
difference 4dout at different xed channel inlet angles 4pin. h
drops dramatically with a decrease in 4dout when 4dout # �3.9�.
When 4dout >�3.9�, the h values of the 4pin¼ 30� and 4pin ¼ 45�

models essentially remain unchanged as 4dout increases. When
4dout > �10�, the h values of the 60� # 4pin # 105� models
increase rst and then fall as 4dout increases. Furthermore, the
variation of h is within the range of 9%, and the highest effi-
ciency h value for each model in the 60� # 4pin # 105� range is
achieved when 4dout is in the range of 4.6–6.3�. Within the
calculation range, the isentropic efficiency of the model with
4pin ¼ 60� and 4pout ¼ 75� is the highest.

When the channel inlet angle 4pin is xed, the variation of
the outlet angle 4pout primarily changes the ow direction of the
Table 3 A comparison of the calculation results using different angle
combinations under the conditions of a ¼ 1.5 and b ¼ 1.25

4pin 4pout mmp (kg s�1) voutv (m s�1)

30� 30� 0.045 50.2
30� 45� 0.068 63.3
75� 30� 0.078 74.8
75� 45� 0.090 84.3

17300 | RSC Adv., 2022, 12, 17294–17311
medium-pressure gas, which impacts the equipment perfor-
mance. When a traditional straight channel (4pin ¼ 4pout ¼ 90�)
is connected to the medium-pressure port, the exhaust gas not
only has a velocity component along the channel extension
direction (perpendicular to the end faces of the pressure ports
in straight channels), but it also has a velocity component in the
direction of rotor rotation. Therefore, as shown in Fig. 10c, the
exhaust gas ows obliquely in the rotation direction, forming
a low-speed and low-pressure region near the right-side wall of
the medium-pressure port and causing gas backow. Further-
more, because of the substantial difference in velocity distri-
butions between the exhaust stream and the low-speed region,
vortices form easily at their intersection, which impairs the gas
ow and causes a certain amount of ow loss. There are always
multiple rotor channels connected to the medium-pressure port
at the same time. The velocities and energies of the exhaust gas
from these channels are different since each channel is at
a different stage of the exhaust process. As a result, the exhaust
gas from different channels converges and mixes in the
medium-pressure port, resulting in a certain loss of gas energy.
Since the exhaust gas from each channel contains a rotational
velocity component, the mainstream generated upon conver-
gence is inclined to the rotation direction. Before discharging
from the pressure port, the ow direction of the mainstream is
changed due to obstruction by the wall. Even if the rotational
velocity component of the mainstream is not completely
consumed during this collision process, it is difficult to effec-
tively recover this in the medium-pressure port or in the
equipment cavity. In addition, aer the mainstream is
obstructed by the wall and changes direction, it will ow
perpendicular to the port end-face and adhere to the wall,
causing a certain amount of viscous friction loss in the subse-
quent ow process. As shown in Table 4, under the calculation
conditions, the gas total pressure loss in the medium-pressure
port DTP can reach 1.83 kPa using the straight channel model
because of the above-mentioned ow losses.

Compared with a straight channel, the exhaust angle
difference 4dout of a curved channel with 4pin ¼ 60� and 4pout ¼
105� reaches 33.6�, which is greater than the value of 21.3� for
a straight channel. Therefore, the exhaust gas ow inclines
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 A comparison of velocity distributions in the medium-pressure port under the conditions of a ¼ 1.5 and b ¼ 1.25 (the white arrow lines
show streamlines).

Table 4 A comparison of the calculation results with different angle
combinations under the conditions of a ¼ 1.5 and b ¼ 1.25

4pin 4pout vmpi DTP 4pin 4pout vmpi DTP

60� 30� 113.9 4.63 90� 30� 107.2 3.40
60� 75� 71.6 1.08 90� 90� 103.5 1.83
60� 105� 123.0 2.51 90� 105� 122.5 2.26
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more seriously, strengthening the ow losses. The total pres-
sure loss in the medium-pressure port DTP rises to 2.26 kPa in
this model, as shown in Fig. 10b. The ow loss in the medium-
pressure port is also the main reason why the efficiencies of the
models with 60� # 4pin # 90� decrease as 4dout rises when 4dout

> 5� (as shown in Fig. 9b). The medium-pressure gas exhaust
ow rate and velocity of the model with 4pin ¼ 30� and 4pin ¼
45� are smaller than themodels with 60� # 4pin# 90� (as shown
in Table 3), and the inuence of deection ow phenomena is
also relatively minimal. As a result, within the range of 5� < 4dout

< 25�, the efficiency values of the models with 4pin ¼ 30� and
4pin ¼ 45�, as shown in Fig. 9b, are almost identical.

In contrast with the models shown in Fig. 10b and c, since
the rotor channels in the 4pin ¼ 60� and 4pout ¼ 75� model
shown in Fig. 10a bend in the opposite direction to rotor rota-
tion and the gas ows along channels before being exhausted,
the medium-pressure gas generated in this model discharges
vertically to the channel end-face (the exhausting angle differ-
ence 4dout ¼ 6.3�) with a velocity lower than that of the straight
channel. There is no large low-pressure and low-speed region at
the right wall of the port, which greatly reduces vortex and
backow phenomena in the exhaust port. Furthermore, in this
model, the exhaust velocity of each channel is reasonably
average and the directions are nearly identical. During the
convergence process of streams from each channel, there are no
strong interactions or mixing, and the uniform mainstream
does not collide with or adhere to the wall. Instead, the main-
stream is directly discharged vertically, reducing the exhaust
ow loss in the medium-pressure port. As illustrated in Table 4,
compared with the straight model, the total pressure loss in the
medium-pressure port of this curved channel can be reduced by
nearly 41%, which is one of the main reasons that the model
with 4pin ¼ 60� and 4pout ¼ 75� has optimal performance, as
shown in Fig. 9b.
© 2022 The Author(s). Published by the Royal Society of Chemistry
As shown in Fig. 10d, because the outlet end of the channel
with 4pin ¼ 90� and 4pout ¼ 30� bends backwards excessively
(the exhaust angle difference 4dout reaches 32.8�), a large
amount of exhaust gas ows to the lower sidewall of the
medium-pressure port, which connects with the channels
earlier, and discharges at high speed, adhering to the wall
surface. The above-mentioned ow characteristics of the
medium-pressure gas cause the violent collision of gas with the
lower sidewall of the port, creating a low-velocity region
together with ow vortexes on the upper sidewall of the port,
resulting in a signicant increase in the total pressure loss in
the medium-pressure port (as shown in Table 4). In addition to
the reasons mentioned above, Fig. 11b shows the uneven
pressure distribution in the medium-pressure port, demon-
strating a more fundamental reason for the inferior perfor-
mance of the device using this angle combination. Different
from the clear and regular pressure distribution seen in the
model with 4pin¼ 60� and 4pout¼ 75� (as shown in Fig. 11a), the
pressure on the inlet side of the lower sidewall of the medium-
pressure port is higher than at other positions in the 4pin ¼ 90�

and 4pout ¼ 30� model due to the convergence of exhaust gas.
The pressure at the port inlet end is also signicantly higher
than the average pressure of channels in the stable pressure
region. As a result, a strong reversed compression wave is
created when the channels gradually connect to the medium-
pressure port. As shown in Fig. 11b, the pressure at the
channel inlet end is signicantly enhanced due to the reversed
compression wave. There is a backow phenomenon when the
channel connects to the low-pressure port, and this causes
energy loss and prevents low-pressure gas inow. The negative
effects of the reversed compression wave are also the primary
explanation for the dramatic reduction in the efficiency of the
model when 4dout <�3.9� at each inlet angle (as shown in
Fig. 9b). When 4dout in each model reaches about �32.5�, the
efficiency reduction ratio relative to the optimal value exceeds
61%.

3.2.2 Inuence of the channel inlet angle. Fig. 12a shows
the variation of the incident angle difference 4din with the
channel inlet angle 4pin when the channel outlet angle 4pout is
xed. When 60�#4pout # 90�, the values of 4din are nearly
identical at the same 4pin value, indicating that the gas incident
angle 4vin remains almost unchanged at the same 4pin, and the
gas incident velocity is hardly impacted by 4pout within this
RSC Adv., 2022, 12, 17294–17311 | 17301
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Fig. 11 Contour maps of state parameter distributions in the models: (a) the model with 4pin ¼ 60� and 4pout ¼ 75�; (b) the model with 4pin ¼ 90�

and 4pout ¼ 30�.
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range. In the range of 60� # 4pout # 90�, 4din increases
approximately linearly with an increase in 4pin, indicating that
the change in 4pin has little inuence on the incident velocity.
When 4pout ¼ 30� or 45�, except for 4pin ¼ 30� (the incident gas
ow rate is limited, as shown in Table 3), 4din values with
different 4pin remain the same as for the other 4pout values.

Fig. 12b shows the variation of the efficiency h with the
incident angle difference 4din at each xed channel outlet angle
4pout value. When 4pout is xed at 30�, h decreases rst and then
increases slightly with an increase in 4din. When 4din rises from
�15.5� to 4.4� at a xed 4pout of 45�, h increases slightly and
reaches to its maximum when 4din ¼ 4.4�; when 4din > 4.4�, h
declines rapidly with a rise in 4din. In th range of 60� # 4pout #

105�, h also reaches its maximum in the 4din range of 2.5–5.0�,
and when 4din is less than the optimal value 4dino, the efficiency
decline rate is higher than that for 4pout ¼ 45�. The optimal
performance value for each 4pout displays a tendency of rst
Fig. 12 Changing relationships involving 4din and h under the conditions
of h with 4din.

17302 | RSC Adv., 2022, 12, 17294–17311
increasing and then decreasing with the growth of 4pout under
the calculation conditions.

For the convenience of subsequent research, this study
denes the entire opening time tpo as follows:

tpo ¼ 1000w

��
pdmn

60

�
(20)

for comparing the opening speed and the degree of opening for
a rotor channel, where n is the actual rotational speed of the
wave rotor; and w and dm represent the width and middle
diameter of the wave rotor, respectively. Therefore, tpo is
inversely proportional to n, and the ratio of the channel opening
time topen to tpo can indicate the degree of channel opening
(topen ¼ 0: a channel starts to connect to the pressure port; topen/
tpo ¼ 1: a channel is fully open).

Fig. 13 shows contour maps of the pressure distributions in
channels at an incident pressure ratio ain of 1.5 (the initial
pressure in the channels ps ¼ 101 kPa) and with topen/tpo ¼ 0.2.
of a¼ 1.5 and b¼ 1.25: (a) the variation of 4din with 4pin; (b) the variation

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 A comparison of pressure distributions in channels with topen/tpo ¼ 0.2 (the white arrow lines depict streamlines).
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In the channel with the highest efficiency (4pin ¼ 60� and 4pout

¼ 75�), the radial compression wave system created in the initial
stage of channel opening is slightly inclined relative to the
channel walls, and the inclination degree is signicantly less
than the channel with 4pin ¼ 90� and 4pout ¼ 75� (the entrance
angle is the same as a traditional straight channel). The
compression wave system in the channel with 4pin ¼ 60� and
4pout ¼ 75� is closer to propagating in the direction of channel
extension, which can effectively weaken compression wave
reection in the channel with 4pin ¼ 90� and 4pout ¼ 75�. When
4pin ¼ 30�, however, the excessive curvature of the channel
entrance causes the le channel sidewall (connecting to the
high-pressure port earlier) to impede the propagation of the
compression wave system, resulting in multiple reected waves
and local high pressure near the le sidewall.

As shown in Fig. 14a, when the channel is fully connected to
the high-pressure port (topen/tpo ¼ 1.0), the multiple reections
of the compression waves at the channel entrance weaken the
strength of the compression wave system, resulting in the
pressure distributions at the entrances of the channels with 4pin

¼ 30� and 4pin ¼ 90� being much more uneven than that of the
4pin ¼ 60� channel. This also makes the velocity eld at the
Fig. 14 A comparison of the parameter distributions in the rotor
channels: (a) pressure distributions (the curves show the velocity
contours); (b) component distributions.

© 2022 The Author(s). Published by the Royal Society of Chemistry
channel inlet more turbulent, resulting in larger ow vortexes in
the channels with 4pin ¼ 30� and 4pin ¼ 90�. The vortex in the
4pin ¼ 90� channel is generated near the le sidewall, which
connects to the high-pressure port earlier, while the vortex in
the 4pin ¼ 30� channel is formed when the incident gas ow is
blocked from rotating around by the channel wall. As shown in
Fig. 14b, since the ow vortexes occupy ow space in the
channels and obstruct the incident gas ow, the gas interfaces
in channels with 4pin ¼ 30� and 4pin ¼ 90� become more dis-
torted relative to the channel wall; this not only increases the
friction and collisions between the gas and the walls, but it also
strengthens mixing between the incident high-pressure gas and
the original low-pressure gas in the channels (especially in the
channel with 4pin ¼ 30�). The energy transfer efficiency between
gases is signicantly impacted due to the ow phenomena
described above. As shown in Fig. 15, the average pressures of
gas compressed in the 4pin ¼ 30� and 4pin ¼ 90� channels are
lower than that in the 4pin ¼ 60� channel. However, the average
moving speed of the wave does not differ much between the
different models, which indicates that the optimal port geom-
etry size at various 4pin values will not be signicantly different
under the same working conditions and rotational speed.

The gas vorticity magnitude ut, given as follows:

ut ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
ijk

 �
vuk

vxj

� vuj

vxk

�2
!vuut (21)
Fig. 15 A comparison of pressure distributions along the channels.
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obviously indicates the degree of ow distortion and mixing,
and the viscous dissipation 4t:

4t ¼
1

2
m
X
ijk

�
vuj

vxi

þ vui

vxj

�2

� 2m

3

 X
ijk

vui

vxi

!2

(22)

distinctly represents the gas ow viscous loss. As shown in
Fig. 16, the vortex strength and viscous dissipation of gas in
channels with 4pin ¼ 60� and 4pout ¼ 75� are obviously the
weakest. Because of the negative effects of incident wave
reection described above, ut and 4t are unevenly distributed in
channel 1 of the 4pin ¼ 90� and 4pout ¼ 75� model and are
higher than that of the corresponding position in the 4pin ¼ 60�

channel. Because of the relative motion between the axial
incident gas ow and rotating channel (the channel rotates
from le to right in Fig. 16) and the obstruction of the channel
entrance by the vortex, friction, collisions, and the steering ow
of gas are generated at the right sidewall surfaces in channels 2
and 3 (in the stable incidence stage) of the 4pin ¼ 90� and 4pout

¼ 75� model. As a result, a local high-spin and high-viscosity
dissipation region forms in these channels, with ut and 4t

values that are higher than the peak values in the 4pin ¼ 60�

channel by about 23% and 49%, respectively. Due to obstruc-
tion and reection from the channel le sidewall (which
connects to the high-pressure port earlier) in the 4pin ¼ 30� and
4pout ¼ 75� channel that is excessively curved, local high-spin
and high-dissipation regions arise in the middle positions of
the channel entrances. The ut and 4t values are increased by
70% and 150%, respectively, compared with the 4pin ¼ 60�

channel. The various above-mentioned energy losses are the
Fig. 16 A comparison of parameter distributions in the channels: (a)
vorticity intensity (values below 2 � 10�5 are not shown); and (b)
viscous dissipation (values below 10�6 are not shown).

17304 | RSC Adv., 2022, 12, 17294–17311
main reasons for the decline in equipment efficiency as j4dinj
increases when 45� # 4pout # 105� and j4dinj > 5.0� (as shown in
Fig. 12b).
4. Experimental section
4.1 Experimental platform

A gas wave ejection experimental system was established in this
study, as shown in Fig. 17, in order to verify the numerical
simulation results and to clarify the actual improvement effects
from the use of appropriate channel bending angles on the
GWE performance. The parameters of the relevant components
used in this experimental system are shown in Table 5. The
operating process is as follows for experiments: rst, the
frequency converter was controlled so that the GWE equipment
rotation speed could reach the set value before gas owed in;
the high-pressure valve was opened slowly to set the pressure of
the high-pressure gas to the experimental requirements while
fully opening the medium-pressure valve; the equipment low-
pressure valve was opened, and the air in the surrounding
environment was directly sucked in as the low-pressure gas
during experiments; and the medium-pressure valve was closed
gradually to adjust the medium-pressure gas pressure when the
pressure of the high-pressure gas met the predetermined value.
The adjustment of the medium-pressure valve changes the
pressure of the high-pressure gas, and these two valves must be
dynamically altered at the same time to attain the experimental
working conditions. The medium-pressure gas was eventually
exhausted to the outside environment through an eduction pipe
connected to the GWE medium-pressure port. In the experi-
ments, the pressure, temperature, and mass ow rate of each
gas were measured using a micromanometer and pressure
sensor, temperature sensor, and vortex owmeter, respectively.

Fig. 18 shows the GWE device that was used in this experi-
ment. The device structure allows for the external adjustment of
the gap size and the declination angles between the pressure
ports, substantially simplifying equipment installation and
debugging. The performances of a traditional ejection rotor
(I90O90 rotor) with 4pin¼ 4pout¼ 90� and an arc curved channel
rotor with 4pin ¼ 60� and 4pout ¼ 75� (I60O75 rotor, achieving
optimum performance under the calculation conditions in this
study) were primarily compared in this experiment. Except for
the different channel bending angles, the two rotors had iden-
tical specications, such as axial length and middle diameter,
in order to avoid interference from other factors and to facilitate
rotor exchange. The exact specications of the wave rotors are
shown in Fig. 19 and Table 6.
4.2 Analysis of experimental results

Fig. 20 shows the variation of the isentropic efficiency h with the
compression ratio b when the expansion ratio a is xed at 1.5.
The differences in h between experiments and simulations are
only in the range of 3–8% for both working conditions, and the
variation trends of h obtained via experiments are completely
consistent with the numerical calculation results, proving the
accuracy of the GWE calculation model employed in this study.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 17 A schematic diagram of the components and procedure used for the GWE experimental system with a photograph of the set up.

Table 5 Specific parameters for components used in the gas wave ejector experimental system

Instrumentation Brand
Measuring/controlling
range Measurement accuracy

Frequency convertor KEWO 7.5 kW/0–50 Hz 0.01 Hz
Driving motor HUANGHAI 7.5 kW/0–50 Hz —
Screw compressor FUSHENG 1.0/1.05 MPa —
Temperature sensor SinoMeasure �50–250 �C �0.05%
Pressure sensor Asmik 0–0.6 MPa �0.3%
Vortex owmeter GALLOP DN80/DN100 �1.5%
Anemoscope KANOMAX 0.1–50 m s�1 �0.1 m s�1

Micromanometer YIOU �100 kPa 0.01 kPa

Fig. 18 The experimental GWE equipment.
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4.2.1 Performance comparison of rotors with different
channel angles. Fig. 21 shows the variation of the experimental
performance parameters with the compression ratio b when the
expansion ratio a is xed. The efficiency h of both these rotors
increases rst and then decreases with an increase in b, and the
optimal compression ratio bop to gain the highest efficiency is
identical in both cases. h decreases faster with b at b > bop than
it increases with b at b < bop when a is constant. Despite the fact
that the efficiency variations of these two rotors are nearly
identical, the efficiency of the I60O75 rotor is basically higher
than that of the I90O90 rotor under the same working condi-
tions, indicating that the use of backward bending channels
with suitable angles to replace traditional straight channels can
© 2022 The Author(s). Published by the Royal Society of Chemistry
effectively improve the comprehensive energy transfer efficiency
of a GWE. Within the experimental range of this research, the
maximum efficiency of the I60O75 rotor at each a value exceeds
40.4% and the highest value is 61.6%; these values are signi-
cantly higher than the values of 35.4% and 48.6%, respectively,
for the I90O90 rotor.

The gas incident and exhaust velocities will change with the
working conditions according to the above research ndings. As
a result, when the channel bending angles are xed, the
differences between the gas incident and exhaust angles are
different based on the working conditions, resulting in different
performance improvements in the case of the I60O75 rotor
relative to the I90O90 rotor. At a constant a value, the experi-
mental efficiency difference between these two rotors increases
rst and then decreases with a rise in the compression ratio b,
and the b value corresponding to the maximum efficiency
difference increases with rising a. The maximum relative
improvement ratio in efficiency at each a value exceeds 14.2%
over the experimental range. When a ¼ 1.50 (the expansion
ratio used in the numerical analysis), the efficiency increase and
growth rate for the I60O75 rotor both reach their maximum
values under the conditions of b ¼ 1.25, and the values are
11.3% and 25.3%, respectively. Also, this compression ratio is
consistent with the numerical simulation results, which illus-
trates the correctness of the simulations in terms of the impact
of angle on device efficiency to a certain extent.

As shown in Fig. 21b, at each xed expansion ratio a, the
ejection rate x of the I60O75 rotor decreases monotonically with
RSC Adv., 2022, 12, 17294–17311 | 17305
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Fig. 19 Photographs showing the wave rotor parameters used in the experiments.

Table 6 Geometries of the wave rotors used for experiments in this paper

Geometry Value Geometry Value

4pin of the I60O75 rotor 60� Passage axial length l 250 mm
4pout of the I60O75 rotor 75� Number of passages x 72
4pin of the I90O90 rotor 90� Blade thickness q 1.5 mm
4pout of the I90O90 rotor 90� Middle diameter of rotor d 256 mm
Passage height h 16 mm Passage width w 9.6 mm

Fig. 20 A comparison between experiments and simulations.
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an increase in the compression ratio b, which is consistent with
the I90O90 rotor. The x values of the I60O75 rotor are higher
than those of the I90O90 rotor under the same working condi-
tions, proving that the use of backward curved channels with an
appropriate bending angle can improve the suction capacity of
the GWE. When a is xed, the improvement in x for the I60O75
rotor compared to the I90O90 rotor essentially decreases with
an increase in b, and the maximum improvement in x at each
a value exceeds 5% within the experimental range (when a #

1.5, it reaches 26.6%). The relative improvement in x obtained
from experiments reaches 8.6% under the working conditions
17306 | RSC Adv., 2022, 12, 17294–17311
employed in the numerical analysis (a ¼ 1.50, b ¼ 1.25). Within
the experimental scope of this study, the highest ejection rate of
the I60O75 rotor at each a exceeds 49.0% and the highest value
is 169.7%; these values are both higher than the values of 44.2%
and 143.1% for the I90O90 rotor, respectively.

The curved channels can not only effectively improve the
energy exchange efficiency and the boosting capacity of the
GWE, but they can also affect the medium-pressure gas velocity,
resulting in the ratio of static pressure as a proportion of the
total pressure of the gas products to be different from that using
traditional straight channels. As an ejector, a larger ratio of
static pressure out of the total pressure usually means a higher
utility value of the gas products, and it also indicates that the
equipment is more effective in pressurizing the low-pressure
gas. In order to compare the capability for improving the
static pressure of low-pressure gas, the static pressure incre-
ment ratio jmsp can be dened as follows:

jmps ¼
pms � pls

pmt � plt
(23)

representing the proportion of static pressure increase out of
the total pressure increase for low-pressure gas. Also, the rela-
tive compression ratio jcom, dened as follows:

jcom ¼ b� 1

a� 1
(24)

was used to represent the boosting level of the low-pressure gas
at a certain expansion ratio.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 21 The values of performance parameters obtained via
comparison experiments: (a) changes in h with b and (b) changes in x

with b at different a values.
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Fig. 22a shows the variation of jmsp with the compression
ratio b. At each xed expansion ratio a, the jmsp values of the
two rotors both increase with an increase in b, indicating that
the capacity of these two rotors to improve the low-pressure gas
static pressure has a positive relationship with bwhen a is xed.
Meanwhile, the direct utility value of the medium-pressure gas
products also rises with an increase in b. Although the jmsp

variation trends of these two rotors are identical, the jmsp

values of the I60O75 rotor are always higher than those of the
I90O90 rotor under the same working conditions. In particular,
when jcom # 0.4, the jmsp increase of the I60O75 rotor
Fig. 22 The experimental results regarding (a) the static pressure increa

© 2022 The Author(s). Published by the Royal Society of Chemistry
compared with the I90O90 rotor is more than 10%. Despite the
fact that the difference in jmsp between the two rotors decreases
as b increases, the jmsp values of the I60O75 rotor are higher
than those of the I90O90 rotor by at least 4.2%, even at the
maximum relative compression ratio (jcom ¼ 0.7). The above
experimental results show that the backward-bending channels
can effectively reduce the medium-pressure gas exhaust velocity
compared with traditional straight channels under various
working conditions, so the static pressure proportion of the
medium-pressure gas can be higher under the premise of
meeting compression ratio requirements. At a xed expansion
ratio, the ability of the curved channels to li the static pressure
of low-pressure gas continues to weaken with an increase in the
compression ratio b.

In addition to differences in the composition of the medium-
pressure gas pressure, the inuence of channel curvature on the
ow velocity and direction of the incident and exhaust gas also
causes differences in working power consumption between the
curved-channel rotor and the traditional straight-channel rotor.
The rotor power consumption caused by the gas ow Pcon can be
calculated according to eqn (25), where Pw and Ps represent the
total power consumption and idling power consumption of the
equipment, respectively:

Pcon ¼ Pw � Ps (25)

Fig. 22b shows the variations of Pcon with the compression
ratio b. The Pcon values of the I90O90 rotor are always larger
than 0, indicating that the owing gas inevitably generates
a certain amount of power consumption during operation. The
exhaust gas generated in the I90O90 rotor deects in the
direction of rotor rotation, according to the simulation results,
and the Pcon values of the I90O90 rotor are mostly used to
provide rotational transport velocity for the axially incident gas.
As a result, when the expansion ratio a is xed, Pcon gradually
drops as b increases with a decrease in the gas ow rate. As
shown in Fig. 22b, the Pcon value of the I60O75 rotor is close to
0 under the conditions of a ¼ 1.50 and b ¼ 1.25, which is due to
the macroscopic ows of the incident and exhaust gas both
se ratio jmsp and (b) the gas loading power consumption Pcon.

RSC Adv., 2022, 12, 17294–17311 | 17307
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being in the axial direction, according to the numerical
research. When a ¼ 1.50 and b < 1.25, the increase in the ow
velocity of the medium-pressure gas generated in the I60O75
rotor channels causes the gas to exhaust in the opposite rota-
tional direction, driving the rotor to rotate. Therefore, Pcon
becomes negative, indicating that the gas ow reduces the
device operating power consumption. With a decrease in b,
increases in the medium-pressure gas ow rate and exhaust
velocity lead to a continuous drop in Pcon, indicating that the
effects of the owing gas on rotor rotation are strengthened.
Because the medium-pressure gas output is reduced when a ¼
1.50 and b > 1.25, the ow velocity of the medium-pressure gas
is decreased and the exhaust gas deects in the rotating direc-
tion, like the I90O90 rotor, resulting in Pcon > 0. Also, as
b increases, Pcon rises as well. Under the conditions of other
expansion ratios, the Pcon variation trends for the I60O75 rotor
are similar to the condition of a ¼ 1.50, but the b requirement
for Pcon ¼ 0 increases as a rises. Under various experimental
conditions, the I60O75 rotor can reduce the operating power
consumption of the equipment by at least 21.8 W relative to the
traditional I90O90 rotor, with a maximum of 473.3 W. The
above experimental results show that the curved channels can
not only improve the isentropic efficiency of the energy
exchange process inside the device, but they can also help
minimize the device power consumption, thereby reducing the
operating costs and increasing the total application benets of
GWEs.

4.2.2 Inuence of rotation speed on the performance of
a rotor with curved channels. It can be shown from eqn (16) and
(17) and Fig. 8 that the rotor rotation speed has a direct effect on
the gas velocity angles and gas angle differences, thereby
impacting the rotor efficiency. Fig. 23a shows the variation of
the I60O75 rotor efficiency h with the rotation speed n using
xed pressure ports (the pressure ports were designed accord-
ing to the design speed nd used in numerical analysis and
performance experiments). When the rotation speed deviates
from nd, additional compression waves will be formed in the
rotor channels due to the inappropriate opening position of the
medium-pressure port, thereby breaking the ideal working wave
system.31 As a result, h increases rst and then decreases with
Fig. 23 The variations in the I60O75 rotor efficiency h with rotor rotatio
matching.

17308 | RSC Adv., 2022, 12, 17294–17311
an increase in rotation speed, and there is a certain speed ni that
optimizes the equipment efficiency. However, the ni values of
the I60O75 rotor at each compression ratio are not equal
because of variations in the incident and exhaust gas velocities
under different compression ratio conditions.

According to the gas ow characteristics in the rotor chan-
nels, both the high-pressure gas incident velocity and the
medium-pressure exhaust velocity decrease with a decrease in
the compression ratio b; alternatively, they rise as b increases.
The calculation results show that when b ¼ 1.15, both 4din and
4dout at the design speed nd are no longer the optimal values for
achieving the highest equipment performance, and both are
lower by roughly 4� relative to at b¼ 1.25. It can be shown based
on Fig. 9b and 12b that the efficiency reduction rate is relatively
higher when 4din and 4dout are smaller than the optimal values.
As a result, when b ¼ 1.15, a slightly lower rotor speed than the
design value has no noticeable effect on the opening time of the
medium-pressure port, while it can move 4din and 4dout closer
to the optimal values, resulting in ni < nd under these working
conditions. The speed ni that achieves the optimal equipment
performance is equal to the design speed nd when b ¼ 1.30, and
the efficiency decline rate as the speed rises at nd < n < 2844 rpm
is smaller than at b ¼ 1.25. Since the incident velocity of the
high-pressure gas rises with an increase in b, a slightly higher
rotational speed than the design value makes 4din closer to the
optimal value at b ¼ 1.30, reducing the efficiency decline at
higher speed.

Relevant research results show that an acceleration of the
channel opening process can signicantly reduce the ow loss
during the incident process and mitigate the damage to the
ideal wave system that is generated, since the channels cannot
open and close instantaneously when the pressure waves arrive
at the channel ends.32 However, according to the numerical
analysis results, if the increase in rotational speed amplies the
deviation of the incident and exhaust angle differences from the
optimal values, ow losses, such as viscous dissipation, will also
be enhanced, which negatively impacts the equipment perfor-
mance. Therefore, when the pressure ports constantly have the
optimal matching relationship with the rotation speed, the
inuence of changing rotation speed on the rotor performance
n speed: (a) fixed pressure ports; (b) pressure ports satisfying optimal

© 2022 The Author(s). Published by the Royal Society of Chemistry
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is governed by a combination of the two inuencing factors
mentioned above.

Fig. 23b shows the variation of the working efficiency of the
I60O75 rotor with the rotation speed n at different compression
ratio conditions when a ¼ 1.50. When the compression ratio
b is 1.25 (the reference condition for designing the bending
angles), 4din and 4dout increase from the optimal values of 2.5�

and 6.3� to 14.2� and 18.3�, respectively, during the process of
increasing the rotation speed from the design value nd ¼
2676 rpm to 4260 rpm. According to the previous numerical
analysis results, this change in 4din has a signicant negative
impact on the equipment efficiency. As a result, even if the
channel opening process is accelerated to some extent, the
increase in viscous loss caused by the increase in 4din leads to
only a small increase in the equipment efficiency when the
rotation speed increases within this range: the maximum
increase is less than 6%. The most efficient rotation speed is
only 3984 rpm. When n ¼ nd, the medium-pressure gas exhaust
velocity at b ¼ 1.20 is higher than that at b ¼ 1.25, causing the
exhaust gas to deect in the opposite direction to rotor rotation.
A certain amount of acceleration helps to weaken this deec-
tion, reducing the ow loss in the exhaust port. As a result,
when 2676 rpm # n# 3702 rpm, the efficiency improvement
ratio at b ¼ 1.20 is slightly higher than at b ¼ 1.25. In addition,
the efficiency reduction rate at b ¼ 1.20 is slightly lower than at
b ¼ 1.25 when n > 3702 rpm. Because the exhaust velocity at b¼
1.30 is lower than at b ¼ 1.25, 4dout is always greater than 0 over
the experimental speed variation range, and the effects of
exhaust loss in the medium-pressure port on equipment effi-
ciency only result in a slight change with rotation speed. The
incident velocity of high-pressure gas at b ¼ 1.30 is higher than
at b ¼ 1.25, and increasing the speed within a certain range is
conducive to moving 4din closer to the optimal value. Further-
more, since the incident pressure ratio is larger at b ¼ 1.30, the
effects of acceleration on reducing the incident loss are more
obvious.31 As a result, the efficiency improvement at b ¼ 1.30 is
larger than at b ¼ 1.25 for the same speed increase. When a ¼
1.50, at each compression ratio within the experimental range,
the variations of equipment efficiency with rotation speed
exceed 5.4%, while the maximum value reaches about 7.3%.

5. Conclusions

An ejection wave rotor with curved channels was investigated
for the rst time in this research in order to overcome the
defects of gas wave ejectors (GWEs) equipped with traditional
straight channels. The mechanism of inuence of the channel
bending angle on the wave system and gas ow was analyzed,
and the rst applied experiments involving curved rotor chan-
nels in GWE technology were carried out. The following are the
main ndings of this study.

1. A single-directrix scanning method for the construction of
curved rotor channels was proposed in this study. This
approach can establish curved channels with different line
types and angles via adjusting the basic directrix equation and
its key parameters, such as the envelope angle and the outlet
angle. The angles at both channel ends can allow a smooth
© 2022 The Author(s). Published by the Royal Society of Chemistry
transition using this method, and both end-faces of the chan-
nels may remain radially distributed.

2. The angle difference between the gas ow and channel
bending has a signicant impact on device performance. In the
scope of this research, when the exhaust angle difference 4dout

is # -3.9�, the exhaust gas from each channel ows in an
opposite direction relative to the rotor rotation in the medium-
pressure port; this increases the gas viscosity dissipation and
generates reversed compression waves, resulting in the back-
ow of the incident low-pressure gas. The equipment perfor-
mance is signicantly inuenced by the above-mentioned
reasons, and the efficiency of the equipment declines with
a decrease in 4dout. In contrast, when 4dout is >�3.9�, the effects
of changing 4dout on device performance are relatively minimal.
When the incident angle difference 4din is >5.0� or #�5.0�, the
channel walls reect or obstruct the propagation of compres-
sion waves and the incident gas ow, weakening the wave
system and causing a great deal of gas energy loss. As a result,
device performance basically deteriorates monotonically as
j4dinj increases.

3. The experimental results from a curved-channel rotor (the
I60O75 rotor, the inlet and outlet angles are 4pin ¼ 60� and 4pout

¼ 75�), when compared with a traditional straight-channel rotor
(the I90O90 rotor), show that backward curved channels can
improve the equipment performance under all working condi-
tions within the research range. In comparison with the I90O90
rotor, the equipment efficiency and ejection rate of the I60O75
rotor are improved by 11.3% and 8.6%, respectively, under
conditions where the expansion ratio a is 1.50 and the
compression ratio b is 1.25. The highest isentropic efficiency of
the I60O75 rotor reaches 61.6% within the experimental range.

4. The curved channels can effectively change the velocity
and direction of the gas ow, increasing the proportion of static
pressure out of the total pressure of the medium-pressure gas
and reducing the equipment operating power consumption.
Under all experimental working conditions with a relative
compression ratio jcom # 0.4, the static pressure increase ratio
jmsp of the I60O75 rotor can be increased more than 10%
compared with the I90O90 rotor. The operating power
consumption of the I60O75 rotor can be reduced by 21.8–
473.3 W compared with the I90O90 rotor under the experi-
mental conditions used in this study.

5. Because the gas jet velocity varies depending on the
working conditions, the incident and exhaust angle differences
are different according to the working conditions when the
device operates at the designed rotation speed with the bending
angles used in the I60O75 rotor. The inuence of the variations
of angle differences on device performance varies as the rota-
tion speed changes. Because the acceleration of rotor rotation
can weaken the energy loss generated during the gradual
opening and closing of channels, the working efficiency of the
I60O75 rotor can be increased by up to about 7.4% with an
increase in rotation speed within the experimental range when
the rotational speed is optimally matched with the pressure
ports.

This study advances theory related to GWEs and it provides
a new method for improving their performance. The relevant
RSC Adv., 2022, 12, 17294–17311 | 17309
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research ndings are useful for the popularization and appli-
cation of GWEs, and they have some reference value for the
research and development of other wave rotor technologies,
such as gas wave refrigeration.
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