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Abstract: In order to reduce efficiency losses and improve the aerodynamic efficiency of axial turbines
used in industry, the flow fields of the turbine stage were investigated numerically and experimentally
under different axial gaps in this work. The influence of the axial gaps on the flow unsteadiness
and the flow field distribution is discussed. The results show that the aerodynamic efficiency of the
turbine stage increases when the axial distance is reduced. The difference in entropy increases under
different axial distances are mainly found in the section from the stator inlet to the rotor inlet: the
turbine not only has a better time-average aerodynamic performance, but also has a better transient
aerodynamic performance under working conditions with a small axial distance. Additionally, the
maximum disturbance amplitudes of the stator and rotor are located near the trailing edge of the
stator and the leading edge of the rotor, respectively. Compared with the wake disturbance of the
upstream stator to the downstream adjacent rotor, the reverse disturbance of the downstream stator
to the adjacent upstream rotor is more sensitive to the change in the blade spacing.

Keywords: axial turbine; axial clearance; turbine efficiency; entropy increment

1. Introduction

In turbines, the axial gap between the blades not only affects the axial length and
the dynamic characteristics of the rotors, but also affects the distribution of aerodynamic
parameters of the blades, thereby affecting the efficiency of the turbine.

In the process of turbine design, in order to minimize efficiency loss and improve
aerodynamic efficiency, many scholars have studied and compared the flow characteristics
inside the turbine under different axial gaps [1-3]. However, no unified conclusion has
been formed to date, and some conclusions contradict each other. As early as 1952, Wu
Zhonghua found, in research on supersonic turbines, that the aerodynamic efficiency of
the turbine will increase with the increase in the axial gap of the turbine [4]. Subsequently,
Dring et al. found, in an experimental study of the axial flow turbine, that when the axial
gap is 15% of the axial chord length of the rotor blade, the fluctuation amplitude of the
unsteady pressure at the leading edge of the rotor blade can reach 80% of the relative
dynamic pressure [5]. Funazaki et al. and Park et al. found that, for the turbines with a
low aspect ratio, reducing the axial gaps can improve the aerodynamic performances [6,7].
Bellucci et al. found a strong interdependence between the axial-gap-related losses and
the aspect ratio and inlet Reynolds number [8]. Kikuchi et al. studied the aerodynamic
performances of a turbine with three different axial gaps under two different working
conditions. And the results showed that, under non-design conditions, the turbine efficiency
will increase approximately linearly with the decrease in stage spacing [9]. Oettinger et al.
used numerical simulation methods to study the influence of three axial gaps on turbine
performances, and the results showed that two-dimensional profile losses increase for
smaller gaps due to the higher wake-mixing losses and unsteady wake-blade interaction,
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and the turbine efficiency would increase with the decrease in axial spacing [10]. The
research results of Shu et al. indicated a significant effect of the axial clearance on the
flow field. When the axial clearance increases, the pressure fluctuation amplitude on the
blade surface decreases significantly, but the instability strengthens, and the efficiency
decreases slightly as the axial gap increases [11]. Li et al. conducted a numerical study
on the influence of axial gap changes on turbines. The results have shown that the flow
field in the blade tip seal undergoes complex changes with the increase in axial gap. The
large vortex is found in the cavity and the small vortex near the wall of the shroud. The
small vortex gradually disappears with the increase in axial gap. When the axial gap is
increased to a certain value, the reverse large vortex is formed in the cavity behind the low
teeth of the seal, and the leakage rate significantly increases [12]. Restemeier et al. also
conducted similar research on the turbine test (RWTH) of Aachen University. It should
also be noted that the smaller stage gap is more conducive to improving the efficiency of
turbines with small aspect ratios [13]. Researchers still lack a mature theory of the influence
of axial gap changes on turbine flow characteristics [14]. In order to further understand
the influences that the axial gaps have on the aerodynamic performances of the turbine,
the three-stage turbine model is used in the current article, along with experimental and
numerical simulation research. An analysis was carried out on the influence of the change
in axial gap on the aerodynamic performance of the turbine model.

In this paper, the aerodynamic efficiency of the three-stage turbine model with different
axial distances is measured experimentally at different speeds. Numerical models of the
three-stage turbine model with different axial distances are established as well, and the
aerodynamic efficiency of the turbine model is studied through numerical calculation.
The simulation results are compared with experimental measurements, thus verifying the
reliability of the numerical method. Part of the flow field of unsteady flow is extracted,
and the mechanism of the axial spacing of turbine stages on its unsteady aerodynamic
performance is revealed.

2. Experimental Setup

Figure 1 illustrates the experimental measurement setup for a three-stage turbine
model, which has been extensively studied experimentally on the inter-stage flow field [14].
In order to adjust the axial gap between the stator and the rotor, a gasket structure was
designed at the assembly point of the stator vane and the inner and outer rings. The axial
gap between the stator and the rotor can be changed by changing the thickness of the
gasket. When the axial distance between the stator and the rotor changes, the distance
between the rotor of the previous stage and the stator of the next stage will also be changed.

Figure 1. Three-stage turbine model. (a) Impeller tooling with adjustable gasket. (b) Partially enlarge
the image of the gasket.

Figure 2 shows the meridional flow path diagram of the turbine model, and marks the
installation position of the gasket between the stator and the inner and outer rings. The
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figure shows that, by changing the thickness of the gasket, not only can the axial distance
between the stator and the rotor in the stage be changed, but so can the axial distance
between the rotor of the upper stage and the stator of the next stage. When no gasket is
installed, the axial distance between the stator and the rotor is defined as maximum, and
this axial distance becomes smaller as the thickness of the gasket gradually increases.

Gasket Gasket Gasket

Y, i

Inlet statorl | [rotor stator2 | frotor’ stator3 | [rotor3 outlet

S

Figure 2. Schematic diagram of the meridian channel structure and gasket installation position of the
three-stage turbine.

The parameters of the stator and rotor at all stages are listed in Table 1. The three-stage
turbine model shows the first three stages of a supercritical unit: the blade root diameter
is 0.86 m and the blade height is 0.0439-0.04876 m. Table 2 lists the axial gaps between
the stator and the rotor in each stage under each working condition. When the average
value of the ratio of the axial gap between the stator and the rotor to the chord length
of the stator blade is 0.32, it is defined as a large gap (GAPL), when the average value
is 0.24, it is defined as the middle gap (GAPM), and when the average value is 0.15, it
is defined as a small gap (GAPS). Experimental measurements were carried out on that
three-stage turbine model to evaluate the aerodynamic efficiency as a function of rotational
speed for three axial gaps. During the measurement process, the total inlet temperature,
total pressure and outlet static pressure of the turbine were basically kept unchanged, and
the speed ranged from 1400 r/min to 2400 r/min. In order to reduce the influence of the
compressibility of the medium on the temperature measurement during the experiment,
temperature measurements were carried out at the diffuser with a stable inlet and outlet
flow fleid. The compressibility of fluid can be ignored because the mach number at the
measurement is less than 0.1. Table 3 lists the experimental measurement conditions for the
change in aerodynamic efficiency with the rotational speed under the three axial gaps. In a
speed range from 1400 r/min to 2400 r/min, an experimental measurement was carried
out every 50 r/min, and the output power of the three-stage turbine was obtained through
the hydraulic dynamometer.

Table 1. The main geometry parameters of the stator and rotor of the three-stage turbine model.

Relative Chord Average Exit

Blades Root Diameter/m Number of Blades Blade Height/m Length of Root G s o
Section eometric Angle/
Stator of stage 1 0.86 40 0.0439 0.52 12.29
rotor of stage 1 0.86 94 0.04433 0.7 21.81
stator of stage 2 0.86 40 0.0457 0.52 13.89
rotor of stage 2 0.86 94 0.04655 0.7 19.17
stator of stage 3 0.86 56 0.0479 0.52 14.24
rotor of stage 3 0.86 90 0.04876 0.7 18.86
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Table 2. Axial gaps between stators and rotors for the three-stage turbine model.

GAPL GAPM GAPS
The thickness of the shim/mm 0 6 12
Axial gap of stage 1/mm 21.82 15.82 9.82
Axial gap of stage 2/mm 22.94 16.94 10.94
Axial gap of stage 3/mm 229 16.9 46.55
The ratio of axial gap to chord length 0.35/0.29/0.33 0.25/0.22/0.24 0.16/0.14/0.16
Average of the ratio of axial gap to chord length 0.32 0.24 0.15
Table 3. Experimental conditions.
Definition Value Remark
Rotating speed /r-min~! 1400 2400 Measured at intervals of 50 r-min~!
Total pressure at the inlet/kPa 142
Total temperature at the inlet/K 350
Atmospheric pressure/kPa 95.7

3. Numerical Simulation

Steady and unsteady numerical simulations of the experimental turbine were carried
out. Figure 3 shows a schematic diagram of the three-dimensional calculation grid of the
blades of the three-stage turbine model. The current simulation uses a structured hexahe-
dral grid partition scheme. The three-stage turbines are divided into about 3.815 million
grids in total, and the specific grid distribution is shown in Table 4. The one equation S-A
turbulence model is used for steady and unsteady numerical simulations, and the value of
y+ in the entire calculation domain is maintained at around 1.

Table 4. Grid parameters.

Number of Grids Minimum Orthogonality Angle
Stator of stage 1 6,700,000 30.8°
rotor of stage 1 6,370,000 27.6°
stator of stage 2 6,510,000 33.4°
rotor of stage 2 5,930,000 30.7°
stator of stage 3 6,120,000 34°
rotor of stage 3 6,520,000 25.1°
total 38,150,000 -
(S1) ‘ (R1) (S2) ' (R2) (S3) ' (R3)

inlet outlet

Figure 3. Calculation grid for turbine model.

To improve the uniformity of the incoming flow field, an annular deflector is used at
the inlet, and the turbulence intensity at the inlet is controlled at 3-5%. In the numercial
calculation, the inlet turbulence intensity is set at a constant of 5%. Since the unsteady
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numerical simulation requires plenty of computing resources, the numerical simulation
only selects the three-stage turbine model at a speed of 1900 r/min to study the steady and
unsteady numerical values. Specific numerical solution methods are shown in Table 5.

Table 5. Grid parameters.

Steady Transient
Solver NUMECA FINE NUMECA FINE
Working fluid AIR (Perfect) AIR (Perfect)
Turbulence model Spalart-Allmaras Spalart-Allmaras
Solution method Steady, time advance HARMONIC
Order of solution - 2 (Max rank)
The treatment method of the Circumferentially conserved Fully unmatched
interface connection faces non-reflective interface

The numerical simulation first completes the steady calculation at different distances,
and then uses the steady calculation result as the initial value condition for the correspond-
ing unsteady calculation. The same boundary conditions are used for steady calculation
and unsteady calculation, and the specific boundary conditions are shown in Table 6. The
inlet and outlet parameters in the table are the experimental measurement parameters at
the corresponding speed.

Table 6. Boundary condition settings.

GAPL GAPM GAPS
Rotating speed /r-min~! 1900 1900 1900
Total pressure at the inlet/kPa 142.72 141.98 142.46
Total temperature at the inlet/K 353.65 353.15 353.65
The average static pressure at the outlet/kPa 95.73 95.73 95.73

4. Results Comparison and Analysis
The definitions of u and ¢ in the turbine equal efficiency speed ratio are as followed.

ntDn
= 1
U= )
2H,
- - 2
co 3 2
k=1
k " Pout . F
HOZRXEXTmX(l—(I%) ) ®)

In the above formulas: D is the root diameter of the turbine stage, the unit is m; n is
the speed, the unit is r/min; Hy is the total enthalpy drop, the unit is J/kg; T7, is the total
temperature of the incoming flow, the unit is K; P, is the outlet static pressure, the unit
is kPa; P;;, is the incoming total pressure, the unit is kPa; R is the air gas constant; k is the
ideal air adiabatic index.

The relative efficiency of the turbines are defined in the following formulas.

Mrel = ﬂref (4)
T*
1-
= ——"%& ®)

Pou &k
1_(p*t) ,

in
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T,,; is the total temperature of the turbine outlet, T}, is the total temperature of the
turbine inlet, and P, is the static pressure in the turbine outlet. P;, is the total pressure in
the turbine inlet.

In Figure 4, the curves in the aerodynamic efficiency of the turbine as a function of the
speed ratio at three different axial distances. Under the three different axial gap conditions,
there is an optimal equivalent speed ratio, which means that the aerodynamic efficiency of
the turbine is the highest. The optimal equivalent speed ratio is about 0.6. The reduction
in the axial gap between the stator and the rotor is beneficial to the improvement in the
aerodynamic efficiency of the turbine: when the average axial distance between the stator
and the rotor decreases from 0.32 to 0.15, the aerodynamic efficiency of the turbine increases
by about 1% at the best equivalent speed ratio. Preliminary analysis shows that while the
axial distance between the stator and the rotor decreases, the axial distance between the
rotor of the previous stage and the stator of the next stage increases. The enlarged cavity at
the outlet of the upper-stage rotor leads to a more uniform flow field when the flow blends
into the lower-stage stator, thereby improving aerodynamic efficiency.
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Figure 4. Experimental and numerical calculation efficiency diagrams under different working
conditions.

Figure 5 shows the efficiency comparison of experimental measurements, steady and
unsteady calculations under different axial distances (the rotational speed is 1900 r/min).
The steady and unsteady calculated aerodynamic efficiency is basically consistent with the
variation trend of the experimental measurement data. At the current speed, the experi-
mental measurement shows that the turbine efficiency difference between the maximum
and minimum axial gap is 0.93%, and the efficiency difference between the steady and
unsteady calculations is 0.65% and 0.66%, respectively. Both numerical calculation and
experimental results show that the aerodynamic efficiency of the three-stage turbine model
increases with the decrease in axial gap. Research was carried out on the variation law of
the flow field characteristics of the turbine stage with three different axial gaps. Since the
entropy increase directly reflects the macroscopic flow loss, the entropy increase is firstly
used to macroscopically analyze the axial flow of the turbine. 51y, 517, R1, R1; represent
the inlet position near the leading edge of the first stage stator, the outlet location near the
trailing edge of the first stage stator, the inlet position of the leading edge of the first stage
rotor and the outlet position of the first stage rotor trailing edge, respectively. Similarly,
529, S21, R21, R2; and S3y, S31, R31, R3; represent different positions of the second and
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third stages. Figure 6 shows the schematic diagram of six section positions of 52, 521, R2;,
R22, 530 and 531.

104 I T
= unsteady calculations
e steady calculations

§ 4 experimental measurements
>, 102 {
~

=

%
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' ——

= 100 2 ; ) 1
= - |

g

£ ‘ a

S 98- |
-9

)

=

9 T T
0.15 0.24 0.32

The ratio of axial gap to chord length

Figure 5. Experimental and numerical calculation efficiency results under different working conditions.

AN

Rotation direction

52_0 S2_1R2_1 R2_2 S3.0 %

Figure 6. Model’s partial cross-sectional schematic.

Figure 7 shows the entropy increase curve of the turbine model along the flow direc-
tion under the GAPL and GAPS conditions. The calculation of entropy increase is based
on parameters such as pressure and temperature, obtained from the calculation of each
characteristic section. The reference pressure and reference temperature use the total pres-
sure and total temperature of the first stage inlet, respectively, with the corresponding axial
gap representing the reference pressure and temperature. Due to the strong unsteadiness
of the flow inside the wake, the distribution of the velocity surface and Reynolds stress
is unsteady, and it is relatively difficult to study the relaxation effect of the wake flow.
Therefore, the steady and unsteady calculation methods are used to conduct a detailed
comparative study on the flow. The entropy increase under the GAPS condition is smaller
than that under the GAPL condition, and this difference mainly occurs in the section from
the stator inlet to the rotor inlet.
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Figure 7. Entropy increase for three-stage turbine simulation results. (a) steady calculation results.
(b) transient calculation results.

Compared with the GAPL condition, the axial distance between the stator and the
rotor of the same stage under the GAPS condition is larger, while the distance between the
previous stage and the latter stage is smaller. Since the wake produced by the stator is an
important factor affecting the aerodynamic performance of the turbine, the reduction in
axial distance between the stator and the rotor at the same stage will help reduce the scope
of the influence of the stator wake. Moreover, the larger distance between two adjacent
stages will better blend the wake of the upstream rotor blade outlet and the main flow,
thereby further increasing the uniformity of the inlet of the downstream stator blade. The
trend of entropy increases obtained by unsteady calculations and steady calculations are
basically the same, but in terms of specific values, the range of entropy increases obtained
by unsteady calculation is relatively larger. The reason for this is analyzed as follows:
the wake generated by the stator passes obliquely downstream along the direction of the
trailing edge of the stator. When the wake propagates to the leading edge of the rotor, the
wake is cut into two branches and continues to propagate downstream in the adjacent
rotor channel. Due to the pressure difference between the pressure surface of the blade and
the suction surface of the adjacent blade in the circumferential direction, the wake in the
rotor channel is gradually stretched, twisted and deformed, and approaches the suction
surface under the action of the pressure difference. Eventually, the wakes in adjacent
rotor channels merge and continue downstream. Under GAPS conditions, the wake of the
previous stage and the mainstream have enough time and space to mix more uniformly
before flowing into the stator channel of the next stage, so the entropy increase in the stator
channel is obviously small. Tables 7 and 8, respectively, provide the pressure disturbance
of different blade rows under GAPS and GAPL working conditions. The reference blade
row is disturbed by the adjacent blade rows over time, and this disturbance is called the
first-order disturbance. The disturbance caused by the reference blade row affected by the
blade row one row apart is called the second-order disturbance. Corresponding to this,
the first-stage stator (S1) brings first-order disturbance to the first stage rotor (R1), and the
first-stage stator (S1) brings second-order disturbances to the second-stage stator (52).
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Table 7. Disturbances of GAPS case.

S1 R1 S2 R2 S3 R3
Harmonicl S2 R2 S3 R1 S2 R2
Harmonic2 (S2,R1) S1 S1 R3 R3 (R2,53)
Harmonic3 R1 (R2,S2) (S1,R2) (R1,S2) (R3,R2) S3
Harmonic4 (S2,R1) S2 R2 S2 (S2,R2) (R2,S3)
Harmonic5 (R2,52) (S3,R2) (R1,52) R2
Harmonic6 (51,52) (S1,R1) (52,53) (S2,R2)
Harmonic7 R1 (R3,S3) (R3,R2)
Harmonic8 (S1,R1) S3
Harmonic9 (R2,R1) (R3,53)
Harmonicl0 (52,53)

Table 8. Disturbances of GAPL case.

S1 R1 S2 R2 S3 R3
Harmonicl S2 R2 S3 (53,52) S2 R2
Harmonic2 (S2,R1) (R2,52) S1 R3 R3 (R2,S3)
Harmonic3 R1 S2 (S1,R2) R1 (R3,R2) S3
Harmonic4 (S2,R1) (R2,52) R2 (R3,S3) (S2,R2) (R2,S3)
Harmonic5 S1 (S3,R2) S3 R2
Harmonicé (51,52) (S1,R1) (R3,S3) (S2,R2)
Harmonic7 R1 (R1,S2) (R3,R2)
Harmonic8 (S1,R1) S2
Harmonic9 (R2,R1) (R1,S2)
Harmonicl0 (52,53)

Figures 8 and 9 show the pressure disturbances on the second-stage stator and rotor
under GAPS and GAPL conditions. In Figure 8, harmonic4 (H4) is the largest disturbance
to the second-stage stator, and this disturbance runs through the leading edge of the stator
to the trailing edge of the stator in the entire range of blade height. The maximum value of
the disturbance is at the position of the trailing edge of the blade. Table 7 shows that the
disturbance comes from the second-stage rotor (R2). The disturbance of harmonic4 shows
the disturbance of the downstream second-stage rotor to the upstream adjacent stator (this
disturbance is also called potential interference in some existing studies). Judging from
the distribution of the disturbance along the flow direction, this disturbance gradually
decays against the flow direction, which also shows that the direction of this disturbance
is opposite to the main flow direction. In addition, harmonic7 (H7) only has a certain
pressure disturbance amplitude near the leading edge of the second stage vane at 50% of
the blade height. Comparing this with Table 6, we know that harmonic? is the amount of
disturbance applied by the upstream first-stage rotor (R1) to the downstream second-stage
stator, which also shows that, on the leading edge position of the upstream moving blade to
the downstream stator blade on the 50% blade height section, a small disturbance occurred.
The impact on other areas of the second-stage stator is almost negligible. Under GAPS
conditions, the upstream rotor has relatively little impact on the adjacent downstream
stator.

In Figure 9, the second-stage rotor is mainly affected by harmonic4/harmonic8 over
the whole blade height range. The harmonic4 (H4)/harmonic8 (H8) comes from the
disturbance of the second-stage stator (52), and the maximum disturbance occurs at the
leading edge of the rotor. The main cause of this disturbance is the propagation and
development of the upstream stator wake. Compared with the disturbance of the second-
stage stator (SX2), other disturbances to rotor 2 can be neglected. Compared with Figure 8,
the main disturbance experienced by the rotor of the second stage is about 40 times that of
the stator of the second stage. As the axial distance between stages increases, the pressure
disturbance on the downstream rotor surface brought by the upstream stator decreases only
slightly. For the GAPS working condition, generally speaking, the unsteady disturbance
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suffered by the stator is relatively weak, while the rotor is subjected to strong unsteady
disturbances and their respective maximum disturbances are located near the trailing edge
of the stator and the leading edge of the rotor. At the level of disturbance amplitude, the
extreme value of the pressure disturbance on the rotor is about 10 times the maximum value
of the pressure disturbance on the stator (the maximum pressure disturbance is around

400 Pa and 40 Pa, respectively).
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Figure 8. The amplitude of the first-order disturbance pressure on s2. (a) GAPS (10% of the blade
height) results. (b) GAPL (10% of the blade height) results. (c) GAPS (50% of the blade height) results.
(d) GAPL (50% of the blade height) results. (e) GAPS (90% of the blade height) results. (f) GAPL (90%
of the blade height) results.
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Figure 9. The amplitude of the first-order disturbance pressure on r2. (a) GAPS (10% of the blade
height) results. (b) GAPL (10% of the blade height) results. (c) GAPS (50% of the blade height) results.
(d) GAPL (50% of the blade height) results. (e) GAPS (90% of the blade height) results. (f) GAPL (90%
of the blade height) results.

5. Conclusions

The paper investigated the effect of different axial gaps on the aerodynamic per-

formance of the turbine using both experimental and numerical methods. The main
conclusions are as follows:

1.

The adjustment of the axial gap was realized through the gasket mechanism, and
an experimental research work was carried out on the aerodynamic performance
of the turbine under different axial gaps. The experimental research shows that the
aerodynamic performance of the turbine under different axial gaps is consistent with
the change trend of the equivalent speed ratio, and the best equivalent speed ratio
(ranging from 0.55 to 0.6) does not significantly change. The aerodynamic efficiency
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of the turbine stage increases when the axial distance is reduced. In the experiment,
when the average axial gap is reduced from 0.32 to 0.15, the aerodynamic efficiency of
the turbine increases by about 1% at the speed corresponding to the best equivalent
speed ratio.

The numerical model of the turbine under different axial gaps was established, and
the corresponding numerical research was completed. Both steady and unsteady
numerical studies show that the turbine efficiency increases as the axial gap decreases.
The experimental measurement shows that the turbine efficiency difference between
the maximum and minimum spacing is 0.93%, and the efficiency difference obtained
by constant and unsteady numerical simulations is 0.65% and 0.66%, respectively.
The research on the variation in turbine entropy increases along the axial direction
shows that the difference in entropy increases under different axial distances. This
mainly occurs in the section ranging from the stator inlet to the rotor inlet. Compared
with the working conditions with a large axial distance, when the axial distance is
small, the turbine not only has a better time-average aerodynamic performance, but
also has a better transient aerodynamic performance.

For the current turbine model, the maximum value of the unsteady disturbance
pressure amplitude on the downstream rotor is about 10 times and 40 times the
maximum value of the unsteady disturbance pressure amplitude on the upstream
vane under small spacing and large spacing times, and the maximum disturbance
amplitudes of the stator and rotor are located near the trailing edge of the stator
and the leading edge of the rotor, respectively. When the turbine stage spacing is
small, the disturbances in the downstream stator mainly derive from the downstream
adjacent rotor. As the stage spacing gradually increases, the disturbance exerted by
the downstream rotor, which is adjacent to the upstream stator, gradually weakens.
At the same time, the disturbance of the upstream adjacent rotor to the second-stage
stator gradually increases, and becomes the dominant factor in disturbances to the
downstream stator at the front edge of the 50% blade height section. Compared with
the wake disturbance of the upstream stator to the downstream adjacent rotor, the
reverse disturbance of the downstream stator to the adjacent upstream rotor is more
sensitive to the change in blade spacing.

Author Contributions: Conceptualization, C.Y. and L.F.; methodology, Z.Z.; software, H.Z.; valida-
tion, Z.Z., C.Y. and L.E; formal analysis, C.Y.; investigation, Z.Z.; resources, L.F; data curation, Z.Z,;
writing—original draft preparation, Z.Z.; writing—review and editing, H.Z.; supervision, L.F.; project
administration, C.Y.; funding acquisition, L.F. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by FUNDER grant number 52071106.The research in this paper
has been carried out with the financial support of the National Natural Science Foundation of China.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author, upon reasonable request.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations
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GAPS  Small gap between stator and rotor
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