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A numerical method was used to investigate the reaction degree effects on the
aerodynamic performance and flow structure of the single-stage transonic turbine. The
SST-γ-θ turbulencemodel was employed to predict a transition for the boundary layer near
the blade surface. This work utilized a public PW-E3 blade profile from NASA. Five different
reaction degrees were adopted, corresponding to Ω = 0.15, 0.27, 0.33, 0.44 and 0.59. In
addition, different off-design conditions were considered with three reaction degrees. The
efficiency, blade surface pressure and high Mach number distributions were significantly
associated with the reaction degrees. Results indicated that the highest efficiency point
was observed at Ω � 0.33. The trailing edge shocks and the reflected waves were visible
in the cascade channels. The Shock wave was easily detected in the stator channel at
lower reaction degrees while it was displayed in a rotor with a higher reaction degree. When
the reaction degree was increased, the high Mach number region was expanded in the
rotor channels while it was reduced in stators. Besides, the highest efficiency points were
also observed around π = 1.5 for all operating conditions. Furthermore, the critical pressure
ratio was discovered and the maximummass flow rate gradually decreases as the reaction
degree increases.
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1 INTRODUCTION

More power and higher efficiency are considered to be the permanent goals for high-performance gas
turbine design (Sandberg and Michelassi, 2022). The high turbine inlet temperature and highly
loaded means high efficiency and power for the gas turbine (Wei et al., 2022; Luo et al., 2022). By
increasing the stage load of a turbine, the number of turbine stages is reduced and the turbine
expansion ratio is increased, which can improve the work capacity of the turbine effectively and a
higher thrust-to-weight ratio is obtained. However, the turbine exit Mach number is raised inevitably
due to the increase of the turbine expansion ratio. Therefore, the turbine components are operated on
high load and transonic speed conditions.

The shock waves are generated in the transonic turbine cascade channels with high exit Mach
number and high expansion ratio. In particular, due to the high exit Mach number conditions, shock
waves are found at the trailing edge, which can cause a shock loss and also interference with the wake
(Yao and Carson, 2006). Trailing edge shock waves are thought to be one of the most important
reasons for the losses in transonic turbine cascades, and controlling the shock loss in transonic
turbines can improve the aerodynamic performance of the turbine effectively. Thus, it is quite
necessary to study transonic turbines with high exit Mach number and high expansion ratio,
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especially single-stage transonic turbines. Recently, many
researchers have investigated the flow characteristics and loss
mechanisms in transonic turbine cascades (Zhang et al., 2014;
Rehman et al., 2019). A high-fidelity large eddy simulation was
used to study some of the complex flow phenomena occurring in
bladed components by Hou et al. (2010), Lu and Dawes (2015).
The moving shock, shock-boundary layer interaction, and shock-
wake interaction were accurately described and analyzed for the
transonic turbine cascades. Börner and Niehuis (2021)
investigated the dynamics of the interaction between the shock
waves and the laminar separation flow in a transonic turbine by
using high-speed schlieren and surface hot-film sensor. Their
results indicated that the low frequencies characteristic of the
shock wave motions and the pulsations of the separated bubbles
were found by statistical analysis of the schlieren images, and an
unsteady shock wave on the suction surface was observed at the
upstream of the trailing edge. Zhao et al. (2016) discussed a
variety of blade losses for transonic turbines. They concluded that
the negative curvature design of the blade suction surface profile
was beneficial to reduce the trailing edge losses. Duan et al. (2018)
used the RANS (Reynolds-Averaged Navier-Stokes) method to
evaluate the loss characteristics of two representative transonic
turbine blades. The results showed that the boundary layer losses
and trailing edge losses determined the loss level in the subsonic
flow region. However, the losses generated by the shock waves
seemed to play a decisive role in the supersonic flow region.
Furthermore, the losses increased gradually with the rising of the
exit Mach number. Teia (2020) proposed a new supersonic loss

model for transonic turbines by analyzing data from schlieren
images and experimental measurements. Their main results
showed that pitch to chord ratio has a powerful influence on
the shock system. Therefore, the manner by which shock loss and
shock-induced mixing loss were distributed to constitute the
overall supersonic losses. Clark et al. (2018) discussed relied
on the physics of shock reflections itself to achieve a bowed
airfoil and circumferentially asymmetric vane spacing. It also
predicted that two methods of forcing reduction could reduce the
unsteady pressures on the blade as intended. Liu et al. (2022)
studied the transition process of turbulent wakes. They found that
the viscous effect got weakened for the supersonic flow with a
high Reynolds number, generating the large scale vortex streets.

Pau and Paniagua (2010) found that there were serious
aerodynamic losses due to the injection of coolant at the
trailing edge in transonic turbines, and reduced the turbine’s
performance. Denton (1993) predicted that trailing edge shock
losses were probably the largest single loss in transonic turbine
Cascades. Gao et al. (2019) showed that there was an optimal flow
to ensure that the injection at the trailing edge could increase the
static pressure at the tail of the suction side. Therefore, the blade
load and trailing edge loss were reduced effectively. Sieverding
(1983) used experimental and numerical simulations. It was
found that coolant injection through the trailing edge had a
positive impact on the base pressure at the trailing edge. The
maximum base pressure rise was up to 15% of the downstream
dynamic pressure at the transonic exit Mach number. Therefore,
the coolant injection at the trailing edge could increase the base
pressure and eventually reduce the aerodynamic losses.
Moreover, Raffel and Kost (1998) utilized the PIV (Particle
Image Velocimetry) technology to quantitatively measure the
transient flow field. The results indicated that the shock waves
caused the separation of the boundary layer on the suction surface
in the supersonic flow field, which not only increased the viscous
losses but also increased the secondary flow losses. In particular, it
had a negative influence on the cooling performance of the
suction surface. Carnevale et al. (2014) investigated the
coupling between film cooling and shock system in a transonic
flow field. It confirmed that the maximum uncertainty level was
observed downstream of the region where the shock waves
interacted with the boundary layer. Especially, the shock
generated complex flow structures. A number of researchers
have discussed and evaluated the blade tip leakage losses in
transonic turbines (Zhang et al., 2011; Atkins et al., 2012), and
analyzed the aerodynamic thermal characteristics (De
Maesschalck et al., 2014; Arisi et al., 2015). In particular, the
Very Large Eddy Simulation approach was conducted to predict
the Over-Tip Leakage (OTL) flow of the transonic turbine
cascades by Wang et al. (2021). It was found that the flow
structure of separated vortices and shock waves became more
complex in the clearance cavity with the increase of the blade tip
clearance. In particular, a change of the reaction degree affected
the leakage flow in turbine blades due to the variation in the blade
loading (Yoon, 2013). For the optimal design of transonic turbine
blade shapes, Joly et al. (2010) introduced a Multi-Objective
Optimization which was applied to the redesign of a transonic
blade. The objective of the steady-flow optimization was to

FIGURE 1 |Geometry. (A) Computational domain. (B) Inlet and outlet of
the stator and rotor.
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attenuate the propagation of shock waves downstream of the vane
while reducing the losses. Subsequently, a multi-objective
optimization method was applied to the three-dimensional
design of transonic turbine blade rows by Puente et al. (2015).
The decrease of the rotor dynamic pressure was verified by
unsteady numerical simulations of multi-stage blades. In
addition, Ji et al. (2017) selected three transonic turbine
cascades and used the adjoint method to optimize the design
of turbine cascades with different back pressures to find the
geometric parameters with the best aerodynamic performance.
Meanwhile, the adjoint method was also used to analyze the
evident shock features in the turbine cascade. Sonoda et al. (2004)
introduced a numerical optimization concept for aerodynamic
design based on evolutionary algorithms. A stronger trailing edge

excitation was split into several weaker trailing edge excitations by
optimal design. Thus, the flow losses in the turbine cascade were
probably reduced. To attenuate the downstream static pressure
transition caused by trailing edge shocks, artificial intelligence
combined with an adaptive mesh CFD solver was used to design
and optimize the transonic turbine blade shapes (Shelton et al.,
1993). The results showed that the shock intensity on the suction
surface near the trailing edge was reduced and the outlet flow field
was more uniform.

From the previous studies, it was found that a large number of
research results focused on discussing the potential losses due to
trailing edge shock waves in transonic turbines. Most of the above
studies have been devoted to investigating the blade tip leakage
and coolant injection in the trailing edge of transonic turbines.
Moreover, many researchers have adopted advanced blade
optimization design methods to decrease the possible losses by
trailing edge shocks. Actually, the reaction degrees are essential in
the aerodynamic design of turbomachinery (Noor et al., 2012).
However, only a small number of publications focused on
investigating the influence of the reaction degree parameters
on the aerodynamic performance in transonic turbines. In this
paper, the is selected as a research variable. It is significant to

FIGURE 2 | Mesh distribution.

FIGURE 3 | Mesh independence verification. (A) Mesh independence; (B) Numerical validation

TABLE 1 | Overall performance parameters of Case A1–Case A5.

Case Ω π qm [kg/s] η

A1 0.15 4.52 29.54 79.78%
A2 0.27 4.46 29.54 86.13%
A3 0.33 4.38 29.52 86.87%
A4 0.44 4.23 29.33 86.48%
A5 0.59 4.40 28.08 83.81%
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FIGURE 4 | Numerical results for different reaction degrees. (A) Expansion ratio and mass flow rate distributions. (B) Efficiency distribution.

FIGURE 5 | Mach number distribution for different blade height sections between Case A1 and A4. (A) Case A1. (B) Case A4.
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explore whether different reaction degrees can impact the flow
field characteristics of transonic turbine cascades. Details of the
waves structure in the cascades and the flow on the blade surface
are considered. In addition, the performance of transonic
turbines operating off-design conditions is investigated
numerically.

2 NUMERICAL METHODOLOGY

2.1 Computational Domain and Blade
Modeling
Figure 1A presents the Computational domain. The public
PW-E3 blade profile is utilized (Thulin et al., 1982). The
parameters at the stator and rotor mid-span are provided.
The stator numbers are 24 and the rotor numbers are 54. The
inlet foil angles are and in the stator and rotor, respectively.
The tip gap is 0.0185 in which is equivalent to 0.8% of the rotor
height. In this study, an in-house Blade-Editor code
independently completed by Harbin Institute of Technology
is further developed for the blade design of the single-stage
transonic turbine. The Blade-Editor code based on the 11-

parameter method models the blade by three profiles, which is
stacked to form a 3D blade shape. To investigate the effect of
inversion on the aerodynamic performance of transonic
turbines, five different reaction degrees are introduced, Ω =
0.15, 0.27, 0.33, 0.44 and 0.59. The reaction degree parameters
are adapted by adjusting the blade shape of the rotor, while the
stator is not changed. Figure 1B shows a schematic view of the
inlet and outlet of the rotor and stator blades. Section A and
Section B represent the inlet and outlet of the stator,
respectively. Similarly, Section C and Section D is the inlet
and outlet of the rotor.

2.2 Solver and Boundary Conditions
The RANS equations are solved by the commercial CFD software
ANSYS CFX, which is selected to calculate the three-dimensional
steady flow and heat transfer (Ananthakrishnan and Govardhan,
2018). The SIMPLE algorithm is used to handle the pressure-
velocity coupling. To reduce the numerical dissipation, a second-
order upwind scheme is used to discretize the computational
domain. The SST-γ-θ turbulence model is chosen to analyze the
flow behavior in single-stage turbine cascade channels (Kiran and
Anish, 2017). During the computational procedure, the residuals

FIGURE 6 | Blade surface pressure distribution of stator from Case A1 to Case A5. (A) 10%. (B) 50%. (C) 90%.
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for the continuity equation and momentum equations are
ensured to be less than 10−5. In this paper, the RANS model is
adopted to solve the governing equations:
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For the numerical simulation of the turbine devices, the rotor

speed should not be ignored. In this present study, the rotor speed
is set to 13,232 r/min. Real gas is employed as the working fluid
which is closer to the real transonic turbine working environment.
In particular, the total temperature and total pressure conditions
are determined at the entrance to the computational domain,
corresponding to Tp

in � 1673K and pp
0 � 1.362MPa. A constant

static pressure (p2 � 0.28MPa) is applied as the outlet condition.

FIGURE 7 | Mach number distribution of stators from Case A1 to Case A5.
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A periodic boundary condition is adopted at the two sides of the
domain and the no-slip wall condition is set for all walls, as shown
in Figure 1A. In addition high-resolution turbulence numerics and
a high-resolution advection scheme are utilized in this study to
reduce the computational errors.

2.3 Parameter Definition
The reaction degree Ω is defined as (Gardner, 1979; Dixon and
Hall, 2013):

Ω � ps,out − pr,out

ps,in − pr,out
(4)

Where ps,in and ps,out are the mean static pressure for the inlet
and outlet of stators, respectively. pr,out is the mean static pressure

for the outlet of rotors. Besides, ps,out is also used as the mean
static pressure for the inlet of rotors.

The power P is defined as:

P � M · ω (5)
Where M is the torque of the rotor blades, ω is the angular
velocity of the rotor blades.

The efficiency of the stage η is defined as:

η � P

qm · cp · Tp
in · [1 − (pp

2/pp
0)k−1k ] (6)

Where cp is heat capacity of the gas, κ is the isentropic exponent.

FIGURE 8 | Density gradient distribution of stators from Case A1 to Case A5.
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2.4 Mesh Information and Numerical
Validation
An in-house grid generation code is used to create the structured
mesh. The quality of the structured mesh is above 0.3, showing the
stability and accuracy of the in-house grid code. Figure 2 illustrates
the overall view of the structured mesh and details of the mesh near
the top and hub of the blade. To ensure that the Y Plus value is less
than 1, the first layer grid height near the blade wall is set to
0.005 mm, which meets the calculation requirements of the SST-γ-θ
turbulence model. The O-Grid and H-Grid are applied to capture
the flow structure for the blade passage, and this modeling method
makes the meshmore uniform. Amesh independence verification is
introduced in this work. Figure 3 shows the η and P distributions
with different mesh numbers. It is found that the monitored values
are kept almost constant as the grid number ismore than 3.0million.
Therefore, 3.0 million grid elements are chosen in this study.

The blade surface pressure experimental data of PW-E3 stator
blademid-span cascade was used to validate the numerical method
in this study. To approximate the experimental conditions, ideal air
is adopted. Figure 3B shows the comparison of the experimental
results and numerical results. The result with SST-γ-θ turbulence
model delivers perfect accuracy for pressure distribution by
comparison with the experimental data.

3 RESULTS AND DISCUSSION

3.1 Overall Performance
Table 1 presents the overall performance parameters from Case
A1 to Case A5, including reaction degrees, expansion ratio,

efficiency, mass flow rate. To obtain the approximate
expansion ratio π = 4.4, the method of adjusting the outlet
back pressure was utilized. Meanwhile, the stator blade shape
was slightly adjusted to stabilize the mass flow rate around
29.53 kg/s (relative error less than 5%). Figure 4A presents the
distributions of expansion ratio and mass flow rate at different
reaction degrees, and the black solid line and the red dashed line
indicate the expansion ratio and mass flow rate, respectively. For
Case A4, the maximum expansion ratio error is 3.84% at
Ω � 0.44. The biggest mass flow rate error is 4.81% for Case
A5. It seems that the expansion ratio and mass flow rate are not
deviated from the design condition, corresponding to π = 4.4 and
qm � 29.53kgs. Figure 4B provides the distribution of efficiency.
The result shows that the efficiency of the stage shows a
considerable increase with the reaction degrees grows from
0.15 to 0.33. Then it experiences a decreasing trend as the
reaction degree is above 0.33. Thus, the highest η is found at
Ω = 0.33 for Case A3. For Case A5, the efficiency of stage is
diminished by 3.52% compared to Case A3. From the above
results, it can be found that the efficiency of the stage is directly
associated with the reaction degrees.

Cases A1 and A4 are adapted to analyze the overall flow
structure in a transonic turbine. Figure 5 shows the contours of
Mach number distribution along with the blade height at 10%,
50%, 90% span sections for Case A1 and Case A4. It suggests that
the primary expansion and acceleration regions of the fluid are
observed in the stator cascade channels for Case A1. The red
zones in the graph indicate that supersonic flow may have
occurred. However, it is difficult to recognize the acceleration
region in the rotor channels compared to the stator. In addition, a

FIGURE 9 | Exit Static pressure and Mach number distribution of stators. (A) Exit Static pressure. (B) Exit Mach number.
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distinct line is noticed in the stator cascade channels, which is an
indication of the appearance of the shock structures. Then the
Mach number zones are suddenly decreased through the shocks
and continue to expand and accelerate, and this transition is
noted near the trailing edge of the stator. Therefore, shocks may
be the key factor for the complex wave system in the stators. It
should be noticed that the local high Mach number areas are
displayed near the leading edge of the rotor, as shown in
Figure 5A. This phenomenon becomes more obvious at 10%
span near the endwall.

For Case A4, the flow characteristic is quite different compared to
Case A1. According to Figure 5B, the local supersonic regions and
shock waves are not observed in the stator cascade channels. It
suggests that a high reaction degree blade shape design is likely to
provide a more uniform flow in stator channels. Thus, the relatively
stabilized flow state can still be achieved for the fluid in the rotors.
Besides, for case A4, the expansion and acceleration of the flow are
monitored in the rotor channels, but not in the stator. The flow field
in the outlet of rotors is characterized by complex wave systems. The

Mach number near the trailing edge is significantly reduced after
passing through the inner trailing shock. In addition, the outer
trailing shocks near the trailing edge also interfere with the wake.
Both of the shocks are considered as the decisive factors affecting the
efficiency of the turbine stage. Moreover, the flow characteristics of
the rotor inlet are also more uniform, and the high Mach number
areas near the leading edge of the rotors are gradually decreased.
Therefore, the flow field is sensitive to the blade height for Case A1
which represents a low reaction degree design. In general, the wave
system structure becomes more complex due to the influence of end
wall losses in low reaction degree designs.

3.2 Flow Analysis for Stators
Figure 6 presents the blade surface pressure distribution of the
stator cascade channels from Case A1 to Case A5. The results
indicate that the stators are after-loaded blade shapes. In
addition, the pressure distributions on the suction surface
side for all cases with different reaction degrees present
significant discrepancies, which are mainly concentrated in

FIGURE 10 | Blade surface pressure distribution of rotor from Case A1 to Case A5. (A) 10%. (B) 50%. (C) 90%.
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the tail of the suction surface in the axial chord range of above
0.6. Figure 6C demonstrates the lower pressure fluctuations at
90% span. It means that the flow field near the blade top is

potentially more uniform. However, the flow structures in the
middle section and the section near the end wall of the stators
are assumed to become more complex through the lines with

FIGURE 11 | Density gradient distribution of rotors for different cases.
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irregular and violent fluctuations, as shown in Figures 6A,B. In
particular, the initial position where pressure fluctuations
emerge is progressively backward as the reaction degree

decreases by comparing five different cases. Probably because
of the low reaction degree designs, the visible pressure
fluctuations are found in the tail of the suction surface for

FIGURE 12 | Mach number distribution of rotors for different cases.
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Case A1, Case A2, Case A3. Associated with Figure 8, the
trailing edge shocks are presumed as one of the primary reasons
for the strong pressure fluctuations at the suction surface.

To investigate the distinctive details of the wave system
and flow structure in the stator channels, the Mach number
distribution of stators is analyzed from Case A1 to Case A5,
as shown in Figure 7. In addition, the red zones at the end of
channels decreased progressively with increasing the blade
height, which means a definite diminution of the high Mach
number regions. The results of Case A3 indicate the
turbulent Mach number distribution in the stator channels
and the possible emergence of complex vortex surfaces.
Furthermore, this phenomenon is more easily observed
for lower reaction degree cases. The strip dividers are
mixed in the red accelerated areas especially Case A1 and

Case A2, which are assumed to have generated shock waves.
Because of the smaller curvature of the front end of the
suction, the flow achieves the sonic velocity at first. Then, it
continues to expand and accelerate, and the speed is dropped
abruptly after crossing the trailing edge shocks. For all cases,
the red areas implying supersonic velocities diminish
gradually as the reaction degree increases. In particular,
the red supersonic areas are invisible and the intermittent
expansion and acceleration regions do not exist for Case A4
and Case A5. Meanwhile, the regions with Mach number
above 1 are not observed in the stator channels for Case A5,
and the shocks structures in Case A5 are not organized in the
density gradient distribution in Figure 8. It suggests that the
flow field is possible in a subsonic state, and the shock waves
are not generated. In addition, it implies that the ability of

FIGURE 13 | Exit Mach number distribution of rotors.
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expansion and acceleration in the stators are gradually
diminished as the reaction degree grows. Besides, the
mean maximum Mach numbers at the outlet of the stators

are calculated from Case A1 to Case A5, corresponding to
1.88, 1.47, 1.32, 1.12 and 0.87. Therefore, the acceleration
capacity of the flow is weakened after passing the shock

FIGURE 14 | Efficiency and Mass flow rate characteristic line of different reaction degrees. (A) Case A1. (B) Case A3. (C) Case A5.
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waves, so the maximum Mach number at the stator exit is
also significantly reduced with the increase of reactive
degrees.

Figure 8 shows the density gradient distribution of stators
from Case A1 to Case A5. The highlighted structures in the flow
channel are the locations of significant density gradient changes.
The density gradient is changed probably due to the compression
of the flow after passing through the shocks. It is shown that the
density gradient is increased rapidly. Then the density gradient is
decreased after crossing the trailing edge shock waves. In
addition, the stronger shock waves occur at the position
indicated by the arrow in Figure 8, and the pressures start to
rise at the same locations on the suction surface in Figure 6. For
five cases, the angle between the inner trailing shocks and the
chord direction is gradually increased. The landing point in the
relative blade is closer to the leading edge. In particular, the
shocks structures are more sensitive to blade height and reaction
degrees. The radial stripes on the trailing edge are more
pronounced in the lower reaction degree schemes, e.g., Case
A1, Case A2. However, the trailing edge shocks are almost
invisible. Thus, it indicates that the shock structures may be
stronger in a lower reaction degree case than a higher case.

Figure 9 presents the Exit Static pressure and Mach number
distribution of stators. In general, the distribution of static
pressure and Mach number shows a quite opposite trend as
the reaction degree increases. Figure 9A illustrates that the static
pressure distributions also show essentially the same trend with
increasing reaction degrees. On the other hand, Mach number
distributions in Figure 9B demonstrate a different color change
as compared to static pressure. The exit Mach number of the
stators is increased with the decrease of the reaction degrees.
Thus, the cases with a lowerMach number probably have a higher
static pressure in the outlet of the stator. A quite interesting
phenomenon is that several vortex structures are observed in the
static pressure and Mach number distributions in Case A1 and
Case A3. It indicates that the aerodynamic parameters of the
stators are more sensitive to a lower reaction degree. A lower
reaction degree design may enlarge the scale of the vortex. The
static pressure and Mach number at the outlet are influenced due
to the combined effect of the continuous vortex characteristics
and the shocks at the trailing edge. Subsequently, the flow
characteristics impact the flow field of the following rotor. The
predicted Mach number distribution of the rotor runner may be
consistent with the above assumptions, as shown in Figure 12.
The relatively regular laminar distributions of the static pressure
and Mach number are revealed for Case A5. However, slender
vortex structures are observed in the area close to the suction
surface and the pressure surface. For Case A1, the existence of a
localized slender vortex is noticed in the high static pressure
region and the corresponding low Mach number region. It
implies that the trailing edge shocks are present in the
above areas.

3.3 Flow Analysis for Rotors
To explain the impact of reaction degrees on the flow field of
the rotor cascade channels, the blade surface pressure
distributions are analyzed from Case A1 to Case A5.

Figure 10 illustrates that The load at the front of the rotor
blade is gradually reduced and the load at the tail is increased as
the reaction degree grows. Therefore, the rotor is a front-
loaded blade shape for Case A1 and the after-loaded blade
shapes are assumed for Case A4 and Case A5. A higher reaction
degree design demands the greater strength requirements of
the blade tail. In particular, the blade surface pressure of the
rotor is more sensitive to the reaction degree compared to the
stator in Figure 6. The change is found on both the Pressure
surface side and the Suction surface side. The blade surface
pressure on the pressure surface side is increased progressively
with the increase of the reaction degrees. Similarly, the
pressures on suction surfaces of the rotor display the same
tendency as the pressure surfaces at less than 0.8 axial chord.
For all cases, it suggests that the blade surface pressure of the
suction surface is raised rapidly. Furthermore, the location of
the pressure lifting is essentially consistent with the location of
the trailing edge shocks reflected in the suction surface, as
shown in Figure 11. Therefore, the trailing edge shocks are
presumed to be the key factor for the predicted pressure rise at
the suction surface.

Figure 11 illustrates the density gradient distribution in the
rotor cascade channels. For Case A1, the significant increase
of density gradient distribution occurs at the leading edge of
the rotor, which is more visible near the end wall. The
structures even weaken the effect of trailing edge shocks.
Besides, the trailing edge surge structure is significantly
visible for Case A5, which is different from the
distribution of shocks in Figure 8. In addition, the inner
trailing shocks at the trailing edge are reflected after touching
the neighboring blades. The shocks are more inclined with the
increase of reaction degrees, and the angle with the blade is
smaller. Thus, the reflective position of the suction surface is
closer to the trailing edge.

Figure 12 shows the Mach number distribution of rotors for
different cases. The red high Mach number regions gradually
grow with the increase of the reaction degrees, which is
opposite to the Mach number distribution in the stator
channels. It indicates that the expansion and acceleration of
the fluid are enhanced in the rotor channels. In addition, the
existence of the red supersonic regions at the leading edge of
the rotor suction surface for Case A1. It speculates that the
stator may have a higher exit Mach number with a lower
reaction degree, which can be confirmed in Figures 7, 9B.
Then, the sonic speed was achieved at the rotor inlet. Besides,
the abrupt reductions of the high Mach number distribution
are observed at the trailing edge for different cases. It is
presumed that the supersonic flow has encountered the
trailing edge shocks in this area, and this phenomenon is
more visible in Figure 11.

Figure 13 presents the exit Mach number distribution of
rotors for different cases. The exit Mach number of the rotor
is significantly increased with increasing reaction degrees. For
Case A1, there is a distinct cloud of low-energy fluid near the
suction surface of the middle channel. It seems that the expansion
and acceleration in the rotor channels are weakened due to the
lower reaction degrees. The action of the lateral secondary flow is
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emphasized by coiling up the low-energy fluid of the boundary
layer, which accumulates at the suction surface. In addition, with
the increase of the reaction degrees, it can be found that the
sequence is high Mach number-low Mach number-high Mach
number-low Mach number from the pressure surface to the
suction surface, approximately. It is assumed that losses are
generated after passing through the shock waves. The flow
decelerates and the pressure rises, resulting in the appearance
of a low Mach number region on the left side. The flow continues
to expand and accelerate. However, there is another loss after
encountering the reflected wave of the shocks. The second low
Mach number region is not obvious due to the intensity of the
reflected waves being less than the shocks.

3.4 Off-Design Conditions Analysis
To study the operating performance of transonic turbines with
high expansion ratios at off-design conditions, Figure 14
illustrates the efficiency and flow distribution for different
pressure ratios and speed range from Case A1 to Case A5. It
shows that the speed, pressure ratio, and reaction degree have a
significant influence on the performance of the transonic turbine.
For all cases, a similar trend is observed in the efficiency
characteristic lines. As the pressure ratio increases, η is
increased rapidly at pressure ratios between 1 and 1.5. As the
pressure ratio continues to be increased, η is decreased and then
reduced slightly. Therefore, the positions of highest η are found
around π = 1.5. It is assumed to be the design operating point of
the turbine. This is because the fluid velocity continues to rise
with the increase of π. The supersonic phenomena may emerge. It
implies the production of shocks and the appearance of shock
losses. For different speeds, the turbine efficiency is improved as
the speed increases after the design operating point. At low-speed
conditions, η is more sensitive to the change of pressure ratio.
Besides, the decreasing trend of η is more obvious for the higher
reaction degree cases as π is above 3. But the change of η is
invisible for Case A1. This is because the high reaction degree of
the blade shape has a larger flow deflection angle, and the shock
loss is increased after the pressure ratio is raised. For different
reaction degree cases, the trend of the flow characteristic line is
essentially similar. The qm of the turbine is rapidly increased with
the increase of π. Furthermore, the highest qm is distributed with
a drop pressure ratio between 2 and 3. The qm is grown with the
increase of speed before π = 2.5. Subsequently, π continues to
increase and the qm is almost constant. It is speculated that
blockage occurs in the flow channels due to reaching the critical
pressure ratio. In general, the critical pressure ratio that achieves
the largest flow is increased with the increase of reaction degrees.

4 CONCLUSION

Five cases of reaction degrees were used to analyze the
aerodynamic performance and cascade flow structure of a
single-stage transonic turbine. In addition, off-design
conditions were calculated for different cases. The main
conclusions were summarized as follows:

1) The efficiency of transonic turbines was more sensitive to the
reaction degrees. The turbine efficiency distribution was
showed a trend of increasing and then decreasing with the
increase of the reaction degrees at the designed operating
conditions. Thus, the maximum efficiency was obtained at
Ω = 0.33.

2) The expansion and acceleration of the fluid were observed in
the rotor cascade channels at relatively higher reaction
degrees. However, this phenomenon was found at a lower
reaction degree in the stators. In addition, the shock waves
were monitored at the supersonic regions. The shock waves
were assumed to be the key factor in the generation of
complex flow structures.

3) The stators were all after-loaded blade shapes. But the rotors
were turned from front-loaded to after-loaded due to the
increase of reaction degrees. In particular, the inner trailing
shocks crossed the cascade channel and formed reflected
shocks in the adjacent blades. The angles between the inner
trailing shocks and the chord length direction in stators were
increased, and the reflection point of the shocks was
progressively closer to the leading edge as the reaction
degrees increased. However, the angles of the rotors were
reduced and the reflection point was gradually moved closer
to the trailing edge.

4) For off-design conditions analysis, the efficiency distribution
had presented a trend of increasing and then decreasing with
the rise of the pressure ratio. In particular, the highest
efficiency distribution was marked around π = 1.5. The
blockage occurred at the critical pressure ratio. The critical
pressure ratio became larger with increasing reaction degrees,
and the max flow rate was reduced.
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NOMENCLATURE

Abbreviations
cp Heat capacity [kJ/(kg·K)]
M Torque [N·m]

p Pressure[MPa]

pp
0 Inlet total pressure of Computational domain [MPa]

p2 Outlet static pressure of Computational domain [MPa]

pp
2 Outlet total pressure of Computational domain [Mpa]

pr,out Outlet total pressure of rotor [MPa]

ps,in Inlet total pressure of stator [MPa]

ps,out Outlet total pressure of stator [MPa]

P Power [MW]

qm Mass flow rate [kg/s]

Tp
in Inlet total temperature of Computational domain [K]

Greek symbols
Ω Reaction degree

π Pressure ratio

η Efficiency [%]

ω Angular velocity [s−1]

κ Isentropic exponent

Abbreviations
CFD Computational fluid dynamics

SST Shear Stress Transport model
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