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Swept blade technology was used to redesign the supercritical steam turbine sets that could improve the inner-efficiency of turbine
sets and decrease the consumption of coal the noxious gas such as NOx.The eighth high-pressure stages, including static and rotor
cascades, were selected as tested prototypes that were blew in the low-velocity wind tunnel.We used the five-hole ball head needle to
measure the aerodynamic parameters distribution along the width and span direction of the high-pressure stage cascades.With the
inkblot display technology, the limit flow spectrums were displaced in the blade surface and the endwalls. These tested data could
be used to check the simulation results of CFD software. To improve the efficiency of the steam turbine high-pressure (HP) stage,
we selected the supercritical steam turbine HP stage cascade blade as the prototype to research into its inner flow performance of
the axial-swept blade by the CFD software. Two different redesigned blades, with ±20∘, swept angle, and 30% swept height, named
axial fore-swept and axial aft-swept, were built up.The stage passages flow field of the prototype blade, and the two redesigned swept
blades were simulated using CFD software with stage interface planes between the stages. The CFD simulation results indicated
that the leading edge of swept blades influenced the inlet flow field; the pressure in aft-swept blade stage in both endwalls was
higher than in the middle and was beneficial to improve the passage flow properties of HP stage. But for the fore-swept HP stage,
its pressure distribution was lower in both endwalls than in the middle and not beneficial to passage flow.

1. Introduction

In recent years, as oil and coal were becoming scarce and
their prices were rising, people paid more attention to the
problems of energy conservation and environmental protec-
tion than before; at the same time, many countries planned
to develop steam turbine power station with high efficiency.
Improving turbine machinery internal efficiency is one of the
eternal targets for turbinemechanical engineers and scientific
researchers. People had attempted manymethods to improve
the internal efficiency of the steam turbine and have achieved
a lot of achievements. Later, it is found to be a good idea
following the design concept of an aircraft wing. The swept
concept of turbine cascade came from the swept aircraftwing.

From 1950 to 1970, Beatty [1], Godwin [2], Smith [3],
Lewis [4], and so on researched low-speed tests of aft-swept
blades with a straight leading edge. Gostelow & Smith’s [5]

thought there is no evidence to indicate the aft-swept blade
can raise the flow efficiency in the laboratory experiment. In
1997, Wadia [6] found that the fore-swept blade can increase
the efficiency and the surge margin. Sasaki [7] defined swept
angle and swept height in the two-dimensional coordinate
system. Based on the difference between the inner and outer
flows, Zou et al. [8] defined the swept angle in the three-
dimensional coordinate system.

Weingold et al. [9] measured the performance of a three-
stage compressor in the fore-swept and aft-swept blades and
concluded that the velocity stall of corner zones disappeared
and the overall efficiency increased by 1%. Corsini & Rispoli
[10] also thought that the fore-swept can reduce the flow loss.
In document [11], the influence of forward-swept blade on the
gaps flow was studied. It is considered that the swept blade
increased the stall margin and reduced the flow loss in the
cascade passage.
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Although the swept blade of compressors had beenwidely
researched and used, the studies of turbine were not enough.

Feng et al. [12, 13] considered that the flow loss of axial aft-
swept static blade cascades is less than the prototype blade
cascades, and the axial aft-swept rotor is nearly the same
as the prototype blade. Bhaskar [14] designed a fore-apart
swept blade and a lean blade; the change part was near the
tip regions of axial flow turbine rotor blades. Bhaskar’s results
show that the two redesign blades can reduce about 20∼25%
tip loss against prototype blade at 0∘ and 10∘ incidences and
the swept can reduce the wake loss a little.

Shi et al. [15] conducted on the unsteady simulation of
the flow fields of the forward-swept rotor and concluded that
the inlet circumferential total pressure distortion had caused
the deterioration of performance. Liu et al. [16] used the
full cavitation model to predict the cavitation performances
of pumps under the designed point condition and near the
stall point condition to investigate the effects of the swept
blade on the cavitation performance and distribution of
pressure on blade surfaces of an axial flow pump. According
to the numerical results, the swept blade changes the hump
characteristic of the axial flow pump, controls the onset
and growth of the secondary flows, and recovers the low
energy fluid in the endwalls. Bamberger et al. [17] researched
the aerodynamics and noise of the swept fan by CFD and
developed a high efficiency and low acoustic fan at the design
point. Larwood et al. [18] developed a new sweep rotor that
can increase efficiency and capturemorewind energywithout
increasing blade load.

In 2015, Neshat et al. [19] investigated the simultaneous
effects of the sweep and lean of the blades in one stage of
a transonic compressor on its performance. The numeri-
cal results indicated that the backward sweep rotor blade
increased the stage efficiency by 0.5% at design conditions,
while the stall margin reduces, and the chocking mass flow
rate diminished by 1.5%. A series of swept and straight
cascades was modeled and simulated by CFD package shown
in the document [20]. The results indicate that blade sweep
does affect inlet radial equilibrium, such as blade camber
angles, solidity. Halder et al. [21] researched an unswept blade
and a 10∘ backward-swept blade, respectively. It was found
that the backward-swept blade strongly affects the blade stall
margin. It was also observed that the flow separation of the
swept and unswept blades occurs near the trailing edge and
the leading edge, respectively. Jeong et al. [22] conducted
a computational study to investigate the rotor blade sweep
effect on the aerodynamics of turbine stage with and without
tip gap and found that the positive sweep blades show a better
aerodynamic performance than the prototype blade. Ding et
al. [23] introduced an optimal designmethod of swept blades
of Horizontal Axis Wind Turbines, which comprehensively
take both annual energy productions (AEP) and blade root
loads into account.

In 2017, Khalafallah et al. [24] investigated the effect of
blade curvature, sweep starting point, and sweep direction
on the wind turbine performance and found that the best
performance was obtained when the starting blade sweeps
at 25% of blade radius of different directions of the sweep.
Pavese et al. [25] researched the backward-swept blades for

passive load alleviation on wind turbines. They concluded
that mildly and purely backward-swept shapes are the best
option because they allow the wind turbine to achieve load
alleviationswithout a large increase of the blade root torsional
extreme and life-time equivalent fatigue moment.

In 2018, Feng et al. [26] used CFD technology to simu-
late the aerodynamic performance of steam turbine nozzle
cascade and found that the aft-swept blade can effectively
improve the corresponding flow characteristics and reduce
the total pressure loss. Meanwhile, it has better aerodynamic
performance than the straight blade and the fore-swept blade.
Kaya et al. [27] investigated the aerodynamic performance of
Horizontal Axis Wind Turbines (HAWTs) with forward and
backward-swept blades and found that the forward-swept
blades can increase the performance while the backward-
swept blades tend to decrease the thrust coefficient. Tomodel
and analyze the effect of the circumferential nonuniformity
on the flow field of a swept cascade, a kind of stress transport
model was integrated into the throughflow model by 3D
numerical simulation. The results show that the nonunifor-
mity induced by the inviscid blade force will reorganize the
inlet flow field of the blade passage and change the inlet flow
angle, thus causing the redistribution of the radial balance
of the inlet [28]. In 2019, Achilles et al. [29] presented a
concept of an actively controlled horizontal axis wind turbine
through varying blade tip sweep. A modified Blade Element
Momentum model was used in the simulations of wind
turbine that the results meet very well with the preliminary
results.

Swept blade technology has been used in the fan, com-
pressor, turbine, wind turbine, and pump et al. by test
research andCFD simulation and theory analysis, but seldom
researches used the swept blade technology in the steam
turbine stage. So, this paper changed the swept height and
the swept angle to form three blades (fore-sweep, aft-sweep,
and prototype blade) and studied the influence of axial
sweep on the aerodynamic performance of steam turbine
HP stage with NUMECA software.The numerical simulation
results indicated that the axial aft-swept can improve the
aerodynamic performance ofHP steam turbine cascades than
the prototype blade.

2. Geometric Model and Definition of
Axial Sweep

By using super-critical HP steam stage blade as prototype
blade (PB) and changing the sweep angle (A) and sweep
height (H), we can obtain two new blades, including axial
fore-swept blade (SWF) and axial aft-swept blade (SWB),
through changing the stacking line.

According to the tilt direction of the coming flow com-
pared with the leading edge (LE) line of the blade, swept
blades include SWF and SWB. SWF means that the LE line
tilts against the direction of coming flow, and, on the contrary,
it is SWB. The geometric definition of the axial sweep was
shown in Figure 1. TE is the trailing edge. SWF and SWB
denoted the axial sweep angles are +20∘ and -20∘, respectively,
and the sweep heights are all 30 percent of the blade height.
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Figure 1: Prototype blade, fore-swept, and aft-swept blade: (a) prototype blade; (b) fore-swept blade; (c) aft-swept blade.

Table 1: Geometric parameter of prototype blade.

Geometric parameter Static blade Rotor blade
Tip Diameter (mm) 1249.39 1099.2
Blade Height (mm) 157.29 166
Diameter to Height Ratio 6.94 6.62
Chord length (mm) 64.37 71.86
Aspect Ratio 2.44 2.31
Pitch-Chord Ratio 0.778 0.801
Blade Number 64 60
Blade Inlet Angle 65.5∘ 53.5∘

Blade Outlet Angle 17.5∘ 17.5∘

Figure 2 depicts the 3D-model of the static blade and the
tip and root of the blade profile. Figure 3 depicts the 3D-
model of the rotor blade and the tip and root of the blade
profile. The geometric detail parameters of static and rotor
blades are shown as Table 1.

3. Computing Method

3.1. Grid Mesh and Boundary Conditions. The simulation
boundary condition was same as the real working conditions.
The numerical simulation was conducted by NUMECA
software. As shown in Figures 4 and 5, the total computing
grids were 1,000,000 nodes, adoptingH-O-O-H combination
type. The inlet part of static blade cascades was H-type; the
flow passage parts of static and rotor blade cascade were all
O-type; the outlet part of rotor blade cascades was H-type.
The rotor and the stator were linked with mixing plane. Inlet
total pressurewas 5.95MPa; total inlet temperaturewas 625K;
static outlet pressure was 5.02MPa. The rotational speed

of the rotor was 3000r/min. The simulation computation
turbulence model was 𝑘 − 𝜀model. Inlet turbulence intensity
was 5%. To observe the boundary layer’s effects, the mesh
structure around the blade was very fine; the value of y+ was
considered as below 20.

3.2. Test Method. Figure 6 depicted the test low-speed wind
tunnel. The flow medium for wind tunnel was provided by a
centrifugal fan driven by a 75kW prime motor. The airflow
flows through a wind pipe with a certain length and then
enters a stabilizing pipe with 1.5 m diameter. Two sets of
stabilizing net and a set of diffuser grid were installed in
the stabilizing barrel. The stabilizing also was called damping
screen; its function was damaging the bigger vortexes into
small vortexes and decreasing the flow turbulence scale.

The diffuser grid also was called flow straightener that
can improve the uniformity of airflow. A certain even low
turbulence airflow flowed out from the stabilizing pipe into
the fan-shaped convergence-device with a big convergence
rate. These airflows will be uniformed more than before by
accelerating and flowed into the fan-shaped convergence-
device. At last, the airflow flows through the test section and
the tail section of the fan-shaped barrel into the air. The
test equipment provided a very even initial flow field for the
cascade model. The test data was collected by the autotesting
system of the wind tunnel.

As shown in Figure 7, five-hole probe is a basic and
common instrument to measure the time-averaged charac-
teristic parameters of airflow (including velocity magnitude
and direction, total pressure, and static pressure). Because
of the simple measure theory of this measure method,
convenient usingmethod and uneasy damage and convenient
maintenance, the five-hole probe is still one of the key
measure methods for time-averaged flow field at present.
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Figure 2: Static blade model: (a) 3D-blade; (b) tip and root of blade profiles.
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Figure 3: Rotor blade model: (a) 3D-blade; (b) tip and root of blade profiles.

The ink-marks method is a wall flow display method.
When using, the ink droplet is dropped at the appropriate
position of the blade or the upper and lower end walls. When
the fan reaches normal working operation, the airway venting
valve is opened to control the flow rate of the airflow that is
roughly equivalent to the flow rate during the measurement.
Under the action of the high-speed airflow, the ink droplets
are flowing along the blade surface and the end wall and
are dragging out a certain trajectory. These traces can be
considered as the streamline of the object surface. In this
experiment, the ink surface method was used to display the

blade surface of the experimental cascade and its upper and
lower end walls.

The low-speed wind tunnel self-test system was used
in the experiment. The positioning angle error of the five-
hole probe was less than 1, and the positioning error of the
measuring point was 0.5mm. During the experiment, due
to take the method of several points average, the pressure
fluctuation during measurement was not large, and the error
mainly came from the error of the calibration coefficient.The
calculations showed that the error of themeasurement results
did not exceed 0.03, but the total pressure and airflow angle
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Figure 4: 3D mesh of three stages: (a) SWF stage grid mesh; (b) PB stage grid mesh; (c) SWB stage grid mesh.
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Figure 5: 2D mesh of root and tip: (a) blade root grid mesh; (b) blade tip grid mesh.
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Figure 6: Schematic of wind tunnel and cascade: 1-fan; 2-duct; 3-rectification net; 4-rectifier grid; 5-cylinder; 6-total pressure probe; 7-
temperature sensor; 8-convergence section I; 9-convergence section II; 10-fanmeasurement coordinate; 11-five-holes probe; 12-straight sector
tube; 13-experimental cascade; 14-experimental blade; 15-side plates.

errors were high in the high loss zone. The error of the probe
positioning anglemainly affected the secondary flow velocity;
that is, the secondary flow vector was most sensitive to the
error of the corner angle.

3.3. Simulation Results vs. Tested Results. Testing results and
simulation results of static cascades tip-endwalls and rotor
cascades root-endwalls were contrasted in the Figures 8 and

9. The numerical simulation of the leading edge saddle point
location, the rolling-line of a branch of the suction side of
horseshoe vortex location entering the blade suction, and
the rolling-line of a branch of the pressure side of horseshoe
vortex location entering the adjacent blade suction surface
had a very good meeting with the testing results.

Figures 10 and 11 indicated the comparison of experimen-
tal and calculated results of the streamline in suction surface
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Figure 7: Five-hole spherical probe geometry and its coordinates.

of static blade and rotor blade; the calculated results were
consistent with the experimental results, respectively.

Figures 12 and 13 depicted the static pressure coefficient
curves contrasts between the testing results and the simulat-
ing results of themiddle span profile surfaces of the prototype
static blade and the prototype rotor blade, respectively. Seen
fromFigures 8 to 13, the testing value and the simulating value
of static pressure had a good meeting at all the blade profiles.
Thedifference between testing value and simulating valuewas
in the scope of computing error that proved the computing
results of static pressure coefficient were believable.

4. Aerodynamic Performance of HP Stage

4.1. Distribution of Pitch-Wise Averaged Cps. The static pres-
sure gradient was decided by three factors: (1) when airflow
was flowing in the curving passage; the peripheral speed
was flowing along the blade span. Because of the centrifugal
inertia force induced by the peripheral speed, a positive radial
pressure gradient along the blade span was formed; (2) the
radial component force of blade force was distributed along
the blade span.This radial component force was relation with
the radial stacking line. Balanced with the radial component
force of the blade force, a radial static gradient was produced;(3) a radial vortex gradient was induced by a concentrated
vortex in the flow channel. Generally, the vicinity of the center
of the concentrated vortexwas the lowest pressure point along
the blade span, and the negative pressure gradient from the
end wall to the lowest pressure point was a positive pressure
gradient from the lowest pressure point to the middle of the
blade. The static pressure gradient along the blade span was
the vector sum of above three pressure gradients.

Because the PBprofilewas rear-loaded profile, its negative
pressure gradient area was very little and appeared after the
0.6 relative axial location. Rear-loaded blade would greatly
weaken the secondary flow in both endwalls. The curved
angle and swept angle of PB cascades were very little, so the
incoming flow was a uniform distribution, and the Cps were
changed very little along spanwise. As shown in Figure 14, the
geometry of leading edge of SWB stage had an impact on the
inlet flow field, and the steam flow in middle spanwise firstly

(a)

(b)

Figure 8: Streamline of the static blade shroud: (a) test streamline;
(b) computed streamline.

entered the passage, and in both endwalls later, therefore the
pressures in both indwells were bigger than in the middle
part. In a word, the “C” type pressure distributionwas formed
by SWB stage. As for SWF stage, steam flow firstly entered
both endwalls and in middle spanwise later, so the negative
“C” pressure distribution was formed in the SWF cascades
passage.

The lowest pressure point of SWB stage was at nearly
the same location as the PB stage, and its negative pressure
gradient section was little. The negative pressure gradient
was strengthened from the endwalls to the core of passage
vortex and pushed the low energy flow of boundary layer in
the endwalls into the main flow, so the endwalls boundary
layer became thick slower than the PB stage and delayed the
separation of the boundary layer. In a word, the SWB stage
improved the flow properties in the endwalls and made the
pressure loss less than the PB stage.The SWF formed negative
“C” pressure distribution, so the passage vortex was lifted to
the middle blade and shorter than the PB stage. The strength
and coverage of passage vortex were also weakened, so the
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Figure 9: Streamline of rotor blade hub: (a) test streamline; (b) computed streamline.

(a) (b)

Figure 10: Streamline of static blade suction surface: (a) test result; (b) computed result.

lower energy flow in the endwalls was not absorbed effectively
and increased the flow loss in the endwalls.

4.2. Distribution of Loss Energy Loss Coefficient along Span-
wise. The loss energy loss coefficient was defined as (1):

𝜉 = (𝑃𝑠/𝑃∗)0.2587 − (𝑃𝑠/𝑃∗0 )0.25871 − (𝑃𝑠/𝑃∗0 )0.2587 (1)

𝜉 is loss energy loss coefficient;𝑃𝑠 is static pressure;𝑃∗ is gauging point total pressure;𝑃∗0 is total pressure before cascades.
The distribution of the energy loss coefficient along the

blade span showed that the loss at both ends and the middle

of the cascade increasedwith the development of the flow and
the development and thickening of the wall boundary layer.

The pressures in both endwalls of SWF were smaller than
at middle part, so there was positive pressure gradient from
themiddle part to both endwalls along spanwise, and a strong
“C” type energy loss distribution was formed in the surface
of SWF. SWF would result in that low energy boundary layer
flowed into the up and root of the cascades, and the loss area
was bigger than before. We can see from Figure 15 that the
down passage vortex loss and the endwalls boundary layer
losses were connected; the tip passage vortex loss and the
leakage vortex loss were also connected to form an area that
was also connected with the boundary layer loss of indwells.
The flow loss distribution of SWB stage in the scope of the
blade height was the same as the PB stage, but the part loss
was less than the PB stage. Referring to the Cps distribution
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Figure 11: Streamline of rotor blade suction surface: (a) test result; (b) computed result.
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Figure 12: Static pressure coefficient distribution along static blade
profile.

of Figure 15, the SWB could form a “C” type of pressure
distribution as the positive curved blade. The “C” type of
pressure distribution could absorb the low energy boundary
layer flow in the endwalls and decrease the secondary flow
loss. In other words, the “C” type of pressure distribution
could improve the performance of passage flow.

4.3. Flow Angle. The distribution of the average airflow angle
along the blade span was one of the important parameters
of the aerodynamic performance of the cascade. The distri-
bution of the parameter along the blade span reflected the
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Figure 13: Static pressure coefficient distribution along rotor blade
profile.

development of the boundary layer of the blade surface and
affected the turning degree of airflow and the aerodynamic
load along the blade span. The distribution along the blade
span, in the redesign process, also affected the incidence angle
of the subsequent cascade. In the cascade with gaps, due to
the existence of the tip clearance, a part of the airflow will
directly enter the adjacent flow channel across the tip of the
blade, which will greatly reduce the airflow angle near the tip
of the blade.

The pitch-wise averaged flow angle curves along spanwise
at the outlet of static blade cascades were shown in Figure 16.
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Figure 14: Distribution of pitch-wise averaged Cps: (a) PB stage; (b) SWF stage; (c) SWB stage.

Within the scope of 0∼20% and 80%∼100% relative blade
height, the flow angle changed more than another scope
of blade height. This changing flow angle was due to the
lowest pressure point in the suction surface of SWF move
to the leading edge, and the pressure expanding section
increased in the scope of the oblique section of the stacking
line of SWF cascades. The strengthened positive pressure
gradient resulted in the fact that blade load was reduced,
and the boundary layer was thickened near the endwalls.
Because of the gas leakage of the blade top, the flow angle
deflected greater than another type blade, and the flow angle
uniformity along spanwise of SWF had a bad impact on the
incidence of the rear stage. The uniformity of the averaged
flow angle of SWB along spanwise was better than SWF and
PB. As regards the SWF stage, the lowest pressure points on
the suction surface of the SWB stage moved to the trailing
edge. The expanded pressure section of pressure surface
decreased, so the low energy boundary layer was becoming

thin, and outlet flow angle of SWB stage deflected smaller
than SWF stage.

4.4. Degree of Reaction. When the steam passed through the
turbine stage, the thermal energy was first converted into
kinetic energy in the nozzle cascade, and then the kinetic
energy was converted into mechanical energy in the rotor
cascade so that the impeller and the shaft were rotating.
Thereby, the steam turbine completed the work task by
using steam heat energy. After expanded in the nozzle, the
expanded steam entered the rotor blade flow path. If the
steam flow did not continue to expand and accelerate in the
rotor blade passage but only changes its flow direction with
the shape of the steam passage, the centrifugal force acted
on the rotor blade passage was called impulse force. The
mechanical work done by the steam at this time was equal
to the change amount of kinetic energy in the cascade. The
steam continued to expand and accelerate with the changing
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of the flow direction in the rotor blade passage; that is, not
only does the steam flow change the direction, but also its
specific enthalpy decreased and expanded, and its velocity
also increased greatly. When the accelerated steam flowed
out of the passage, a reaction force opposite to the outflow
direction of the steam flow was applied to the rotor blade
cascade, which was called reaction force. The introduction
of the degree of reaction was to measure the expansion

Degree of Reaction
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Figure 17: Distribution of degree of reaction along spanwise.

degree of the steam in the cascade and the magnitude of the
impulse force and the reaction force in the stage. The degree
of reaction was equal to the ratio between the ideal specific
enthalpy drop of rotor and the stagnation ideal specific
enthalpy of stage.

Figure 17 showed that, along with a spanwise direction,
the degree of reaction (DR) increased gradually, and it was
consistent with the characteristics of the reaction turbine.
Within the scope of 20% relative height in the blade root,
the DRs of the SWF stage and SWB stage were larger than
the PB stage. The increase of DR could increase the positive
pressure gradient from the inlet to the outlet and enhance
the flow speed in the scope of blade root that made the flow
smoothly. But the DR in blade roots was not the bigger, the
better; a larger DR may lead to air leakage. Within the scope
of 70%∼100% relative height at the blade tip, the DRs of SWF
stage and SWB stage were larger than the PB stage too, and
the SWF stage was bigger than the SWB stage. The increase
of DR was likely to increase the tip clearance leakage losses.

5. Conclusion

This paper had researched the influence of swept technol-
ogy to the high-pressure steam blade cascades by the low
wind flow tunnel and CFD simulation. The research results
indicated that the swept blade can greatly influence the
aerodynamic performance of the eighth high-pressure steam
stage cascades. The simulated results had met with the test
results. We achieved the following conclusions.

The static pressure gradient was decided by three factors.(1) When airflow was flowing in the curving passage, the
peripheral speed was flowing along the blade span. (2) The
radial component force of blade force was distributed along
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the blade span. (3) A radial vortex gradient was induced by a
concentrated vortex in the flow channel.

As to the axial aft-swept blade, its leading edge’s geometry
would influence the inlet flow field. The value of passage
pressure distribution was higher in both endwalls part of the
blade than the middle part and formed stronger “C” type
distribution than PB stage.

The SWF stage changed the pressure distribution and
was not like the PB stage. The pressure distribution of SWF
was lower in both endwalls of the blade than the middle
part of the blade; in other words, it was a negative “C”
type pressure distribution.The “C” type pressure distribution
became strongermore andmore in the passage flow direction
of SWB stage. The negative “C” type pressure distribution of
SWF stage also reflected the same distribution rule.

The total pressure loss and the pitch-averaged flow angle
distribution along spanwise indicated that, as regards the PB,
the axial-swept blade could change the flow loss distribution
at the same working condition. From a comparison of the
energy loss distribution curve along the spanwise, the flow
loss of SWB was the least; the PB was the middle; the SWF
was the biggest. The SWB stage improved the passage flow
and reduced the flow loss.

Appendix

A. Navier-Stokes Equations

In this simulation work, the flow medium was single-phase,
isothermal, and compressible flow of gas inside the steam
turbine passage.

The internal flow of steam turbine follows the rules
of mass conservation equation, momentum conservation
equation, and energy conservation equation [30].

Mass conservation equation for flow model is as follows
[31]:

𝜕𝜌𝜕𝑡 +
𝜕 (𝜌𝑢)
𝜕𝑥 + 𝜕 (𝜌V)

𝜕𝑦 + 𝜕 (𝜌𝑤)
𝜕𝑧 = 0 (A.1)

where𝜌 is density, kg/m3;
T is time, s;
u, v, andw are velocity vector components in the 𝑥, 𝑦, and𝑧 directions, respectively.
Momentum conversation equation for the internal flow

model of the steam turbine is as follows.
Regarding the rule, the momentum conversation equa-

tion in the x, y, and z directions can be expressed as follows:

𝜕 (𝜌𝑢)
𝜕𝑡 + div (𝜌𝑢→𝑢)
= −𝜕𝑝𝜕𝑥 + 𝜕𝜏𝑥𝑥𝜕𝑥 + 𝜕𝜏𝑦𝑥𝜕𝑦 + 𝜕𝜏𝑧𝑥𝜕𝑧 + 𝐹𝑥

𝜕 (𝜌V)
𝜕𝑡 + div (𝜌V→𝑢)
= −𝜕𝑝𝜕𝑦 + 𝜕𝜏𝑥𝑦𝜕𝑥 + 𝜕𝜏𝑦𝑦𝜕𝑦 + 𝜕𝜏𝑧𝑦𝜕𝑧 + 𝐹𝑦

𝜕 (𝜌𝑤)
𝜕𝑡 + div (𝜌𝑤→𝑢)
= −𝜕𝑝𝜕𝑧 + 𝜕𝜏𝑥𝑧𝜕𝑥 + 𝜕𝜏𝑦𝑧𝜕𝑦 + 𝜕𝜏𝑧𝑧𝜕𝑧 + 𝐹𝑧

(A.2)

where𝑝 is pressure on the elemental flow volume;𝜏𝑥𝑥, 𝜏𝑦𝑥, 𝜏𝑧𝑥 are vector components of viscous stress;𝐹𝑥, 𝐹𝑦, 𝐹𝑧 are body force on the elemental volume.

B. Standard 𝑘−𝜀Model

In 1972, using the single equation model, Launder and
Spalding [32] proposed a two-equation model and then
introduced another equation about turbulent dissipation rate
and thus formed 𝑘 − 𝜀model.

In the 𝑘 − 𝜀model, turbulent dissipation rate was defined
as (B.1):

𝜀 = 𝜇𝜌(
𝜕𝑢𝑖𝜕𝑥𝑘)(

𝜕𝑢𝑗𝜕𝑥𝑘) (B.1)

𝜇𝑡 = 𝜌𝐶𝜇 𝑘2𝜀 (B.2)

In the standard k-𝜀model, turbulent kinetic energy 𝑘 and
turbulent dissipation rate 𝜀 are two basic unknown quantities;
the corresponding transport equations were shown as (B.3)
and (B.4):

𝜕𝜕𝑡 (𝜌𝑘) + 𝜕𝜕𝑥𝑖 (𝜌𝑘𝑢𝑖)
= 𝜕𝜕𝑥𝑗 [(𝜇 +

𝜇𝑡𝜎𝑘)
𝜕𝑘𝜕𝑥𝑗] + 𝐺𝑘 + 𝐺𝑏 − 𝜌𝜀 − 𝑌𝑀

+ 𝑆𝑘

(B.3)

𝜕𝜕𝑡 (𝜌𝜀) + 𝜕𝜕𝑥𝑖 (𝜌𝜀𝑢𝑖)
= 𝜕𝜕𝑥𝑗 [(𝜇 +

𝜇𝑡𝜎𝜀)
𝜕𝜀𝜕𝑥𝑗] + 𝐶1𝜀

𝜀𝑘 (𝐺𝑘 + 𝐶3𝜀𝐺𝑏)

− 𝐶2𝜀𝜌𝜀2𝑘 + 𝑆𝜀

(B.4)

The symbols were depicted as follows:𝐺𝑘 is turbulent kinetic energy due to the laminar flow
velocity gradient;𝐺𝑏 is because of the buoyancy induced turbulence energy𝑘, for an incompressible fluid, 𝐺𝑏 = 0;𝑌𝑀 denotes pulsation expansion value in the compress-
ible turbulence, for an incompressible fluid, 𝑌𝑀 = 0;𝐶1𝜀, 𝐶2𝜀, 𝐶3𝜀, and 𝐶𝜇 are empirical constants, accord-
ing to the Launder recommended values and experimental
verification in the future, 𝐶1𝜀 = 1.44, 𝐶2𝜀 = 1.29, 𝐶𝜇 =
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0.09, and 𝐶3𝜀=0 or 1. 𝐶3𝜀 is a buoyancy coefficient for the
CFDcalculationwhen the compressible fluid flows.When the
mainstream direction is parallel to the direction of gravity,𝐶3𝜀 = 1. When the flow direction is perpendicular to the
direction of gravity, 𝐶3𝜀 = 0.𝜎𝑘 and 𝜎𝜀 are corresponding to the Prandtl number of
turbulent kinetic energy 𝑘 and dissipation rate 𝜀, respectively,
according to the Launder recommended values and the
experimental verification, 𝜎𝑘 = 1.0 and 𝜎𝜀 = 1.3.
Nomenclature

A: Sweep angle
H: Sweep height
HP: High pressure
Cps: Static pressure coefficient=static

pressure/incoming total pressure before
cascade

PB: Prototype blade
SWF: Axial fore-sweep blade
SWB: Axial aft-sweep blade
DR: Degree of reaction
X/B: Axial relative chord length coordinate
h: Blade height.
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