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ABSTRACT

The complex flow field at low load will affect the aerodynamic performance of steam turbine. To improve the performance in low mass-flow condition, we proposed a
design of bio-inspired steam turbine blade with biomimetic bumps on suction side. We built a series of biomimetic blades based on a last stage rotor blade of nuclear
low-pressure to analyze the function of the bump. The numerical simulation results declared that bumps generated streamwise vortices. There existed a region with
low-pressure on suction side which was suitable for vortices to be generated and to develop. Under the influence of streamwise vortex, the steam flow near suction
side was restricted in a low velocity. The energy exchange between blade and the main flow was blocked. The pressure on suction side decreased. Therefore, the
performance of blade was improved, reflecting in the raised output torque. The output torque of optimum biomimetic blade raised from a negative value —26.31 N m
to a positive value 2.13 N m in low mass-flow condition. To explore the function of bump, we also built a blade with vortex generators at the same place. The result
shows that the bumps on blade cause less pressure loss for the turbine passage and the vortices generated by them influenced wider region in the flow field. The
current work provided a new design route for modifying turbine rotor by flow control structure.

1. Introduction

Although the proportion of renewable energy is keeping increased in
the electricity grids, most of global electricity is generated by the steam
turbines at present. As the solar and wind power stations are not
available to regulate the load on grids frequently, there is a growing
need for the steam turbine to undertake the task of peak-load regulation.
When the peak-load on grids decreases, the steam turbine typically
operates in an off-rated condition, in which the mass-flow rate of steam
is much lower than that in the rated condition. The work capacity of
turbine blade is reduced with the decreasing mass flow rate, which also
degrades the system efficiency and safety. Therefore, it is necessary to
develop an advanced blade to enhance the aerodynamic performance
and energy efficiency of steam turbine, especially in the working con-
ditions of low mass flow rate.

Recently, many works were conducted on the structure optimization
of either airfoil [1] or steam turbine blade [2,3] for better performance.
The way by imitating living animals, such as dolphin [4], bird [1],
humpback whale [5] and so on, was proved to be effective on airfoil. The
pectoral flipper of humpback whale (Fig. 1) provides scientists a novel
strategy to improve the aerodynamic performance of foils [6]. When the
humpback whale swims in the ocean, the bumps at leading edge of the
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whale flippers can generate many streamwise vortices, increase the
lifting force on the flippers, and accelerate the movement of whale
[7-9]. Inspired by the unique structural topography of bumpy structures
on the whale flippers, various foil of aircrafts and blade of turbo-
machines with bumps have been developed in past few years such as,
airfoils [10], fans [11], wind turbines [12,13], and tidal turbines [14].
Recent studies reveal that the bumps patterned at the leading edge of
airfoils form an adverse pressure gradient on the suction surface and
generated the vortex pairs between the bumpy structures [15]. The
amplitude and wavelength of bumps dominate the vorticity and lifting
capability of airfoils [16,17]. With a rational design of the bumps, the
generated vortices effectively force the flow direction to change and
suppress the flow separation on the foils [18-20]. Therefore, the bumpy
leading edge can provide sufficient lift even when the angle-of-attack
(AOA) is less than the stall AOA for the conventional smooth foils [21,
22]. However, the bumpy structures may decrease the lift coefficient of
airfoils, depending on the Reynolds number and AOA. In the flow filed
with high Reynolds number, the bumpy leading edge would induce a
flow separation behind the bumps [23]. When the AOA increases, this
separation region would move forward and reduce the lift of airfoil. By
contrast, the smooth airfoils can generate a higher lift force in the
condition of large AOA, because the air flow behind the smooth leading
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edge is more stable [24]. In steam turbine blade, the bump on leading
edge of linear blade can raise the output torque in off-rated condition
[25].

For the steam turbine, it is more difficult to develop a biomimetic
blade with enhanced aerodynamic performance because the flow field in
turbomachinery is complicated. In contrast to the airfoils, the steam
turbine blades are usually twisted with differing section profiles. The air
flowing around the airfoils has no apparent boundary but the steam
flowing through the turbine blades is constrained in the cylinder. Thus,
the turbulent flow in steam turbine has a significantly large radial ve-
locity with the varying AOA along the radial direction, making the
bumpy leading edge failed to generate streamwise vortices and enhance
the lift. Despite intensive effort, it remains challenging to design a blade
that can improve the aerodynamic performance of steam turbine in such
complicated flow field. In this work, to enhance the aerodynamic per-
formance, we designed a novel biomimetic blade on which the bumpy
structures were mounted on the suction surface. We conducted a sys-
tematical numerical simulation to investigate the aerodynamics on the
turbine blade and optimize the bumpy structural topography. Compared
with the original design, the biomimetic blade with bumpy suction
surface generated streamwise vortices behind the bumps. The bio-
mimetic blade increased the output power (measured by the output
torque) by decreasing the applied steam pressure on the suction surface.
Especially for the low mass flow rate of steam (40% of the rated value),
the new biomimetic blade can increase the output torque (z) from
negative (—26.31 N m) to positive (2.13 N m). The generated vortices
prevented the kinetic energy exchange between the suction surface and
the main flow. Moreover, the vortices avoided a high-pressure loss for
disturbing the original flow field. In contrast to the traditional strategy
using the vortex generator (VG) on blade, the well-designed bumpy
structures reduced ~40% of pressure loss for the steam flow, while
resulting in ~20% higher output torque on the blade. Our work not only
expands the knowledge boundaries of turbomachinery design, but also
provides a new avenue to promote the energy performance for various
industrial applications.

2. Numerical methods and validation

The new biomimetic design of turbine blade was developed based on
the rotating blade at last stage in the low-pressure cylinder of a nuclear
steam turbine. Fig. 2 shows the physical model of the biomimetic
rotating blade with geometrical parameters. The height (Iy) and the axial
chord length (Cy) of the original turbine blade are 1828 mm and 557.7
mm, respectively. The bumpy structures were mounted on the suction
surface of turbine blade. In this study, five geometrical parameters of
bumps, including the amplitude (A), number of bumps (N), upstream
width (Wy), downstream width (Wp) and deflection angle (5) were
adjusted to enhance the aerodynamic performance of turbine blade.

To study the effects of bumps on the flow field and output torque for
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International Journal of Thermal Sciences 181 (2022) 107782

the turbine blade, we established the computational fluid dynamics
calculation domain for a stator blade and a rotating blade, as shown in
Fig. 3. The ANSYS-CFX was employed to simulate the flow field. The
Euler-Euler coordinate system was adopted for the numerical calcula-
tion. The equilibrium phase change model was used with the assumption
of local thermodynamic equilibrium for the mixture of two phases in
steam. The lever rule was used in the flow solver, and thus the mass
fraction of the vapor (y) is defined as

_ hmix - hsat.l(p)

_ 1
hsar.v(p) - hxatJ(P) ( )

where hp;, is the mixture static enthalpy, hy(p) and hgy(p) are the
saturation enthalpy of liquid and vapor, respectively. When 0 < y </,
the mixture contains liquid and vapor. The thermophysical properties of
liquid-vapor mixture can be calculated using the lever rule by using the
mass fraction of vapor and the properties of saturated liquid and vapor,
which was given by

Wm[x(p) = (1 7}{)*1//:41‘1(17) +}( * Wml,v (p) (2)

wherey denotes the thermophysical property of fluid, such as entropy,
enthalpy, specific heat, thermal conductivity or dynamic viscosity.

The density of liquid-vapor mixture in the saturated condition is
calculated using the harmonic averaging,

1 11—
1l 2
Pmix  Psart Psary

3

where p,,;. is the density of liquid-vapor mixture, p,,,, is the density of
saturated liquid, and p,, is the density of saturated vapor. The prop-
erties of saturated liquid and vapor were obtained from the IAPWS IF97
material library. To ensure the accurate simulation of boundary layer
that capture flow separation near the blade surface, we employed the
inflation mesh with the first layer thickness of 0.01 mm and 16 layers of
growth mesh.

The k-omega SST model was used in the numerical simulation due to
the advantage on predicting the flow separation under adverse pressure
gradient. The k-omega SST model is a widely selected model to predict
flow separation, such as in the stall operation of airfoil (ideal gas con-
dition) [26], and in the windage of steam turbine blade (steam condi-
tion) [27-29]. Fig. 4 shows the axial velocity from CFD simulation and
experiment after the last stage rotor blade [29]. The experiment was
conducted in a two stages steam turbine model. In Fig. 4, the negative
axial velocity represented the reverse region in flowfield. This result
shows that the k-omega SST model can predict reverse region accu-
rately, which was of importance in prediction of flow separation.

To validate the accuracy of numerical model, we also simulated the
condensing steam flow in a three-dimensional linear blade cascade, in
which the blade geometry and boundary conditions were same as the

(d)

Original blade

Fig. 1. The inspiration of biomimetic blade. (a) Humpback whale with bumpy flippers. (b) Bumps designed by imitating the flippers of humpback whale. (c) Original
blade. (d) Biomimetic blade. We set the bumps on a steam turbine blade. Note that the bumps can not only set at the leading edge, but at somewhere near the

leading edge.
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W Fig. 2. The parameters of biomimetic blade.
th,D

(a) 6 presented deflection angle of bumps
and a negative/positive value meant the
angle deflect toward the trailing edge/lead-
ing edge. (b) According to the direction of
steam flow, the bump was controlled by the
upstream width (Wy) and the downstream
width (Wp). P, presented bump position in
chordwise. (c) Blade height I, equals 1828
mm and axial chord length C; equals 557.7
mm. P; presented bump position in radial-
b wise. C, presented the length of suction side
( ) profile. (d) The amplitude A controlled the
distance from the bottom to the tip of bump.

Leading edge

(@)

Fig. 3. Calculation domain contains a stator blade and a rotating blade. (a) Mesh of steam domain. (b) Mesh of blade surface. (c) Local mesh around the bumps.

experiment in literature [30]. In the validation case, the total pressure
and temperature of steam at the inlet were 89 kPa and 373.13 K,
respectively. The mean static back pressure of steam at the outlet was 39
kPa. Fig. 5 compares the simulated steam pressure distribution on the
linear blade with the experimental measurements in the literature. The
simulation result agrees well with experiment data, especially for
capturing the pressure variation near the trailing edge. The average
error between the simulation results and experiment data was 5.82%,
which confirmed that our numerical method provides a reliable pre-
diction for the steam condensation in steam turbine. Table 1 summarizes

(b)

the results of output torque 7 for the simulation cases with different
mesh density. The output torque 7 is constructed by,

- /(7’x(?.7))ds .7 0

where S is the blade surface, 7 is the stress tensor on a micro-surface of
blade, 7 is the unit normal vector of the micro-surface, 7 is the position
vector, Z is the unit vector of axis.
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Table 1

Mesh independence validation.
Case M1 M2 M3 M4
Nodes 1325270 2595782 3263036 4433861
7/Nem 2650.70 2644.48 2643.97 2643.53

Case M2 to Case M4 have very close values of the 7 (~0.04%). This
indicated that more nodes than case M2 in the mesh do not change the
calculation accuracy. The best compromise between computational time
and quality results was probably represented by the CFD calculation
carried out with 2.6 million nodes (case M2).

In this work, we simulated the flow field of the turbine passage with
biomimetic blade and original blade in two operating conditions, the
rated condition with steam mass flow rate of 2.9 kg st (Gp) and the off-
rated condition with 0.4G. For the rated operating state, the boundary
conditions at the inlet (before stator blade) were set with the mass flow
rate of 2.9 kg s}, the mass fraction of vapor of 0.88 and total temper-
ature of 329.77 K, respectively. At the outlet (after rotating blade), the
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static pressure was set as 5400 Pa. For the operating condition with
0.4Gy, in which the mass flow rate was 1.16 kg s_l, the mass fraction of
vapor was 0.87, the total temperature at inlet was 332.98 K, and the
average static pressure at outlet was 5400 Pa.

3. Results and discussion
3.1. Design of bump position on the suction side

For the rotating blade at last stage of steam turbine, AOA was near
0° in most operation conditions, which greatly suppress the enhanced
aerodynamic performance by bumps on the leading edge. We explored
the suitable design of bumps for turbine blade by analyzing the flow field
of original blade. Fig. 6 (a) shows the streamline of steam flow near the
twisted rotating blade in 0.4Gy. With the steam flow rate decreasing, a
backflow appeared from the root of blade and the steam flows toward
the tip. As the turbine blade rotated in the speed of 1500 rpm, the steam
had a large radial velocity and the steam density kept raising when the
steam flow got close to the tip of blade. For strengthening the turbulence
generation, the bumps should be positioned on the blade portion of 65%
Io to 100% [y (denoted by the density of streamline in Fig. 6a), where the
steam density was higher than that at the root of blade. As denoted by
the black circle in Fig. 6 (b), in the condition of 0.4Gy, a low-pressure
region existed at the high curvature part of the blade profile, which
was the throat of the rotor passage. As the steam expanded at the throat,
the pressure dropped and the steam velocity increased so a low-pressure
region appeared. Meanwhile, with the steam expanding, the velocity
direction of steam varied, guaranteeing an AOA for the bumps to
generate vortices effectively.

The effects of bump position on turbulence generation were inves-
tigated by comparing the flow fields of two types of bumpy blades
(named B; and By), as shown in Fig. 7a & b. We fixed the shape but
changed the position of bumps. For blade B;, the bumps were set at
intervals along the leading edge. For blade B, the bumps were posi-
tioned at the low-pressure region on the suction side. The amplitude A of
bumps was fixed at 1.8% of the axial chord length Cj. Both of the up-
stream width Wy and downstream width Wp were 2% of the profile
length of suction side Cp. The deflection angle § of bumps was set at 0.
The number of bumps N on blade B; and By was 7 and 6, respectively.
The last bump near the root of blade By was removed because it is far
away from the leading edge and contribute little to the vortex genera-
tion. Table 2 shows the position of bumps on the blade B; and Bs.

Fig. 7 (a) and (b) demonstrated the streamlines on two blade surfaces
obtained from the numerical simulation. The streamlines developed
clockwise and formed the single streamwise vortex behind each bump,
which was distinct from the generation of vortex pairs on the airfoils.
This unique phenomenon is attributed to the suppression of counter-
clockwise vortex by the large radial velocity of steam flow in turbine.
The simulation results revealed that the average steam velocity in
streamwise direction was 37.8 m/s, but the average velocity in radial
direction reached 43.6 m/s. As the counterclockwise vortex in the vortex
pairs was opposite to the direction of radial steam flow, it would be
suppressed and rapidly dissipated, leaving single clockwise vortex
behind the bumpy structures. The streamlines shown in Fig. 7 (a) also
indicated that the clockwise vortices on B; surface dissipated at the low-
pressure region on the blade surface, where the curvature of blade
profile was high (i.e., throat of rotor passage). As the direction of steam
flow was forced to change at the throat of rotor passage, the circum-
ferential component of steam velocity varied sharply. Because the
streamwise vortex was the result of the velocity gradient in both radial
and circumferential directions, the large variation in the steam flow
direction break the vortex stability. As a consequence, the clockwise
vortices on Bj surface cannot pass the low-pressure region and just
affected a small area at the upstream portion of rotor passage.

By contrast, when the bumps was set along the low-pressure region
on surface, as shown in blade B,, the change of steam direction has no
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Fig. 6. Flow characteristic of original blade in 0.4G0 condition. (a) Streamline in rotating blade area showed an obvious trend to flow toward the tip and the root
region was lack of steam. (b) Pressure contour on the suction side of rotating blade. There existed a region with low pressure near the leading edge on suction side.

Fig. 7. 3D streamline of two biomimetic blades. (a) The first type of blade (B1) has a row of suction side bumps close to leading edge so the widths of bumps are
small. With the influence of radial velocity, the vortices become stable in a certain distance away from bumps. (b) The second type (B2) has the bumps moved to the
location where the curvature of blade profile is relative high. The vortices become stable right after the bumps. In this position, the influence of radial velocity

are suppressed.

Table 2
The position of bumps defined by center point (start from tip).
By P. 4%Cp 4% 4% Cp 4%C, 4%C, 4%C, 4%C,
Cp

P, 92.5% 88% 83.5% 79% 74.5% 70%
Io I lo I I lo Iy

B, P. 7%C,  10%  13%C, 15%  18%C, 21% -
G Cp Cp

P, 92.5% 88% 83.5% 79% 74.5% 70% -
b lo ) lo b b

significant effect on the development of the clockwise vortices. Fig. 7 (b)
shows that the streamwise vortices on B, surface remained the clockwise
rotation till the trailing edge of blade due to the smooth downstream
surface behind the low-pressure region. Moreover, the vortices gener-
ated by bumps on By surface showed a much stronger vorticity as
compared to those on By surface, which effectively reduced the negative
output torque 7 applied on the blade. For the single rotating blade, the ¢
on blade By was —15.99 N m, which was 38.9% higher than that on the

original blade (—26.18 N m) and 19.2% more than that on blade B;
(—19.78 N m).

The enhanced output torque of bumpy blade can be attributed to the
low-pressure area induced by the vortices behind the bumps on the
suction side, as indicated in Fig. 8a & b. However, the bumps also
blocked a part of steam flow when generating the vortex. It created a
high-pressure area on their upstream surface and decreased the output
torque, particularly near the leading edge of blade. As the steam density
increased along the radial direction of blade, the bumps close to the tip
created the higher pressure on the upstream surface for blade B;. As
comparison, the upstream high-pressure region on blade B, was weak-
ened due to the larger spacing between bumps and leading edge
(Fig. 8b). The vorticity on blade B, was apparently stronger than that on
blade B, which can be reflected by the wider distribution of lower-
pressure area behind the bumps. Because the vortices generated by
the bumps on suction side were spaced at intervals, the high vorticity
resulted in a clear bumpy edge of the pressure gradient, as denoted by
the black curve in Fig. 8b. The pressure contour on blade By demon-
strated that the strong vortices can be generated without significant
steam blocking, by positioning the bumps along the low-pressure region
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<=

Bumpy edge

Upstream high

(b)

Fig. 8. (a) The pressure distribution of B1. The bumps near leading edge will let its upstream side bear high pressure. (b) The pressure distribution of B2. The
pressure on upstream side of bumps decreased with bumps moving away from the leading edge. The bumps of B2 generated stronger vortices, which made an obvious

pressure layer on the bumpy edge.

on the suction side of blade. The results explained the higher output
torque on blade B,.

3.2. Geometrical optimization of bumpy structure

To achieve the largest output torque 7z on the biomimetic blade, we
further optimized the shape of bumpy structures by adjusting the geo-
metric parameters, including the amplitude A, number of bumps N,
upstream length Wy, downstream length Wp and deflection angle 6.
Fig. 9 presents the process in this section. To be specific, A, Wy and Wp
determined the height, upstream and downstream surface profiles of the
bumps, respectively. N determined the spacing between bumps. &
controlled the AOA of the biomimetic bumps on the suction side of
blade. The orthogonal design was employed in this work to test the
comparative effectiveness of the five geometric parameters for the

V

Determine the
Set parameters

parameters from
and levels

the range analysis

Choose a suitable Refine the

orthogonal table

b

Calculate cases

parameters

Find the optimum

v composition of
Range analysis parameters
End

Fig. 9. The flow chart of geometrical optimization.

bumpy structures, which allowed us to obtain the optimal design
without analyzing massive cases. We defined four levels for the each
parameter, as summarized in Table 3.

Based on the guideline of orthogonal design, 16 cases with different
bump design (i.e., C1 to C16) was arranged to carry out the simulation.
Table 4 shows the orthogonal array of five parameters and the corre-
sponding results of output torque. To analyze the effect of geometric
parameters, we fixed one parameter at same level and compared the
average output torque (7) for all cases. For example, 7 of N at level 1 was
the average value of 7 for the case C1, C5, C9 and C13. This method is
termed as range analysis and the results of 7 for each parameter at
different level were listed in Table 5.

Fig. 10 shows the variation of 7 at different levels of geometrical
parameters. Because 7 of the biomimetic blade showed a peak value with
the increasing level of §, Wp and Wy, the optimum value of §, Wp and Wy
was determined as 0°, 5% Cp and 4% Cp, respectively. Note that the
optimum level of A cannot be directly obtained from the range analysis
as 7 was proportional to the level of A. We chose level 4 of A as the
tentative case for the further optimization. For the range analysis of N, 7
on the blade with 6 bumps (level 2) and 10 bumps (level 4) were close.
However, from the practical perspective, less modification of the turbine
blade was more preferred. Thus, N = 6 was selected as the optimal value.
Based on above analyses, the parameters of bumps was defined as A =
2.8% C), Wy = 4% Cp, Wp = 5% Cp, 6 = 0° and N = 6.

During the optimization process, we noticed that the output torque in
rated condition was sensitive to the change of A. Different from other
parameters, A with big value caused the bumps affected the main flow
seriously in the passage, because the bumps with high amplitude took up
the space in passage. To further optimize the amplitude A of the bumpy
structure, a characteristic parameter R4 was developed to evaluate the
overall performance of biomimetic turbine blade under different mass
flow rate of steam. R4 is given by,

Ry=0c, ® Rey + 9o.46, ® Roac, (5)

where Rg, is the ramp of output torque in the rated condition, Rg 4, is
the ramp of output torque in the off-rated condition (0.4Go), ¢, is the

Table 3
Parameters and levels for the orthogonal design.
Levels A (% C) N (number) Wy (% Ip) Wp (% Ip) & (degree)
1 0.7 4 2 2 —60
2 1.4 6 3 5 —40
3 2.1 8 4 8 0
4 2.8 10 5 11 40
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Table 4
Orthogonal table with simulation results of output torque.
Cases A% N Wy (% Wp (% & 7 (Nem)
c) (numbers) Ip) Ip) (degrees)

C1 1 1 1 1 1 —23.42
C2 1 2 2 2 2 —16.07
C3 1 3 3 3 3 —23.68
C4 1 4 4 4 4 —23.09
C5 2 1 2 3 4 —19.75
C6 2 2 1 2 3 —19.88
Cc7 2 3 4 1 2 —22.26
c8 2 4 3 2 1 —17.54
Cc9 3 1 3 4 2 —19.27
C10 3 2 4 3 1 —-21.7

C11 3 3 1 2 3 —14.22
C12 3 4 2 1 3 —-11.32
C13 4 1 4 2 3 —-9.59

Cl14 4 2 3 1 4 —-10.12
C15 4 3 2 4 1 —23.06
Cl6 4 4 1 3 2 —-16.29

@ For the parameter §, a negative value means the angle deflect toward the
trailing edge and a positive value means the angle deflect toward the leading
edge.

Table 5
Range analysis.

Parameter 7ofLevell (N 7ofLevel2(N 7ofLevel3(N 7 of Level 4 (N
m) m) m) m)
A —21.57 —19.86 —16.63 —-14.77
N —18.01 —-16.94 —20.81 —17.06
Wy —18.45 —17.55 —10.12 —19.16
Wp —16.78 —14.36 —18.68 —21.33
A —20.00 —18.47 -16.12 —16.80
-10 R S
Level 1
H Level 2
-12 4 B Level 3
I Level 4
14 4 i
IS
z 161 :
> 184 i
204 i

Parameter

Fig. 10. The variation of 7 against the various extraction parameters.

time coefficient for the rated condition in a cycle, ¢, 4, is the time co-
efficient for the off-rated condition in a cycle. Supported by the data
from the power grid [31], the varieties can be defined as ¢;, = 5/8,
@046, = 3/8, respectively.

Rg, and Ry 4¢, are given by,

76, ~ 76,

Roy=——"" (6)

[ p—
04G, 04G,
Roac, = % @)
a
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where 7§, and 7, are the output torques of biomimetic blade and original
blade in rated condition, respectively (Tgo = 2644.48 N m from simu-
lation), 75, is the output torque of biomimetic blade in off-rated con-
dition (0.4Go), 79,5, = —26.31 N m, is the output torque of biomimetic
blade in off-rated condition (0.4Gy), 7, is the average output torque of
the original blade with consideration of proportion for the off-rated
operating state, which is given by,

_ ) 0
Ta =g, ® T, + P0.46,*%046, ®

Table 6 shows the simulation results of output torque and R4 for the
blades with varied A. With A increasing, the output torque kept
decreasing in rated condition but that kept increasing in off-rated con-
dition. The comprehensive influence had a peak value when A equaled
to 3.15% Cy, indicating that the positive influence of bumpy structure in
off-rated condition cannot cover the lost in rated condition when the
amplitude was too high. In the end, we chose A = 3.15%C; as the op-
timum level. For the other parameters, downstream width Wp and
deflection angle § varied more widely than others, so we further opti-
mized them by calculating 75, for Wp ranging from 3 to 7, and 6
ranging from —10 to 30 in the off-rated condition. Table 7 shows the
data of calculation results. With the increasing Wp, the output torque
decreased first and then ramped up slowly. As the increasing rate of
output torque 75.400 was small when Wp was larger than 6% Cp, we
determined Wp = 3% Cp for the final design of bumps on blade. For the
optimization of §, 77 ,; reached the peak when 5 = 10°. Thus, for the
biomimetic bumps on steam turbine blade, the optimal geometrical
parameters obtained by orthogonal method and 3-steps optimization
were A = 3.15% Cj, Wy = 4% Cp, Wp = 3% Cp, 5 =10°and N = 6. Fig. 11
shows the pressure contours for the original and optimal biomimetic
blades. From the simulation results, 7 of the optimized biomimetic blade
increased from —26.31 N m to 2.13 N m compared with the original
blade in the off-rated operating condition. The data suggested that the
biomimetic bumps effectively avoided the blade doing work upon the
steam flow and enhance the aerodynamic performance in the condition
of low mass flow rate.

Meanwhile, this biomimetic structure will shorten the flow passage
around bumps. To discuss possible shocks and phase change phenomena
in rotor passage, we plot the Mach number contour on the blade height
plane that crosses the peak of the third bump, shown in Fig. 12.

From Fig. 12, it can be seen that there was a peak value Mach number
(0.76Ma) at the pressure side of both for the original blade and bio-
mimetic blade. Although there was another peak value of Mach number
(0.78Ma) on the suction side for the biomimetic blade, the influence of
this peak Mach number was limited around the suction side. The steam
flow in rotor passage was still subsonic flow, not producing shocks.
However, the relative large Mach number at the suction side did let the
local condensation changed. Fig. 13 & 14 show the nucleation rate and
liquid volume fraction in the same plane as the Mach number. The steam
condensation was concentrated in the upstream of bumps, where the
nucleation rate was obviously higher than other positions. Reflected in
the liquid volume fraction, there was a liquid concentration in the up-
stream of bumps. Also, affected by the streamwise vortices, the Mach
number and nucleation rate were low in the downstream of bumps. The
liquid volume fraction downstream the bumps presented a lower value
than that in original blade until the trailing edge. This even made the
average dryness in rotor passage of biomimetic blade (0.8885) a bit

Table 6

Effect of amplitude A on Ra.
A (% C) 2.80 3.15 3.50 3.85
Tg“;” (Nem) —-8.26 —4.91 —-2.95 —0.85
T?OG” (Nem) 2631.04 2629.37 2623.47 2619.30

R (%) —0.099 —0.086 —0.266 -0.377
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Table 7

Effect of downstream width Wp and deflection angle § on the output torque.
Wp (% Cp) 3 4 5 6 7
2, (Nem) 1.54 —6.72 —4.91 -1.13 —0.66
8(°) -10 0 10 20 30
4 46, (Nem) 0.31 1.54 213 1.84 1.33

higher than that of original blade (0.8880).

3.3. Mechanism of enhanced output torque by bumps

To explore the underlying physics of enhanced output torque, we
analyzed the mechanism of the bumpy structures on the evolution of
vortex. We characterized the vorticity (£2) to measure the intensity of
vortex,

ou Ov
Q=5 -5 ©)

where x and y represent the circumferential and radial direction,

Pressure
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respectively, u and v represent the component of steam velocity in x and
y direction, respectively.

Fig. 15 shows the mean vorticity of vortices on a downstream plane,
which was perpendicular to the suction side. The planes were defined
with different distance to bumps. The distance to bumps (AS) was given
as the space between the peaks of bumps to the planes, as shown in
Fig. 15. The vorticity of vortices generated behind the tip bumps will be
presented to discuss the development characteristic of vortices.

We picked planes from AS = 5 mm to AS = 195 mm, presenting the
variation of mean vorticity behind the bumps (Fig. 16). The curves in
Fig. 16 (a) shows that vortex pairs were generated in close vorticity
whereas the counterclockwise vortices dissipated faster. To be specific,
the vorticity of counterclockwise vortices declined faster than the
clockwise ones and remained in a lower vorticity when vorticity became
totally stable. When the vortices develop to 35 mm away from bumps,
the mean vorticity stopped the sharp drop to decrease slowly. After that,
the dissipation of vorticity tended to be weak. Eventually the mean
vorticity of vortex pairs remained stably within 10000 s~!. The visual-
ized development progress of vortices generated behind the top bumps
was shown in vorticity contours (Fig. 16 b-e). At the early stage, the

|
v

-
v
» |
‘ ;
(b)

Fig. 11. The pressure distribution on suction side of blade. (a) Original blade. (b) Optimized biomimetic blade.

Mach Number
v 9.39e-01

8.45e-01
7.51e-01
6.57e-01
5.63e-01
4.69e-01
3.76e-01
2.82e-01
1.88e-01
9.39e-02
1.00e-15

/

(a) Original blade

T 0.76 Ma — TS y ~—=0.78 Ma

v

(b) Biomimetic blade

Fig. 12. Comparison of Mach number at the blade height plane (82% ).
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h2ol.Nucleation Rate
m 1.60e+00

" 1.52e+00
1.44e+00
1.37e+00
1.29e+00

1.21e+00
1.13e+00
1.05e+00
9.75e-01
8.97e-01

8.19e-01
[mA-3 s7-1]

(a) Original blade

International Journal of Thermal Sciences 181 (2022) 107782

(b) Biomimetic blade

Fig. 13. Comparison of nucleation rate.

h2ol.Volume Fraction
E 6.64e-06

' 6.366-06
- 6.07-06
5.79¢-06
5.50e-06
5.22¢-06
4.946-06
4.65¢-06
437606
4.086-06
3.80e-06

(a) Original blade

h2ol.Volume Fraction
m 6.79¢-06

- 6.47e-06
6.15e-06
5.82e-06
5.50e-06
5.18e-06
4.85e-06
4.53e-06
4.20e-06
3.88e-06
3.56e-06

(b) Biomimetic blade

Fig. 14. Comparison of volume fraction of liquid phase.

vortex pair presented in a shape of flat-oval because they were shaped by
the bump (Fig. 16 b). Between the vortex pair and the blade surface,
there existed a small adverse vortex, marked as second vortex. This
phenomenon indicated that the vortex pairs remained strong here (AS =
15 mm), because the second vortex was formed by the rotation of main
vortices and the free steam around main vortices. When AS = 35 mm, as
shown in Fig. 16 (c), the vorticity of this vortex pair behind the top bump
had not dropt as the mean vorticity, even though the second vortex
disappears. This outstanding performance originated from the steam
here was dense and not much influenced by the radial velocity. In Fig. 16
(d), the shape of vortex pairs were close to circle but not symmetry.
Through the adequate development, the vortices showed a free shape,
like circle. However, in this stage, AS = 105 mm, the influence of radial
velocity appeared, causing the counterclockwise vortex deformed. Such
deforming direction pointed to the tip, which was coincident with the
direction of radial velocity. When AS = 195 mm, the vortex pair was
forced to move toward the tip of blade with the sustained effect of the
radial velocity (Fig. 16 e). The vortices generated behind the second
bump came in the view as well. Simultaneously the counterclockwise

vortices almost disappeared whereas the clockwise vortices remained a
relative high vorticity. Here the vorticity was weak and if the vortices
continued to develop, they can hardly improve the pressure on suction
side evidently. During the whole passage between rotating blades, the
counterclockwise vortices were inhibited and all the vortices moved
toward the tip because of the radial velocity. These were the unique
characteristics in steam turbine. If we considered the vortices kept
working until their vorticity reduced to a stable value, the mean effec-
tive length was 105 mm in streamwise. The average chord length where
the bumps were set was 350 mm. Through comparing these two lengths,
we can obtain that the optimized biomimetic blade improved the pres-
sure distribution in 30% steam flow passage.

Combining the development regulation of vortices and the pressure
distribution on biomimetic blade, we can conclude that the vortices
affected the flow field, leading the pressure on blade surface decreased.
Next, we will discuss how the flow field affected by the streamwise
vortices. We chose two representative points on blade surface, 20 mm
right downstream the peak of third bump (point A) and 20 mm right
downstream the mid-tough between the third and the forth bump (point
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The tip of blade

Vorticity contour

Plane

Suction side

Leading edge

\

Fig. 15. The distance to bumps (AS) was defined as shown. In this section, a
series of planes with different AS will be created to discuss the variation of
vorticity downstream the bumps.

B). Point A was located in the place where the flow field was affected
effectively by the streamwise vortices and point B was located in the
place where the flow field was little affected. Fig. 17 plots the steam
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velocity as a function of distance away from the blade surface along the
normal direction at point A and B. The curves shows that the thickness of
boundary layers at two places are both 5 mm (the length when velocity
raises to a stable level). The velocity over point A reached free steam
velocity ~300 m/when the distance away from blade was beyond 5 mm.
However, influenced by the streamwise vortices, the steam velocity over
point A stayed in 50 m/s until ~16 mm away from the blade surface. The
velocity reached the same level as the free stream velocity in the dis-
tance of 30 mm. The low velocity near the blade inhibited the mo-
mentum kinetic energy exchange to the free stream, creating the region
with low-pressure on suction side. In short, the vortex weakened the
energy exchange between free stream and the suction side to improve
the output torque.

3.4. Comparison of bump and vortex generator (VG)

We knew that biomimetic bumps made positive influence to flow
field through generating streamwise vortices. In traditional application
of industry, the vortex generators, called VGs, were usually used to
create vortices. It was useful to discuss the discrepancy of performance
between the traditional VGs and the biomimetic bumps. To analyze this,
a blade with twelve VGs was built, covering close region the bumps
located in. The height (H) of VGs was 0.66 times of boundary layer
thickness [32] and the other parameters were set as Pearcey [33] tested,
distance between two vanes (D) = 10H, of length of vanes (1) = 3H,
mean distance between two vanes (d) = D/4, thickness of vanes (¢) = 1
mm and angle between vanes = 30°, as show in Fig. 18 (a). These values
were the suggested optimized ones for parameters of VGs.

We simulated the flow field of blade with VGs in 0.4G( condition and

8.0x10" A —— S Fig. 16. Vorticity variation of streamwise
i L vortices. (a) Mean vorticity of all vortices
R ® Clockwise vortices behind the bumps. With the vortices develop
6.0x107 7 |_® Counterclockwise vortices| ] downstream, the mean vorticity dropt in a
1 A sharp decline first and gradually stabilized at
. 4.0x10* n ] around 1 x 10* s™1. The vortices generated
“_@ 1 L behind the top bump were visualized in the
o 2.0x10* s - distance of 15 mm, 35 mm, 105 mm and
g ] e - 195 mm. (b) At the early stage, the vortices
3] 0.0 | were generated in pairs and in a shape of
é i i o ———8— *— e flat-oval. There existed a small adverse vor-
g 2 0x10° 4 . = il | tex between the vortex pair and blade sur-
= o face. (c) With the development, the vorticity
I " 1 b of vortices decreased and the small vortex
-4.0x10" N disappears. (d) At this stable stage, the
1 ? vorticity changes less and with adequate
-6.0x10* 4 E development the shape of vortices became
{/ round. (e) Influenced by the radial velocity,
-8.0x10" I ————————— T the counterclockwise vortex was inhibited.
0 20 40 60 80 100 120 140 160 180 200 The position of vortices was moved toward
Distance to bumps (mm) the tip.
(a)
Q 0
| 15 3.5e4s! - 15 3.3e4 s
L -0 0 o -0 0
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50 0 50 e 50 0 50 I'3‘3E4 =
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Fig. 17. Velocity of the steam change along the normal direction.

presented the vorticity of streamwise vortices generated by VGs and
bumps for comparison. The vorticity contours were shown in Fig. 19.
The distances to bumps (AS) was the same as that in Fig. 15. Contrasted
to the vortices generated by bumps, these vortices had similar max
vorticity and developed neatly. The shape of vortices was always
approximately circular, not evolving from the shape of flat-oval. The
disadvantage lied in the effected region. The size of vortices generated
by VGs were small compared with those generated by bumps. The
vortices generated by bumps also showed strong and consistent vorticity
but those of VGs were weak near the tip side (Fig. 19 (a) and (b)). When
AS =105 mm (Fig. 19 (c) and (d)), the vorticity here generated by two
structures dropt to a similar level. For the influence of radial velocity
became serious in the region close to the root, the vortices there moved
toward the tip as the direction of radial velocity. The vorticity of vortices
on the biomimetic blade decreased gradually from the tip to the root
whereas that on the blade with VGs increased first and decreased. Such
distribution caused the vortices generated by VGs to lose the advantage
on inhibit the energy exchange, because the flow was denser near the tip
side.

Fig. 20 shows the pressure distribution of original blade, biomimetic
blade and blade with VGs. Compared to the bumps, the VGs did not
created the upstream high pressure region whatever near the tip or not.
However, its disadvantage was also obvious that the expansion of low

Fig. 18. Twelve VGs were mounted along the region with low-pressure. The
parameters VG were controlled by local thickness of boundary layer except the
vane thickness which equaled 1 mm. The height of VGs (H) was 0.66 times of
local thickness of boundary layer. The length of vanes (1) equaled 3H. The
distance between two vanes (D) equaled 10H and the mean distance between
two vanes (d) equaled D/4.
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pressure region downstream the structure was less. The VGs mainly
effected the pressure distribution around them. When developing to the
middle portion of passage, the pressure had few difference from the
original blade. Reflected in the output torque, the blade with VGs pro-
vided —10.51 N m, remaining a negative value.

Besides, noticed that the modification geometry may bring extra loss
in the passage, we defined the total pressure loss coefficient (i) to
measure the loss in the passage,

* *
7pin Pou

Py — P (10
out — Pout

n

where p;, is the total pressure at inlet, p; . is the total pressure at outlet,
and pyy is the static pressure at outlet.

The biomimetic blade brought 7 of 1.556 and the VGs blade brought
n of 2.552. The bumps brought less loss because of the smooth geometry.
The VGs were consisted with right angle and flat surface, causing larger
loss in the passage. We also simulated the performance of two blades in
Gy and the results showed that 7 of VGs blade was 2638.67 N m (0.2%
less than the original blade) and 7 of biomimetic blade was 2635.32 N m
(0.3% less than the original blade). This indicated that the modification
hardly affected performance of rated condition. The optimum bio-
mimetic blade enhanced the output torque with low pressure loss and
had little impact on the blade performance in rated condition.

4. Conclusions

In this work, we designed a new LP last stage blade of steam turbine
with biomimetic bumps for raising the aerodynamic performance in low
mass flow condition. We mainly discussed the function of biomimetic
blade in 0.4Gy condition. The biomimetic bump was defined by five
parameters, amplitude, wavelength, upstream width, downstream
width and deflection angle. The simulation results showed that the
bumps generated streamwise vortices. Through analyzing the blade
profile, we noticed that setting bumps on the low pressure region of
suction side can guarantee the generation and development of stream-
wise vortices. The result showed that no shocks appeared around the
bumps when Mach number changed there. The bumps also had little
influence on cascade dryness. In this way, the biomimetic blade brought
rise on the output torque (from —26.31 N m to —15.99 N m). By the
orthogonal analysis and refinement, the parameters of the bump were
optimized. The output torque of optimum biomimetic blade reached
2.13 Nem, enhanced from a negative value to a positive value. We
further studied the mechanism of the bump. The vortices generated by
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VGs at AS = 105 m. (d) Vortices were generated by bumps at AS = 105 m.
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The root side

(a) Vorticity of vortices generated by VGs at AS = 35mm
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(b) Vorticity of vortices generated by bumps at AS = 35mm
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(c) Vorticity of vortices generated by VGs at AS = 105mm
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Fig. 19. Vorticity of vortices. (a) Vortices were generated by VGs at AS = 35 m. (b) Vortices were generated by bumps at AS = 35 m. (c) Vortices were generated by

Pressure ‘
[ | 8200
i

7550
6900 |
6250
5600
4950

4300 ‘

W
»
v
‘l’ ‘
350 | |
[Pa]aooo !A | 5
(b)

A

™

Ppre ~ 0 L

(€)

Fig. 20. The pressure distribution on suction side of blade. (a) Original blade and 7 = —26.31 N m. (b) Biomimetic blade and 7 = 2.13 N m. (c¢) Blade with VGs and =
= -10.51 N m.

bumps remained effective vorticity over at least 30% of the passage. In
this portion, the vortices forced the blade surface to exchange energy
with the low velocity flow, effectively reducing the applied pressure by
the free steam. Through the widely influence from streamwise vortices,
the output torque of biomimetic blade was enhanced. Since the core
function of bumps was generating vortices. We also explored the
discrepancy of bumps and vortex generators (VGs). Both blades hardly
affected the aerodynamic performance in rated condition. Compared to
the blade with VGs, the biomimetic blade created a smooth flow
passageway. The pressure loss of biomimetic blade was 40% less than
that of the blade with VGs while the output torque was 120% that of the
blade with VGs. This design can effectively enhance the aerodynamic

performance of turbine blade in low mass flow condition and cause little
loss in rated condition.

12

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Data will be made available on request.

Acknowledgements

The financial support of this paper was provided by the National
Natural Science Foundation of China (Grant No. 51776142).



F. Wu et al.

Nomenclature
AOA Angle-of-attack (°)
VG Vortex generator
T Output torque
Io Height of blade (mm)
C Axial chord length of blade (mm)
A Amplitude of bump
N Number of bump
Wy Upstream width of bump
Wp Downstream width of bump
S Deflection angle of bump (°)
P, Bump position in chordwise
Py Bump position in radial wise
Cp Length of suction side profile (mm)
X Mass fraction of the vapor
Amix Mixture static enthalpy (J kg™1)
hse1(p)  Saturation enthalpy of liquid (J kg™
hstv(p)  Saturation enthalpy of vapor (J kg’l)
v Thermophysical property of fluid
Prmix Density of liquid-vapor mixture (kg m~>)
Psatl Density of saturated liquid (kg m~%)
Psaty Density of saturated vapor (kg m™~>)
Go Mass flow rate in rated condition (kg s’l)
T Average output torque in orthogonal design (Nem)
S Blade surface (m)
7 Stress tensor on a micro-surface of blade
w unit normal vector of the micro-surface
T position vector
z unit vector of axis
Ry Characteristic parameter for judging performance of bump
Re, Ramp of output torque in the rated condition
Ro.46, Ramp of output torque in the off-rated condition
@6, Time coefficient for the rated condition
e Time coefficient for the off-rated condition
Tq Average output torque of original blade in a power grid cycle (Nem)
r’éu Output torques of biomimetic blade in rated condition (Nem)
180 Output torques of original blade in rated condition (Nem)
To 46, Output torques of biomimetic blade in off-rated condition (Nem)
134(;0 Output torques of original blade in off-rated condition (Nem)
Q Vorticity of streamwise vortex (s_l)
AS Distance to bumps (mm)
H Height of vortex generator (mm)
D Distance between two vanes (mm)
1 Length of vanes (mm)
d Mean distance between two vanes (mm)
o Thickness of vanes (mm)
n Total pressure loss coefficient
P Total pressure (kPa)
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