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Abstract: The application of splitter blades can improve passage obstructions and reduce flow loss
of small-scale organic Rankine cycle (ORC) radial inflow turbines. In this study, taking R245fa as
the working fluid, splitter blades are applied to design an impeller layout for a 10 kW ORC radial
inflow turbine, and numerical simulation is conducted on different impeller schemes through Fluent
15.0. The influence of the meridian length and circumferential position of the splitter blade on
the performance of the turbine impeller is studied. The results show that the meridian length and
circumferential position of the splitter blade exert greater effects on the flow field distribution inside
the impeller and the impeller performance. When the circumferential offset of the splitter blade is
around 0.6 and the blade length is around 80% of the length of main blade, the ORC radial inflow
turbine designed in this study reaches optimum performance, and its performance is better than the
traditional impeller.

Keywords: organic working fluid; radial inflow turbine; splitter blade; numerical simulation

1. Introduction

The organic Rankine cycle (ORC) system is one of the most effective ways to use
low-temperature waste heat for power generation, and it is also widely used in geothermal,
biomass, and other low-grade energy power generation fields [1-3]. Compared with the
Rankine cycle using water as a working fluid, the ORC system can recover low-grade
energy below 370 °C, which has the characteristics of high efficiency, a relatively simple
and compact system, low operation and maintenance costs, and remarkable economic
benefits [4,5].

The expander is a key part of the ORC system, and the main types include the radial
turbine, axial turbine, and the scroll [6,7]. For the characteristics of compact structure, small
size, large stage enthalpy drops, high expansion ratio, and superior efficiency, the radial
inflow turbine is the main type used in commercial ORC plants [8-10]. The studies on
radial inflow turbines began in the 1960s. Glassman et al. [11] researched loss models, and
compiled the program for the 1D aerodynamic design method of radial inflow turbines.
Aungier et al. [12] introduced the basic concept, blade design, passage flow analysis,
boundary layer theory, boundary layer loss and other losses of radial inflow turbines, and
the corresponding description equations. Carrillo et al. [13] designed the radial inflow
turbine of low-power gas turbines, using Fortran to write the 1D design program for
predicting the turbine performance and calculating the specific design parameters.

There are no significant differences between the design principle of the ORC radial in-
flow turbine and that of conventional radial inflow turbines. However, there are significant
differences in the thermophysical properties of organic working fluid and those of conven-
tional working fluids such as steam and gas, which require special treatment. Additionally,
the working fluid may influence the performance of ORC radial inflow turbines due to the
different physical properties, so researchers have studied turbines under different working
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fluids. Fiaschi et al. [14,15] comparatively researched the stage efficiency, output power,
and reaction degree of the radial inflow turbine with R134a, cyclohexane, n-pentane, and
R245fa as the working fluid. Sauret et al. [16] selected R134a, R143a, R236fa, R245fa, and
n-pentane for the design of a radial inflow turbine. The results show that there are no
obvious differences in the turbine efficiency designed with five types of working fluid.
Nevertheless, there are huge gaps in the impeller size. Li et al. [17] numerically studied the
influence of organic working fluid on the performance of radial inflow turbines, including
R245fa, R601, R601a, R123, etc. As R245fa is thermally stable, non-flammable, non-toxic,
easily available, and has no ozone depletion potential (ODP), it is a good choice for radial
turbines which are very common in the research on the ORC radial turbine [18].

In order to improve the flow field inside the turbine passage, reduce various energy
losses, and improve the turbine efficiency, scholars have developed a great deal of optimal
research on radial inflow turbines through numerical simulation or experimental analysis,
including aerodynamic optimization of the nozzle and rotor. Pasquale et al. [19] used a
metamodel along with a genetic algorithm to optimize the nozzle of a 150 kW ORC radial
turbine. The simulation results show that the optimized nozzle’s loss is decreased and the
flow field distribution becomes more uniform. Shuai et al. [20] used the metamodel-semi-
assisted method to optimize the rotor blade. The efficiency of the optimized gas turbine is
improved by 1.5%. Barr et al. [21] designed the back-bend impeller for the radial inflow
turbine. The results show that when the inlet blade angle is 25°, the back-bend impeller
improves the efficiency by about 2% under a low speed ratio.

For the small-scale ORC radial inflow turbine, the influence of the blade number
and blade thickness on the rotor impeller performance is very significant since the hub
diameter of the rotor impeller outlet is small. In order to guarantee the performance of the
rotor impeller, the blade number must be maintained. In addition, influenced by strength
requirements, the blade thickness must also reach a certain value, leading to a smaller flow
area at the impeller outlet and increased vulnerability to obstruction and flow loss. Splitter
blades can be applied to the impeller to solve this problem. On the one hand, enough
blades are installed on the impeller, which guarantees the fluid flow stability and working
capacity of the impeller. On the other hand, the outlet consistency of the blades decreases
and the impeller outlet flow area increases with the decrease in blade wall friction losses,
which guarantees the passage accessibility and impeller efficiency. It is obvious that the
impeller with splitter blades can improve the performance of the radial turbine. Therefore,
studying the influence of the splitter blades can provide a reference and guidance for the
design and optimization of the ORC radial turbine, which is very meaningful.

Currently, splitter blades are often applied to the centrifugal impeller and are com-
monly seen in research on rotary machines, such as centrifugal pumps, centrifugal com-
pressors, and centrifugal fans, showing certain referential values for the design of splitter
blade impellers in radial inflow turbines. Miyamoto et al. [22,23] used five-hole probes to
specifically measure the internal flow fields of closed and semi-open centrifugal impellers
with splitter blades and reached the conclusion that the application of a splitter blade can
reduce the main blade load and improve the flow field. Moussavi et al. [24] researched the
influence of the front position and angle of the splitter blade on the centrifugal compressor.
The results show that the application of a splitter blade can improve the stage efficiency
and surge margin and reduce the impeller inertia moment without apparent changes in
the obstruction phenomenon inside the passages. Xu et al. [25] researched the influence
of the circumferential offset of splitter blades on the centrifugal compressor through nu-
merical simulation. The results show that the best circumferential position of the splitter
blades is not the middle position between the two main blades, and the performance of
the compressors can be improved by optimizing the circumferential position. Ye et al. [26]
developed performance tests for the pump impeller of the splitter blade through simulation
calculations and experiments. The results show that the application of splitter blades can
improve the impeller lift by 2-12%. Mustafa et al. [27] conducted performance analysis
on the centrifugal pump. The experiment results show that when a 5 + 5 splitter blade is
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applied, the impeller performance is improved. When the length of the splitter blades is
80% of the length of main blade, the pump achieves the highest efficiency and the minimum
energy consumption. Gui et al. [28] researched centrifugal fans with splitter blades and
found that the influence of the splitter blade offset and installation angles is significant.

Impellers with splitter blades are also applied in research on radial inflow
turbines. However, compared to centrifugal impellers, there is less research available.
Tjokraminata et al. [29] researched the influence of splitter blades on radial inflow turbines.
The results show that the splitter blade can share the load of the main blades and ease the
reverse pressure flow, which effectively improves the flow situations inside the passages.
Walkingshaw et al. [30] studied the influence of the length and number of splitter blades
on turbine performance through numerical simulations and experiments. The results
show that the appropriate blade length and number of splitter blades can improve turbine
performance. Nithesh et al. [10] numerically investigated the effect of splitter blades. The
results show that splitter blades can improve passage obstruction.

Thus, it can be summarized that researchers pay more attention to the influence of
splitter blades on pumps and compressors, but the studies about the splitter blades of ORC
radial turbines are not sufficient. In addition, researchers such as Tjokraminata et al. [29]
and Walkingshaw et al. [30] studied the influence of splitter blades on turbines, but their
studies are just for turbines with a traditional working fluid, which may not be suitable for
the ORC turbine. Researchers such as Nithesh et al. [10] studied the ORC turbine, while
neglecting the influence of the offset and length of splitter blades, so the studies about
splitter blades are not comprehensive. Therefore, the research about the splitter blades of
the ORC turbine urgently needs to be supplemented and improved. In this study, a 10kW
ORC radial inflow turbine with R245fa as the working fluid is designed, and splitter blades
are applied to improve the performance of the turbine. Through changing the meridian
length and circumferential position of the splitter blades, 20 kinds of different impeller
schemes are confirmed. A single passage of the impeller is selected as the research subject
to shorten the calculation periods, and two indexes (total pressure loss coefficient, energy
loss coefficient) are proposed to evaluate the performance of splitter blades in the ORC
radial turbine. The effects of the meridian length and circumferential position of the splitter
blades are numerically investigated through Fluent® 15.0. According to the analyses of
the calculation results, the optimal meridian length and circumferential position of the
splitter blades are given, which can provide a reference and guidance for the design and
optimization of the ORC radjial turbine.

2. Calculation Model
2.1. 1D Design

In this study, the radial inflow turbine is designed based on the 1D calculation model
established by Aungier et al. [31]. The range of initial design parameters is determined
according to the turbine design requirements, as shown in Table 1 [32]. During the opti-
mization design process of the turbine, the maximization of turbine stage efficiency, 77stage,
is taken as the optimization objective, and the genetic algorithm (GA) is applied to search
the design parameters of the radial inflow turbine [33,34].

Equation (1) is applied to calculate the stage efficiency.

Ustage - f(all Q/ Q, ll)/ X1, 62/ 52)
=2 [(pcosoq ViI-Q-— Dizzﬂl )
+DycosB, \/Q +02(1-Q) + ﬁ22ﬁ12 — 251 pcosaq /1 — Q]

The optimization process of the 1D design genetic algorithm is shown in Figure 1. The
fitness function is the target function of turbine design, namely MaxF = Maxijstoqe = Max

‘ f (ﬁl, O, 0,0, 0, B, 52) ‘ (Table 2 shows the constraint conditions of the relevant param-
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eters). The initial design parameters of the radial inflow turbines in Table 1 are taken as the
individual parameters. From the optimization of the GA, the values the optimal results are

shown in Table 3.

Table 1. Initial design parameters for radial inflow turbines.

Type Name Symbol  Unit Range
Thermodynamic Total inlet pressure P§ MPa 0.45-0.8
Total inlet temperature T3 K 360-385
parameters Pressure ratio U — 2-6
Reaction degree O — 0.35-0.55
Absolute inlet angle oy Degree 14-20
Relative outlet angle By Degree 35-40
Design parameters Speed ratio uq — 0.45-0.70
Rotor diameter ratio D, — 0.4-0.6
Stator velocity coefficient o) — 0.92
Rotor velocity coefficient P — 0.8

Determine the individual
parameters for design of
turbines
I,={PT,Q2}

The initial population of
turbine design paramete rs
P 1)

T
v

1D calculation model of
radial inflow turbines

Target function
Constraint conditions Generate the next population
of turbine design parameters

Py

Whether satisfy
the stop
criterion?

Selection
Cross
Variation

Genetic operation

Figure 1. Flowchart of genetic optimization algorithm of radial inflow turbines.

Table 2. Constraint conditions in the radial inflow turbine design [32].

Name Symbol Constraint Range
Incidence angle i —10-5°
Inlet Mach number M1t The smaller, the better; not larger than 1.35
Relative speed w Wy < Wq
Relative shroud diameter Do <0.85
Relative hub diameter Doy, 0.15-0.35
Obstruction coefficient of rotor outlet tr >0
Turbine outlet pressure P, >1 atm

Relative blade height to rotor inlet Ly

0.02-0.17; the larger, the better

Table 3. Table of design parameters for impeller.

Name Symbol Unit Value
Total inlet pressure P; MPa 0.49
Total inlet temperature TS K 377.15
Pressure ratio 3 — 2.6
Reaction degree Q — 0.437
Absolute inlet angle of rotor impeller oy degree 14
Absolute outlet angle of rotor impeller B2 degree 35
Speed ratio uq — 0.684
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Table 3. Cont.
Name Symbol Unit Value
Rotor impeller diameter ratio D, — 0.55
Mass flow rate m kg/s 0.7
Temperature of rotor inlet Tinlet K 370
Temperature of rotor outlet Toutlet K 355
Backpressure at rotor outlet P, Pa 80,675
Rotational speed of rotor impeller n rpm 30,000
Blade number of rotor impeller N — 7 Main + 7 splitter
Outer diameter of rotor Dy mm 88
Blade height of rotor inlet Ly mm 5.8
Relative blade height of rotor inlet Ly — 0.066
Shroud diameter of rotor outlet Dogn mm 65
Hub diameter of rotor outlet Doy, mm 214
Extensional length of rotor impeller B, mm 30.8
Specific speed N; — 0.49
Specific diameter D, — 4.08

Leading edge+

D,

+ Inlet domain

\ —_— o

"
~

Hub curve ™

“._ Shroud curve

/
/~*Splitter lrLiling edge

2.2. Geometric Structure

Considering the limitations of the calculation resources and calculation period, only
the rotor impeller was selected as the research subject to simplify the calculation, and the
volute and stator were not considered. The rotor impeller with splitter blades was applied
to 10 kW ORC radial inflow turbines in this study. The meridian plane and geometric
structure of the impeller are shown in Figure 2 and the parameters on the meridian surface
were consistent with the design parameters in Table 3. The splitter blade can be obtained
by cutting the main blades such that they have the same blade profile as the main blade.
The blades can be modeled by radial overlap of the cross section in different directions of
blade height through ANSYS®-BladeGen. The cross sections with relative blade heights of
0, 0.5, and 1 are shown in Figure 3, and the design parameters are shown in Figure 4. The
splitter blade is located between the main blades, and the meridian length is smaller than
that of the main blades.

replacing traditional
impeller with splitter
blade impeller

Outlet domain

*Trailing edge

D2y

(b)

Figure 2. Geometric modeling of impeller: (a) Meridian plane of the impeller; (b) 3D modeling of turbine and impeller.

According to ANSYS®-BladeGen's definition of splitter blades, the circumferential
offset of the blades, Sy, refers to the ratio between the circumferential distance from the
suction surface (SS) of the splitter blades to the pressure surface (PS) of the main blades
and the circumferential distance between the two main blades. The circumferential offset
of the splitter blades shown in Figure 3 is 0.6. The meridian length of the splitter blades, Ls,
refers to the relative length of the splitter blades on the meridian plane, that is, the ratio of
the meridian length of the splitter blades to the meridian length of the main blades. As
shown in Figure 3, the passage between the SS of the main blades and the PS of the splitter
blades is herein called passage A, the passage between the SS of the splitter blades and the
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PS of the main blades is passage B. In order to study the influence of the circumferential
position and length of the splitter blades on turbine performance, 0.35, 0.40, 0.50, 0.60, and
0.65 were selected as the circumferential offsets of the splitter blades. Furthermore, given
that the length of the splitter blades is limited by passage obstruction and blade surface
friction loss, 60%, 70%, 80%, and 90% of the main blade length were selected for the splitter
blade lengths, and the impeller schemes are shown in Table 4.

PassageA PS\

0.6 comre= SPtIET Bl;dé\
“SS PS

Passage B

(b)

Figure 3. Blade section of impeller: (a) Shroud blade section; (b) mid-span blade section; (c) hub blade section.

-70 T 3.5 T T T T T T
—&— span=1

-60 H —®— span=0.75
—A— span=0.50

T 3.0 H

od
2
T

e
b
e

T

Beta (B)
Thickness (mm)

o

.

0 | 1 | | | | |

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Relative blade length (inlet to outlet) Relative blade length (inlet to outlet)
(a) (b)

Figure 4. Blade parameters of impeller: (a) Blade angle distribution; (b) blade thickness distribution.

Table 4. Impeller design schemes.

Impeller Scheme Offset and Meridian Length of Splitter Blades
SP1-SP4 Softset = 0.35, Ls = 60%, 70%, 80%, 90%
SP5-5P8 Softset = 0.40, Ls = 60%, 70%, 80%, 90%
SP9-SP12 Sefrset = 0.50, Ls = 60%, 70%, 80%, 90%

SP13-5P16 Softset = 0.60, Ls = 60%, 70%, 80%, 90%
SP17-SP20 Softset = 0.65, Ls = 60%, 70%, 80%, 90%

2.3. Performance Index

For the convenience of evaluating the performance of impellers, two performance
indexes, total pressure loss coefficient, and energy loss coefficient, are introduced in this pa-

per.
1.  Total pressure loss coefficient.

The total pressure loss coefficient is the portion of pressure loss in the stator or rotor.

It can be written as:
N P} —P;

- 2 2
Wb = by, 2)
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where P is the total pressure at impeller inlet, MPa; P5. is the total pressure at the impeller
outlet, MPa; and P;. is the backpressure at the impeller outlet, MPa.

2. Energy loss coefficient.
The ratio of the rotor blade loss to the stagnation ideal enthalpy drop inside the rotor

blade Ahy. is defined as the energy loss coefficient of the impeller. It can be written as:

Ahye

b = Fpp = 17V ®)

where Ahy,; is the rotor blade loss, k] /kg; Ahy; is the stagnation ideal enthalpy drop inside
the rotor blade, k] /kg; and 1 is the velocity coefficient of the rotor blade.

2.4. Grid and Boundary Conditions

A single passage of the impeller was selected as the simulation object due to the
cyclic periodicity of the impeller. The structural grid of the impeller passage was meshed
through the turbo-grid. To guarantee the convergence of the calculation process, extension
of the inlet and outlet was conducted appropriately for the impeller. The grid consists of
three parts, namely the inlet domain, main passage domain, and outlet domain, which are
available for data exchange through the interface. As a single passage of the impeller was
selected as the simulation object, the corresponding rotating periodic surfaces were set at
both sides of passage. It can be determined from the grid independence test that there were
330,000 impeller grids in this study, which is the minimum grid number that satisfies the
calculation accuracy. The grid independence test is shown in Figure 5 and the passage grid
is shown in Figure 6.

0.460 8.85

P N I E——— | -

= /e  } ° - 8.80 .§

= >}

‘o 0.455 =

b 2

ko) 3

@ <Q

- it

2 1875 5

= 2

)

g A

510.450 | s =
=

= o 4 e

o 8.70 =

0.445 L— : ; : : ; ; : 8.65
0 10 20 30 40 50 60 70 80
The number of mesh elements/104

Figure 5. The grid independence test.

In this study, CFD calculation was conducted on the impeller passage through Fluent®
15.0. The Spalart-Allmaras model was applied as the turbulence model and the SIMPLEC
algorithm was applied to solve the pressure-velocity coupling flow field. In consideration
of the thermophysical properties, environmental properties, and safety of the working
fluid, R245fa was selected, and the physical properties can be obtained from the NIST
REFPROP9.0 database, as shown in Table 5. According to the impeller design parameters
in Table 3, the mass flow inlet was applied as the impeller inlet. The mass flow rate of the
working fluid in single passage was 0.1 kg/s and the inlet temperature was 370 K. The
impeller outlet was set as the pressure outlet and the outlet backpressure was 80,675 Pa. The
rotational speed was 30,000 rpm and the rotational periodic boundary was set at both sides
of passage. The blades and impeller hub were set as the wall boundary, which moved with
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the domains. The second-order upwind scheme was applied to energy and momentum
equations as a discrete scheme to guarantee the calculation accuracy. When the residual of
each parameter was lower than 107, it was regarded as the calculation convergence.

Outlet domain

Trailing edge

Main passage domain

Leading edge

Inlet domain

Figure 6. The grid of impeller passage.

Table 5. Thermodynamic properties of R245fa.

Parameter Value
Substance identification number CAS# 460-73-1
Molar mass 134.05 kg/mol
Three-phase point temperature 171.05 K
Standard boiling point temperature 288.29 K
Critical point temperature 427.16 K
Critical point pressure 3.651 MPa
Critical point density 516.08 kg/m3
Eccentricity factor 0.3776
Ozone depression potential (ODP) 0
Global warming potential (GWP) 1030

3. Results and Discussion
3.1. The Validation of the Numerical Approach

In this study, the numerical prediction was validated by the experimental data from
reference [35], wherein the radial turbine operating with R12 refrigerant as a working fluid
was experimentally investigated. In order to further ensure the credibility of the model,
the simulation results of this radial turbine, produced by Nithesh et al. [3], were selected
for comparison. The specific design parameter of the turbine refers to the literature [34],
and the operation conditions are: mass flowrate of 26.4 kg /s, rotational speed of 3150 rpm,
inlet temperature of 85 °C, and inlet and outlet pressures of 6.05 kg/cm? and 1.79 kg/cm?,
respectively. The performance curve is presented in Figure 7, and a comparison shows that
the results of this study agree with the experimental data and the simulation conducted by
Nithesh et al. Thus, it can be concluded that the numerical approach in this study has a
high credibility.
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Figure 7. The validation of the numerical approach.

3.2. Influence of Splitter Blades on Flow Field of Impeller Passage

0.9

The numerical simulation was conducted on the 20 impeller schemes, and the stream-
line distribution and pressure distribution inside the passage of each scheme were obtained.
For the reason that the flow field distribution under offset 0.35 is similar to the situations
under offset 0.40, and the flow field distribution under offset 0.65 is similar to the situations
under offset 0.6. Thus, only the situations of Sygset = 0.4, 0.5, and 0.6 were adopted in this
study and the results of each blade length scheme were analyzed and are demonstrated.
The flow field distribution at 50% span is shown in Figure 8. When St = 0.4 and Ls is
60%, the splitter blades are shortest, as shown in Figure 8a, and the effect of the passage
on the working fluid is weak, leading to a worse flow state inside the passage. As there
is greater inverse pressure gradients on the SS of the main blades, there are large-scale
vortex domains on the SS of the main blades inside passage A, namely the area marked by
an ellipse in the figures. The vortex domain is located at the outlet of passage A, which
not only obstructs the passage but also increases the energy loss inside the passage. With
the increase in splitter length, as shown in Figure 8b—d, passages A and B lengthen, the
diversion effects of the passage are enhanced, the flow separation inside passage B is
inhibited, and the flow field gradually becomes uniform. Near the SS of the main blades
inside passage A, the inverse pressure gradient gradually decreases, leading to a great
improvement in the flow state. However, the increase in splitter length will enlarge the
transverse pressure gradient at the inlet of passage A and cause the boundary layer of the
blade surface to be more vulnerable to lateral transfer. Thus, the vortex domain at the LE of
the splitter blades will gradually expand, and it can also result in obstruction and increase
the energy losses. Moreover, the increase in splitter length will enlarge the friction losses
near the blades. Therefore, in the design of the splitter impeller, an appropriate length

needs to be selected for the splitter blades.
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Figure 8. Streamline distribution when span = 0.5.

It can be found from Figure 8 that when Syt = 0.5 and 0.6, the splitter blades
can also improve the flow field distribution inside the passages and the effects of the
blade length are basically the same as those of Syger = 0.4. The circumferential offset can
influence the distribution inside the passages. When the circumferential offset is small,
Soffset = 0.4. As shown in Figure 8a, the splitter blades are relatively far from the SS of the
main blades and the transverse pitch of passage A is relatively large. The fluid is slightly
constrained by the blades and turbulent flow mainly occurs in passage A. Furthermore,
the smaller the circumferential offset, the larger the transverse pitch of passage A and the
more apparent the turbulent flow inside the passages. When the circumferential offset
increases, Sygtset = 0.5 or 0.6, as shown in the figures, and the splitter blades approximate to
the SS of the main blades and the turbulent flow inside the passages is transferred. At that
time, passage A becomes narrower and the blades’ control of the fluid is enhanced, and the
flow separation inside the passages is inhibited and the streamline distribution becomes
uniform. With the increase in the gap between the splitter blades and the PS of the main
blades, the blades’ constraints on the fluid inside passage B weaken and the fluid inertia
exerts an effect on flow inside the passages. The turbulent flow inside the passages will
continuously deteriorate with increasing offset. When the fluid enters passage B, separation
immediately appears at the LE of the main blades and a larger-scale vortex domain appears
at the passage inlet. The vortexes here also result in energy consumption, which negatively
impacts the impeller performance. Therefore, when selecting the circumferential offset of
splitter blades, the optimal flow domain of passages A and B must be guaranteed to ensure
a better flow state inside passages A and B.
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3.3. Influence of Splitter Blades on Impeller Load Distribution

Compared with the conventional impeller, splitter blades can share the load of the
main blades and reduce the strength requirement. The load distribution diagram of blades
is shown in Figure 9, where blade loading refers to the pressure difference between the
PS and SS of each blade. It can be observed from the figures that, under the same offset,
when Ls = 60%, due to a lack of flow diversion of the blades, the splitter blades’ ability
to shoulder the load is weaker, and the load is mainly concentrated on the main blades.
With the increase in blade length, the flow separation inside the passages is inhibited
and the load on the splitter blades increases. Meanwhile, the load of the main blades
also decreases. In addition, when the splitter blades are shorter, there will be a larger
inverse pressure gradient on the SS of the main blades and the existence of inverse pressure
promotes the flow separation and vortex domains on walls. With the increase in splitter
blade length, the inverse pressure gradient near the SS of the main blade eases, and the
flow state inside the passages improves. Due to existence of splitter blades, the pressure
and velocity distributions inside passages A and B are not completely the same. When the
working fluid flows out of the two passages, mixed flow occurs at the back passages. The
pressure fluctuation, as shown in Figure 9, will occur at the TE of the splitter blades, where
the mixed flow will lead to certain energy losses and influence the impeller performance.
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—

(a) Soffset = 04, Ls =60%

Under the small offset, such as the case of Syer = 0.4, as shown in Figure 9, the
load shared by the splitter blades is relatively small and the load on the main blades
is far greater than that on the splitter blades, which harms the working capacity and
structural strength of the impeller. In addition, as mentioned above, the transverse distance
of passage A is larger and the transverse pressure difference inside the passages refers
to the pressure difference between the SS of the main blades and the PS of the splitter
blades. As the pressure distribution on the PS of splitter blades is similar to that on
the SS of the main blades, leading to a greater transverse pressure difference inside the
passages, the pressure difference makes the fluid more vulnerable to transverse transfer
and promotes the formation of wall separation flow inside passages. When the length
of the splitter blades remains the same, increasing the circumferential offset, as shown in
Figure 9, where S5t = 0.5 and 0.6, enhances the splitter blades” ability to share the load.
The load distribution among blades becomes more uniform and the transverse pressure
difference inside passage A correspondingly decreases. Moreover, the inverse pressure
gradient near the SS of the main blades decreases with the increase in offset. It can be seen
from Figure 8, where Sger = 0.6, that the inverse pressure on the SS of longer blades in
each blade length scheme has basically disappeared, as did the vortex area on the SS of the
main blades. Thus, the flow state inside passage A improved greatly.

3.4. Influence of Splitter Blades on Flow Losses Inside the Passages

The contours of entropy distribution inside the passages are shown in Figure 10.
The greater the entropy production, the greater the losses and the worse the impeller
performance. When Sygtser = 0.4 and Ls = 60%, as shown in Figure 10a, the static entropy
inside passage A is clearly higher than that inside passage B. On account of the existence of
vortex areas inside passage A, a local high entropy area that diffuses into the middle of the
passages in radiation occurs on the blade surface, leading to obstruction at the outlet of
passage A and deviation of fluid to the outlet of passage B. Therefore, the value of static
entropy at the back of passage B improves. Additionally, due to the diversion effect at
the inlet of passage B, the turbulent flow at the inlet produces a slightly higher local static
entropy inside the passage than that in the surrounding environment. However, the static
entropy here is far smaller than that in the vortex area in passage A. As the splitter blade
length increases, as shown in Figure 10b—d, the diversion effect of the passages increases
and the high-entropy area in passage A gradually decreases. The influence of the vortex
area on passage A gradually decreases and finally disappears, and the flow state inside the
passages gradually improves. With the continuous increase in blade length, as mentioned
above, the transverse pressure difference at the inlet of passage A increases, which causes
the fluid to be more vulnerable to transverse transfer. The turbulent flow at the inlet makes
the local high-entropy area at the LE of the splitter blades diffuse into the passages. The
losses here are mainly located at the inlet of passage A and the impeller outlet, but the
losses are far smaller than those in the high-entropy area, as shown by Figure 10a.
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Figure 10. Cont.
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Figure 10. Contour of static entropy distribution when span = 0.5.

It can be seen from Figure 10 that, under the same length of splitter blades, when the
offset increases, the static entropy distribution inside the passages changes along with the
changes in the flow field. The high-entropy area triggered by the vortex inside passage A
gradually decreases, but the effect of the transverse pressure difference inside the passages
remains. When the splitter blades are longer, there is still the area with higher entropy
on the LE of the splitter blades of passage A, as shown in Figure 10h. Nevertheless, with
the increase in the transverse distance of passage B, the aggravated turbulent flow inside
the passages increases the static entropy at the inlet and the static entropy area gradually
increases with the increase in offset, as shown in Figure 10e,f. When St = 0.6, the
high-entropy area in passage B becomes quite obvious, as shown by Figure 10i,j.

However, the losses here are still smaller than those in the high-entropy area in passage
A when Sfeer = 0.4. At that time, there is no area with higher entropy production inside
passage A and the influence of the transverse pressure difference on the passages basically
disappears with the narrowing of passage A. When St = 0.6, the trailing loss after the
splitter blades becomes very obvious, especially in the cases of shorter splitter blades, as
indicated by the ellipse in Figure 10i. Thus, there remains optimization space for the splitter
blades. Based on the comprehensive consideration of the static entropy distribution inside
the passages in each impeller scheme, it is necessary to guarantee the reasonable static
entropy distribution inside passages A and B when selecting the offset. According to the
distribution of the contour above, it can be judged that the optimal offset for splitter blades
is in the interval of 0.5-0.6.

Through analysis of the simulation results, the performance parameter curves of each
splitter blade impeller were obtained, as shown in Figure 11. The changing trends of the
total pressure loss and energy loss coefficients are basically the same. Under each offset
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scheme, when the splitter blades are the shortest, Ls = 60%, the passage is the shortest
with a weaker diversion effect, there is a worse flow state inside passages, and the most
significant flow separation. Thus, the largest total pressure loss coefficient and energy loss
coefficient appear. With the increase in splitter length, the passages grow, which inhibits
the flow separation on the blade surface, and the flow is improved with the increase in
splitter blades. Thus, the impeller performance is improved. With the further increase in
splitter length, the flow separation on the LE of the splitter blades of passage A becomes
aggravated and the friction losses on the blade surface also increase. Furthermore, the
obstruction at the impeller outlet will deteriorate with the reduction in the flow area at the
outlet. Thus, the impeller will become worse with further increases in the splitter length.
The total pressure loss coefficient and energy loss coefficient will show the changing trend
of increasing after decreasing, as shown in Figure 11.
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Figure 11. Curve of impeller performance: (a) Curve of total pressure loss coefficient; (b) curve of
energy loss coefficient.

It can also be seen from Figure 11 that, when Ls remains the same, the relationship
between the two index parameters is generally summarized as 0.35 > 0.4 > 0.65 > 0.5 > 0.6.
Under the small offset, namely Sgfset = 0.35 or 0.4, there is a local large-scale vortex area
in the SS of the main blades inside passage A, where the static entropy is far greater than
that of other passage parts and the energy loss inside the impeller is greater. Therefore,
compared to other offset situations, there are always a greater total pressure loss coefficient
and energy loss coefficient in the impeller. When St = 0.65, due to the excessively large
offset, compared to the offset of 0.5 and 0.6, the circumferential distance of passage B
increases and the passages’ constraint effect on the working fluid weakens. At that time,
the inertia of the working fluid exerts certain effects on the flow and the flow inside passage
B is more turbulent, leading to greater losses inside passages than those of offsets of 0.5
and 0.6. Thus, the total pressure loss coefficient and energy loss coefficient are large and
the impeller performance is worse. However, losses caused by the turbulent flow here are
much smaller than those in the large-scale vortex area at the outlet of passage A under a
small offset. Therefore, when the lengths of the splitter blades are the same, the impeller
performance is better than that under the offsets of 0.35 and 0.4, but worse than that under
the offsets of 0.5 and 0.6.

It can be concluded from the analysis that, under each offset circumstance, the optimal
length of the splitter blades is about 80% of the length of the main blades and the optimal
offset is between 0.5 and 0.6. In the optimal design of the ORC radial inflow turbine
considered in this study, the splitter blade offset is about 0.6 and the blade length is 80% of
the main blade length.
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3.5. Performance Comparison of Splitter Impellers under Off-Design Conditions

The aforementioned analysis is based on the design condition Q4 = 0.7 kg /s, but the
turbine performance varies under off-design conditions. Figure 12 shows the streamline
distribution of scheme SP15 under different mass flow rates and, under a low flow rate,
serious flow separations are found which give rise to apparent vortex distributions. Under
the 0.6Q4 condition, the inlets of passages A and B both have large-scale vortexes and,
meanwhile, the outlet of passage A has an apparent vortex as well. With the rise in the
flow rate, the flow condition improves and, under the 0.8Q4 condition, the vortex area at
the outlet of passage A vanishes while the vortex at both inlets still exists. When the flow
rate is no less than the design condition, the vortex area in passage B vanishes while the
vortex at the inlet of the passage turns into flow separation of LE when the area decreases.
Variation in the flow rate can influence the number and area of the vortexes in the passage,
which means the turbine performance will change under off-design conditions.
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Figure 12. Streamline distribution of splitter impeller SP15 under off-design conditions:

(@) Q/Qq = 0.6; (b) Q/Qq = 0.8; (c) Q/Qq = 1.2; (d) Q/Qq = 1.4.

In order to study the performance change of the impeller under variable flow rates,
this study simulated different schemes and compared their performance parameters. Con-
sidering the similarity of the calculation results under the above impeller schemes, only the
impeller schemes SP13~SP16 at Syser = 0.6 and the schemes SP3, SP7, SP11, SP15, and SP19
at Ls = 80% were chosen for the performance comparison. The relevant performance curves
are shown in Figures 13 and 14. The flow rates in the figure were taken as 0.6Q4, 0.8Qy,
1.0Qq4, 1.2Q4, 1.4Qy. It can be seen from the curve that as the flow rate increases, both the
energy and the pressure loss coefficient under each scheme decrease. The value differences
of the energy and the pressure loss coefficient between the schemes gradually decrease. The
performance index parameters tend to be consistent. Additionally, the performance of the
impeller is continuously improved, which meets the trend of the streamline diagram. It can
be concluded from the curve that under the same offset, the loss coefficient always satisfies
SP15 < SP16 < SP14 < SP13; while under the same splitter length, the loss coefficient always
satisfies SP15 < SP11 < SP19 < SP7 < SP3. Considering the similarity of the calculation
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results of the above schemes, the conclusion can be drawn that under the scheme SP15,
with Syeer = 0.6 and the Ls = 80%, the splitter impeller still has the best performance.
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Figure 13. Variation in the pressure and the energy loss coefficient with respect to mass flow rate
(Softset = 0.6): (a) Curve of total pressure loss coefficient; (b) curve of energy loss coefficient.
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Figure 14. Variation in the pressure and the energy loss coefficient with respect to mass flow rate
(Ls = 80%): (a) Curve of total pressure loss coefficient; (b) curve of energy loss coefficient.

3.6. Performance Comparison between Splitter Impeller and Traditional Impeller

It can be concluded from the discussion above that the SP15 always has the best
performance under the design condition and off-design condition. This study compared
this scheme with the traditional impeller (St = 0.5, Ls = 100%). The results of the
streamline distribution and static entropy distribution in the passage of the traditional
impeller under the design condition are shown in Figures 15 and 16. In this case, passages
A and B are evenly distributed and the flow conditions are the same. It can be seen from the
above that as the splitter length increases, the lateral pressure difference at the LE increases,
causing the separation of the boundary layer. Therefore, there is a small-range vortex zone
on the LE of the blade PS, and the low-speed zone will diffuse toward the middle part of
the passage. In the contour of entropy, the LE and the middle part of the passage have a
local high-entropy area. There will be a blockage in the outlet of the passage due to the
narrow surface section. Additionally, the friction loss on the surface of the blade will be
intensified. Therefore, some local high-entropy areas will occur in the outlet of the impeller.
The streamline distribution and static entropy distribution of the traditional impeller are
inferior to the SP15.
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Figure 15. Streamline distribution of traditional impeller.
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Figure 16. Static entropy distribution of traditional impeller.

Figure 17 shows the performance comparison curve between the splitter impeller
SP15 and the traditional impeller. The change trend of the loss coefficients is similar to
Figures 13 and 14. The total pressure loss coefficient and the energy loss coefficient of
the two impellers decrease with the increase in the flow rate, and the difference in the
impeller loss coefficient gradually decreases. In addition, during the change process,
the loss coefficient of the splitter impeller is always smaller than that of the traditional
impeller, indicating that the impeller SP15 is superior to the traditional impeller in terms of
impeller performance.
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Figure 17. Performance comparison curve between the splitter impeller SP15 and the traditional

impeller: (a) Curve of total pressure loss coefficient; (b) curve energy loss coefficient.

4. Conclusions

In this paper, a rotor impeller with splitter blades was proposed for the design and
research of a 10 kW ORC radial inflow turbine. In order to analyze the influence of splitter
blade length and offset on impeller performance, CFD calculation was conducted on
impeller passages of 20 different schemes, and the different performance indexes were
analyzed. The following conclusions are drawn:

1. The splitter length exerts apparent effects on the impeller performance and internal
flow. When the splitter blades are shorter, it easily leads to inlet obstruction and
energy dissipation. The splitter blades” ability to share the load is weak. With the
increase in splitter length, the flow field can be optimized. Furthermore, the splitter
blades’ ability to share the load correspondingly improves. Nevertheless, with further
increases in splitter length, the flow field deteriorated again, which decreased the
impeller performance. Thus, the splitter blades cannot be excessively short or long. As
for the calculation case in this study, when L is about 80%, the flow field distribution
inside the impeller is optimum.

2. The circumferential distribution of blades also has a relatively large impact on the
impeller performance and internal flow. The circumferential offset influences the
distribution of the passage, and the differences in passage distribution lead to dif-
ferent flow states inside the passages and greater differences in their aerodynamic
characteristics. With comprehensive consideration of the streamline distribution,
static entropy distribution, and performance curves, the offset of splitter blades in the
ORC turbine shall be reasonable within the range of 0.5-0.6, wherein there exists the
optimal value.

3. Thelength and circumferential offset of the splitter blades exert comprehensive effects
on the impeller performance of the ORC radial inflow turbine. There exists an optimal
impeller scheme for the 10 kW ORC turbine considered in this study. In other words,
the optimal impeller performance exists when the circumferential offset of the splitter
blades is about 0.6 and the blade length is about 80% of the main blade length, and this
impeller still has the best performance under off-design conditions. In addition, the
performance of this impeller is also better than that of the traditional impeller. This
studies only considers the impeller, and does not consider the interaction between
the volute and the impeller and nozzle. In future work, the simulation of the whole
turbine should be considered, and an experimental platform can be built for research.
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Nomenclature

or]
N

extensional length of rotor (mm)  Greek symbols

D diameter (mm) n  efficiency

D relative diameter o« absolute flow angle (°)
Ds specific diameter B relative flow angle (°)

h specific enthalpy (k] /kg) 7T pressure ratio

i incident angle (°) @  stator velocity coefficient
L blade height (mm) Y  rotor velocity coefficient
L blade height relative Q) reaction degree

m mass flow rate (kg/s)

n rotational speed (rpm) Abbreviations

N blade number of rotor 0 stator inlet

Ns specific speed 1 rotor inlet/stator outlet
P* total pressure (MPa) 2 rotor outlet

P pressure (MPa) sh  shroud

T total temperature (K) h  hub

T temperature (K)

t obstruction coefficient Subscripts

w relative speed (m/s) PS  pressure surface

M, inlet Mach number SS  suction surface
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