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Abstract: The aerodynamic performance, structural strength, and wheel weight are three important factors in the design process
of the radial turbine for micro gas turbines. This study presents the experimental validation process of this integrated optimization
design method by using the similarity theory. Cold modeling tests and investigations into the aerodynamic characteristics were
performed. Experimental results showed that the aerodynamic efficiency of the micro radial turbine is 84.3% at the design point
while also satistying the acrodynamic and strength requirements. Meanwhile, the total weight of the turbine wheel is 3.8 kg which
has only a 52.8% mass of the original design. This indicates that the radial turbine designed through this technique has a high
aerodynamic performance, and thus can be applied to micro gas turbines. The results validated that this integrated optimization

design method is reliable.
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1 Introduction

Micro radial turbines have aroused much atten-
tion from researchers and designers during the past
decades, owing to their essential role as a key power
unit for distributed generation or distributed energy
resources such as micro gas turbines. Some previous
studies reported experiments focusing on aerody-
namic design and strength optimization of radial tur-
bine wheels.

In the field of aerodynamic designing of micro
radial turbines, various aspects have been conducted.
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Tan et al. (1984) proposed a theory of a large deflec-
tion blade design method. Zangeneh-Kazemi (1988)
applied Tan et al. (1984)’s method to their 3D flow
designing of radial turbines. Yang et al. (1993) and
Tjokroaminata et al. (1996) developed this method
further and designed radial turbines with splitter
blades. Whitfield (1990) developed a unified dimen-
sionless designing method to rationally assess ther-
modynamic parameters and geometric parameters of
micro radial turbines. Ebaid et al. (2002) proposed a
uniform designing method of a single-stage radial
turbine to optimize the sizes and blade numbers of
radial turbines. Huang (1981) studied a turbine blade
designing method using a cylindrical parabolic. Feng
(1991) investigated the aerodynamic design and an-
alyzed radial turbines focusing on their applications
in chemical processes and gas turbines. Deng (2008)
discussed the mechanisms of clearance leakage and
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its suppression and performances of micro radial
turbines.

Various studies have conducted strength design
and optimization of micro radial turbines. Watanabe
et al. (2004) experimented on aerodynamic design of
radial turbines by using computational fluid dynamics
(CFD) and made a finite element analysis and opti-
mization of radial turbines using an inverse design
method. Guo (2004) studied blade vibrations of radial
turbine whereas Xie et al. (2005) accomplished a
strength optimization of radial turbines by changing
four of its parameters: inlet and outlet flow angles at
blade span, thickness in the middle of the blade tip,
and the blade root in the precondition of satisfying its
aerodynamic performance requirements. However,
few of the studies mentioned above have had a com-
prehensive and integrated probe into the aerodynam-
ic, strength and weight reduction of micro radial tur-
bines. In view of this, it is necessary to comprehen-
sively design the micro radial turbines and reasonably
match the parameters for all the theoretical studies
and engineering applications.

Based on the successful design (Feng et al.,
2005; Deng et al., 2007a; 2007b) of radial turbines in
100 kW gas turbines by the TurboAreo Dynamic
Research Group in Xi’an Jiaotong University, China,
an integrated optimization design of micro radial
turbines is developed. In addition, the aerodynamic
performance of the micro radial turbine is tested and
validated.

2 Integrated design theory of micro radial
turbine

It is necessary to briefly review the integrated
optimization design of micro radial turbines at first.
Table 1 shows the design parameters of a radial tur-
bine which is applied for a 100 kW micro gas turbine.
In the process of designing, the wheel was modeled
by using a cylinder-parabolic modeling method. De-
spite the fact that the wheel was cast integratedly and
precisely, the radial straight blade on the working
wheel and the blade on the inducer wheel can be
clearly recognized and identified. As the parabolic
modeling method was used, the curvature radius of
the blade shape changed from the outer wall to the
inner wall, and the flow velocity changes in the flow

passage was also uniform. The turbine will obtain the
high efficiency as long as reasonable meridional pro-
files are given.

The integrated optimization designing method of
micro radial turbines proposed by Fu et al. (2012) is
not a linear design process. Its advantages and dis-
advantages were both weighed repeatedly, after each
iteration, depending on the stage results and optimi-
zation of the wheel. Similar procedures were followed
for all the iterations. The iteration design is stopped
until the new turbine wheel meets aerodynamic
and strength requirements with acceptable weight
synchronously.

Table 1 Design parameters of the radial turbine

Design parameter Value
Turbine inlet temperature, 7 (K) 1173.15
Pressure ratio 2.96
Rotational speed, N (r/min) 45000
Flow rate, G (kg/s) 1.1267

Diameter, D (mm) 230
Power, P (kW) >300
Isentropic efficiency >80.5%

The integrated optimization designing process
was divided into three steps. In the first step, the me-
ridian molded line of the wheel was optimized and the
flange diameter and the hub diameter were dimin-
ished. In the second step, the main geometrical con-
trol parameters of the blade were adjusted accord-
ingly and optimized at the same time. An enlarged
angle between the wheel exducer outer end wall and
the radial surface of the wheel is acknowledged to be
beneficial to the redistribution of stress on the blade
surface, which is necessary to disperse or remove the
area of high stress on the blade surface. In the third
step, the blade obtained in the second step was parti-
tioned into several sections from the hub to the
shroud. In every section, the contour of the pressure
surface and the suction surface from the leading edge
to the trailing edge was renewed by redistributing the
blade thickness in this area. The face-center of each
section was stacked up again in the space, where the
blade in this part was modeled by the free surface
modeling method. Then, the wheel was 3D modeled
and 11 modifications and optimizations were made to
the wheel, with a comprehensive consideration given
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to its total weight and strength. To sum up, the third
step is the most sophisticated one in the integrated
optimization design method of micro radial turbines
because both the blade and the wheel were compre-
hensively designed at the same time.

After these three steps of optimization, the aer-
odynamic performance was computed again to ensure
that the aerodynamic performance of the radial tur-
bines meets the design requirements. Meanwhile, the
total weight of the turbine wheel is reduced from
7.2 kg to 3.8 kg which has a 47.2% less mass. Fig. 1
shows the final design of the micro radial turbine.

Fig. 1 3D geometric modeling of the final design wheel
(a) Front view; (b) Back view
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3 Experiments on the aerodynamic charac-
teristics of the micro radial turbine

3.1 Experimental setup

The final test system for the radial turbines was
designed according to the test requirements and the
specific circumstances of the labs in the Department
of Energy and Power Engineering of Xi’an Jiaotong
University (Fig. 2). Fig. 3 illustrates structures of the
test platform and its subsystems, which were set up
after the completion of the design and location of the
experiment system and repeated installing and
debugging.

The test platform system is composed of six
subsystems, which are: (1) a compressed air supply-
ing subsystem, (2) a bearing lubricating and cooling
subsystem, (3) a dynamometer water supplying sub-
system, (4) inlet and outlet water valves for dyna-
mometer and controlling subsystems, (5) a turbine
performance testing subsystem, and (6) a controlling
subsystem for the platform. All the subsystems are to
be briefly described and introduced in the next
section.

The compressed air supplying subsystem sup-
plies clear and steady compressed air for the test
platform. We connected in parallel a two-stage piston
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Fig. 2 Schematic design of the final test system of the micro radial turbine
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Fig. 3 Constructions of the test platform and its body
proper

compressor (700.0 kPa and 10 Nm®/min), two screw
compressors (20 Nm’/min), and two new screw
compressors (24 Nm’ /min).

The bearing lubricating and cooling subsystem
lubricates the spherical ball bearing during the test
operation at high-speed, and an oil-air lubrication was
employed. To accomplish the oil-air lubrication, it is
necessary to install special control devices that can
continuously adjust oil injection in 10-300 s to cir-
culate normally after injecting oil 90 times in cold
start mode or injecting oil 30 times in hot start mode.

The dynamometer water supplying subsystem
consists of a two-stage water supply device and a
self-made towerless water supply device to ensure a
steady and safe operation of the hydraulic dyna-
mometer, with a maximum flow rate of 4.6 t/h and a
water pressure of 0.35 MPa. When the towerless
water supply device was working, it supplied water to
the dynamometer. Meanwhile, the two-stage pump
injected water into the water storage tank, and the
independently-driven pressure regulating valve on the
water pipes adjusted itself to maintain a steady pres-
sure in the tank.

The hydraulic dynamometer in the experiments
was used as a consumed power and measured power
unit. As the hydraulic dynamometer is a precise

measuring instrument, the force transducer used to
test the torques was demarcated according to the
manual to guarantee the reliability of the testing re-
sults. The standard electric signals of the magnetic
rotor speed sensor and the tension sensor were
transmitted to the controlling platform of the hydrau-
lic dynamometer to obtain the speed and tension of
the rotor, which was also imported into the static data
acquisition system by the outer terminal to obtain a
real-time recording.

Characteristic parameters of the turbine include
the inlet total pressure, total temperature, outlet static
pressure, flow rate, speed and torque of the turbine.
The standard orifice flow meter was used to assess the
flow rate. Actually, the first four parameters to
be tested were in essence just the pressures and
temperatures.

In addition to the above physical quantities as-
sessed to obtain the characteristics of the turbine,
some other physical quantities were also assessed to
make sure that the test platform operated safely and
smoothly. These additional parameters include:
bearing temperature of the turbine rotor, bearing
temperature of the dynamometer rotor, discharge
temperature of the dynamometer, radial vibration
displacement of the turbine rotor, and vibration ac-
celeration of the turbine shell. The simulated signals
of all the above turbine characteristic parameters and
other static physical quantities were transmitted into
the IMP static data acquisition board and converted
with a conversion card into digital signals to retrieve a
real-time recording. Other displacement and acceler-
ation signals were directly transferred into the FO-
CUS 1I integrated dynamic signal acquisition and
analysis instrument.

3.2 Design for the bearing and shafting

The design and adjustment for the bearing and
shafting on the test platform included: (1) adding
brackets to the volute casing and taking it as a fulcrum
to prop up the turbine components; (2) adjusting the
three degrees of freedom of the volute casing in
height and horizontal directions so as to meet the
moderate requirements of the shafting components;
(3) shortening the axis of the shafting components and
increasing its rigidity; (4) adding a damper system to
the supporting structure of the shafting system and
improving its rotor dynamic characteristics to ensure
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the steady operation of the rotor on a large scale; (5)
designing and adding monitoring components to the
shafting system to test the vibration and to prevent the
rotor from running away; and (6) designing and con-
figuring the oil-circuit, air-circuit, and water-circuit
for the shafting system.

The design and research of the technical criteria
of shafting in the present study included: (1) the
maximum rotation speed of the shafting system being
set at 50000 r/min and the rotation speed ranging
from 10000 r/min to 50000 r/min to ensure a steady
operation; (2) unless the shafting goes beyond the
critical rotation speed, it is necessary to limit the vi-
bration of the shaft end connected with the hydraulic
dynamometer below 6.4 pm in the radial and axis
directions; (3) the processed shafting system has to
combine with the radial turbine to conduct the dy-
namic balance test, whose grade has to be G1.0;
(4) under the designed operation condition, an axial
stress of 1500 N in magnitude will generate towards
the outlet side of the turbine. According to the engi-
neering experience and relative technical require-
ments, this radial stress should be amplified and
balanced to guarantee a safe operation of the shaft line
system; and (5) the opposite moderateness between
the shafting system and the main support on the test
platform is limited to 0.002 mm or lower.

3.3 Locations of the measuring points and pro-
cedure of the test

A high precision Verabar flow meter was located
on the straight pipe between the main air valve of the
radial turbine and the volute casing inlet. Next to it
were placed the thermal resistance and static pressure
test holes to assess the density of the airflow. A gen-
eral pressure probe and a thermal resistance probe
were located at the volute casing inlet to record con-
ditions of the inlet air. A static pressure test hole was
located at the volute casing outlet to record the cir-
cular average static pressure of the exhaust air.

In the present study, the similarity theory was
applied to the experiments. For the radial turbine in
this study, the wheel, the guide vane, and the volume
casing were all manufactured by scaling down to 0.75
times of the original size to secure a sufficiently sim-
ilar geometry. By using the same pressure ratios, we
are able to make sure that the Mach numbers are
the same before and after the simulation. And if

nD/ \JRT, are the same before and after the simula-

tion, the Strouhal number is the same.

In equations of this paper, n is the wheel rota-
tional speed, D is the diameter of turbine wheel, R is
the gas constant, 7 is the temperature, G is the mass
flow that is flowing through the radial turbine, P is the
pressure, k is the adiabatic index of the working sub-
stance, M is the torque measured by the hydraulic
dynamometer, and C, is the specific heat capacity
under the constant pressure of the working substance.
The superscript * means total, the subscripts 0 and 2
mean the inlet and outlet of radial turbine, respec-
tively, and the subscripts m and d mean the prototype
parameter and corrected parameter, respectively.

The experiment was performed as described and
presented as follows: (1) increased the load of the
radial turbine by increasing the inflow of the hydrau-
lic dynamometer at an experimental rotation speed
until the absorbing power of the dynamometer
reached its maximum at this speed; (2) repeated the
first step at a higher experimental rotation speed; and
(3) increased the experimental rotation speed until the
Strouhal number reached or got close to the original
turbine value.

Under the condition that the temperature of the
inlet pressured air was 308 K, and because the diam-
eter of the experimental wheel was 172.5 mm, the
design point rotational speed was about 30000 r/min.
With the optimized shafting system, the rotation
speed could reach 110% of the design speed. Namely,
the experimental rotation speed can be as fast as
33000 r/min.

3.4 Data processing

The parameters of measurements which were
employed in experiment are shown in Table 2.

The corrected rotational speed 7., is considered
as a reference variable in the data processing and is
represented as

noy = (Dyn,) T (1)

In this experiment, as the corrected rotational
speed at the design point Acor-design=302.17, perfor-
mances of the radial turbine were tested when the
relative corrected rotational speed was from 40% to
110% of Ncor-design-
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Table 2 Basic parameters of main measurements in experiment

Name of instrument

Type and technical index

Measurement precision

1 KAHN 401-013
hydraulic dynamometer

Max rotational speed: 50 000 r/min

Speed: £0.1% full scale;
torque: +0.1% full scale

2 Thermal resistance I-grade and K-grade 273-353 K +0.5 K
3 Flowmeter Orifice plate and Verabar 1%
4 Rosemount pressure transmitter 3051CD, 3051-CG 0.075% full scale
5 Magnetoelectric speed sensor NZS +0.1%x50000, +50 r/min
6  Eddy current sensor CWY-DO-810508-02-05-10-02 Nonlinearity: 0.7%
7  PCB acceleration sensor M356A24 Frequency deviation: £1%
8  Torque sensor Hydraulic dynamometer +0.03 N'm
9  Shlumberger static data acquisition ~ IMP static data acquisition board, 10 times/s
system 20-channel
10  High frequency dynamic data VisionXP 16-channel portable A/D resolution: 16 bit, 0.05%

acquisition system

data recorder

The actual mass flow rate of the experiment was
to be transmitted to the corrected flow G4 under the
original turbine condition as

)

Finally, the total-static efficiency of the radial turbine
7vs 18 calculated by

1 M _n

" 9550 =
6.C/T; 1_(zmj

Mes 3)

m ~p” O0m

4 Results and discussion

The design rotational speed of the micro radial
turbine after using the similarity theory was
30000 r/min. With different expansion ratios, the
overall performance parameters of the radial turbine
were measured when the rotation speed ranged from
0.4 times to 1.1 times of the design rotational speed.
Fig. 4 illustrates curves of relations between the cor-
rected parameters and the pressure ratio of the micro
radial turbine achieved in the cold modeling test,

including the flow passage characteristics and the
efficiency characteristics. Because of the greater sta-
bility in the higher rotational speed which also close
to the design point rotational speed, more data points
were captured in the experiments.

Fig. 4a shows that the corrected flow curves of
the micro radial turbine had the complete and rea-
sonable changes due to the radial turbine aerody-
namic performance. As the same expansion ratio
condition, the stage degree of reaction of the turbine
increased as the wheel rotational speed increased due
to the impact of the centrifugal force. This change
caused a decrease of the enthalpy drop in the nozzle
guide vane and slowed down the outlet flow velocity,
which also resulted in the weakness of the flow pas-
sage capacity. Compared to the lower rotational
speed, the weakness of the flow passage increased in
the higher rotational speed, but the increasing value
was also uniform in the higher rotational speed.

In addition, at the same speed, the stage flow
passage capacity increases along with the increase of
the stage expansion ratios. If the rotational speed is
high, the Mach number at the outlet of the nozzle
guide vane will accordingly increase owing to the
considerably larger stage expansion, which may lead
to a choke condition and slow down the increase in
the flow passage capacity. At the 0.5 times rotational
speed, the maximum experiment data of the mass
flow cannot be captured at this moment because of the
lower operation stability, but the curve trend is rea-
sonable and regular on an overall basis.

Fig. 4b shows the overall performance of the
micro radial turbine via the expansion ratio. In Fig. 4b
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Fig. 4 Overall performance of radial turbine vs. the pressure ratio: (a) corrected flow; (b) total-static efficiency

we can see that at 30000 r/min, the total-static effi-
ciency of this micro radial turbine reaches up to
84.3%. The hydraulic dynamometer operates steadily
in the experiment, with all the efficiency curves being
basically completely parabolic except when the speed
is 0.4 or 0.5 times the design rotational speed. In the
case of the latter, the efficiency curves are a right-half
parabolic.

If the flow passage capacity is higher than the
design point, the stage degree of the reaction of the
radial turbine will decrease. With the expansion ratio
and rotational speed in the design point condition, the
flow may expand excessively in the nozzle guide
vane, which leads to the deflection of the velocity
triangle from the design point. So the maximum effi-
ciency should appear a bit lower than the design point
expansion ratio. In other words, the experiments in
this study can avoid this condition throughout the
process and when the maximum efficiency point has
been taken at the 1.0 times rotational speed exactly
with the design point expansion ratio, which also
illustrates that the experiments were successful and
the data have high reliability.

The experimental results show that the flow
passage capacity and the total-static efficiency of the
micro radial turbine met all the technical require-
ments and specifications defined within the engi-
neering requirements. That means the reliability of
the integrated optimization design method, which was
researched and developed in our precious study (Fu et
al., 2012), has been validated.

Due to the aerodynamic and modeling features
of the radial turbine, there are some rigorous
constraints on the wheel weight-reduction. Usually,
the wheel has to maintain a remarkably high aero-
dynamic level and a satisfactory stress distribution
even after the weight-reduction. This has set a more
demanding standard for the optimization of the wheel
aerodynamics and strength, and thus might be a sig-
nificant progress for the comprehensive optimization
of aerodynamic, strength, and wheel weight for the
micro radial turbine. If this problem is solved, it can
not only provide a solid foundation for the manufac-
turing of bearings and turbine aerodynamic charac-
teristic experiments, but also bring about a design
margin and reduced design difficulty for bearing
design of principle micro gas turbines.

5 Conclusions

The experimental validation process of the in-
tegrated optimization design method, the cold mod-
eling tests, the investigations into the aerodynamic
characteristics, and the experiment analysis results of
a turbine wheel for a 100 kW micro gas turbine, are
conducted and presented in this paper.

1. The micro radial turbine and its other exper-
imental parts were developed and processed, and a
high-speed and high-precision platform was estab-
lished and optimized to test the aerodynamic charac-
teristics of radial turbines. The experiments
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successfully solved some critical problems with the
test platform, such as the support for rotors and
bearings, and some feasible and reliable renovations
and solutions have been proposed. The results of the
present investigation indicate that the test platform
and its subsystems are rationally designed, operated
smoothly and its speed rose steadily up to
33000 r/min in the experiments.

2. Technical improvements have been made in
the cantilevered high-speed small shafting with a
rotational speed of 50000 r/min-class, an axial stress
of 1500 N-class and an inlet temperature of 500 K-
class. The dynamic theory of flexible rotor with elas-
tic support has been applied to the design of the
matching design between the shafting system and
micro radial turbine wheel. This technical modifica-
tion of the micro radial turbine can meet the operation
requirements, prolong its service life, improve its
testing efficiency, shorten its test duration, and reduce
its testing cost and repair rate.

3. The overall performance parameters of the
micro radial turbine were obtained at a speed of
0.4-1.1 times the design rotational speed including
the flow passage capacity and efficiency characteris-
tics. At the design speed, the total-static efficiency of
the radial turbine reaches up to 84.3%. The experi-
mental results show that under the premise of material
strength and weight reduction, the aerodynamic per-
formance of the micro radial turbine is good enough
to meet the requirements for engineering applications
and can be applied to the 100 kW micro gas turbines.
What is more, the experiment has validated the relia-
bility of the integrated optimization design method of
radial turbines, which is to some extent a significant
progress in the aerodynamic design and comprehen-
sive design of micro radial turbines.
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