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Abstract- A single and double stage turbines were designed and they was tested for measuring their performance. In order to 
improve their specific output power with low air mass flow rate, cantilever type blades were used. The size of the rotor was a 
108mmdiameter. Various mass flow rates were applied to investigate turbine’s performance characteristics. The tested 
results showed that the specific output power was improved by 7.8% when the flow direction was radially inward with a 
double stage rotor.   
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I. INTRODUCTION 
 
When a turbine operates with a low mass flowrate, 
partial admission method has some advantages. The 
partial admission rate is defined by the ratio of the 
nozzle area to the turbine inlet area at the inlet. If the 
blade height is reducedin response to the reduced 
mass flow rate, flow losses will be drastically 
increased due to the low aspect ratio resulting from 
the low blade height. In order to avoid this problem, 
partial admission method can be used to obtain the 
turbine output power by adjusting the inlet flow area 
of the nozzle. This technique was applied to micro 
turbine whose rotor diameter was 100mm class to 
obtain a high output torque in the reduced mass 
flowrate. 
 
Robert et al. [1] showed experimental results on a 
turbine when the partial admission area on the nozzle 
was reduced to less than half.Skopek et al. [2] 
investigated variations of efficiency by reducing the 
partial admission rate to 40%. They showed that the 
efficiency was increased by reducing the axial gap 
between the nozzle and rotor. Epstein et al. [3] 
demonstrated that several technologies should be 
considered when developing a micro turbine. Peirs et 
al. [4] developed an axial-type micro turbine with a 
rotor diameter of 10 mm that could be applied to a 
portable generator. Isomura et al. [5] achieved a 100 
W output power from a micro radial turbine rotor and 
a centrifugal compressor with an outer diameter of 10 
mm. Kang et al. [6] developed a three-dimensional 
centrifugal compressor with an outer diameter of 12 
mm and a compression ratio of 3:1 to apply to a 
micro turbine. Cho et al. [7] tested with three axial-
type turbines with mean diameters of 70mm to 
investigate the optimum solidity and nozzle flow 
angle at a low partial admission to apply them to the 
rotor of an air-driven grinder. From these previous 
studies about partial admission, it is known that the 
efficiency of a turbine is greatly dependent on the 
partial admission rate. 

A micro turbine is usually recognized when its output 
poweris in the hundred-pound thrust range for small 
aircrafts or missiles, or in the 20-250 kW class for 
distributed power production. Recently, new 
advances in technology, such as MEMS, make the 1-
10 kW class turbines commercially marketable.In this 
study, a mixed-type turbine consisting of double 
stages was tested to find the effect of the second stage 
and the performance characteristics depending on the 
nozzle flow direction when the turbine operates at a 
low partial admission. This turbine was designed to 
substitute for the vane-type rotor widely used in 
pneumatic tools such as grinders, wrenches or 
sanders: thus, it should obtain a high output torque 
with a small mass flow rate. These kinds of 
applications are such that the turbine prefers to 
operate at partial admission with the available large-
sized outer diameter as well as with many stages for 
the high output torque. However, the addition of the 
second stage slightly improved the output torque 
because the mainstream is diffused along the passage 
by partial admission. This study was therefore 
conducted experimentally to find the effect of the 
second stage and the optimal design parameters by 
investigating the performance characteristics of a 
turbine when it operates at partial admission. 
 
II. EXPERIMENTAL APPARATUS 
 
The tested turbine was designed as a mixed-type 
turbine in order to increase the flow passage at a fixed 
rotor outer diameter. The rotor consisted of double 
stages to increase the output torque in a low mass 
flowrate. The rotor blade was designed as a typical 
axial-type blade.Fig. 1 shows a double stage rotor 
when the operating air spouts toward the rotor inner 
side from the nozzle located at the outer casing. 
Values of the design parameters are shown in Table 
1. A circular-type nozzle was used, and its inner 
diameter was 5 mm. The nozzle flow angle (α0) is 
determined as an angle between the radial direction 
and the flow direction, as shown in Fig. 1. When the 
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flow direction is radially inward, the nozzle flow 
angle is set to 70°. Blade angles at the inlet and exit 
(βin, βout) are determined as the angles between the 
radial direction and the camber direction at the inlet 
and exit. the partial admission rate was 2.0% when 
the nozzle flow directionwas radially outward. In the 
radially inward case, the partial admission rate was 
reduced to 1.7% because the turbine inlet area is 
increased.  
 

 
Fig.1. Configuration of double stage micro turbine rotor 

 
Table 1. Geometric parameters of tested turbine 

Types 
Parameters 

Radially 
inward 

Radially 
outward 

1st 
rotor 

number 40 22 
radius at inlet/exit 

(mm) 
59/42 22/34 

height (mm) 10 10 
blade angle at 

inlet/exit  
54.0/71.2 18.0/69.6 

stator 

number 35 35 
radius at inlet/exit 

(mm) 
41/33 35/43 

height (mm) 10 10 
blade angle at 

inlet/exit  
42.7/70.3 62.6/72.6 

2nd 
rotor 

number 22 44 
radius at inlet/exit 

(mm) 
32/20 44/59 

height (mm) 10 10 
blade angle at 

inlet/exit  
36.8/69.3 11.5/69.5 

 
III. RESULTS AND DISCUSSION 
 
3.1. Efficiency  
In the performance test, the turbine output power was 
obtained at various rotational speeds by adjusting the 
braking force of the dynamometer. The inlet flow 
conditions were maintained identically for all tests, as 
the output power depended on the inlet flow 
conditions. During the experiment, the total pressure 
and total temperature at the nozzle inlet were 
maintained within a ±0.8% variation, and the mass 
flow rate was maintained within a ±1.2% variation 
despite the fact that the rotational speed of the turbine 
was varied. These accurate controls could be 
achieved because the passage area of the nozzle 
chamber was much larger than the nozzle area. 

Therefore, the nozzle chamber worked as a type of 
reservoir, and the flow rate was limited by the small 
nozzle area designed to restrict the consumption of 
the operating air. 
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The total-to-static efficiency was estimated using Eq. 
(1) with the measured operating torque (Tq), the 
operating rotational speed (Ω), the mass flow rate 
(m), the total pressure (Pt0), the total temperature at 
the inlet (Tt0), the static pressure at the outlet (P2), 
and the power loss (Loss) generated on the 
experimental apparatus. These losses should be 
measured as they are dependent on the experimental 
apparatus. In this experiment, a high speed motor and 
power meter were applied to measure these losses, 
and the measured total power loss on this 
experimental apparatus can be expressed as in Eq. 
(2). 

4 4/3 [ ] 1.522 10Loss W                       (2) 
 
When the mass flow spouted radially inward, the 
nozzle was installed at the outer casing. Fig.2 shows 
the variation of specific torque obtained with the 
double or single stage according to rotational speeds, 
which are corrected with the inlet total temperature. 
The specific torque was obtained by dividing the 
torque by the mass flowrate. The experimental results 
show that the single stage rotor generates higher 
specific output torque than the double stage rotor in 
the high rotational speed region. However, if the 
rotational speed is decreased, the higher specific 
output torque is generated on the double stage rotor. 
These phenomena will appear similarly at the output 
power and the efficiency because the torque is 
directly related to the power and efficiency.  
 

 
Fig.2. Variation of specific output torque for rotational speed 

 
Comparedto the specific torque on the single stage 
rotor in the high rotational speed region, the specific 
torque on the double stage rotor is reduced because 
the rotor of the second stage decreases the specific 
torque. Generally, the torque that can be obtained 
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from a rotor is decided by the flow angles at the inlet 
and exit. However, these flow angles can be changed 
according to the rotational speed. At the far off-
design point of high rotational speed, the flow angles 
at the inlet and exit of the rotor could be worse so that 
the torque could not be generated. If the rotational 
speed is increased more than this rotational speed, the 
rotor causes not only a decrease in the torque but also 
an increase in the frictional losses. Thus, the torque 
on the double stage rotor was lower at this rotational 
speed region. 
 
The specific output power is shown in Fig. 3. This 
output power is directly related to the torque. Thus, a 
high specific output power is obtained when the 
specific output torque is higher at the same rotational 
speed. Therefore, the double stage turbine showed 
better specific output power than the single stage 
turbine in the lower region than the critical rotational 
speed. If the rotational speed is higher than the 
critical rotational speed, better specific output power 
is obtained on the single stage turbine as shown in the 
specific output torque. By the way, the output power 
is proportional to the rotational speed. Thus, the 
difference between the specific output power on the 
single and double stage turbine widens in the higher 
rotational speed region. If the turbine is operated 
mostly in the lower rotational speed region, it is more 
appropriate for the turbine to consist of the double 
stage turbine.   
 

 
Fig.3. Variation of specific output power for rotational speed 

 
From the experimental results of the specific torque 
and specific power, it is clear that the turbine 
performance is greatly influenced by the first stage 
when a turbine operates at a low partial admission 
rate. Therefore, the turbine efficiency depends on the 
performance of the first stage. The total-to-static 
efficiency of the mixed-type turbine is shown in Fig. 
4. The efficiency is evaluated using Eq. (1), and this 
efficiency curve shows a trend similar to the specific 
output power. For the partial admission rate of 1.7%, 
the measured efficiency shows better efficiency than 
the predicted efficiency [8], since the loss is reduced 

by the second stage rotor whose mean diameter is 
reduced by 49% more than the first stage rotor.  
In comparison with the performance of small-scale 
turbines, their performances are usually compared 
based on the specific output power, but the specific 
output power is varied according to the torque and 
rotational speed, as shown in Fig. 3. Therefore, the 
specific output power can be a good parameter when 
the performance of turbines is compared at any fixed 
rotational speed.  
 

 
Fig.4. Variation of total-to-static efficiency for rotational speed 

 
In order to consider both effects of the rotational 
speed and the torque together, the net specific output 
torque should also be calculated. The net specific 
output torque is determined by integrating the 
specific output torque with the rotational speed, as in 
Eq. (3).  
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The difference of the net specific output torque on the 
double stage and single stage turbine was calculated. 
In this experiment, the single stage turbine shows a 
2.1% better result than the double stage turbine. 
Therefore, in this mixed-type turbine, the adoption of 
the second stage should be decided by considering the 
widely used rotational speed.  
 

 
Fig.5. Specific output torque for radially inflow direction 
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As the case of the radially outward flow direction 
turbine, the specific output torque is shown in Fig. 5. 
These specific output torque curves show a similar 
trend such that the output torque on the double stages 
can be higher or lower than that on the single stage 
according to the rotational speed. However, the 
operating rotational speed was reduced compared to 
the rotational speed obtained by the radially inward 
flow direction turbine. If the main flow spouts to the 
radially outward direction, it is more quickly diffused 
because the passage area is expanded along the 
downstream direction. Moreover, the second stage 
rotor has a larger mean radius, which generates more 
frictional loss. Thus, these effects causea reductionin 
the rotational speed on the radially outward flow 
direction turbine.  
 

 
Fig.6. Specific torque difference for radially inflow direction 

 
Fig. 6 shows the specific output torque obtained on 
the second stage. The second stage contributes to 
increasing the specific output torque when the quasi 
non-dimensioned rotational speed is lower than 759, 
which is the critical rotational speed of this turbine. 
The total torque of the turbine is improved by 36.3% 
by the second stage at the rotational speed of the 
maximum torque. This increment ratio is quite big 
compared to 7.3% by the radially inward flow 
direction turbine. If the turbine is operated in a higher 
region than the critical rotational speed, this second 
stage reduces the output torque by the increasing of 
frictional loss. This decrement is 47.3% of the torque 
generated by the first stage at the maximum rotational 
speed on the double stage turbine. 
     

 
Fig.7. Total-to-static efficiency for radially inflow direction 

The total-to-static efficiency are shown in Fig. 7. 
Better results are obtained when the specific output 
torque is high. The better specific output power is 
obtained on the double stage turbine when the turbine 
operates in the lower region than the critical 
rotational speed. The efficiency curves also show a 
similar result to the specific output power because 
this efficiency is obtained from the output power. 
However, the total-to-static efficiency was low 
compared to the efficiency obtained using the radially 
inward flow direction turbine. This results from the 
low power in the first stage and the frictional loss in 
the second stage.    

 
CONCLUSIONS 
 
In a mixed-type turbine, the turbine performances 
were measured with different nozzle flow directions 
and with the single or double stages. If a small-scale 
turbine operates in a low partial admission rate, the 
turbine type cannot be a significant parameter to the 
specific output power, and the effect of the second 
stage depends on the rotational speed. For the radially 
inward flow direction turbine, the specific output 
torque was increased by 7.8% using the second stage. 
If the nozzle flow was changed to the radially 
outward direction, the second stage improved the 
specific output torque to 39.3% because the mean 
radius of the second stage was larger than that of the 
first stage. However, better performance was obtained 
on the radially inward flow direction turbine. In the 
computation, the torque at the rotor row was 
predicted, and the computed total torque agreed with 
the measured torque. The adoption of the second 
stage should be decided considering the operating 
rotational speed.  
 
REFERENCES 
 
[1] C.K. Robert, Z.H. Howard, and J.W. Warren, “Effects of Partial 

Admission on Performance of a Gas Turbine”, NACA Technical 
Note No.1807, 1949.  

[2] J.Skopec, L.Vomela, L. Tajc, and J. Polansky, “Partial Steam 
Admission in an Axial Turbine Stage”, IMechE International 
Conference on Third European Conference on 
Turbomachinery’99, Conference Transactions, C557/077/99, 
1999, 

[3] A.H. Epstein, ”Millimeter-Scale, Micro- Electro-Mechanical 
Systems Gas Turbine Engines”, J. of Engineering for Gas Turbine 
and Power, 125, pp.205-226. 2004. 

[4] J.Peirs, D.Reynaerts, and P. Verplaetsen,“Development of an 
Axial Micro Turbine for a Portable Gas Turbine Generator”, J. of 
Micromechanics and Microengineering, 13, pp.190-195, 2003. 

[5] K.Isomura, S.Tanaka, H. Kanebako, M. Murayama, N.Saji, F., 
Sato, and M. Esashi, “Development of Micromachine Gas 
Turbine for Portable Power Generation”, JSME int. J., Series B, 
47(3), pp.459-464, 2004.  

[6] S. Kang, J.P. Johnston, T. Arima, M. Matsuaga, H. Tsuru,and 
F.B. Printz,, “Microscale Radial-Flow Compressor Impeller 
Made of Silicon Nitride: Manufacturing and Performance”, J. of 
Engineering for Gas Turbine and Power, 125, pp.358-365, 2004.  

[7] S.Y. Cho, C.H. Cho and C. Kim, “Effect of Solidities and Nozzle 
Flow Angles on a Partially Admitted Small Axial-Type Turbine”, 
Int. J. of Turbo and Jet Engines, 25(2), pp.111-120, 2008.  

[8] D.C. Doyle, “Theories for Predicting Partial Admission Losses in 
Turbines”, J. of the Aerospace Science, pp.489-490, 1962.  


