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An Experimental Study of the Performance Characteristics
with Four Different Rotor Blade Shapes
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A small mixed-type turbine with a diameter of 19.9 mm has been substituted for a rotational
part of pencil-type air tool. Usually, a vane-type rotor is applied to the rotational part of the
air tool, However, the vane-type rotor has some problems, such as friction, abrasion, and
necessity of accurate assembly ete.,. These problems make the life time of the vane-type air tool
short, but air tools operated by mixed-type turbines are free of friction and abrasion because the
turbine rotor dose not contact with the casing, Moreover, it is assembled easily because of no
axis offset. These characteristics are merits for using air tools, but loss of power is inevitable on
a non-contacting type rotor due to flow loss, tip clearance loss, and profile loss etc.,. In this
study, four different rotors are tested, and their characteristics are investigated by measuring the
specific output power. Additionally, optimum nozzle location against the rotor is studied.
Output powers are obtained through measured pressure, temperature, torque, rotational speed,
and flow rate. The experimental results obtained with four different rotors show that the rotor
blade shape greatly influences to the performance, and the optimum nozzle location exists near
the mid span of the rotor.
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Tsea  * Absolute temperature at sea level, K
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1. Introduction

Air leols with a casing diameler less than
30mm are classified as pencil-type, They are used
lor removing burrs on the edge of workpieces or
castings, shaping surface of dies, and polishing of
materials such as steel, wood and ceramic etc.,.
Generally, vane-lype rotors are adopted as a
rotating driver as shown in Fig. 1, but the vane-
type rotor has some problems such as [riction
hetween the vane and cylinder block, ubrasion on
the vane tip and inner surface of the cylinder
block, and the need for accurate assembly duc to
axis offser belween the rotor and the cylinder. In
order to solve these problems, a turbine rotor
could be applicd to the rotating driver because it
operates without any frictional force. However,
the (urbine roter should be maintained at a di-
ameter of less than 20 mm, and should be oper-
ated with partial admission because the flow rate
should not be increased by changing the rolor
type. Some researclhies aboul the partial admis-
sion have been conducted in order to obtzin high
specific power in a state ol low specific speed.

Casging - -
;

Air holes ™~

Fig. 1 Cross sectional view of the rotor used in a

vane-lype air tool

Robert et al. (1949) showed experimental re-
sults that the owput power of a gas turbine
quickly decreased when the partial admission
arca on the nozzle was reduced to more than half
of the full admission area. Baljc and Binsley
(1969) showed additional losses by the partial
admission such as filling and emptying loss, scav-
enge loss, blade pumping foss, and tip clearance
loss. Boulbin et al. (1994} showed that the oper-
aling force on a rotor depended on the relative
location of the rotor blade in the partial admis-
sion regicen. They showed that the operating {orce
deercased when the rotor entered into the partial
admission region. However, the operating force
quickly increased when the roter entered into
the arc of admission fully, and a peak force
was obtained at exit of the arc of admission.
He (1997) showed that efficiency on a turbine
operated with partial admission was influenced
by the non-uniform flow along the circumference.
In a multi stage machine, an effect of the non-
uniferm flow was insignificant after the first stage
because the non-uniformity of flow was quickly
decayed, Bohn et al, (1998) showed a variation of
efficiency by changing the shape of cross-over
channel and the flow rate. The efficiency de-
pended on the shape of cross—over channel in the
full admission state, but in the partial admission
state, it was much more dependant on the flow
rate than the shape of cross-over channel. Skopek
et al.(1999) investigated variations ol efficiency
by reducing the partial admission flow rate to
0.4, They showed that the efficicncy was increuased
by reducing the axial gap between nozzle and
rotor. When the flow rate was reduced, the effi-
ciency and optimum velocity ratio ({//(;) were
deereased.

Even though thesc results were obtained on
axial-type machines with the partial admission,
these do offer an important physical phenomenon
such as the efficiency and the oplimum velocity
ratio are decreased when the admission rate i3
reduced. In order to apply the partial admission
to an air tool elficiently, one needs to understand
characleristics ol the rotor blade on z (urbine
type air ool to obtain high torque through mini-
mizing the partial admission area. In this study,
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performance of various mixed type rotor blades
is therefore investigated experimentally with the
partial admission.

2. Rotor Blade
Profile and Apparatus

2.1 Mixed type rotor

Even though an air tool using a turbine lor the
rotating part has great merit such that it operates
in a non-contacting state, its manulacturing cost
depends on a certain type of turbine roter, [f an
axial-type turbine rotor is adopted, manulac-
turing costs increase due to the multi stage and a
complicated blade shape. To avoid this problem,
a4 mixed-type turbine rotor could be adopted
because the rotor can be easily manufactured
through dic casting. Usually, characteristics of a
turbine rotor are different from those of a vane-
type rotor because the turbine rotor operales in a
non-contacting state. On the vane-lype rotor, the
operating [orce depends on the flow rate and
operating air pressure, but on the turbine rotor,
the operating force is changed with the flow angle
and shape of rotor blude a5 well as the Tow rate
and operating air pressure.

Figure 2 shows the structure ol a mixed-type
air tool applied in this study. Three nozzles are
installed along the axial dircction, and these are
installed symmetrically at 1807 on the circumier-
ence respectively. Six nozzles are therelore ap-
plied in this experiment. The jet flow angle [rom
the nozzle is & 80° from the radial direction and
also is muintained a 60° Irom the axial direction.
Se. high pressure air is impinged onto the rotor
blade at an axially and circumifcrentially ulled
dircction, The axial gap between each nozzle is 5
mm, and the axial length from the rotor hub 1o
the first nozzle is 1.5 mm. Figure 3 shows lour
different rotor blade profiles, which arc obtained
on the cross scction against the rotor axis shown
in the structure of Fig. 2. Each blade profile is a
camber of the rotor biade, which has ¢ 1.5 mm
thickness.

On an air tool using turbine roter, the flow
passage should be designed so that the rotor can
obtain a greater reaction foree because the turbine

Fig, 2 Structure drawing of air ool using a mixed

type turbine rotor
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Fig, 3 Various rotor blade shapes at the hub and

flow direction

rotor gets the output power lrom the impulse
force. This impulse loree is decided from the flow
angle at inlet and exit, which is affected by the
shape of the rotor blade. It is therefore directly
related to the output power on the air tool using
turbine rotors. Cho ct al.{2002) showed how Lo
improve a rotor blade’s shape using an optimiza-
tion with klade design variables for increasing the
output power. Table | shows the blade angle at
inlet and exit, its radius and incidence. The blade
angle is defined al an angle between (he horizon-
tal line and the blade line at inlet and exit as
shown in Fig. 2. In case of type A blades, the
chord is & mm at the hub and the blade prolile is
lincar., Type B blades have (he same blade angle
at inlel and exit. The center of cirele on type C
and I blade is (3.33, 4.66) and (6.02. 8.20) bascd
on the axis, respectively. The incidence is ob-
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’['ahlc 1 Dimension OF rotor bl bladc prol‘ilcq

Rotor Jn!u AngJL Oul!ct An<r {zdl
PP Incidence
Blade M) \ mu mm

Type A|  — } -~ — e
TypeB‘ 37 37° ‘3_7% 2567

T)fpc(‘J 3.2 ‘ 742 625 | 2000

Bl JiZa Lmq

tained from the angle between the relative flow

Fype D

angle and blade inlet angle.

2.2 LExperimental apparatus
Performance of rotating machinery could be

evaluated when the operating (orque and air

propertics are mcasured in a rotaling status,
However, it is hard to test a low power turbine
because it operates in a status ol low torque at
high RPM, such as a 20 Nomm at a 50,000 RPM
range. This operating condition therefore malkes il
hard to apply commercial torque sensors. For
examples, a slip ring Lype torque sensor for mea-
suring the lowest torque in products of Lebow
(1998) can measure only 70 N.mm &t & maximum
of 20000 RPM. 1o case ol a transformer type
torque sensor, 330 Nomm at a 20,000 RPM is the
lowest measurable torque,

Another applicable commercial torque meter
could be small dynamometers which are produce-
ed al Megtrol (2004) .
measurable torque in a rotating state is 18 Nunm
at a maximum of 30,000 RPM. This dynamome-

Among them, the lowest

ter therefore could not be applied o the test of

a small turbine because the operating RPM s
higher than the maximum RPM of the dyna-
mometer. If a reduction gear is installed berween
the axis ol the turbine and dynamometer to reduce
input RPM,
applied Lo tests of high RPM machines. How-

this dynamometer could then be

cver, fest resulis obtained trom the dynamometer
with a reduction gear showed 50% lower oulput
power than those obtained [rom a frictional type
torque meter in a test for a small axial lype
turbine (Cho and Kim, 20033, This is caused by
power losses on the reduction gear and added
mass o0 the rotating part of (he wurbine because
the dynamometer uses an ¢ddy current type brak-

Table 2 Degree ol accuracy for measuring instru-
__ments applicd 1o C‘{penmcnmi dpparatus

O M ¥ T T
casuring Madels Accuracy
[nstruments
HFM201
Klowmeter Hastin Less than 0.5%
“lo 7 E 5
mete istings @ %I's
Instruments
Loadcell 34/1944-07 | +002%
_oadc
padee Sensotce Max. 250gf
RI*M ACT-3 +0.0015%
(Jaugc Momnarch I;J\/[au(. 100,000RPM
Plcssmc 811 FMG Less than ¢.25%
Gauge Sensotec . @ %S
DAGQ 1 Nl 6014 7UOI<S/%Q<.

ing system. In order o avoid these losses, a
frictional type torque meter is applied to this
cxperiment.

A cone shape is applied to minimize vibration
caused by the frictional force. Moreover, this
shape makes sctling up the turbine ecasily with
accurate eccentricity and alignment to the torque
meter. The surface was heat treated after grind-
ing so as not to cause vibratien through the
abrasion. The frictional type RPM controller is
supported using two ball bearings to minimize
the frictional force along the circumferential di-
rection and its housing is instalted on a movabie
vise. A support device of turbine is installed on
a 3 dimensional traverse to adjust the axis of

Pressure Gauge

ArTool 3.5 Traverse (811FME)
Rpm FE_,:,
Contraller E@f C[F"'l:&' P O—]
|
/ Eg:l n@M l
LoagCelf | Gauge \Speed ]
{@ar1944) I(ACr~3} Reduction  Controlier |
1 Gear (0T Motor} |
. i"| | |
N U N
L r :
I Flow Meter

- (RFW201) 2
1 Data Logger |

1.}

Flow Meler
{Dwyer)

Pressute
Regufalor

Fig. 4 Schematic diagram of experimental apparatus



1482

the turbine accurately. A reduction gear with DC
motor is used (o control the frictional force by
adjusting the traverse speed of the turbine, This
makes it so that the [rictional force increcases
smoothly and the opcrating RPM decrcases con-
tinuously, Operating forces of the turbine are
measured using a loadeell of which the end is
connected using a wire with a point located on
the cone shaft of which the radius is 8.75 mm.
Figure 4 shows a schematic diagram of this ex-
perimental apparatus. Table 2 shows the accuracy

of the measuring instyuments.
3. Results and Discussions

Specific output power (/) obtained using vari-
ous rotors 18 shown in Fig. 5 with RPM and mass
flow rate change. The RPM (&) compensated
with the temperature corrected parameter () is
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shown in the abscissa. The specific outputl power
15 obtained Irom the ocutput power divided by the
mass flow rate as Bq. (1.

_ [ F*0.875%Q

h==—

B 1000%97.4% 737 )

where /i3 the operating (orce of the twrbine. [n
order to change the mass flow rate, several inner
cascs are manufactured with diflerent nozzle di-
amecter. If the mass (low rate is changed using a
valve on the high pressure air supply line instead
of the noxsle diameter, the inlet pressure could
not be maintained at a constant when the mass
flow rate changes. In this experiment, the inlet
pressure therefore was maintained al a constant
beeause the mass low rale was adjusted by the
nozzle arca.

The specific oulpul power increascs with in-
creaging the mass flow rate as shown in Fig. 3,
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Fig. 5 Specific output power with various rotor blade types
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These characteristics occur on the turbine oper-
ating with partial admission. In a partial admis-
sion, turbine elficiency and optimum velocity ra-
tio ({J/Cj) are quickly decreased when the mass
flow rate is reduced, so high clficiency is obtained
by increasing the mass low rate at the same RPM
condition. However, the increment of mass flow
rate increases the operating cost. A turbine rotor
should therefore be designed to obtain the high
specific power with a low mass (Tow rate.
Curves of the specific output power for the
RPM show a similar trend even though the shape
of rotors is changed. The reason is that radial or
mixed-type rotors have general characlevistics
such as the operating torgue quickly increases
when the [rictional foree is loaded at the un-
loaded rotational speed. In case of wype A rotor,
unstable situations sueh as an operation at a

critical specd are shown in the high rotational
B0 Aporemeemmmmmvee st et emmeeene o e
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w200 4

100

0b . . -
0 10000 20000 30000 40000  S0000

Qp™?
{a} Inlet temperature

{miin}
[
-
U

240 4 375
40.3
e 432

T

20000 30000

0
(e] Volume flow rate

Fig. 6

S PR

0 10000 A0000 50000

speed region of 45,000 RPM, but the type C rotor
shows this unstable operation in the mid rota-
tional speed region of 25,000 RPM. The type B
rotor and D rotor show that the specific output
power is changed smoothly in the whole rota-
tional speed region, Only at the peak region of the
specific output power, they show a slightly unsta-
ble situation due to the characteristics of the
radial or mixed-type turbine. After passing this
region, they show that the specific output power
is decreased lincarly as the frictional force is
increased.

These results show that a region for the highest
specific output power exists in a 15-20% lower
rotational speed than the unloaded rotational
speed, and this region is slightly changed when
the mass flow rate is varied. The best performance
is thercfore obtained when the turbine operates in
this rotational speed region.
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[nlet conditions and operating forces on the
type B rotor which exhibits the best performance
among the 4 different retors are shown in Fig. 6.
Figure 6{a} {b) show that the inlet gauge pres-
sure and static temperature do nel change during
operation. The reason is that the nozzle inlet state
becomes like a reservoir’s state duc to the very
small nozzle area. This makes so that the inlet
condition does not change with the rotational
specd. Additionally, the flow rate is also main-
tained at a constant during operation as shown in
Fig. 6(c) because the flow rate is changed only in
the nozzle area and the flow at the nozzle is
chocked. Figure 6{d) shows the operating force
with RPM change when the mass flow rate is
fixed. The operating force is quickly increased
when the frictional force is loaded at the un-
loaded rotlational speed, and then it is increased
smoothly with decreasing RPM as the frictional
force is increased. The highest operating force is
obtained at very low RPM. After the RPM ob-
tained the peak operating force, the operating
force is quickly dropped to a lower force which
can be maintained even though the vetational
speed is zero. The magnitude ol this force depends
on the shape ol the rotor blade.

Small turbine needs not only high rotational
speed but also high operating torque to be ap-
plicd as an air tool rotor. The high rotatjonal
speed has an advantage for cuiting or grinding
cffectively, and the high operating torque gives 4
good working performance. In comparison with
the performance of small turbine, the specilic
cutput power could ususally be applied. but this
specific output power is used only at a fixed
rotational speed. Data ol specific oulpul power
are therefore not enough to use for comparing the
overall performance of small turbine, ie. when
the rotational speed is decreased, the specific
output power is also decreased but the operaling
torque is increased. In order to consider the spec-
ific ourpui power cffect and the operating torque
effect together, a net specific outpul power should
be calculated. The net specific output power is
oblained by integrating the specific output power
with the rotational speed as Eq. (23,

A e - e ‘
=] Typa A \
B TypeB T
3 - A Type G // &
& Type D /}* /@/@
. e e
= % B < /@ A
x 2 g
= L P
= L ////
E/ ///.c}.
1 -
e
|
R . S
32 34 36 38 40 42 44 46
r [g/sec)

Fig. 7 Net specific oulput power on various rolor
types when mass flow rate is changed

it
~

= f hdw (-

whete /2 1s the specific output power and @ means
the rotational speed.

Figure 7 shows variations of the net specitic
oulput power for four dilferent rotor blades when
the mass flow rate varies. The highest net specific
ouiput power is obtained when the type B rotor is
applied, and the type D roter shows the second
best performance among the lour rotor blades. In
the casc of the type ID rotor, it was designed with
two and hall times bigger incidence (han that of
the typc B rotor to increase the reaction foree.
However, experimental results show that this big
incidence causes an incidence loss at the rotor
inlel. This ioss aflccts the net specilic output
power, and so (o increase the net specilic outpul
power, the incidence and the inlet (Tow ungle
should be selected appropriately.

In order to investigate the cffect of the incidence
and the reaction force 1o the net specific oulput
power, a type C votor blade 1s designed in order
to get smaller incidence than the type D rotor.
The incidence on the type C rotor is selected as an
angle which is recommended on the standard
blade. However, the nel specific culput power
obtzined using the type C rotor is worse than that
using the type D rotor. These experimental results
show that the reaction force is more impostant
than the incidence angle in the partial admission.

The type A rotor blade is designed as straiglit
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type, which is casier to manufacture than others.
However, the experimental result show that the
net specific output powers obtained using the type
A totor are better than those with the type C
rotor, and worse than those with the type D rotor.
What the performance of lype A rotor is worse
than thamt of type D rotor is easily acceptable
becuuse the type A votor blade has a 16° bigges
incidence and larger exit blade angle than thosc
of type D rotor blades. Comparing with the type
A and C rotor. the type A rotor obtains more
reaction lorce even though incidence loss is big-
ger than that of the type C rotor. This result is
consistent with the experimental results obtained
with the type B, C and D rotors.

As shown in Fig. 2, the rotor has Jong blades
along the axial direction, So, the output power is
affected by the location of the nozzle. Figure 8
shows the difference of the net specific output
power when nozzles on different location are
used. The abscissa in Fig. 8 means the location of
the nozzle. Nozzle (a} is located near the hub,
while nozzle (b) is the second along the axial
direction, ang finally nozzle (¢) is located near
the tip. Each nozzle spouts high pressure air into
the rotor symmetrically. The vet specific output
power obtained with all nozzles such as (a+b+
¢) shows the same experimental result as shown
in Fig. 7.

nozzle, the highest net specific output power is

in the experimental result with cach

obtained with nozzie (b) which is located in the
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Fig. 8 Net specific output power on various rotor

types whet operating nozzles are chosen

mid of the rolor blade and the worst one is
obtained with nozzle {a) which is located near
the hub. The worst result shown by nozzle (a)
comes from the pumping eftect due to the long
blade.

In the experimental results conducted after
selecting two nozzles among three, the highest
nct specific output power is oblained when noz-
zle (b} and nezzle (¢} are used simultaneously.
When nozzle (2) and nezzle {c) arc applied, the
net specific output power is the worst. These
results are consistent with the experimental results
obtained with each nozzle, and also the net spee-
ific output power with different axial nozzle lo-
cation is independent on the shape of the rotor
blade. This means that nozzles prefer o be
installed circumlerentially instead of in an axial
direction to obtain the net specific outputl power
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rotor when operating nozzles are chosen
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efficiently. In case of the long blade air tool, it
would be better to install nozzle (a) and nozzle
{c) circumferentially with nozzle (b) at the mic
location of the rotor blade.

Figure 9 shows the specific output power on
the type B and C rotors according to the different
nozzle locations, with the applied nozzle diameter
being Imm. Two experimental results show simi-
lar phenomena such as the specific output power
is quickly increased at the high rotational speed
and then smoothly decreased by diminishing the
rotational speed afier passing the peak value. The
variation of the specific output power is very
similar with the results shown in Fig. 3. This
means that the specific output power obtained
with different nozzles has a similar trend as the
specific output power obtained with different
mass flow rates.

4. Conclusions

A performance test is conducted on a small
mixed-type turbine of which the rotor has four
different rotor blades. The net specific output po-
wer and the specific output power are measured
with different rotor blades and nozzle locations.

{1) In order to obtain more output power with
given constant mass flow rate, the shape of the
rotar blade should be designed to generate more
reaction force because the reaction force has a
more effective factor for the output power than
that of incidence Toss if the incidence does not
have a big discrepancy from the standard inci-
dence.

(2) The highest specific output power is ob-
tained at a 15-20% lower rotational speed than
the maximum rotational speed, while this rota-
tional speed for the highest specific output power
is slightly decreased when the mass flow rate is
decreased.

(3) In the long blade and mixed type turbine,
the nozzle located in the mid of the rotor blade
shows the best performance. It would be preferr-
ed for better performance to install the nozzle
circumferentially instead of installing the nozzle
along the axial direction.
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