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ABSTRACT

Greater utilization of hydrocarbon fuel time transport
sector is causing serious challenges to maintaidiygetion
of oil resources and also causing environmentalesmadbgical
imbalances. This makes it imperative to lay majwust upon
the search of alternative energy sources. Atmosplar also
offers one of the cost effective energy conversigstem. The
compressed air can be utlized as potential zertutnm
working fluid for producing shaft work in the aiurbine
prime-mover for light vehicle. This paper detailbet
mathematical modeling and performance evaluatica shall
capacity compressed air driven vaned type novetuabine.
Effect of impingement and expansion action of highssure
air for different dimensional situations of casiagd rotor
diameters of the turbine have been considered aatyzed
here. Study shows that the impingement work hasifsignt
contribution in total work output and varies fromd% to
16.8%, when other parameters like injection anglé @ane
angle are kept constant at 22d&nd 36 respectively and
injection pressure varies from 2 to 6 bars,.

It is also concluded that the expansionkwnas well as
total work is optimum when casing diameter (D) aotbr
diameter (d) are 90 mm and 85 mm respectively.

Keywords: zero pollution, compressed air, air turbine, gger
conversion, impingement action, injection angle

NOMENCLATURE

d diameter of rotor (2r) in meter

D diameter of outer (2R) cylinder in meter
Funp impingement force (Nfm)

L length of rotor having vanes in meter

m meter
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n no. of vanes=(360)
N no. of revolution per minute
p pressure in bar

p,,V, pressure and volume respectively
at which air strike the Turbine,

p,,V, pressure and volume respectively at which maximum

expansion of air takes place,

Ps pressure at which turbine releases thair
atmosphere.

r radius of rotor @/2) in meter

R radius of outer casindp(2) in meter

\% volume in cu-m

w theoretical work output in Nm

W theoretical power output (Nm/s)

X variable extended lengths of vane at pointl

variable extended lengths of vane at point 2

atm atmospheric (1.0132 bar)
bar (1/1.0132) atmospheric pressure
cu-m  cubic meter

HP horse power

km kilo-meter

kw kilo-watt

min minute

Nm newton meter

psi pound force per square inch ( Ibfin

rpm revolution per minute

Subscripts

1,245 Subscripts — indicates the positions of vanessing
i orimp impingement

€ or exp expansion

t or total total
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Geek symbols
a angle BOF
a.

1 angle LOF(=180¢)
a, angle KOF(=1806- @)
4 angle BAF
y 1.4 for air
g
@

angle between 2-vanes(BOH)
angle at which compressed air enters into rotor
through nozzle

¢ d eccentricity(R-r)

Ar, .., mean vane projection at injection pressure angle

1.0 INTRODUCTION

Worldwide consumption pattern of hydrocarbon fued a
its implications upon the environment and ecologe a
compelling to search for an environment friendbgaiative to
oil [1-9]. Ideally, such an alternative should haaezero or
near zero pollution level, low initial cost, low muing
expenses, high degree of reliability, convenienced a
versatility of use. Use of compressed air for ragnprime
mover like air turbine offers a potential solutida these
issues, which does not involve combustion process f
producing shaft work. Thus, the great advantagdaerims of
free of cost availability of air as fuel and theissions free
from hydrocarbons, carbon dioxide, carbon monoxidel
nitrous oxides is apparent from such air motorsmpessed
air driven prime movers are also found to be cdfgctve
compared to fossil fuel driven engines. It only Ipesennial
compressed air requirement which needs some soofrice
energy for running compressor whose overall ansilghows
that the compressed air system is quite attraaiption for
light vehicle applications [10].

Pioneering work in this area of compressed airray
has been done by French technolog@tss Negre and Saint
Hilaire, G, who developed air engine and quasi turbine
respectively [11-12]. Numerous studies for optimigi
efficiency of these air turbines have been done 173

The parametric analysis of a small capacity aibihe
with vane type rotor has been carried out and pteddn this
paper. Results obtained using the mathematical limgdare
presented and analyzed in light of various condgiof casing
diameter (D) and rotor diameter (d). Forty fivesset readings
were recorded. However, only twelve sets are shiwtiis
paper at varying pressure of 2-6 bars (30-90 psi) ia the
range of speeds 500-2500 rpm at constant vane a6tled
injection angle 225

2.0 VANED TYPE NOVEL AIR TURBINE

In this study a vaned air turbine showrFigurel, has
been considered. This air turbine is tested in tdeget an
output of 6.50 to 7.20 HP for meeting starting terq
requirements at 500-750 rpm at 4-6 bar air pressline
average running torque is available at normal sp#e2D00—
2200 rpm at 2-3 bars air pressure. The air turkiitke single
inlet and exhaust has spring loaded vanes to niainégular

contact with the elliptical bore. The various effohave been
made to get optimum shaft output produced [18-22].

Inlet

Exhaust

Rotor Dia(d)
in mm

Casing Dia(D.
< in m?n ! >

Figure 1:  Air Turbine

3.0 MATHEMATICAL MODELING

The high pressure of air at ambient taempee drives
the rotor in novel air turbine shown in Figure 1h&u high
pressure air enters through the inlet passage mpihges
upon the vanes it produces impulse. Also the higisgure air
entering the rotor in consecutive vanes is gragiuatbanded
up to exit passage. This impingement action ane¥pansion
of high pressure air both contribute in producihg shaft
work from air turbine.
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Figure 2:Thermodynamic Process (Isobaric, adiabatic and
isochoric expansions)

Assuming isentropic expansion as shown
theoretical expansion work output would be:
Work done due to expansion cycle = Area under (EE4D
Area under (E1BOE) + Area under (14AB1) — Area unde
(4A0D4).

in Figure 2,

workdone=( py- pw{%J
{2 fonn

Since for adiabatic expansiopV’ = constant

= = v
=pV = pV . theny , = ( gl j v,
4
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Applying these values above, then work done due to
expansion can be written as

y-1

w, = [Lj.pl.vl. 1- (&] ’ 1)
y-1 P1

In this expansion process; pressgrecan’t fall below
atmospheric pressufg, , thus at constant volume when
pressure p, drops to exit pressung, , no physical work is

seen. Since turbine is functioning as positive ldispment
machine and hence under steady fluid flow at the afxthe
turbine, the potential work is absorbed by the r@thich may
be written as,

W, Z(AW)ZJ.dep:( R- R) VY @)

Thus net work donaV'using equation (1) and (2),

y

W=(vq+wz):[yj H\{{l‘(zjy}ﬂ A= Ry ®)

y-1

When air turbine is havingh™ number of vanes, shaft output
for one revolution shall be written as under: -

yi

-n Y _[ P ]” - (3a)
nw n[y_l]n\{l(plj +1p- B v

It is obvious from Figure 1, that if vanes are mgjalar spacing
of 0 degree, then total number of vanes would be, 3694).

The volumetric expansion from inlet to exit i.¥. to V, can

be derived by the variable extended length of \@nshown in
Figure 3, at every point of movement between two
consecutive vanes.

L n\\\\y
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Figure 3: Variable length BG and IH and injectiogke@

From Figure 3, variable length BG would be,
BG= X at variabler

X@,iab,;Ra){sin‘l{[Rl;rj sinaH+( R cosr— | (4)

and variable volume of cuboid (B-G-I-H-B):

{(x1+ X,)(2r+ Xl)}sin@ )

\Qubmd =

4

The volume at inleV, or V_;, will fall between angles
O LOF=a, = (180-6 - ¢) and

O KoF=a, =(a,+68)=(180-¢),

when air is injected at angj into air turbine. Applying
above conditions into equation (4), then

Xiin = Rco%sinl{'?j sir( 1&}9—@H+[( R ) ods 1808-¢)- 1 (6)
X, = Rco{sin‘l{%J sin( l80-¢))H+[( R} cob 1809)- 1 )

Applying values oy mi, and Xomin to equation (5)then
volume at entranc®, Or v_. will be

Vi - L { (><lnﬂn + >(2nﬂn) (zzr + X1min) } Sir|é9 (8)

4

The volume at exV, or V.. will fall between angles] BOF
and [J HOB, when OB touches OF [i.a =0
anc(a +6) = 01. It can be seen from Figure 3.

Applying above conditions into equation (4), then

Ximax = 2(R-1)= (D -d) 9)

1max

Kooy = Rco{sin‘l{(R—l;r) sinHH +H( R} cos} - (10)

Applying values oX;naxand X, naxto equation (5), then
volume at exitv, or Vv, will be

v= L{(leaﬁ Kol 201 lea)}sme (11)

Work output per unit time (power) from novel airkitne will
be sum of both impingement action and expansiorkwor

Wi = Weyp + Wi, (12)

total
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The expansion workVe, in per unit time (Power) at speed of
revolution (N) rpm, can be written as

v (e e
+dWGM9-®{%X””XT%Z+X“ﬂﬂé

The impingement worIWimp in per unit time (power) due to
impact of nozzle air, can be written as

Wi, = (T ) 14)
where torque T = Force X Mean Projected
length= Fimp(r +A D (15)
and Fimp = P12@ (16)

Assuming P, = Pressure at which it strikes the vane
a = Area on which nozzle air pressure impinging

Substituting the value of equations (15) and (b&) Bquation
(14),

W,,, = (Tw) = 21(N/60) R LA foun (r+ AT, 0] -

where Ar — ( X1min + X2min]
2

mean

or W, =27(N/60)p L[le'" ;xmj[ r+( an+2 sznﬂ a7)

Substituting the values owexpfrom equation (13)and
Wi from equation (17) into equation (12),

m

The total shaft output of air turbirw
(power),can be written as,

el (3 {2
+n(N/60) - g){ L{(K"‘”erz";{’)(mrxl”‘a)}sirﬂ}

s

in per unit time

total

(18)

Table 1: Input Parameters

Parameters

Syvmbols

D=2R, Case I. For Decreasing (D-d) for (D.d) values of (100,
d=2r 80).

Case 2. For Constant (D-d) for (D, d) values of (100, 90},
(90, 80). (80. 70). (70, 60). (60. 50). (50, 40). (45, 35).
Case 3. For Constant volume for (D, d) values of (100,
96). (90, 85). (80, 73). (V0. 64). (60, 53), (50, 41). (45.35).
2 30psi(=2bar), 45 psi(=3bar), 60 psi{=4bar), 75 psi(=3bar),
90 psi(=6bar)

1latm = 1.0132 bar

11t0l2 #s =11 bar
Number of vanes {360 / 8}
300 rpm, 15300 rpm, 2300 rpm
33mm length of rotor

1.4 for air

367 angle between 2-vanes, (ie. rotor contains
comrespondingly 10 number of vanes)

22 5% angle at which compressed air through
nozzle enters into rotor

R EREE

h=3

4.0 RESULTS AND DISCUSSION

Various input parameters considered for this study are
listed in Table 1. Based on the mathematical madedir
turbine, the effect of injection angles, speed athtion and
injection pressure to the expansion work in pert dime,
impingement work in per unit time and total worktmut in
per unit time are studied. Here the vane arf@land injection
angle @ of the air turbine is considered to be constamt fo

whole study. The results obtained have been pldtievards
following geometrical constraints:

Casel

Power output as a function of casing and rotor didens i.e.
declining (D-d), for injection pressure 2-6 bars0¢90 psi)
and rotational speed (500, 1500, 2500 rpm) and witme
angle 38and injection angle 22%5

From Figure 4, it is evident that the shaft workedo
expansion poweW,,) at 500 rpm is larger at 2 bars (30 psi)
for (D-d) =20 mm and thereafter it gradually dese=aat (D-
d) =15 mm and 10mm. Also expansion power is seebeto
higher for higher injection pressure 4 to 6 bardjiclw
attributes to the large work capacity at higheredtipn
pressures and reduces rapidly when (D-d) is keptmhd.
Similar variations are also observed at higher d@&®0 rpm,
2500 rpm but expansion work is higher in comparisnB00
rpm.

From Figure 5, it is apparent from graphical paisethat
the impingement work per unit tim@Mqy,) at 500 rpm is
larger at 2 bars (30 psi) for (D-d) =20 mm and ¢ladter it
gradually decreases at (D-d) =15 mm and 10mm. Tadt s
work in per unit time (power) due to impingementsinall at
low injection pressures and increases with incréasgection
pressure. Higher impingement power at higher iigect
pressure is because of the large work potentiginedéring air
stream. Similar variations are also observed didrigpeed of
rotations 1500 rpm, 2500 rpm but impingement povger
higher in comparison to 500 rpm.
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From Figure 6, it is observed that percentage dmrtton 07
of expansion power at 500 rpm is lowest at 2 bard8), (D, o€

d) = (100, 80) and almost constant at (D, d) = (BO). It -

increases at (D, d) = (80, 65) and almost constauiD, d) = o \ o -
(70, 55) and (60, 45). It further increases at b= (50, 40) 02 60 psi
and almost constant at (45, 35). It signifies that expansion 01 -—\-\H\."‘:‘_‘\-:; 75 psi

power contribution is at minimum, when the (D, d)(1L0O, e
80) and increases as D, d is lowered to (45, 36thé same
time for constant (D-d) contribution of expansioower is Casing , Rotor Dia (in mm)
almost constant. At higher injection pressures @b & bars
(45 to 90 psi) the contribution of expansion poveelower at
bigger diameters of (D,d) and increases as thengasrotor
diameters decreases (i.e. 45, 35 mm). The coniwibubf
expansion power is found to follow same trend &tedént
speeds of rotation 1500, 2500 rpm.

The contribution of impingement power is found to
follow same trend at different speeds of rotati@®d, 2500

SN SN b‘éa\ Q‘:’o’\ ei")\ Q,‘."Q\ (o,;)\
& < e & N

Total Shaft Power (Wt) in kw

Figure 7: Variation of total power vs. differentsgag and
rotor diameters at different air injection pressatr&00 rpm

Variation of total work output in per unit time seown in
Figure 7, for different air injection pressure (8 bars) and at
500 rpm. At 2 bar (30 psi) injection pressure tgtalwer
(w,,.,) is seen larger when casing, rotor diameters asd it

rpm (figures not shown here). difference are bigger. It gradually decreases whasing,
rotor diameters and its difference are smaller hWitrease in
06 - injection pressure (3 bar to 6 bar), the total powatput
2 .5 increases gradually as shown in graphical patteXisn total
% 04 - power output is more at higher speed of rotation
Bo \ b
£ 50 psi Case?2
- M . Power output at different casing and rotor diametevhen
N S - difference (D-d) remains constant for injection ggere 2-6
A bar (30-90 psi) and rotational speed 500, 1500, ®2§fm and
Casing , Rator Dia (in mm) with vane angle 3and injection angle 22.5
Figure 4: Variation of expansion power vs. diffdreasing
and rotor diameters at different air injection sree at 500 From Figure 8, it is evident that the shaft powee do
rpm expansionNy, at 500 rpm and? bar (30 psi) is largest at (100,
90) mm casing, rotor diameters and thereafter giadu
_ oo7 decreases linearly on decreasing casing, rotoreed&s from
£ o°s (80, 70) to (45, 35) mm. Also expansion power isrst be
= °° ' larger for higher injection pressure 4 bar to 6, baich is
£ oo e attributed to the large work capacity at injectimessures and
£ ooz 50 psi reduces linearly to the casing, rotor diameter @%), mm.
z °Y ' o Similar variations are also observed at higher dde&®0 rpm,
B R 2500 rpm but expansion power is higher in compariso500
;S & & A @ A< N rpm.
casing, Rotor Dia (in mm) From Figure 9, it is apparent from graphical paisethat
Figure 5: Variation of impingement power vs. diéfat casing the impingement powegi\ ;) at 500 rpm and 2 bar (30 psi) is
and rotor diameters at different air injection gree at 500 large at (100, 90) mm casing, rotor diameters édmderfter
rem gradually decreases linearly on decreasing casiotprs
diameters from (90, 80) to (45, 35) mm. The shaftigr due
100.00% to impingement is small at low injection pressurasd
95.00% ‘ = increases with increase in injection pressure. eéligh

90.00%

impingement power at higher injection pressuredsdaose of
85.00% —&— 30 psi

e 0o ._-/-—._-/-_- —m—a5 psi the large work potential of entering air streammigir
o ‘—/—~__/_‘ 50 psi variations are also observed at higher speed afioos 1500

75.00%

Percentage Contribution of Expansion
Power

26.00% 75 psi rpm, 2_500 rom but impingement power is higher in
O R oo comparison to 500 rpm.
SR From Figure 10, it is observed that percentage
Casing, Rotor Dia {in mm) contribution of expansion power at 500 rpm and 2(B& psi)
Figure 6: Percentage contribution of expansion pov& is small at (100, 90) mm casing, rotor diameters almost
different casing and rotor diameters at differeintigjection constant on decreasing casing, rotors diameters (&f, 80)
pressure at 500 rpm to (45, 35) mm. At higher injection pressures a6 ® bars (45

to 90 psi) the contribution of expansion power isfarther
increasing side. The contribution of expansion powdound
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to follow same trend at different speeds of rotati®00, 2500
rpm.
The percentage contribution of impingement power is
found to follow same trend at different speeds atfation

1500, 2500 rpm (figures not shown here).

0.35
=
i c.3
g\ 0.25
§ c.2 —e—30 psi
:E 0.15 —m—45 psi
% c.1 60 psi
g 005 -\-\’\-\-\-- 75 psi
= o — aq psi

Q@oﬁ\ QQ?’Q\ @-&% QQE?Q @Q(?S\ @Q?Q\ \‘5;9
Casing, Rotor Dia {(in mm)
Figure 8: Variation of expansion power vs. diffdreasing

and rotor diameters when (D-d) is kept constant abd

different air injection pressure at 500 rpm

0.025

Impingement Power (Wi) in kW
o o
o © b
=] Q [
w [ w
7
9
Y
%
S
%

=) <5 %
L B o Q O oY el
o & @ & S © &

Casing , Rotor Dia (in mm)

——30 psi
——45 psi
60 psi

75 psi

=90 psi

Figure 9:Variation of impingement power vs.

different casing

and rotor diameters when (D-d) is kept constant abd

different air injection pressure at 500 rpm

96.00%

91.00%

92.00%

9U.00%
88.00%
86.00%

—— 30 psi
—m—45 psi

84.00%
82.00%

|

50 psi

75 psi

80.00%

—+—90 psi

Percentage Contribution of Expantion
Power

S S S S S S
SRR A

3
b

Casing, Rotor Dia (in mm)

Figure 10: Percentage contribution of expansion grows.
casing and rotor diameters when (D-d) is kept @ortsand at
different air injection pressure at 500 rpm

0.4
0.35
0.3
0.25
0.2 =——30 psi
0.15 ——45 psi
0.1
0.05

o

60 psi

Total Shaft Power (Wt) in kW
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Casing , Rotor Dia {in mm)

Figure 11: Variation of total power vs. differerdsing and
rotor diameters when (D-d) is kept constant andifégrent air
injection pressure at 500 rpm

Variation of total power output is shown in Figurg, for
different air injection pressure (2 - 6 bars) andspeed of
rotation 500 rpm. Total pow&W,) at 2 bars (30 psi) is seen
larger at (100, 90) mm casing, rotor diameters giradiually
decreases on decreasing casing and rotor dianfedens(90,
80) to (45, 35) mm. With increase in injection me® (3 bar
to 6 bar), the total work power increases graduadlghown in
graphical patterns. Also total power output is matehigher
speed of rotation.

Case3

Power output at constant volume between casing ratar
diameters, for injection pressure 2-6 bar (30-90) pend
rotational speed 500, 1500, 2500 rpm and with vangle
36°and injection angle 22.5

From Figure 12, it is evident that the shaft powae to
expansion(Weg) at 500rpm and 2 bar (30 psi) is small for
(100, 96) mm casing, rotor diameters, suddenlyeitdmes
largest at (90, 85) mm and thereafter drops dowWB®&t75), it
gradually decreases at casing, rotors diameters {itD, 64)
mm to (45, 35) mm. Also expansion power is seepettarger
for higher injection pressure 4 to 6 bars, whichtisibuted to
the large work capacity as injection pressureseiases but it
is optimum at casing, rotor diameters (90, 85) nmall
situations. Similar variations are also observeldigtier speed
1500 rpm, 2500 rpm but expansion power is higher in
comparison to 500 rpm.

From Figure 13, it is apparent from graphical patehat
the impingement powegiV,,) at 500 rpm and 2 bar (30 psi) is
small for casing, rotors diameters (100, 96) mnudsumly it
becomes highest at (90, 85) mm, drops down at{Bpmm
and thereafter it gradually increases at casirtgrsaliameters
from (70, 64) mm to (45, 35) mm. The shaft powee da
impingement is small at low injection pressures andeases
with increase in injection pressure. Higher impimgat
power at higher injection pressure is becauseefatge work
potential of entering air stream. Similar variasoare also
observed at higher speed of rotations 1500 rpmQ 2pth but
impingement power is higher in comparison to 500.rp

From Figure 14, it is observed that percentage
contribution of expansion power at 500 rpm and 2(B& psi)
is large at casing, rotor diameters (100, 96) mmopsl down at
(90, 85) mm and gradually declines from (70, 64) ton(45,
35) mm. At higher injection pressures of 3 to 6sb@b to 90
psi) the contribution of expansion power is largad follows
the same trend from (100, 96) mm to (45, 35) mm as
explained for injection pressure 2 bar (30 psi).eTh
contribution of expansion power is also found tbofe same
trend at different speeds of rotation 1500, 2500.rp

The percentage contribution of impingement power is
also found to follow same trend at different speefdsotation
1500, 2500 rpm (figures not shown).
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Figure 12: Variation of expansion power vs. diffgreasing
and rotor diameters when Volume is kept constamt an
different air injection pressure at 500 rpm
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Figure 13: Variation of impingement power vs. diéfet
casing and rotor diameters when volume is kepttaohsand
at different air injection pressure at 500 rpm
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Figure 14: Percentage contribution of expansion grows.
different casing and rotor diameters when volumeképt
constant and at different air injection pressurgQt rpm
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Figure 15: Variation of total power output vs. difént casing
and rotor diameters when volume is kept constamt an
different air injection pressure at 500 rpm

Variation of total power output from air turbine thi
respect to constant volume between different caaiyrotor
diameters and at 500 rpm speed is shown in FigGrdtls
small for (100, 96) mm casing, rotor diameters,dgudy it
becomes largest at (90, 85) mm and thereafter dilops at
(80, 75), it gradually decreases at casing, roimmdters from
(70, 64) mm to (45, 35) mm. but it is optimum asiog, rotor
diameters (90, 85) mm in all situations. Also tofaiwer
output is more at higher speed of rotation 1500, rg800
rpm.

It is, therefore, observed that in the vane twebiatal
power outputis combined effect of the component of
impingement and expansion. Impingement also has
significant contribution in total shaft output amdries for
Case 116.7% to 5.2% for declining (D-d) from 20 to 10 ;mm
Case 216.8% to 5.2% for constant (D-d) as 10 mm and
Case 316.7% to 2.4% for constant volume between D and d,
at varying injection pressures 2 to 6 bar, constajgction
angle 22.8 and constant vane angle °36Thus it is also
concluded that the expansion power as well as {odaver
output is optimum at casing, rotor diameters D=9® @&nd
d=85 mm.

5.0 CONCLUSIONS

On the basis of input parameters considered andltses

obtained, following conclusions are drawn in refexe to the

power output from air turbine-

» The shaft power output at different casing and mroto
diameters when vane angle is°3@njection angle 22%
follows the decreasing trend from larger casing anotbr
diameters to lower one, at injection pressure frev bars
and speed of rotation 500 - 2500 rpm.

e The shaft power output at different casing and mroto
diameters, when its difference (D-d) is kept comista
decreases linearly with respect to larger casingl antor
diameters to lower one, at injection pressure fldm6 bars
(30-90 psi).

» The optimum shaft power output is achieved at B (PO,
85) mm casing and rotor diameters respectivelynjaction
angle 22.5, vane angle 36 (i.e.10 nos. vanes), when
injection pressure is applied from 2-6 bars (30-{10).
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