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Rotary Air Compressors
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Air Compressors. 4. Roots Blower Compressor. 5. Vane Blower Compressor. 6. Backflow in Positive
Displacement Air Compressors. 7. Centrifugal Compressor. 8. Workdone by a Cenirifugal Compressor.
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1) Prewhirl. 12. Axial Flow Compressors. 13. Comparison of Centrifugal and Axial Flow Air
Compressors. M. Velocity Diagrams for Axial Flow Air Compressors. 15. Degree of Reaciion.

29.1. Introduction

Inthe previous chapter, we have discussed the reciprocating compressors, in which the pressure
of the air is increased in its cylinder with the help of a moving piston. But in a rotary air compressor,
the air is entrapped between two sets of engaging surface and the pressure of air is increased by
squeezing action or back flow of the air.
~ 29.2. Comparison of Reciprocating and Rotary Air Compressors

Following are the main points of comparison of reciprocating and rotary air compressors :

S.Ne. Recipromling'm'r compressors ) Rotary air compressors

L The maximum delivery pressure may be as high| The maximum delivery pressure is 10 bar only.
as 1000 bar. :

5 The maximum free air discharge is about 300{ The maximum free air discharge is as high as
mmin. 3000 m*/min.

3. | They are suitable for low discharge of airat very| They are svitable for large discharge of air at low
high pressure. pressure. .
The speed of air compressor is low. The speed of air compressor is high.

3 The sir supply is intermittent. The air supply is cont uous.

6. The size of air compressor is large for the given| 'The size of air compressor is smal) for the same
discharge. discharge.

7 The balancing is a major problem. There is no balancing problem.
The lubricating system is complicated. The lubricating system is simple.
The sir delivered is less clean, as it comes in| The air delivered is more clean, as it does not
contact with the lubricating oil. come in contact with the lubricating oil.

10. | Isothermal eificiency is used for all soris of| Isentropic efficiency is used for all sorts of
calculations. calculations.

29.3. Types of Rotary Air Compressors

Though there are many types of rotary air compressors, yet the following are important from
the subject point of view :
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1. Roots blower compressor ; 2. Vane blower compressor ; 3. Centrifugal blower compressor
and 4. Axial flow compressor.

The first two compressors are popularly known as positive displacement compressors, whereas
the last two as non-positive displacement. We shall discuss all the above mentioned rotary compres-
sors one by one.

Note :  The positive displacement compressors (£.e. roots blower and vane blower) are not very popular from
the practical point of view. However, they have some academic importance. The only important rotary
compressor is the centrifugal blower compressor.

294. Roots Blower Compressor

A roots blower compressor, in its simplest form, consists of two rotors with lobes rotating in
an air tight casing which has inlet and outlet ports. Its action resembles with that of a gear pump.
There are many designs of wheels, but they generally have two or three lobes (and sometimes even
more). In all cases, their action remains the same as shown in Fig. 29.1 (@) and (b). The lobes are so
designed that they provide an air’rtight joint at the point of their contact.

Fig. 29.1. Roots blower compressor,

‘The mechanical energy is provided to one of the rotors from some external source, while the
other is gear driven from the first. As the rotors rotate, the air, at atmospheric pressure, is trapped in
the pockets formed between the lobes and casing. Therotary motion of the lobes delivers the entrapped
air into the receiver. Thus more and more flow of air into the receiver increases its pressure. Finally,
the air at a higher pressure is delivered from the receiver.

It will be interesting to know that when the rotating lobe uncovers the exit port, some air (under
high pressure) flows back into the pocket from the receiver. It is known as backflow process. The air,
which flows from the receiver to the pocket, gets mixed up with the entrapped air. The backflow of
aircontinues, till the pressure in the pocket and receiver is equalised. Thus the pressure of air entrapped
in the pocket is increased at constant volume entirely by the backflow of air. The backflow process
is shown in Fig. 29.2. Now the air is delivered to the receiver by the rotation of the lobes. Finally, the
air at a higher pressure is delivered from the receiver.

Let p, = Intake pressure of air,
p, = Discharge pressure of air,
¥ = Isentropic index for air, and
v, = Volume of air compressed.

We know that theoretical work done in compressing the air,

P = '
§ .
W::{—Z—lxmv;[[i] —I] a4 (0)
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and actual work =v,(p,—p) R (1]

. Efficiency of roots blower (also known as roots efficiency),

p, Y
. O 22| r _
valxp'v'[[p,] l]

ﬂ](pz—PJ
¥-1
___1—' i —I]
T i

where r is the pressure ratio (i.e. p,/ p;). Now the power required to drive the cnmpmssor may be
found out from the work done as usual. Thus we sce that the efficiency of roots blower decreases
with the increase in pressure ratio.

Nuotes : 1. Sometimes, air at high pressure it obtained by placing two or mose roots blower in series, and having
inlercoolers between each stage.

2. The air is delivered four times in one revolution in case of two-lobbed rotor. Similarly, the air is
delivered six times in one revolution in case of three-lobbed mtor,

Example 29.1. A Roots blower compressor compresses 0.05 m® afﬂf} from | barto 1.5 bar
per revolution. Find the compressor efficiency. )
Solution. Given:v, =0.05m’;p, =1bar=1x10°N/m?; p,= 1.5 bar = 1.5 X 10° N/m’

We know that actual work done per revolution,
W, = v,(p,~p,) = 0.05(1.5x10°~ 1 x 10°) = 2500 N-m

and ideal work done per revolution,

» =1
wm st (3]

14-1

=14 ixioxoos| (L2 ] " 1| =2150Nm
14-1 1
.. Compressor efficiency,
W, 2150
ﬂ—ﬁ—ﬁ—lﬂﬁﬂl‘ﬂﬁ%flm.

29.5. Vane Blower Compressor

A vane blower, in its simplest form, consists of a disc rotating eccentrically in an air tight
casing with inlet and outlet ports. The disc has a number of slots (generally 4 to 8) containing vanes:
When the rotor rotates the disc, the vanes are pressed against
the casing, due to centrifugal force, and form air tight pockets.

The mechanical energy is provided to the disc from some
external source. As the.disc rotates, the air is trapped in the
pockets formed between the vanes and casing. First of all, the
rotary motion of the vanes compresses the air. When the rotating
vane uncovers the exit port, some air (under high pressure)
flows back into the pocket in the same way as discussed in the
ease of roots blower compressor. Thus the pressure of air, . —
entrapped in the pocket, is increased first by decreasing the R [ERMREES
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volume and then by the backflow of air as shown in Fig. 29.2. Now the air is delivered to the receiver
by the rotation of the vanes. Finally, the air at a high pressure is delivered from the receiver.

29.6. Backflow in Positive Displacement Air Compressors -

We have discussed two important types of positive displacement air compressors viz., Roots
blower compressor and vane blower compressor in the last articles. In both the cases, the air is
delivered to the receiver by the rotating lobes or vanes. It will be interesting to know, that when the
rotating lobe (in case of Roots blower) or vane (in case of vane blower) ugcovers the exit port, some
air (under high pressure) from the receiver flows back into the pockets formed between lobes and
casing or vanes and casing. This backflow of air mixes up with the entrapped air, and continues until
the pressure in the pockets and receiver are equalised. Thus the pressure of air delivered from the
pocket to the receiver is taken to be equal to the receiver pressure. The process of backflow of air is
an irreversible process, and called irreversible cornpression.

Tt may be noted that the increase of pressure in a Roots blower is entirely due to backflow,
and this process is explained on p-v diagram as shown in Fig. 29.3 (a).

2 2
1 T Pressure risp
- s
due lo back llow
g Por o
7 Pressure rise ::;4 4 3
¢ due to back 2 " Pressure rise due
5 flow a to compression
4]
[+]] 1
— Volume ——s- —— Volume ——
(a) Roots blower compressor. {b) Vane blower compressor.

Fig.29.3. p-v diagram of air compressor.

The increase of pressure in a vane blower takes place first due to compression and then due
to backflow as shown in Fig. 29.3 (b). Strictly speaking, the Roots blower compressor is of academic
interest only. but vane blower compressor has been used, but with little success. Now consider a vane

blower compressor compressing air as shown in Fig. 29.3 (b).
Let p, = Intake pressure of air,
p, = Discharge pressure of air,
p, = Pressure at point 3.
¥ = Isentropic index for air, and
v, = Volume of air compressed.

We know that work done due to compression (1-3),
x-1

Py " y
W.?ﬂT*P.vl[[;:'] -l] sl

and work done due to backilow (3-2), '
W, = v(p,—p) o ()

.. Total work done, W = W, +W,
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». Efficiency of the vane blower (also known as vane blower efficiency)
W,
e W, + W,
Now the power required to drive to compressor may be found out from the work done as usual.
Note: The value of v, or p, in equation (i) may be found out from the relation,

L]
m
w=o3)

-Example 29.2. A rotary vane compressor compresses 4.5 w’ of alrper minute from | bar
1o 2 bdr when running at 450 r.p.m. Find the power required to drive the compressor when'l, the
pom- are so placed that there is no internal compression ; and 2. the ports are so placed that there
is 50% increase in pressure due to compression before the backflow occurs. .

Solution. Given:v, =45 m’/min ipy=1bar=1x 10° N/m? ; py=2bar=2x 10° N/m?
N=450rp.m,
|. Power required to drive the compressor when there is no internal compression
We know that work done without internal compression,
W=, (p,—p) = 45(2%10°—1x10°) = 450 000 N-m/min
= 450 kN-m/min
- Power required to drive the compressor,
P =450/60 = 7.5kW Ans.

2. Power required to drive the compressor when there is 50% increase in pressure due to
compression

Since there is 50% increase in the pressure due to compression, therefore delivery pressure
before backflow,

. (i)

=1+405(2-1) = 1.5bar = 1.5x 10° N'm?
Iy K]
_saln W i :
v,-v,x[pd] -45[]5J = 337 m¥/min
We know that theoretical work done in compressing the air from 1 bar to 1.5 bar,

0, ok
W, =T—‘_‘Txplul[[;':} : -I]
l‘i‘lxlxlﬂsxds[(]ls] —1]

= 193 500 N-m/min = 193.5 kN-m/min
and work done inbackflow W, = v,(p,—p) = 337 (2x 10°~ 1.5 109

= 168 500 N-m/min = 168.5 kN-m/min
» Total work done, W=W+W, = 1935+ 1685 = 362 kN.-m/min

and power required to drive the compressor,
' P = 362/60 = 6.03 kW Ans.
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29.7. Centrifugal Compressor

A centrifugal blower compressor, in its simplest form, consists of 2 rotor (or impeller) to which a
number of curved vanes are fitted symmetrically. The rotor rotates in an air tight volute casing with inlet
and outlet points. The casing for the compressor is so designed
" that the kinetic energy of the air is converted into pressure
energy before i leaves the casing as shown in Fig. 294.

The mechanical energy is provided to the rotor from
some external source. As the rotor rotates, it sucks air through
its eye, increases its pressure due to centrifugal force and
forces the air to flow over the diffuser. The pressure of air is
further increased during its flow over the diffuser.

Finally, the air at a high pressure is delivered to the §
receiver. It will be interesting to know that the air enters the
impeller radially and leaves the vanes axially.

“Notes : 1. The curved vanes as well as the diffuser are so designed

R R R AR AR AN R

that the air enters and leaves their tips tangentially i.e. without shock.  Diffyser = Impetier
Their surface is made very smooth in order to minimise the frictional 3
losses. Y Fig.294. Centrifugal compressor.

2. The workdone by a centrifugal compressor (or power required to drive it) may be found out either
by the velocity triangles or otherwise,
29.8. Workdone by a Centrifugal Air Compressor

We have already discussed in Art. 28.6 the work done by a single acting reciprocating air
compressor. The equations for work done or power required to drive the reciprocating compressor
are applicable for the work done or power required by a rotary compressor also. Thus workdone by
a rolary compressor,

fv
W = 23p,, log v—'] . . (For isothermal compression)
2
\ -
=23mRT,logr ... (wherer=v, /v, or p,/p)
L Lad
P ) .
- n:l Xpo, [;’] . ﬁl] .. . (For polytropic compression)
1
S
= Ltxmrr, || 2] " -1 .7 o = mRD)
-1 pi
tl
P : . :
= = Xp,v, B -1 . . . (For isentropic compression)
=mc,(T,~T)
where p, = Initial pressure of air,

v, = Initial volume of air,
T, = Initial temperature of air,
Py V5. T, = Corresponding values for the final condition,

m = Mass of air compressed per minute,
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n = Polytropic index,
¥ = Isentropic index, and
€, = Specific heat at constant pressure.

Example 29.3. A centrifugal compressor delivers 50 kg of air per minute ata pressure of 2
bar and 97° C. The intake pressure and temperature of the air is I bar and 15" C. If no heat is lost -
to the surrounding, find : I. index of compression ; and 2. power required, if the compression is
isothermal. Take R = 287 J/ kg K.

Solution. Given : m=50kg!min;pz=2 baI;T359?°C=9?+273 =370K;p, = bar;
T,=15°C=15+273=288 K  R=287J/kg K

I._ Index of compression
Let n = Index of compression.
a-1
T. Pl
We know that e
I Py _
A1 n=1|
370 2 " 'y
288 [ i ] =(2)
n-1
1286=(2) "
log 1.285 = "—;lx]ogz ... (Taking log of both sides)
n-1

0.1088 = —H—XO.JOI

0.1088 n = 0.301 n—0.301
0.1922n = 0301 or n = 1.57 Ans.
2. Power required if the compression is isothermal
We know that work done by the compressor if the compression is isothermal,
W = 23mRT,logr
= 2.3 x50 x 287 x 288 log 2 J/min e r=plp)
= 9505440 x 0301 = 2861 140 Hmiu.= 2861.14 kifmin
- Power required, P = 2861.14/60 = 47.7kW Ans.

Example 29.4. A centrifugal air compressor having a pressure compression ratio of 5
compresses air at the rate of 10 kg/s. If the initial pressure and temperature of the air is 1 bar and
20°C, find : 1. the final temperature of the gas, and 2. power required to drive the compressor. Take
¥= !.4am.fcp= 1 kg K.

Solution. Given:p,/p;=5;m=10kgfs,p,=1bar;T\=20°C=20+273=293 K;
Y= I.4:cﬂ=lkJ}kgK
|. Final temperature of the gas

Let T, = Final temperature of Ihe gas.
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1= |

i p v ld=1

2 2 4 :

We know that | = (5) = 1.584
T, {Pl ] ¢

T, =T,x1584 = 293x1.584 = 464K = 191°C Ans,
2. Power required by the compressor
We know that the workdone by the compressor,
W= mc, (T,—T) = 10 % | (464 -293) = 1710 k)/s
- Power required to drive the compressor,
P = 1TI0kW Ans. (0 1klis="TkW)

Example 29.5. A rotary air compressor receives air at a pressure of I barand I7° C, and
delivers it at a pressure of 6 bar. Determine, per kg of air defwered, work done by the campre.s-sar
and hear e.m‘rangtd with the jacket water when the csmpmsmn is Jmmcmwt {sentropic and by the
relation pv'®.= Constant.

Solution. Given:p,=1bar;T, =17°C=17+273=290K;p,=6bar;m=1lIkg
Isothermal compression ’

We know that work done by the compressor,

W = 2.3 mRT, Iog[?] = 23%1%287%290 Iog[? ]J '
I

= 148970] = 148.97 kJ Ans.

We also know that in isothermal compression, -the temperature of air during the process
remains constant. Thus the entire work done is carried away by the jacket water in the form of heat.
Therefore, heat exchanged with the jacket water

= 14897 k] Ans.
Isentropic compression
Let T, = Final temperature of the air.
T 1=t la-1
Y 14
We know that L - R = 1668
; T, n |

T, = T,x 1.668 = 290 x 1.668 = 484 K

We know that work done by the compressor
- m(‘F(TzﬂT[) = | x| (484-290) = 194kJ Ans,
We also know that in isentropic compression, heat exchanged with the jacket water is
zero. Ans.
Compression by the relation pv'® = Constant

n=1 16-1
T # 16
We know that L [?] B [?] = 1.958
1

]

7,
T, =T x1958 = 290x 1.958 = 568 K
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We know that work done by the compressor
=me, (T,~T)) = 1x1(568 -290) = 278 kJ Ans.

We also know that in polytropic process, heat exchanged

= ‘:;—Xkadcne ~14=16, 508 - _ 139K Aus.

1 14-1

The minus sign means that heat is taken by the air from the jacket water
29.9. Velocity Triangles for Moving Blades of a Centrifugal Compressor

We have already discussed that in a centrifugal compressor, the air enters radially and leaves
axially. Moreover, the blades ana diffuser are so designed that the air enters and leaves them
tangentially for the shockless entry and exit.

Consider a stream of air, entering the curved blade at C, and leaving it at D as shown in Fig.
29.5 (a) and (b).

() (k)

Fig.29.5. Velocity triangles for a centrifugal compressor.
Now let us draw the velocity triangles at the inlet and outlet tips of the blades as shown in Fig.
29.5 (a) and (b). :
Let V, = Linear velocity of the moving blade at inlet (BA),
V= Absolute velocity of the air entering the blade (AC),

V_= Relative velocity of air to the moving blade atinlet (BC). It is vectorial
difference between V, and V,

V= Velocity of flow at inlet,
6 = Angle which the relative velocity (V) makes with the direction of
motion cf the blade, and

Yoo Vi Vi Vﬂ. ¢ = Corresponding values at outlet.

bl
[t may he seen from the above, that the original notations (i.e. V,, V, V., 1{,} stand for the inlet
triangle, The notations with suffix 1 (ie V, VoV, ¥ ) ) stand for the outlet triangle. A little



674 A Text Book of Thermal Engineering
consideration will show, that as the air enters und leaves the blades without any shock (or in other
words tangentially), therefore shape of the blades will be such that V, and V., will be along the tangents
to the blades at inlet and outlet respectively.

The air enters the blades along AC with a velacity (V). Since the air enters the blades at right
angle (i.e. radially) to the direction of motion of the blade, therefore velocity of flow ( V) will be equal

to the air velocity (V). Moreover, velocity of whirl at inlet (V,) will be zero. The linear velocity or
mean velocity of blades (V,) is represented by BA in magnitude and direction. The length BC
represents the relative velocity (V,) of the air with respect to the blade. The air now glides over and
leaves the blade with a relative velocity (V,,) which is represented by DE.

The absolute velocity of air (V, ) as it leaves the blade is represented by DF inclined at anangle
i with the direction of the blade motion. The tangential component of V, (represented by FG) is
known as velocity of whirl at exit (V. ,). The axial component of V, (represented by DG) is known
as velocity of flow at exit {Vﬂ) i

Let m = Mass of air compressed by the compressor in kg/s.

We know that according to Newton's second law of motion, force in the direction of motion
of blades (in newtons),

F = Mass of air flowing in kg/s x Change in the velocity of whirl in m/s
=m(V,+V,)=mV, (Y, =0)
and work done in the direction of motion of the blades,
W = Force x Distance = m V,, V,, N-m/s or J/s

Now power required to drive the compressor may be found out, as usual, by the relation,

P = Workdone inJ/s = m V,, V,, walts o (1 Vs =1 wan)
Notes: 1. The blade velocity at inlet or outlet (Vj or V;,) may be found out by the relation,
n DN =DN
ol i 3
where D and D, are the intemnal and external diameters of the impeller.
2. Under ideal conditions (or in other words for maximum work) V,; = V. '

Therefore ideal work done
=m(V, ) = m(V,, ) Vs
Example 29.6. A centrifugal compressor running at 2000 r.p.m. receives air at 17° C. If the

ouler diameter of the blade tip is 750 mm ; find the temperature of the air leaving the compressor.
Takec, =1 ki/kg K.

Salution. Given:N=2000rp.m.;7,=17°C=174273=290K; D, =750 mm = 0.75
m;c,=1kl/kgK
Temperature of the air leaving the compressor

Let T, = Temperature of the air leavingthe compresso

We know that tangential velocity of the outer blade tip,

_TDN  xx0.75x 2000
=" = 60

= 18.6 m/s
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-+ Work done per kg of air,
W=m(V,)? = 1(78.6)" = 6178 Vs = 6.178 k/s

We also know that workdone (W),
6.178 = mc, (T,-T) = 1 x1(T,-290)

T, = 6.178+290 = 296.178K = 23.178°C Ans.

Example 29.7. A rotary air compressor working between [ bar and 2.5 bar has internal and
external diameters of impeller as 300 mm and 600 mm respectively. The vane angle at inlet and outler
are 30° and 45° respectively. If the air enters the impeller at 15 m/s, find : 1. speed of the impeller in

< r.p.m. ; and 2. workdone by the compressor per kg of air. ; ;

Solution. Given:p,=1bar;*p,=25bar; D=300mm=03m; D, =600mm=0.6m;

0=30°;¢=45;V=15m/s i
I. Speed of the impeller , . a9
Let N = Speed of the impeller in r.p.m. il 2N
From the inlet velocily triangle, as shown in Fig. 29.6, we Vi "V
find that the blade velocity, D
v 15
V, = tan30° ~ 05774 - 2598 m/s !
We know that speed of the impeller (V,), !
_nbN _ xx03N _ : CRA V=V
2598 = Rt e 0.0157TN A
m N = 1655rpm. Ans. ,‘\i
2. Work done by the compressor per kg of air B \(V..
From the outlet triangle, as shown in Fig. 29.6, we find that
the blade velocity at outlet, Fig. 29.6
D, 6 06
Vig = VkXE' = V*X*E = 25.98!@ = 51.96m/s

and velocity of whirl at cutlet,

v
T ORI, | [ _1s 4 -
=V T 51.96 . 36.96mis ... (v V, =V=1)
Since the velocity of blade atoutlet (51.96m/s) is more than velocity of whirl at outlet (36.96
m/s), therefore shape of the outiet triangle will be as shown in Fig. 29.6.
We know that workdone by the compressor per kg of air,

W=mV,V, = 1x3696X5196 = 192044 J/s Ans.

wl

29.10. Width of Impeller Blades

The width of impeller blades at inlet or outlet of a rotary air compressor is found out from the
fact that mass of air flowing through the blades at inlet and outlet is constant. Now consider a rotary
air compressor compressing the air, whose blade widths atinlet or outlet is required to be found out

*  Superfluous data
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Let b = Width of the impeller blades at inlet.

D = Diameter of impeller at inlet,
V, = Velocity of flow at inlet,

v, = Specific volume of air at inlet,

b, Dy, V”, = Corresponding values at outlet, and

m = Mass of the air flowing through the impellgr.

‘We know that the mass of air flowing through the impeller at inlet,
DbV
= Tf e (i)

x

m

Similarly, mass of air flowing through the impeller at outlet,
nD, b,V
e il L 4 .. (i)

Ual

m

Since the mass of air flowing through the impeller is constant, therefore,
nD b&' nD bV,
- iy . (i)

o, Uy

Note: Sometimes, number and thickness of the blades is also taken into consideration. In such a case, mass of
air flowing through the impeller at inlet,

(D -nb) V,
; v

where n stands for the number of blades.

Example 29.8. A cenirifugal air compressor having intérnal and external diameters of 250
mm and 500 mm respectively campresses 30 kg of air per minute. wfui‘e running at 4000 r.p.m. The
vane angles at inlet and outlet are 30° and 40" respectively. Fmd the necessary thickness of the blade,
if the impeller contains 40 blades. Take specific volume of airas 0.8 m'/kz.

Solution, Given:D=250mm=0.25m: D, =500mm=0.5m;m=30kg/min=0.5kg/s ;
N=4000rpm. ;0=30°;¢=40°;n=40;v, =08 m'kg
‘We know that impeller velocity at inlet,

and velocity or flow at inlét, V.= V,tan8 = 52.41an 30° = 30.2 m/s
Let b = Thickness of the blades.
We know that mass of air flowing through the impeller (m),

(RD-nb) V,  (nx0.25-40b)302
v, 08

or 0.0132 = 0.7855 - 40b
b =00193m = 193 mm Ans.

05 =

- 29.11. Prewhirl
It has been observed that tangential velocity of the inlet impeller end is very high due to its
exceedingly high revolutions per minute (sometimes, as high as 20 200 r.p m.). At this point, there
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is always a tendency for the air stream to break away from the trailing face of the curved part of the
impeller vane. This phenomenon, under certain set of conditions*causes the shock waves to form.
The shock waves increase the loss of energy.

In order to eliminate (or reduce) the shock waves, the air is made to rotate before it enters the
impeller blades. This process, which causes the air to enter the impeller blades at a reduced velocity
(without effecting the mass of air to fiow and velocity of flow), is known as pre-rotation or prewhirl,

.29.12, Axial Flow Compressors

An axial flow compressor, in its simplest form, consists of a number of rotating blade rows
fixed to a rotating drum. The drum rotates inside an air tight casing to which are fixed stator blade
rows, as shown in Fig. 29.7. The blades are made of serofoil section to reduce the loss caused by
turbulence and boundary separation.

Fixed biades

Fig. 29.7. Axial flow compressor.

The mechanical energy is provided to the rotating shaft, which rotates the drum. The air enters
from the left side of the compressor. As the drum rotates, the air flows through the altemately arranged
stator and rotor. As the air flows from one set of stator and rotor to another, it gets compressed. Thus
successive compression of the air, in all the sets of stator and rotor, the air is delivered at a high
pressure at the outlet point. 5
29.13. Comparison of Centrifugal and Axial Flow Air Compressors

Following are the main points of comparison of the centrifugal and axial flow air compressors :

$.No. Centrifugal compressor Axial flow compressor

l. The flow of air is perpendicular to the axis of | The flow of air is parallel to the axis of compressor.
compressor.

2 It has low manufacturing and running cost. | Ithas high manufacturing and running cost.

3 It requires low starting torque. [t requires high starting torque.

4, It is not suitable for multi-staging. Itis suitable for multi-staging.

5. It requires large frontal area for a given rate| [Itrequires less frontal area for a given rate of flow.
of flow. It makes the compressor suitable for air crafts.

*  This condition is popularly defined in terms of Mach number. If the Mach number is less than unity, the
flow is known as subsonic. But if it is equal to unity, the flow is known as sonic. Similarly, if the Mach
number is more than unity, the flow is known as supersonic, The shock waves are formed when the Mach
number exceeds 0.90. The value of Mach number is mathematically given by the relation.

M %
N = JVeRT
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29.14. Velocity Diagrams for Axial Flow Air Compressors

We have already discussed in Art. 29.12 that in an axial flow compressor, the drum with rotor
blades, rotates inside a casing with a fixed or stator blades. The inlet and outlet velocity triangles for
the rotor blades are show 1in'Fig. 29.8 (a) and (b). The general relations between the inlet and outlet
velocity triangles are as below :

B o
v

Rotor ] 1%
blade%vbl._ Vn—”J._

vh .
]

(a) Separate velocity dingrams. (h) Combined velocity diagram.

Ve

) Fig. 29.8. \I'e-rncily diagrams for axial flow compressor.
' 1. Blade velocity (V) for both the triangles is equal.
2. Velcc:ty of flow (V) for both the triangles is also equal.
3. Relative velocity in outlettriangle (V) is less than that ininlettriangle (V) due to friction.

Notes : 1. Work done by the compressor per kg of air,
w= ¥ (V,, ~V)inN-morJ
2. Sometimes, work factor or work input !'a-:tur is also given. In such a case, work done by the
compressor per kg of air,
w =V, (V,,—V,)x Work factor D c

29.15. Degree of Reaction

It is an important term in the field of axial flow
compressor which may be defined as the ratio of pres-
sure rise in the rotor blades to the pressure rise in the
compressor in one stage.

As a matter of facl, the degree of reaction is
usually kept as 50% or 0.5 for all types of axial flow
comnressors.

Mathematically, degree of reaction,

- Vo +
_ Pressure rise in rotor blades b
Pressure rise in compressor Fig. 209. Combined velocily diagram
with 50% degree of reaction
(V)2 - (V!
T @
Vb Wi Vn) 2VJ¢ (vwl = Vw)

First of all, let us draw a combined velocity diagram for an axial flow compressor (with degree
of reaction as 0.5), as shown in Fig. 29.9.
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From the geometry of the figure, we find that
V, = AB-AE = Vb—VtanB; and V,, = AB-AF = Vh-lgmp
Va=VYJ) = tan B)=(v,- -Vtan B
= ,(tanﬂ—tanﬁ.] ()
Moreover, from the geometry of the figure, we also find that
(vf = (V) +(V,tan B)? |

and (V) = (V) +(V,tan B,)?
(V,J’-{V,,)‘ = [(V)*+(V,tan B)] - [(V)*+ (V,tan B))
= (V,tan ﬂ)’-(v tan ) = (V )’(mnzﬁ—tan B, ... (iif)

Now substituting the values of (V. ~ V,) and [(V)* - (V,,)?] from equations (if) and (i) in
equation (i), we have degree of reaction,
[V)’(t:m i —tan?p,) V,(1an B +tan B,)
{lanB—tanB] 2V,

Now substituting the value of degree of reaction as 0.5, we have

V,(tan B +1an B,)
= T

Yy
—= = tan f+tan B,
Yy

From the geometry of the figure, we find that
.

V!

£LP=Zoand LB, = L«

It is thus obvious, that for 50% reaction, the compressor will have symmetrical blades.

Example 29.9. An axial ﬁow campressor, with compression ratio as 3, draws air at 20° C
delivers it at 50° C, A.s:um'ng 50% degree of reaction, find the velocity afﬂow if the blade velocity
is:] 00 m/s. Alroﬁudthenwnberafﬂagn Take work factor = 0.85 ; 0= 10° ; B=lﬂ°andr: = !_

ki/kg K.
Solution. Given: *p/p, =5:T,=20°C=20+273=93K; T,=30°C= 323K ; R=50%

=0.5; V, =100 m/s ; Work factor = 0.85 ; at= 10° ; = 40°; c’-lU!kgK

Velocity of flow
Let V, = Velocity of flow.

From the geometry of the velocity triangle (Fig. 29.9), we know that

= ano+tan @, = tan ot +tanf = tanc, + i B, .

Vv,
ng = ano+tanf = tan 10° +tan 40°
!

—————
¢ Superfluous data
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= 0.1763+0.8391 = 1.0154

s [§

= 98.5 m/s Ans.
Number of stages
We know that total work required per kg of air
=¢,(I,~-T,)) = 1(323-293) = 30kl/kg
From the geometry cf the velocity triangles, we also know that

V,=Vano = 98 5xtan 10° = 98.5x 0.1763 = 17.4 m/s

and V. ‘I-;-tanu, = 98.5tan 40° = 98.5x0.8391 = 82.7m/s
.. (with 50% reaction, £ o, = £f)

]

We know that workdone per kg of air per stage,
=V, (V,,,—V,) x Work factor

= 100(82.7~17.4) x 085 = 5550J = 5.55 kl/kg

_ Total work required _ 30 _ ;¢ ane.
Work done per stage ~ 5.55 Y

.. Number of stages
EXERCISES
1. Airat]barand 30° Cis to be compressed to 1.2 bar atihe rate of 50 m¥min. Find the power required
by a Root's blower. . [Ans. 1545 kW]
2. Compare the work inputs required for a Roots blower and a vane type compressor having the same
induced volume of 0.03 m® per revolution, the inlet pressure being 1.013 bar and the pressure ratio 1.5 to 1. For
" the vane type, assume ('t intemal compression takes place through half the pressure range.

[Ans. 1.52kJ, 1352 k]
3. A centrifugal compressor having compression ratio of 2 delivers air at the rate of 1.5 kg/s. Find the

power required to drive the compressor with isothermal compression, if the intake temp -ature is 300 K.
[Ans. 89.5 kW]
4. A centrifugal air compressor receives air at | bar and deliver itat 3.5 bar. Find the final temperature
of air, if the initial temperature of air is 310 K. The compressor compresses 2 kg of air per second. Take yas 1.4.
' [Ans. 443 K]
5 A rotary air compressor compresses 100 kg of air per minute from 1.2 bar and 20° C to 4.8 bar.
Find thie power required by the compressor, if the compression is isentropic and by the relation pv'* = C. Take
cp=1.008 klkg K., [Ans. 247 kW ; 300 kW]
6. Anaxial flow compressor, with compression ratio as 4, draws air at 20" Cand delivers itat 197° C.
The mean blade speed and flow velocity are constant throughout the compressor. Assuming 50 percent reaction
blading and taking blade velocity as 180 my/s: find the flow velocity and the number of stages. Take work factor
=082;a= [2":B=42"andcp=l.005 kikg K. [Ans. 162 m/s ; 10}

QUESTIONS
1. What is the difference between rotary and reciprocating compressor ?
2. Derive an expression for efficiency of a Roots blower in terms of pressure ratio and ratio
of specific heats.
3. Describe with a neat sketch, the working of a vane blower compressor and show its p-v
diagram. For what applications, it is used.
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4.

Explain, with a neat sketch, the working of a centrifugal compressor and obtain an

expression for the workdone.

5

6.
1.
8.

Discuss the method of finding the width of impeller blades in a rotary air compressor.
Define ‘prewhirl’. Explain its effect on the impeller of a centrifugal pump.

Explain, with a neat sketch, the working of an axial flow compressor.

Differentiate between centrifugal compressor and axial flow compressor.

OBJECTIVE TYPE QUESTIONS
The positive displacement compressor is
(1) roots blower compressor (b) vane blower compressor
(¢) centrifugal compressor (d) axial flow compressor
(¢) both (a) and (b) () both (c) and (d)
The rotary compressors are used for delivering
{a) small quantities of air at high pressures (b) large quantities of air at high pressures
(c) small quantities of air at low pressures () large quantities of air at low pressures
The maximum delivery pressure in a rofary air compressor is

(a) 10 bar _(b) 20 bar (c) 30 bar (d) 40 bar
The speed of a rotary compressor is ..... as compared to reciprocating air cornpressor.
(a) high (b) low

The type of rotary compressor used in gas turbines is of
(a) centrifugal type  (b) axial flow type (c) radial flow type  (d) none of these
If the flow of air through the compressor is perpendicular to its axis, then it is a

(a) reciprocating compressor (b) centrifugal compressor

(c) axial flow €ompressor (d) turbo compressor

In a centrifugal compressor, an increase in speed at a given pressure ratio causes
(a) increase in flow ; (b) decrease in flow

(c) increase in efficiency (d) decrease in efficiency’

() increase in flow and decrease in efficiency
In an axial flow compressor, the ratio of pressure in the rotor blades to the pressure rise

in the compressor in one stage is known as

I (e)_
6.(b)

..

(a) work factor (b) slip factor ~ (c) degree of reaction (d) pressure coefficient

A compressor mostly used for supercharging of .C. engines is
() radial flow compressor (b) axial flow compressor -
(¢) roots blower (d) reciprocating compressor

Which of the following statement is correct as regard to centrifugal compressors 7
(«) The flow of air is parallel to the axis of the compressor.

(h) The static pressure of air in the impeller increases in order to provide centripetal
force on the air.

{¢) The impeller rotates at high speeds.
(d) The maximum efficiency is higher than multi-stage axial flow compressors.

ANSWERS
2.(d) 3. (a) 4. (a) 5.(b)
7. () 8.(c) 9. (a) 10. &)
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Performance of Air Compressors

1. introduetion. 2. Efficiencies of Reciprocating and Cenirifugal Air Compressers. 3. Efficiencies
of Reciprocating Air Compréssor. 4. Volumerric Efficiency of a Reciprocating Alr Compressor with
Clearance Volume. 5. Thermodynamic Cycle for a Rotary Air Compressor. 6. Efficiencies of a Centrifugal
Air Compressor. 7. Static and Total Head Quaniities. 8. Slip Factor. 9. Comparison of Turbine and
Centrifugal Compressor Blades. /

30.1. Introduction

In the last two chapters, we nave discussed reciprocating and rotary air compressors. Now in
this chapter, we shall discuss their efficiencies and other important performances.
30.2. Efficiencies of Reciprocating and Centrifugal Air Compressors

Fhe efficiency of any machine is the general term used for the ratio of work done to the energy
supplied. The criterion for the thermodynamic efficiency of the reciprocating air compressor is
isothermal; whereas that for the centrifugal air compressor is isentropic. The reason for the same is
that in case of reciprocating air compressors, due to slow speed of the piston and cooling of the
cylinder, the compression of air is approximately isothermal. Butin case of centrifugal air compressor,
due 1o high speed of the rotor and without any ceoling amrangement, the compression of air is
approximately isentropic. Now we shall discuss the efficiencies of both the compressors, in the
following pages.
303. Efficiencies of Reciprocating Air Compressor

We have already discussed in the last article that the criterion for thermodynamic efficiency
of a reciprocating air compressor is isothermal. But in general, the following efficiencies of
reciprocating air compressor are important from the subject point of view :

I. Isothermal efficiency (or compressor efficiency). It is the ratio of work (or power)
regquired to compress the air isothermally to the actual waork required to compress the air for the same
pressure ratio. Mathematically, isothermal efficiency or compressor efficiency,

_ Isothermal power _ Isothermal work done
e = Tndicated power  Indicated work done

We nhave already discussed for a single stage reciprocating compressor that the isothermal

work done
: P
=23p,v,log| =
AY 8{;"]

682
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and indicated work done by the compressor
= Work done during polytropic compression

27

» Isothermal efficiency for a single stage reciprocating compressor

it |
23log| —
o pJ

(e

2. Overull isothermal efficiency. It is the ratio of the isothermal power to the shaft power

or brake power of the motor or engine required to drive the compressor. Mathematically, overall
isothermal efficiency,

2a Isothermal power
o = Shaft power or B.P, of motor

3. Mechanical efficiency. Itis the ratio of the indicated power to the shaft power or brake
power of the motor or engine required to drive the compressor. Mathematically, mechanical

efficiency,

_ Indicated power
"ln = ‘Shaft power or B.P. of motor

Note ; The shaft power or brake power of the motor or engine

_ __Indicated power
" Mechanical efficiency

4. Isentropic efficiency. Itis the ratio of the isentropic power to the brake power required
to drive the compressor. Mathematically, isentropic efficiency,
Isentropic power
B.P. required to drive the compressor

5. Volumerric efficiency.  Itis the ratio of volume of free air delivery per stroke to the swept
volume of the piston. The volumetric efficiency of a reciprocating air compressor is different when
itis with or without clearance volume. *

Note : Since it is difficult to visualise the N.T.P. conditions of the swepl air, thercfore the general trend is to
define the volumetric efficiency as the ratio of actual volume of air sucked by the compressor to the swept volume
of the piston.

Example 30.1. A reciprocating air compressor draws in 6 kg of air per minute at 25° C. It
compresses the air polytropically and delivers it at 105° C. Find the air power. If the shafi power is
14 kW ; find the mechanical efficiency. Assume R = 0.287 kifkg K and n = 1.3. ;

Solution. Given:m=6kg/min;T, =25°C=25+273=298K; T,=105°C=105+273

=378 K ; Shaft power = 14 kW ; R=0287kJkgK;n=13

W=

Air Power
We know that workdone by the compressor,

W= ;f—lmk(r, -T) = 5 ;f [ %6 X0.287 (378 - 298) kb/min
= 597 kl/min R 5 B

<+ Air power = 597/60 =995 kW Ans. " s "
4.~ - o '

- . i
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Mechanical efficiency
We know that mechanical efficiency,

_ _Airpower _ 9.95
T‘m T Shaftpower = 14 = 07]0‘? or 71.07% Ans.

Example 30.2. A compressordraws42.5 m’ of air per minute into the C}fmdemm pressure
of 1.05 bar. It is compressed polytropically ( pv'! = C) toa pressure of 4.2 bar before bemg delivered
to a receiver. Assuming a mechanical efficiency of 80%, find ;

1. Indicated power ; 2. Shaft power ; and 3. Overall isothermal efficiency.

Solution. Given:v, =42.5 m¥/min;p, =1.05bar=105x10°N/m’;n=1.3; p,=4.2 bar
=42x10°N/m?; v, =80%=038

|. Indicated power
‘We know that indicated workdone by the compressor,

et (2] 1]

1.3 xl{}SxID’x425[[42] I]mein

13- 1.05
= 7287 x 10° J/min = 7287 kJ/min
= Indicated power = 7287/60 = 121.5kW Ans.

2. Shaft power
‘We know that shaft power,

Indicated power  _ 1213

= Mechanical efficiency ~ 08 BTN A
3. Overall isothermal efficiency
We know that isothermal work done/min,
Pr)_ Y
W=23ppy, 'Iog[Pl ] =23x1.05x 10°x 42 5log [ 105 ] Jrmin
= 6180 x 10" J/min = 6180 kJ/min
- Isothermal power = 6180/60 = 103 kW
We also know that overall isothermal efficiency,
e _ Isothermal power _ 103 _
Ny =: Shalt power 15187 = 0.678 or 67.8% Ans.

y 30.4, Vo[pmelric Eﬂiﬂe ncy of a Reciprocating Air Compressor with Clearance Yolume
_ We have already discussed i Art. 30.3, that the volumetric efficiency of a reciprocating air
compressor is given'by
e el \Lﬁ‘luﬂ of free air delivery per stroke
" Swept volume of the piston

Fzen = Auual volume of air sucked referred to ambientconditions

chpﬁ volume of the piston
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Now let us derive an expression for it when the air compressor has clearance volume. Consider
a p-v diagram of a single acting reciprocating air compressor with clearance volume as shown in

Fig. 30.1.
Let

Py

v

1]

Initial pressure of air (before compression),

Initial volume of air (before compression),

T, = Initial temperature of air (before compression),
Py V. Ty = Corresponding values for the final conditions (i.e. at the delivery point),
PV, = Corresponding values for the ambient (i.e. N.T.P.) conditiong

v, = Clearance volume,
v, = Swept volume of the piston, and

n = Polytropic index.

In actual practice, the temperature at the end of suction

i.e. at point | is not atmospheric because the fresh air passes

over hot valves and mixes with the residual air. Also, the

pressure at point 1 is not atmospheric as there are obstructions

in suction of fresh air. Applying general gas equation to the

atmospheric condition of air and the condition of air before
compression, we have

Pa% _ %)

i

P, (v, -v)
TI

- Volume of air sucked referred to ambient conditions,

a -‘U‘)
el
We know that volumetric efficiency,

v, pT[v-y,

gy e
L Py TI U’

= nT, "u,-r v~
paTI \ v.t
Pl'rn ( U: v-l- 9

= | A=y —=
puT! \ t,l'. vt Un

T v,
Pie 1+K-Kx—
P nT'l \ vt
where

' Now for the palylropic expansion process 3-4,
Pl =

K = Clearance ratio = v/ v,

i Almospheric fine

S Tl

——Pressure

=]

=

1

1

H

1]

1

-—1:-1!,‘-—-14
et

Vs

Wi
L}

Volume ———s

Fig. 30.1. p-vdiagram with

clearance volume.

vy =)

5

()
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Substituting the value of v,/ v, in equation (i), we have volumetric efficiency referred to

ambient conditions,
i
1, = :?’[I-H{ K[:::] ] i)
When the ambient and suction conditions are same, thenp, = p, and T, = T|.Insuchacase,
1in
N, = 1+K- K[p’] ... (iii)
P

Example 30.3. A single stage air compressor receives air at | bar and 27° C and delivers
at 6.5 bar. The atmospheric pressure and temperature are 1.013 bar and 15° C. The compression
follows the law p v' 25 = constant and the clearance volume is 5 percent of the stroke volume.
Calculate the volumetric efficiency referred to the atmospheric condition.

Solution. Given:p, = Ibar;T,=27°C=27+273=300K;p,=6.5bar;p,= 1013 bar;
T,=15°C=15+273=288K;n=1.25;v,=5%v,=005v,

We know that clearance ratio,

'
K=uvlv,=0050v/v, =005

». Volumetric efficiency referred to the atmospheric condition,

I
nT, Py
=—=| 1+K-K|—=
nu paTl|: {pl] ]

1 X288 o)
=_““_1ms><300['*°°5 oos[ ] ]

= 0.783 or 78.3% Ans.

Example 30.4. A single stage reciprocating air compressor takes in 7.5 m’/min of air at |
bar and 30° C and delivers it at 5 bar. The clearance is 5 percent of the stroke. The expansion and
compression are polytropic, n = 1.3. Calculate : 1. the temperature of delivered air ; 2. volumetric
efficiency, and 3. power of the compressor.

Solution. Given : v, —v,=7.5 m¥min ; p, = 1 bar=1x 10° N/m* ; T, = 30° C = 30 + 273
=303 K ;p,=5bar=5x10°N/im?;v,=5%v,=005v,;n=13

. Temperature of delivered air

Let ° T, = Temperature of the delivered air.
?' n-1 13-1
L) 13
Weknowthat 2=|2] «f2 = 145
7, Py 1

T, =T,x145 = 303x 1.45=439.3K = 166.3'C Ans.

2. Volumerric efficiency
We know that clearance ratio,
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- Volumetric efficiency,

P kin 5y
n, = 1+x-x[P—T] = 1+o‘os-uos[T)

= 1.05-0.172 = 0.878 or 87.8% Ans.

3. Power of the compressor
We know that workdone by the compressor,

-1
W= n—r-‘_lxﬁ (”|""4J[[?} " - l]

1.3-1

1
13 s\ B _ :
= “3_lex10’x15[[l] l].‘h’mm

= 14625 10° ¥min = 1462.5 k)/min

.. Power of the compressor
= 1462.5/60 = 244 kW An?.

Example 30.5. A single stage single acting reciprocating air compressor is required 1o
handle 30 e of free air per hour measured at 1 bar. The delivery pressure is 6.5 bar and the speed
is450rpm. - 5 ; : . A

_ Allowing a volumetric efficiency of 75% ; an isothermal efficiency of 76% and a mechanical
efficiency of 80% ; Calculate the indicated mean effective pressure and the power required to drive
the compressor.

Solution, Given:v,=30m’h;p, =1bar=1X 10° Nfm? ; p, = 6.5 bar =6.5 % 10° N/m";
N=450rpm.;1,=75%=075;1,=76 %=076:1, =80% =08

Indicated mean effective pressure
We know that isothermal work done

=23p,7, log[%]: Z.SXIXIO’xSOIQg[Lf]th
]

= 5609 % 10° J/h = 5609 ki/h

_ Asothermat W e = — =T
and indicated workdone = Tsotf  efficie = 0.76 = 7380 kl/h

We know that swept volume of the piston,

Volume of free air 30 3
= —_—_——— = = 4
Ys = Volumelric efficiency ~ 0.75 Gk
= Indicated mean effective pressure,
_ Indicated work done _ 7380 _ 3
Pn = ""Sweptvolume 40 184.5 kl/m
= 184.5 kN/m® [ '—m'i,! = ”‘:,'"‘ = !kam’]

]

1.845 bar Ans.
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Power required to drive the compressor
We know that work done by the compressor

_ _Indicated work done _ 7380

" Mechanical efficiency ~ 08 =

. Power required to drive the compressor
- :‘;"Qﬁ—gg = 256 kW Ans.

Example 30.6. A single stage double acting air compressor delivers 3 m’ of free air per
minute at 1.013 bar and 20° C to 8 bar with the following data;

RPM. =300; Mechanical efficiency = 0.9 ; Pressure loss in passing through intake valves
= 0.04 bar ; Temperature rise of air during suction stroke = 12° C ; Clearance volume = 5% of stroke
volume ; Index of compression and expansion, n=1.35; Length of Me stroke = 1.2 times the cylinder
diamerer. ' :

Calculate : |. power input to the shaft ; 2. the volumetric efficiency ; and 3. the cylinder
diameter.

Solution. Given : v, =3 m¥min ; p, = 1.013 bar ; T, = 20° C = 20 + 273 = 293 K iPy=

Bbar;N=300rpm.; M, = 0.9 ; Pressure loss = 0.04 bar ; Temperature rise = 12°C ; v.=5%u,
=005y, ;n= 135;L=12D

Let v, = Volume of free air at the suction conditions.

Since there is a pressure loss of 0.04 bar in passing through intake valves, therefore suction
pressure,
P, =p,=0.04 = 1.013-0.04 = 0.973 bar = 0.973 x 10° N/m?
Also there is a temperature rise of air of 12° C during suction stroke, therefore temperature of
air at the beginning of compression,
T, =T, +12=20+12 =32°C = 324273 = 305K

pﬂ'vﬂ plul
We know that mi—
T,

_PUT 1.013x3x305

= Y
VST, T T 0973x203 - 325 mmin

I Power input to the shaft
We know that indicated workdone

~styenn (3]

1.35 xo.g?sxm-‘xa,zs[[ 8 ] A -i]]!min

= 5= 0.973
= BBS x 10* Vmin = 885k¥/min
and indicated power = B85/60 = 14.75 kW
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We know that power input to the shaft

Indicated power = =
Indicated power _ 1475 _ 01w Ans.
N 93

9. Volumetric efficiency
We know that clearance ratio,
K = v,/v, =005 v, /v, =005

. Volumetric efficiency,

p \in 8 11.35
” _rl2]l = ] S
n, = 1+K K[p ] 1+005 0.05[0‘973]

]
= 0812 or 81.2% Ans.
3. Cylinder diameter
‘Let D = Cylinder diameter, and
L = Stroke length = 1.2 D ... (Given)
We know that swept volume per stroke
= ;xD’xL = -ExD"x 12D = 09426 D
Since the compressor is double acting, therefore number of working strokes per minute
= 2N =2x300 =600
and swept volume per minute
v, = 09426 D*x 600 = 565.56 D*

We know that volumetric efficiency (1),

U 3.25

0812 == =—""—
v, 565.56D°
p* = 000707 or D = 0.192m = 192mm Ans.
and L=12D=12x192= 2304 mm Ans.

Example 30.7. A single acting two-stage air compressor deals with air measured at
atmospheric conditions of 1.013 barand 15° C. At suction, the pressure is | bar and the temperature
is 30° C. The final delivery pressureis 17 bar, the interstage pressure is 4 barand perfect intercooling
is to be assumed. If the L.P. cylinder bore is 230 mm, the comimon stroke is 150 mm and the speed of
the compressor is 35 0r.p.m. ; calculate 1. the volumetric efficiency of the compressor; 2. the volume
of atmospheric air dealt with per minute ; and 3. the power of the driving molor required. Assume
the clearance volume of L.P. cylinder to be 5% and the indices of compression and expansion in the
LP. and H.P. cylinder 1o be 1.25 ; the mechanical efficiency being 85%.

Solution. Given:p, = 1.013bar; T,=15°C= 15+273=288K;p,=1bar=1X 10° N/m?;
T =30°C=30+273=303K;p; =11 bar ; p, =4 bar ; D, =230 mm =023 m; L =150 mm
=G.i5m;N=3SDr.p.m.;K=vdiv‘|=5%=[}.05;n=l.25;q“=35%=0.35
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I. Volumetric efficienc y of the compressor
We know that volumetric efficiency of the compressor,

PI?:; P Iin
= 1+K-K| =2
™ P..T.[ [P.J

_ _1x288 3 i
- |.msx303[' i J

=0843 or 843% Ans.
2. Volume of atmospheric air deall with per minute

We know that swept volume of the L.P. cylinder per
minute,

v, = Sweptvolume per stroke
% No. of working strokes/min

= 2 (O)LxN,
i

= 3023 0.15% 350 = 2.18 m¥min +++ [ For single acting, N_ = N]
= Volume of atmospheric air dealt with per minute,
Y T U XN, = 218%0.843 = 1.838 mYmin Ans. s {vm, =0, /0)
3. Power of driving motor réquired
Let T, = Temperature of air leaving the L P. cylinder orentering the intercooler,
Tzl' = Temperature of air leaving the intercooler or entering the H.P. cylinder, and
T, = Temperature of air delivered by the HP. cylinder
= T,, for perfectintercooling
We know that for polytropic compression 1-2 in the L.P. cylinder,
2-1 1251

Tz_ &_'—_ 4)15 "
T_[PIJ. _(|J = 13195

T, = T, % 13195 = 303 13195 = 400 K

Similarly, for polytropic compression 2-3 in the H.P, cylinder,
A=) 1251

T, P 17Y 1.5

il e =|— = 1.3356 won(T P =)

T, (Pz [4 (v py =py
o Ty = Ty % 13356 = 303 x 1,3356 = 405 K vk Tl EY

We know that mass of air dealt with per minute,

Pal,  1.013%10%x 1.838

= T Bixagg = 225 kglmin

m =

"RT:,
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- Indicated workdone by L.P. compressor,

1.25
125~

= 313 190 J/min = 313.19 kJ/min
and indicated workdone by H.P. compressor,

W, = "—jimeU}-T,) = X 2.25 x 287 (400 — 303) J/min

n 1.25 .
W, = ;_—!me{T,—Tz'} = le%xﬂi'f (405—303}J!r!1|n

= 329 330J/min = 329.33 kl/min ST =T)

We know that total indicated work done,
W= W, +W, = 313.19+329.33 = 642.52 kl/min

- Power of the driving motor required,
P =64252/60 = 10.7kW Ans.

Note : The total workdone (W) by a two-stage air compressor with perfect intercooling may also be determined
by using the relation, :

a=1

o

Example 308. A rwo stage, single dcting air compressor compresses air to 20 bar. The air
enters the L.P. cylinder at | bar and 27° C and leaves is at 4, 7 bar. The air enters the H.P. cylinder
at4.5 barand 27° C. The size of L.P. cylinder is 400 mm diameter and 500 mm stroke. The clearance
volume in both cylinders is 4% of the respective stroke volume. The compressor runs ar 200 r.p.m.
Taking index of compression and expansion in the two cylinders as 1.3, estimate . the indicated
power required 1o run the compressor ; and 2. the heat rejected in the intercooler per minute.

Solution. Given:p,=20bar;p, = bar=1x 1°Nm?; 7, =27°C=27+ 273=300K;
Py=4.7bar;p, =4 5bar =4.5x 10° N, T, = 27° C=27+273=300K ; D, =400 mm= 0.4
L=500mm=05m;K = v, /v, = Vylv,=4% =004 ;N=200rpm. ;n=13
I Indicated power reauired to run the compressor

We know that swept volume of LP. cylinder, -

v, = ;—‘w,)’ L= ’3“(0,4}10.5 m’

. =0.06284 m’

S a7
and volumetric efficiency, g 45
lin o
P
n,=1+K-k| 2
' (”'] 1
=1+004-004 A7 e
= 1+0. ; | — T
= 09085 or 90.85 % — Volumg ———p

Fig. 30.3
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. Volume of air sucked by L.P. compressor,

v, = v, X7, = 0.06284 x0.9085 = 0.0571 m/stroke

1
= 0.0571 x N, = 00571 %200 = 11.42 m¥/min

... (" For single acting, no. of working
strokes per min, N, = N =200)

and volume of air sucked by H.P compressor,

Y. Ix114 ;
v, = “‘;?T‘ = ""‘#2‘ = 2.54 m'fmin c Py =Yy

We know that indicated workdone by L.P. compressor,
13-1

ezl

13 xlxl&‘x:l.ﬂ[[ﬂ e -|]umin

=33=i I
= 2123.3 % 10° ¥min = 2123.3 k}/min
and indicated workdone by H.P. compressor,

a-l
n Py | n
Wy ;?i"”'”’[[ii] "]
13-

1.3 xd.SXIO’xZM[[%) i@ -I]Jfrnin

13-1
+= 2034.5 % 10° ¥min = 2034.5 kJ/min
Total indicated workdone by the compressor,
W=W_+W, =21233+ 2034.5 = 4157.8 kJ/min
. Indicated power required to run the compressor
= 41578160 = 693 kW Ans.

2. Heat rej;c:ed in the intercooler per mintte
Let T, = Temperature of air after compression in the L.P. cylinder.

We know that mass of air dealt for compression in the L.P. cylinder,
P _ 1x10°x11.42

meRT, T amxa0 - ook
... (. Rfor air =287 Jkg K)
" L] 13-
» 13
and 2. |5 =f£] = 1.429
T, P 'kl ) :

T, = T,x 1429 = 300 1.429 = 4287K
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We know that heat rejected in the intercooler
=mcg, (I,-T)
= 13.26x 1 (428.7 - 300) = 1706.6 kJ/min Ans.
aafim c, for air = | i(]ﬂng K)
305. Thermodynamic Cycle for a Rotary Air Compressor

As a matter of fact, the ideal compression in a rotary compressor is isentropic (i e. frictionless
adiabatic) which is shown by the graph [-2’ in Fig. 30.4 (a) and (b).

Tz
fol 2z I
Pz -
\ Isentropic

- B E

3 .-t

a \\ L § 3
E Isothermal ‘%m Sn

!"' i |

Volumg ——s : ——— Entropy I
(e1) p-v diagram. (b) Ts diagram.

Fig. 30.4,  Thermodynamic cycle for a rolary air compressor.

Butin actual practice, there is always some friction among the air molecules as well as between
the air and the compressor casing. Moreover, there is always some shock at the entry and exit of air.
It results in the formation of eddies at the entry and exit of the air. The above factors cause an increase
in the temperature of the air at the exit without increasing its pressure. As a result ofthis, the
temperature of air coming out of the compressor is more than that if it would have been compressed
isentropically. A little consideration will show, that increase in the air temperature causes increase in
its volume. Thus the amount of work done is also increased.

In Fig. 304 (a) and (b), the graph 1-2’ shows the ideal isentropic compression from pressure
Py 10 p; (with an increase in temperature from T, 10 Ty’). The graph 1-2 shows the actual polytropic
process (i.e. pv” = constant),

Note : In acwal polytropic process, the value of index n is greater than ¥ (about 1.7).
30.6. - Efficiencies of a Centrifugal Air Compressor

We have already discussed in Art. 30.2 that the criterion for thermodynamic efficiency of a
centrifugal air compressor is isentropic. But in general, the following efficiencies of a centrifugal air
compressor are important from the subject point of view :

I. Isentropic efficiency (or compressor efficiency). 1t is the ratio of work (or power)
required to compress the air isentropically to the actual work required to compress the air for the same
pressure ratio. Mathematically, isentropic efficiency, 4

Bk BB

L hz‘*": h Tz—T,

where h," = Enthalpy of air at exit for isentropic compression,

]

h, = Enthalpy of air at exit for actual compression,
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h = Enthalpy of air at inlet, and
T, T; T) = Temperatures at corresponding points.

2. Polytropic efficiency. Ttis the ratio of work (or power) required to compress the air

-

polytropically to the actual work required to compress the air for *he same pressure ratio, Mathemati-
cally, polytropic efficiency,

o[ x=L )|
where ¥ = Ratio of specific heats, and
n = Polytropic index.

Note : The value of an  is always greater than Y. '

~ Example 30.9. A centrifugal compressor delivers 0.5 kg of air per second at a pressure of
1.8 bar and 100° C. The intake conditions are 20° Cand I bar. Find the isentropic efficiency of the
compressor and the power required to drive it. Take n = 1.65 andc,= I kJfkg K.

Solution. Given:m=05kg/s;p,=18bar;T,= 10°C=100+273=373K; T,=20°C

=20+273=293K;p,=1bar;n=165;¢c,= 1kg K

Isentropic efficiency

Let T, = Temperature of air at exit for isentropic compression.
’ o a-1 1.65-1
* 1.65
Sk a2 =] - (18" = 1261
Ty Py 1

T, = T, x1.261 = 293 x 1.261 =369 K

We know that isentropic efficiency,

Ty-T, 369293
g e Stk 95% Anms.
=T o7, T 373-29 9% (o 5%
Power required 1o drive the compressor

We know that work done in compressing the air isentropically,

W= me,(I,~T,) = 05x 1 (373-293) = 40 KJis

. Power required to drive the compressor,
= 40 kW Anms. (TR =1EW) T
Example 30.10. A centrifugal compressor with 70% isentropic efficiency delivers 20 kg of
air per minute at a pressure of 3 bar. If the compressor receives airat 20° C and at a pressure of

bar, find the actual temperature of the air at exit. Also find the power required to run the compressor,
if its mechanical efficiency is 95%. Take Yand c, for air as 1.4 and 1 kJ/kg K respectively.

Solution. Given:1,=70%=0.7 ;m=20kg/min ;;}E=3bar;Tl =20°C=20+273=293K;
pl=lbar;nm=95%=0.95;‘]'=1.4‘.-'.‘,_:[Idfkgl( '
Actual temperature of the air at exit

Let T, = Actual temperature of the air at exit, and

T, = Temperature of the air at exit for isentropic compression.
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a=l 14-1

L _(p e 3 = 0.286
We know that T, = [PI ] = ( 1 ] =03 = l..36'9

T, = T,x1.369 = 293x1.369 = 401.1K
We also know that isentropic efficiency (1)),

07 = -7 _ 401.1-293
T n-T, T T,-293

0.7 T,-205.1 = 401.1-293 = 108.1
T, = 4474 K = 1744°C Ans.

Power required to run the compressor
We know that work done in compressing the air isentropically,
W=mc,(T,-T) = 20x1 (447 4 - 293) = 3088 kJ/min
= 5147kl '
= Power required to run the compressor

5147 _ 5147 _
088 54.25 kW Ans.

E:iample 30.11, A centrifugal compressor having compression ratio of 2.4 compresses the
air polytropically according to law pv'® = constant, Find the polytropic efficiency of the compressor,
ifc, = 0.995 ki/kg K and c, = 0.71 kiAkg K.

Solution. Given: *p,/p =24;n=16;c,=0995kikgK c,= 0.71 kikg K
We know that ratio of specific heats,
Y=¢,/c,=0995/071 = 1.4

=~ Polytropic efficiency or the compressor,

(y=1)(_n Y_14-1 16 _
'qp-( ][n_l] T Xig_ = 0762 or 162% Aus.

30.7. Static and Total Head Quantities

As a matter of fact, the velocities encountered in a centrifugal compressor are very large as
compared with those of a reciprocating air compressor. It is, therefore, very essential to take into
consideration the velocities for the analysis purpose.

Now consider a horizontal passage of varying area through @
which 1 kg of air is flowing as shown in Fig. 30.5. e

Let T, = Temperature at section | in K,
h, = Enthalpy at section 1 in ki/kg,
p, = Pressure of air at section 1 in bar,

V, = Velocity of air at section 1 in m/s, and Fig. 30.5. Siatic and toial head
Ty hy, Py V, = Corresponding values at section 2. gkl

*  Superfluous data
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Now let us assume a steady flow of air from section 1 to 2, so that no heat is transferred as
well as no workis done, as the air flows through the passage. Applying the steady flow energy equation
to the system,

10°pp, V2 10°pv, V7
1+ 000 *2000 = 2 000 * 2000
v vi )
+m = CPT3+2_daﬁ .. (Assuming p, v, = p, v)) )
or in other words <, T+—Vz— Constant
! 2000

In the above general expression, the temperature (7) stands for the actual temperature of the
air recorded by a thermometer which is also moving in the air with the same velocity as that of air.
A little consideration will show, that if the moving air is brought to rest under reversible adiabatic
conditicns, the total kinetic energy will be converted into heat energy, which will increase its
temperature and pressure. The new temperature and pressure of the air are called total heat or
stagnation temperature (7,) and pressure ( p,) respectively.

1 Vl
%T+a000 = %% Tﬂ'h:moc,
v!
and by~ h_ﬁ ...('.’Fl=r.'FT]

where A is the stagnation enthalpy.

The total head pressure may be obtained from the equation,
-1

a1 -1
p_(L)' To_[r]”
#oLr) % E

where ¥ is the usual ratio of specific heats.
Notes : 1. The term p, / pp is called static pressure ratio.
2. This relation may be used for any two sections in a centrifugal compressor also.

Example 30.12. A centrifugal air compressor having isentropic efficiency of 70% receives
air at 17° C. If the outer diameter of the blade tip is 1 m and the compressor runs at 5&90 r.p.m.
find : 1. the temperature rise of the air ; and 2. the static pressure ratio. .

Solution. Given:n,=70%=0.7;T,=17"C=17+273=290K ;D= 1m ;N= 5000 r.p.m.

We know that blade velocity,

nDN  mx 1 x5000
V, = s ) = 261.8 m/s

Tempe:ature rise of the air

Let (T, =T,) = Temperature rise of the air.

I

We know that work done by the comprcssor per kg of air,

_ (2618
zooo lo0p = 685K

W =
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L ]
We also know that work done by the compressor per kg of air (w),
63-5=CP(TI—T|)= 1(T,-T,) ... (Forair,c, = 1 kg K)
(T,~T,) = 68.5°C or K Ans. :

Static pressure ratio

‘o
Let p_z = Stilic pressure ratio, and

7," = Temperature of air at exit for isentropic compression.

We know that isentropic efficiency (1)),

,-T, 7T,)-29
0.7 = = —

;-1 68.5
T, = (0.7x68.5)+ 290 = 337.95K

- }JT 14
(¢! g 1% 337.95 |14-! 18
and —=|= A i = (1.165)*° = 1.71 Anms.

P [ T, ] [ 290 ] \ )

30.8. Slip Factor

We have already discussed in Art. 29.9 that the ideal or maximum work done by a centrifugal
rolary compressor '

=m(V,,)} = m(V,)}
The above relation has been derived under the assumption that V, , = V, Butin actual practice,
V.., is a always less than V,. The difference between V, and V,, (i.e. V, - V,,,) is knawn as slip and
the ratioof V., to V, (ie. V. /V})is known as slip factor.
30.9. Comparison of Turbine and Centrifugal Compressor Blades
Following are the main points of comparison of the turbine and centrifugal compressor blades.

3. No. Turbine blades Centrifugal compressor blades

I: Passage between the blades is converging.

2 Due to converging passage, the flow gets
accelerated, But the pressure decreases.

M The flow is more stable.

The flow always takes place in onc direction
only.
L% The blades are simple in design and

construction, as their profile consists of
circular arc and straight line.

Passage between the blades is diverging.
Due to diverging pnna.gc. the flow gets diffused
or decelerated. But the pressure increases.
The flow is less stable.
Sometimes, the flow breaks away and reverses
its direction.

~The blades are complicated in desigh and
construction, as their profile consists of acrofile

section based on acrodynamic theery:

EXERCISES : .

1. A single stage _l'cciprocnﬁnf air compressor takes in air at 1 bar and 15° C. The condmom at the
¢end of suction are 0.97 bar and 30" C. The discharge pressurc is 6 bar. The clearance is 5% of the stroke. The
compression and expansion follows pv'” = Constant. Find the volumetric efficiency of the compressor.

[Ans. 78.1%]
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2.  Asingle acting single stage reciprocating air compressor with 5% c learance volume compresses air
from | bar to 5 bar. Find the change in volumetric efficiency of the compressor, if the exponents of expansion
process change from 1.25 to 1.4. [Ans. 25%]

3. Air is compressed by a reciprocating compressor from 1.05 bar and 27° C to 7.9 bar. During the
suction and discharge, there are inlet and outlet pressure losses at the valves of 0.05 bar and 0.1 bar respectively
and the atmospheric air is heated up after induction to 37° C. Determine the volumetric efficiency of the
compressor. Assume law of compression and expansion to be the same, pv'* = Constant and percentage of
clearance volume 4%. [Ans. 84.2%)

4. A compressor has 150 mm bore and 200 mm stroke and the linear clearance is 10 mm. Cplculate
the theoretical volume of air taken in m® per stroke when working between | bar and 7 bar, Take n=1.25.
[Ans. 287 x 10~ m?)

5. A compressor is used to compress au/i’mn)} pressure of 1.013 bar (o 7.21 bar. The polytropic

exponent for both compression and expansion is h = 1.B5. The clearance volume of the compressor is
200 x 10~ % m’. If the volumetric efficiency of the compressor is 80 percent and the stroke is 250 mm, determine
the cylinder diameter of the compressor. [Ans, 129.2 mm]

6. A single stage reciprocating air compressor takes in air at | bar and 15° C. The conditions at the end of
suction are 0.97 bar and 30 C. The discharge pressure is 6 bar. The clearance is 5 percent of stroke. The compression
and expansion follow p v"* = Constant and the mass of air handled is | kg/min. Estimate the stroke volume and power
needed in kW. Assume compressor speed as 1000 r.p.m. [Ans. 1.147 x 1073 m? ; 3.28 kW]

7.  Asingle stage, double acting air compressor delivers 15 m® of air per minute measured at 1.013 bar
and temperature 300 K and delivers at 7 bar. The conditions at the end of suction stroke are pressure 0.98 bar
and temperature 313 K, The clearance volume is 4 percent of the swept volume and the stroke/bore ratio is 1.3/1.
The compressor runs at 300 r.p.m. Calculate I. volumetricefficiency ; 2. cylinderdimensions ; 3. indicated power
; and 4. isothermal efficiency of this compressor. Take the index of compression and expansion as 1.3.

[Ans. 79.6% ; 313 mm, 407 mm ; 65.8 kW ; 78 8%]

B. A single acting two-stage air compressor deals with 4 m¥min of air under atmospheric conditions
of 1.013 bar and 15°C with a speed of 250r.p.m, The delivery pressure is 80 bar. Assuming complete intercooling,
find the minimum power required by the compressor and the bore and stroke of the compressor. Assume a piston
speed of 3 m/s, mechanical efficiency of 75 percent, and volumetric efficiency of 80 percent per stage. Assume
the polytropic index of compression in both the stages to be n=1.25 and neglectclearance.  [Ans. 50 kW]

9. A ssingle stage double acting air compressor delivers air at 7 bar. The pressure and temperature at
the end of sucticn stroke are 1 bar and 27° C. It delivers 2 m’ of free air per minute when the compressor is
running at 300 r.p.m. The clearance volume is 5 percent of the slroke volume. The pressure and temperature of
ambient air are 1.013 bar and 20° C. The index of compression is 1.3 and index of expansion is | 35. Find : .
Volumetric efficiency of the compressor ; and 2. Diameter and stroke of the cylinder if both are equal.

[Ans. 83.8% ; 175 mm)

QUESTIONS
1. Explain the following terms :
(a) Isothermal efficiency ; (b) Isentropic efficiency ; and (c) Volumetric efficiency.
2. Discuss the effect of clearance volume on the volumetric efficiency of a reciprocating air
compressor.
3. Prove that the volumetric efficiency of a compressor is given by

T In
Pioe [nhx[& ]

Py Tl
where suffix a and | represent ambient and before compression conditiuns respectively and K is the
ratio of clearance volume to the swept volume,

4. Describe ‘thennodynamic cycle for a rotary air compressor’.
5. Define static and total head quantities.
6. What do you understand by the term slip factor'? 3
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OBJECTIVE TYPE QUESTIONS
1. The ratio of the indicated power to the shaft power or brake power of the motor or engine
required to drive the compressor, is called
(a) compressor efficiency (b) volumetric efficiency
(c) isentropic efficiency (d) mechanical efficiency
2. The ratio of the volume of free air delivery per stroke to the swept volume of the piston,
is known as
(a) compressor efficiency (b) volumetric efficiency
(c) isentropic efficiency (d) mechanical efficiency
3. If theclearance ratio for a reciprocating air compressor is K, then its volumetric efficiency
is given by

In X Ifn
(a)l-mx[ﬂ] (b)nx-x[ﬂ]
P Pi
p-_,. Iin p ifn
l+K-K| =2 I-K+K| 2
(c) 1+ » (@ + {p,]

4. The volumetric efficiency of a compressor
(a) increases with decrease in compression ratio
(b) decreases with decrease in compression ratio
(c) increases with increase in compression ratio
(d) decreases with increase in compression ratio
5. The volumetric efficiency for reciprocating air compressors is about

(a) 10 to 40% (b) 40 to 60% (¢) 60 to 70% (d) 7010 90%
ANSWERS
1. (d) 2.(b) 3.(c) 4. (d) 5.(d)

45.
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Air Motors

1. Introduction. 2. Workdone by Air in an Air Motor. 3. Combined Air Motor and Air Compressor
(Compressed Air System). 4. Efficiency of Compressed Air System. 5. Preheating of Compressed Air.

31.1. Introduction

In the last three chapters, we have discussed air compressors and their performance. Though
the air compressors are used for innumerable purposes these days in various ficlds, yet one of their
uses is in air motors attached to portable tools. An air motor is used as an alternative to an elec tric
motor, especially when sparks from the electric motor (or cables) might prove dangerous e.g. in
explosive factories and mines.

The operation of a reciprc- ating air motor is similar to that of a reciprocating steam engine ;
but reverse to that of reciprocating air compressor.

312. Workdone by Air in an Air Motor

As a matter of fact, the compressed air (from an air compressor) is made to enter the cylinder
of an air motor which pushes its piston forward in the same way as of a reciprocating steam engine.
Now the actual work is done by the movement of the piston. Now consider an air motor working with
the help of compressed air.

Let

Admission

P, = Pressure of the compressed air, and

v, = Volume of the compressed air. P
The theoretical indicator diagram of a reciprocating air
motor without tlearance, compression and pressure drop at release
is shown in Fig. 31.1. -
The compressed air from the compressor is admitted into an g
air motor at A with pressure p, . It drives the piston forward. But g
a

after a part stroke is performed, the air supply is cut-off at B and

: : P2 [ Exhaust

the expansion occurs from B to C. After the stroke is completed, l N i

the air which has done some work is exhausted into the atmosphere G »——1—4——+‘_

ata constant pressure p,. v;ume

We know that work done by the air per cycle,
W = Area ABCD Flg 31.1. Workdone by air motor,

= Area ABFG + Area BCEF — Area CEGD
B 20 =P
| L W

700
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=1
= anmRTll:]—[E}] i J ..{2pv = mRT)

Example 31.1. An air motor receives air a1 3.5 bar and 425 K, and exhaust it at | bar. Find
the amount of work done per kg of air if the air expands according to the law pv'>> = constant.
Solution. Given:p, = 35bar; T, = 425K ipp=1lbar,m=1kg;n=135

We know that work done per kg of air,

et

135
~ 135~

= 130320J = 13032k Ans,

1 135
xtx287x425[1-[3.5J ]J

Example 31.2. An air motor is supplied with compressed air at 6.5 bar and 157° C. It is
expanded to |.04 bar and then exhausted at constant pressure. Determine the amount of work done
by I kg of air and the temperature of air at the end of expansion. Assume the expansion according to
pv'? = constant and neglect clearance.

Solution. Given: p =65bar; T, =157°C = 157+273=430K; p, = 1.04 bar;
m=1kg: n=13 v
Work done by | kg of air

We know that work done by 1 kg of air, _

W= —"-xmn'r,[l-[f’!] g ]
n-1 P\
13-1
1.3 1.041) 1
=L xlx287x430[l-—[ : ] ]J_
= 184500 = 184.5k] Ans.
Temperature at the end of the expansion
Let T, = Temperature at the end of expansion.
A=t 13-1
L _(n)" _(10a)13 5
We know that T, = [p,] = [ 65 = (0.16) "~ = 0.655

T, = 430 x 0.655 = 281.6K = 8.6°C Ans.
31.3. Combined Air Compressor and Air Motor (Compressed Air System)

,Inthelastarticle, we have discussed that the compressed air is carried, from the air compressor,
to the air motor. Sometimes, air compressor and air motor are installed as two separate units. But
sometimes they are installed as one unit. A little consideration will show, that if the air compressor
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and air motor are installed at some distance apart, the hot* compressed air, flowing through the duct,
will get cooled {0 some =xtent. But if they are installed as one unit, there is no time for the air to get
cooled. In such a case, some cooling arrangement is provided between the two units. i.e. afterthe air
compressor or in other words before the motor. Such a system is known as compressed air system.
In a compressed air system, the air is first compressed in an air compressor from pressure p,
to p, with a corresponding rise in its temperature. The hot air, leaving the compressor, is now cooled
to the initial compressor temperature. The air is then made to expand in the air motor cylinder from
pressure p, to p, witha corresponding fall in its temperature. Thus the temperature of air discharged
from the air motor is less than the initial compressor intake temperature.
" 31.4. Efficiency of Compressed Air System :

The theoretical indicator diagram of a compressed air
system is shown in Fig. 31.2. The compression of air, in a
compressor cylinder from pressure p, (0 p, is represented by
the curve 1-2. The hot air leaving the compressor is cooled
down in an air cooler (o original compressor intake tempera-
ture.

The air now enters the air motor cylinder, and expands
from pressure p, to p, as shown by the curve 3-4inFig.31.2.

Now let us assume the compression and expansion according
to pv* = constant and neglect clearance. Fig. 31.2, Compressed air system.
. Work done on the air compressor

Volunig se———.

n
= AreaB12A = n__T(PIUI_'pIUI}

= 2o xmR(T,=T))

and work done by the air in the motor

n
AreaA 34 B = Ty (P33 —Pgvy)

"

n .
X mR (Ty = T)

Now, let 1, = Efficiency of the air motor, and
n, = Efficiency of the compressor.
~. Shaft output of the air motor
= Work doneby the air xn_,
n 2
=;l-:—lXﬂIR(T!—‘T‘}T|- s lE)
ana ...aft input to the compressor
" .
=ﬂ_lxmﬂ(rz_rl}/“‘ ...(l‘}

P
*  When the air is compressed, its temperature is increased.
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The overall efficiency of ‘the compressed air system is the ratio of the shaft output of the air
motor 10 the shaft input to the campressor. Mathematically, overall efficiency of the compressed air

system,
Shaft output of the air motor

Shaft input to the compressor
n
1 XmR(T-TYn,, _ (-0,

LxmR (-Tym, TN

T, T,
T,[ 1 ~—"]n,.. -2
T, T,
- L ) = Tz Xn, X1, [ T_\ = TI)...(HI)

T B
T,[}%—I]nr 7!
n=1

i \ n T. P TS
We know that — = 4] and = =| =2
T, 7 T, L1

-~ Equation (iii) may also be written as,

n-1

™ XMy X7,

-

Example 31.3. A compressed air system consists of a single stage compressor of efficiency
s AL

75 % and air motor of efficiency 65%. If the compression and expansion fallows the law pv'~
constant, fird the overall efficiency of the system. Take pressure ratio for both the machines as 3.5.

Solution. Given:1.=75%=0:75:n, =65%=0.65;n=125;p,/p, =350rpfp,=1/35

We know that overall efficiency of the system,

n=1
1.25=1

| B} g f LY
L] 35
b — XN, XN, = — x0.65x%0.75
P n ! (3.5) 15 -1
2y J
= 1-0778, 065%0.75 = 038 or 38% Ans.

T 1.285-1
Example 31.4. A system using compressed air for power transmission consists of a single
stage compressor and air motor both having mechanical efficiency of 80%. The compression and
expansion takes place according to p‘u"z = constant. The higher arid lower pressure for both
compressor and air motor are 5 bar and 1 bar respectively. The air is cooled during its passage from
the compressor fo the motor fo the initial temperature of 15° C. Calculate ; :
1. Work done in compressor and motor cylinders ; and 2. Overall efficiency of the system.
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Solution. Given:mn, =7 =80%=08;n=12;p,=py=5bar =5x 10° N/m*;
p,=p,=1bar=1 ><|t}51~b’rn’;'.f'3 =T =15°C = 15+273 = 288K
Let T, = Temperature of air at the end of compression ; and

T, = Temperature of air at the end u.f expansion.
o ot 12-1

T. " 12
' We know that ‘—‘=[%] =[~?—] = 1.308
* 1 1

I,=T,x1308 = 288x1.308 = 376.7K
n-1 -1
={ﬂJ n(l]u = 0.765
P, 5

T, = Ty x0.765 = 288x0.765 = 2203 K

Similarly

S

1. Workdone in compressor and moter cylinder
We know that mass of air,

_ Y 1x10°x1

- ; L
ms= RT, = 287 x 288 - 1.21 kg ... (Takingw, = | m)

. Work done in compressor cylinder,

Wl_lzﬁ}-me(Tz‘TIJ

= 13113 [ ¥ 1.21 %287 (376.7- 288) = (84820
= 184.82 kJ Ans.
and work done in motor cylinder,
Wy o= XmR(Ty=T)
- 1.51 x 121 X 287 (288 -220.3) = 141060 J
= 141.00 k) Ans.

2. Overall efficiency of the system
We know that overall efficiency of the system,

_ (I3-T)n, _ (288-2203)08
o = T, =T)/n, ~ (376.1-288)/08

= 0488 or 48.8% Anms.

Note : The overall efficiency may also be found out from the relation,
' Work done in air motor cylinder xn,
Mo = Wonk done in air compressor cylinder/n,
141.06 X 0.8
= —————= = 0488 or 488%
184.82/0.8
31.5. Preheating of Compressed Air

We have already discussed in the previous articles that compressed air (from the air compres-
sor) is supplied to an air motor. A little consideration will show, that when the air expands in the
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motor cylinder, its temperature decreases. It will be interesting to know that if proper care in the
design of compressed air system is not taken, then the temperature of exhaust air (from fhe air motor)
may be below the freezing point. As a result of this, if there is any moisture present in the air, the
same will be deposited in the form of ice, which will block exhaust valves of the motor. In order to
prevent ice formation in the motor cylinder, the air is warmed by the steam in a preheater, at a constant
pressure, before admission to the motor. Since the volume of air is proportional to the absolute
temperature, a part of this heat energy is converted into additional work in the motor cylinder.
Let W = Work done inthe motor cylinder for the given mass of air without
preheating, and
W* = Work done for the same mass of air after preheating.
Then assuming that the work done is proportional to the volume of air used, therefore
¥ .h
|
* Now the temperature, at which the air must be heated (7,) in order to avoid freezing may be

found out from the relation :

n-1
LO
Tll e pl
where T, = Temperaturc of the exhaust air from the motor.

Example 31.5. The initial pressure of the air in air motor is 5 bar and final pressure is |
bar. Find the temperature at which the air must be preheated in order that the temperature affer
expansion may be 2° C. Assume the expansion to be according to pv'* = Constant.

Solution. Given:p =5bar;p,=1bar;T, = 2°C =2+4+273 = 275K

Let 7,’ = Temperature at which the air must be heated.
A= 13 0
We know that G 121" (117 P -ose
LI ¢ 5 ; :

T, = T,/069 = 275/0.69 = 3986 K = 125.6°C Ans.

Example 31.6. An air motor receives air at a pressure of 4 bar and 50° C and exhausts at
1 bar. Determine the temperature to which the cir should be preheated, so that exhaust tempernture
may be 5° C. Also find the ratio of work done due io preheating and otherwise. Take polytrapic index
as .35,

Solution. Given : py=4bar; T, =50°C=50+273=323K ;p,=1 bar; T,=5°C
=5+273=278K;n=135 ;
Temperature to which the air should be preheated

Let T]’ = Temperature to which the air should be preheated.
L 135-1
wekmowtar 2 =[2)" <[1) - (025 < o8
T|' m 4 TR i

T, = T,/0.698 = 278/0698 = 3983K = 1253°C Ans.
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Ratio of work done due to preheating and otherwise
Let W = Work done in the motor cylinder without preheating, and |

W’ = Work done in the motor cylinder after preheating.
We know that the ratio of work done due to preheating and otherwise,

w' T, 3983
WeT T 1.233 Ans.
EXERCISES

L. An air motor receives air at a pressure of 5.5 bar and delivers it at Mar, Find the amount of work
done per kg of air, if the expansion follows the law pv' = Constant. Take temperature of inlet air as 100°C.

[Ans. 155 kJ]

2. Inacompressed air system, the compression and expansion of air takes place according ta the law
pv'3 = Constant. Find its overall efficiency if both the machines work within pressure limits of 4.5 bar and 1 bar.
Take efficiencies of compressor and motor alike. [Ans. 74%]

3. The initial pressure of the air in an air motor is 5.25 bar and final pressure is 1.05 bar. Find the
temperature al which the air must be preheated in order that the temperature after expansion may be 3° C.
Assuming the expansion to be according to pv'? = Constant. [Ams. 127.2"C)

4. A single acting motor works on compressed air at 10.5 bar and 37" C, supplied at the rate of 1
kg/min. The cut-off takes place at 20% of the stroke and the expansion follows adiabatic and [riction less down
to 1.03 bar. Determine the cylinder volume, mean effective pressure and indicated power, if the machine runs at
300 r.p.m. Neglect clearance.

QUESTIONS
1. What is air motor 7 On what principle does it work 7
2. Obtain expression for the workdone by air in an air motor.
3. Explain the working of compressed air system.
4. Derive an expression for the overall efficiency of a compressed air system.
5. What is preheating of air ? Explain its uses.

OBJECTIVE TYPE QUESTIONS
1. The operation of a reciprocating air motor is similar to that of

(@) reciprocating steam engine (b) reciprocating air compressor
{c) both (a) and (b) (d) none of these

2. Air motors work on the cycle which is the ..... of the reciprocating air compressor cycle.
(a) same as that (b) reverse

3. Inacompressed air system, the temperature of air discharged from the air motor is .....
than the initial compressor intake temperature.

(a) more (b) less
4. The overall efficiency of the compressed air system is
(a) the ratio of shaft output of the air motor to the shaft input to the compressor
(b) the ratio of shaft input to the compressor to the shaft output of the air motor
(c) the product of the shaft output of the air motor and the shaft input to the compressor
(d) none of the above

ANSWERS
i.(a) 2.(b) 3.(b) 4.(a)
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Gas Turbines

1. Introduction. 2. Comparison of Gas Turbines and Steam Turbines. 3. Comparison of Gas
Turbines and 1.C. Engines. 4. Classification of Gas Turbines. 5. Closed Cycle Gas Turbines. 6. Gas’
Turbines with Intercooling. 7. Gas Turbines with Reheating. 8. Open Cycle Gas Turbines. 9. Comparison
of Closed Cycle and Open Cycle Gas Turbines. 10. Semi-closed Cycle Gas Turbines. I1. Constant
Pressure Gas Turbines. 12. Constant Volume Gas Turbines.

32.1. Introduction

The idea of gas turbine is the oldest one, and its working principle is an improved version of
the wind mill, which was used several centuries back. In order to achieve an efficient working of the
turbine, the movement of gas (or air) is properly controlled and then directed on the blades fixed to
the turbine runner. The air, under pressure, is supplied to the turbine by an air compressor, which is
run by the turbine itself.

In a gas turbine, first of all, the air is obtained from the atmosphere and compressed in an air
compressor. The compressed air is then passed into the combustion chamber, where it is heated
considerably. The hot air is then made to flow over the moving blades of the gas turbine, which imparts
rotational motion to the runner. During this process, the air gets expanded and finally it is exhausted
into the atmosphere. A major part of the power developed by the turbine is consumed for driving thg
compressor (which supplies compressed air to the combustion chamber). The remaining power is
utilised for doing some external work.

}y:omparison of Gas Turbines and Steam Turbines
Following are the points of comparison between gas turbines and steam turbines :

S.No. Gas turbines ¢ Steam turbines
}/ The important components are compressor and| The important components are steam boiler and
combustion chamber. ‘ACCESSONies.
2 The mass of gas turbine per kW developed is| The mass of steam turbine per kW developed is
less. more.
d{ It requires less space for installation, It requires more space for irfstallation.
A ‘The instailation and running cost is less. The installation and running cost is more.
57" | Thestarting of gas turbine is very easy and quick.| The starting of steam turbine is difficult and
takes long time.
‘4 Its control, with the changing load conditions, is{ Its control, with the changing load conditions, is
casy. difficult,
A A gas turbine does not depend on water supply.| A steam twrbine depends on water supply.
j./ Tts efficiency is less. lts efficiency is higher.

(A
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3 Comparison of Gas Turbines and LC. Engines
Following are the points of comparison between gas turbines and 1.C. engines :
§.No. Gas turbines L.C. engines
L The mass of gas turbine per kW devsloped is| The mass of an L.€. engine per kW deveoped is

less.
/2( The installation and running cost is less.
B A Its efficiency is higher.

4, The balancing of a gas turbine is perfect.

. The torque produced is uniform. Thus no
flywheel is required.

The lubrication and ignition systems are simple.

It can be driven ata very high speed.
The pressures used are very low (about 5 bar),

The exhaust of a gas turbine is free from smoke
and less polluting.

; They are very suitable for air crafts.
11. The starting of a gas turbine is not simple.

RN o

more.

The installation and running cost is more.

Its efficiency is less.

The balancing of an L.C. engine is not perfect.
The torque produced is not uniform, Thus
flywheel is necessary.

The lubrication and ignition systems are
difficult,

It can not be driven at a very high speed.
The pressures used are high (above 60 bar).
The exhaust of an I.C. engine is more polluting.

They are less suitable for air cralts.
The starting of an 1.C. engine is simple.

324. Classification of Gas Turbines

Though the gas turbines may be classified in many ways,yet the following are important from

the subject point of view :

I According to path of the working substance
(&) Open cycle gas turbines, and

(a) Closed cycle gas turbines,
(c) Semi-closed gas turbines.

2. According to process of heat absorption
(a) Constant pressure gas turbines, and

(b) Constant volume gas turbines.

In the following pages, we shall discuss all the above mentioned gas turbines one by one,

S. Closed Cycle Gas Turbines
A closed cycle gas turbine, in its simplest

form, consists of a compressor, heating chamber, gas
turbine which drives the generator and compressor,
and a cooling chamber.

The schematic arrangement of a closed cycle
gas turbine is shown in Fig. 32.1. In this turbine, the
air is compressed isentropically (generally in rut‘ary
compressor) and then passed into the heating cham-
ber. The compressed air is heated with the help of
some external source, and made to flow over the
turbine blades (generally reaction type). The gas,
while flowing over the blades, gels expanded, From
the turbine, the gas is passed to the cooling chimber
where it is cooled at constant pressure with the help
of circulating water to its original temperature, Now
the air is made to flow intc the compressor again. It

_LQT Heneralcr

L 4

Cooling chamber

Schenatic arranzeinent of a
closed cycle gas wrhine.

Fig. 32.1.
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is thus obvious, that in a closed cycle gas turbine, the air is continuously circulated within the turbine.
A closed cycle gas turbine works on Joule's of Brayton's cycle as shown in Fig. 32.2.

2
Py =Py f T
s
2
@ B
; i
g 5
o -
I
P3=Py T
Volume — —— Entropy —
(@) p-v diagram, i (b) T-s diagram.

Fig. 32.2 Constant pressure closed cycle gas iurbine,
The process |-2 shows heating of the air in heating chamber at constant pressure. The process
2-3 shows isentropic expansion of air in the turbine. Similarly, the process 3-4 shows cooling of the
gir at constant pressure in cooling chamber. Finally, the process 4-1 shows isentropic compression
of the air in the compressor.
. Work done by the turbine per kg of air,
Wr=c,(T,-Ty) R0

and work required by the compressor per kg of arr,
WC=cF(T|—T‘} )
Now the net work available,
W= W.— W,
Notes: 1. In the above expressions, ¢, is taken in kl/kg K.

2. The power available (or net power of the installation ) may be found out from the work avaiiable as

usual.
Example 32.1. A simple closed cycle gas turbine plant receives air at 1 bar and 15°C, and

compresses it to 5 bar and then heats it to 80(° C in the heating chamber. The hot air expands ina
turbine back to 1 bar. Calculate the power developed per kg of air supplied per second. Take A for

the air as I klfkg K.

Solution. Given:p, = p,=|bar;T, = 15°C=15+273=288K;p, = p, = Sbar;
T, = 800°C = 800+273 = 1013K;¢, = 1 kg K

The p-v and T-s diagram for the closed cycle gas turbine is shown in Fig.32.3.

) Let T, and T, = Temperature of air after isentropic compression and expansion
(i.e. at points 1 and 3 respectively).
*We know that for isentropic expansion 2-3,
¥=1 14=1

T‘ P T 1) 14

2=l =2 = (0.2)°% = 0,631
g ( (4)" -2

T, = T,x0631 = 1073x0.631 = 677K
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Similarly, for isentrepic compression 4-1,

1-1 14-1
T,

4 Py | 1Y 14
el | == = 0.631
I

T, = T,/0.631 = 288/0.631 = 456K

IPFA@ [ Topm e e 5 2
g g. T;
2 [<] SR 3
; : E K==
: . L
P3=
e

—— Volume ——- e Eﬂ'-fﬂllr——_.a-

(a) p-v diagram. (b) T-s diagram.
Fig. 32.3

We know that work developed by the turbine,
Wr = ¢,(T,~T;) = 1(1073-677) = 396 kl/s
and work required by the compressor,
We=1¢,(T,-T) = 1(456-288) = 168 kl/s
. Net work done by the turbine,
W= Wy+ W, =396~ 168 = 228Klls

and power developed, P = 228kW Ans. (1K= 1EW)

" Example 322. In an oil-gas turbine installation, it is taken at pressure of 1 bar and 27° C
ana compressed (o a pressure of 4 bar. The oil with a calorific value of 42 000 kJ/kg is burnt in the
combustion chamber to raise the temperature of air to 550° C. If the air flows at the rate of 1.2 kg/s
 find the net power of the installation. Also-find air fuel ratio. Take ¢, = LOSkIAg K.

~ Solution. Given: p, = p,=1bar; T, = 27°C=274273=300K ; p, = p, =4 bar;
C=42000klkg; T, = 550°C=550+273=803K:m=12 kgfs:cp= 1.05 kiikg K

Net power of the Insiallation

Let T,and T; = Temperature of air after isentropic compression and expansion
respectively.
We know that for isentropic expansion 2-3 (Refer Fig. 32.3),
. %=1 14-1
3 Pl 1) 14 g
ol B | 57 = (0.25)**° = 0.673
2 () -9

T, = T, %0673 = 823 x0.673 = 553.9K
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Similarly, for isentropic compression 4-1,
¥=1 14-1

L L R L

==ra | == =|- = 0673

T, [p 1 [ 4 ]

T, = T,/0673 = 300/0.673 = 4458 K

We know that work done by the turbine,

W, = mc, (T,~T) = 1.2 1.05 (823~ 553.9) = 339.1Klis

and work done by the compressor,
We=me, (T, -T)
= 1.2x 1.05 {44?.8—-300] = 183.7kl/s

.. Net power of the installation,
= 339.1 - 183.7 = 1544 kl/s = 544 kW Ans.

Air-fuel ratio
We know that heat supplied by the oil
=me, (T,-T)
= 1.2x1.05(823 - 4458) = 4753 kl/s
.Mass of fuel bumt per second
Heat supplied 4753
& Calorifi: ?alue = 2000 -~ 001ke
Mass of air 12

109.1 Ans.

and air-fuel ratio = Mass of fuel ~ 0011

Mﬁi Turbine with Intercooling

Healing chamber |

Generalor

Fig. 324, Schematic ammangement of a closed cycle gas turbine with intercooler.

We have already discussed that a major portion of the power developed by the gas turbine is
utilised by the compressor. It can be reduced by compressing the air in two stages with an intercooler
between the two. This improves the efficiency of the gas wrbine. The schematic arrangement of a
clased cycle gas turbine with an intercooler is shown in Fig. 32.4.
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In this arrangement*, first of all, the air is compressed in the first compressor, known as low
pressure (L.P.) compressor. We know that as a result of this compression, the pressure and temperature
of the air is increased. Now the air is passed to an intercooler which reduces the temperature of the
compressed air to its original temperature, but keeping the
pressure constant. After that, the compressed air is once
again compressed in the second compressor knewn as high
pressure (H.P.) compressor. Now the compressed air is
passed through the heating chamber and then through the
turbine. Finally, the air is cooled in the cooling chamber
and again passed into the low pressure compressor as
shown in Fig. 32.4.

The process of intercooling the air in two stages of
compression is shown on T-5 diagram in Fig. 32.5. The
process 1-2 shows heating of the air in heating chamber at

- constant pressure. The process 2-3 shows isentropic expan-
sion of air in the turbine. The process 3-4 shows coaling of
the air in the cooling chamber at constant pressure. The  Fig. 32.5. T-s diagram for intercooling.
process 4-5 shows compression of air in the L.P. compres-
sor. The process 5-6 shows cooling of the air in the intercooler at constant pressure. Finally, the
process 6-1 shows compression of air in the H.P. compressor.

<. Work done by the compressor per kg of air,
Wp =c,(T,-T) D

=t

)

=

—Temperature —e

— EDlrOpy ——

and work dowie by the compressor per kg of air,
We = ¢, [(T, = TY +(T;~T)) o i)
Now the net work available,
. W= W,-W. ... (i)
Noltls.: 1. The power available (or net power of the installation) may be found out from the work available as
usual,

2. For perfect intercooling, the intermediate pressure may be found out from the relation,
Py = Ps = NpXp, = NpXp,

3. For perfect intercooling,
=T ad T, =T,

Example 32.3. A gas turbine plant consists of two stage compressorwith perfect intercooler
and a suigle stage turbine. If the plant works between the temperature limits of 300 K and 1000 K
and | bar and 16 bar ; find the net power of the plant per kg of air. Take specific heat at constant
pressure as | ki/kg K.

Solution. Given: T,=300K;T,= 1000K;py=p,=1 bar;p, =p,= 16bar;c’= 1 kl/kg K

The T-s diagram is shown in Fig. 32.6.
Let T, T,T, and T, = Temperature of air at corresponding points.
We know that for perfect intercooling, the intermediate pressure,

Ps=ps = Vp,xp, = V16x1 = 4 bar

*.  Please rofer Chapter 28 (Art. 28.14) also.
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Mow for the isentropic process 2-3,

1-1

L n)? 1000
n \p l
14:1 £
[ L} ]
=|— = 0.4 3
]6] 0.453 g

T, = T,» )453 g 300
L]
= (V0 x 0453 = 453K 'l‘

Similarly for the isentropic process 4-5, —— Enlropy ——-—>

1-!

P )Y Fig. 126
=

14-1

I 14
- 4 = 0.673

T, = T,/0.673 = 300/0.673 = 446 K
We know that tor perfect inter cooling, '

T
Tj

T, =T, =446K
-1 14-1
T, Ps ) 44
and for isentropic process 6-1, — =| — =| = = 0.673
T P, 16

T, = T,X0.673 = 446 0.673 = 300K

Now work done by the turbine per'kg of air,
W, = cp(Tz—Tj) = 1 (1000 -453) = 547 kl/s
and work absorbed by the compressor per kg of air,
We = ¢, (T~ TY +(T,-T)]
= 1 [(446 —300) + (446 - 300)] = 292 kJ/s
We know that work done by the plant per kg of air,
W= W, - W, =547-292 = 255kJ/s
~ Net power of the plant, P = 255 kW Ans.
327, Gas Turbine with Reheating

The output of a gas turbine can be considerably improved by expanding the hot air in two
stages with a reheater between the two. The schematic arrangement of a closed cycle gas turbine with
reheating is shown in Fig. 32.7. '

In this arrangement, the air is first compressed in the compressor, passed into the heating
chamber, and then to the first turbine. The air is once again passed on to another heating chamber and
then to the second turbine. Finally, the air is cooled in the cooling chamber and again passed into the
compressor as shown in Fig. 32.7.
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The process of reheating in the two turbines is shown on 7-s diagram in Fig. 32.8. The process
1-2 shows heating of the air in the first heating chamber at constant pressure. The process2-3 shows
isentropic expansion of air in the first turbine. The process 3-4 shows healing of the air in the second
heating chamber at constant pressure. The process 4-5 shows isentropic expansion of air in the second
turbine. The process 5-6 shows cooling of the air in the intercooler at constant pressure. Finally, the
process 6-1 shows compression of air in the compressor.

Sty S S

Generalor

| | ; 1 1 ! I

'/ ‘\\
Compressor Firs! turbine s‘eh
lurbine y

Cooling Chamber

fpo—

Fig.32.7. Schematic arangement of a closed cycle gas turbine with reheating.

. Work done by the turbine per kg of air,
W, = ¢, [(1,~Ty) +(T,~ T

and work done by the compressor per kg of air, 8
o E T8
We = ¢, [(T, - ) i) § i
Now net work available,
W= Wp— W, + . (i)

Enlropy ———w
Notes ; 1. The power available (or net power of the instal- Fie. 128, T-sdi ok ki
lation may be found out from the work available as usual. 1808 T ohgrn e RinaNE.

2. , For maximum work, the reheating should be done to an intermediate pressure,
Py =Py = VP Xps = NPy X pg oo py = py and ps = pg)

3. Sometimes, cooling and reheating is provided simultancously in gas turbines. In such a case, the
corresponding values should be used.

Example 32.4. In a gas turbine plant, the air is compressed in a single stage compressor
from 1 bar to 9 bar and from an initial temperalure of 300 K. The same air is then heated o 6
temperature of 800 K and then expanded in the turbine. The air is then reheated lo a temperature of
800 K and then expanded in the second turbine. Find thé maximum power that can be obtained from
the installation, if the mass of air circulated per second is 2 kg. Take €, = 1 klfkg K. 3

Solution. Given: p; = p;=1bar; p, = p,=9bar; T,=300K; T, = 7,=800K;
m=2kg’$; Cl’: 1 k]ﬂ(sl(
The T-s diagram of the reheat cycle is shown in Fig. 32.9.
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Let T,,T,, T, = Temperature of air at the corresponding points.
We know that for maximum power (or work), the

intermediate pressure,
Py = Py = P, %pg
= V9X1 = 3bar
We also know that for isentropic compression of
air in the compressor (process 6-1),
14-1

I=1 ;
L fe)v (o)W
T LP" 1
- (9)0.286 = 1873
T, = T,x 1873

5

g

—— Temperature (K) .
=t
]
&t

Entropy —

Fig. 32.9
= 300x1.873 = 562K
For isentropic expansion of air in the first turbine (process 2-3),
r y-1 141
' 2] T 914 0.286
=== =]= = (3)°*° = 1.369

Ty = T,/1.369 = 800/ 1.369 = 584 K

Similarly, for isentropic expansion of air in the second turbine (process 4-5),
= 14-1

=[££J 3 =(%] M 3 = 1369
5

T, =T,/1.369 = 800/1.369 = 584 K
We know that work done by the turbine,

Wy = me, (T,~Ty) +(T,~T))

= 2x 1 [(800—584) + (B0O - 584)] = 864 kl/s
and work absorbed by the compressor,

We=me,(T)-T,) = 2x1(562-300) = 524 ki/s
We also know that net work available,

W= W,— W, =864 -524 = 340 kJ/s

it |‘_"'-§

= Power that can be obtained from the installation,
P = 340 kdfs = 340 kW Ans.

Example 32.5 A closed cycle gas turbine consists of a two stage compressor with perfect
intercooler and a two stage turbine, with a reheater. All the components are mounted on the same
shafi. The pressure and temperature ai the inlet of the low pressure compressor are 2 bar and 300
K. The maximum pressure and temperature are limited 10 8 bar and 1000 K. The gases are heated in
the reheater 0 1000 K. Calculate mass of fluid circulated in the turbine, if the net power developed
by the turbine is 370 kW. Also find the amount of heat supplied per second from the external source.

46 -
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Solution. Given: p6=p5=2bar: Tﬁ-—'300[(; p,=p2=8bﬂl’l T,=1000K;
T,=1000K; P=370kW

The T-s diagram of the reheat cycle is
shown in Fig. 32.10. t
Mass of fluid circulated in the turbine < 1000
Let m = Mass of air circu- Er
Jated in the tur- ng:’
bine, il
§ 300
T, T, T, T, Ty = Temperature ofair F
at the correspond-

Entropy ——s

ing points.
We know that for perfect cooling, the Fio. 32.10
intermediate pressure, ;. ek
=Py = py = py = VpyXpg = BX2 = dbar
Now for the isentropic process 6-7,

y=1 Lk

4-1
T Ps |7 2) 14
2=|=2]" == = (0.5 = 0.82

T, = Ty/0.82 = 300/082 = 366K
We know that for perfect cooling,
T, =T, =366K

Again, for the isentropic process 8-1,
o i 14-1

Ty [P )Y 4\ 0286
— = - = — = 05 5 = 082
T, [P: ] [ 3 ) (0.5)

T, = T,x0.82 = 366x082 = 300K
and for the isentropic process 2-3,
- 1=t 14-1
1 1
LW A R
LF! P2 8
. =T x082=- HIWJ(BSZ 820K
mlﬁrﬁa for the isentropic process 4-5,"

1t 14-1
-;: e [E]T - (%] " sos
& Ty = T, x0.82 1000%0.82 = 820K
We know that work done by the turbine,
Wy & mcF{[T:-T,J+(T4" T
= mx 1 [(1000 - 820)+ {1000 — 820)] = 360 m k/s
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and work absorked by the compressor,
We=mc, (T, -TY+(T, =T
= mx 1[(366 —300)+(366 —300)] = 132 mk/s
.. Net work done by the turbine,
W= W,-W,=360m~132m = 228 m klis
We also know that power developed by the turbine (P),
370 = 228m or m = 1.62kg/s Ans,

Heat supplied from the external saurce
We know that heat supplied from the external source

=mc, (T, -T)+(T,-T3)]
1.62x 1 [(1000 - 366) + (1000 - 820)] kl/s
1318.7 KJ/s Ans.

32.8. Open Cycle Gas Turbines

Anopen cycle gas turbine, in its simplest form, consists ofa compressor, combustion chamber
and a gas turbine which drives the generator and compressor.

Combustion chamber

1 Generalor ;

Turbine

Compressor
3

44 Air ' Exhaust

Fig. 32.11. Schematic arrangement of an open cycle gas wrbine.

The schematic arrangement of an open cycle gas turbine is shown in Fig. 32.11. In this turbine,
the air is first sucked from the atmosphere and then compressed isentropically (generally in a rotary
compressor) and then passed into the combustion elmmherﬂh compressed air is heated by the
combustion oﬁmhﬁdl}wpmducmofcwnbm'hmtu. hot gases formed by the combustion of fuel)
also et mixed up with the compressed air, thus increasing the mass of compressed air. The hot gas

_is then made to flow over the turbine blades (generally of reaction type). The gas, while flowing over
the blades, gets expanded and finally exhafisted into the atmosphere.

Anopen cycle gas turbine is also called acontinuous combustion gas turbine as the combustion
of fuel takes place continuously.This turbine also works on Joule's cycle. The relations for work
done by the compressor and turbine are same as those of closed cycle gas turbine.

Note : In an open cycle gas tuibine, the process 3-4 has no practical importance, as the air is exhausted into the
atmosphere at point 3 and fresh air is sucked in the compressor at point 4.
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32.9. Comparison of Closed Cycle and Open Cycle Gas Turbines
Following are the points of comparison between closed and open cycle gas turhines.

S.No. Closed cycle gas turbine Open cycle gas turbine
_,',r.’ The compressed air is heated in a heating| The compressed-air is heated in a combustion
chamber. Since the gas is heated by an external | chamber. The products of combustiori get mixed
source, 5o the amount of gas remains the same. | up in the heated air,
@ | Thegasfromthe turbineis passedintothe cooling| The gas from the turbine is exhausfed into the
chamber. atmosphere.
3. The working fluid is circulated continuously. The working fluid is replaced continuously.
4 | Any fluid with better mumédymmic properties| Only air can be used as the working fluid.
can be used.

5 The turbine blades do not wear away earlier, as| The turbine blades wear away earlier, as the air
the enclosed gas does not get contaminated while| from the atmosphere gets contaminated while
flowing through the heating chamber. flowing through the combustion chamber.

6. | Since the air, from the turbine, is cooled by| Since the air, from the turbine, is discharged into
circulating water, it is best suited for stationary| the atmosphere, it is best suited for moving
installation or marine uses. vehicle.

& Iu maintenance cost is high. Its maintenance cost is low.
8 | Themass of installation per kW is more. The mass of installation per kW is less.

Example 32.6. A constant pressure open cycle gas turbine plant works between temperature
range.of 13° C and 700° C and pressure ratio of 6. Find the mass of air circulating in the installation,
if it develops 1100 kW. Also find the heat supplied by the heating chamber.

Solutjon.

Given: T, = 15°C=15+273 =288K; T, =T700°C=700 +273=973K ;

pylpy = plpy=6.P=1100kW

Mass of air circulating in the installalion

Let m = Mass of air circulating in the installation.
T, and T, = Temperatures of air after isentropic compre:sion and expansion
respectively.
We know that for isentropic expansion process 2-3 (Refer Fig. 32.2),
b i | 14-1
E... AN .'..“*_"‘ i ln.mﬁwﬂsg9
T, |p, |6 RG o

T, = T,x0.599 = 973x0.599 = 583K

Sim.larly, for isentropic compression process 4-1,

-1
(8] () (™ s
RO
T, = T,/0599 = 288/0.599 = 481K
Now work done by the turbine per kg of air,
W, = me,(T,=T) = mx1(913-583) = 390 mkJls

and work absorbed by the compressor per kg of air,
W, = me,(T,=T,) = mx1(481-288) = 193 m kl/s
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. Net work done by the turbine per kg of air,
W= W -Wo=3%0m-193m = 197 mkl/s

and power developed by the installation (P),
1100 = 197m or m = 1100/197 = 558 kg/s Anms.

Heat supplied by the heating chamber
We know that-heat supplied by the heating chamber
= mc, (T, - TI)
= 5.58x1(973—-481) = 27454 k)/s Ans,

32.10. Semi-closed Cycle Gas Turbines

A semi-closed cycle gas turbine, as the name indicates, is a turbine which is a combination of
two turbines, one working on open cycle and the other on closed cycle. The open cycle turbine is
used to drive the main generator and works within the pressure limits of atmospheric and about 16
bar, The closed cycle turbine is used to drive the air compressor and works within the pressure limits
of about 2 bar and 16 bar.

Strictly speaking, the semi-closed cycle gas turbines are not used on -:orrmcml basis, though
they are important from academic point of view only.
32.11. Constant Pressure Gas Turbines

A turbine in which the air is heated in the combustion (or heating) chamber at constant
pressure, is known as constant pressure gas turbine. Almost all the turbines, manufactured today, are
constant pressure gas turbines.
32.12. Constant Volume Gas Turbines

A turbine in which the air is heated in combustion (or heating) chamber at constant volume is
known as constant volume gas turbine. These turbines are not used on commercial basis, though they
have academic importance only.

EXERCISES
& A simple closed cycle gas turbine installation works between the temperature limits of 300 K and

1000 K and pressure limits of 1 bar and 5 bar. If 1.25 kg of air is circulated per second, determine the power
developed by the turbine. For air, take ¢, = 1.008kJ/kg Kandy = 1.4. [Ans. 680.5 kW]
~~ 3¢ Inagasturbine plant, operaling on Braylon cycle, air enters the compressor at | bar and 27° C. The
pressure ratio in the cycle is 6. Calculate the maximum temperature in the cycle and the power developed by the
turbine. Assume the turbine work as 2.5 times the compressor work. Take y = 1.4 [Ans. 703.5 kW]
3. A gas turbine plant consists of two stage compressor (with perfect inter« soler) and a single stage
turbine, The plant receives air at 1 bar and 290 K. If the maximum pressure and temperature of air in the plant
is 12.25 barand 950 K, find the power developed by the plant per kg of air. Take specific heat al constant pressure
as | klkg K. [Ans. 235 kW]
4. Ina gas turbine installation, the air is compressed in a single stage compressor from 1 bar to 6.25
bar and from an initial temperature of 20" C. The air after compression is heated in a chamber to a temperature
of 750" C. The hot air is expanded in the turbine and then reheated to a temperature of 750" C. The hot air is
once again expanded in the second turbine. Find the power that can be developed per kg of air.
[Ans. 269 kW]

-QUESTIONS
1. Whatis a gas turbine ? How does it differ from a steam turbine ?

2. How does a gas turbine compare with the internal combustion engine power plant ?
3. List the methods of improving the efficiency and specific output of a simple gas turbine.
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4. Draw the layout of a gas turbine plant which has two stage compression with complete

intercooling. The high pressure turbine develops power enough only to drive the high pressure
compressor. The L.P. turbine drives both the L.P. compressor and the load. Indicate the ideal process
of this plant on a T-s diagram.

1.(d)

5. What are the essential components of a simple open cycle gas turbine plant ?
6. Differentiate clearly between a closed cycle gas turbine and an open cycle gas turbine.
7. Write a short note on semi-closed cycle gas turbine.

OBJECTIVE TYPE QUESTIONS
. A closed cycle gas turbine works on
(a) Carnot cycle (b) Rankine cycle
(c) Ericsson cycle {drToule cycle
. In aclosed cycle gas turbine, the air is compressed
{a) isothermally (&) isentropically
{¢) polytropically (d) none of these
. The gas in cooling chamber of a closed cycle gas turbine is cooled at
(a) constant volume (b) constant temperature
conslant pressure (d) none of these
. A closed cycle gas turbine gives....efficiency as compared Lo an open cycle gas turbine.
(a) same (b) lower (&Y higher
. Reheating in a gas turbine
increases the thermal efficiency (b) increases the compressor work
(c) increases the turbine work (d) decreases the thermal efficiency
ANSWERS
2.(b) 3.(c) 4.(c) 5.(a)



