> A-line ®—® represents the suction 4
stroke of the first stage where a
volume (V;) of gas is admitted at a
pressure (P,). P

» B-line @—® represents an isentropic \
compression to a pressure (Piy).

» C-line ®—@ represents the delivery of
the gas from the first stage at a
constant pressure (Pjy). Py

» D-line @—® represents the suction ® - ®
stroke of the second stage. The volume Pi ,
of the gas has the reduced in the inter- @ LD ®
stage cooler to (Vi;), that which would Pu Lo
have been obtained as a result of an p, ® L : ®
isothermal compression to  (Pi). L P
0 Vis Viz Vi

» E-line ®—>® represents an isentropic compression in the second stage from a
pressure (Pj,) to a pressure (Pjy).
» F-line @—® represents the delivery stroke of the second stage.
» G-line ®—@ represents the suction stroke of the third stage point@ again lyses on
the line @—® that representing an isothermal compression.
It is seen that the overall work done on the gas is intermediate between that for a
single stage isothermal compression and that for isentropic compression. The net saving
in energy is shown as the shaded area in the last Figure.

The Total Work Done for Multistage Compressors

20Xk The total work done for compression the gas from P, to P, in an ideal single stage is,

-0
_ Y oy (Pz)ym_l} Pyl [ Py
_,Y_l 171

20k The total work done for compression the gas from P, to P, in an ideal two stages is,

(V—l)/ Y _] [_ (y-1)/y 1
Y i N Y PV i 1 i} 1 i» 2 i»
-1 [\ P y-1 " Py

but for perfect inter-stage cooling i.e. at isothermal line P,V; = P;;Vj;= constant

[ p (v-1)/y p (y-1)/y ]
—W :ﬁplvllt{ip—‘ll) —1}+{(P—ﬂ —1}J|

20X The total work done for compression the gas from P, to P, in an ideal n-stages is,

[_ (y-1)/y _l r (y-1)/y ] r (y-1)/y ]
__ Y L% N T Po | Y P, _
W= Plvll( 3 ) 1J+ 1 Pilvil[( ) ) 1J+ +o Pin—lvin—ll( o J 1J

W=—"pV

[
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for perfect inter-stage cooling P,V,= Pi;Vi1= PiyVjp= ------ = Pjn.1Vin.1= constant

" y oy i— i (y-1)/y e i (y-1)/y e ) P, (y-1)/y B _I
- y-1 ! lL P, P P J
Y [ P, -1/ P, (y-1)/y P, (y-1)/7 ]
=W =—— P1Vl — +|—= +oeennnn + -n
Y- 1 P1 Pil Pin—l

The optimum values of intermediate pressures Pj;, Pi,, Piz, ------- Pin.1 are so that
the compression ratio (r) is the same in each stage and equal work is then done in
each stage.
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The effect of clearance volume can now be taken into account. If the clearance in
the successive cylinders are Cy, C, Cg, ------- C, the theoretical volumetric efficiency of

the first cylinder = [1+c, -c,(p, /P, )"7].

Assuming that the same compression ratio is used in each cylinder, then the
theoretical volumetric efficiency of the first stage = 1+c, —c,(P, /P, J"™].

If the swept volumes of the cylinders are Vs, Vs, Vs, ----------- the volume of the
gas admitted to the first cylinder = v_[1+c, —c, (P, /P )™

The same mass of gas passes through each of the cylinders and, therefore, if the
inter-stage coolers are assumed perfectly efficient, the ratio of the volumes of gas

admitted to successive cylinder is (P:/P,)"" [because lies on the isothermal line].
The volume of gas admitted to the second cylinder

= V52[1+C2 _Cz(Pz / Pl)l/ny] = Vsl[l+Cl _Cl(PZ / Pl)llnykpl / Pz)l/n
v, +c,-c,(p, /P '™
V,, i+c,-c,(p, /P ™|

In this manner the swept volume of each cylinder can be calculated in terms of
V,and Cq, Co, ovvnnnnnn. , and the cylinder dimensions determined.

(P, /P "

=

LetV, =V _[1+C,—c,(p, /P ™) Vv, =V, l1+c,-c,(P,/P)™]
Where, V; : represents the volume of gas admitted to stage i.

But for perfectly cooled [i.e. isothermal] =P;V; = Pi1V1=PjpVo= -------- = Pin-1Vh
=PV i+C,-c,(p, /P ™]=PV, 1+C,-C,(P,/P)™]

1/n
P. P.
but r=—*=[->
w r-B (2]

Va [1+C2—C2(p2/P1)1/ny](P2 )l/n
- - U]l o
VSZ ll+C1—C1(P2/Pl) YJkpl




Example -8.12-

A single-acting air compressor supplies 0.1 m*/s of air (at STP) compressed to 380 kPa
from 101.3 kPa. If the suction temperature is 289 K, the stroke is 0.25 m, and the speed
Is 4 Hz, what is the cylinder diameter? Assume the cylinder clearance is 4% and
compression and re-expansion are isentropic (y=1.4). What are the theoretical power

requirements for the compression? —025m—»
Solution: ] <>
Stroke ("ebiias A gia" duluie SIS s Al e AS ja) :( Ii
Volume of gas per stroke = (0.1 m%/s)/4s™ (289/273)

=0.0264 m’

=(V1—V,) =[volume of gas admitted per cycle]
P,/P; =380/101.3 = 3.75
(V1-V4) = V4 [1+ C— C (Po/P1) "]

0.0264 = V,[1+0.04-0.04(3.75)"** = V, = 0.0283 m® = (V; — V3) = volume of cylinder
Cross-section area of cylinder = V/Lgyoke = 0.0283/0.25 = 0.113 m?

= The diameter of cylinder = [0.113/(n/4)]"* =0.38 m
y [ p -0y
_ vyl _
e V“)[(Pl} '

for 1kg of gas that compressed [or per cycle]
=W = %(101.3><103)(0.0264)[(3.75)0-4’1-“ —1]= 4278 J / kg per stroke
The theoretical power required = 4278 J/kg (4s™) per stroke= 17110 W =17.11kW

Example -8.13-

Air at 290 K is compressed from 101.3 kPa to 2065 kPa in two-stage compressor
operating with a mechanical efficiency of 85%. The relation between pressure and
volume during the compression stroke and expansion of clearance gas is (PV'® =
constant). The compression ratio in each of the two cylinders is the same, and the inter-
stage cooler may be assumed 100% efficient. If the clearance in the two cylinders are
4% and 5%, calculate:

a- The work of compression per kg of air compressed;

b- The isothermal efficiency;

c- The isentropic efficiency;

d- The ratio of swept volumes in the two cylinders.
Solution:
P,/P; = 2065/101.3 = 20.4
v RT  8314(Pa.m®/kmol.K) 290K

' P,Mwt  (101.3x10°Pa)29 kg/kmol

For 100% efficient of cooler at inter-stage, the work of compression in multistage
compressor of n-stages is;

=0.82 (m®/kg)

[_ (y-1)/ny ]
ny [ P, 3 2(1.25) (0.25)/2.5 kJ
W =PV, —|| = -1 W =(101.3x10° x0.82 20.4 —-1/=292.35—
11 y—l[Pl] J:> (101.3x10°x082) 5.~ [(204) | kg
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