EDUSAT PROGRAMME 15
Turbomachines (Unit 3)

Axial flow compressors and pumps

Axial flow compressors and pumps are power absorbing turbomachines. These
machines absorb external power and thereby increase the enthalpy of the flowing
fluid. Axial flow turbomachines use large quantity of fluid compareg®® mixed and
centrifugal type of turbomachines. However, the pressure rise per|staggafis fower in
case of axial flow turbomachines than mixed and centrifugal flowSurbostiachines.
Axial flow compressors are used in aircraft engines, stand aiyne power generation
units, marine engines etc.

Design of axial flow compressors is more critical than tie design of turbines
(power generating turbomachines). The reason (s it in compressors the flow
moves in the direction of increasing pressuig (acferse pressure gradient). If the
flow is pressurized by supplying more gowess Ui Poundary layers attached to the
blades and casing get detached amsprevirse flow starts which leads to flow
instability leading to possible failui® ofsfiidymachine. However, in turbines the fluid
moves in the decreasing preg#@e (favoutable pressure gradient). To transfer a
given amount of energy mof = nufnher of stages are required in compressors than in
turbines. Generally, the,fluid tegning angles are limited to 20° in compressors and
is 150° to 165° in case Of tu¥aines. Thus the pressure rise per stage is limited in
case of compresgorsitlui! flows in direction of increasing pressure, this increases
the density of the fluid thus the height of the blade decreases from the entrance
to the exifmAxial Vv compressors have inlet guide vanes at the entrance and
diffuser at 1hgfexic:

Figure 1 shows the flow through the compressor and fig. 2 shows the
corresponding inlet and exit velocity triangles. Generally for a compressor the
angles are defined with respect to axial direction (known as air angles). It can be
seen that the fluid turning angle is low in case of compressors. Figure 3 shows the
flow through the turbine blade and fig. 4 the corresponding inlet and exit velocity
triangles for a turbine.
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Fig. 4 Inlet and exit velocity triangles for turbine



Expression for degree of reaction for axial flow compressor

Degree of reaction is defined as a measure of static enthalpy rise that occurs in the
rotor expressed as a percentage of the total static enthalpy across the rotor.

Static enthalpy rise in rotor

- Static enthalpy rise in stage

Assumptions:

1. The analysis is for 2-dimensional flow

2. The flow 1s assumed to take place at a mean blade height wheighldie
peripheral velocities at inlet and outlet are same and th&e is no flow in the
radial direction

3. It is common to express blade angles w.r.t. axial direC¥on in case of axial
flow compressor (air angles)

4. Axial velocity is assumed to remain cegstan

Figure 2 shows the inlet and exit velocityytriafigleyfor axial flow compressors.
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For an axia? Tiodw M, From inlet velocity triangle

U=v)tam

2 A Vatanyo = Va(tany1 + tanyo) --2

Similariy from the exit velocity triangle
U=V,(tany,+tany,)—-3
Equating eq. 2 and eq. 3 and simplifying
tany,-tany, =tany,—-tany,——-4
vr12 — Vr22
B 2( hoz o ho1)




V.7 =V2+V tan?y,
V,2 =V +V tan’y,

V.?-V,?=V2>(tan’y, - tan’y,)-——6

hy, =y =U(V,, —Vyy;)
V,=V,tany, and V, =V, tany,
Ah,=UV, (tany,—tany,)——-7

Substituting eq. 6 and 7 in eq.5

Ao V. ?(tan’y, —tan’y,)
2UV, (tany, —tany,)
tany,—tany, = tany , — tayype-—— 4
_ V.2(tan’y, - tan’y )
20UV, (tany .~ tang,)
_V.(tany, (- tarm)

R=—2—""Sg— ¢ ———— 8
U
R-= Ve N4 >otf3,)——-9
= ?U(\ 5, +Colp,
V. 1 1

7 + )
<z tanB, tang,

4 Vv, (tanB,+tanBZ )———10
2U  tanp,tang,
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Problem 1

In a mixed flow pump absolute fluid velocity at the inlet is axial and equal to
radial velocity at the exit. Inlet hub diameter is 80 mm and impeller tip diameter is
250 mm. Pump speed is 3000 rpm. Find the degree of reaction and the energy
input to the fluid, if the relative velocity at the exit equals the inlet tangential blade
speed.The fluid leaves the rotor in the radial direction Given: VIgt val= Vrd2 ;
D1= 80 mm, D2= 250 mm, N=3000 rpm, R = ?, WD=?, Vr2=UI

The next step is to draw the velocity triangles
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V,=U,=12.57m/s; V, =\/Uj W, =41.23m/s
V,=U,=V,=12.57m/s; V., - V5 US> =17.78m/s
E=WD=-U,V,, = 39.2x 394’ = 1.543KJ/kg
|- (U12 _U22)_(Vr1 - '/rzo)
ZXE
R=0.5

Problem 2

The total power input at a stage in an axial flow compressor with symmetric inlet
and outlet velocity triangles (R=0.5) is 27.85 kJ/kg of air flow. If the blade speed
is 180m/s throughout the rotor, draw the velocity triangles and compute the rotor

blade angles. Do you recommend the use of such compressor?. Assume the axial
velocity component to be 120m/s.



Given: Symmetric velocity triangles with R = 0.5; P=27.85 kJ/kg of air flow;
U=180m/s; Va=120m/s; B1=? and 2=?; Do you recommend such compressor?
Draw the velocity triangles.

Since the R=0.5 and velocity triangles are symmetrical

al=Pp2; a2=P1; V1=Vr2 and V2=Vrl

WD=U(A V, )= 27850kJ/Kg I N
AV, =154.72m/s VARV .9
U-2xX=A4V,; X=(U-AV,)2 VARVER\ N
X=12.64 / L ‘\_jpz ‘\\ ‘\.\:

120 NN F

=tan”’| —— |=83.98° <X ) e X

P (12.64} B} .
prtan (2 ) s

180-12.64

B,— B, = 48.34

Problem 3

The axial component of air “zlocity at the exit of the nozzle of an axial flow
reaction stage is 180m/), timpozzle inclination to the direction of rotation is 27°.
Find the rotor blagegang s if the degree of reaction is 50% and the blade speed is
180m/s. Also, €ar the sime blade speed, axial velocity and nozzle angle find degree
of reactiop, if theWgbsglute velocity at the rotor outlet should be axial and equal to
axial velocity a Whe 1nlet.

Given: 1) Va)=180m/s, a1=27°, R = 50%, U=180m/s, B1=?, f2="?
2) U=180m/s, Val=180m/s, a1=27°, R=?, if V2=Va2=Val
Sol: 1) R =50%, V1=V12, V2=V12, a1=B2 and a2=1

Inlet velocity triangle is shown in the figure



V,sina, =180; V, =396.48m/s

V,cosa, - U = 173.26m/s N
B, =tan™ 180 _ 46.00 Vi, /S
173.26 S/ Var

a,=B8, B,=27 ’,-{—;,/1 _,-"I:;;-_ﬂ

From the exit velocity triangles f—u—>i .
B,=45", V,=254.55m/s Vui
V,, =/173.26% + 1807 = 249.83m/s A
V, = 396.48m/s V, = 180m/s ya

2_y 2 Vir2/ 1V2=Va2=Va1

R=, Ve~ Va ___ _00198 i—" |

(v 1= v2 )+ (vrz - vr1 ) 5!!! l:

Turbines- Utilizavion factor

1.Utilization factor is defined gam'y f0.,PGTM- Turbines

2.Adiabatic efficiency is the {uagtityrof interest in turbines

3.Overall efficiency is p#Gudct of adlabatic efficiency and mechanical
efficiency

4.Mechanical efflaiancy ¢imajority of TM’s is nearly 100%

5.Therefore, overdll£tictency is almost equal to adiabatic efficiency

6. Howewtr, aapbaic efficiency is product of utilization factor (diagram

efficiency,)and e/ iciency associated with various losses.

7.Usinmation Wictor deals with what is maximum energy that can be

obtaiidd from a turbine without considering the losses in the turbine

8.Utilizution factor is the ratio of ideal work output to the energy available

for conversion to work

9.Under ideal conditions it should be possible to utilize all the K.E. at inlet

and increase the K.E. due to reaction effect



10.The ideal energy available for conversion into work

_ [V12 + (U12 — U22)_ (Vr12 - Vr22 )]
2 2
11.The work output given by Euler’s Turbine Equation is

v -v?)elus -u?)- v, -v.?)

11. Utilization factor is gi\?en by

w — [(v12: — V22)+ (U12 — Uzz)_ (Vr12 — V;zz )]
Wa lv12 + (U12 - U22 )_ (vr12 - Vr22 )J

& =

12.Utilization factor for modern TM’s is between 9C 4 to 95%
Relation between utilization facto: asiaCegree of reaction

Utilization factor is given by

w _[v:-v7)s (u v v )

£=Wa lV +(’ ] " V, _Vr2 )J

The degree ofieac g, 1S given by

B lU —t, / (Vr12—Vr22) B (U12—U22)_(Vr12_vr22)
Che2ovpliduouz2)-(v, -v,?) 2xE
1= (U,z - U22)_ (Vr12 - Vr22)
B X
B (V12_V22)+X
X = R(V12_V22)
1-R

Substituting the value of X in the expression for utilization factor and
simplifying
2 2
(V1 B V2 )
2 2
(V1 -R V2 )




The above equation is valid for single rotor under the conditions where Euler’s
turbine equations are valid. The above equation is invalid when R = 1. The above
equation is valid in the following range of R 0 <R < I

Maximum Ultilization factor
Utilization factor is given by

(V12 — V22)
(V12 -R V22)

Utilization factor maximum if the exit absolute velocity is mz %mum. This is
possible when the exit absolute velocity is in axial directicy
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V,=V.gin¢,
V,%-V, sin‘a,
"\V., %RV sin?a,
% cos?a,
" 1-Rsin®a,

Maximum Ctiization factor is given by

m

cos’a,

== 71 £,=1 when a,=0
1-Rsin’a,

sm



Maximum Utilization factor for impulse turbine

For an impulse turbine R =0, thus &, = cos’a 1

From the velocity triangles OAB and OBD are
similar. Thus AB = U,

Q
AN\
V.cosa,=U+U=2U vi /1 v
b / [ N Vr2
U cosa . AN/ V2 O\
— = ! = Speed Ratio=¢ 7 / ! AN
V1 2 ‘(’/’ 'A'_‘// B D

a1 is made as small as possible(15°-20°)

Maximum Utilization factor for 50 % \gactio: turbines

50% reaction turbines have V1=Vr2, V2=l al=B2 and a2=B1 and for

maximum utilization V2 must be in axdial diiegfioni?The corresponding
velocity triangles are

- 008201 \\u« \J+ __,——-"'j
™ 1-Rsin‘a, N4
> o N <
cos 'a Ve /L Vri
1-85sin“a, J/ N\
11
U

U .
. b L speed ratio
1




Comparison between Impulse and 50 % reaction turbine at
maximum utilization

A) When both have same blade speed
Let UI and UR be the blade speeds of impulse and 50% reaction
turbines. The velocity triangles for maximum utilization are

(0] ~ O
AN PAAN
71\ /1 '\
7 /] N\ . yd 1 N
Vi 7 /i AV \/i /7 i Vi
,/(_,,_1 / 5‘\..i~ \‘\Y - .// \fr1 5‘\._/2 \‘\
7 TN / N
c 7 / i \D 4 i N
<Y X ~ Are—— ¢
g §] R - N
EI = U1Vu1
From velocity triang’a,V,, =2U,
For 50% reactians turdine
ER = URvu1
But V 4=/,

Comparing eq. 1 and 2, i) ig cledr that impulse turbine transfers twice the amount
of energy per ugit masy thin 50% reaction turbine for the same blade speed when

utilization is mazgmum
*  Hov:cwar. 5SO0%freaction turbines are more efficient than impulse turbines.

e But {200 reaction turbines transfer half the energy compared to impulse
turbine ;.

* If only 50% reaction turbines are used more stages are required or if only
impulse turbines are used stages are less but efficiency is low.

* In steam turbines where large pressure ratio is available it is common to use
one or two impulse stages followed by reaction stages.



Comparison between Impulse and 50 % reaction turbine at
maximum utilization

b) When both have same energy transfer
E.=E,

Uz =207

U,=2U7 =1.414U,——-3

¢) When V1 and al are same in both TM’s

Speed ratio for impulse and 50% reaction stage for maxitim utilization

ﬂ:(p _ cosq, ; 2U,=cosa,——-4

Vv, 2

Up .

v ¢ =cosa,; U =V, cosa,\-
I

U.=2U,--6

Problem 1

Find an expression for ¢idmtilizayion factor for an axial flow impulse turbine stage
which has equiangular r¢ ¢ blades, in terms fixed inlet blade angle and speed ratio
¢.
Given: Equiangtigr rot/ r blades B1=p2, axial flow turbine U1=U2=U, Impulse
turbine R 3, Ur1=""r2, find expression

for utilizatic¥fractor in terms of al and ¢.

From the velcrity triangles v v
r2
V,? =V,% +U? - 2UV, ,cos, \e vri
VP =V, " +U?*-2UV,cos(180-B8,) |, 4. 8> /B
U

Vui1+Vu2



V?-V,”=4UV cosB, = 4U(V,cosa,-U)

— V12 — V22
VP-RV,
e V,’-V,” _ 4U(V,cosa,-U)
V2 V2
£=4¢ (cosa,—¢@)

where, ¢ = v
1

Problem 2

For a 50% degree of reaction axial flow turbomaghines ze inlet fluid
velocity is 230m/s; outlet angle of inlet guide blad&0°; inlet rotor angle
60° and the outlet rotor angle is 25°. Find the utilizatica factor, axial
thrust and the power output/unit mass flow.

Given: R=50%; V1=230m/s; a1=30"; puz60 p2=25"

€= 7, Fax=";P =7

Although R = 50%, al+# B2; asgval#Vl

Inlet and exit velocity triangles#ic A
drawn N )
Va1 = V1 Sil‘ld, = 1 15” = \\\_I 2 \\ // \ir //"/
\ > /
va1 ; "\.\ /’/,/’ ‘\\\ //
Vr1 = N = 13 Qm/s az\ /C'Ll Bz\ / 81
sin, | U
U=V, cosa,— cos ), =132.8m/s |

o

‘,r2 Vr12
(V12 - ‘/22) + (Vrzz - Vr12
V.+V2=V,2+V,?=132.8° +230° = 70535.8
V,?2=V,? +U?-2UV cosB,
2V,?-240.72V,, +17635.8 = 70535.8

V,2-120.36V,, - 26450 = 0
V,,=233.6m/s

R=

):0.5



V,2+V,” =70535.8
V, =126.36m/s
vZ-v,? 230° - 126.36°

£= = 0.822

" VZ_RV? 230°-0.5x126.36%

Axial Thrust=m(V,,-V,,)

I:aX — (Va1 — Va2)= V1Sina1 - VrZSian

m

F"f”‘ = 16.28£
m kg
S

P= mu(vm - Vuz)
V,,=V,cosa, =199.98m/s
V,=V,cosB,-U=78.91m/s

P o 132.8(199.98+ 78.91)707KCkg/s

3



UNIT 4
Thermodynamics of fluid

Sonic velocity and Mach number

1.Sonic velocity is the speed of propagation of pressure wave in a medium.
2.The speed of sound in a fluid at a local temperature for isentropic flow is given
by where y is the ratio of specific heats = 1.4, R is characteristics gag'Constant =
287 J/kg K and T is the local temperature in kelvins. At 15° the spe :d of'so/'nd is
340 m/s.

c=.yYRT

3.As altitude increases temperature decreases and speed of sqund decreases.
4.Mach Number is defined as the ratio of local v&:&wity of fluid to the sonic
velocity of sound in that fluid

c .yBRT

5. Many turbines and compressors £ xperiancetiigh Mach numbers

6.High Mach numbers give rise o soine sp’cial problems such as shock waves
which leads to irreversibility”and' cause 10ss in stagnation pressure and increase in
entropy

7.Using continuity eque 1o Euliy’s equation and isentropic equation following
two equations are derivey

vy dp

VT ymE !
dA _dp(1-M* s
A pl yM

8.The above equations decide the variations in velocity, pressure and area for
different Mach numbers
9.The three basic classifications are a) Subsonic flow M<1

b) Sonic flow M=1 ¢) Supersonic flow M>1



Classification fluid flow based on Mach number

a) Subsonic flow (M<1) :

Nozzle
when dp is negative d—: is negative
P dv JIp
area decreases and velocity increases ~\, o py )

Diffuser i) v

dp . . .
when —— is increases A is pos{iie

p
area increases and velocity decr ases

4 AN
7 AN
7 AN
rd AN
1 _2s_ P N
veEIOCIitv - A YN P )
3P W CiULily
- — N )
_\__
Y ]

Diffuser



b) Supersonic flow (M>1) :

Divergent nozzle

when d—: is negative d—: is positive
area increases and velocity increases dV dp
7
Convergent Diffuser dA dp[ _ 1172
b A o\ ywr

dp . .. dA . ,
when 7 is positive A is negative

area decrease and velocity decreases

7 AN
7 N
7 N
T2 B __ e pd N
Velocitv N\ Vealacit
i NVEIULILVY
e ~
—— _\—_
T =
e M
T L —
~ —
- N e
Pressiire N\ A/ Drassure
- T N # Trire>x»ure
N
AN
¥

Divergent Nozzle Convergent Diffuser



C) Sonic flow (M=1) :

dA .
—— is zero
A

area is constant and velocity is sonic A p

At the throat portion of the convergent divergent nozzle the velocity is sonic.

Static and Stagnation states

Turbomachines involve the use of compressible and ingampnfsdble fluids.

In compressible TM’s fluid move with velocities more “aan Mach one at many
locations. In incompressible TM’s the fluid velocities are geaerally low, however,
K.E. and P.E. of the moving fluid are very large ¢ad®sannot be neglected To
formulate equations based on actual statg of \4¢ fiuid based on laws of
thermodynamics two states are used.

The states are static state and stagnfiion statdg.

Static State

If the measuring instrument iysfatic with respect to the fluid, the measured
quantity is known as st@g propdsty. The measured static property could be
pressure, velocity tempiratzidpenthalpy etc.,. The state of the particle fixed by a
set of static propgftily, is' alled static state.

Stagnation Stale

It is defined, as- g terminal state of a fictitious, isentropic work-free and steady
flow processduring which the final macroscopic P.E. and K.E. of the fluid particle
are reduced 15 zero.

Real process does not lead to stagnation state because no real process is
isentropic. Stagnation property changes provide ideal value against which the real
machine performance can be compared. It is possible to obtain stagnation
properties in terms of static properties by using the definition of stagnation state.
Consider the steady flow process given by the first law of thermodynamics.



2 2

4 V
+ h+——+gZ, |=w+| h+—2-+gZ
q£l29lJ [0 290}

q-w=Ah+ Ake + Ape

Static state i1s the initial state in a fictitious isentropic work free , steady flow
process and the stagnation state is the terminal state in which the ke and pe are
reduced to zero, one can define a stagnation state at the initial static state.

q-w=Ah+ Ake + Ape
q=0;, w=0; ke,=0; pe,=0; Ah=h,—h,
h, = (h, + ke, + pe,)———1

o

In the above eq. subscript o represents stagnatior{%gte and subscript i represents
initial static state
If subscript i is removed from the initial static'jtate

h,=(h+ke+pe)———Z

Thus stagnation state has been expi >sseg®dy, the sum of three static properties.
Since the process is isentropic.#he final enilopy is same as initial enthalpy. Final
entropy 1s stagnation and inj#ial e; tropy 1S static.

S,=S\-3

Any two independent pripsitidrat a specific state is sufficient to fix the state of
simple compressibicWbs ance by using thermodynamic relations.

a) Ingcomprossitiie Fluid: (Density is constant)

1. .ds=dh-vdp
but ds=0 because s,=s
dh=vdp

fdh:%fdp

Final state is stagnation with subscript o and initial state is Static without subscript



p, =p(h,—h)+p

p, =p(h+ke+pe-h)+p
V2

po :p(7+gz)+p

Thus stagnation pressure of an incompressible fluid is expressed in terms of static
pressure, velocity and height above a datum line.

T-ds=du+ pdv
ds=0 ass, =S

du =—-pdv

dv =0 p=constant
s du=0; u,=u
Also, du=C,dT

- dT=0; T, %

Thus using thermodynamic relatio1’s stagigtioii pressure, Stagnation pressure,
stagnation temperature and stag®gtion ints.nal energy are found.

Problem 1

Liquid water at standarc der Bz tlows at a temperature of 20°, a static pressure of
10 bar and a velogsmgof Z25m/s. Find the total pressure and total temperature of the
water.

Given: T=20°, p=3L0 ba’ and V=20m/s, To=? and Po=? , Water is incompressible
with p = [T08ke/m?

V2
po :p(7+gz)+p
2
P, = 1000[22 j+ 10x10°
p, =12bar

T,=T=20



Problem 2

A turbomachine handling liquid water is located 8m above the sump level and
delivers the liquid to a tank located 15m above the pump. The water velocities in
the inlet and outlet pipes are 2m/s and 4m/s respectively. Find the power required
to drive the pump if it delivers 100 kg/min of water.

Given: z/=8m; z2=15m; VI=2m/s; V2=4m/s; mass flow rate=100 kg/min

Find the Power P=?

w=q—Aho=—%
P
(p,- V,?-V/? "
g
(47 -27
w=-— 0+£ ]+9.81(15# q)’ . -231.6 J/kg

work on pump =224.6 J/kg

Power = P = mva= 306 W

b) Perfect gag

cp
=—=wand c,-c,=R

C
2liminating c,



Substituting the value of cp in the above equation and simplifying

N

PV, PV
T T
TO_pOVO
T pv

Eificiencies of Turbomachines
Efficiency of arb#machine is given by

n=n.Nmn
where, 1,, = adiabatic efficiency; n, =mechanical efficiency

n, are almost 100%
=N,



The adiabatic efficiency of a TM can be calculated from the h-s diagram for both
the expansion and compression process. The ideal work input or output can be
using either static or stagnation states.

a) Power Generating Turbomachines (PGTM)

Actual work output for PGTM = hy, —h,,

h.,,—h
_ _ oy 02
_ W =hy—hy n_, =2 =
pot. -~ o1 %2
o1 _.--~ f
- _— .
s, — P2 Wi s=hy—hy Ny - -
B N S ‘ h..—h
W 01 2
LA__ A Y
n,.,—h
We,= h1 hoz' IRY, o =
h,—h
1 02'
h.,,—h
4 ‘ _ Toq 02
» Ws—s - '(1' — ns-s - h h
S 1~ 2

The proper equation is determined ¥y the cotiflitions of Turbomachine in question.

For example in a turbine if thefiipt ke ds nCgligible and exit ke is used for
production of mechanical ef zrgytamawhere else, then static to total definition is
used. If the exit ke is wasted thaa static to static definition is used.

Let h,, =505~ ="48; h,, =20; h,, =15; h,=10; h, =5

N, = hgs h@ 250 _ 85.71% n, .= Mo = 1o, _ 30 _ g6 67%
h01 o 102. 35 ho1 - h2' 45
h,,—h,, 30 0 ho, —hy, _ 30
_ — — 90. = =—=69.76%
st h1 - hoz' 33 90.9% Me-s h, —h,, 43 ’



b) Power Absorbing Turbomachines (PATM)
Actual work input for PATM = h02 — ho ;

A :jLZV.
02 .-~ hyy —h
N’ _r N, _ _ _ g2 01
U2 -7 B W, =hy—hy, n_,=T"—-" h
2 0z — My
i’_‘ i i & 4 _'
37 , _ . A A 01
. < ;. W, s= h2’ h01 N;_s = ‘h
,_y’! i oz 01
r 2 NnA
/9 ra- W .=h. — _ hyy, —h,
nali ; - Vﬁ s-t — "fg2' L "s—t d h h
Mler” Ml 02— o1
e
— h, —h
- _ _ 2' 1
—a W= '12 h s-s
= h,, — h,,
c
- )
Problem 1

Air as a perfect gas flows ingf'dud at &€iocity of 60 m/s, a static pressure of 2
atm., and a static temperaturgyof 5U3%X. (a) Find total pressure and total
temperature of air at thasynoint iy the duct. Assume ratio of specific heats as 1.4. (b)
Repeat the problem witkja - 3wgvelocity of 500 m/s.

Given: (a) V=60 w'myo==1tm., T=300K (b) V=500 m/s, p=2atm., T=300K

Find (a) To = ¥and po=1? (3) To = ? and po="?

Solution: Equaticys used are
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T,=T+i—  Po_[q, y=1)M )
‘CP p 2
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T, -300+— %0 __301.70k
2x1005
v 60 0.1728

M = = =
JYRT /1.4x287x300
p, =2.07 bar
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T,-300+-°90 __ 42438

2x1005
4 500

= = =1.44
JYRT /1.4x287x300
p, =6.9 bar

Problem 2

Air enters a compressor at a static pressure of 15 bar, static temperature of 15°C
and flow velocity of 50 m/s. At exit, the static pressure is 30 bar, static temperature
of 100°C and flow velocity of 100 m/s. The outlet is 1 m above the inlat Find a)
1sentropic change in total enthalpy and b) Actual change in total enfnalpy

Given: pl=15 bar; T1=288K; V=50 m/s; p2=30 bar; T2=100°C; V2=100m¢ s; z2-
zl=1m.

Find a) Isentropic change in total enthalpy, b) Actual change 1 total enthalpy
Solution: Plot the h-s or T-s diagram as shown in fig.

pl=15 bar; T1=288K; V=50 m/s; p2=30 bar; T2=100°C; V2100m/s; z2-z1=1m

Isentropic change in total enthalpy =%, — h,,
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Actual change in total enthalpy = h,, — h,,
hy,—hy, =c (Toz - To1)
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hy, —hy, =c,(T,, - T,,) = 89099.8 KJ/kg

Finite stage efficiency

ik

. A stage with a finite pressure drop is a finite stage

2. In a multi-stage turbine along with the overall isentropigefficiency the
efficiencies of individual stages are important

3. On account of large pressure drop and associated theimodynamic effect the
overall isentropic efficiency is not a true igdex of aeroaynamic or hydraulic
performance of machine

4. Different stages with the same pressurcidrop focated in different regions of

h-s plane will give different valueg of w&ig ot iput

Effect v£°Ke) eat (Turbines)

Consider four numbeiof gfamagbetween two states as shown in fig.
It is assumed that the prcgsure ratio and stage efficiency are same
for all the four stoges!
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Overyllseriiciency =n; =—2
The acpal work during expansidn from state 1 to state 2 is

W,=nW,——-2
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The values of ideal or isentropic work in the stages a2

AWs15AWSZJAWs3JAWs4

The total value of actual work done in tijase £ ages are
W,=> AW, =n (AW, =AW + AW+ AW, )-—-3

W,=nW,——-2
Equating eq. 2 and e¢ 3

Wa - I'.'.‘l — ?stZAWsi
i=1
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The slope of constant pressure lines on h-s plane is given by
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The above equation shows that constant pressure lines must diverge towards the
right
A Wsi
oA >1---6
w
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M=

This makes the overall efficiency of the turbine greater than the individual stage
efficiencies

’77 >nst

4
The quantity ZA W,  is known as reheat factor and is alWays greater than
i=1

one.
w

S

Reheat is due to the reappearance of stage losses{amincreased enthalpy during
constant pressure heating process.

RF=-"T 5,
Ne

Infinitesimalsstageetficiency or Polytropic efficiency
(Turbines)

* To obtaijthe truj) acrodynamic performance of a stage the concept of small
or infinitestipalditage is used
* Thisis @ Wgmaginary stage with infinitesimal pressure drop and is therefore
indep‘ident of reheat effect
* Fig. sliows a small stage between pressures p and p-dp
The efficiency of this stage is

_actual temperature drop  dT
~ isentropic temperature drop dT,

Ny



1 Pl
- =
11 1
I\
v
\ n
\ =
\T _—
A\l —"
—] \
\ i
AT N al e I
Uis \ -0
1 N\ T
—
— N,
N
N
N\
N
N 7
~. 7 No
— L
9
TA e — Ll
~—
PA

[\

wn

For infinitesimal isentropic expansion

y-1
T-dT, (p-dp
T p
y-1
1_dTS= _dp\r
T p

Expanding the terms on r.h.s. using @non' al expression and neglecting terms
beyond second
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Integrating the eq.2 between limits 1 and 2
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The irreversible adiabatic (actual) expansion proc:siean be considered as
equivalent to a polytropic process with indexgn.

% 2( %J(VYJ% :( » j(",,w

Equating indices

y—1j n-1
£ n —
( y )" R
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When np=1, n=y the expansion line coincides with the isentropic expansion.
The efficiency of a finite stage can now be expressed in terms of small stage
efficiency. Taking static values of Tand p and assuming perfect gas
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Equations 7 and 8 can give the efficiangies \f various finite expansion processes
with different values of pressure ralto asffymail stage efficiency

Problem 1

The overall pressure ratio through a 3 stage gas turbine is 10 and efficiency is 86%.
The temperature at inleiis 3490 K. If the temperature rise in each stage is same,
determine for eachggtage' &) pressure ratio (b) stage efficiency.

Given: T1=14Q0K; pin2:10; n=86%; ATst= constant

To find: pressurcyratio for each stage and nst

Draw the T "diagragfand assume the gas to be perfect gas

T2’




n=T1=T2 _ggg
T1 T2

y-1

04
T _ (sz :(ij”; T, =725.1K
T, \p 10

-.T,=819.6K
T,-T,=580.37K
Temperature rise in each stage is same

AT, = 58‘;37 = 193.45K

T, =1206.55K and T, =1013.1K

( v ], ge(T] log, 8796
y-1 T,)_14, 7 1400 _ g g14

p,) 04 1
Ioge( j ’Oge( j
p; 10

np_

Py _ (LTV:)”” _ (_1205-5‘ e 0.527

p, \T, 1400 )
P _ 1.895
Py
First stage efficicycy ig given by
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Pressure ratio and stage efficiency of 2 stage is given by

T, =1206.55K; T, =1013.1K

&:[L)(v%np :( 1013.1 j0811::4 _ 0.471
p, \T, 1206.55
S
&=0.471; Px_25 12 nst=1_pr i_, ; where pr="x
P Py s pr(_y] P

ny =0.797

Pressure ratio and stage efficiency of 3 stage is giveihy

T,=1013.1K; T, =819.6K

Pz _ 402 Pr _248;
py p2
n., = 0.7938

Problem 2

In a 3 stage turbine the piedsurcratio of each stage is 2 and stage efficiency is
75%. Calculate #iie oviyralefficiency and power developed if the air is initially at a
temperature of “§00°C &hd flows through it at the rate of 25kg/s. Also Find the
reheat factax

Given: nst=\755 3, stage turbine; pressure ratio across each

stage=2; T15000°C; mass flow rate = 25 kg/s To find: n=?; P=?; RF=?

Draw the T-s'iagram
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1-pr?Y
- .2857%np
1-(0.5) _0.75

1 _ (0 5)0.2857
n, =73.07%
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n=78.62%
1 .7307x.2857

P =rirc,(T,-T,)=25x 1.005><873><(1—§j =7724.25KW

pr-__07862 _, 54g

n, 0.75

Finite stage eiiiCier cy (Compressor)

* A compressor with a“‘inifg” Zfessure rise is known as a finite stage

Stage work is a functiotipf initial temperature and pressure ratio

For the same prejsur:maatio, a stage requires a higher value of work with
higher tempasgture

Thus cqdipresscs stges in the higher temperature region suffer on account
of this

The abovi, fastors iyfve a cumulative effect on the efficiency of multistage
compressor



Effect of preheat (Compressor)
Consider a compressor with four stages as shown. It is assumed that all the stages
have the same efficiencies and pressure ratios.

VA AR 2 / WAL
VVe AWS3/  _n. WE!
| [ d
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The total isentropic work from state 1_to 25¢s Ws.
The isentropic work in the individufil stages ae AWsl, AWs2, AWs3 and AWs4
The overall efficiency of the comprogsor isi 1=Ws/Wa

AW,, DL, TEW, AW,

Howevern,=——>='=— 2 :
w, ny Wyz w,,
w. —LZ":/"V 1
a_nst - Vi Wa:n—:(AWs1+AW52+AWS3+AWS4)
w st
but — <"

4

Z‘ " /si
i=1
This makes the overall efficiency of the compressor smaller than stage efficiency

n<nst

This is due to the thermodynamic effect called ‘Pre-reheating ; the gas is not
intentionally heated( preheated) at the end of each compression stage. The preheat
in small constant pressure processes is only an internal phenomena and the
compression process still remains an adiabatic process.



Infinitesimal or Polytropic Efficiency (Compressor)

A finite compressor stage can be made up of infinite number of small stages
Each of these infinitesimal stages have an efficiency #p called polytropic
efficiency or infinitesimal stage efficiency

It is independent of thermodynamic effect and is therefore a true measure of
the aerodynamic performance of the compressor

Consider a stage in which air is compressed from state 1 to state 2. It also
shows an infinite stage operating between pressures p and p+dp
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using bionomial expansion

1+de = 1+(V—_1j@
T Yy Jp

dez(y—1Jdp
T Yy ) p




Substituting the value of dT’s into equation 1
dT (y—fIdpj
n, =
T y A p
dT ziy—q(dpjx 1,
T y \p) n,

Integrating eq.2 between state 1 to 2
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Assuming the irreversible adiabatic compression s @auivalent to a polytropic

process with index n, equation 3 can be writtda as

y-1 n-1
5
P; P:
y-1 n-1
yn, n
y-1_"“wn— yn,
o= 4 a1 1-y(1-n)) ’

The efficicaciwaf firlie compressor stage can be related to small stage efficiency
The actual tofliperature rise is given by

TZ—T,:T,L£—1]:T, pr' —1| where pr:&
T, p;




Probleml1

A 16 stage axial flow compressor is to have a pressure ratio of 6.3, with a stage
efficiency of 89.5%. Intake conditions are 288K and 1 bar. Find (a) Overall
efficiency (b) Polytropic efficiency ( ¢) Preheat factor. Assume pressure ratio per
stage is same.

Given: 16 stage axial flow compressor, pressure ratio = 6.3, nst=89.5%, T1=288K

and pl=Ibar
Solution:
Pz _Pe_  _Ps_P:_copstant=x
Pis  Pis P> P
Pz _g.3- x
P;

X = pressure ratio per stage=1.1279

(21977 1

vy Y 44,07\ 857/n, 4
(pr)iT,,—1 (1.227TQ)°7%7 _1
n, =0.9045
y-1 ,
(pr,)v —1475.3)%%7 -1
(A 87.75%
pr, Jyn, — 1T B
n _0.8775

Preheat t.octor = =0.97

n, 0.9095

Problem :

An air conorfssor has 8 stages of equal pressure ratios of 1.3. The flow rate
through the ¢o»mpressor and its overall efficiency are 45 kg/s and 80% respectively.
If the conditions of air at entry are 1 bar and 35°C determine (a) State of
compressed air at exit (b) polytropic efficiency (c) Stage efficiency

Given: 8 stages of equal pressure ratio of 1.3, mass flow rate of 45 kg/s, n = 80%,
pl=1bar, T1=35"C

To find: (a) p2=?, T2=? (b) np=" (c) nst=?



Stage pressure ratio = 1.3;
Overall pressure ratio = (1.3) =8.157

y-1

Q ~ (&jy ~ (8, 157)0.2857
T, \p 1
T, =561K
p_Te=Ti_ g 561-308
T,-T, T,—-308
T, =624.26K p,=8.157bar
(Y;1j log, ﬁz Ioge(a. 1157)
= L = 0.2857 L - — 84.88%
e log I log (640
°T, “IN308 J
y-1
= 0.2857
(pryy -1 1(3%%%87%1 .
Ne: = v—1 %N 02007 84.3%

(pr)m, - 4 20.8488 _ 1



