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In last lecture we discussed...

+ Compression process on T-S diagram
+ Concept of Isentropic and polytropic efficiency
+ Criteria for selection of number of stages
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Hello and welcome to tutorial session for module one. This is what we have discussed in our

last lecture. We have represented our compression process on T-S diagram. Then we have

discussed about different concept of isentropic efficiency and polytropic efficiency. And

slowly we have realized this is what is a fundamental that is what will be giving us idea in

sense of selection of number of stages. So, let us try to understand that by using a numerical.
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A heavy duty industrial axial flow compressor is to be designed to deliver a total pressure ratio of
3.375. The targeted adiabatic efficiency of the single stage configuration is 90%. Calculate the exit
total temperature if the stage inlet temperature is 288 K.

Newly joined engineer has proposed to go with multi-stage configuration considering 3 stages of
cqual pressure ratio and Polytropic efficiency of 90% each.

Designer would like to know the resulting changes of stage exit temperature and overall efficiency
in the multi-stage configuration . (Assume y = 1.4)

Solution
Given data,

for single stage configuration
Bowut =3375 To calculate - Stage exit temperature
N =90%
T, = 288K
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So, take this as a numerical. What it says? A heavy duty industrial axial flow compressor is to
be designed to deliver a total pressure ratio of 3.375. The targeted efficiency for single stage
configuration is 90%; so, for that particular pressure ratio, your targeted efficiency is 90%.
Calculate the total temperature if the stage inlet temperature is 288 K. Now, newly joined
engineer has proposed to go with multistage configuration calculation considering three stages
of equal pressure ratio and polytropic efficiency of 90%, okay. So, designer would like to know

what will be the resulting change of stage exit temperature and overall efficiency.

It says assume your y =1.4. So, let us try to understand, say... it says we are having already
having our axial flow compressor, that’s what is generating your pressure ratio of say... 3.375;
and it says adiabatic efficiency is roughly 90%. Now, new engineers like you or already
experienced engineer like you, he has proposed let us try to do calculation with what number
of stages we have made that compressor; and assume this polytropic efficiency to be 90%,
okay. So, let us start with the solution. What it says? We are having our given data that’s what

is for single stage configuration, overall pressure ratio is 3.375.

Our adiabatic efficiency is 90% and total temperature at the entry is 288 K. And we are looking

for our stage exit temperature.
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The adiabatic efficiency of a compressor stage is given by

2 A Given-Adiabatic efficiency,
N, = L 1T where r = stage total temperature ratio Total pressure ratio &
5 Stage inlet temperature
The stage total temperature ratio thus can be expressed as ]
) Calculate stage Temperature
= I +1 ratio
1, ) T
: 14-1 .
A . | 3‘3751 14 ) Calculate stage exit
=7 =— 1= +1 temperature
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. 09
from given data
D e = 1.462 T ovrar =3:375

Moo =90%
I, = 288K




The stage exit temperature can be calculated as
Given, Adiabatic efficiency,
I

2 = T supe X Ty = 1462 288 Total pressure ratio &

Stage inlet temperature
=T, =42098K T

Calculate stage Temperature
ratio
)
Calculate stage exit
temperature

Isentropic Temperature at exit of Stage

from given data
o = 3375

N =90%
T, = 288K

So, let us see. Suppose if | consider this is what is representing my overall compression ratio
of 3.375; so that process we are representing on T-S diagram. So, it will be having my entry
temperature To1 and my exit temperature as say... To2. This (Tozs) is what is representing my
isentropic exit temperature from the compressor. So, how do we move forward? Let say, what
all we know we are having our adiabatic efficiency; for the stage it is known to us. We know
what is our total pressure ratio; we know what is our entry temperature; so, based on that we

can calculate our temperature ratio.

And from that we can try to calculate what is our exit temperatures. Say, what is my To2 and
what will be my Toos. So, with this given data, let us move ahead. What we know from our
fundamentals? Our adiabatic efficiency for the compressor that’s what is represented by my

pressure ratio divided by my temperature ratio, okay.

7) Z1

T]C: T_l

Here in this case, we can write down our, say... stage total temperature ratio in sense of my
pressure ratio and efficiency. Because what | know? | know what is my, say... pressure ratio;

so, let me put these numbers.

So, my pressure ratio we are putting 3.375; we are having our compressor efficiency to be 90%.
And if we are putting that, that is what will be giving me my stage temperature ratio as 1.462,

okay.
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33755 -1
t= 09

T=1.462

Now, with this temperature ratio, we will try to calculate what will be our exit temperature. So,
let me write down here. We can write down; my temperature ratio is given by T, /T,;. Since
my Toz is known to me, so | will be putting that; it is 288; that is what will be giving me what
is my actual temperature To2 from the exit of my stage. It comes 420.98 K.

To2 _
T01 - Tsinglesmge

TOZ - TSingleStage X TOl == 1.4‘62 X 288

= T,, = 42098 K

Now, let us see we are also interested in what is our exit temperature, if we are considering our
compression process to be isentropic. So, from our fundamental equation | can write down

efficiency as Tozs minus To1 divided by To2 minus Toz.

This Tog, it is 288 K; that’s what is known to us. This To2 that is what we have calculated, it is
420.98. If we put these numbers here, it says my isentropic temperature coming from my stage,
it is 407.68 K. So, that is how we are calculated if we are considering our overall pressure ratio
is of 3.375.

= TOZS = TOl + nS(TOZ - TOl) == 288 + 09 X (42098 _— 288)
= TOZS = 4‘0768 K

This (To2) will be my exit absolute temperature and this (Tozs) is what will be | say... exit
isentropic temperature, okay. Now, this is what is a first requirement; so, I can this is what is

our solution one.
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Case 1- Three stages with equal pressure ratios and stage adiabatic efficiency of 90% each

. xR | 2 from given data
To calculate - Resulting overall adiabatic efficiency and exit temperature + w3375

e = 90%
Number of stages-3

Calculate individual stage
pressure ratio

Stage-3 l
Stage-2

Actual temperature
Stage-1 &

Isentropic temperature at
) ) the exit of each stage
The pressure ratio of individual stages can be calculated as ‘
D J ) ) 1
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Efficiency of multi-stage

Dr. Chetan S. Mistry

Hence, pressure ratio of individual stages can be calculated as

from given data

| 1
7, =(7,, ) =3375° from given data Tows * 3375
Toua 23375 N ® 0%
S 1, = 288K

Number of stages-3

Since each stage operates under same pressure ratio and adiabatic efficiency
m=m=x=15and

n=n=n=09 (given)

The temperature ratio across the individual stages can be calculated using,

(¥}
£ e
T, Y S|
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Or. Chetan S. Mistry

Now, what it says; like as per the proposal, we will be dividing our compression process using
three stages. And it says they are having same pressure ratio and same polytropic efficiency; it
say 90%. So, this is what is being represented on our T-S diagram; | can say, this is what is my
entry temperature, and this will be my exit temperature. So, how do we proceed further? Here
we are looking for calculation of our adiabatic efficiency considering multistage configuration.

So, what we will be doing? We know our overall pressure ratio.

Then, it says we need to calculate what is our individual pressure ratio; because we are
considering three stage configuration. Once we are calculating our individual pressure ratio,

we can do our calculation for my actual temperature and we can do our calculation for



isentropic temperature. Once this is what is known to you, you know it says, like designer is
interested in what is the change in temperature, and what is the change in efficiency. So, we
will be comparing what solution what one we have done with; and next what... what we are

going now, okay.

So, with this understanding what all we know? Say, for this three number of stages, | can write
down my pressure ratio as Py, /Py, Okay. It says for all the stages my pressure ratio is same;
so, this Py, /Py, that is what | am representing as

_FPor _Poa FPos FPor

T. = =
° POl PO3 POZ P01

What | have done? | have multiplied and divide with this pressure ratios, or these pressures;
Poz | am multiplied here and divided here; same way multiplied here and divided here.

Remember one thing, this compression ratio is not the addition.

We have common understanding, what it says? We are talking about say... compression ratio
of 20; then we are adding these compression ratios; remember that’s what is a wrong idea,
okay. So, basically my compression ratio that is what has been represented in this form. What
it says? This is what | can write down, my overall pressure ratio or my stage pressure ratio, that

is what has been represented in sense of say,

1
g = (ﬂOverall)n

Let us put here, what it says? My total pressure ratio that’s what is given to me, it is say 3.375.

I can write down what | am looking for is say, three number of stages.

1 1
s = (Toverau)™ = 3.3753
=, = 1.5
Since my pressure ratio is same for all the stages; that is the reason | am writing that as, say...

3.3755. Be careful when we are doing our calculation, what instructions that’s what is given,
you follow those instructions. When we are designing our axial flow compressor, it may be
possible that for few stages, you will be having your pressure ratio to be different. For a few
stages, you will be having your polytropic efficiency to be different. We will be discussing how
this pressure ratio and how this polytropic efficiencies we are considering for particular stages,

okay.



For this numerical we have considered our pressure ratio to be same for all the stages; we have
considered our polytropic efficiency to be same. So, that is what it says my pressure ratio for
individual stage that’s what is coming 1.5. So, now | can write down this is what is my pressure
ratio for individual stage; it is coming 1.5. And this is what is my efficiency; that’s what is

given, it is a 90%.
m =mn, =713 = 1.5and

n =1, =n3 = 0.9 (given)

Now, with this background, you know, we can use our fundamental understanding of say
temperature ratio. This temperature ratio that is what we are representing now in sense of stage,

so be careful! Here this is what is written in sense of particular stage, okay.
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Stage-1

The temperature ratio across the individual stages can be calculated using,

r-l
,1,' ’—l
n,

r= +1

: L8
Temperature ratio across Stage-1 =r, = I—“ F @71’
(
o

i - We know,
Temperature at the exit of stage-1 T, =r,  xT, =1.136x288 . sl$
2, =15

=T, =321.16K T, =288K

) T, =T, 7,,=09%
Isentropic Temperature at exit of Stage-1 7= 7=

288

0.90 = —8—=
32796-288

=Ty, =38.24K

So, if I am considering my Stage-1, so just look at here, this is what is my Stage-1, where | am
having my entry temperature as say To1; my exit actual temperature that’s what is say To2, and
my isentropic temperature at the exit is Tos. S0, what we are looking for is we want to calculate
what is my To2 and what is my Tozs, okay? So, based on that | can write down my temperature
ratio for Stage-1 is say Ty, /Tp1. That’s what is 1.5 to the power this ratio; that’s what is giving

me my temperature ratio as say 1.136, okay.



Temperature ratio across Stage — 1,

1.4-1
—T02—1'5(T>_1+1—1136
1T T T 09 -

Temperature at the exit of Stage — 1,
Ty, = 15_1 X Tpq = 1.136 X 288 = 327.16 K

Now, for Stage-1, | know what is my entry temperature. So, based on that I can calculate what
is my actual temperature at the exit of my Stage-1, okay. So, if I am putting this number, that’s
what is giving me my actual temperature from the exit of my Stage-1 as say 327.16 K. Now,
in order to calculate what is my isentropic temperature at the exit of my Stage-1, | will be using
my fundamental equation. What it says? It is my isentropic enthalpy rise divided by my actual
enthalpy rise, and that is what if 1 will be putting my numbers; so Tozs, that’s what is known or

known to me in this equation. | say, this To1 and To2 are the known parameters.

Isentropic Temperature at exit of Stage — 1,

— TOZS - TOl
Ts=1 = 7 =T,
Typs — 288
099 ==———
327.16 — 288

= Typs = 323.24 K

So, if | am putting that; that is what it says my isentropic temperature at the exit of my Stage-
1, it is 323.24. Now, you know, like this is what is giving you indication, okay. Just look at
these numbers, this is what is coming to be higher, this is what is in line to what we have

discussed; my To2, that’s what is coming to be higher compared to my Toos.
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Stage-2

(144 )
Temperature ratio across Stage-2 =7, , = ;— gl “‘l)‘ ~le1=1.136 Stage-3
«© Stage-2
Stage-1
Temperature at the exit of stage-2 T, =r, xT,= 1.1.16
We know,
=1, =371.65K Teiay =18

T, = 320.16K
2 : (= Doyl sl =090
Isentropic Temperature at exit of Stage-2 S ERENE
T, =316
37165-321.16
.

=T, =3672K

Similar to this, I can go for a calculation for my Stage-2. Now for Stage-2, | can write down
my temperature ratio, that temperature ratio is nothing but Toz by To2. If | am putting these
numbers, because my pressure ratio is known to me and my efficiency, that’s what is given to
me. | can calculate what is my temperature at the exit of my Stage-2, okay. If I am putting this
number from earliest stage, we have done our calculation for To; that’s what is say... 327.16.

And if | am putting this number, it says my temperature at the exit of my Stage-2 is 371.65 K.

Temperature ratio across Stage — 2,

G

= les_ 1=1136
fs—2 = 09

Temperature at the exit of Stage — 2,
Toz = Ts_p X Ty, = 1.136 X 327.16 = 371.65 K

Isentropic Temperature at exit of Stage — 2,

— T03s - T02
Ts-2 T03 - T02
To3s — 327.16
0.9 = 03s

"~ 371.65 — 327.16

= TOZS == 3672 K

In line to what we have done calculation for our isentropic temperature at the exit of the stage,

here for exit of my Stage-2, | can write down this equation for, say... my polytropic efficiency



for particular stage and | am able to calculate here or we are calculating here, this is what is say
my Toss; that is nothing but my isentropic temperature at the exit of my Stage-2. Now, with this
understanding you can easily calculate what will be my temperature at the exit of my Stage-3,
okay.
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Stage-3
T
" (1K)
. L. 15 =]
Temperature ratio across Stage-3 =r, = I—i =t 1=1.136
{
4 Stage-3
Stage-2
Temperature at the exit of stage-3 T, =r, T, =1.136x371.65 Stage-1

=1, =422.19K We know,
LI y=1.5

g 7.37 T, =371.65K
N ic Temperature at exit of Stage- N, =t
Isentropic Temperature at exit of Stage-3 h T Doy =090

.
T,,-37165
e el
4221937165

=T, =417.14K

So, here what we are doing? We are having our temperature ratio; that is what we are
representing in sense of Ty, /Ty3. We know our pressure ratio, we know our efficiency; based
on that we can calculate what is our Tos. So, this Tos is nothing but this is what is my exit
temperature from Stage-3; or for this case, this is what is my temperature - total exit
temperature from all the stages. Now, in line to what we have discussed, here | can do my
calculation, what will be my isentropic temperature at the exit of my Stage-3? So, this

temperature that’s what is coming Toss; that’s what is 417.14 K, okay.

Temperature ratio across Stage — 3,

(57)
o Il qa36
3= T T 09 -
Temperature at the exit of Stage — 3,

Tos = Ts3 X Tos = 1.136 X 371.65 = 422.19 K

Isentropic Temperature at exit of Stage — 2,

— T03S - T02
Ts-2 T03 - T02



0 9 _ T03S - 371.65
742219 — 371.65

= Typs = 417.14 K

Now, this all temperatures, they are known to us. So, that is what will be helping us in sense of
doing our calculation for the efficiency - overall efficiency, when I am going with multistage

configuration, okay.
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3- stage configuration

Overall temperature ratio can be calculated as
T, 4219

r, =

- 1.467

The resulting adiabatic efficiency for 3-stage configuration

We know,
= 288K
Fogus =1 I, =422.19K

can then be calculated as,

Tl i =} I, =417.14K
3 l7$" Ay - Single stage
-1 . s s
T, =42098K

Hence, the overall adiabatic efficiency of resulting stage is 8.9 % I =407.68K
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So, here, this is what we are representing in sense of my multi stage configuration. So, for multi
stage configuration, I can write down my overall stage temperature ratio as Ty, /Ty, okay. This
Tos, that’s what is my say... actual temperature that’s what is coming from my multi stage
configuration. This Toz that’s what is 288 K, it is given, okay. So, this is what will be giving
me what is my overall temperature ratio when | am considering a multistage configuration.
Now, based on that from our fundamental understanding, we can do our calculation for overall

efficiency with multistage configuration.

Overall temperature ratio can be calculated as

Ty, 422.19
Toverall_3stages = H = 288 = 1.467
1

The resulting adabatic ef ficiency for 3 stage configuration can then be calculated as,

y=1

) 1

overall

Noverant = 1
Toverall_3stages



1.4

33751 —1
Moverall =~ 27— 1 — 0-889

1

So, I will be putting my overall pressure ratio that’s what is known to us, okay. So, let me put
that number, it says my overall pressure ratio is 3.375, okay; and my temperature ratio for all
the three stages that’s what is 1.467. And let me calculate that efficiency; that’s what is coming
88.9%. Now, what we were discussing in our class? As | told, like people they are giving
efficiency as a number, okay. What they are saying? My compressor is having efficiency of
90%. So, I told, you just check with whether that efficiency what they are talking is per stage

efficiency, or say its overall efficiency.

Just look at, though we have considered our per stage efficiency 90%; my overall efficiency is

coming at 88.9%. So, do not get confused with this number game.

(Refer Slide Time: 18:45)
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T, 407,68 K| ATo=417.14K Suge-3
| {Stage-2
Stage-|
Single stage configuration Multi-stage configuration
0= 9% 3 stages and each stage y = 90%

Pressure ratio 3375 Stage Pressure ratio 1.5

Stage exit temperature | 4209K Stage exit temperature | 4222K
(Ty) (T

Isentropic stage exit 40768K | Isentropic stage exit 417.14K
temperature ( l,‘;‘) temperature ( T._“D

| 2,
Novenll bl Noverals 88.9%

Let us try to understand what exactly is happening and why we are having this difference in
number. So, here if you look at, this is what is a calculation for my single stage configuration,
where my pressure ratio is 3.375. We are having our exit temperature what we have calculated,
itis 420.9 K. My isentropic exit temperature what we have calculated, that’s what is 407.68 K;
and you know, our overall efficiency, that’s what was given - it is 90%, okay. Now, if | do my
calculation for my ATos that’s what is coming here. This is what is coming in sense of my -

what is my temperature.

Here if you look at, when | am going with say... my say... multi-stage configuration; it says

my pressure ratio is coming 1.5. Same way if | am calculating my isentropic temperature at the



exit of my stage, it is coming 417.14; and my overall efficiency is coming 88.9. So, here if you
look at, this ATo when | am considering single stage, and when I am considering my multi-
stage; that’s what is giving me high temperature at the exit of my stage, okay. So, with this
understanding, | am sure you maybe able to solve the further numericals or you maybe able to
understand what all can be done if you are doing your design; because this is what is initial

starting of your design concept.

Because initially only we will be starting with our assumption of polytropic efficiency. We are
interested in overall efficiency, but when we are doing our design, we are designing individual

stage. That means we are more interested, what we say, in sense of our polytropic efficiency.
(Refer Slide Time: 20:55)

Industrial axial flow compressor is to be designed to deliver a total pressure ratio of 7.36. It is proposed to have
three stages with individual pressure ratios of 1.6, 2.0 and 2.3 respectively. The polytropic efficiencies of the first,
second and third stages are 80%,75% and 79% respectively. Assuming y = |.4

(1) Calculate the overall total-to-total efficiency of the resulting stage.
(2) What should be the polytropic efficiency of the last stage in order to have an overall efficiency of 78%,
Consider first 2 stages as case-1 ( PR- 1.6, 2.0 Efficiency as 80%,75%) ?

From the given data, Hint Case-1 Hint Case-2
7=16 n =08 Given- polytropic efficiency, Given- Overall efficiency, Total

A Total pressure ratio pressure ratio of 2 stages
7,=20, n,=075 l
7=23 =079 l .
Case- 1 =9 Calculate stage Temperature Calculate stage Temperature

- ratio ratio of stage-3
Case-2 Ny e = 8%, = T I
Calculate stage Calculate polytropic

efficiency efficiency

Now, in order to build your confidence, let us see, you do one calculation at your own in
homework; this is what is your assignment problem. What it says, like industrial axial flow
compressor is to be designed to deliver your total pressure ratio of 7.36. It is proposed to have
three stage with individual pressure ratio of 1.6, 2 and 2.3. Just look at here, my individual
pressure ratio is not same; they are given different, do not get confused with this, okay. You
have learnt these fundamentals in the class; so, you will be able to understand if | am having

say... different pressure ratio what needs to be done.

The polytropic efficiency for first, second and third stage that’s what is say... 80%, 75% and
79%. Assume your y to be 1.4. Calculate your overall total-to-total efficiency for resulting
stage. What should be the polytropic efficiency of your last stage in order to achieve your

overall efficiency of 78%, okay? Consider first two stages, say... the pressure ratio of 1.6 and



2; and their efficiency as say... 80% and 75%, okay. So, | am sure you are able to solve this
numerical, okay. What it says? You are given data with pressure ratio of 1.6 and efficiency
80%.

For second stage, it is having pressure ratio of 2 and efficiency as 75%. For Stage-3, it is having
pressure ratio of 2.3 and efficiency as 0.79, okay. You are looking for overall efficiency and
for stage or say, for second case, you are looking for your overall efficiency to be 78%. What
need to be the efficiency of my third stage, okay? So, this is what | am sure you are able to do
this part. Let me try to give you a hint; that is what will be helping you in solving this numerical,

okay. Let me give you the hint for case-1.
Given data,
T, =16 1n,=08
m, = 2.0, n, = 0.75
T3 = 2.3, n, = 0.79

Case — 1 Nallstage =
Case — 2 Nallgrage = 78%, Ng—3 =7

What it says? It is given with the polytropic efficiency and total pressure ratio for all the stages.
So, you are able to calculate what will be your temperature rise or temperature at the exit of all
the stages, okay. And that is what will be helping you in sense of calculating your overall stage
efficiency; this is what is doable, okay. Now, in order to solve your second case what it says?
You are having your overall efficiency that’s what is given to you. And total pressure ratio for
two stages that’s what is given to you. So, you know at the entry of your third stage, you know

what is your temperature and what is your pressure, okay.

So, based on that, for particular efficiency requirements, you can have your stage temperature
ratio for stage-3 you can calculate; and based on your understanding, you can put your
polytropic relation, and you can calculate your polytropic efficiency. So, this is what is the end
of our first module. That’s what is say, introduction. Now, we will be moving ahead with our

next stage from the next lecture. Thank you. Thank you very much!



