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Lecture — 11
Brayton Cycle with Intercooler

Welcome to the class we have seen that how does the Brayton cycle work and how it is useful
for aircraft propulsion. We have found out what is the optimum case in which a Brayton cycle
should operate and then what is corresponding Net work and efficiency. Then we have thought
that we can improve the performance of the Brayton cycle by having certain attachment and
we have seen that there can be an attachment of heat exchanger and there can be also an
attachment of re-heater.

So those attachments have their own advantages now we are going to see in today's class
Brayton cycle with intercooler or Brayton cycle with inter-cooling. Here we will see what is
the use of intercooler and how does Brayton cycle’s operation changes or how does Brayton
cycle's operation change with the attachment of intercooler. We would also see the performance

of Brayton cycle with all the attachments whatever we have considered.
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So, let us start with Brayton cycle with intercooler now play here we will first draw the
schematic and schematics is that there will be one compressor and then this compressor would

compress but this is for us now the low pressure compressor. After low pressure compressor



before going to high pressure compression this air will get cooled and then it would enter into
the high pressure compressor this is high pressure compressor and then there is cooling of this

air using some coolant.

And then this is what we are referring here as intercooler. Then from high pressure compressor
air will go into the combustion chamber and from combustion chamber air will enter into the
turbine. So, here we will have state 1 here, state 2 here, state 3, state 4, state 5 and state 6. So,
as what we can see in case of re-heater we had 2 turbines and one compressor in case of
intercooler we have with this schematic we have 2 compressors and we have one turbine. This

is according to the present schematic.

Then we can draw the thermodynamic cycle for the inter-cooling and this cycle will draw first
TS diagram and as per TS diagram state 1 to 2 it is compression which is isentropic so we are
at state 1 and state 2 is isentropic compression then state 2 to 3 is intercooler and as what we
know in Brayton cycle other heater heat addition or heat rejection processes are isobaric this is

also an isobaric cooling.

Since it is cooling temperature will decrease entropy will also decrease and it can come to any
temperature down but we will refer it coming down to same temperature as 1. So, the state is
3 temperature is equal to state 1 temperature. Then we will have 3 to 4 as high pressure
compression. So, we will have state 4 here then from state 4 to state 5 we have heat addition

isobarically.

Then 5 to 6 we have isentropic expansion and 6 to 1 we have heat rejection. So, this is the
thermodynamic cycle with inter-cooling for Brayton cycle. Now we will see how PV diagram
would be for the inter-cooling process in Brayton cycle. So, here we have 1 to 2 as isentropic
compression and 2 to 3 is cooling isobaric. So, this is 3 and practically we will have same

temperature this is Isothermal line on the PV diagram.

And 3 to 4 is this, we have; we will see this is isothermal line this is 3 to 4 is isentropic
compression 4 to 5 is isobaric heat addition 5 to 6 is isentropic expansion and 6 to 1 is again
isobaric heat rejection. So, here we have low pressure compressor here we have high pressure

compressor, here we have combustion chamber and turbine. Similarly in the TS diagram here



we have low pressure compressor here we have high pressure compressor combustion chamber

turbine and this is the place where we are having intercooler.

Here we are having intercooler in 2 to 3 so this is how we will have Brayton cycle diagram
with the intercooler. Here as what we can see there is no alteration in the turbine work turbine
one does not get altered so far as the temperature 5 is same without or with inter-cooling this
6th is same then we will have same turbine work output inter-cooling just reduces the

compressor work.

So, mainly inter-cooling reduces compressor work and it does not alter the turbine work. So,

in general W net increases with inter-cooling.
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Heat and Work Interactions in the Presence of Intercooler
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So, we will see about it then for that let us consider the heat and work interactions in the
presence of intercooler. So, for that all sake we will again draw TS diagram for the intercooler
T y-axis and S in the x-axis. So, for us 1 to 2 is isentropic compression 2 to 3 is isobaric heat
rejection in intercooler, 3 to 4 is isentropic compression, 4 to 5 is heat addition in combustion
chamber isobaric 5 to 6 is expansion in turbine, 6 to 1 is again heat rejection. So, considering
this we can write down

W, =W, + W,

| L.P.C lHPC



W, = (hy — hy) + (hy — h3)
W, = Cp(T, = Ty) + Cp (T, — T3)
Wy = hs —hg = C,(Ts — T)
Qin =hs —hy = C(Ts —Tu)
Whete = We — W
Waet = Cp(Ts = Te) = {Cy (T = T1) + G (Tu — T3)}

Whet
Qin

So, this is how we can find out work and heat interactions and the performance for Brayton

cycle with intercooler.

(Refer Slide Time: 10:07)

Optimum Inter-cooling Pressure
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But we have to argue with a point that we did stop inter-cooling at a state and that state was 3
for us, so we did compression in low-pressure compressor from 1 to 2 and then we did inter-
cooling from 2 to 3. So, this state 3 at this moment is in argument and we should find out what
is this optimum location for state 3 such that we will have minimum compressor work. So, we
will try to find out what is the condition in which we can have minimum compressor work

input such that we will have the point 3 accordingly chosen.

So for us we will again write down



W, =W, + W,

| L.P.C lnpc

W, = (hy — hy) + (hg — h3)

We=0CplT, =Ty + Ty — T5]
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t
VVC =CpT1 <t1 +t__2)
1

dw, t
dtc=0—>cpT1—cpT1.t—2=0—>t=t12—>t1=ﬁ
1 1

tLt,=t—>t; =t, =/t
Wer = WC|L.P.C = WC|H.P.C

We=Wey + Wey = CoTy(ty +t, — 2) = Ty (2VE—2) = 2, Ty (VE— 1)

r=1 r-1
14 14

P, P,
Tp1 = <P_1) iTp2 = <P_3) = Tp1 = T2 =T

So, this is how we can find out the optimum case.
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Efficiency with Intercooler
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Then we will find out what is the optimum work total work and what with the corresponding
efficiency. So,

W, = 2C,T, (Nt — 1)

Whet = Wy =W, = Cp(Ts — Tg) — {Cp (T, — Ty) + Cp (T4, — T3)}



Ts Ts T T Ts T,
Wnet=CPT1{—5——6——2+1+—4—1}...—5—M

= = [ = known
n T T T Ty Tmin

As per the Brayton cycle if we can try to plot it was T on y-axis and S on x-axis, so we have 1
to 2 low-pressure compressor 2 to 3 intercooler 3 to 4 high pressure compressor 4 to 5 as heat
addition and then 5 t0 6, here Ts = Tqr and Ty = T3 = Thpin-

Whee = GoTi {f = 2272 i + 2= o}
Wier = cpTl{ﬁ—g—z(\/E— 1)}:5(1—%)—2(\/5— 1)
G = Co(Ts = To = G Ty (= 7) = ST (B = 77)

Whet _{‘8(1_%)_2(@_1)}_5(1_%)_2(\/5_
Qn (B = e - (B =)

So, this is the formula for efficiency with intercooler for optimum case. Having said this we
can now find out how does efficiency vary with these cases and for that we will see how does

net work and efficiency vary with pressure ratio.
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As we have found out the relations for optimum case or for the pressure ratio variation. So, we

have % on y-axis and pressure ratio on x-axis, so this is a standard variation for a given 3;
pi1
for the net work, so S, this is 85 and this is 8,. Now if we see efficiency then this is efficiency

with respect to pressure ratio and efficiency would vary as this everything will start from o

so this is B, this is B, this is B3, this is 8, and beta is increasing in this direction. So, this is
the variation of efficiency and net work for the intercooler attachment of Brayton cycle.
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Now let us consider if we have all the attachments in the Brayton cycles practically we mean
3 attachments where we have intercooler, heat exchanger and then the re-heater. So, schematic
would be first we have one which is a low pressure compressor so this is a compressor and this
is a low pressure compressor from the low pressure compressor air will go into the intercooler.
So, we have intercooler attached along with the compressors. So, from low pressure

compressor air will go to the intercooler and then high pressure compressor.

From high pressure compressor air will enter into the heat exchanger. So, we draw heat
exchanger this is air entry into the heat exchanger and then it will go into the combustion
chamber from the combustion chamber air will enter into the first high pressure turbine. So,
this is turbine and practically high pressure turbine. Then we will have it entered into the re-

heater. This is the arrangement for re-heater where we will have heat addition.



So, this is low pressure turbine and from the low pressure turbine the exhaust will be sent into
the heat exchanger and then this is the heat exchanger which has entrance for the air from low-
pressure turbine and then also air from the high-pressure compressor. So, suppose this is 1 this
is 2 this is 3 this is 4, 5, 6, 7 then we will have air this is re-heater this is 8, 9 and then 10. So,

we have such all arrangements.

So now we can see what is the thermodynamic diagram cycle. So, here we have T on y-axis
and S entropy on x-axis. So, 1to 2 is low-pressure compressor, so we have 1 to 2 low-pressure
compressor then it is going into the intercooler. So, 2 to 3 is intercooler 3 to 4 is high-pressure
compressor after high pressure compressor 5 to 6, 4 to 5 is heat exchanger and then 5 to 6 in
the same pressure into the combustion chamber then 6 to 7 into the turbine, 6 to 7 is into the

high pressure turbine and from high pressure turbine air is going into the re-heater.

So, re-heater process will take place till 8 and then we have 8 to 9 low-pressure turbine and
then from 9 to 10 we have heat rejection into the heat exchanger and 10 to 1 is heated rejection
into the atmosphere for open cycle gas turbine power plant. So, we have one here low-pressure
compressor here we have intercooler here we have high-pressure compressor it is heat

exchanger for the air.

This is combustion chamber this is high pressure turbine this is re-heater this is low pressure
turbine and this is heat exchanger for gas. So, these are the different processes taking place in
2 different components. Now we will plot PV diagram for this from PV diagram says that we
have 1 to 2 as isentropic compression, 2 to 3 as inter-cooling, 3 to 4 as high pressure compressor

which is isentropic compression, 4 to 5 is heat exchanger isobaric heat addition.

5to 6 is heat addition into the heat exchanger sorry combustion chamber then 6 to 7 is isentropic
expansion in high pressure turbine. Then 7 to 8 we have re-heater heat addition in the re-heater
which is isobaric, 8 to 9 we have low pressure expansion into the turbine. Then 9 to 10 we have
heat exchanger for gases and then we have 10 to 1 as the process 9 is here this is 9 this is 10.
So, this is how we have thermodynamic cycle if we have Brayton cycle with all possible

attachments.
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So for these attachments again we can see how does the net work output and net efficiency

would vary. So, this is the variation of % and then this is 7, it is simple over here to find out
pl1

we know here

Whee = Wy =W = (WtH.P.T + WtL.P.T) - (VVCL.P.C + VVCH.P.C)

Qin = Qinlcc + Qian.H

Wnet
Qin

So there is external heat addition only in 2 processes this is in the heated combustion chamber
and this is in the re-heater. So, this if we try to find out and then we can we find out what is the
optimum case but we will get same for the reheating we will get a condition we which states

that both the turbine show the same work.

If reheating is there both the compressors will do same work if inter-cooling is there and then
the temperature at the exit of the heat exchanger should be same as the temperature at the exit
of the low-pressure turbine. So, these things whatever we have found out for the individual

attachments would continue to be present for the complete set of attachments. So, hence we
can find out what is the variation of 22t then this will vary with different betas.

CpTy

So, this is for By, B5, B3, B as said this is the increment of beta then we have efficiency

calculated varying with pressure ratio first we will find out efficiency which is for no



attachment case this is efficiency or no attachment. And for no attachment further we have
efficiency for different betas with each attachment. So, this is efficiency for g, this is

efficiency for 55 and then we will get no attachment this is g;.

So, we will have efficiency B, here efficiency S, here this is efficiency S5 here. So, this there
is no idea no good idea to continue use of all attachments beyond this pressure ratio for g;.
Since it decreases the efficiency as in case of without any attachment, so

with all attachments the efficiency is decreasing with beta and for 8, with increasing pressure
ratio but beyond this point it was below the efficiency without attachment.

So, we can consider this efficiency variation for designing the Brayton cycle with different
attachments. So, this is how we will consider Brayton cycle for inter-cooling or considering

Brayton cycle for different attachments. thank you.



