Indian Institute of Technology Madras
Presents

NPTEL
NATIONAL PROGRAMME ON TECHNOLOGY ENHANCED LEARNING

Aerospace Propulsion
Cycle Analysis — Turbofan
Lecture 17

Prof. Ramakrishna P A

Department of Aerospace Engineering

Indian Institute of Technology Madras
In the last class we had seen how efficiencies affect the performance of gas turbine engines that
is turbo jet engine in all these classes in all our analysis and now there is an assumption that we
made that CP is constant y is the same right and if we take F into account also purely ratio we
have assumed to be very much less than 1 and therefore we have neglected it now we have done
all this and our analysis does not seem to include if there is bleeding from some of the
compressor stage after the low pressure low pressure compressor stage if there is bleeding how

do we account for it okay.

ICP’s are different if y the ratio of specific heats is different how do we account for that now
what we do 1s we will do a step by step procedure that is we will go from the inlet to the outlet
and we put down what do we know and what we need to get and try and see if we can get it even
with all these complexities that are there in an actual engine now actual engine is not as
simplistic as we assume that efficiencies are all one and all right. So we will see how we can still

analyze an actual engine with this.
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Firstly the TS diagram would be this is for a cycle with all efficiencies being one now if you
have an actual cycle this would be 2’ 3’ the .ted line shows the actual cycle right now what we
are going to do in this analysis is if we know conditions at the inlet can we get whatever
parameters we were looking for that is if we know Py Ty My this is the inlet conditions and then
let us say we know the compressor pressure ratio nC then the other parameter that we know is
the turbine Inlet temperature then the exhaust area a7 and all the efficiencies I will call it as n I if
we know compressor efficiency intake efficiency then efficiency of the burner nozzle turbine

efficiency is all this if I know it I wil put this inn L.

Okay now if we know this can we calculate now from this what is the parameter that we have
interested in f that is the thrust of the engine then the ISP of the engine then the other non-
dimensional quantities that we looked at so we will try and see how to get to this knowing this
one okay so as a first step we also need to know in addition to this we need to know what else we

need to know thermodynamic properties right.
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Like thermodynamic data that we require our CP of turbine then CP of compressor then CP of
burner then heat of combustion of the fuel that is Q right then we need to know y right if we
know this and if we know this can we calculate thrust ISP non-dimensional thrust and non
dimensional ISCB this is under the condition wherein you could have bleed you could have a
patience ease being different from one and also all these cps b0 =1 and y being also different so

as a first step.

Step 1 [ know ITO I know I NO what can I calculate from these two stagnation temperature right I
can calculate T T o and from that I can calculate it or not okay so I can write 6, if you remember
was 1 +y - 1/2 mo* I know My so I can get 0, okay right and I can also from this get TT o which
is nothing but T, into 6 ( and similarly I know p, so and I also know 6, so I can get PT, the

stagnation pressure at Inlet as pointo 0 ( to the power of y/y - 1 okay.

So we were able to calculate the stagnation conditions here right now the next step what happens
between 0 and 2 there is the intake here stagnation temperature remains the same stagnation
pressure changes because of diffuser efficiencies or efficiency of the intake right so if I know all
the efficiencies right that is diffuser efficiency burner efficiency compressor efficiency turbine
efficiency and then nozzle efficiency I can calculate these parameter so let us do that I need PT 2

that is pressure at this point.

So I will get that by n diffuser into PT, okay and I can get t C=nC " '"? so I know PT2 I also
know TT 2 is nothing but TT, so I know TT , so I know fresh stagnation quantities at 2 so I can



calculate quantities at 3 right I know conditions at 2 now I can calculate at 3 / PT 3 is nothing but
nC into PT2 right I know PT2 I can calculate PT3 and I want this temperature right for an actual

cycle so I can calculate PT 3’ as equal to okay.

So I know TT 2 I know ¢ know 1 ¢ so I can get this TT 3 so I know now the conditions at the

inlet of the combustor.
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So next I need to know PT4 what is PT 4 there is a pressure drop as you go from the inlet of the
combustor to the exit because of a rally process wherein you are adding heat therefore pressure
will drop okay so I know the efficiency of the burner n B into PT 3 will give me PT 4 and what is
TT4, TT4 is nothing but the turbine Inlet temperature that is a given condition so now we know
conditions at this point that is temperatures and pressures we know efficiency of the turbine

okay.

And we also know the compressor pressure ratio so using this we can calculate what is the
condition at m okay what we have used here is that the CPs need not be the same okay CPs
compressor CP of turbine that is the burnt gases need not be the same so we were counted for it
and we have also taken a condition where an F need not be very small or if we do not want to
neglect that part or be happy with that error we can take into account here knowing TT =’ I can
calculate TT5 as TT4 — efficiency of the turbine and from this I can calculate the PT5 PTS5 is

nothing but okay this quantity is IT sorry this quantity is Tt.



This whole thing is PIT so PT4 into nT is what gives me PT5 now I having known this PT6 in
case we are using the after burner okay even otherwise also there is an efficiency there is a
pressure drop across the jet pipe so we can take that into account here into PT5 gives me PT6
and PT 6 = TT 5 right if there is no afterburner if we switch on the afterburner then we need to
take that into account here that will be specified in addition to TIT that will be specified to us

that will be known to us.

So if it is given then we have to take into account that part also and in the next step we calculate
what happens through the nozzle okay so what we have done is starting from here and knowing
efficiencies and CP we have been able to calculate all these parameters right now we need to
calculate thrust right there are two conditions that can exist one is depending on the nozzle
pressure ratio we could either use a converging diverging nozzle wherein we will assume P7 =

Py or even in a converging nozzle a special case P7 = Py or nozzle is choked.
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Let us first take the case where P7 =P, this can be for both CD as well as convergent nozzles so if
P7 =to P, then I can calculate Mach number n7 is equal to okay so I know Mach number at the
exit what can I find out I need also a7 right if I know a7 then I can calculate velocities right so a7
is nothing but under VyRT 7 but I do not know T7 as yet so let us get T7 as what do we know
TT7 / T7=T7 is equal to okay.

So I know m7 I can get I know TT7 so I can get T7 and since I know T7 I can substitute it here I
get as even now knowing Mach number and a7 I can calculate the velocity at the exit that is V7
also need to calculate the mass flow-rate okay so mass flow rate we can mass flow rate leaving
the I can do two cases one is m. a=m. a into 1 + F = p7 right if I do not want to neglect F I can
write this expression I know this to be P7 / RT7 into V7 T7 seven now here I know all the
quantities I can get m . a into 1 +F right. I still do not know what is f we will get to that shortly
so how do we get F if you remember when we did ISP calculations what did we do energy

balance across the burner.
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So we will do that right this is the expression that we get if we do energy balance across the
combustor we know this quantity m. a into 1 + F what we have just now calculated this will be
given to us these two things are what you have seen earlier TT3 - is what we calculated TT4is

given to us so we can calculate m. F right now F is nothing but M (f / m. a so I know m. f from



this I know mOa + 1/ 1 + F and using these two I can calculate m . a right that clear so from here

we get m. a.

Now I know I m0 a m. a intol + F all these quantities so my thrust equation is f=m. ainto 1 + f
v7 - vy + a7 a7 - v o this goes to 0 because we assumed p7 = V o so here we know this we know
this we know this now what we do not know yet is Vonow I know M 0 right and I also know T,
so I can calculate V, firstly V  is nothing but a; M, that is equal to okay so we know both T ; and
M; so I can calculate V, so I will know everything here right in this equation all these quantities
are now known and therefore I can get thrust and once I get thrust I can also get ISP very easily

ISP is nothing but right thrust per unit mass flow rate of fuel I know mass flow rate of fuel.

I have calculated here I know thrust so I can get is P now what are the other quantities the non-
dimensional quantities I know I know it also so I can getis P/ eol also cangetm.F/m.aaoso
all these quantities we can get by doing this analysis going step by step one can also look at there
are cases there are certain engines where in a portion of the compressor compressed bled to cool

either the turbine.

Turbine blades or you use it for air conditioning the aircraft certain quantity of the compressed
air is taken out especially after the low pressure stage so you can then suitably write the equation
for power balance across the turbine and compressor taking that into account because there will
be a reduced mass flow rate through the second stage of the compressors and also through the

turbine.

So going by the step-by-step procedure you can calculate that and account for it also right so in
this way we can do even for a realistic engine all these calculations it is not as if that what we did
was something that is not applicable to any realistic engine this is applicable to any kind of
realistic engine with bleed and other things also okay now we have looked at turbine it we have
looked at turbofan sorry the turbojet and turbojet we have considered all the cases that is
afterburner on then water methanol injection conversion sorry one minute I need to still we have

only considered one case P7 =P, .
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We need to consider the other case wherein we have choked condition so let us do that first case
when nozzle is choked we know that m7 =1. So if M7 = 1then I know that T7=2x TT 7 /vy +1
right, so I also can similarly get P 7s now I know t7 using this I can get a7 =and I knowm 7 =1
so I can get V7 =m7 x a7 and similarly m. Ex 1 + Fisequaltop7/RT 7 a7 v 7 and a similar
expression for m. F Q = m. a x1 + f CP combustor so I know from here I can get F which is
nothing but m . F / m. a [ know m. a [ know m. F I know F I know v7what else do we need V

we know has nothing but M, e , that is M ¢ x so knowing all this I can get again f 0 okay.

I know p7 I am given P  m. a is known v7 is known V  is known a seven P 7 and P  so I can get
thrust from here I can get is P as f / m. F and the other non-dimensional quantities that we
wanted, so we have looked at the cases where in for ramjet as well as turbojet we have looked at
cases where efficiencies are equal to 1not equal to 1 and for a turbojet we have looked at case
wherein with after burner without afterburner choke nozzle optimally expanded flow then we

have also looked at case with water methanol injection all this we have looked at.



Now let us look at the next two classes of engines that is turbofan and turboprop, turboprop is
very simple we do not need to do any analysis except that all the power that is developed in the
turbine must be equal to the power of the compressor as well as the power of the fan propeller
right. So if we do that you will get the turboprop engine that is not a big problem but a turbofan

engine needs some effort so let us look at the turbofan engine first.
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So this is a turbojet engine and to this we add the turbofan part both of them all of them are
mounted on the same shaft right now our typical conditions where this was zero after the intake
we had to write this was three, four, five, six, in this is seven whatever we had done for the
turbojet remains as this now for the turbofan you have the fan in front also and there is a certain
amount of air that is bypassing and is going through only the fan portion okay, so if you look at
condition after the fan will call it as eight okay and we will call the exit condition here as nine at

the exit of the finest nine the bypass exit as nine okay.

So you have 0 to 2, 2 to 8, 8 to 9 that is the additional part in the turbofan engine the rest of it to
the turbojet engine right.
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So how does the thrust expression look like for a turbofan engine F is equal tom.ax 1+ FV 7
-Vo+a7e7-Pyall this is turbojet art now in addition to this you will also have o x m. v9 - V+
a9p9 -V, this is because of the fan or the bypassed stand a is the okay now we will make an
assumption that the flow is optimally expanded through both the nozzles there are two nozzles

now one is this nozzle and the other one is this nozzle.

So we will make an assumption where we say flow is optimally expanded, so therefore we get p7
= P 9 = Py okay, so this part remains the same as what we did for turbojet analysis we now have
to only look at this part because of our assumption here this goes to 0 this goes to 0, so I have to
only take care of this term all the rest of the analysis that we have done for this for a turbo jet

with optimally expanded flow is valid.

So in order to do this what do we do what are the things that we need V 9 / V, is what we will get
soweneed T9/Tyoand V 9/ V, that is from here we will get m9 / M (, so knowing these two we
can also get this portion non-dimensional is this portion and get this value okay so what is T 9 /
To you have teen TO/TT 9 TT 9/ T eight okay right now I know this quantity is n not fine this is
ratio of static to stagnation conditions, so I will put this as 1 +1/y - 1 M 9% next is flow through

this duct here okay this is similar to the jet pipe.

So if we assume all efficiencies to be 1 which is what we will do so here we are assuming also n
=1soTT9/TT8wouldbe 1 and TT 8 / TT 2 is process across this fan I will define a new ratio
that is I will define t F is equal to TT 8 / DT 2 and n F = PT 8 / PT2, so this would be tau F



would be equal to PI F to the power of y - 1 /7y okay coming back here I will get this is tau F
into this is T T 2 by T notitis 1 so I get tau Fn ¢ by 1 +y - 1 by 2 m 9% okay when we cascade

pressures will get this ratio also so let us do that.
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This will be p9 / PT 9 - PT 9/ PT 8PT 8 / PT 2 PT 2/ PT, Po/ Py okay this quantity is nothing but
0 to the power of y /v - 1 this is equal to 1 and what is this is ratio of static to stagnation what
about this PT 9 by PT 8this is 1 right so this is 1 and PT 8 by PT 2 this is PI F and again PT 2 by
PT o is one because we have assumed all efficiencies to be 1 into 1 o to the power ofy /vy -1 so
if I change this to tau F I will get all of them in powers of y by y - 1 solwill get 1 +y -1by2

m9?isequaltot F
So I can come back here and I know that this is again tau Fn R o/ t F n ¢ so this is 1 which

means that if all efficiencies are 1 t 9 will be t 8 rights.
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Because here in the intake you are compressing it then you have a fan to increase the pressure
and again you are expanding the flow if there are no efficiencies involved there is no heat
addition here so T9 must be equal to T o okay and I also know that 1 +y - 1 by 2m¢* =1 ¢so0
using these two I can get the ratio of Mach numbers which will be m9 by now F n ¢ - 1 divided

by 1 - 1 so finally I can write the expression for thrust.
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We non-dimensional is trust you do not need this F is less than one very much less than one, so
this part is the turbojet part that we had already seen tau C © T 1 o — 1 okay this is the expression
that we get now we need to do the compressor turbine power balance because tau F t C and t T
are all related okay, so let us do that turbine compressor and fan + o m. a PT 8 - TT - if we
deduce from this similar to what we had done if you remember we had found an expression for
tau T in terms of tau C by cancelling out m . a with assuming that F is very much less than 1 and

CP being the same.

We can reduce thistot T=1-1,/0B t C - 1 this was if only there was compressor turbine
power balance in addition you have the other term — a okay, so if we plug back this into this
expression here we will get the overall expression for thrust non-dimensional thrust okay, we

will stop here and continue in the next place, thank you.

Online Video Editing /Post Production
K. R. Mahendra babu

Soju Francis
S. Subash
S. Pradeepa

Camera
Selvam
Robert Joseph
Karthikeyan
Ram Kumar
Ramganesh



Sathiaraj

Studio Assistance
Krishnakumar
Linuselvan
Saranraj

Animations
Anushree Santhosh
Pradeep Valan .S.L

NPTEL Web Facilities, Faculty Assistance &
Allen Jacob Dinesh
Bharathi Balaji
Deepa Venkatraman
Dianis Bertin
Gayathri
Gurumoorthi
Jason Prasad
Jayanthi
Kamala Ramakrishnan
Lakshmi Priya
Malarvizhi
Manikandasivam
Mohana Sundari
Muthu Kumaran
Naveen Kumar
Palani
Salomi
Sridharan
Suriyakumari

Administrative Assistant
Janakiraman. K.S

Yideo Producers
K.R. Ravindranath
Kannan Krishnamurty

IIT Madras Production

Funded By
Department of Higher Education
Ministry of Human Resource Development
Government of India



www.nptel.ac.in

Copyrights Reserved


http://www.nptel.iitm.ac.in/

