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 Any variable In the engine iIs expressed as a
function of m;, P, T, and V.

 Because the engine is self contained; fixing one
set of engine non-dimensional parameters fixes all
others.
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* Instantaneous cycle temperature ratio, T,3/ T5; fixes

the cycle pressure ratio . , the instantaneous fuel
flow m: and the instantaneous rotational speed, n.

« Similarly in a multi-shaft engine the ratio between
the shaft speeds, n,/nN; is also fixed by Ty3/T,;-

 For most operating conditions of the engine the final
propelling nozzle for the core flow and the bypass flow
will be chocked, by design, for maximizing, thrust.

 Thus the engine responds to the inlet stagnation
conditions but is unaware of the forward speed.
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Non-dimensional Variables of the Engine

1) Consider mass flow of air through the engine.
This can be written,
as a function of the rotational speed N of the shafts

rha = f (N, Po1.To1)

or, in terms of turbine inlet temperature
m, = f (Toz, Po1,To1)

or, in terms of fuel flow rate
ma = f (Mg, Pyy,To1)
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The non-dimensional mass flow rate is derived from
dimensional analysis (e.g. Buckingham T Theorem),

as .
./ (€, T o)
DZ.F’O1

m =

Where, D is a characteristic diameter of the engine,
typically the diameter of the inlet of the fan and D?
denotes a representative area
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Practical Normalizing of Parameters
For mass flow of air Cp is constant and D2 is constant

for a given engine. :
_ M, AT,

It has units. m = P
01
Normalized fuel flow the abbreviated form is derived,
= m,
mf —
Tos -Pos
Non-dimensional speed is abbreviated : N/ (T,,)1/?

The corrected mass flow (kg/s) is N =
Where. @ =Ty,/ Toyrer, 8= Poa/Poorer o)
and T, Pooresare STP
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Matching Procedure :

Select operating point (Altitude, Flight Condition)
-P_, T,and M
From the ambient condition obtain - Py, , Ty,
Select max Turbine entry temp. T3
Select Rotational speed, N — then obtain
Obtain - N/VT,,  and N/VTy;
Select a compressor pressure ratio, Ty = Py,/Pgq
Obtain mass flow parameter,

myTs,

Po1

The parameters in (5), (6) and (7) completely
define the compressor operation point

Prof. Bhaskar Roy, Prof. A M Pradeep, Department of Aerospace, IIT Bombay



JET AIRCRAFT PROPULSION lect 33

I(EJf?_nstant N
fficiency 8% N X A, |/
> HIngs AN/ /|| Surge
. _ ;
>, /f Margin
© DA

60% & N A S
o (e
-
2 b, n/VTor
o 0%\ k,.%/' rd ‘\(\65
Q. N & Py ced v

2 A OP

nst@
Co

5 > o
Normalized Mass Flow m,/T,,

I:)01

Prof. Bhaskar Roy, Prof. A M Pradeep, Department of Aerospace, IIT Bombay



JET AIRCRAFT PROPULSION lect 33

9) Actual mass flow through the compressor is :
" :m,/Tm _P01
¢ POl 01

10) The turbine mass flow is :

M. = _.(1+f-b)

where, f - is fuel/air ratio, b = air bleed
and Turbine entry Pressure, Py; = Py, (1 - AP, )
11) Based on the actual mass flows through the
compressor and the turbine, the work done for
these mass flows need to be equated (turbojet
engine). The same may be done spool—wise.
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12) Work equivalence :

M. W, =m_.W_n

mech

for a turbojet engine, or for aspool, i.e.

m WLPC - IrnLPT' WLPT 'nmech -LP

for LP spool

m WFan =M pro- W b1 Miech - £ for fan-turbine
Where NMpeonh 1S the

Mechanical efficiency of

or the shaft

m PC'WHPC :mHPT'WHPT'nmeCh-HP for HP spool
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13) Compressor /Fan specific work (per unit mass
ﬂOW) i Yair —1 ]

C AT012 Coair Tor | Py, | Yar

air air
p- _ P 1

C LR LR Pot

14) Turbine Specific work (per unit mass) :

- 1
W =17.C gaAToas = M7C s Tos| 1-

p-gas p-gas Yaas—1
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15) Turbine mass flow parameter can be determined
from :

m 03 PPm T

aw 01 02 gas 03
P 'P P_m_ AT
01 02 03 air 01

16) The net turbine — compressor excess power (if any)
may now be decided by:

m._. .w

P — m W alr C Where N isthe
engine  "''gas""" T Mechanical efficiency of

T] mech the shaft

For pure turbojet P, yine= O,
For multi-spool turbofan Pg,,, =0

Prof. Bhaskar Roy, Prof. A M Pradeep, Department of Aerospace, IIT Bombay



JET AIRCRAFT PROPULSION lect 33

* The power or work matching between compressor

and turbine has to be exact.

If they are unequal, either a new speed of the
engine or new values of the compressor pressure
ratio & mass flow are selected to try and arrive at
perfect matching.

e For turboprop or turboshaft the excess shaft power
Pengine = Ppropeliers rotor @Nd requires exact matching.
 If they are unequal — either the engine speed
setting (N) or mass flow setting (m) , or
compression ratio n_, or TET, T,5 Is to be selected ---
or -- a new propeller/ rotor pitch setting needs to
be selected.

e Logic of this selection has to be built in to the
control system logic of the engine (FADEC)
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In case of a choked nozzle, the actual mass flow is

invariant with change of other parameters:
m 1/ T,, P P_ m T

all’ 01 . 02 — gas 03 — Const
P P m_\T
02 03 ar 01

Assume that pressure ratio across the combustion
chamber, Py,/Py; = constant and M, m

17 p — where K1 IS a constant
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Po2
B A Choked
01
10—3 = constant
01
2= m V T01
- >
(0, 0) Po1

Constant turbine inlet temperature on the compressor map.
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assume that cycle temperature ratio is constant, then

P m_ /T,, .
02 _K_,__arr ,  Where K2 IS another constant
P 2 Py

For a straight and level cruise flight

P

02 _K_. [-93  where K3 is another constant
Fot 3 Toz

If T,, / Tys is held constant for a cruise flight

IS another constant

P
02 _
= K4, where K4
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Off-Design Matching of Turbojet Engine

The Intake delivery Pressure and Temperature can be

found fromP . )/aV 1
. — Yair~
01 _ 1_|_77|.7/a|r M:
P, 2
h:(ﬂ Vair =1 01 2)
T, 2 |

* Higher the flight Mach number, M, higher would be P,
and T,, at any constant altitude

* For constant flight Mach number, M, - the Py, and T,
decreases with increase of altitude & vice versa
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* The Ram pressure development in the intake
increases/ decreases the compressor inlet and then
compressor outlet pressure.

e |t then increases / decreases the turbine inlet / outlet
pressure

* Thus the pressure ratio across the nozzle increases /
decreases

e At high nozzle pressure ratio, the flow is choked — it is
then independent of nozzle pressure ratio — and hence
from flight speed

* This fixes the turbine operating point w.r.t nozzle
choked condition.
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An aero engine is choked most of the time of flight
except during — Taxiing, Approaching and Landing

The nozzle pressure ratio may be computed from

I:)04 _ I:)04 POB POZ I:)01

P POBIPOZIPOll P

a a

Where, P,,/P, is obtained from Intake analysis
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Thrust of the engine may be written as:

F=m;(V; _Vflight) + A (R, —P,),
where flight speed is given by, Vi = M,/7.R.T,

The gas exhaust speed V. depends on the flow
condition at nozzle exit, and with chocking reaches
the maximum for that condition. For example,
some time during the climb operation if the nozzle
is choked, it will remain so during the climb , with
continuous fall in ambient pressure P, .
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For choked nozzle:

F =mg (Vs _Vflight) + A (R —PR,),
where exhaust velocity Is given by,

2v . .R.T
Vi = Vg RTs = | — 55—
5 \/7/gas 5 7/gas -I-l
For un-choked nozzle :
— 1
P, |7
V5 — \/7/gas'Cp-gas'(TO4 _TS) :\ 2Cpgas 'TO4 1- P
04
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For choked nozzle:
Y gas

/ —1\ 7/gas_1
p_p-p,|1-—+ T
\ 77nozz|e 7/gas +1/

For un-choked nozzle :
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* The engine performance seems to be decided by
engine normalized speed N/VT,,, but the maximum
performance is capped by the engine speed, N, ...

* This max speed is decided by stress limits of rotating
components.

At N _/VT,, as the ambient temperature increases
thrust will decrease, but engine speed cannot be
increased much more.

* The engines are often designed for 15°C, 288K. They
are bound to give lower performance in tropical
atmospheres & higher performance in colder climates.
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Next class :

Engine Component Matching and Sizing
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