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UNIT I - INTRODUCTION TO AIRCRAFT PROPULSION

Analysis of Performance Parameters of Aircraft Engines

Performance of Jet Engines

In this section we will perform further ideal cycle analysis to express the thrust and fuel
efficiency of engines in terms of useful design variables, including design limits, flight
conditions, and design choices.

The expressions we develop will allow us to define a particular mission and then determine the
optimum component characteristics (e.g. compressor, combustor, turbine) for an engine for a
given mission. Note that ideal cycle analysis addresses only the thermodynamics of the airflow
within the engine. It does not describe the details of the components (the blading, the rotational
speed, etc.), but only the results the various components produce (e.g. pressure ratios,
temperature ratios). In Chapter 12 we will look in greater detail at how some of the components
(the turbine and the compressor) produce these effects.

Notation and station numbering

Notation:
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https://web.mit.edu/16.unified/www/SPRING/propulsion/notes/node88.html#ch:EulerTurbineEq

T
ﬁD = ﬁ*
Ti1
r = —,
=g
S T
CSD = ?D = EI:I

where the capital subscript 1" will refer to the turbine. Stagnation properties, T; and F, , are
more easily measured quantities than static properties (71" and p ). Thus, it is standard

convention to express the performance of various components in terms of stagnation pressure
and temperature ratios:

. T = total or stagnation pressure ratio across component (d , ¢ b T a n)

=

= total or stagnation temperature ratio across component (¢ , ¢, b T a n),
where d = diffuser (or inlet) , €= compressor , b= burner (or combustor) ,

T = turbine , a = afterburner , and n = nozzle .
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Gas turbine engine station numbering.

Ideal Assumptions

d = d =
1. Inlet/Diffuser: , (adiabatic, isentropic)
-1 a—1
Te=Tc'  Tp=T,;
2. Compressor or fan: ,
=1 m, =1
3. Combustor/burner or afterburner: :
r=1

T = Tp
4. Turbine:

T, =1 7, =1
5. Nozzle: :
Thrust

The coordinate system and control volume are chosen to be fixed to the ramjet. The thrust, £ |

is given by:

F =mfes — ),
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where c5 and ¢y are the exit and inlet flow velocities, respectively. The thrust can be put in

terms of nondimensional parameters as follows:

F Cr a —_—
— == - —D, where a = +/vRT 1s the speed of sound,
g g p iy

s '?5
— Ms— — My = M5/ — — M,.
jﬂD 0 J‘\J TEI 1]

Using ;|,j§- : ;‘l.ff < 1 in the expression for stagnation pressure,

T
v—1

B _
‘ M?} :

LA |
=i

[T —
f
i

2

Py = Fis = Fu: Py = Py = Fis: Py = Py

The ratios of stagnation pressure to static pressure at inlet and exit of the ramjet are

Po_P _ Pi_P
F Fs Fy F.

T T
determines Ay determines M,

The ratios of stagnation to static pressure at exit and at inlet are the same, with the consequence
that the inlet and exit Mach numbers are also the same.

Mz = M.

To find the thrust we need to find the ratio of the temperature at exit and the temperature at

inlet. This is given by

T _ T 145 Mi T T
Th 1+ %_-“11’53 Tia Tio T ‘

where 1 is the stagnation temperature ratio across the combustor (burner). The thrust is thus

— _‘! T — .
g Mo(y/m — 1)
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Fuel Air Ratio
To find the Isp will will need to find the ramjet fuel-air ratio, f . Using a control volume

around the burner, we get:

Heat given to the fluid: @ = msAhg, = mfAhgyq.

From the steady flow energy equation:

'Fh4lr?.f4 — Tilahm = 'Ih3flihfuc].

The exit mass flow is not greatly different from the inlet mass

flow, 1y = 1ha(1 + f) = rivs because the fuel-air ratio is much less than unity (generally

several percent). We thus neglect the difference between the mass flows and obtain
hes — has = cp(Tos — Tin) = fA R,

ﬂSCp[TEu - ]-:J = _f&hfuch

with

v —1
T}E:Tm:TD<1+ '2 Mg'-).

o
BU

Thus, the fuel-air ratio is
T — ].

f - —"‘"h'fuc*] II.CPITDGD ‘

The fuel-air ratio, f , depends on the fuel properties ( Ahg,.; ), the desired flight parameters

(©g ), the ramjet performance (7 ), and the temperature of the atmosphere (75 ).

Control volume over the burner
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Specific impulse, I,

The specific impulse for the ramjet is given by
i F _ l |: \.,.-"II'?TE - 1} ccﬂﬁhfucl_fxcquﬂj ]
o frg g Oo(m, — 1)

The specific impulse can be written in terms of fuel properties and flight and vehicle
characteristics as

I El:I:I"ﬂ“’rlf'1.1-|:|. "r”-':'
= — A - Y
P QEPTU @UL b.e"“]'_‘,[-,, + ].]I
HA \—vﬁ
fuel properties Hight characteristics,

ramjct temperature increase

We wish to explore the parameter dependency of the above expression, which is a complicated
formula. How can we do this? What are the important effects of the different parameters? How

do we best capture the ramjet performance behavior?

To make effective comparisons, we need to add some additional information concerning the

operational behavior. An important case to examine is when we have stoichiometric conditions

fzitDiCh.
and all the fuel burns (denoted by ). What happens in this situation as the flight Mach

My To Tia _
number, , Increases? is fixed so increases, but the maximum temperature does

not increase much because of dissociation: the reaction does not go to completion at high

T3y
temperature. A useful approximation is therefore to take constant for stoichiometric

Th = constant = 212 K
operation. In the stratosphere, from 10 to 30 km, . The maximum

temperature ratio is

Tmax ﬂ-l ]
Tmax — = = C'D:ﬂbt,

Tn, T

'TH . ﬂ-l ,r'r'Tl:l . Tmax
Tz Tia/Tn Bq

Th =

For the stoichiometric ramjet,
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F F ap (i
I.sp: : — = :Aq-flj{yﬁ—lj .
f?n'.g My f&itDiEl‘lg fstn[c]'t.g
Using the expression for, the specific impulse is
 Tmax )
I, =M./ — 1) .
F (‘V g fetoichd
Representative performance values
2.5
F Tmax = 10
2
n ag
d.5 I = fstoich
lxp & stoich p
% 9.5

Thrust per unit mass flow and specific impulse for ideal ramjet with stoichiometric

combustion [Kerrebrock]

A plot of the performance of the stoichiometric ramjet. The figure shows that for the parameters

used, the best operating range of a hydrocarbon-fueled ramjet is. The parameters used

r"—max = ]-{] fln = ‘3[:[' Hl.n"fs fﬁtgich == D{]B?
are , in the stratosphere, for hydrocarbons,

ﬁufﬂf ctoich =~ 450 s
such that

Recapitulation

. Examined the Brayton Cycle for ramjet propulsion,
NBrayton .
. Found as a function of,
'I?D\'CTE'L][ ; nm':raﬂ HE['a}'tDn
. Found and the relation between and , and
I_sp My
. Examined and as a function of

Turbojet Engine
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Schematic with appropriate component notations added.
We now examine an engine with turbomachinery. Methodology:
1. Find thrust by finding in terms of, temperature ratios, etc.
2. Use a power balance to relate turbine parameters to compressor parameters
3. Use an energy balance across the combustor to relate the combustor temperature rise to
the fuel flow rate and fuel energy content.
First write-out the expressions for thrust and Isp:
F = ﬁl[[:l + flur — ?.Lu] + (p7 — po) A7,
where f is the fuel/air mass flow ratio,
) . F I
F=m(u;—u) = —=M, {—? — 1] (can neglect fuel),
mdp i
and
Isp = F
P = mpg  gfm

Now we have to do a little algebra to manipulate these expressions into more useful forms.

First we write an expression for the exit velocity:

up _ M; [yRT: M [Ty
iy N ﬂlrg \}I ":rRTD - Jr”-D w TDL

Noting that
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Ti7 v—1. 5
— =T (14 - M=,
i or (102500

L

We can write
w=o(7) (7) () (7) (72)
T Tio Tis Ty Tis

= Tho(TyTeTyTrTn)

—1
= T; (1 + 1 5 ﬂf,:,g) T.TyTT.

1

Thus

Tiyr = Tobo T Ty,

Which expresses the exit temperature as a function of the inlet temperature, the Mach number,
and the temperature changes across each component. We now write the pressure at the exit in

a similar manner:

—1 —1
P =F (1 + ! . ﬂfng) MW T,
— pDJU?"_CWT‘
Since
1 —
P — P (1 - M%)
and
by = Po
we write

®
2

—1 N\TT
(l + i > ﬂlf?) = dgm. T,

And then equate this to our expression of the temperature
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~—1 e N fonb W ek § T
1+ - MZ =467 m.° Tp' = OTeTr (: : )

9

=

and

We now continue on the path to our expression w7 /ug -

T - T7 Tz - OaT.TyTr
To T To  OoTeTr

I'—
{ 2
ur My [Tr Vv—1 N
— =—¢/7 = —7—(oetr — 1)7 /T,
i -'W-ID‘\} .TD ﬂfl:l I: aTeTT ._] 3 Th
— ﬁl'_]-l 3 2 2
o =1+ 5 My = JI':'_,]_TI(':?D—].:I.
Therefore
s 'Il:ﬁDTCTT'_]_jE

Now we have two steps left. First we write 7. in terms of 77 , by noting that they are related

by the condition that the power used by the compressor is equal to the power extracted by the
turbine. Second, we put the burner temperature ratio in terms of the exit temperature of the

burner, (T3, or more specifically 8 = T, /Ty ) since this is the hottest point in the engine
and is a frequent benchmark used for judging various designs.

The steady flow energy equation states

mdh; = q — ..

Assuming that the compressor and turbine are adiabatic, then
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mdh,; = —rate of shaft work done by the system = rate of shaft work done on the syste

Since the turbine shaft is connected to the compressor shaft
MeCpe(Tin — Tia) = mipc, (T — Tis)

Assuming the mass flow and specific heat are the same between the compressor and turbine,

this can be rewritten as
(E _ 1) Tz _ (E) (1 _Tw)
Tia T Th T /)’
where

Ta

= T&ﬂu = 5'0,

That was the first step relating the temperature rise across the turbine to that across the
compressor. The remaining step is to write the temperature rise across the combustor in terms
of.

_ b7
N Iﬁ'nﬂ'}

_—

b

and for an engine with an afterburner

 Brrr

.

b

Now substituting our expressions for, and 77 into our expression for, and finally into the first

expression we wrote for thrust, we get:
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g By —1 (A BT

L
,L = My {{( Bo ) ( or _ 1) (r.— 1)+ oz } — 1} Specific thrust for a turbo

This is what we were seeking, an expression for thrust in terms of important design parameters
and flight parameters:

F )
E — f{ﬂfﬂ, Tes ET]

By adding and subtracting the quantity
2] O
v—1\ by )’

we may write this write in another form which is often used,

F |20, [0 07 M2

— = () (- D+ =0 A,
ey \n‘ v —1 \ g7 T,
A recap of the important variables:
7. = temperature ratio across compressor

stagnation temperature at turbine inlet

0r = '
atmospheric temperature
g atmospheric stagnation temperature
o = - -
atmospheric static temperature
ag = speed of sound
F — thrust.

Our final step involves writing the specific impulse and other measures of efficiency in terms
of these same parameters. We begin by writing the First Law across the combustor to relate the

fuel flow rate and heating value of the fuel to the total enthalpy rise.
?hfh. — 1 Cp I{TH — 'Tﬁj)

and
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m b Cp TD

. I:ﬂT _TCED:L
me

Where again, f is the fuel/air mass flow ratio? The specific impulse becomes

F

I — F B anh Mmag
Fogfm gepTo O — T

Specific Impulse for an ideal turbojet,

where [, is expressed in terms of typical design parameters, flight conditions, and physical

constants
Isp = f{ My Te A an. Tn, h, e )
- 1 1 % 3 ] .
o~ H-"""" R "“—‘w-"_’""
Hizht design matcriala,‘f fucl and
condition design atmospheric properties

Similarly, we can write our overall efficiency as

N F'U,D
Neverall — J‘ﬂ_irh
F
M, [ —
 a? g
CPTU I:If';‘j' — Tcﬂujl
or
F
Mo(y—1) (m)
Noverall — [ET _ Tcﬂl:lj' .

Using the definition from before, the ideal thermal efficiency is
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1
5|:|’|",_-‘

Nihermal — 1

The propulsive efficiency can be found as
T.-I'm'c:'all

??I;]'Lcrmal

Noropulsive —

We can now use these equations to better understand the performance of a simple turbojet

engine. We will use the following parameters (with ~ = 1.4 ):

Turbojet Mission Parameters

Mach number Altitude Ambient Temp. Speed of sound

0 Sea level 288 K 340 m/s
0.85 12 km 217 K 295 m/s
2.0 18 km 217 K 295 m/s

Note it is more typical to work with the compressor pressure ratio (7. ) rather than the

temperature ratio ( 7. ) so we will substitute the isentropic relationship:

-.'{
Il

1

into the equations before plotting the results
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Performance of an ideal turbojet engine as a function of flight Mach number.
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Performance of an ideal turbojet engine as a function of compressor pressure ratio and flight

Mach number.

TURBOJET PERFORMANCE
Effect of Turbine Inlet Temperature
M-0.85, 12km, TT4-1800K

35
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t > > —a— Overall efficiency
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i
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Compressor Pressure Ratio

Performance of an ideal turbojet engine as a function of compressor pressure ratio and turbine

inlet temperature.

Effect of Departures from Ideal Behavior -- Real Cycle Behavior

To conclude this chapter, we will now improve our estimates of cycle performance by including
the effects of irreversibility. We will use the Brayton cycle as an example. What are the sources

of non-ideal performance and departures from reversibility?

. Losses (entropy production) in the compressor and the turbine.

. Stagnation pressure decreases in the combustor.
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. Heat transfer.

We take into account here only irreversibility in the compressor and the turbine. Because of

AR comp
these irreversibilities, we need more work, (the changes in kinetic energy from the

inlet to the exit of the compressor are neglected), to drive the compressor than in the ideal

Ah turk
situation. We also get less work, back from the turbine. The consequence, as can be

inferred from Figure is that the net work from the engine is less than in the cycle with ideal

components.

= dmax

Y

Gas turbine engine (Brayton) cycle showing the effect of departure from ideal behavior in

compressor and turbine

To develop a quantitative description of the effect of these departures from reversible behavior,
consider a perfect gas with constant specific heats and neglect kinetic energy at the inlet and

exit of the turbine and compressor. We define the turbine adiabatic efficiency as

,actual _
Teuch = Et'turb - hq JFE-E,
turb — ; - d
ut _-“..ldl:‘a.l. h'-J _ h.ﬁs

“turh

where ﬂ,?ctgal is specified to be at the same pressure ratio as “’idcil . There is a similar metric
ur ur

for the compressor, the compressor adiabatic efficiency:
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ideal
n . wcamp . hﬁs - -h'EI
cemp actual T '
'Et-mmp h-;; — h.u

again for the same pressure ratio. Note that for the turbine the ratio is the actual work delivered
divided by the ideal work, whereas for the compressor the ratio is the ideal work needed divided
by the actual work required. These are not thermal efficiencies, but rather measures of the

degree to which the compression and expansion approach the ideal processes.

We now wish to find the net work done in the cycle and the efficiency. The net work is given
either by the difference between the heat received and rejected or the work of the compressor
and turbine, where the convention is that heat received is positive and heat rejected is negative

and work done is positive and work absorbed is negative.

ga — 4R = (hy — h3) — (hs — hq)
Net work = heat in heat out
Weyrk — Weamp - i:‘r-"-4 - -'r-l'-E:] - (h,j — h-Djl

The thermal efficiency is

Net work

hermal = T
Mthermal = Foor input

We need to calculate 7% , T5 .

L. ncnmp
From the definition of ,

Ts: — Tt
TJ_TD:Q:TD

Neamp Neamp

(Tss/To — 1)

With

~—1

. \ . . . P, it L '._I
(Ts./Ty) = isentropic temperature ratio = = = Iecmp,
-P[n]i:t comp
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Similarly, by the definition

actual work received

'I?I:u:']:' — . i
ideal work for same —bﬂ—g'i
i fest

we can find Tj :

‘ T, a1
T4 - TE — i.-l'turbl:.]l - .I5.5,:| — ']'j"t.m']:i.]_‘4 (1 B j:l ) - ]‘}ltLlrI:.JI‘4 (1 a Hf-ulrb)
4

T5 =T} — Mt Ty (1 - Htu:) :

The thermal efficiency can now be found:

B QL T5 — 1o
MNthermal — 1+ @ =1 - 'T4 — .TJ .

With
1
]'-'[CD]TL — — ]'_'[
F Hturb
and
v —1
T, — I+ = the isentropic cycle temperature ratio,
1
Tyl = [ 1 — - Ty
Nthermal =1- 1
T_J_TD (TS—1)+1
Comp
or
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) 1 'T4
- ?__S I.-I'i:n:rmp Ihurhﬁ — T

1 + 'I.-I'ccrmp

Nihermal

T,

There are several non-dimensional parameters that appear in this expression for thermal
efficiency. We list these in the two sections below and show their effects in accompanying
figures.

Parameters reflecting design choices

II : eyele pressure ratio

T

o : maximum turbine inlet temperature
0

Parameters reflecting the ability to design and execute efficient components

Neomp : compressor adiabatic efficieney

Meurh : turbine adiabatic efficiency

In addition to efficiency, net rate of work is a quantity we need to examine,

H rnu:t — Iir{.u[-binc - Ii;ﬁ:n:tmp:'u:sﬁn:'-

Putting this in a non-dimensional form,

Whet 1 . T, 1
e Ts . et )T e (1 ) —)
work to drive compressor  work extracted from fow by turbine
s |
Woet 1 |”“"‘°T_D_ L
megpdn © { Ts Teomp J

[Non-dimensional work as a function of cycle pressure ratio for different values of turbine

entry temperature divided by compressor entry
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temperature] g [Overall cycle efficiency as a function
of pressure ratio for different values of turbine entry temperature divided by compressor entry

N *—\\
a5
e TVT, S0 ™~~~

8.2

e

Ncomp = Ntwrd = 0.50
-0.2

a—
" »n » “w 90 -

temperature] ) ) [Overall cycle efficiency as a function

of cycle pressure ratio for different component

9 P
) 1.00

TdT, =85

For solid lines TNcemp = Neard » value shown
Foe broken line Tcomp #0.85, Niuey =0.95

Pressure Ratlo ]

—
2 1 »n L “ Ll “ 79

efficiencies]

Non-dimensional power and efficiency for a non-ideal gas turbine engine [from Cumpsty, Jet

Propulsion]

Trends in net power and efficiency are parameters typical of advanced civil engines. Some

points to note in the figure:

Neamp Teurh fi 1 I:H]I Nk
. For any : the optimum pressure ratio for maximum is not

the highest that can be achieved, as it is for the ideal Brayton cycle. The ideal analysis is too
idealized in this regard. The highest efficiency also occurs closer to the pressure ratio for
maximum power than in the case of an ideal cycle. Choosing this as a design criterion will

therefore not lead to the efficiency penalty inferred from ideal cycle analysis.

. There is a strong sensitivity to the component efficiencies. For example,
Neurk = Neomp — 0.85
for , the cycle efficiency is roughly two-thirds of the ideal value.
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T (1)

Iz
. The maximum power occurs at a value of  or pressure ratio less than that for
mo : : :
max (this trend is captured by ideal analysis).

nbhcrma]
. The maximum power and maximum are strongly dependent on the maximum

T, /Ty
temperature,

A scale diagram of a Brayton cycle with non-ideal compressor and turbine behaviors, in terms

of temperature-entropy (f2 -5 ) and pressure-volume (£ -7 ) coordinates.

fuel

0 0 L

Scale diagram of non-ideal gas turbine cycle. Nomenclature is shown in the figure. Pressure

To =288 K T,=1700 K
ratio 40 | , , compressor and turbine efficiencies = 0.9 [from

Cumpsty, Jet Propulsion]
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