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Topic 10 — Aircraft engine performance parameters

Suggested reading — AA283 Course reader Chapter 2
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Figure 2.1

Definition of thrust

Ramjet control volume for developing a definition of thrust

Air mass flow rate

fuel mass flow rate

(2.1)
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jpﬁ-ﬁdA =0
A

((pUU + PI-7) e7idA = 0 (2.2)
A
'(phtl_]—‘:r0U+Q)0ﬁdA =0
A

Stagnation enthalpy

h, = e+pv+k (2.3)

Conservation of mass

'[pl_] o ndA =

A (2.4)
[ PyUsdA + pUA,~poUg(Ay + A) —tiy + [ pV,dA = 0
A, A
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Conservation of momentum

[(pUT + PI—%) e idA
A

X

2 2 2
f (pyU," + P))dA + (p,U,"A, + P,A,) - (pyU," + Py)(A, +A,) + (2.5)
A2

[pUV,dA+ [ (PI-T)dA = 0
A, A

w

Surface forces

J (P;— Er)dA = Thrust + Drag = 0 (2.6)
A

w

Momentum flux over the outer surface of the control volume

[pU,V,dA= ijUoV]dA (2.7)
Ay A |
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Subtract the mass equation multiplied by U0

pU(U,~UpA, + (P,—PpA, + 1 Uy +
Iszz(Uz" Uy +(P,—PydA = 0 (2.8)

Az

Thrust = p, U, (U,~UyA, +(P,~Pp)A, +m U, (2.9)

Drag = [ p,U,(Uy-Uy) + (P, - Py)dA

i (2.10)
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Overall mass balance

pUA, = ma+mf (2.11)

Definition of thrust

T = m(U,~Up)+(P,—Pp)A, +m U, (2.12)
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Turbojet control volume

Figure 2.2 Turbojetﬁcontrol volume
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oU+Q)endA =

ﬁll

J(phtU -
A
[ ok UsdA +p, Uk A, = pohigUg(Ay+ A) —rich o+ (2.13)
A2

[Py, Vv, dA = 0
AI

Energy content in jet fuel
| = 4.28x 101 /kg (2.14)
Flyp_4

5
Bl air or 28814k = CpTsL = 1005x288.14 = 2.896x 10"/ kg

hfIJP— 4

- = 148 (2.16)
IAir at 288.14°K
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Assume the flow about the engine is adiabatic

=h,

[ PohgUsdA +p,U kA, —pohgUo(Ay+A,) —richp+

ht2 — htl
Then
A,
[ pyhyV dA
A,

=0

Subtract the mass equation multiplied by hzo

Pe UehteA B peUehtOAe_mf(hf —hy) =0

Overall energy balance for an adiabatic engine

(n’za+n'zf)h

te

= m ht0+mfhf

(2.17)

(2.18)

(2.19)
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Capture area

m, = poUpa,

(2.20)
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AO >A1 AO AI

Ay= A
Ay

Ag< A A(%

Figure 2.3 Variation of inlet capture area with engine operating point.
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Nov =

Overall efficiency

The power delivered to the vehicle

The total energy released per second through combustion
N = Ty,
ov y
meh g

VI il

Figure 2.4 Frame of reference used to define efficiencies.

(2.21)
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Breguet aircraft range equation

R = ondt = jmthfnovdt.

Fuel mass flow

o o ddw
f g dt
D D
r=0=(z)=(g)
h W final
_ _, (L dw
R = novg(D) j w

Winitial

h W. ..
R = Tlov—f(é)LOg( lnltzal)
g\D Wfinal

(2.24)

(2.25)

(2.26)

(2.27)
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Epic bird flight - The Bar-tailed Godwit - 11,000km non-stop

© ALAN D WILSON
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Propulsive efficiency

nov = 7]er nth (2.28)

B Power delivered to the vehicle (2.29)
Mpr = A kinetic energy of air + A kinetic energy of fuel '
second second

Power to the vehicle +

TU,

N, = - (2.30)

2 2 2
ma(Ue—Uo) ma(O) n’zf(Ue—Uo) mf(UO)
TU0+|: 3 - ]+[ 3 — 3

For a fully expanded exhaust and neglecting fuel flow

2U,
Mpr = 77— (2.31)
P U+ .

‘\\
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Thermal efficiency

A kinetic energy of air N A kinetic energy of fuel

Power to the vehicle +
second second

N, = ey 2.32)
o [PaUe Up’ my (0] [mpU,-Up’ mp(Up*
ot 2 T2 |7 2 2 ,
Min = o (2.33)
RN
(o * p) 5~ a5
n, = (2.34)
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Recall the efficiency of a thermodynamic cycle

W Qinput during the cycle o Qrejected during the cycle

—1_ Qrejected during the cycle (2.35)

n

Qinput

Qinput during the cycle Qinput during the cycle

during the cycle

This can be compared to the, just defined, thermal efficiency of an aircraft engine.

Add and subtract 1 to equation 2.34

' . . u ’ . . UeZ\
Mep = 1 =1 . h (
f
Recall the energy
balance for an .
adiabatic engine
Uez UOZ 2.37
(g + 10 Oy, = rahyg+ i ch hie = he+ —- ho = ho+ —- (2:37)
e = 1 {mfhf + 1 (hyg—hy) = (g + 1) (hy, — he)} (2.38)
th — © ;
mgh
—1- (ma + mf)(he o hO ) + mfho —1— Qrejected during the cycle
Ny = = (2.39)

5/17/21 m f h f Qinput during

the cycle 18
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Specific impulse, SFC

Isp = Thrust force _ T
P Weight flow of fuel burned  m 78

pounds of fuel burned per hour _ 3600

SFC = =
pound of thrust Isp

SEC| 10D _ takeoss = 030

SEC| 10D _ cruise = 0-0

SFC =09to1.2

military engine

SFC =2

military engine with afterburning

(2.41)

(2.42)

(2.43)
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Dimensionless forms

Thrust

U A
T 2 e e
_— = }'MO((I +f)—l-j—0—])+A0

L (L)L
m,a YM,)PyA,
Specific impulse

v = (D
4 fImgag

3

|

P
1

Py

|

(2.44)

(2.45)

(2.46)
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Overall efficiency

v =

2 VA Cm
Y INFT/\Ppag
h
_ f
rECT

)

(2.47)

(2.48)
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2.10 Engine notation

Commercial Turbofan

reference diffuser fan . fan nozzle
r d lc In
0O 1 15 2 13 18 le
.-. turbine nozzle
] n
N\ compressor
j pc 78 ¢
{8 B———
‘ i"ll'!!!‘!ﬁ""""'-"‘-'“_ e
Com=ruy ‘! 25w | 09 b v, A
4" # d ‘z
y n\()ﬂim"m llhmm 3"-:— el
ﬁli} { [ A
) . \ 45
"y
"' - £ D
t
) \r,‘: .
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Military Turbofan

riference diffiuser fan compressor burgerturbine afterburner nozzle
lc ¢ ¢ a n

q -

4 3N i SRR
¥ t\{ Q"ﬁ : ii g?'l}lﬁ!hr.;._z 4

2.5 4.5

Figure 2.5 Engine numbering and component notation
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Component temperature and pressure parameters

_ The stagnation temperature leaving the component
The stagnation temperature entering the component

. . (2.49)
The stagnation pressure leaving the component

 The stagnation pressure entering the component

24



|FTAN FORD

AERONAUTICS &
ASTRONAUTICS

Station O - This is the reference state of the gas well upstream of the engine entrance. The tem-
perature/pressure parameters are

T

I {2 y-1\,,2
T, = _To = 1+(-————2 )MO
Y (2.50)
P y-1
_ 10 _ y-1\,,2
nr = -P—o = (] +(—2—)M0)

Note that these definitions are exceptional in that the denominator is the static temperature and
pressure of the free stream.

Station 1 - Entrance to the engine inlet. The purpose of the inlet is to reduce the Mach number
of the incoming flow to a low subsonic value with as small a stagnation pressure loss as possible.
From the entrance to the end of the inlet there is generally an increase in area and so the com-
ponent is appropriately called a diffuser.

Station 1.5 - The inlet throat.

5/17/21
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Station 2 - The fan or compressor face. The temperature/pressure parameters across the diffuser

are

T P

t2 t2
T, = — T, = — (2.45)
d d

Tt] PtI

Station 2.5 - All turbofan engines comprise at least two spools. There is a low pressure com-
pressor (including the fan) driven by a low pressure turbine through a shaft along the centerline
of the engine. A concentric shaft connects the high pressure turbine and compressor. Station 2.5
is generally taken at the interface between the low and high pressure compressor. Roll Royce
turbofans commonly employ three spools with the high pressure compressor broken into two
spools.

Station 13 - This is a station in the bypass stream corresponding to the fan exit and the entrance

to the fan nozzle. The temperature/pressure parameters across the fan are

P
t13 t13
T = —- T = —= (2.53)
1 1
¢ TtZ ¢ Pt2

Station 18 - The fan nozzle throat.

26
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Station 1e - The fan nozzle exit. The temperature/pressure parameters across the fan nozzle are

P
tle tle _
TI = nln = P (254)
t13

~

Station 3 - The exit of the high pressure compressor. The temperature/pressure parameters

across the compressor are

T P
r = 3 n o= B (2.55)
¢ Tt2 ¢ PtZ

\
Note that the compression includes that due to the fan. The goal of the designer is to produce a

compression system that is as near to isentropic as possible.

27
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Station 4 - The exit of the burner. The temperature/pressure parameters across the burner are

T, = Tt4 . = Pt4 (2.56)
b =T T b~ p. :
Tis Pis

The temperature at the exit of the burner is regarded as the highest temperature in the Brayton
cycle although generally higher temperatures do occur at the upstream end of the burner where
combustion takes place. The burner is designed to allow an influx of cooler compressor air to
mix with the combustion gases bringing the temperature down to a level that the high pressure

turbine can tolerate. Modern engines operate at values of T, , that approach 3700°R (2050°K).

Station 4.5 - This station is at the interface of the high and low pressure turbines.

28
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Station 5 - The exit of the turbine. The temperature/pressure parameters across the turbine are

T P
t5 t5
T = — n = — (2.57)
f Tt4 f p t4

Station 6 - The exit of the afterburner if there is one. The temperature/pressure parameters

across the afterburner are

T = — T = — (2.58)

Station 7 - The entrance to the nozzle.
Station 8 - The nozzle throat.

Station e - The nozzle exit. The temperature/pressure parameters across the nozzle are

T P

te te
T = — R = — (2.59)
Ty TPy

29
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In the absence of an afterburner

T

te

n Tt5 n

Two additional parameters

Y| v

te

t5

oo
;o C,T,
T Tt4
.

TO

(2.60)

(2.61)

(2.62)
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