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Topic 12 - The Turbojet Cycle

Suggested reading — AA283 Course reader Chapter 4
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Turbojet cutaway schematic
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Cutaway of a GE J85 turbojet
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Cutaway of a GE J85 turbojet
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GE J85 turbojet with afterburner
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J85 applications

White Knight
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Recall the definition from Chapter 2

A kinetic energy of air 4 A kinetic energy of fuel
second second

Power to the vehicle +

’ m gh g
mg(U,—Up)’ i (0] [mp(U, Uy’ mp(Up)°
TU,+ 3 - + 3 - 3
If the nozzle is fully expanded
. . Ue2 . U0‘2
. (m, + mf)T —Me5 (4.3)

th = -

mgh g
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Rearrange
. . Ue2 . UOZ
(ma * mf)T_ma_Z— (i, + mf)(hte_he)_ma(htO_hO)
My = . = , . ,
th rit ch (i, + 1 p)h,, — 1t by
n, = 1 Qrejected during the cycle ] (ma + mf)he N mahO (4 4)
h — - = - T X 3 .
! Qinput during the cycle (ma + mf)hte - mahtO
T, ; )
r |0+ N7
Ny = 1- 3 >
! TtO Tte
(I + f)7—-1
TtO )
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For the ideal ramjet the factor in brackets is one.

y—I)Mz
T 1 ( 2 )0

=]l-— =1-= = .
UM TtO T I+(}/_]) 2 (4.5)

For the ideal ramjet the thermal efficiency is determined
by the flight Mach number.

If the Mach number is zero then the thermal efficiency is
Zero and there is no thrust!
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The turbojet uses a compressor to produce compression

at zero Mach number.

3 "////////////7/{//-'
------- @r‘“ \‘q'
|

(710
|
D7

X

rotor stator stator rotor

Figure 4.1 Turbojet engine and compressor-turbine schematic
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reference
r

0
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Engine notation

diffuser compressor burner  burner

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

_ The stagnation pressure leaving the component
The stagnation pressure entering the component

11
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Station 0 — This is the reference state of the gas well upstream of the engine
entrance. The temperature and pressure parameters are

T
t0 y—-I) 2
= — =] +|"—|M
T, T, +( 3 0
Y

P v-1
_ 10 y—1Y\,,2
m o= B (1 +(__2 )MO)

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

Station 1 — This is the 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 component is
appropriately called a diffuser.

Station 1.5 — The inlet throat

12
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Station 2 — The compressor face. The temperature/pressure parameters across
the diffuser are

T_th n—P
d — 7 d - p
Tt] PtI

Station 3 — The exit of the high pressure compressor. The temperature/pressure
parameters across the compressor are

T = l? P
¢ T,, ¢ P

13
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Station 4 — The exit of the burner. The temperature and pressure parameters

across the burner are

T, = — - —
b = T T P (2.56)

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).

14
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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
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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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Compressor - turbine power balance.

(i, + mf)(ht4 —hs5) = my(h3—hy) (4.6)

Across the burner.

(ma+mf)ht4 = n’zaht3+n‘thf. (4.7)

Subtract (4.6) from (4.7). Across the engine

The inlet and nozzle flow are assumed to be adiabatic.
Therefore (4.8) is equivalent to:

(ma+mf)hte = maht0+mfhf‘ (4.9)

5/31/21 17
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Recall the thermal efficiency.

(ma + mf)(hte N he) N ma(htO N hO)
M =

(g + 1t )by — 1

Use (4.9) and (4.7) to rewrite (4.10).

(n‘za+mf)ht4—n‘zaht3— (n‘za+n'zf)he+n’zah0

Mn = . . .
t § (ma + mf)ht4 B maht3
or
| h, ;
1+ f)—-
n ; {(ma+n‘zf)he—mah0} ; hy ( ,f)ho
th = “ " Yoh. +mh,—m h[ k) h
a f7"t4 a’'t3 t3 (]+f)—-t-f-l—1
i ht3

(4.10)

(4.11)

. (4.12)
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For constant heat capacity

Te
T, (I+f)T—0—I
M = 1 -7 T > (4.13)
Bla+ HE-1
i Tt3

|deal Brayton cycle
v-1 Y-1

Ty;  (Pi3) ? Ty (Peg) ¥
7, = |7, — = | P - (4.14)

0 e e

The heat interaction occurs at constant pressure.

- 2 (4.15)
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Thermal efficiency of the ideal turbojet.

nl h ideal turbojet T t3

(4.16)
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Turbojet cycle P-V diagram.

Q,

3t

oY,

\Y%

[{ PR
!

Figure 4.2 P-V diagram of the ideal turbojet cycle. Station number with a
refers to the stagnation state of the gas at that point.
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Turbojet cycle T-S diagram.

...............

Figure 4.3 T-S diagram of the ideal turbojet cycle.
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4.2

Thrust of an ideal turbojet

Thrust equation

POAO 0

We need to work out the velocity ratio.

Ue Me Te

Uy Mo\T,

U
1. ((1 +f)——-1).

(4.17)

(4.18)
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Begin with the pressure

P =P P zo)(P tz](P t3)(P 14)(P tS](P te]
e NPy NP NP2 \Pis \Prg)\ Pys

Express (4.19) in terms of engine parameters

Pte = P07t T T T T TC, .
Assume
T, = 1 T,o= 1

(4.19)

(4.20)

(4.21)

(4.22)
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Now %
~ 1
B B y—1. 2\Y
Pte - PO”rncn.t - Pe(] + 2 Me) . (4.23)
Assume the nozzle is fully expanded
v
¢ y—1. 2\Y1
T.Ew.T, = (1 + 5 e) . (4.24)
Assume the compressor and turbine behave isentropically
Y Y
m, = TZ—I T, = Tty“l (4.25)
Exit Mach number
.2 2 ‘
M, = 7:_—1(TrTcTt—1) (4.26)
2
& _ TrTcTt—I] wom
Mg T -1 '

5/31/21 o5
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Now the temperature

o7 (TtO](TtZ)(Tt3)(Tt4](Tt5}(Tte)
e NTo NT o NT o NT s \T g\ Tys

Express (4.28) in terms of engine parameters

Tte = TOTerTchTtTn’

Assume the inlet and nozzle flows are adiabatic

te erct

2

From (4.30)

T,, = TyT,1.7,7, = Te(l + 1,—_——I-Mi) =T T1TT,.

N

4.28)

(4.29)

(4.30)

(4.31)
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It is convenient to express the temperature ratio as

T T
T‘f - A (4.32)
0 TrTc
Thrust formula
ttt-1\ 1, \I/?
-L=_21-Tr—]) (]+f) rcect ) A') ._.]) (433)
PyA, y—1 T.-1 1.7,
Fuel/air ratio
T, —T.7T
f= 2 1€ (4.34)
Tf — T).
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Apparently the turbojet thrust is a function of four variables.

T
POAO
But the turbine and compressor are not independent variables.

They are coupled together by a shaft that transfers the work
Done on the turbine to the compressor.

= F(rr, T., Ty Tt) (4.35)

(g +m )Ty~ T,s) = my(T,3-T,)) (4.36)
I+ )t (1-7) = T.(T,. - 1) (4.37)
or
t(t.-1)
- g__r.c 4.38
T, = 1 T+ 9, (4.38)

5/31/21
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Finally the velocity ratio is

Ue ? 1 )
(ffé) ) (r,-z)(”frr”f”‘ Trrc]

where the fuel/air ratio in (4.38) has been neglected

Specific impulse

= = (e
ag JINYM ) PyA,

(4.39)

(4.40)
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Maximum thrust ideal turbojet

How much compression is optimal ?
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T/PyA, T/PoAg
R =170 ¥ =170
8 | T;\=8.4 8 T)\'=8.4
6 : Trzl .45 6 Tc:2-5
4 | 4
|
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Te T

Figure 4.4 Thrust and specific impulse curves for an ideal turbojet.
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Maximize the velocity ratio.

2
oYl _ 1 [_H_Tz}_)
J7, Ug (r,-D| 7 TrT;CZ

The maximum velocity ratio occurs when

2

max thrust T

(4.41)

(4.42)
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4.4 Turbine - nozzle mass flow matching

my = m,
(P A,/ JIRT,)f(M,) = (P,gAg/ [YRT 5)f(Mg) (4.43)
The turbine inlet is choked and the nozzle throat is choked.
%k
Pt4A4/A/Tt4 = Pt8A8/A/Tt8 (4.44)

Assume the turbine operates isentropically.
Y

Y-1
Ps/Py = (T;5/T.y (4.45)

Thus

* (2( —I))/( + 1)
T = T, /T,y = (Ag/Ag) (4.46)

32



|FTAN FORD

AERONAUTICS &
ASTRONAUTICS

5/31/21

4.5 Free stream - compressor inlet mass flow matching

ma=m2

(PoAg/ JTo) f(My) = (PpAy/ [T ) f(My)

PyAogf(My) = P,A,f(M),)

P yAogf (M)
P,A,

= f(Mz)

(1/7)(Apg /AN f(My) = f(M))

(4.47)

(4.48)

(4.49)

(4.50)
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4.6 Compressor - turbine mass flow matching

(1 + f) = g

| (4.51)
I+ f)P,A,/ [T (M) = (PyAy/ [T,y
_ 1 R Ty A:
f(M,) = (Hf)m(Az) | (4.52)
T, (Ag (4.53)

5/31/21
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4.7 Summary - engine matching conditions f<<1

2(y-1)
* Y+ 1
T = (A,/Ag)

T
t,-1 = 2(I-7)

v T, (Ay
f(My) = F—TA/Tr(A*?]

( ;d)(A )f(MO) = f(M))

(4.54)

(4.55)

(4.56)

(4.57)
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T, =216K

4.7.1 EXAMPLE - TURBOJET IN SUPERSONIC FLOW WITH AN INLET SHOCK

A turbojet operates supersonically at M, = 3 and T,, = /944K . The compressor and

turbine polytropic efficiencies are 7 be = = 1. At the condition shown, the engine

operates semi-ideally with 7, = &, = [ but &, = / and with a simple convergent noz-

zle.

The relevant areas are A;/A, = 2, A2/A4* = I4 and A,/ Ay = 4 . Supersonic

flow is established at the entrance to the inlet with a normal shock downstream of the inlet
throat. This type of inlet operation is called supercritical and will be discussed further in
Section 4.11.

1

Mg=3
i

shock A 4 *

36
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1) Sketch the distribution of stagnation pressure, P,/ P,, and stagnation temperature,

T,/T,, through the engine. Assign numerical values at each station.

Solution - Note that f(3) = 0236, T,, = 605K and

We need to determine 7., f (M,) and 7, . The analysis begins at the nozzle where the flow

is choked. Choking at the turbine inlet and nozzle determines the turbine temperature and
pressure ratio.

(é) = 0.143 . (4.58)

NRS

2y-1)
A y+ 1 1/3
pu i
T = = {1 = 063 (4.59)
= (%) )
v
x =71 =063 = 0198. (4.60)

t

-~

Matching turbine and compressor work gives the compressor temperature and pressure ratio.

2 1944
To= L4 JU=5) = 1+ 50U -069) = 219 @61)
v
x =7 =219 = 1554, 4.62)

Now the Mach number at the compressor face is determined.

A T\!172 A 1/2 A
4*[ Vr 4% 605 4% 8.67
M - —] = e . = —8. —_ = .
f( 2) 2(%) T 2(]944) 15.54 2867 7 0.62
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Use free-stream-compressor-mass-flow matching to determine the stagnation pressure loss

across the inlet.

_ Agf(Mp) 0236

", = — = 2 =076
d 7 A f(M,) 062

Now determine the stagnation pressure ratio across the engine.

P
1%; = wymm, = 0.76(15.54)(0.198) = 2.34

Now the exit static pressure ratio is determined.

vl a-L

) A y-1

P, P\t Mo 28,39

ol ey e R G L) B
0 t0 ]+'YTM6 :

As is the static temperature ratio.

T,, © 1944

te _ e 2 2063 = 202
T, =, ! 605
y—1
T T 1+ ——2 Mé 28
_e _ _te ——| = 2.02(-'-) = 471

velocity ratio

U M (T 1/2 ]
e el e 1/2
£ = L= = =(4.71 = 0.723
and thrust
U A (P
_r _ yM(Z)(_"_I) + _6(1_1)
PyAg Uy Ao\ Py
T = 14(9)(0.723-1) + 0.143(454-1) = -349+6.35 = 2.86
070

(4.64)

(4.65)

(4.66)

4.67)

(4.68)

(4.69)

4.70)
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At this point we have all the information we need (and then some) to answer the problem.
The pressure ratios are:

P P,
2 _ n, = 0.76; LE myr, = 118
Py P
@71
P _ _ s L - = 2.34
P wymmy, = 11.8; 5= = mym.mm = 2.
t0 t0
and the relevant temperature ratios are:
T T
2 t3
L =1, =1, — =11 = 219
TtO d TtO d"c
. . 4.72)
t4 1944 t5
7;) = T,T,T), = <05 = 3.21; 7,:—(—) = TT.TT, = 2.02

Now we can sketch the stagnation pressure and temperature ratios through the engine.

5/31/21 39
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Suppose we add a diverging section to the nozzle. What happens to the thrust?

T ZMe Te Ae Pe
= yMp| 2S-SR
PyA, MyNT, o\Po

Rearrange to express the thrust in terms of the nozzle exit Mach number.

41
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T P A
Plot for ¢ = 5.658 _fe _ 85055 8~ 0143
T, Py Ag
Fully expanded nozzle
T/P,A, / P, =F,
2 3 4 5 6 h/‘[e
MeMaxThrust — 3 5 85 Ae/ ASMaXThrust — 73 47

AJA, = 1.05

42
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4.11

Inlet operation

- u‘
m s M

3

A, same as case d

Figure 4.12 Inlet behavior with increasing nozzle throat area in subsonic flow

43



FSTANFORD

AERONAUTICS &
ASTRONAUTICS

5/31/21

Condition for inlet choking

(PaAy/ JT DMy = (PyysAps/ T s)f (M 5)

The mass balance becomes
\QAzf (M) = A sf(M;5)

The inlet chokes when f(M; ;) = 1. This occurs when

(M.,) = A, /A
/ 2 linlet choking 15 2

(4.104)

(4.105)

(4.106)
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Supersonic flow

THTm

 ge— |
1' l “LUI@/’M‘M

just ahead
of inlet

Al

¢ - supercritical

M>1
Ag=Ay

__.____—__

shock
downstream of throat

Figure 4.14 Inlet behavior with increasing nozzle throat area in supersonic flow
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Figure 4.14 Flow over a Mach 3 spike inlet, left photo subcritical behavior, right
photo supercritical behavior.
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4.8

How does a turbojet work ?
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Recall the engine matching conditions f<<1

2(y-1)
* Y+ 1
T = (A,/Ag)

.
t -1 = -3‘(1 7)
r

v T, A4
f(M,) 01, /rr(Az]

( ;d)(A )f(Mo) F(M,)

(4.54)

(4.55)

(4.56)

(4.57)

48
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Use (4.55) and (4.56) and
Y
— y-1
n. = (1,) , (4.75)
( AY
2
. _ 1 A
y—1 12 2(7-1) wf (M) (4.76)
— % 4
(ncy —I) 7_ ‘14 r+l
\ Ag /

5/31/21
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The compressor operating line is approximately a straight line

practical

operating
range

Figure 4.6 Schematic of the compressor operating line Equation (4.59)

5/31/21
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410 Turbojet engine control

The two main inputs to the control of the engine are:

1) The throttle, which we can regard as controlling T, ,, or equivalently, at a fixed altitude, 7,

and,

2) the nozzle throat area A;.

The logic of engine operation is as follows.
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Case 1- Vary A; keeping 7, constant. Equation (4.54) determines 7, which is used in (4.55)
to determine 7. This determines 7, through (4.58) and f(M,) through (4.56). Given f(M,),
the combination (1 /7;)(A,/A,) is now known. This quantity completely defines the inlet

operation. The change of f(M,) and =&, is achieved by an increase in compressor speed

according to the behavior indjcated on the compressor map. The compressor operating point
moves along a constant 7, /7 characteristic.
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Case 2 - Vary 7, keeping A; the same. The logic in this case is very similar to case 1 except
that the compressor-turbine work matching condition, has 7, = constant . This determines 7
through (4.58) and f(M,) through the compressor operating line (4.59). Given f(M,) then
(1/ ”d)(Ao/Aé) is known and the inlet operation is defined. As in case 1 the change of

(M) and = is achieved by an increase in compressor speed according to the compressor
2 c y P pe g P

map. The compressor operating point moves along the operating line (4.59) which crosses the
constant 7, /7, characteristics as shown in Figure 4.11.
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4.13 The effect of afterburning

| [ilj_ i l” L.

Figure 4.18 Turbojet with afterburner
Assume no stagnation pressure loss across the afterburner

T, = Pm/Pt5sl (4.123)

54



|FTAN FORD

AERONAUTICS &
ASTRONAUTICS

Velocity ratio

1/2

R LR A e B

Exit stagnation temperature

T
te
T, = Tt5(i;) = T, (4.125)

Note that the exit velocity increases in proportion to the
square root of the increase in stagnation temperature ratio
across the burner.
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4.14 Nozzle operation
With the afterburner on, the turbine temperature ratio is

2(y-1)
1

* Y
7, = (JT,Ay/Ag) : (4.126)

When the afterburner is turned on the nozzle area must be increased
to keep the temperature across the turbine the same. Otherwise a
reduction in corrected mass flow, f(M), through the engine may occur.

5/31/21
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4.12 The non-ideal turbojet cycle

Inlet - shocks, boundary layer losses, non-adiabatic flow

Nozzle - incomplete expansion, shocks, boundary layer losses,
non-adiabatic flow

Burner - stagnation pressure loss due to heat addition,
burner drag, non-adiabatic flow, incomplete combustion

A rule of thumb
2
7, = 1 - constant X YM (4.107)

Combustor efficiency
v U+ Ry =hyg

= 4.108
Ny fhf ( )
Compressor - turbine - shaft efficiency
his=hy,
—— (4.109)

m = T ¥ Hh,- )
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Compressor and turbine efficiencies
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n. =

Compressor efficiency

S

Figure 4.15 h-s path of a turbojet with non-ideal compressor and turbine.

The work needed to reach P,;/P,, in an isentropic compression process

The work needed to reach P,;/P,, in the real compression process

ht3s - htZ

n =
¢ ht3 - ht2

' (4.110)

59



|FTAN FORD

AERONAUTICS &
ASTRONAUTICS

5/31/21

Turbine efficiency

S

Figure 4.15 h-s path of a turbojet with non-ideal compressor and turbine.

The work output in reaching P,s/P,, in the real expansion process process

Me = The work output in reaching P,5/P,, in an isentropic expansion process
n = ht5 - ht4
e " h. _h.
ht5s h t4

(4.111)
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In terms of temperature

Tt3 s TtZ

Tt3 - TtZ

n, =

n, =

T ..-T

t5 t4
Tt5s N Tt4

(4.112)
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Polytropic efficiency of compression

T

P,+dP,

Figure 4.16 Infinitesimal compression process

Define

(4.113)
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For an isentropic process

ths _ (),__ ])dPt
Yy /P,

(4.114)

th (},__ ])dpt
(4.115)

anc Pt

Assume the polytropic efficiency is constant over the
range of a finite compression. Across the compressor

P T..\Y-1
—t3 (-ﬁ) (4.116)
TtZ
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Compressor efficiency

y-1
\ Tt3s » (ffé) Y g
n, = ;,2 _ 2
t3 y-1
T (iﬁ)m’” i
t2

5/31/21

(4.117)
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Polytropic efficiency of expansion

T
Ty |— Py 4t
real
ideal P, +dP,
T4t+th e St

TytdT [ / Sts

Figure 4.17 Infinitesimal compression process

Define

Mpe = 7T (4.118)
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For an isentropic process

ths _ ()’-—I)dpt

T, Yy /P,

For a real process

a1, _ (n,,e(y—-z))dp,
v )P,

Assume the polytropic efficiency is constant over the
range of a finite expansion. Across the turbine

4

(y-1)mn,,
Pis _ (T_w] ’
P Tt4

(4.119)

(4.120)

(4.121)
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Turbine efficiency

(y-Dn,,
Tis (”_5) "
ne _ Tt4 _ Pt4
Tt5s__ ] p }-,:}7-{
Tt4 (—té] -1
Pt4

(4.122)
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Combined non-ideal engine analysis
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AA283 Homework 4 2020 - 2021

Cantwell Winter 2020-21
Due February 9, 2021

Reading: Read the remainder of Chapter 4

Problem

The figure below shows several views of the Northrup F-5/T-38 fighter/trainer aircraft used by a variety
of nations since it was introduced to service in 1962.

Figure 1: F-5 in several views

Although the aircraft can fly supersonically, the cruise speed for maximum range of the clean (no stores)
aircraft is My = 0.8.

1) Determine the altitude for minimum drag at the beginning and end of cruise. Assume 15% of fuel
mass is needed to reach the cruise condition and 5% of fuel mass is used for descent and landing. Rele-
vant data is as follows.

Empty mass = 4347 kg

Gross weight (clean) = 7142 kg
Max takeoff weight = 11,192 kg
Fuel volume = 2.56 m?

Fuel density = 789.5 kg/m?
Wingspan = 8.13m

Wing area = 17.3 m?

Frontal area = 0.32 m?

Cap = 0.012

Span efficiency = 0.6

2) Determine the aircraft drag at the beginning of cruise.

3) The engine used to drive the aircraft is the General Electric J-85 shown in Figures 2a and 2b which has
been in service for over 60 years.

(a) Front perspective (b) Rear perspective

Figure 2: Cutaway views of the J85 engine.

Use the following data to show that this engine can provide the thrust and range needed to drive the
aircraft at the cruise flight condition.

Thermal parameters
hy =4.28 x 107J/kg
Ty = 1173.15K

Engine geometry

Compressor entrance area, As = 0.1591m?

As/ALF =8.0

As/As" =2.275

Choose A./Asg so that P. = Py at the given flight condition.

Nonideal loss parameters
Nshaft = 0.995
Nburner = 0.98

mp = 0.96
mq = 0.97
7, = 0.98
Compressor and turbine efficiencies
Mpe = 0.90
Tpe = 0.86
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1) Turbine parameters, 1, and

2) Compressor parameters, 7. and ..

3) The fuel/air ratio, f

4) Compressor entrance flow, f(Msz) and Mo

5) Freestream capture area to compressor entrance area ratio, Ag/As

6) Nozzle area ratio, A./As. Assume isentropic flow between stations 8 and e.
7) Nogzzle exit Mach number, M,

8) Nozzle pressure ratio, P. /P

9) Nozzle temperature ratio, T, /T

10) Nogzzle velocity ratio, U. /Uy

11) Dimensionless engine thrust based on the compressor entrance area, T /(PyA2)
12) Dimensionless engine thrust based on the capture area, T'/(PyAo)

13) Dimensionless specific impulse, I,,g/ag

14) Overall efficiency, Ny,

15) Propulsive efficiency, 1,

16) Thermal efficiency, n,

Determine the engine performance at the given operating point.
17) Thrust, T in Newtons. Compare to the aircraft drag.

19) Air mass flow rate, m,, in kg/sec

20) Fuel mass flow rate, 1ty in kg/sec

21) Aircraft flight time and range during cruise in km

22) Aircraft L/D at the beginning and end of cruise

4) Determine the same engine parameters at sea level and M, = 0. Use the same turbine inlet tempera-
ture, Ty4. Let A3/ A4" = 8.0. Change the nozzle throat area so that Ag/A,* = 2.5 and change the nozzle
area ratio A./Asg so as to maintain P. = P, at sea level and M, = 0.
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Non-ideal engine matching relations and performance

Nozzle area ratio/Mach number

Pte
Py

= Mg

bTtTn

Turbine Tt T i (Ag) Ad")) Zire D/ @175 (1=1)
T = (Tt)v/npe(v—l)
S l ncombeT]mTA(l - Tt) + Tr(ncombe - 7—)\)
Compressor T feomTs — Tt (L — 7)
T, = (Tc)npcv/(w—l)
: H . T — TrTc
Fuel air ratio = Geomr — 1)
1 A4* T, 1/2
f(MZ) f(M2) (1 + f) TpTe A2 (a)
: Ao f(Mz)
4o _
Inlet/diffuser A, = ")
: 2(74_—11)
Air mass flow . 7( 27, ) 7 (3y) x Fod2
v+1 ag
T 2’7’ 2(7 1/2 Ae Pe
Thrust P0A2:7(7+1 Wdsz <1+f _M°)+A_2(Fo_1)
e A Ag A4
A, AT AS T4,

5/31/21

Efficiencies and I,

T

TATt

To

—1 2
1+ 5=M,

1 v—1 T

Nov =

frr v PoAo

(1+f)M2(

-1
77zth:,Y2 (

i)-)

[Ty

ao

Ispg

1 1 T
fyMy PoAg

71




|75TANFORD

AERONAUTICS &
ASTRONAUTICS

Problem 1

A test facility designed to measure the mass flow and pressure characteristics of a jet engine compressor
is shown in Figure 1. An electric motor is used to power the compressor. The facility draws air in from
the surroundings which is at a pressure of one atmosphere and a temperature of 300 K. The air passes
through the inlet throat at station 1, is compressed from 2 to 3 and then exhausted through a simple
convergent nozzle at station e. Assume the compressor (2-3) operates ideally. Relevant area ratios of the

electric
motor

Figure 1: Compressor test facility.

rig are A; /A, = 8 and A; /A, = 1/2. Suppose the power to the compressor is slowly increased from zero.
1) Determine the compressor pressure ratio P;3/ P, at which the nozzle chokes.

2) Determine the compressor pressure ratio P;3/ P, at which the inlet throat chokes.

3) Plot the overall pressure ratio P,/ P, versus the temperature ratio T;. /Ty over the full range from less
than sonic flow at station e to beyond the point where a normal shock forms in the inlet.

4) It has been proposed to put a compressor facility like this in one of the basement labs in Durand to
support propulsion research. It would operate up to a maximum air mass flow rate of 10kg/sec. How
much power would be required to operate the facility? Stanford pays about $0.20 per kilowatt-hour for
energy. What would be the hourly cost for energy to run the facility?

5/31/21

Problem 2

A turbojet engine is at rest, set for takeoff. The inlet, compressor, burner, turbine and nozzle operate ideally.

0

— i

M,=0
M, =

Figure 2: Turbojet ready for take-off.

The nozzle is of simple convergent type with M, = 1.0. Assume f < 1. The free stream temperature is

300K and the turbine inlet temperature is 1500K . Relevant area ratios are A./A," = 2and A,*/As = 1/8.
1) Determine 7; and .

2) Determine 7. and ..

3) Determine f(Ms).

4) Suppose the pilot reduces the throttle to the point where the engine is idling and the exit nozzle is on
the verge of un-choking. The engine continues to operate ideally. What value of T}, would produce this
condition? Note that the nozzle being on the verge of unchoking means that M, = 1.0 and P, = F,.
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Problem 3

Figure 3 shows a turbojet engine flying supersonically. Figure 4 shows typical stagnation pressure and
stagnation temperature ratios at various points inside the engine (the figures are not drawn to scale).

~

~

|
|
|
|

|
|

|
|

|
T
| |
| |
2 5

Figure 4: Stagnation pressure and stagnation temperature through a turbojet engine with inlet shock.

The turbine inlet and nozzle throat are choked, and the compressor, burner and turbine operate ideally. At
the condition shown P, = P,. Supersonic flow is established in the inlet and a normal shock is positioned
downstream of the inlet throat. Neglect wall friction and assume f < 1.

Suppose T is increased while the flight Mach number and engine areas including the nozzle throat
and exit area are all constant.
1) Show whether P;3/ Py, increases, decreases or remains the same.
2) At each of the stations indicated above explain how the stagnation pressure and stagnation temperature
change in response to the increase in 7).
3) Does P, /P, increase of decrease?
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