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AMBIENT CONDITIONS, INLET

Engine work in static conditions Vo=0 — Py =Py, Ty =T,

Ram pressure recovery for flight condition (M, > 0)
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COMPRESSOR

COMPRESSOR (2 -3)

Compressor work is politropic
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Compressor loss is visible in entropy grow:
As = Cp x In(Ty3/Tyz) — Rin(P3/ Py2))

Isentropic efficiency
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Compressor outlet temeparture is higher and
copressor entropy grows dueto losses.
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COMPRESSOR POLYTROPIC EFFICIENCY

ideal work of compression for a differential pressure change

€C = actual work of compression for a differential pressure change
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Polytropic efficiency is treated as a constant for specific compressor. It is value
independent of number of stages in the compressor (CPR). Higher polytropic

efficiency is for modern compressors
Typical range:
ec= 0,88 — 0,92
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POLYTROPIC VS. ISENTROPIC EFFICIENCY OF COMPRESSOR

Isentropic efficiency Polytropic efficiency relation
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Isentropic efficiency decreases with compressor pressure
ratio (CPR) growing for defined politropic efficiency.
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Compressor isentropic efficiency for CPR>1 is lower than 1 CPR
politropic efficiency




COMPRESSOR WORK AND POWER
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Compressor work:

We = Cp(Tz — Ty)
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Compressor power:

Pc = mcWe= moCp(Tez — Tyy)



BURNER/COMBUSTER

Energy balance:

NemeFHV = my(ips — ip3) = MaCpTes — M3Cp Tis
Burner efficiency
_ heat added to the gas flow through the combastor

s 1 heat contained in fuel

I Compressor
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Fuel mass flow Fuel-air ratio
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TURBINE

Compressor-turbine energy balance:

) 1
Pr = myCpr(Tey — Tes) = %Pc

Turbine outlet temperature
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TURBINE POLYTROPIC EFFICIENCY

actual turbine work for a differential pressure change

A Pt =
4 y °T = ideal work of turbine for a differential pressure change
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Polytropic efficiency is assumed as a constant for the turbine. It’s value is
independent of nhumber of stages in the turbine (TPR). Higher polytropic

Asp= Cp; * IN(Tes /Try) — Reln(Pes/Ppy)) efficiency is for modern turbine.

Turbine entropy grow:

Typical range:
er=0,85-0,9



POLYTROPIC VS. ISENTROPIC EFFICIENCY OF TURBINE

Isentropic efficiency Polytropic efficiency relation
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Isentropic vs. polytropic compressor efficiency >
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Isentropic efficiency increases with growing of turbine
pressure ratio (TPR) for defined politropic efficiency.
Turbine isentropic efficiency for TPR>1 is higher than 1 TPR
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FULL EXPANSION IN THE NOZZLE WITH LOSESS

NOZZLE (5-9)
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Full expansion: P9 = P,

Burner = nozzle
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INCOMPLETE EXPANSION IN THE NOZZLE WITH LOSESS

T NOZZLE (5-9)
' D Pressure losses: T = IIZ—ZZ <1 Pg=myPss
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TURBOJET ENGINE WITH SUBSONIC (CONVERGENT) NOZZLE

k¢
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Full gas expansion in the nozzle is available for subsonic flow
speed (C9<a9)
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CONVERGENT NOZZLE WITH LOSESS

NOZZLE (5-9)

P
Pressure losses: Ty = == < 1 Pig= myPys

Pts
No heat losess Tig= Tts

Full expansion in the propelling nozzle

P9=P0

Nozzle outlet parameters
calculation like for full expansion

Ptg
If — =
P, ,Bcr

Full expansion in the propelling nozzle

P9=P0

Outlet gas velocity is equal
speed of sound

Nozzle outlet parameters
calculation like for full expansion

Critical pressure ratio coefficient ., = (

k¢
2

Expansion to critical pressure in the
propelling nozzle

Py =Pt9/ﬂcr

Nozzle outlet gas velocity is
equal speed of sound

Comag= |2t _por
9 = Qg = I + 1 tltg

Gas expansion outside the nozzle.
Parameters calculation like for full
expansion



TURBOJET ENGINE WITH LOSSES

Proesses in the inlet (diffuser) burner and nozzle are with losses —
15) < 1, 7TB< 1, Tl'N< 1

Compressor and turbine process isn’t isentropic, )¢c(ec) < 1,nr(er) < 1
Combustor efficiency np < 1

Mechanical efficiency n,, <1




REAL TURBOJET ENGINE — FULL EXPANSION IN NOZZLE

Proesses in the inlet (diffuser) burner and nozzle are with losses -
15) < 1, 7TB< 1, 7TN< 1

Compressor and turbine process isn’t isentropic, ¢ < 1,nr <1
Combustor efficiency ngp < 1

Mechanical efficiency n,, <1

and duct
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REAL TURBOJET ENGINE — FULL EXPANSION IN NOZZLE

Proesses in the inlet (diffuser) burner and nozzle are with losses -
15) < 1, 7TB< 1, 7TN< 1

Compressor and turbine process isn’t isentropic, ¢ < 1,nr <1
Combustor efficiency ngp < 1

Mechanical efficiency n,, <1

and duct
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EXAMPLE OF TURBOJET ENGINE CALCULATION

Temperature and pressure comparison in engine cutsections:

Given:
Parameter Value
1 |"Altitude [m]' 0
2 'Flight speed Ma' 0
3 "air mass flow [ka/s]' 25
4 |'CPR' 15
H |'T_t 4[KT 1300
il ‘Inlet pressure losses \pi O 0.9700
T ‘Burner pressure losses \pi_B' 0.9200
a8 '‘Mozzle pressure losses \pi_N' 0.9700
9 ‘compressor efficiency \eta_C’ 0.8200
10 |'turbine efficiency ‘eta_T' 0.8900
11 '‘Burner efficiency ‘eta_B' 0.9200
12 |'Mechanical efficiency ‘eta_M' 0.9800

Inlet
diffuser
and duct

Compressor

Burner

4 5

Section Temp. [K] real Temp. [K] ideal Pressure [kPa] real Pressure [kPa] ideal
1 i) 288 288 100 100
2 o 288 288 100 100
3 T2 288 288 a7 100
4 T3 G9a G624 1455 1500
5 4 1300 1300 1426 1500
& t5' as0 1016 334 hh6
T hicl a50 1016 324 hh6
a gl 710 G4 100 100
1400 . 1500
1200
1000 | 1000
< 5
o 3
=)
5 800 [ %
Q. (7]
IS e
o o
600 500
E gg 400 f
E (4|  Exhaust m——@===silnik rzeczywisty
o nozzle = @=silnik idealny
200 1 1 1 1 1 1 1 1 0




TEMPERATURE PRESSURE IN ENGINE SECTIONS

Real to ideal jet engine comparison shows:
Total pressure in engine sections is lower in the real engine

Total temperature after compressor is higher, but after
turbine is lower in the real engine

Higher temperature after compressor causes lower

Engine performance:

Parameter Unit Real eng. Ideal eng.
"Thrust' kN 19.0608 231214
2 |"Specific Thrust' "W*s/kg' 762.4330 824.8565
Tuel consump’ ko's' 0.4285 04714
"Specific fuel consump’ kg/MNh 0.0809 0.0734

‘predkosc VI

‘mis'

749.5365

207.7404

‘therm. efficiency’

0.3873

0.5177

b I = - I O = 5

‘prop. efficiency”

0

0

‘overall efficisncy”

0

0

fuel consumption of the real engine - TIT (turbine inlet temperature) is the same in both engines

Lower total temperature in the nozzle inlet and higher static temperature in the nozzle outlet
causes lower outlet flow velocity and by this way lower thrust and specific thrust of real jet engine

Specific fuel consumption is higher due to lower thrust and thermal and overall efficiencies are

lower in real engine

Example of turbojet engine thermodynamic model: real turbojet engine model



https://robert-jakubowski.v.prz.edu.pl/download/yBPn4uHitdRjhdVD8PDGk7B3soOxgoODkGYSEobzwgHgItfiMfNWcAUwtlKAo9PSQoay8,EtNG8nHyYnDnQLayAKLSEvYDFwbQkRczo6NBF_MWZpekp9N2Q/task_no_3_real_turbojet_engine.pdf

EXAMPLE OF TURBOJET ENGINE CALCULATION WITH
CONVERGENT NOZZLE

Given: Parameters and engine performance comparison for full expansion
nozzle and convergent nozzle
e FILEID L Parameter Unit FULL EXP. CONVERG. NOZZLE
1 | 'AMtitude [m] 11000 1 | K 1.0330e+03 1.0330e+03
2 | Flight speed Ma 08 2 [Pt kPa' 143.4731 143 4731
3 | @irmass flow [kg/s] 2 3 [T K §48.7254 386.8015
4 |CPR ' 4 |'ve ‘mis 947.8210 584 6740
5 |TLAIK 1300 5 |'Py kPa' 22 775530
i ‘Inlet pressure losses \pi_Or 0.9700 6 Tog' K« 648 7754 687 0761
T ‘Burner pressure losses \pi_B' 0.9800 7 = s 947 8210 899 7531
a '‘Mozzle pressure losses \pi_MW' 0.9700 P Thrust KN 14.0374 13.0560
o | compressor efficiency \eta_C 08200 o ['Specific Thrust N*s/kg’ 701.8725 652.8003
10 | ‘turbine efficiency \eta_T 0.8900 10 |'Specific fuel consump’ ka/N/h' 0.1072 0.1152
11 |'Burner efficiency ‘eta_BE' 0.9200 11 |therm. efficiency’ 0.4711 0.4206
12 |'Mechanical efficiency ‘eta_M' 0.9800 12 |'prop. efficiency’ 0 4407 04590
13 |"overall efficiency’ 0.2078 0,193
CONCLUSIONS:

Incomplete expansion in the engine propelling nozzle causes:

sLower thrust and specific thrust than it is in full decompression mode
*Higher specific fuel consumption

«Additional entropy increase caused by jet decompression outside the nozzle




EXAMPLE OF TURBOJET ENGINE CALCULATION WITH
CONVERGENT NOZZLE

temperature [K]

1400

=% £ 1200 |
Compressor Burner = nozzle
1 3 4 5 6 9
1400 T T T T T 450 —_ 1000 B
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4 400 5
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0 200 400 600 800 1000 1200 1400
. delta S [J/kg/K]
400 |
150 . . .
Example of turbojet engine with convergent nozzle
200 0

0 ) 3 A s o % calculation in: real turbojet engine model
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