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ENGINE THRUST AND SPECIFIC
PARAMETERS

Flight speed is 0

THTUST / GROS THRUST
T =mgVy + Ag(Po — Fy)
effective exhaust velocity
Verr = Vo + Ag(Py — F) /1

T — mgVeff

Exit pressure = ambient pressure

T = 1oV,

SPECIFIC THRUST Flight speed > 0
ST =T /m, THTUST / NET THRUST

SPECIFIC FUEL CONSUMPTION T =mgVy + Ag(Py — Fy) — migVy = moVerr — Mol
SFC = ms/T Net thrust = Gross thrust -Momentum drag

Details in: Ahmed F. El-Sayed, Aircraft Propulsion and Gas Turbine Engines, (chapter 2.2)



SECTION NUMBERING FOR GAS
TURBINE ENGINE
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D/IN — Inlet diffuser (sections 0-2)

total pressure leaving component a F — Fan (sections 2-13)

a :
total pressure entering component a © _ genrpremser (25
total temperature leaving component a LPC — Low Pressure Compressor (2.3-2.5)
Ty = : e
% total temperature entering component a HPC — High Pressure Compressor (2.5-3)
B — Burner/Combustor (3-4)
. total pressure entering turbine T —Turbine (4-5)
o =

total pressure leaving turbine HPT — High Pressure Turbine (4-4.5)

T

78 9

LPT — Low Pressure Turbine (4.5-5)
AB — Afterburner (5-7)

N — Nozzle (7-9) (5-9)

ED — External Duct (13-17)

EN — ExternalNozzle(17-19) (13-19)



ENGINE EFFICIENCIES

Thermal efficency

Power imparted to engine airflow

TTH = Rate of energy supplied in the fuel
_ 0,5+ (MoVoe — 119V %)
i e FHV

Propulsive efficency
Thrust power

P = Power imparted to engine airflow

Vo*T

0,5 * (11gVee? — 1i29V?)

Np

Overall efficency
VO x T
mgFHV

No = Nty *Np=

Fuel energy

Fuel energy

et stream energy
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Thermal engine

Power imparted
to engine airflow

L 4

internal losses Heat rejection to surrounding air



THERMAL EFFICIENCY

W t . . . . . '
77TH = .Ou |:> 77TH = an - Qout = 1 — Q.Oltt wher'e, Qout = mgcp(Tg - TO)
Qin Qin Qin
Wout = net power out of engine (engine work) Higher thermal efficiency causes lower specific fuel

Qin= rate of thermal energy released/suplied in the fuel) consumption
Thermal efficiency is higher when exhaust gas

temperature is closer to the ambient temperature

Thermal engine

For ideal turbojet

, ideal turbojet
Wout engine:

1
UTH=1_W’

where m — engine
compression pressure
ratio, k- isentropic
exponent

Thermal efficiency

internal losses  Heat rejection to surrounding air

v

Engine pressure ratio



PROPULSIVE EFFICIENCY

VO * T
Thermal engine Propulsive engine Np = ; ;
i P > 0,5 * (7’”9V9e2 — mOVOZ)
Power imparted Thrust power @

T = m9V9e — m()VO and mg = mo

to engine airflow

_ VoWee=Vo) _ WWee=Vo) 2
0,5 (Voo = Vo) (Voo = Vo)(Voe + Vo) 1+ Vo /Vy

Fuel energy

Np

o

Propulsive losses

Engine np=1,9dy Voo = Vg v

internal losses  Heat rejection to surrounding air
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Propulsiv efficiency define the
thrust produced for specific
flight speed from kinetic
energy added to engine airflow i3

Propulsive efficiency 7p (%)
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ENGINES PERFORMANCE

Specific thrust vs. flight speed
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Specific fuel consumption vs. flight speed

Specific fuel consumption [(bm/h)/Ibf]
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Propulsions of high specific thrust have got high specific fuel consumption
Low specific fuel consumption is characteristic for propulsions dedicated for low speed

Figures from: Jack D. Mattingly, Elements of Propulsion: Gas Turbines and Rockets,AlAA Education Series 2006



STATIC / TOTAL PARAMETERS

Fan

g jp  Combustor Tubine 17| 19 Ram pressure recovery for flight condition (M, > 0)

< Duct burner \ \ ¥ Secondary
- 10zZle

Freestream I-I T k _ 1 k/(k_l)
wlﬂe_sﬁ’@“\ S — 2
il MU [N § Afterburner  Primary PtO PO 1 + 2 MO

~—] _ “—_I_J'I__/ < nozzle

"/—@, : -~ k-1
| _I_ < 78 9 Tt():TO 1+ 2 'MO
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1 )"/("‘1) For IDEAL ENGINE losses are omitted

P, - static pressure in section 2 k —
2 P . . Pt2:P2 1+ MZ 7TD=7TB=7TN=7TEN=1
P;, - total pressure in section 2 2 .. .
Additional assumption:
. . _ Perfect gas:
T, - static temperature in section 2 >

) : Cp=1005 J/kg/K, k=1.4, R=287 ]/kg/K — for air
T, - total temperature in section 2

Cpt =1170 J/kg/K, kt=1.33, R=290 J/kg/K — for fume
CpB=1200 J/kg/K
CpAB=1250 J/kg/K

k-1
Tt2=T2 1+TM2



IDEAL RAMJET
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Air compression is provided in diffuser for Vo> |
Ram pressure recovery for flight condition (M, > 0)

k_l 5 k/(k—1)
Pt0=P0 1+—M0

: here: My = ——2—
o where: My, = —
TtO — TO (1 + TM02>
No diffuser losses
np=1,17p =1, Pi3 = Pty = Py Tz =Ty =Ty

Ideal combustion process fo specific Ty, mp =1
Pty = mpPe3 f* FHV = Cpp(Te4 — T3),
f =mg/my - Fuel air ratio

Ideal nozzle expansion my =1,7y =1,

Ptg = P4 Tig = Tia Py = Py Ty = T9t(P9/P9t)(kt_1)/kt



IDEAL RAMJET - THERMODYNAMIC CYCLE
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IDEAL RAMJET CYCLE PARAMETHERS CALCULATION

Propelling nozzle outlet gas speed c¢9

Cy = \/ZCPt(T9t —To) - for incompressible flow

Tt

2
Cog = AgMqg = [kt R; Ty * \/kt — <T9 — 1) - for compressible flow

CYCLE PARAMETHERS CALCULATION AND ENGINE PERFORMANCE PARAMETHERS
are presented in: ldeal ramjet example.pdf



https://robert-jakubowski.v.prz.edu.pl/download/bPN3cnFyJUTzFUXTYGBWAyDnIhMhEhMTAPaig6ZzEkJCAjZCUTM39TdQNk,GvNG8nHyYnDnQLayAKLSEvYDFwbQkRczo6NBF_MWZpekp9N2Q/task_no_1_ideal_ramjet.pdf
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IDEAL RAMJET PERFORMANCE - THRUST

Calculation dome for H=11 km, mo=20 kg/s and Tt4=1000, 1200, I500K; T = mqgVy —myVy; ST =T/m,
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Ramjet engine thrust increases to its maximum with flight speed and then decreases.
Specific thrust vs flight speed relation looks similar

For higher Tt4 thrust is higher and reaches its maximum value for higher flight speed.



IDEAL RAMJET PERFORMANCE - SFC

Calculation dome for H=11 km, mo=20 kg/s and Tt4=1000, 1200, 1500K; SFC = f/ST
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The differences to the other analysis of an
ideal ramjet come from the different
properties of the gas for air and exhaust gas
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« The fuel to air ratio goes down with flight speed.
« The fuel to air ratio is lower for the lower Tt4.

« The range of flight speed applicability is lower when Tt4 is lower (the end of range when f reaches 0)
« SFC goes down for higher flight speed



efficiency

IDEAL RAMJET PERFORMANCE - EFFICIENCIES

Calculation dome for H=11 km, mo=20 kg/s and Tt4=1000, 1200, |500K;
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Thermal, propulsive and overall efficiency of ideal ramjet grow
with flight speed

Thermal efficiency depends on flight speed only (Tt4 doesn't
influence on it). For higher Ma thermal efficiency for Tt4=1000K
is different than for higher Tt4s due to other air and exhaust
gas parameters

Propulsive and overall efficiencies depend on flight speed and
Tt4, and for higher Tt4 they are lower.



IDEAL TURBOJET ENGINE

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

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

k/(k—1)
k—1 k—1
Pt0=PO <1+—M02> Tt0=T0<1+—M02>

2

No INLET losses > P;,= Py and T = Ty

COMPRESSOR (2 -3)

Compressor work is isentropic

(k=1)/k
Tes _ (E) _ G-/

Trx  \Pr2

Compressor work:
We = Cp(Tez — Tyz)
Compressor power:

Pc =mcWe= moC'P(Tts - th)

COMBUSTOR (3 -4)

Energy balance

2

TURBINE (4 - 5)

Compressor turbine power balance equation

Pc = moCp(Tz — Tyz) =
Pr = myCpr(Tey — Tts)

Turbine mass flow: mgr=my + ms

meFHV = myCpg(Trs — Ttz)

iy = mMoCpp(Tes — Tt3)
! FHV

Fuel air ratio:

Turbine outlet temperature:

Co(Tez — Tez)
Tis = Ty —

f= my  Cpp(Teq — Ty3) Gtz
= e = FHY Turbine outlet pressure: ke ) (k1)
Py =P (T_> o
Tp = 1> Py=Py3 © T



IDEAL TURBOJET ENGINE — GASS FULL
EXPANSION IN THE NOZZLE

. NOZZLE (5-9)

No losses: Ty =1 > Pig = P and Tyg= Tis

Full expansion: P9 = P,

Exhaust
nozzle

9

Co = \/ZCPt(T% —To) - for incompressible flow

Tt

2
Co = AgMg = / kiR Ty * \/kt — <T9 — 1) - for compressible flow

Ezé(kt_l)/kt
Ty P



IDEAL TURBOJET ENGINE

Proesses in the inlet (diffuser) burner and nozzle are idel — no
pressure losses Ty =g =1y =1

Static condition V0=0 4

A

Inlet
diffuser
and duct

Exhaust T

nozzle
5 6 9

|
! 2 |28
| 3
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Compressor Burner

total to static process

v

v

T,
/ Entropy increase in a burner Asp = chlnT—M

t3

v



IDEAL TURBOJET ENGINE

K — k/(k-1)
Flight condition V0>0 P,o = P, (1 + — Moz)

k-1,
TfOZTO 1+TMO

Compressar Burner | =

Outlet gas speed
increase

Cg = '\/cht(TQt —To)

A J

Ram effect

\

Asp

A J




IDEAL TURBOJET ENGINE — FLIGHT SPEED INFLUENCE

Flight conditionVo>0 and Tt4 limit Tt4 max

Tt4 max t4

Higher gas outlet

Less heat
speed

Compressor Burner | & nozzle | T
3 4 5 6 9 ad d ed \

Less heat removed

t2=t0

Lower entropy grow

A J

S'

q Asg
[

Engine thermal efficiency grow (less heat removed)

Lower fuel consumption (less heat added)

A J




IDEAL TURBOJET ENGINE — COMPRESSOR PRESSURE
RATIO INFLUENCE

—— CPR (compressor pressure ratio) growing and Tt4 is limited Tt4_max
Tt4 max t4
Tl . g, ] Less heat Higher turbine
| - ! “ompressor | urne ! = ,’ ! nozzle l added E"““‘-—-—a\‘ WOI"k
t3
i Higher
compressor
1 work e
I Less heat removed
> t2=t0 Lower entropy grow
Tt4 _max
[

/ Engine thermal efficiency grow (less heat removed)

Lower fuel consumption (less heat added) and lower SFC

A J



IDEAL TURBOJET CYCLE OPTIMISATION

ST ST max Tt4/To=const and Mo cons or M0=0

SUMMARY: SFC

» Specific thrust (ST) grows with compressor
pressure ratio increasing, achieves maximum for
optimal CPR than is goes down

* Specific fuel consumption decreases with CPR

growing
* Propulsive efficiency as a function of CPR n :
represents oposit relation to ST, it is minimal for 1

optimal CPR and achieves | for ST=0.
* Thermal and overall efficiencies grow with CPR
* The presented relationship between efficiencies
and CPR are right for M0>0, for M0=0,
propulsive and overall efficiency are 0

Tt4/To=const and Mo cons and M0>0

—D
>

CPR_opt CPR




IDEAL TURBOJET CYCLE OPTIMISATION FOR DIFFERENT
ENGINE TEMPERATURE RATIO

SUMMARY:
ST ¢ |1 >T_max — (Tea/Teo)s
s T~
SFC |‘ rﬁ/ R ~ == (Tea/Trp)> * Specific thrust (ST) is higher for higher engine
ST_fnax | ~ T T < (T.) /T themperature ratio Tt4/Tt0 and achieve ST _max
""" I\ — ~ \( t/Teo)1 < (Tea/Tio)z for higher CPR (higher CPR_opt)
. N * Specific fuel consumption decreases with CPR

growing, but for highrt Tt4/T+0 is higher
Range of available CPR increases for higher

Tt4/Tt0
CPR_opt CPR
CPR_opt2
4 11,3 128
For ideal cycle: 5 16,7 279,5

k
CPRyp; = Tea/Teo 2D CPRmayx = CPRopt” 6 23 529
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