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CLASSICAL TURBOFAN ENGINE
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THREE SPOOL TURBOFAN ENGINE

Rolls-Royce Trent 7000
MTO: 324,0 kN / 72 834 Ibf

) e 1 " MCT: 289,2 kN / 65 005 Ibf

(5 STAGES)

| TURBINE N
Pressure ratio : 50:1

\ HP HP
~ COMPRESSOR TURBINE M)
B e (6 STAGES) (1 STAGE) ‘

AR s mM A

BPR: [0:]

Z’ TIT: > 1835 K (1562 °C; 2843 °F

o SFC (curse) = 14,4 g/kN/s

i Stosunek ciagu do masy : 5,13
Rotation: (100%):

HP 13 391 RPM, IP 8937 RPM, LP 2683 RPM

LP
COMPRESSOR
DISK

SPINNER
CONE

\

WIDE-CHORD — |
BLADE \

4
(2% DIRECTION
OF ROTATION

Application: A330 neo

LP
COMPRESSSE (FAN) -LP & IP ROTORS :

COUNTER CLOCKWISE

SPEED OF LP ROTOR : N1 f:cLAL”BOEvA:EI:g '323) . T f ¢ ﬁ f = - HP ROTOR : CLOCKWISE
::::[D) 0: :"PPRROOT'?RR :' z23 RADIAL AND AXIAL LOADS * & ROLLER BEARING (x5)
- p (*) INTERSHAFT BEARING ™ RADIAL LOADS ONLY

Coppressors: Turbines:
F — single stage LP — 6 stages
IP — 8 stages IP — single stage

HP — 6 stages HP — single stage
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TURBOFAN ENGINE THRUST
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THTUST

T = moVy + Ag(Py — Py)+
My9Vig9 + A19(P1g — Py) — Myl

effective exhaust velocity
Veg = Vo + Ag(Py — Py) /1iq
Ve19 = Vig + A19(P1g — Py) /149

T = mgVeg + MygVe19 — MoV

Core engine exit mass flow

Mg = My tmy

External exit mass flow
Myg = My3
. Mmy3
Bypass Ratio BPR = —
myq



SPECIFIC THRUST AND SPECIFIC FUEL CONSUMPTION

SPECIFIC THRUST
MoVeg + MyoVer9 — MoV (14 f)Veg + BPR % Ve19 — (1 + BPR)V,

m21 + m13 1 + BPR
L i
Fuel/air ratio fg=—
myq

ST of turbofan engine goes down for higher BPR
SPECIFIC FUEL CONSUMPTION

SFC = 1y /T = e _ L _
MoVeg + MigVer9 — MoV (1 + fp)Veg + BPR * Vp19 — (1 + BPR)V,
f—B
_ 1+ BPR _ /B
"~ (1+ fg)Vog+ BPR *Vy9— (1 + BPR)V, (14 BPR) % ST
1+ BPR

SFC goes down for higher BPR



TURBOFAN ENGINE EFFICIENCIES

Due to the fact, that the high BPR turbofan engine produces a
lot of thrust by cold streem (external duct), therfore a

Thermal efficency significant amount of exit gas temperature is clouse to the
. o ambient temperature.This generate low heat losses and high
— Power imparted to engine airflow thermal efficiency.

Rate of energy supplied in the fuel
0,5 * (m9V9eZ + m19V19e2 — mOVOZ) _ 0,5 ((1+ fB)V%'Z + BPR * V19e2 —(1+ BPR)VOZ)

i = i FHV foFHV
. Huge amount of exit flow of the high BPR turbofan engine
Propulsive efficency

passes through the external duct of low temeparture therefore

Hp = Thrust power exit gas speed is low and only slightly higher than flight speed.
P~ Power imparted to engine airflow By this way propulsive efficiency is high.
: T
Vo T MoVo * 7

P = 0,5 * (Ve + MygVige” — 1igV%) 05+ (11oVoe” + MyoVioe” — 1igVo%)
(1 + BPR) * V + ST

0,5 * ((1 + f3)Voo> + BPR * Vy9,% — (1 + BPR)V,>

Overall efficency
VoxT  (14+ BPR) *Vy*ST
— k — —
o = rr =P = 2 "FHV f* FHV




TURBOFAN TEMPERATURE & PRESSURE DISTRIBUTION
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Required data

Assumptions:

TURBOFAN ENGINE CALCULATION

®
() (2] (2] (28

Ambient and flight conditions: H, Mo

Engine cycle parameters: FPR, LPCPR,
HPCPR, BPR, TIT

Pressure losses: inlet, burner, exterenal ’U
and internal nozzles, ducts

Efficiences: fan, LPC, HPC, LPT, HPT,
burner, mechanical of spooll and spool2

Fan and LPC and HPC are calculated according
compressor standard

External nozzle calculation is provided
according nozzle calculation standard, but gas
paramethers specification is for air

Mass flow related parameters are calculated on the mass flow in the core engine inlet
m21, therefore fB= mf/ m21.

Nozzles are typically convergent, but often model is simplified by full expansion
assumption




TURBOFAN ENGINE — SHAFTS POWER BALANCE

LP spool
Pr+ Pipc < Prpr Pp + Prpc = Prpr * Nirp
1y * cp(Trzq — Tep) + My * cp(Ta3 — Tep1) = Miys * cPe(Teas — Tes) * Nmrp

Mys = My +tmy

-f\"\\\ L w& (1 + BPR) * cp(Tez1 — Ty2) + cp(Tizs — Tta1) =

DRSS i \\ =(1 + fp) * cpe(Tras — Tes) * Nimep
HP spool
Pypc < Pppr Pupc = Pypr * Nmup

yq * p(Tz — Teps) = My * cPe(Teq — Tias) * Nmpp
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my = m21+mf

cp(Tez — Tizs) = (1 + f) * cpe(Tes — Teas) * Nmpp



EXAMPLE OF TURBOFAN ENGINE CYCLE CALCULATION

GIVEN:

Flight conditions:T0=217 K, P0=22 kPa, M0=0.88, BPR=9, FPR=1.55, CPR=22, TIT(Tt4)=1600 K, mas

flow m=60 kg/s.

TN :098, g =O98, TN = 097, ey = 096, Ng = O,9|,7]C = 083, Ngpr = 088, Nipr = 09,

7”‘I’I’I,I‘IP — O°99’ nmLP — 0.995

1600 711400

1400 711200

1200 [ <1000

1000 r 71800

pressure [kPa]

800 - 1600

temperature [K]

600 -

400 [

Section T real [K] P real [kPa]
1 |0 217 22
2 | 251 36
3 T2 251 36
4 t25' 287 b5
5 |13 778 1217
6 |4 1600 1193
7 t45" 1184 290
g t5' ard 73
g |1 874 70
10 |9 655 22
1 (MY 287 53
12 ("9 223 22




Trmperature [K]

TEMPERATURE ENTROPY PLOT

1600
1400
Parameter entropy [J/kg/K]
1200 1 'ds_IN' 6
2 'ds _F' 12
1000 3 'ds C' 114
4 'ds_B' 870
800
5 'ds_ HPT' 57
. 6 ds LPT 47
7 'ds_N_int’ )
400 8 ‘ds N_ext 12
&
200 '

0 200 400 600 800 1000 1200
delta S [J/kg/K]




TURBOFAN ENGINE PERFOTMANCE

Parameter Unit Value
T [ "Thrust N 21612 Results discusion:
2 |'Specific Thrust Nsikg 138 * Specific thrust is significantly lower than in the turbjet
3 'Fuel consumption ks’ 0.1404 engi ne
4 |'Specific fuel consump' Kg/NI 0.0619 * Specific fuel consumption is lower than in the turbojet
5 |'therm. efiiciency’ 0.4998 engine
6§ |'prop. efficiency 0.7030 » All efficiences are higher than in the turbojet engine for
7 |'overall efficiency’ 0.3513 specified flight condition
8 |'ve mis' 716
g ['V19 mis' 358
10 |['HPT_PR’ - 41077
11 [LPT_PR’ - 3.9965

Link to example of turbofan engine calculation:
https://robert-jakubowski.v.prz.edu.pl/download/task_no_4 turbofan_engine.pdf



https://robert-jakubowski.v.prz.edu.pl/download/EeJWU1BTBGXSNGTyQUF3IgHGAzIAMzIyIdfTo1ZDQ1NQsieQUOKn4GeRA-JBwu,ZOEEsDOwIDKlAvTwQuCQULRBVUSS01Vx4eEDVbFUJNXm5ZE0A/task_no_4_turbofan_engine.pdf

TURBOFAN ENGINE CYCLE OPTIMISATION

ST & SFC vs. HPC PR for constant BPR and FPR & three different TIT

290

280

270

260

250

240

230

Specific Thrust [N*s/kg]

220

210

200

TIT=1500
= = =TIT=1600
.......... TIT=1700

.
L

0.05
1 0.045
1 0.04
71 0.035
71 0.03

10.025

HPC PR

0.02
60

Specific Fuel Consumption [kg/N/h]

ST initially grows, gets maximum for low HPC
PR, then goes down

SFC decreases and achieves minimum for high
HPC PR then grows

Higher TIT causes higher SFC & lower ST

Higher TIT leads to PR distans grow between
maximum ST and minimum SFC

Presented dependencies are similar to turbojet
engine

T HPC PR ST_max HPC PR SFC_min
1500 9 262.4947 325000 0.0259
1600 10 2742245 45 0.0248
1700 10.5000 284 .5968 59.5000 0.0239




Specific Thrust [N*s/kg]

TURBOFAN ENGINE CYCLE OPTIMISATION

ST & SFC vs. HPC PR for constant TIT and FPR & three different BPR

160

150

140 |

130 [

120

110

100

90

0.085

0.08

0.075

0.07

0.065

0.06

0.055

0.05
30

HPC CPR

Specific Fuel Consumption [kg/N/h]

ST initially grows, gets maximum for low HPC
PR, then goes down

SFC decreases and achieves minimum for high
HPC PR then grows

Higher BPR causes lower SFC & lower ST

Higher BPR leads to less PR distans between
maximum ST and minimum SFC

BPR doesn’t influence HPC PR of ST max

BPR HPC PR ST_max
1 7 & 152.1715
2 9 & 130.9649
3 1 8 114.1647




Specific Thrust [N*s/kg]

ST & SFC vs. FPR for constant TIT and FPR & three different BPR

350

300
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200
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TURBOFAN ENGINE CYCLE OPTIMISATION

0.09

10.08

1 0.07

71 0.06

10.05

1 0.04

10.03

1.4 1.5 1.6 1.7 1.8 1.9
Fan Pressure ratio

Specific Fuel Consumption [kg/N/h]

ST gets maximum for the same FPR than SFC
achieves minimu value.

Lower BPR leads to FPR grow of maximum SF
and minimum SFC

It shows that it is possible to find optimal FPR
for some BPR. FPR should be lower for higher

BPR
BPR FPR ST_max FPR SFC_min
7 1.7100 311.6837 1.7800 £.6090e-06
9 1.5700 2771315 1.6100 8.0257e-06
11 1.4800 250.8528 1.5000 7.56588e-06




MODERN TURBOFAN EGNINE - TURBINE
COOLING




TURBINE COOLING TECHNIQUES

|. Convection

2. Impingement

3. Film cooling

4. Full coverage film cooling

5.Transpiration
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MULTISTAGE TURBINE COOLING
EXAMPLE

from compressor stage 13

W, /W, [%] 6.3 58 44 34 18 13 07 03 I=24%




EFFICIENCY LOSS FOR % COOLING AIR

% Trailing Rel. AN aage
aedge ejection cooling Stator Botor
flow
gﬂ&i\ Advanced [ILL 1.5 0.001 0.002
) convection
Film with 75 1.4 0.0012 0.0024
convection
Film with S0 1.3 0.0015 0.003
l . " 2, convection
L% Film with 25 1.0 0.0018 0.0036
i convection
iy, Transpiration with 25 0.8 (L0035 (.01
"‘“&:.Hi convecton




TURBOFAN ENGINE WITH SECONDARY FLOW

13 19 Customer
== | __ bleed

SN, o LPT cooling
'/" w57 [N WX T B .
o T
(1 '!,!.i_;l.;l;!g\\\‘%.i.:_ Sl \ HPT cooling

ol g
e ——
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Cooling of HPT:  Bcooll — turbine nozzle cooling (air from section 3)
Bcool2, PRB2 — cooling of next parts of HPT

Cooling of LPT:  Bch3, PRBch3

Customer bleed B _bleed, PR _bleed - bleed from LPC




RESULTS COMPARISON OF ENGINE WITH AND WITHOUT
COOLING CALCULATION

Parameter customer bleed LPT cool. HPT cool. HPTN cool.
1 |'relative mass’ 0.0300 0.0150 0.0300 0.0800
2 |'mass flow [kg/s] 0.2857 0.1344 0.2688 0.7169
3 |Temperature [K] 389.4948 513.9169 755.9731 990.2732
4 |"Pressure [kPa] 149 6221 353.1082 1.1671e+03 2 6932e+03
° ° ° . ° 10 ] ! ] ] I ] ]
Mass flow discusion in the engine with bleeds and
° . 9.8
turbine cooling
— 9.6
Air mass flow decreases in section 25 due to customer 24l
(]
bleed E’ 92+
()
2 . fe 2 o g . 2 L
Significant air mass flow drop is in HPC and after it g8 °
therefore in section 31 it is the lowest. R
E 8.6
In section 3 mass flow grow is caused by fuel g |
Mass flow grow in sections 45 and 5 is coused by turbines 82| B o i
. . . -cooe eng.
coolant which is transfered to main flow 8 E- .
t23 t25 t31 t4 t45 t5 t6 t9




RESULTS COMPARISON OF ENGINE WITH AND WITHOUT
SECONDARY AIR SYSTEM

section T. [K] no bleed T. [K] cooled engine P [kPa] no bleed P [kPa] cooled engine
1 o 216 4 216.4 22 57 22 57
2 |10 245 5 2455 351 35 1
IR 2455 2455 4.4 4.4
4 [t 2759 2759 49 87 49 87
5 |25 380 5 380 5 149 5 1496 1800
5 |13 990 3 990.3 2693 2693
7 |t 1650 1650 2639 2630 1600
EETE 1143 1049 490 4 3319
9 |15 779.1 666.1 88 27 43.39 1400
10 [6M16 779.1 666.1 86.94 4274 .
< 1200
1 [tomg 779.1 566.1 852 41.89 o
"l . 55
12 [9Mg 668.7 5718 46.04 22 64 2 1000
13 ['9e/19¢’ 560 571.4 22 57 22 57 o
£
2 800
600
Temperature and pressure in cooled engine starting from section 45 100
are lower than in engine without bleed
200

Due to significant pressure drop in the cooled engine the full
expansion is observed in convergent nozzle, instead of chocked

nozzle in the engien without bleeds and cooling.

e3
— e = o o = -

Temp. no bleed
= = =Temp. Ext

Temp. cooled eng.
P no bleed

= = =—Pext

P cooled eng.

3000

2500

2000

1500

1000

500

Pressure [kPa]



RESULTS COMPARISON OF ENGINE WITH AND WITHOUT
COOLING CALCULATION

* Thrust and specific thrust of the cooled engine is SITEET - D LEzE ETTTE FITEEITI
Iower 1 |"Altitude’ km' 1 1
2 |'Mach No' 0.82 0.82
* Fuel consumption of the cooled engine is lower 3 |mo kgl 100 100
however SFC is higher 4 | Thrust i 237 2978
5 |"Spedific Thrust' ‘W*sikg' 1237 9a.73
* Thermal and overall efficiencies are lower while 5 |fuel consumption’ kals’ 01771 0.151
propulsive efficiency is higher of of the cooled ; ;Zf;m';::li::s”m” ol ?’55;;5 115:3‘2
engine 9 |'prop. efficiency’ 0.5856 0.8023
10 |"overall efficiency” 03827 0.3716




COMPONENT POLYTROPIC EFFICIENCIES AND TOTAL

PRESSURE LOSSES

Level of technology
Component Figure of merit Type 1 2 3 4
A? 0.90 0.95 0.98 0.995
Diffuser T4 max B® 0.88 0.93 0.96 0.97
C 0.85 0.90 0.94 0.96 A = subsonic aircraft with engines in nacelles.
Compressor €c - 0.80 0.84 0.88 0.90 B = subsonic aircraft with engine(s) in airframe.
Fan €r - 0.78 0.82 0.86 0.89 C = supersonic aircraft with engine(s) in airframe.
Burner b - 0.90 0.92 0.94 0.96 D = fixed-area convergent nozzle.
7 0.88 0.94 099 0995  E=variable-area convergent nozzle.
Turbine e Uncooled 0.80 0.85 0.89 0.91 F = variable-area convergent-divergent nozzle.
Cooled 0.83 0.87 0.89 G Stealth may reduce Jrd max, 7rAB, and zrn.
Afterburner B — 0.90 0.92 0.94 0.95
NaB 0.85 0.91 0.96 0.97 Note: The levels of technology can be thought of as
D¢ 0.95 0.97 0.98 0.995 representing the technical capability for 20-year
Nozzle T, Ee 0.93 0.96 0.97 0.985 increments in time beginning in 1945, Thus level 3
Ff 0.90 0.93 0.95 0.98 technology presents typical component design
Maximum T4 (K) 1110 1390 1780 2000 values for the time period 1985-2005.
(°R) 2000 2500 3200 3600
Maximum 7} (K) 1390 1670 2000 2220
(°R) 2500 3000 3600 4000 Jack D. Mattingly, William H. Heiser, David T. Pratt,

Aircraft Engine Design,
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