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Let's clarify what we're discussing here...

Design Off-Design

= Defining the geometry of an engine The performance for a given geometry

Sp. Fuel Consumption [g/(kN*s)]
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Why is off-design performance important?

Performance under environmental conditions that are different from
those of the design point

Operability

 Compressor surge margin

www.kurzke-consulting.de

Safety

 Overspeed, overtemperature, engine life

Optimize fuel consumption
* How can we use the available engine control variables best?
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=11 The Gas Generator of a Turbofan

. Basic Correlations, Nomenclature

Gas Generator Components

Outline Cooperation of the Components

-

Gas Generator +

Variable Geometry
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CFM 56-3

The Engine of the Boeing 737-400

https://www.cfmaeroengines.com/documentary/?l=en
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ISA SLS Cycle Data

Ref. Propulsion and Power

Thrust 99.4 kN
Mass Flow 314 kg/s

Bypass Ratio 4.94
P5/P, 24.2
T4 1523 K




CFM56-3 Reference Cycle

E el
W T P WRstd Cycle Design Point
Station kg/s K kPa kg/s FN = 99.41 kN Net Thrust
amb 288.15 101.325 TSFC = 11.0161 g/ (kN*s) Thrust Specific Fuel Consumption
2 313.700 288.15 101.325 313.700 WF = 1.09510 kg/s Fuel Flow
13 260.853 338.16  167.693 170.745 FN/W2 = 316.9 m/s Specific Thrust
21 52.847 327.40 151.988 37.554
22 52.847 327.40 151.988 37.554 Core Eff = 0.4132 Core Efficiency
24 52.847 369.90 221.130 27.436 Prop Eff = 0.0000 Propulsion Efficiency
) 25 52.847 369.90 221.130 27.436 BPR = 4.9360 Bypass Ratio
f; 3 52.847 770.80 2447.817 3.578 P2/P1 = 1.0000 Inlet Pressure Ratio
g 31 45.396 770.80 2447.817 P3/P2 = 24.16 Overall Pressure Ratio
2 4 46.491  1577.54 2325.426 4.740 P5/P2 = 1.4620 Engine Pressure Ratio
S 41 50.190 1522.89 2325.426 5.028 P16/P13 = 0.9787 Bypass Duct Pressure Ratio
ﬁ 43 50.190 1162.73 541.392 P16/P6 = 1.11907 Bypass Exit Pressure/Core Exit Pressure
ﬁ 44 53.361 1140.91 541.392 P16/P2 = 1.61971 Bypass Exit Pressure/Engine Inlet Pressure
2 45 53.361 1140.91 541.392 19.872 P6/P5 = 0.99000 Turbine Exit Duct Pressure Ratio
z 49 53.361 862.60 148.137 A8 = 0.29325 m? Geometric Nozzle Throat Area
§ 5 53.361 862.60 148.137 63.149 Al8 = 0.74236 m? Geometric Bypass Nozzle Throat Area
8 53.942 861.65 146.656 64.447 XM8 = 0.75983 Nozzle Throat Mach No.
18 260.853 338.16 164.117 174.465 XM18 = 0.85955 Bypass Nozzle Throat Mach No.
== - Bleed 0.000 770.80 2447.817 WBLD/W25 = 0.00000 Bleed Air Flow/Mass Flow W25
e D8 = 0.97884 Nozzle Discharge Coefficient
|j¢"‘*“" 2 Efficiency isentr polytr RNI P/P CD18 = 0.99183 Bypass Nozzle Discharge Coefficient
) Outer LPC 0.8900 0.8975 1.000 1.655 V18/V8,id= 0.70788 Ideal Jet Velocity Ratio
Inner LPC 0.9000 0.9055 1.000 1.500 Wreci/W25=  0.00000 Recirculating Air/Air Mass Flow W25
IP Compressor 0.8679 0.8747 1.289 1.455 WBLD/W22 = 0.00000 Bleed Air Flow/Mass Flow W22
HP Compressor 0.8677 0.9025 1.621 11.070 W1kLP/W25=  0.01100 HP Leakage to LPT Exit/Mass Flow W25
Burner 0.9995 0.950 Loading = 100.00 % Burner Loading in % of the Cycle Design Point Value
HP Turbine 0.8250 0.7985 3.281 4.295 WCHN/W25 =  0.07000 HPT Nozzle Guide Vane Cooling Air / W25
LP Turbine 0.8999 0.8842 1.064 3.655 WCHR/W25 =  0.06000 HPT Rotor Cooling Air / W25
———————————————————————————————————————————— WCLN/W25 = 0.00000 LPT Nozzle Guide Vane Cooling Air / W25
HP Sp1 mech Eff 0.9900 Nom Spd 14324 rpm WCLR/W25 =  0.00000 LPT Rotor Cooling Air / W25
LP Sp1 mech Eff 1.0000 Nom Spd 4835 rpm
P22/P21=1.0000 P25/P24=1.0000 P45/P44=1.0000
hum [%] war0 FHV Fuel
0.0 0.00000 42.769 Generic
P .
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Sankey Diagram
Shows Energy Streams

LPC+IPC drive = 37.3%

HPC drive = 47.8%

=

Bypass Nozzle
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SL static, ISA Core Nozzle
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A Geometry Model of The CFM56-3
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CFM56-3 Modular Design
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HIGH-PRESSURE
CORE

UNITED STATES

https://www.cfmaeroengines.com/documentary/?l=en , Mﬂ &
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J— The Engine Modules

I I Gas Generator
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The Gas Generator
sa=T (Core Engine)

ulting.de
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==Y CFM56-3 Reference Cycle
ISA SLS

W T P WRstd
Station kg/s K kPa kg/s FN = 99.41 kN
anb 288.15 101,325 TSFC = 11,0161 o/ (kN*s) Gas Generator Reference Cycle
2 313.700 288.15 101.325 313.700 WF = 1.09510 kg/s
13 260.853 338.16 167.693 170.745 FN/W2 = 316.9 m/s
21 52.847 327.40 151.988 37.554 ISA SLS
e 22 52.847 327.40 151.988 37.554 Core Eff = 0.4132
24 52.847 369.90 221.130 27.436 Prop Eff = 0.0000 ) T P WRstd
® L 25 52.847 369.90 221.130 27.436 BPR = 4.9360 Station kg/s K kPa kg/s FN = 17.57 kN
o° - 3 52.847 770.80 2447.817 3.578 P2/P1 = 1.0000 amb 288.15 101.325 TSFC = 23.9840 g/ (kN*s)
_E 31 45.396 770.80 2447.817 P3/P2 = 24.16 1 27.436 288.15 101.325 FN/W2 = 640.52 m/s
5 4 46.491 1577.54 2325.426 4.740 P5/P2 = 1.4620 2 27 .436 288.15 101.325 27.436
2 41 50.190 1522.89 2325.426 5.028 P16/P13 = 0.9787 3 27.436 609.27 1121.668 3.604 Prop Eff = 0.0000
3 43 50.190 1162.73 541.392 P16/P6 = 1.11907 31 23.568 609.27 1121.668 eta core = 0.3120
% 44 53.361 1140.91 541.392 P16/P2 = 1.61971 4 23.989 1250.00 1065.584 4.751
5 g 45 53.361 1140.91 541.392 19.872 P6/P5 = 0.99000 41 25.910 1206.10 1065.584 5.040 WF = 0.42148 kg/s
; 2 49 53.361 862.60 148.137 A8 = 0.29325 m? 49 25.910 908.46 247.090 s NOx = 0.24987
S - 5 53.361 862.60 148.137 63.149 Al8 = 0.74236 m? 5 27.556 891.50 247.090 19.876 XM8 = 1.0000
s S | 8 53.942 861.65 146.656 64.447 XM8 = 0.75983 6 27.556 891.50 247.090 A8 = 0.0836 m?
18 260.853 338.16 164.117 174.465 XM18 = 0.85955 8 27.556 891.50 247.090 19.876 P8/Pamb = 2.4386
Bleed 0.000 770.80 2447.817 WBLD/W25 = 0.00000 Bleed 0.302 609.27 1121.668 WB1d/W2 = 0.01100
———————————————————————————————————————————— CD8 = 0.97884 e Ang8 = 0 deg
Efficiency isentr polytr RNI P/P CD18 = 0.99183 P2/P1 = 1.0000 P4/P3 = 0.9500 P6/P5 1.0000 CD8 = 1.0000
Outer LPC 0.8900 0.8975 1.000 1.655 V18/V8,id= 0.70788 Efficiencies: isentr polytr RNI P/P WCIN/W2 = 0.07000
Inner LPC 0.9000 0.9055 1.000 1.500 Wreci/W25= 0.00000 Compressor 0.8677 0.9033 1.000 11.070 WCIR/W2 = 0.06000
IP Compressor 0.8679 0.8747 1.289 1.455 WBLD/W22 = 0.00000 Burner 0.9995 0.950 Loading = 100.00 %
HP Compressor 0.8677 0.9025 1.621 11.070 WTkLP/W25= 0.01100 Turbine 0.8250 0.7969 1.964 4.313 e45 th = 0.80024
Burner 0.9995 0.950 Loading = 100.00 % 00 e e e far8 = 0.01553
HP Turbine 0.8250 0.7985 3.281 4.295 WCHN/W25 = 0.07000 Spool mech Eff 0.9900 Nom Spd 13498 rpm PWX = 0.00 kw
LP Turbine 0.8999 .8842 064 3.655 WCHR/W25 = 0.06000 = mmmmmmm e
———————————————————————————————————————————— WCLN/W25 =  0.00000 hum [%] war0 FHV Fuel
HP SpT1 mech Eff 0.9900 Nom Spd 14324 rpm WCLR/W25 = 0.00000 0.0 0.00000 42.769 Generic
LP Sp1 mech Eff 1.0000 Nom Spd 4835 rpm
P22/P21=1.0000 P25/P24=1.0000 P45/P44=1.0000 Secondary air system: LPT cooling air appears as 1.1% overboard bleed
hum [%] war0 FHV Fuel
0.0 0.00000 42.769 Generic
Y "”Y
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Sankey Diagram

Compressor drive = 50.5%
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Turbine

SL static, ISA, Rel GG Speed=1.000
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The Gas Generator of a Turbofan

Basic Correlations, Nomenclature
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Gas Generator Components
o Outline Cooperation of the Components

Gas Generator +

Variable Geometry
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Total Temperature

Duct Shape —

total temperature T

i/\—

true (static) temperature T

»
»
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Total Energy = W*H = const

Mass Flow W = const

Total Enthalpy H = const
H=c,*T = const
Total Temperature T = const

Static Temperature T, varies:

o T, = Cp*T - V2I2

15



Total Pressure

Duct Shape — Energy = W*H = W*c,*T= const
g) :.—7_
===
|
B A no loss total pressure P
Vo
e

P=P,+ p*VZ2

dynamic pressure

with friction losses

June 2025 Copyright © Joachim Kurzke 16
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. Correlations Between Static and Total Quantities

Constant Gas Properties: Isentropic Exponent:
& _ %
H=cp*T=cpxTs+— y_cp—R

Mach Number:
R = Gas Constant
4 4 Rar = 287 JI(kg"K)

www.kurzke-consulting.de

M - - air
Vsonic \/)/ * R * TS - e
Cp = Specific Heat @
Constant Pressure

T -1 5 Cpar = 1004 J/(kg*K)
nLoit M

s Yair = 14

¥y N

P [(T\r1 . —1M2 y-1
P, \T, -\
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Gas Properties
Isentropic Exponent y = ¢ /(c,-R)

Air and Combustion Products from Generic Fuel
Water-Air-Ratio = 0
Parameter = Fuel - Air - Ratio
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Isentropic Exponent
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% Temperature [K]
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Total-Static Temperature- and Pressure Ratio

)4 )4
T y —1 P T\v-1 y—1 y-1
—=1+——M" — == =1+——M?
T 2 P, \T 2

Total Temperature = 1000 [K] Total Temperature = 1000 [K]
3 Dry Air Dry Air
E’ 1 ,28 Parameter = Fuel - Air - Ratio 3 Parameter = Fuel - Air - Ratio
=
a Q
s - A
o 1,24 N 2,75
¢ g
N / &
=
= 2,5 ¥
z 1,2 / $
g / y
[
3 Y. o 2,25
© 1,16 5 /
— [} %]
= Q @
L i ‘ £ i 2
e P [0
) =112 8 /
1 J g = /
8 » 1,75
2 =
R = 108 5
i ke © 15
' " == =

-
N
[&]

_ - .04 /
e
0,96 ,
0 0,2 0,4 0,6 0,8 1 1,2 1,4 0 0,2 0,4 0,6 0,8 1 1,2 1,4
Mach Number Mach Number
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- Corrected Flow per Area

Total Temperature = 1000 [K]
Dry Air
Parameter = Fuel - Air - Ratio

N
()]

N
o
e

w
a

N\

N
(3}
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Corr. W/A [kg*sqgrt(K)/(s*kPa*m?)]

-
(&) o

0 0,2 0,4 0,6 0,8 1 1,2 1,4
Mach Number
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Nomenclature

Aerospace Recommended Practice ARP 755 d veloc?l"cy of sound [m/s]
Cp specific heat [J/(kgxK)]
A area [m?]
AH specific work [J/(kg/s)], [m¥/s?]
—) 16) (18 M Mach number -
S (22)[24]25) 3[a]aalas)(5) (&) (5] N rotational speed rpm
= 5) 7 7 | P total pressure [kPa]
2 == R P static pressure [kPa]
% ‘ ﬂ// R gas constant [J/(kgxK)]
E \ : ] T total temperature [K]
: = i g LLITIIN ik | RS T, static temperature [K]
| 3 _ 17 . U circumferential speed [m/s]
'%ﬁ" V velocity [m/s]
= W mass flow [kg/s]
) T/288.15 K -
) P/101.325 kPa -
Y Isentropic exponent -
o) density [kg/m?3]

June 2025 Copyright © Joachim Kurzke 21
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Nomenclature
=—50 Gas Generator - The Engine Core
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¥
P
https://www.flightglobal.com/snecma-runs-core-of-silvercrest-business-jet-engine/77803.article ’ ‘M
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The Gas Generator of a Turbofan
Basic Correlations, Nomenclature

Gas Generator Components
* Compressor

www.kurzke-consulting.de

* Burner
* Turbine
. Outline * Nozzle
= Cooperation of the Components

Gas Generator +

Variable Geometry
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June 2025 Copyright © Joachim Kurzke 23

{ . ' gl




Compressor Performance Map

14 Cycle
Reference
Point
12
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S ~
£ o
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5 n° 8
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0
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- Compressor Cascade Performance

.4{0} (b} 7 F
3 Inlet Muﬂl | /J / /q
' /
/

- NN AR /1
i, AuINARNEF; aAmY/|
% — > g B¢ :\ \ \ [ L A ¥ / / y/
§ inflow .% . 4 ﬁg{%
E %24“:) @
2

I 16 Ta i ]
Turn Table U o8 s \ \.\ \
Slot for traversing 4 5N \ \ 5 \

instruments

Qlﬁ -0 -5 0 5 le} 15 =10 -5 0 5 10 15
Incidence angle, 7, deg

Loss Characteristics of Cascade Blade Sections (Ref. NASA SP-36)
(a) Circular Arc, (b) Parabolic Arc (c) Double Circular Arc (d) Sharp Nose Blade
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Mach Number Similarity

Losses are equal if
 all flow angles are equal

* all Mach numbers are equal H specific work [m?s?]
o M Mach number -
E;, . P total pressure [kPa]
E Equal flow angles and equal (absolute) velocities g static pressure (kPal
S ] . R gas constant [J/(kg x K)]
¢ yield equal specific work: T total temperature K]
g T, static temperature [K]
z _ . u circumferential speed [m/s]
AH = U x (VuZ Vul) \Y; absolute speed [m/s]
Tie Vy circumf. speed component  [m/s]
Dl Equal flow angles and equal Mach numbers yield A difference
£ . o T/288.15 K
equal corrected specific work: ) centropic exponent

ﬂ.H U VHZ - Vul

YRTs . [yRT, JyRT,

velocity of sound

June 2025 Copyright © Joachim Kurzke 26
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- Compressor Stage Performance

Specific Work:

(Euler’s Equation)

www.kurzke-consulting.de

AH=U*(V,,—-V,)

y ~"Mﬂ'
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Compressor Map
AH/T is Correlated With Mach?

1.2
AH B U o Vi — Vi
YRTs  [yRT, YRT,
o 1
e 7
E’ _ velocity of sound F
g iy - 8 ,,\
g AH/T U Ve =V
= - = |—C\l ’,'I ‘
2 = YRT;/T [yRT, \[yRT, Ty C
o
= j
(B r o J ) (=)
| [— 1 o 4
TS/T = fl Q
1+ =m2 °
2
A_H _ RMU (MVuZ B MVul) 0
T =Y Yy — 1 2 0 4 8 12 16 20 24 28 32
1+ TM Mass Flow W, . [kg/s]
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Compressor Map
. 31 P,/P, is Correlated With Mach Number
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Mass Flow W2RStd [kg/s]
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Mach Number Similarity ;
Corrected Mass Flow «—— Mach Number M
P

v w -

M = — = T
a A*P*‘/V*R*Ts T

Vv

B W xR T, W

Ax P, x|y *R*T; 86

R T, Y

W « ? * \/; y p

velocity of sound
area

Mach number
total pressure
static pressure

gas constant

total temperature
static temperature
velocity

mass flow

P/101.325 kPa
T/288.15 K
Isentropic exponent
density

P
AxP x ?s 12
lW_I_I—-f“— ‘ 10
l—_{;f:‘""' ] \/_ , &m
Wx\T 1 ” 8
B =aMx Lo [1+E0m2 (1422 M2)7 2
(—E—-%_: ] P é
. > 6
2
(72}
,;"—_’ 4
_ Tz 2
W= Zss15xk _ W+/O W
PZ - - 2Rstd 0
101.325kPa 4 8 12 16 20 24 28 32

Mass Flow W, [ka/s] s
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[m/s]

[m?]

[kPa]
[kPa]
[J/(kg x K)]
[K]

[K]

[m/s]
[kg/s]




Mach Number Similarity

a velocity of sound [m/s]
p MH -
=) Corrected Spool Speed < Mach Number M Mach number
- . N circumferential speed [rpm]
R gas constant [J/(kg x K)]
T total temperature [K]
T, static temperature [K]
u circumferial velocity [m/s]
. U constxN _ N 0 T/288.15 K i
u— T = Isentropic exponent -
vV Is
13) = JY *R*T % T
o
R 14
g N = “y*RMU 12
S T — —1
- VT /1+1—4w2
) e 2 10
:f‘(j;-‘h‘“ﬂl " N
| Q
a” 8
P k)
=t N N ©
l T = = \%\6
?
]
a

T e
JZBBJSK

/

4 8 12 16 20 24 28 32
Mass Flow W, [ka/s] y = 4
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Mach Number Similarity Parameters

Corrected specific work

AH
=

My (Myy, — Myyq)  AH
0

YR

y—=1.-
1+2M

Corrected mass flow

I
[

e WAT _ s \P ) \/1 F L2 (14122 )
W R 2 2 )

P

Corrected spool speed

N _ Jy*RMy _ N
\/T \/1+Y__1M2 \/5
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[ N—— Combustor
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* Pressure Loss
* Temperature Increase
 Efficiency
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b—o Combustor Pressure Loss

¢ Inincompressible flow - if the Mach number is
low — total pressure loss is proportional to

dynamic head, i.e. velocity squared: om0
Q 45 Parameter = Fuel - Air - Ratio .e /
. AP < =V? ) S
£ 2 NG — o
2 : L , s S/
< * Velocity V is directly proportional to corrected £ &
[ T— flow per area, therefore &7
3 ,u-m.._ sl = o /
. - WAT\ /
= P §1 /
B — AP (0.4 —A § //
* We'll see later that the combustor inlet :
corrected flow varies little. S e ey !
e So, burner pressure loss stays pretty constant.
June 2025 " Copyright © Joachim Kurzke 34
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e Ideal Temperature Rise

Generic Fuel stoichiometric combustion
2000 — 2750
. %E%‘SS = . 000
1750 % 2 < 7 "
I’ / — g0 © =2700 o
3 8 g o — I
2 21500 £ 5 7 oo &
£ v 5 = e T % 3
: °. = 5 2650 — g |
% E CIE.) ] T 800 kg
2 01000 = 2600 B
z = — I=
g £ X ] ] £
o w | — 700
— 750 L
7 2550 —
=1 500 Ve ) 600
B r— 2500
250 //
Sl 0 2450
0 01 02 03 .04 .05 .06 .07 .08 .09 0 1000 2000 3000 4000 5000 6000
S Vi —-:2: Injected Fuel-Air-Ratio Pressure [kPa]
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Combustion Efficiency
Correlation With Loading Parameter ©

=
o

s 1.000 B i e Dt sssisasin. S L Y
- > 0.999 |- %o I I e
g 1 S 0.8 Qfé%’\;&‘X()Qk/ /,1”
[ 2 0.998 I .u'].r Q'///\(f’f).o
3 til_ﬁ_‘;_:—*j/ é 0.7 fItlf /// A fuel-air-rdtio
2 Lo 0.997 |17/
5 0.6 - iy
? S 0.996 [ ,“:;N
o 0.5 i [jl —
& Q Iy operating line
i o 'S 0.995 [t )
= . &= Iy
g W 0.994 HH
z I — 0.3 :II||:
M 0.993 |-
02| i
T . H
e o1} 0-992
| — 0.991 e
O e
0.990 .
1.75 _T53/300 .
P I 0 Loading Parameter ®
Ws

The Loading Parameter © represents the ratio between the residence time of
the fuel/air mixture in the primary zone and the time required to burn the fuel.
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Combustion Efficiency

0, 1
03] o07F .
0.5 ] 0.5 a
. Q’,b\\'b\//
. L ‘e",,/
0.8 - 0.2 S
\«Q’/' y: Idle
e ("
0.9 - 0.1} 2 {
- e}
- . dle S
0.95 { 2 0.05 /
> c = %
3 e o | roach %&q,
o Q (8]
£ 5 = n . .
E 2 e e Propulsion and Power:
c (NN} !
3 0.99 { — 0.01 X .
¢ o log(1-n)=A+ B*log(Q2/Q, )
x5 - 7 — = +
E 0.995{ 0.005 2 0g Ji 0g des
z i /
: ”. . v/
s S | Take Off /
Takeoff 7]
— /
| . 0.999 { 0.001f P Partload
- - s
I 0.9995 | 0.0005 P Constant
! v/
v/
/
Take Off
0.9999 ! 0.0001 — —
0.5 1 2 3 45 10 20 30 40 50

Burner Loading 2

VV31 Attention:

1.8 T. /300K P. is measured in bar!
)T E e *TVol 3

Burner Loading Q2 =
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Turbine
e ——n The Inlet Guide Vane is a Nozzle!

E _—— STAGE1

< - LPT NOZZLE
3 _
= |

% Inlet Guide Vane // s

R Ve // HPT ROTOR

E s 7

§ e ////

g — Shroud —
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- Turbine Stage Performance

www.kurzke-consulting.de

Specific Work:

(Euler’s Equation)

AH=U*(V,,—-V,)

June 2025 Copyright © Joachim Kurzke 39




e Turbine Performance Map

fg it »— i)
o ] E) 0,8 10,9 1
110 '
p” T2 1.1
[72]
©
=100
o
Q
9
D 90
“t’ Plotted like a compressor map:
8 5.5
80
o 5
©
(=]
£ 70 45
o 4
! €01 15 2 25 3 35 4 o’
5 Pressure Ratio e
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g 5
2 xr 3
95 S
; ng z 1,2 >
925 g 25 /
T=%9 >’ @g ( >§ \"\s\s\ 11 g —
) [— ] S Yari¥ = 2 =
B i 09 o s S
o
_— T=— & 875 / ‘Zy/ < =] 1.5
——m Ll \ 0,9
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775 T
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725

1 1.5 2 25 3 35 4 . o®’
Pressure Ratio "M
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Mach Number Similarity Parameters

Corrected specific work

AH
=

My (Myy, — Myyq)  AH
0

YR

y—=1.-
1+2M

Corrected mass flow

I
[

e WAT _ s \P ) \/1 F L2 (14122 )
W R 2 2 )

P

Corrected spool speed

N _ Jy*RMy _ N
\/T \/1+Y__1M2 \/5
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- Alternative Turbine Map Formats

360 5 ——
i 5B
320 S < =T =58
[0} o Z|
© = /B
9 280 45 L WA
§ a 240 a” 4 7 } -
¥ < <
ERS = % 200 Y ¢
: T = S | i
—_— ~ 160 x 3 / S ——
~ ()
= = >
—— 2120 @ 25 / / / /
=D 1Y LD TR
N Ty . 80 o 2 P / ..................
&= 40 15
0 1
3.5 375 " 425 45 475 5 525 65 68.75 3.5 375 4 425 45 475 5 525 55 575
Ny /e, W, *No,,/ 5, [kals] N, /No,,* W, *No,,/ s, [kals]
y ~"Mﬂ'
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Corrected Flow per Area Through a Nozzle
(= Ideal Case — no Pressure Loss

Total Temperature = 1000 [K]
Dry Air
Parameter = Fuel - Air - Ratio

45

40
10% /R B.0g
35

§ g_u 30 /
d’ X
W~NT e !
’ - g
-1 - \20-D &
; 1+ Y =22 2
1= ( 2 §
l)“-"- > P 15
g /
— A 8 /
= 10
——— I7';' | /
1 5 -t,\ | [ | 068

0 0,2 0,4 0,6 0,8 1 1,2 1,4
Mach Number
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Outline

Copyright © Joachim Kurzke

The Gas Generator of a Turbofan
Basic Correlations, Nomenclature

Gas Generator Components

Cooperation of the Components

* Nominal Performance
 Modifiers

Gas Generator +

Variable Geometry

y "M"'
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The Engine Core

GI=TT) Nomenclature

www.kurzke-consulting.de

Core test of the SNECMA Silvercrest business jet engine

=
https://www.flightglobal.com/snecma-runs-core-of-silvercrest-business-jet-engine/77803.article y ‘M
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Mass Flow Continuity
Compressor and Turbine Inlet

www.kurzke-consulting.de

Wy * [Ty | Wy * Ty Py (Wa| | Ps || |T2
P, Ay * Py P3| (Wa| | P> T,

This is the equation for a linear array in the compressor map.
« The array consists of T,/T, lines.
« The array passes through the origin.
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What factors influence the position of the T,/T, lines
in the gas generator compressor map?

const,

Wz*\/Tz W4*\/F4 Py| W

P2 A4_*P4_ P3 W4_

The Corrected Flow per Area is
always the same because the
Mach number is (almost) 1

The turbine throat
area A, does not
change

o

The mass flow ratio is affected by \

the fuel-air-ratio which varies little
the turbine cooling air is a constant fraction of W,
the amount of bleed air which may be used

» for controlling the surge margin

» for customer purposes -

The burner pressure loss is
in the order of 5% and does
change only little

Copyright © Joachim Kurzke
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T,/T, Lines

= Full Cycle Calculation

14

12

2
o

o0}

www.kurzke-consulting.de

Pressure Ratio P3/P

Calculation mode:
PWx iterated so that T,/T,=const

0 4 8 12 16 20 24 28 32

Mass Flow W [kg/s]
2RStd ) ! :
y— rf”
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Is const, Really Constant?
G Check With a Full Cycle Calculation

7o) To) 7o)
N~ N~ N~
o of o
® To) To) To)
o o ol o
=
2 To} To) Te}
3 N IN N
o o ol ©T©o
< N ~| B
: 5 o oY rel W2/W4
prm— \
= a ; é\b/
T () -
‘= el el o X/
| — S S @ D
<
2 (] (] Tp]
5 oj B Oj - GJ ————
e / P4/P3
J— To) To) To)
— N AN AN
. ol ol o
% 4 5 6 7 8 9 1
Rel. Spool Speed
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Mass Flow Continuity 2
Compressor Exit and Turbine Inlet

constg
WoilTs _|WaTa  Po W3 | T
P, PoxAy ~* Py We+ W T,
W, = Ws + Wy
Wa/Ts |T
AR e constg
P3 3

\

Lines of constant compressor exit flow W,\T,/P, are lines of constant T,/T,

Copyright © Joachim Kurzke
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Is const; Really Constant?
. 31 Check With a Full Cycle Calculation

To) To)
N~ ~
of o
To) To)
ol o
g A (Y) ~
L8] S8
§ % | =<
& N o rel W3/(W3+WF)
N ; )
a:c ~ X < ——
2 L
E g & ,{’3\
, S5t 28 &
l%ﬂﬂl;_] q:_') ' ; ' *%0{\
B — ©
L | W S
N @ ‘” sb‘/
sy, A \
=— [Te) \0
i N
o) o
oL S
4 5 .8 9 1

6 e
Rel. Spool Speed
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Mass flow Continuity 3
Turbine and Nozzle

Wax\Ta| (Ws*Tg||Ag||Wa| |Pg| | Ts||Ps  |Ts

g = ki X k — | — e
p = Ay * Py Ag * Pg | |Ay||Wg| |Ps| |\[Tg||Ps ||Ts
E \ / \
g — —_ — .
2 ‘—-\,_7 pall
I (= const, f(P,/P,n+)
Vel
T :
S P, ¢ Wg x|/ Tg
— = cons
Ps © Ag* Pg
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1.2

rel W8Rstd
6

R

1.2

1

.8

Nozzle Throat Mach Number
4 6

2

P5/P4

Is const; Really Constant?
Check With a Full Cycle Calculation

AA8=10%

~ ~
-
rel [W8Rstd*P5/P4*sqrt[T4/T5]]
=
E / &
w. | |‘=|Q ’\a\r 7 \-‘QJ
5 S &
Rz © 0
< \@’b
o} % © A &
o 4/\
m o’l:l’
5 /
17
<} X«
(o 0] \
S /
= T~ P5/P4
S BN
ot o
4 5 .9 1

.6 v .8
Rel. Spool Speed
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Compressor

Burner

Turbine

Ps

P,

= const, *

Ws/Ts

Wz*\/?z* E
P,

Take Away

From Mass Flow Continuity Considerations

Ty

I3 |T,
P, T_3 = constpg

War/Ta

= constant
Py
P4_ ¢ W8 * T8
— = consSt, ——m—
P5 ¢ A8 * P8

Copyright © Joachim Kurzke

g\,

Lines of constant T,/T, in the compressor map
are linear lines that pass through the origin

Lines of constant corrected compressor
exit flow W,VT,/P, in the compressor
map are lines of constant T,/T,

Corrected turbine inlet flow W,\T,/P,
is constant above idle

Turbine pressure ratio P,/P. remains constant
as long as the nozzle flow remains sonic.

54



Power Balance Compressor — Turbine

Turbine power equals compressor power plus power offtake:

i — Cp specific heat [/ (kg x K)]
3 L ;_-La PWT - PWC + PWx H specific work [J/kg]
E’ o P total pressure [kPa]
2 PW, shaft power offtake [kW]
% WZ * HC = W4_ * HT — PVVX R gas constant [/ (kg x K)]
E T total temperature K]
é‘ W mass flow [kg/s]
:

— Hisc Wy PW,, Indices
Vi = HlS T X 77T — C compressor
R ] Nc W5 ! 7%4) T turbine
' is isentropic
H is,C Wy HigT Ty PW,

xne W2 Tp T
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Power Balance Compressor — Turbine

Copyright © Joachim Kurzke

g
\ y

COI’lStD Co specific heat [)/(kg xK)]
H specific work [J/kg]
HiS,C _ W4_ HiS,T T4 PWx H, isentropic specific work [J/kg]
_— = k %k TIT ¥ — - —— P total pressure [kPa]
TZ *T] C W2 T4_ T2 WZ *TZ PW, shaft power offtake (kW]
R gas constant [J/(kg x K)]
T total temperature [K]
W mass flow [ke/s]
R/cp,c
C C* (&) P —1 m P, PW,
= Constp * = * Ny ———— W T " W T, WaT
I3 *nc T W,/ T, P, ,
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Compressor Operating Line
Steeper Than the T,/T, Lines While Mg=1

14

12

P>

(o]

www.kurzke-consulting.de

Pressure Ratio P

0 4 8 12 16 20 24 28 32

Mass Flow W2RStd [kg/s]
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Compressor Operating Line
Steeper Than the W;vT;/P; Lines While Mg=1

14
12
o —
2 10
< o
g s
by [4p)
T o 8
. 5= o
3 I (]
X g
| o
rﬁ;%mj @
' 7]
o
o

operating
line

2 = N
(o)
o)
0
0 4 8 12 16 20 24 28 32
Mass Flow W2RStd [ka/s]
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- Combustor Operating Line

A i i)
N n N N o~
L L L
~ HF ~
=
% Tp] To] 0 T
> (7)) —_ 4
o | k& / rel W3Rstd*sqrt[T4/T3
3 % <~ -kw ~ < ~ \ q [ ] \
: 2 A ( /
2 — %) o)
So| Co| Zu| A )
o o)) o 7
I '-v-—n:-f'“l' - F,_)
i of Tat o \‘ —
S rel T4/T3
s o3 o3
_;E"_I' < | OO i (e 0] [o0]
Mo L
sy 4 8 12 16 20 24 28 32

HPC Corrected Flow [kg/s]
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Turbine and Nozzle Operating Lines
=) Full Cycle Calculation

360 - -
320 - -
3
g 280 ol 8o
3 £
S 240 3
(8] —_— =z o
% *X bl w‘ 5 e / /
5 o 200 7 o]
g é G| =~ W sl
= = 160 =18 2 /
Al — i
| © —© .
. 0120 © W
| E— ] b o N e
| — L 80 12" e
o - G2
S 40 = = L—
— = 0 L 2] ©
3 5.5 3.5 5.5

5 4 . 45 _ 4.5 . 5
_ NHN(”)M W,, \f®41/64 [ka/s] Turbine NRstd * WRstd [kg/s]

The turbine pressure ratio remains constant as long as the nozzle throat Mach numberis 1
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Modifiers
e——5 Compressor Exit Bleed

14 e 9 8 :
8 < @ 3 :
=) 12 i o 3
= S " Constant Mass Flow
- su| 5t <8 i
3 N o Q - :
¢ 10 2155 ’
N ) = | 2| 58 :
E o [ No bleed s | 7| &S |
2 8 - [} =} = '
2 = ngl ael 2o N\ :
© = e~ E2 \ :
n: 6 B o = o i Turbine|Pressure Ratio
i o 88l 291 X8 2 v :
= : ] = 5 | © S owe o '"erEXI.[ ~
IM‘H 8 4 — 6 <t |3 o E 3 I/@%o em'c?' FMurg +,
@ Y [ 10% bleed % o 3% XN | ”"
e — Py (o4 !
—; i o 2 ® B o 2 - g ?Qﬂ@ :
—_— ‘ = S — 2 '
—_—— O o o 8 V\
e 4 8 12 16 20 24 28 32 0.2 104 106 _ 108 11~ 112 14 16
e Mass Flow W, [kg/s] HPC Pressure Ratio
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Pressure Ratio P3/P2

Modifiers
Power Offtake

14
12
10
8{ 400 kW Power Offtake
e > /J\
4 \\{ No Power Offtake ]
\
2 e -
0
4 8 28 32

12 16 20
Mass Flow W2RStd [kg/s]

g
L
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Power Offtake [kW]
400

600 700 800

500

200 300

100

6.2

5.8

5 5.4

Turbine Pressure Ratio
4.6

3.8

3.4

4.2
Burner Exit Temperature T4 [K]

S
2 s
o H
@ !
© Constant Mass Flow
g |
3 i
3 :
o Z
3 :
Turbine Pressure Ratio :
7
8 O«X%\E N /
= «\QQ’@\\)‘ ; §
% ,,(?j\«e E O&@k—
- N &
: ) 4
S ¢
¥0.2 10.8 11 V_ 11.2 1.4 11.6
HPC Pressure Ratio
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,& ) Modifier

== Nozzle Area

14 3 I 8 :
% wl 0 8 :
=) 12 ™ 0 3
= E\ " Constant Mass Flow
é Q wt :gr ;
5] - . —_ ) = i
: o1 CNominalae ] A =185 A |
N g Nominal Ag | / )\ 0x sl o] 58 N =
g g ) o % © 88 72”'6 I i
&U le N ;% <t qE) Q o% ~re o '
o .
. 6 y § ) ; (=} %e /?ab\:
— [} ol N 0 < '
) 5 S S~ 5 1% |
== 3.4 8 | 5| s \ -
I e o = (og = S [ &N\\ E
« 2 e i
— T Qe H
= 2 s of 3B > |
— &' i
S :
o
e 0 o ™ = \f‘\
L 4 8 12 16 20 24 28 32 10.2 104 10.6 10.8 11 u. 11.2 1.4 11.6
i Mass Flow W2RStOI [kg/s] HPC Pressure Ratio
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Modifier

= Turbine Flow Capacity

14

6
6.2
1500

RN
N

4
5.8
1450

Constant Mass Flow

12
5.4

1400

N
o

10

1350

©

www.kurzke-consulting.de

tio
\ Turb'w —
ﬁ\q
i > B urnqlr Exit Temperature T4 K]
) H

6

4.2
1250

8
Turbine Pressure Ratio

Delta Turbine Capacity [%]
4
3.8

Pressure Ratio P3/P2
»

1200

4.6 5
Burner Exit Temperature T4 [K]
1300

2
3.4
1150

'S,
60/;}/0
4 '
0 ol oml \"\
|\
12 16 20 24 28 32 10.4 10.6 11 11.2 1.4 11.6
Mass Flow W2RStd [kg/s]

10.8
HPC Pressure Ratio
% A simple method for adapting A,

(the turbine flow capacity):

31 00
(N

A,
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Non-Dimensional Component Performance Parameters
Mach Numbers in Disguise

Combpressor E _ b Wy x T . E T,/T, lines are straight lines through
P P, — consty P, T, the origin of the compressor map
Burner W3_ VT3 E — const Compressor exit corrected flow
Ps T5 B decreases when T,/T; increases.
Turbi Wa T _ nst ﬂ _ ¢ Wg * \/Tg Turbine pressure ratio is constant
urbine P, cons P conste Ag * Pg while the nozzle flow is sonic
py\R/evc PW,
Cpc* (p_z) -1 T P, /_T2 Compressor pressure ratio increases if

4
Power Balance = constp * = * N7 +

o x e z Wl Ty PW, increases

P,

Copyright © Joachim Kurzke
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the product of 1. and n; decreases or
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Non-Dimensional Engine Performance Parameters

WANT (Vo—V, P T.
Fy =WV —Vp) = WoTo) 5 p 5, = 2 0, =——>
P ANT 101.325kPa 288.15K
I Corrected net thrust
-ﬁ F — F—N — WO Y — i 2o s proportional to the flight Mach number
E” e Ncorr = g 5 \Jo, o, CH
g Af% PW. _ PM/;C Corrected shaft power
e —— X,corr
. 02 * /03
l'-\}-'-cv-f'm','
T :
— We corr = L — Corrected fuel flow
=l ’ 82+ 02 82+ 02 An energy stream, not a mass flow!
WFE
—— TSEC NG __Wg _ SFC Corrected thrust specific fuel consumption
% corr 1;_1: Fn*/0, [0, Changes with flight Mach number
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Non-Dimensional Performance
Some Numbers

Corrected Corrected
Thrust SFC
(=S case [ambientT  falt[ft] [M T2 P2 2 & |P3/P2] WaRstd [relN//O®] %N FN | FN/& [relFN/6| SFC | SFCY® [relSFC/®
= i 1 |ISASLS 0 o 288.15 101.325] 1.0000 1.0000] 9 2367 1.000] 9090 12.62] 12.62] 1.00000 23.71] 23.71] 1.0000
S 2 |IsA+15SLS 0 of 303.15] 101.325| 1.0521] 1.0000] 9 2366 1.0000 93.200 12.67] 12.67| 1.0040 24.50] 23.89 1.0076
g 3 |IsA-155SLS 0 ol 273.15 101.325] 0.9479 1.0000] 9 2366 0999 8840 1257 1257 0.9960] 22.94] 23.56] 0.9940
(8]
O
E 4 |ISA-36.44 0 0.85] 288.15] 162.5 1.0000] 1.6038| 9 2367 0999 90.80 15.1] 9.42[ 07461 31.76] 31.76] 1.3397
3 5 [ISA+3.2 20000 0.85] 288.15 74.69] 1.0000] 0.7371] 9 2358 0999 90.80] 6.97] 9.46 0.7493 31.98] 31.98] 1.3491
g 6 [ISA+33 35000 0.85] 288.15 38.25| 1.0000] 0.3775] 9 23.17] 0994 90.40 362 9.60 0.7607 32.89] 32.89 1.3874
7 |iIsA 35000 0.85] 250.5 38.25| 0.8693 0.3775] 9 2328 0.996] 84.400 356 9.44 0.7480] 30.09] 32.28 1.3617
| B —
o 8 |IsA-3.644 0 0.25] 288.15 105.83] 1.0000] 1.0445] 9 2367 1.000] 90.90] 11.47] 10.98 0.8700] 27.25] 27.25] 1.1495
O 9 |iIsA+15 0 0.25] 306.9 105.83 1.0651 1.0445] 9 2367 1.000] 93.80 11.53] 11.04 0.8748] 28.34] 27.46] 1.1583
10 [ISA-15 0 0.25] 276.6] 105.83) 0.9599 1.0445| 9 2366 0.999 89.000 11.43] 10.94 0.8669] 26.58] 27.13]  1.1444)

Compressor
Operating
Point

Changes with Changes with
Mach number Mach number
and P, and ®

Flight
Conditions
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Take Away

At a given point in the compressor map:

e All Mach numbers in the compressor are fixed

ulting.de

 The non-dimensionals describe what happens in the engine.

* True thrust and fuel consumption change very much within the flight
envelope.

www.kurzke-cons

* Corrected thrust changes with Mach number and 6, (P,)

* Corrected SFC changes with Mach number and ®, (T,)

* Altitude is not the decisive parameter, T,, P, and flight Mach number are!

Copyright © Joachim Kurzke "
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Outline

The Gas Generator of a Turbofan
Basic Correlations, Nomenclature

Gas Generator Components
Cooperation of the Components

Gas Generator +
*Power Turbine = 2 Spool Turboshaft
*Booster and Low Pressure Turbine = 2 Spool Turbojet
*Fan, Booster and Low Pressure Turbine = 2 Spool
Turbofan

Variable Geometry

Copyright © Joachim Kurzke
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From Gas Generator to Turboshaft




Turboshaft Reference Cycle
CFM56-3 Gas Generator plus Power Turbine

W T P WRstd
Station kg/s K kPa kg/s PWSD = 4650.9 kw Shaft Power Delivered
amb 288.15 101.325
1 27.436 288.15 101.325 PSFC = 0.32624 kg/(kW*h) Power Specific Fuel Consumption
diiﬁifi:“hm\ 2 27.436 288.15 101.325 27.436 Heat Rate= 13953.0 kJ/(kW*h) Fuel Flow * Fuel Heating Value / Shaft Power Delivered
({?ﬁggfml3 3 27.436 609.27 1121.668 3.604 VO = 0.00 m/s Flight Velocity
) m Sy 31 23.568 609.27 1121.668 FN res = 3.11 kN Residual Net Thrust
f; —_— 4 23.989 1250.00 1065.584 4.751 WF = 0.42148 kg/s Fuel Flow
£ 41 25.910 1206.10 1065.584 5.040 Therm Eff=  0.25801 Thermal Efficiency
2 43 25.910 908.46  247.090 P2/P1 = 1.00000 Inlet Pressure Ratio
5 44 27.556 891.50 247.090 TRQ = 100.0 % Torque Delivered Relative to the Cycle Design Point Value
by 45 27.556 891.50 247.090 19.876 P45/P44 = 1.00000 Interturbine Duct Pressure Ratio
ﬁ 49 27.556 738.16  106.495 Incidence= 0.00000 deg Flow Incidence Angle @ Turbine Exit Guide Vanes
2 5 27.857 736.81  106.495 42.384 P6/P5 = 0.98000 Turbine Exit Duct Pressure Ratio
z 6 27.857 736.81  104.365 PWX = 0.0 kw Power Offtake
§ 8 27.857 736.81  104.365 43.249 P8/Pamb =  1.03000 Nozzle Pressure Ratio
Bleed 0.000 609.26 1121.665 WB1d/W2 =  0.00000 Bleed Air Flow/Mass Flow W2
———————————————————————————————————————————— A8 = 0.51693 m2 Geometric Nozzle Throat Area
Efficiencies: isentr polytr RNI P/P WCHN/W2 = 0.07000 HPT Nozzle Guide Vane Cooling Air / W2
Compressor 0.8677 0.9033 1.000 11.070 WCHR/W2 = 0.06000 HPT Rotor Cooling Air / W2
Burner 0.9995 0.950 Loading = 100.00 % Burner Loading in % of the Cycle Design Point Value
HP Turbine 0.8250 0.7969 1.964 4.313 WCLN/W2 = 0.00000 LPT Nozzle Guide Vane Cooling Air / W2
LP Turbine 0.8900 0.8789 0.645 2.320 WCLR/W2 =  0.00000 LPT Rotor Cooling Air / W2
Generator 1.0000 PW_gen = 4650.9 kW Electric Power
HP Spool mech Eff 0.9900 Nom Spd 38000 rpm WIkLP/W2 = 0.01100 HP Leakage to LPT Exit/Mass Flow W2
PT Spool mech Eff 0.9780 Nom Spd 20000 rpm eta t-s = 0.84549 Total-Static Efficiency of the Power Turbine
hum [%] war0 FHV Fuel

0.0 0.00000 42.769 Generic
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o Power Turbine Flow Characteristics

4%
% 0
g L — 2 14,5~
f%” § Percent of @ 4.0+ NG S O =
3 9 design 2
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o n speed =
N (<f() 0] 40 9 13.0 Percent of
; e i = (m] 2 5 desigln
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- Compressor Operating Lines

Gas Generator Turboshaft
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HPT Operating Lines

Gas Generator Turboshaft
constant PT speed
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Low Pressure Turbine Operating Line
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§>-—: 30 Low Pressure Turbine Operating Line

= * N pr=const yields increasing N, ,-/VT,s with decreasing load

- Exhaust swirl angle changes up to 100 degrees within the operating
et
b= range

oThis is a challenge for the design of the exit guide vanes

* The kinetic energy at the exhaust of a turboshaft engine is a loss to
the process

www.kurzke-consulting.de

= * From a system point of view, it is favorable to consider the combined
performance of the LPT and the exhaust diffuser

* Use of total-static efficiency is recommended

oinstead of the total pressure ratio P,./P. the total-static pressure ratio P,./P, ., defines the
ideal work

June 2025 Copyright © Joachim Kurzke 76
1 g

W
‘}j" . ,‘M‘“'




I From Gas Generator to 2-Spool Turbojet
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2-Spool Turbojet Reference Cycle
CFM56-3 Gas Generator plus Booster and Low Pressure Turbine

W T P WRstd
Station kg/s K kPa kg/s FN = 45.39 kN Net Thrust
amb 288.15 101.325 TSFC = 24.1412 g/ (kN*s) Thrust Specific Fuel Consumption
1 52.847 288.15 101.325 FN/W2 = 858.87 m/s Specific Thrust
2 52.847 288.15 101.325 52.847 WF Burner= 1.09575 kg/s Main Burner Fuel Flow
ﬂj]_;’f:__,_,_%\ 24 52.847 369.90 221.133
( ”?;g;““§> 25 52.847 369.90 221.133 27.436 P2/P1 = 1.0000 Inlet Pressure Ratio
® — I 3 52.847 770.80 2447.945 3.578 P25/P24 = 1.0000 Compressor Interduct Pressure Ratio
2 —_— 31 45.396 770.80 2447.945 P3/P2 = 24.1593 Overall Pressure Ratio
£ 4 46.492  1577.96 2325.549 4.740 P45/P44 = 1.0000 Interturbine Duct Pressure Ratio
2 41 50.191  1523.28 2325.549 5.028 P6/P5 = 0.9800 Turbine Exit Duct Pressure Ratio
5 43 50.191 1163.15 541.687
bt 44 53.362 1141.30  541.687
N o 45 53.362 1141.30 541.687 19.865 W_NGV/W25=  0.07000 HPT Nozzle Guide Vane Cooling Air/Mass Flow W25
2 T 49 53.362 1073.33 406.816 WHc1/W25 = 0.06000 HPT Rotor Cooling Air/Mass Flow W25
z ‘ } 5 53.362 1073.33  406.816 25.651 WLc1/W25 =  0.00000 LPT Rotor Cooling Air/Mass Flow W25
§ 6 53.943 1070.25 398.680 XM6 = 0.20000 Jet Pipe Inlet
8 53.943 1070.25 398.680 26.422 A8 = 0.11755 m2 Geometric Nozzle Throat Area
Bleed 0.000 770.80 2447.945 WB1d/W2 =  0.00000 Bleed Air Flow/Mass Flow W2
-------------------------------------------- Ang8 = 25.00 deg NozzTle Petal Angle
Efficiencies: isentr polytr RNI P/P CD8 = 0.95000 Nozzle Discharge Coefficient
LP Compressor 0.8779 0.8905 1.000 2.182 P8/Pamb =  3.93466 Nozzle Pressure Ratio
HP Compressor 0.8677 0.9026 1.621 11.070 W1kLP/W25=  0.01100 HP Leakage to LPT Exit/Mass Flow W25
Burner 0.9995 0.950 Loading = 100.00 % Burner Loading in % of the Cycle Design Point Value
HP Turbine 0.8250 0.7985 3.281 4.293 e444 th = 0.80074 Thermodynamic HP-Turbine Efficiency
LP Turbine 0.8999 0.8968 1.064 1.332 WTkO/W25 =  0.00000 HP Leakage to Overboard
———————————————————————————————————————————— P5/P2 = 4.0150 EPR Engine Pressure Ratio
HP Spool mech Eff 0.9900 Speed 100.00 % PWX = 0.0 kw Power Offtake
LP Spool mech Eff 1.0000 Speed 100.00 % Core Eff = 0.4132 Core Efficiency
———————————————————————————————————————————— Prop Eff = 0.0000 Propulsion Efficiency

hum [%] war0 FHV Fuel
0.0 0.00000 42.769 Generic
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e Booster and HPC Operating Lines
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From Gas Generator to a 2-Spool Turbofan
== CFM 56-3 on the Boeing 737-400

2 Unmixed Flow Turbofan
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- CFM56-3 Reference Cycle
A

W T P WRstd
Station kg/s K kPa kg/s FN = 99.37 kN Net Thrust
288.15 101.325 TSFC = 10.9226 g/ (kN*s) Thrust Specific Fuel Consumption
313.702 288.15 101.325 313.702 WF = 1.08537 kg/s Fuel Flow
260.854 338.16  167.694 170.746 FN/W2 = 316.8 m/s Specific Thrust
52.847 288.24 101.426 52.803 P5/P2 = 1.4604 EPR Engine Pressure Ratio
52.847 288.24 101.426 52.803 Core Eff = 0.4131 Core Efficiency
52.847 369.90 221.093 27.441 Prop Eff = 0.0000 Propulsion Efficiency
52.847 369.90 221.093 27.441 BPR = 4.9360 Bypass Ratio
52.847 770.80 2447.410 3.578 P2/P1 = 1.0000 Inlet Pressure Ratio
8 45.396 770.80 2447.410 P3/P2 = 24.15 Overall Pressure Ratio
2 46.481  1577.55 2325.040 4.740 P5/P2 = 1.4604 Engine Pressure Ratio
% 50.180 1522.88 2325.040 5.027 P16/P13 = 0.9787 Bypass Duct Pressure Ratio
@ 50.180 1162.51 541.051 P16/P6 = 1.12033 Bypass Exit Pressure/Core Exit Pressure
8 53.351 1140.69 541.051 P16/P2 = 1.61972 Bypass Exit Pressure/Engine Inlet Pressure
L 53.351 1140.69 541.051 19.879 P6/P5 = 0.99000 Turbine Exit Duct Pressure Ratio
g 53.351 862.24 147.971 A8 = 0.29364 m? Geometric Nozzle Throat Area
X 53.351 862.24 147.971 63.195 Al18 = 0.74236 m? Geometric Bypass Nozzle Throat Area
§ 53.933 861.29 146.491 64.494 XM8 = 0.75859 Nozzle Throat Mach No.
2 260.854 338.16 164.118 174.466 XM18 = 0.85955 Bypass Nozzle Throat Mach No.
0.000 770.80 2447.410 WBLD/W25 = 0.00000 Bleed Air Flow/Mass Flow W25
e D8 = 0.97884 Nozzle Discharge Coefficient
l;ﬁ_‘,mu,w Efficiency isentr polytr RNI P/P CD18 = 0.99183 Bypass Nozzle Discharge Coefficient
'jjéff;; - Outer LPC 0.8900 0.8975 1.000 1.655 V18/V8,id=  0.70907 Ideal Jet Velocity Ratio
I Inner LPC 0.9000 0.8994 1.000 1.001 Wreci/W25=  0.00000 Recirculating Air/Air Mass Flow W25
IP Compressor 0.8777 0.8903 1.001 2.180 WBLD/W22 = 0.00000 Bleed Air Flow/Mass Flow W22
HP Compressor 0.8677 0.9025 1.621 11.070 W1kLP/W25=  0.01100 HP Leakage to LPT Exit/Mass Flow W25
Burner 0.9995 0.950 Loading = 100.00 % Burner Loading in % of the Cycle Design Point Value
HP Turbine 0.8250 0.7984 3.281 4.297 WCHN/W25 =  0.07000 HPT Nozzle Guide Vane Cooling Air / W25
LP Turbine 0.9000 0.8843 1.063 3.656 WCHR/W25 =  0.06000 HPT Rotor Cooling Air / W25
———————————————————————————————————————————— WCLN/W25 = 0.00000 LPT Nozzle Guide Vane Cooling Air / W25
HP Spool mech Eff 0.9900 Speed 100.00 % WCLR/W25 = 0.00000 LPT Rotor Cooling Air / W25
LP Sp001 mech Eff 1.0000 Speed 100.00 %
P22/P21=1.0000 P25/P24=1.0000 P45/P44=1.0000
Absolute HP PWX Input PWX = 0.00 kw Power Offtake
?I-ND“D“ZA Corrected HP PWX Input PwxHRstd 0.0 PWXH = 0.0 kw Second Power Offtake from HP Spool
g;:}:::=%:=4 Corrected LP PWX Input PwxLRstd 0.0 PWXL = 0.0 kw Power Offtake Low Pressure Spool
hum [%] war0 FHV Fuel "
0.0 0.00000 43.124 Generic y = 4
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Fan Operating Line

The fan operating line of a high bypass ratio turbofan is
dominated by the flow characteristics of the bypass

nozzle
o only a small part of the air enters the core engine

The corrected flow through the bypass nozzle depends
on the pressure ratio P,4/P,,, which is all the lower the
higher the bypass ratio is.
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CFM56-3 Fan Operating Lines
ISA SLS and 35000ft Mach 0.8
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CFM56-3 Booster Operating Lines
ISA SLS and 35000ft Mach 0.8
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. Booster Operating Lines

Turbofan 2 Spool Turbojet
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Why are the Booster Operating Lines Different?
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* Fan and booster are on the same spool
* In case of the Turbofan, the Fan dictates the booster spool speed
* In case of the 2-Spool Turbojet, the LP speed is higher
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CFM56-3 HPC Operating Lines
G ISA SLS and 35000ft Mach 0.8
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CFM56-3 HPT Operating Lines
(= ISA SLS and 35000ft Mach 0.8

5.5

/4 i E

5 Z & 4
v - ) i | .- G862
s A S T
-m o M -7 8 -

o
o

~. 60

s 7 35000ft / Mach 0.8
. operating line

: % \ 085
/ ISA SLS

i perating line
/ - / -

B

w
3

www.kurzke-consulting.de

N
(&)
\‘
T ——
N\

AN

Pressure Ratio P 4/P 44
w

\

\

|

/
RN
(@)

—_—

w
N

3.6 . 4 . 4.4 4.8 5.2 5.6 6
N,/ VO, * W, "B,/ 5, [kg/s]

June 2025 Copyright © Joachim Kurzke 88

e .
4 il




CFM56-3 LPT Operating Lines
(= ISA SLS and 35000ft Mach 0.8
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CFM56-3 Nozzle Pressure Ratios
(= ISA SLS and 35000ft Mach 0.8

2 4

@]
® O 275 -g 2.75 %
Eb © % e Q-
£ o 25 & O 25 ’oef\\ M
2 ) $ = N
S & 2 o
& 0 225 \ 0 225 P
N n & o (,)0
2 (0] Q — CAni »
z E § o, Sonic flow (M=1) /#4
z -+ S 7 e S T
= ” Q@
: o o somefow(M=) I N s
- B‘ 1.75 / § 1.75
e 2
I"M_-—"“J Z s N 15 ﬂ”zzg
I = o) ) »
. 1.25 ~ S 125 S
=g © ISA SLS M M SAS
! — : = D—E——‘E’H‘
1 1

June 2025 Copyright © Joachim Kurzke 90




Bypass Ratio

Dominated by the Fan Exit Corrected Flow
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Fan Operating Lines
Effect of Design Bypass Ratio
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The Gas Generator of a Turbofan
Basic Correlations, Nomenclature

Gas Generator Components

f’ Cooperation of the Components
g . Gas Generator +

o Outline

== Variable Geometry

Compressor

*Gas Generator
*Single Spool Engine (Power Generation)

*Turbine
*Turboshaft with Heat Exchanger

*Nozzle

*Low Bypass Ratio Turbofan
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The Compressor Off-Design Problem
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- 10 Stage Compressor
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Ref. Energy Efficient Engine: High Pressure Compressor Component Performance Report, NASA CR-168245, 1975 i "M" v
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Variable Guide Vane Schedule
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VGV Effect on Map
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- VGV Effects on a Compressor Map
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- Effect of VGV's on the Compressor Operating Line
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== Variable Guide Vanes
* VGV position affects surge line but not the operating line

g * Changes speed for a given mass flow

* Changes mass flow for a given speed

* At maximum power, the VGVs are fully open. Only closing is possible.

-

* Closing the VGV’s increases the speed for a given mass flow

* If the spool speed is given, then changing the VGV position changes
thrust (jet engine) or power (turboshaft)
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Single Spool Turboshaft

Gas Turbine Design and Performance




) | From Gas Generator to Single Spool Turboshaft
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CFM56-3 Core as Single Spool Turboshaft

Power Generation: Simple Cycle

W T P WRstd
Station kg/s K kPa kg/s PWSD = 5699.5 kW Shaft Power Delivered
amb 288.15 101.325 FN_res = 0.00 FN_res
1 27.436 288.15 101.325 PSFC = 0.2662 kg/(kW*h) Power Specific Fuel Consumption
= 2 27 .436 288.15 101.325 27.436 Heat Rate= 11386.0 kJ/(kW*h) Fuel Flow * Fuel Heating Value / Shaft Power Delivered
( S ?;‘ 3 27.436 609.27 1121.668 3.604 Therm Eff= 0.3162 Thermal Efficiency
o ey [ 31 23.568 609.27 1121.668 WF = 0.42148 kg/s Fuel Flow
2 —_— 4 23.989  1250.00 1065.584 4.751
£ 405 25.910 1206.10 1065.584 5.040 NGV Exit 5 HPT
3 41 27.226 1179.21 1065.584 5.237 s NOx = 0.24987 NOx Severity Parameter
5 49 27.226 711.42  106.495 incidence= 0.00 deg incidence
3 5 27.556 710.25 106.495 41.162 XM8 = 0.2094 Nozzle Throat Mach No.
N ) 6 27.556 710.25  104.365 A8 = 0.5020 m? Geometric Nozzle Throat Area
32 | 8 27.556 710.25 104.365 42.002 P8/Ps8 = 1.03000 Exhaust Pressure Ratio
z (f— Coolg 0.000 609.26 1121.665 Wcl_L/W2 = 0.00000 Low Pressure Cooling Air / W2
§ = e Bleed 0.302 609.26 1121.665 WB1d/W2 = 0.01100 Bleed Air Flow/Mass Flow W2
T e P2/P1 = 1.00000 Inlet Pressure Ratio
Efficiencies: isentr polytr RNI P/P WCLN/W2 = 0.11800 LPT Nozzle Guide Vane Cooling Air / W2
[ 1 Compressor 0.8677 0.9033 1.000 11.070 WCLR/W2 = 0.01200 LPT Rotor Cooling Air / W2
f@;;;?""' Burner 0.9995 0.950 Loading = 100.00 % Burner Loading in % of the Cycle Design Point Value
lfé‘ﬁ“mn‘x Turbine 0.9085 0.8800 2.016 10.006 e45 th = 0.90501 Thermodynamic Turbine Efficiency
- Generator 1.0000 PW_gen = 5699.5 kW Electric Power
Spool mech Eff 0.9999 Nom Spd 12727 rpm P6/P5 = 0.9800 Turbine Exit Duct Pressure Ratio
hum [%] war0 FHV Fuel

0.0 0.00000 42.769 Generic

June 2025 Copyright © Joachim Kurzke 103




I Single Spool Gas Turbine

. Operating Characteristics
= e Single spool gas turbines as used in power gerneration are operated at
=" constant spool speed because they drive an electric generator.

p=TE * The mass flow at a given spool speed can be adjusted with the variable
guide vanes of the compressor

www.kurzke-consulting.de

T  The turbine pressure ratio is (nearly) equal to the compressor pressure ratio

* TheT,/T, lines in the compressor map are as usual
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Mass Flow Continuity 1
Compressor and Turbine

Wz*\/?z W4*\/?4*A Py| (W3] | P3 Iy

PZ A4*P4 P3 W4 PZ T4
§ Ps /WZ*/ VI2 [Ty
: — =|consty|x —————* |—
s PZ PZ T2

The T,/T, lines are straight lines that go
through the origin in the compressor map!
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T,/T, Lines

¢ Full Cycle Calculation
16
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® 12
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£ Al
2 Bree)
E D_ 10
E o)
3 = 3
3 ®
d
Vo O 6
B 2,
etk )
e ) Nl
il T "(T“Z: D- 2 P
A 7 0 //////’/
. 0 4 8 12 16 20 24 28 32
% Mass Flow W, [kg/s]
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Variable Speed
=t Startup
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Pressure Ratio P 4/P5
(e)]
90

. 1 2 . 3; 4
= N, VO, * W, * Vo, 5, [kg/s]
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Variable Compressor Guide Vanes

1.1 . , , , , , , , 1.02 . : : : : , , ,
'| Corrected Mass Flow versus | : : !| Polytropic Efficiency versus | | ! !
105 1 3l = H VIGV position as measured =+ —— - ~~ - >~~~ 1.01 H E? l VIGV position as measured |=F-——p—=~-kF-=-F---
=]
T2 | for GT11NMC | s 9 gz | for GT11NMC R T
@ 14 e S 1HE%E e = L S I
o =z ! ! @ i [ Base Load Tests (98% speed) | | .~
c = ol o I
£ T —— Expected == -
2 09s H& § - - pmw 8l L___L___V_ = L L __
g ik O Measured £m ! ! ! !
S = Ha [ [ | |
¢ 3|2 | | g | | Expected
X - 0.9 H - —— - - - == 0.98 ¢ - - - pecte - —
ag _E_f:" - ! : : ! ! | © Measured
: ) ‘::;——--2 088 p-—-F---F--3 I 097 F——- - - - | =~ - -Poly. (Measured) | -
I I 2 | | | | I I
08 b———L— —_ 'y oo - -—-L - L ___L___L___L___L___{ ___L_______
| N ! ! R | | | | | |
— | | | | | | | | | | |
i | [ [ R [ [ [ [ [ [
s 078 ===~y [ [ [ [ [ [ 095 F——-g - —F---F---f---f--—---T--- I B
- ° ISV Postion I VISV Postion
 ——— ‘: EI? T T T T T T ; ; C'g-l‘i T T T T T T T T
L= = T —

Ref.: S.M.Savic, M.A.Micheli
Redesign of a multistage axial compressor for a heavy duty industrial Gas
turbine (GT11NMC)

ASME GT2005-68315
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- Operation at Constant Speed
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Pressure Ratio P4/P5
(0)]

4
2
0

1 ) 6 7

2 .3 4
N,/ VO, * W, "o,/ s, kg/s] ,
,‘,M,fd'
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Operation at Constant Speed
High T, is Desirable for Cogeneration
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= Turboshaft with Heat Exchanger

Gas Turbine Design and Performance




S—— Rolls Royce WR-21

Exhaust

Intercooler
A

Recuperator

Air Inlet Fuel
>

' p—— l

Combustor

www.kurzke-consulting.de

IPC HPC HPT

Ref.:
Colin R English
The WR-21 Intercooled Recuperated Gas Turbine Engine Integration Into Future Warships

IGTC2003Tokyo OS-203
P ""'
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W
Station kg
amb
1 27.
2 27.
3 27.
31 25
35 23.
4 23
41 25
43 25
44 27
45 27.
49 27.
5 27.
6 27.
7 27.
8 27.
Bleed 0.
Efficiencie
Compressor
Burner
HP Turbine
LP Turbine
Heat Exch
Generator

HP Spool mech Eff 0.9900 Nom Spd

/s

436
436
436

.488

568

.906
.826
.826
.473

473
473
774
774
774
774
000

S:

CFM56-3 Gas Generator plus Power Turbine
With Heat Exchanger

T P WRstd
K kPa kg/s
288.15 101.325
288.15 101.325
288.15 101.325 27.436
609.27 1121.668 3.604
609.27 1121.668 3.348
717.47 1099.234
1228.40 1044.273 4.789
1192.69 1044.273 5.098
891.83  235.500
875.56  235.500
875.56  235.500 20.604
745.86 115.755
744 .42 115.755 39.077
744 .42 113.440
647 .42 104.365
647 .42 104.365 40.420
609.26 1121.665
isentr polytr RNI P/P
0.8677 0.9033 1.000 11.070
0.9995 0.950
0.8250 0.7961 1.950 4.434
0.8900 0.8806 0.627 2.034
0.8000
1.0000
38000 rpm
PT Spool mech Eff 0.9780 Nom Spd 20000 rpm

war0
0.0 0.00000

hum [%]

FHV Fuel
42.769 Generic

PWSD

PSFC

Heat Rate
VO

FN res
P35/P3

WF

Therm Eff:
P2/P1
TRQ
P45/P44
Incidence
P6/P5

PWX

P7/P6
P8/Pamb
WB1d/W2
A8
WCHN/W2
WCHR /W2
Loading
WCLN/W2
WCLR/W2

PW_gen

eta t-s

3903.8 kw

0.31211 kg/(kw*h)
13348.4 kJ/(kwW*h)

0.00 m/s

2.91 kN
.98000
.33844 kg/s
.26969
.00000

100.0 %
1.00000
.00000 deg
.98000

0.0 kw

.92000
.03000
.00000
.48308 m?
.07000
.06000
100.00
0.00000
0.00000

[eoNe] RO OO

[=N=NoNal o]

R

3903.8 kw

0.76202

Copyright © Joachim Kurzke

Shaft Power Delivered

Power Specific Fuel Consumption

Fuel Flow * Fuel Heating Value / Shaft Power Delivered
Flight Velocity

Residual Net Thrust

Heat Exchanger Pressure Ratio

Fuel Flow

Thermal Efficiency

InTet Pressure Ratio

Torque Delivered Relative to the Cycle Design Point Value
Interturbine Duct Pressure Ratio

Flow Incidence Angle @ Turbine Exit Guide Vanes
Turbine Exit Duct Pressure Ratio

Power Offtake

Heat Exchanger Pressure Ratio

Nozzle Pressure Ratio

Bleed Air Flow/Mass Flow W2

Geometric Nozzle Throat Area

HPT Nozzle Guide Vane Cooling Air / W2

HPT Rotor Cooling Air / W2

Burner Loading in % of the Cycle Design Point Value
LPT Nozzle Guide Vane Cooling Air / W2

LPT Rotor Cooling Air / W2

Electric Power

Total-Static Efficiency of the Power Turbine

113




I Heat Exchange Potential

Alternate Gas Generator:
* Reduced P,/P, - more heat exchange
CFM56-3 Gas Generator plus Power Turbine * Lower P,/P,; > better HPT Efficiency
With Heat Exchanger * Less turbine cooling air
- better thermal efficiency

1400

1400

1200

1200

o
o
=]

www.kurzke-consulting.de

1000

800

800

Temperature [K]

600

Temperature [K]

600

gl 400

400

200
-2 0 2

.8 1 1.2

4 6
Entropy [kJ/[kg K]] 200 5

4 .6 1.2
Entropy [kJ/[kg K]]
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Turboshaft with Heat Exchanger

W T P WRstd
Station kg/s K kPa kg/s PWSD = 4661.1 kw Shaft Power Delivered
amb 288.15 101.325
1 27.436 288.15 101.325 PSFC = 0.24694 kg/(kW*h) Power Specific Fuel Consumption
S el 2 27 .436 288.15 101.325 27.436 Heat Rate= 10561.4 kJ/(kW*h) Fuel Flow * Fuel Heating Value / Shaft Power Delivered
gﬂiﬁszﬂt;‘ 3 27.436 507.68 607.950 6.070 VO = 0.00 m/s Flight Velocity
o I 31 26.585 507.68 607.950 5.881 FN res = 2.79 kN Residual Net Thrust
2 —_— 35 25.488 784.93  595.791 P35/P3 = 0.98000 Heat Exchanger Pressure Ratio
£ 4 25.808 1228.40 566.001 9.539 WF = 0.31973 kg/s Fuel Flow
3 41 26.905 1211.30 566.001 9.875 Therm Eff= 0.34086 Thermal Efficiency
S 43 26.905 1017.38  242.142 P2/P1 = 1.00000 InTet Pressure Ratio
by 44 27.454  1007.92 242.142 TRQ = 100.0 % Torque Delivered Relative to the Cycle Design Point Value
N ) 45 27.454 1007.92  242.142 21.486 P45/P44 = 1.00000 Interturbine Duct Pressure Ratio
2 i 49 27.454 856.47 115.755 Incidence= 0.00000 deg Flow Incidence Angle @ Turbine Exit Guide Vanes
z ( - 5 27.756 852.87 115.755 41.798 P6/P5 = 0.98000 Turbine Exit Duct Pressure Ratio
§ 6 27.756 852.87 113.440 PWX = 0.0 kw Power Offtake
7 27.756 596.15 104.365 P7/P6 = 0.92000 Heat Exchanger Pressure Ratio
8 27.756 596.15 104.365 38.760 P8/Pamb =  1.03000 Nozzle Pressure Ratio
Bleed 0.000 507.68 607.948 WB1d/W2 = 0.00000 Bleed Air Flow/Mass Flow W2
-------------------------------------------- A8 = 0.46316 m? Geometric Nozzle Throat Area
Efficiencies: isentr polytr RNI P/P WCHN/W2 = 0.04000 HPT Nozzle Guide Vane Cooling Air / W2
Compressor 0.8677 0.8959 1.000 6.000 WCHR/W2 = 0.02000 HPT Rotor Cooling Air / W2
Burner 0.9995 0.950 Loading = 100.00 % Burner Loading in % of the Cycle Design Point Value
HP Turbine 0.8600 0.8470 1.038 2.337 WCLN/W2 = 0.00000 LPT Nozzle Guide Vane Cooling Air / W2
LP Turbine 0.8900 0.8804 0.548 2.092 WCLR/W2 = 0.00000 LPT Rotor Cooling Air / W2
Heat Exch 0.8000
Generator 1.0000 PWw_gen = 4661.1 kW Electric Power
HP Spool mech Eff 0.9900 Nom Spd 38000 rpm
PT Spool mech Eff 0.9780 Nom Spd 20000 rpm eta t-s = 0.76639 Total-Static Efficiency of the Power Turbine

hum [%] war0 FHV Fuel
0.0 0.00000 42.769 Generic
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- Compressor Operating Lines

Rolls Royce WR-21 LP turbine
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Effect of Variable LPT NGV's

Maximize Heat Exchange

1300
1300
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Low Bypass Ratio Turbofan

Gas Turbine Design and Performance
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Type Twin Spool Turbofan with Afterburner

Application Eurofighter Typhoon

Thrust 90 kM 000 |bf ) with reheat | 60 kN (13,500 Ibf) without reheat
Bypass ratio 0.4:1

Fan pressure ratio 4.2:1

Owerall pressure ratio 26:1

Specific fuel consumption  47-49 g/kMNs with reheat | 21-23 g/kMs without reheat
Airflow

Compressor stages ILP,5HP

Turbine stages THP, 1LP

Combustion system Annular Alrspray

Weight ca. 1,000 kg

Length ca. 4m

June 2025 Copyright © Joachim Kurzke 119




Variable Nozzle Area
Affects Only the Fan Operating Line
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The Gas Generator of a Turbofan
Basic Correlations, Nomenclature

Gas Generator Components
*Compressor
*Burner
*Turbine
*Nozzle

Cooperation of the Components

*Nominal Performance
*Modifiers

S U m m a ry Gas Generator +

V. *Power Turbine = 2 Spool Turboshaft
I — *Booster and Low Pressure Turbine = 2 Spool Turbojet
*Fan, Booster and Low Pressure Turbine = 2 Spool Turbofan

www.kurzke-consulting.de

Variable Geometry

*Compressor
*Gas Generator
*Single Spool Engine (Power Generation)

*Turbine
*Turboshaft with Heat Exchanger

*Nozzle
*Low Bypass Ratio Turbofan i "M" v
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Not only a valuable engineering textbook but also a good read:
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o An Exploration of Gas Turbine Performance Modeling An Exploration of Gas Turbine
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Guide for solving real world problems with modern computer
software

Good text for teaching gas turbine design and performance
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Solutions of overall system simulation problems ©2025
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