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Design Off-Design

= Defining the geometry of an engine The performance for a given geometry
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Why Is off -design performance important?
A Performance under environmental conditions that are different from
those of the design point

A Operability

Compressor surge margin

www.kurzke-consulting.de

A Safety

= A Overspeed, overtemperature, engine life

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

e Basic Correlations, Nomenclature

e Gas Generator Components
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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 Flowd14 kg/s

Bypass Ratio 4.94
PP, 24.2
Ty 1523 K
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CFM56- 3 Reference Cycle
ISA SLS

w T P WRstd Cycle Design Point
Station kg/s K kPa kgls 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 = 316.9m/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
3 52.847 770.80 2447.817 3.578 P2/P1 = 1.0000 Inlet Pressure Ratio
31 45396 770.80 2447.817 P3/P2 = 24.16 Overall Pressure Ratio
4  46.491 1577.54 2325426 4.740 P5/P2 = 1.4620 Engine Pressure Ratio
41 50.190 1522.89 2325.426 5.028 P16/P13 = 0.9787 Bypass Duct Pressure Ratio
43 50.190 1162.73 541.392 P16/P6 = 1.11907 Bypass Exit Pressure/Core Exit Pressure
44 53.361 1140.91 541.392 P16/P2 = 1.61971 Bypass Exit Pressure/Engine Inlet Pressure
45 53361 114091 541.392 19.872 P6/P5 = 0.99000 Turbine Exit Duct Pressure Ratio
49 53361 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
CD8 = 0.97884 Nozzle Discharge Coefficient
Efficiency isentr polytr RNI P/P CD18 = 0.99183 Bypass Nozzle Discharge Coefficient
Outer LPC  0.8900 0.8975 1.000 1.655 V18/Vv8,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  WIKLP/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 Poi
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 Spl mech Eff 0.9900 Nom Spd 14324 rpm  WCLR/W25 = 0.00000 LPT Rotor Cooling Air / W25

LP Spl 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
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Sankey Diagram
= Shows Energy Streams

LPC+IPC drive = 37.3%

HPC drive = 47.8%

=

o Bypass Nozzle
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SL static, ISA Core Nozzle

June 2025 Copyright © Joachim Kurzke 7




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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The Engine Modules

J:I Gas Generator




The Gas Generator
S (Core Engine)
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=7 CFM56-3 Reference Cycle
ISA SLS

W T P WRstd

Station kg/s K kPa kgls FN = 99.41 kN
oo 28815 101425 - TSEC = 110161 gikNeY 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 = 316.9m/s
21 52.847 327.40 151.988 37.554 ISA SLS
22 52847 327.40 151.988 37.554 Core Eff= 0.4132
24 52847 369.90 221.130 27.436 Prop Eff = 0.0000 w T P WRstd
25 52.847 369.90 221.130 27.436 BPR = 4.9360 Station kg/s K kPa kgls FN = 17.57 kN
-9:’_ 3 52.847 770.80 2447.817 3.578 P2/P1 = 1.0000 amb 288.15 101.325 TSFC = 23.9840 g/(kN*s)
@ 31 45.396 770.80 2447.817 P3/P2 = 24.16 1 27.436 288.15 101.325 FN/W2 = 640.52 m/s
% 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 23568 609.27 1121.668 etacore= 0.3120
e 44  53.361 1140.91 541.392 P16/P2 = 1.61971 4 23.989 1250.00 1065.584 4.751
g 45 53.361 1140.91 541.392 19.872 P6/P5 = 0.99000 41 25910 1206.10 1065.584 5.040 WF = 0.42148 kg/s
= 49 53.361 862.60 148.137 A8 = 0.29325 m2 49 25910 908.46 247.090 sNOx = 0.24987
§ 5 53.361 862.60 148.137 63.149 A18 = 0.74236 m? 5 27.556 891.50 247.090 19.876 XM8 = 1.0000
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 WBId/W2 = 0.01100
CD8 = 0.97884 Ang8 = 0 deg
Efficiency  isentr polytr RNI P/P CD18 = 0.99183 P2/P1 =1.0000 P4/P3=0.9500 P6/P51.0000 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 WIKLP/W25= 0.01100 Turbine 0.8250 0.7969 1.964 4.313 e45th = 0.80024
Burner 0.9995 0.950 Loading = 100.00 % 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 0.8842 1.064 3.655 WCHR/W25 = 0.06000
WCLN/W25 = 0.00000 hum [%]  war0 FHV  Fuel
HP Spl mech Eff 0.9900 Nom Spd 14324 rpm  WCLR/W25 = 0.00000 0.0 0.00000 42.769 Generic
LP Spl 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
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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

Gas Generator Components
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Outline Cooperation of the Components

Gas Generator +

Variable Geometry
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Total Temperature

Duct Shape m—)
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:

Cp*T, = Cp*T - V2/2

15



Total Pressure

Duct Shape — Energy = W*H = W* c,*T= const
=
|
e A no loss total pressure P
Ve
o

P =P, +r*V2/2

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:

- - w @
0 bv BrY 2 —

Mach Number:
, R = Gas Constant

n - w W R,, =287 J(kg*K)

Cp = Specific Heat @
Constant Pressure
P Cpar = 1004 J/(kg*K)

c gair =14

Copyright © Joachim Kurzke 17
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Gas Properties
Isentropic Exponent g=c,/(c-R)

Air and Combustion Products from Generic Fuel
Water-Air-Ratio = 0
Parameter = Fuel - Air - Ratio
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- Total- Static Temperature - and Pressure Ratio
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Total Temperature = 1000 [K] Total Temperature = 1000 [K]
% Dry Air Dry Air
E, 1,28 Parameter = Fuel - Air - Ratio 3 Parameter = Fuel - Air - Ratio
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. Corrected Flow per Area

Total Temperature = 1000 [K]
Dry Air
Parameter = Fuel - Air - Ratio
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Corr. W/A [kg*sqgrt(K)/(s*kPa*m?)]
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Mach Number
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Nomenclature

Aerospace Recommended Practice ARP 755

0T

16

18

(22) 24/ 25 3] 4]44]45) (5] (6] (8]
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velocity of sound
specific heat

area

specific work

Mach number
rotational speed
total pressure

static pressure

gas constant

total temperature [K]
static temperature[K]
circumferential speed
velocity

mass flow

T/288.15 K
P/101.325 kPa
Isentropic exponent
density

[m/s]

[J/(kg K]

[m?]

[J/(kg/s)], [m3s?]

rpm
[kPa]
[kPa]

[J/kg K]

[m/s]
[m/s]
[ka/s]

21




Nomenclature
= Gas Generator- The Engine Core

www.kurzke-consulting.de

i
https://www.flightglobal.com/snecmauns-core-of-silvercrestbusinesget-engine/77803.article ’ ‘M
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The Gas Generator of a Turbofan
Basic Correlations, Nomenclature

Gas Generator Components
ACompressor

ABurner
ATurbine

Outline ANozzle
Cooperation of the Components

www.kurzke-consulting.de

Gas Generator +

Variable Geometry
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Compressor Performance Map

14 Cycle
Reference
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B 12
10
i N
£ = o
2 )

3 o 8
g e
2 ©
§ 0
o
S
n
n
o
o

0

4 8 12 16 20 24 28 32

Copyright © SoftinWay

Mass Flow W2RStd [kg/s]
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e Compressor Cascade Performance
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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
A all flow angles are equal
A all Mach numbers are equal

’

M

P
Equal flow angles and equal (absolute) velocities:
yield equalkpecific work T
YO Y2 @ 6 u

Vu
Equal flow angles and equal Mach numbers ylelq
equalcorrected specific work: v
ﬂ.H U VHZ - Vul

YRTg  [yRT, ./yRT,

velocity of sound
Copyright © Joachim Kurzke
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il

specific work [m¥s?]
Mach number -

total pressure [kPa]
static pressure [kPa]

gas constant [J/(kg K)]
total temperature K]

static temperature K]
circumferential speed [m/s]
absolute speed [m/s]

circumf. speed component [m/s]

difference
T/288.15 K
isentropic exponent




Compressor Stage Performance

Specific Work:

69dzZ SNXQa 9ljdzr A2y 0
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DH=U*(\,¢ V,)

y "M"'
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Compressor Map
0 H/T is Correlated With Mach 2
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Compressor Map
P./P, is Correlated With Mach Number
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Mass Flow W2RStd [kg/s]
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Mach Number Similarity a velocity of sound [mis]
A area [m?]
Corrected Mass Flow < Mach Number M Mach number
P total pressure [kPa]
, . P, static pressure [kPa]
0O 9 W R gas constant [J/(kg K)]
W ANz"z [ ZzVz "V T total temperature K]
0 [ Y=y Ts static temperature K]
Vv velocity [m/s]
wz2YZ"Y w mass flow [kg/s]
2 gﬁ:"ﬂa 0z0z. ] 2Yz"Y Y P/101.325 kPa -
g M T/288.15 K -
3 \ Isentropic exponent -
¢ / "z / 9 density [kg/m?]
ﬁ 14 7
: 520
0 12

i ﬁ
S

[oe]

(_:;_ - Z\/_:A*[‘) z\/:z\/p —0 z(p — 0 )_

D

D

Pressure Ratio P3/P2

4 8 12 16 20 24 28 32
Mass Flow W, [ka/s] y = 4
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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 K)]
T total temperature K]
Tg static temperature K]
U circumferial velocity [m/s]
5 AL 400 0 M T/288.15 K .
M T2z % \ Isentropic exponent -
z'Yz " —_—
. YT |y
§ 14
§ 12
10
&N
o’ 8
3 o
U U S
6
Y Vg
G Ygbu 0 2 4\
o

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
30 0 (O 0 ) 30

- [y
Y [ Pn
P -V

Corrected mass flow

Z\/_:A*[‘) z\/:z\/p —0 z(p —0 )_Q_\/_

Corrected spool speed

\/_‘QjT ST
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Copyright © Joachim Kurzke




R Combustor

www.kurzke-consulting.de

A Pressure Loss
A Temperature Increase
A Efficiency
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LD Combustor Pressure Loss

= A Inincompressible flowif the Mach number is
=Ty low ¢ total pressure loss is proportional to
dynamic head, i.e. velocity squared:
:lj]_:f: - e I ’ . Parameter = Fue - Air - Ratio c&//
é i 3" U E (A) 40 ;\Q\/‘Z; %R oo
A Velocity V is directly proportional to corrected & &
flow per area, therefore £ <7
== 5 , §1 /
= 3D 0 | —2 T/
O 10 /
=y _ 5
== A We'll see later that the combustor inlet :
corrected flow varies little. S e T

A So, burner pressure loss stays pretty constant.
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- ldeal Temperature Rise

stoichiometric combustion

Generic Fuel

2000 2750
T —400 X
<1750 %\\222 2 < 11000
=, 1700 2 = —] —
] goo O 2700 o
8 2 / g Q T 5
S 21500 £ = // L e00 5
F v - S 2650 =] <
2 o © o
3 S 1250 2. o P 2
g § % e L 800 @
; 8_1000 ~ 2600 |
() L 1 ——1700
— 750 |
7 2550 —
] y ) ] 500 / | |+ 600
R - 2500 — —
_:—7:71,;_. /
el 0 2450
0 .01 02 .03 .04 .05 .06 .07 .08 .09 0 1000 2000 3000 4000 5000 6000
S i Injected Fuel-Air-Ratio Pressure [kPa]
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Combustion Efficiency
Correlation With Loading Parameter Y

1.0
1.000 [ e, Lttt e S LS e e S S
09t o K~ pomEE T e e e e T Take Off
> 0.999 | ST md =T ——=—F T T T T T oo oo oo
e . €] | . SR 0-9’/’/ —
—~ T c 0.8 19/9" X O
( —_— Q 0.998 Iy IQ'///\( i\l
3 = __téf:"u/ é 0.7 fIrIII / y /‘fuel-air-ratlo
> o 0.997 {17/
’ 0.6 > Y-
: S 0.996 ”‘; o
3 0.5 S i Eﬁ —
) 2 1, operating line
¢ i ‘© 0.995 - g
_a 7_, 0.4 :-_:: T
§ (Mg ) W 0.994 HH
L ::;_,-- 0.3 |||| |:
o = 0.993 it
02| i
T— g lIII
= o1l 0.992 [t
i ' 0.991 i1
O 7 3 7 ' ;' Ei i"'? \dle
0.990 L
1.75 ,T4/300 .
P I 0 Loading Parameter ©
Ws

The Loading Parameterrepresents 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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Efficiency

0.99 1

0.995+

0.999 {

0.9995

1 - Efficiency

0.9999

Burner Loading W=

o
o
-

0.005f

0.001}

0.0005f

0.0001

Combustion Efficiency

Propulsion and Power:

Approach

)i log@- /7) = A+B*log(W/W,_)

Take Off y 7/
Take Off //
. Partload
/OQ}&
79 Constant
s
s
7/
TTake Off
0.5 1 2 3 45 10 20 30 4050
Burner LoadingV

W,

Attention:

1.8 T, /300K
P18 % gl /30K x\/g)

P, is measured in bar !
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Turbine
(=T The Inlet Guide Vane is a Nozzle !

COMBUSTOR CASE —\
fﬁ _———— STAGE 1
- LPT NOZZLE

Inlet Guide Vane ?

www.kurzke-consulting.de

== Shroud ——
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I Turbine Stage Performance

www.kurzke-consulting.de

Specific Work:

69dz SNXa 9ljdzZ GA2Y 0

DH=U*(\,¢ V,)
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e Turbine Performance Map
éllﬁ = O’j’Z,O'Q 1,1l
<
=100
5
é %0 Plotted like a compressor map:
8 5.5
80
© 5
E 60 15 2 25 3 35 4 o’ ¢
5_ Pressure Ratio %*3.5
§ 95 % 3
— | . ?, 25 /
) Ve . 8 ——
L e e M _—
e I EL::: 875 / (\u%/ < \ \\A\ » 15
= o~ O 85 1
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Pressure Ratio
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Mach Number Similarity Parameters

Corrected specific work
30 0 (O 0 ) 30

- [y
Y [ Pn
P -V

Corrected mass flow

Z\/_:A*[‘) z\/:z\/p —0 z(p —0 )_Q_\/_

Corrected spool speed

\/_‘QjT ST
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- Alternative Turbine Map Formats

360
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| — > |:1?120 @ 25 / 7 St // // //
o 3 o / o 4
 J— i 56 g g ) A 1 //

[
N
o
5

0 1
3.5 3.75 ‘,’: 4*.25 45 475 5 525 b5 575 3.5 3.75 41 4*.25 45 475 5 525 55 575
N,/ VO ¥ W, "o,/ 5, [kg/s] N, /O, * W, o,/ 5, kg/s]
y ~"Mﬂ'
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Corrected Flow per Area Through a Nozzle
(= Ideal Case p no Pressure Loss

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

45
40
10% —— .04
i 35
J— VY 020 7TY N
: 0

b ko)

- N
(&)} o

Corr. W/A [kg*sqrt(K)/(s*kPa*m?)]

-
(&) o

0.68

0 0,2 0,4 0,6 0,8 1 1,2 1,4
Mach Number
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Outline
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The Gas Generator of a Turbofan
Basic Correlations, Nomenclature

Gas Generator Components

Cooperation of the Components

ANominal Performance
AModifiers

Gas Generator +

Variable Geometry

y "M"'
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The Engine Core

BE=ET Nomenclature

www.kurzke-consulting.de

Core test of the SNECMA Silvercrest business jet engine

i
https://www.flightglobal.com/snecmauns-core-of-silvercrestbusinesget-engine/77803.article ’ ‘M
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Mass Flow Continuity
Compressor and Turbine Inlet

g e

§ v =

§ llﬁf!""i““a?/ = — — |0 |2|=—|2|—F| = F
o § 0 z0 0 |lw |0
Vo
lﬁm*‘

sans This is the equation for a linear array in the compressor map.
— A The array consists of T,/T, lines.
A 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,
’_/—U—T;i___"’—-m___
{ —_— T2 5 [ 5
e z |/ z |/
I w~ Y 00 ~Y20 zg_zof)_zg_z
) O 20U ) (6] )

www.kurzke-consulting.de

The Corrected Flow per Area is
[y always the same because the o ™
=a Mach number is (almost) 1 The mass flow ratio is affected by

A the fuekair-ratio which varies little
A the turbine cooling air is a constant fraction of, W
A the amount of bleed aimwhich may be used
A for controlling the surge margin
-

A for customer purposes )
The burner pressure loss |

in the order of 5% and doe
change only little

The turbine throat
area Adoes not
change
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T,/T, Lines

== Full Cycle Calculation

14

12

E, 10
= ol
2 ~
8 D_""
z 8
2 ®)
§ “—
©
X &
)
e
?
;) 4
)
| .
ol
2
Calculation mode:
PWx iterated so that,IT,=const
0
0 4 8 12 16 20 24 28 32

Mass Flow W [kg/s]
2RStd ) ! :
y— rf”

June 2025 Copyright © Joachim Kurzke 48

al J - gl
‘ \ ‘ "
o




Is const , Really Constant?
. 31 Check With a Full Cycle Calculation

Te] o] (9]
N~ N~ N~
o of o
© Tp] Yo (o]
3 o o} o
E
2 To) To) To)
: ] - .
- << <= 2=
E] = | o | & rel W2/W4
=~
p— \
< <
~— o | = >
) — S
w0 T} QW Q—/
N~ |l S wy 3
o o o Q
&
Tp] To] (e}
Oj.i 0?7 (2] e —
/ P4/P3
To] Yo (o]
AN AN} AN
o o)) o
) ol o

.6 e .8
Rel. Spool Speed
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Mass Flow Continuity 2
Compressor Exit and Turbine Inlet

COHSE
g w7 Y (~D .‘YZE) ZB z 2 z
: ¥ U 20 L W
g ) W
B . - 6 "Y u)g 8 l O
\

Lines of constant compressor exit flow,@V,/P, are lines of constant, T,
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Is constgz Really Constant?

. 31 Check With a Full Cycle Calculation
o o
S S
L] L)
S S
E | o
L8| 38§
2 =2l 2
g 515 rel W3/(W3+WF)
E = | 2 ——
; O o 0 6
| o Q‘b‘
O % . y
sl =3 e
: D>
Q}$
0 <
A} AN
o o
o o
4 5 8 9 1

6 e
Rel. Spool Speed
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June 2025

Mass flow Continuity 3

Turbine and Nozzle

3 z 12 Z 12 5 5
S AR A 41T 4 B el
6 z0 6 z0 [[6 [|@|]|0 0
const: f(Py/Ps," 1)

0 .. . w.z2JY
— Wé & %
0 0 z0
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Is const - Really Constant?
Check With a Full Cycle Calculation

N o~ N o~
-
— rel [W8RStd*F’5/P4*Sqrt[T4/T5]]
I Pe) =
e <
w. B = © w B !:'Q \a\r 4 \)Q}
< = S /S
I % -(CJ Kz ‘e\@ fo‘(\
— o’ © <t <t \Q
(= o0 © % © % © % © P A ,\0’0
e | EE |8 G
5\',1‘_: - TS o
= B | E 5 /
s <l o<} | <
~N (e 0]
v 5 T~ 5Py
o o~ S BN
o o ol o
4 5 .9 1

.6 v .8
Rel. Spool Speed ! ?
y— e ®
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Take Away

=) From Mass Flow Continuity Considerations

Lines of constant,IT, in the compressor map

Compressor . . -
P are linear lines that pass through the origin

Lines of constant corrected compressor
exit flow W,OT,/P5 in the compressor
map are lines of constant,/T

Burner

www.kurzke-consulting.de

Turbi Vo constant Corrected turbine inlet flow WOT,/P,
urbine is constant above idle

W z2.Y - . .
e & l—e— Turbine pressure ratio AP remains constant
as long as the nozzle flow remains sonic.
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Power Balance Compressor p Turbine

Turbine power equals compressor power plus power offtake:

~

o o A G specific heat [J/(kg K)]
o LW LW LW H specific work [J/kg]
2 P total pressure [kPa]
3 ! . o PW, shaft power offtake [kW]
g w 20 w 20 0w R gas constant [J/(kg K)]
E T total temperature K]
g W mass flow [kg/s]
s ” Indices
= h O h Z — — C compressor
Iﬁ"” > T Furbine _
' is isentropic

¢
N
¢

Z 7 __
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Power Balance Compressor p Turbine

const,

¢

y4

¢

!
oM~

mA

i VY,
\ 3

’ \

lZ.e.Z_ Z
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0
iy

X

7]

. VI e
=

=47

specific heat [J/(kg K)]
specific work [J/kg]
isentropic specific work  [J/kg]
total pressure [kPa]
shaft power offtake [kwW]
gas constant [J/(kg K)]
total temperature K]
mass flow [kg/s]
0 & o 0Y
6N o VY @
8 U

56




www.kurzke-consulting.de

June 2025

Compressor Operating Line
Steeper Than the T,/T, Lines While Mg=1

14

12

P>

(o]

Pressure Ratio P

8 12 16 20 24 28 32

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

14
12
. —
. 10
= (q\]
o
bt ™
R o g
N @
— - m 6
l:'v:.—n-ﬂ'ﬂl :‘] g
I—M » =
(7))
(6]
o
(a1

operating
line

0 4 8 12 16 20 24 28 32
Mass Flow W2RStd [ka/s]
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e Combustor Operating Line

s i i)
- - N N N
o o o
~ HF ~
=
g To) To) To) r o
g E ‘c_) | ES . S \\ //_ e/ !AVJ/?‘S‘td
> 7)) —_ J
o | k& / rel W3Rstd*sqrt[T4/T3
g % ~ -kw ~— < ~ \ q [ ] \
B = g -
2 — %) o)
: S| Ep| = Y
— L ™ Tp] Te] P
o o ® 7
= / \ /
l '-v._n;-flllll ~ §
laﬁd o ol o \\ __—
S rel T4/T3
s o3 o3
_;_E"_I' < | OO i o] o]
Mo L
e 4 8 12 16 20 24 28 32

HPC Corrected Flow [kg/s]
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Turbine and Nozzle Operating Lines
$ . 31 Full Cycle Calculation

1.1
1.1

1
1

9

6
Nozzle Throat Mach Number
6 8

D
Z
\

7

3
o

\
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rel W8Rstd
7

5

4
4
Z
Q,
\%A
2
s
Z

3
3

5.5

o
o

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 number is
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Modifiers
To=rt Compressor Exit Bleed

o
i 12 =g # |
£ g o Constant Mass Flow
a ~ N <l ‘—'8 H
8 AN10 2| g9 £
e ~ | D‘g‘ 05
B 3] ; A wl S ch
E . ® S oA \ i
: o o | 2| &8s i
= D81 §G ES ™ ;
0 = o |q_) \ i Turbine|Pressure Ratio
== 8 ©| g o~ “>=<' 3 |
L‘—éﬂm—l ] 2 g %l e[ @ "o e B
I,_(;‘—-;,,,m 8 : 6 = 5o P%o MPbray, .
— < ) L I
@ | 10% bleed | 31 @p 58 N o
e — x m %y :
== o S I 9% '
e e ™ = % E
S 0 ol olo8 0O
— 4 8 12 16 20 24 28 32 10.2 10.4 10.6 10.8 M= M2 11.4 11.6
ey Mass Flow W, . [kg/s] HPC Pressure Ratio
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Pressure Ratio P3/P2

14

_
N

-
o

(o]

Modifiers
Power Offtake

\
=)

No Power Offtake |

QO
o

12 16 20
Mass Flow W2RStd [kg/s]

28

32

Power Offtake [kW]
400
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Turbine Pressure Ratio
4.6
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3.4

4.2
Burner Exit Temperature T4 [K]
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§ H

2 Constant Mass Flow

g i
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2 Z

i i
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- Turbine Pressure Ratio i
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S R /

(;‘ «\Qe"z‘@ i §

3 o &

o & Qd@

i !

0.2 108 117 112 114
HPC Pressure Ratio
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Modifier

== Nozzle Area

o
b oo @ |
© (=} :
= 12 st et ¢
£ < Constant Mass Flow
é o <1 :§ ;
8 10 ~ ol E= :
E A 2| ® oo \\ i
N = ow| X o} 5o .
2 o’ o o7l ®° i
- o) 8 < 2 TR ” :
§ = RN 0 © Q5 Urén‘, :
5 NS[ 8<[ ES 2 o |
X g o | | P "1, 0 R~
[0} y Z (0] +— O O\A I
—— o sof &3 £& 0 |
T L = a ~— L H
)‘Mﬂl,“.J % 4 g -g L;) %/x %
| i > o = Fo| E§ v &N\\ E
D_ [s2] 8 - \e\)‘e’\ E
e e i «© I
= 2 S © of 3B > |
— &' i
S :
o
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e 4 8 12 16 20 24 28 32 10.2 10.4 10.6 10.8 11 U_ 11.2 11.4 11.6
i Mass Flow W2RStOI [kg/s] HPC Pressure Ratio
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Modifier

= Turbine Flow Capacity

14 © S § ;
i 12 < 2 g :
£ " Constant Mass Flow
=] —_ X o )
5 10 SR T I |
9 N > s = :
g @ 2.1 2| 23 |
é D_m 8 §‘— - 9'-0 %Q \ |
3 S = ;
§ 2 Ow Bl as \ :
6 = o Ratio !
= .l 24] =8 \ i
2 s | 7] %0 R—
o 4 = = g — 5 Burner Exit Temperature T4 [K]
o QY[ o[ 58 K !
@ %, !
2 ~F ~ B S :
. © = 60/}} |
/%/ !
0 ol o1 8 N
4 8 12 16 20 24 28 32 Y02 104 106 _ 1038 1M~ 12 14 116
Mass Flow W, oo, [kg/s] HPC Pressure Ratio

% Asimple method for adapting A

(the turbine flow capacity):
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Non- Dimensional Component Performance Parameters
Mach Numbers in Disguise

T,/T, lines are straight lines through

Compressor the origin of the compressor map

Compressor exit corrected flow
decreases when,IT;increases.

Burner

www.kurzke-consulting.de

:';E,. Turbine J const v L W ? W Turbine pressure ratio is constant
0 ' 58 z ) while the nozzle flow is sonic
. 0\ 7 R 0 @
OR? [(D_) p] ) "y WV Compressor pressure ratio increases
Power Balance v wé € iz %z — ——— the product ofh,andh;decreases or
- & Y PW, increases

v
Y ""'
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Non- Dimensional Engine Performance Parameters

~

Vo ( ) 5 : y "Y
v CTMC UL QDG O CUgpo v

0 wz@ &)

Corrected net thrust

\/_ \/—_) = is proportional to the flight Mach number

o — \/_(

U

) W
1 29
N
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Corrected shaft power

Corrected fuel flow
2y An energy stream, not a mass flow!

W § — 7=

YO8 N Corrected thrust specific fuel consumption
- N _\/_ Changes with flight Mach number
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Non- Dimensional Performance
Some Numbers

Corrected Corrected
Thrust SFC
(=S caselambient T [alt[ft] M T2 P2 Q 1 P3/P4 W2Rstdlrel o] %N | FN | FNA [relFNA| SFC | E[ DArelE [ DA
§ A= 1 [ISASLS 0 of 288.14 101.329 1.000 1.000q 9 23.67 1.000 9090 12.64 12.64 1.0000 23.74 23.7]1 1.000(
g 2 |ISA+15 SLS 0 of 303.14 101.32§ 1.0521 1.0000 9 23.66¢ 1.000] 9320 12.61 12.64 1.0040 2450 23.89 1.0076
3 3 |IsA15SLS 0 of 273.14 101.324 0.9479 1.000 9 23.66 0999 8840 1251 1257 0.9960 22.94 2356 0.994(
Q
[ 4 |ISA36.44 0 0.85 288.15 162.5 1.000¢ 1.6034 9 2367 0999 9080 1514 947 0.746] 3174 31.74 1.339]
3 f_frm_@ﬂf; 5 [ISA+3.2 2000 0.89 28815 74.69 1.000¢ 0.7374 9 2356 0999 9080 6.91 9.46 07499 3199 31.99 1.349]
§ i s g 6 [ISA+33 3500 0.89 288.19 38.28 1.000¢ 0.3779 9 23171 0994 90.4¢ 364 960 0.760] 32.84 32.8¢ 1.387/
7 |IsA 3500 0.8 2505 38.2f 0.8693 0.3779 9 232 0994 84.40 35 9.44 07480 30.09 32.2§ 1.361]
=
— 8 [ISA3.644 0 0.25 288.15 105.8] 1.000¢ 1.0444 9 23671 1.00¢ 9090 11.44 1094 0.8700 27.294 27.29 1.149:
S 9 |ISA+15 0 0.2 306.9 105.8F 1.065] 1.0444 9 2367 1.000] 9380 1159 11.04 0.874{ 2834 27.44 1.1583
10 |ISA15 0 0.25 276.6 10587 0.959¢ 1.0444 9 23.66¢ 0.999 89.00 11.49 10.94 0.866y 2654 27.19 1.1444

. Compressor Changes with Changes with
Flight .
0 Operating Mach number Mach number
Conditions )
Point and B andQ

June 2025 Copyright © Joachim Kurzke 67

i ity ) Bl AL
, ! " \ ]

0 | Nfogd .
o




= Take Away

e At a given point in the compressor map:
=3
S A All Mach numbers in the compressor are fixed

—— A The nondimensionalgiescribe what happens in the engine.

§ A True thrust and fuel consumption change very much within the flight
- enVEIOpe-
o A Corrected thrust changes with Mach number andP,)
A Corrected SFC changes with Mach number@s(,)

A Altitude is not the decisive parametes, P,and flight Mach number are!
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4 —5n The Gas Generator of a Turbofan
Basic Correlations, Nomenclature

Gas Generator Components

Cooperation of the Components

www.kurzke-consulting.de

_ Gas Generator +
Outline Aower Turbine = 2 Spool Turboshaft
MBooster and Low Pressure Turbine = 2 Spool Turboje

Aran, Booster and Low Pressure Turbine = 2 Spool
Turbofan

Variable Geometry
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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 kagls 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
“_)f:___‘___‘ 2 27.436 288.15 101.325 27.436 Heat Rate= 13953.0 kJ/(kW*h) Fuel Flow * Fuel Heating Value / Shaft Power Delivered
(=3 3 27.436 609.27 1121.668 3.604 VO = 0.00 m/s Flight Velocity
) I 31 23568 609.27 1121.668 FNres = 3.11kN Residual Net Thrust
g, — 4 23989 1250.00 1065.584 4.751 WF = 0.42148 kg/s Fuel Flow
£ 41 25910 1206.10 1065.584 5.040 Therm Eff= 0.25801 Thermal Efficiency
i 43 25910 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 Desi gn Paint Value
i 45 27.556 891.50 247.090 19.876 P45/P44 = 1.00000 Interturbine Duct Pressure Ratio
ﬁ 49 27556 738.16 106.495 Incidence= 0.00000 deg Flow Incidence Angle @ Turbine Exit Guide V anes
2 5 27.857 736.81 106.495 42.384 P6/P5 = 0.98000 Turbine Exit Duct Pressure Ratio
3 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 WBId/W2 = 0.00000 Bleed Air Flow/Mass Flow W2
A8 = 0.51693 m? Geometric Nozzle Throat Area
I o Efficiencies: isentr polytr RNI P/P  WCHN/W2 = 0.07000 HPT Nozzle Guide Vane Cooling Air / W2
—W%—f Compressor 0.8677 0.9033 1.000 11.070 WCHR/W2 = 0.06000 HPT Rotor Cooling Air / W2
Iﬁf'("'"““""- 2 Burner 0.9995 0.950 Loading = 100.00 % Burner Loading in % of the Cycle Design Poi nt 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/W?2 = 0.01100 HP Leakage to LPT Exit/Mass Flow W2
PT Spool mech Eff 0.9780 Nom Spd 20000 rpm  etat -s = 0.84549 Total - Static Efficiency of the Power Turbine

hum [%] war0O FHV  Fuel
0.0 0.00000 42.769 Generic
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. - Power Turbine Flow Characteristics

4%
% 0
2 B (- ) 14,5+
g § Percent of £ 4.0+ NG S O =
i 9 design 2
s TR equivalent - 13.5F
Q ) speed ;
% (<f() O 40 9 13.0F Percent of
E s s u] 2 ; desigln
4 5 22 equivalent
e i g ;‘g S 120- o &
a 50
- < G a0 S sk ° &
l1 o - 5 (o] 110 w < 70
P ¢} < .o S
B~ v = &L
8 1.5t S b
il 00k
— 7.5 | | | | | | | | J Quglieiigiye uiys. oy Y P o S YO S Y1+ e TIPSR o R S o
ek % A S 6T LT L& 19T 200 21 20k 23 10 1.2 1.4 L6 1.8 2:0: 22 24 26 28 %0 3.2 34 3.6 3.8
RATIO OF INLET-TOTAL TO EXIT-TOTAL PRESSURE RATIO OF INLET-TOTAL TO EXIT-TOTAL PRESSURE
(Po,in/ PO ex) (PO,in/ F)0 ex)

(a) Turbine wiassages (b) Turbine witl{_choked nozzle passages
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- Compressor Operating Lines

Gas Generator Turboshatft

16 16
(]
°
(o))
£ 14 14 ~
5 A
§ 12 12 e \ ¥
Q N N o 177
& o o A X
2 o 40 1/
§' o' o /
2 e
“— 38 + 8
© ©
lwﬁ'ﬂml:f m 6 n: 6
= _T-ij g g ,,,,,
B 4 @ | | @ A
e ) o
——=l ] E 2, Dl__
B 2 2 Gas Generator |
. . | | |
4 8 12 16 20 24 28 32 4 8 12 16 20 24 28 32
Mass Flow W, [kg/s] Mass Flow W, , [kg/s]
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e HPT Operating Lines

Gas Generator Turboshaft
constant PT speed

-
e
-
-
-
-
-
-

www.kurzke-consulting.de

e
-
-
-
-
-
-
-
-
-
e
e
e
-
el
-
el
-
el
-
el
-

June 2025 Copyright © Joachim Kurzke 74




