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Ce manuel de cours est surtout utilisé comme la matiere de référence
pour les conférences données a Recherche Design Developpement
Management (RDDM) et aux institutions éducatives au Canada et a
U.S.A. Aucune partie de cette publication ne peut étre reproduite, révélée
ou distribuée sans autorisation écrite de RDDM. Quelques figures et
textes utilisées dans ce volume sont de les références énumérée dans le
module.

This course handbook is mainly used as reference material for lectures
given at Research Design Development Management (RDDM) and at
educational institutions in Canada and U.S.A. No part of this publication
may be reproduced, disclosed or distributed without written authorization
from RDDM. Some figures and text used in this volume are from the
references listed in the module.
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The most dangerous phrase in the language is,
"We've always done it this way."

- Rear Admiral Grace Murray Hopper

If we worked on the assumption that what is
accepted as true really is true, then there would
be little hope for advance.

- Orville Wright
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“Simple methods with empirical input are still
needed for the mean-line design, and it is
often emphasized by experienced designers
that if the one-dimensional design is not
correct then no amount of CFD will produce

a good design”

- Denton
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PART ONE
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So what do we have to do?
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Turbine
Airfoil
Design

Turbine
Stage
Design

Compressor
Stage
Design

Compressor
Airfoil
Design

13

© RDDM 2020



Internal Air
System

Electronic
Control
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After
service

And much
more ... 15
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The driving parameter of Turbofan

THRUST
IN CONTEXT WITH 60 YEARS OF DATA
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Specific Fuel Consumption
(SFC)

Our target to achieve
or do better
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Max Thrust vs Dry Weight @
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RPM

Stress
Material selection
Performance
Cost
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Gas turbine preliminary sizing
limit & trade-off curves
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The basic cross sections

CHOOSING THE ENGINE
CONFIGURATION
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Three ingredients are required
1) a knowledge of different engine configurations
2) a historical background of existing engines

3) lots and lots of simulation models
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Engine

Center Line
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[ 1stintroduced to the
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.

de Havilland Comet || Boeing 707 with
with Ghost turbojets || Pratt & Whitney J57 % 29
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Core Shaft [ Power Turbine ]
Shaft (spool 2
RGB (spool 1) (sp )
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RGB
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Core Shaft Power Turbine
(spool 1) Shaft (spool 2)
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[ Rolls-Royce Conway
(1958)

0.3 BPR

Pratt & Whitney JT3D 142 BPR

(1959)

Core Shaft
(spool 1)

Fan Turbine
Shaft (spool 2)

J
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Bypass Duct Cold Stream

Core Shaft Fan Turbine
(spool 1) Shaft (spool 2)

36

© RDDM 2020



Bypass Duct Cold Stream

comp| | comB | |TURB TZa;B

S,
COMPANY ENGINE TIMEFRAME COMMENT

Honeywell TFE731 1972

GE QCSEE 1974 NASA design contract
Honeywell ALF 502/507 1980

IAE SuperFan 1986 Engineering study only
Pratt & Whitney PW1000G 2012
United Engine Corporation PD-30 TBD
Rolls-Royce UltraFan TBD

[ Is the UltraFan a reincarnation of the SuperFan? ... | wonder ... ]
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Core Shaft Fan Turbine
(spool 1) Shaft (spool 2)
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Disk Disk

[ SAFRAN Larzac 04 |

(military)

1969, 1982, 1984

GE Affinity
(Civilian supersonic)
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COMPANY ENGINE TIMEFRAME

GE GE36 1986
Pratt & Whitney / Allison 578-DX 1986-1989
USSR Progress D-27 1992
Rolls-Royce - -
SAFRAN (SNECMA) - 2019 (approx.)

11
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Successful production “biased” clean sheets Model & simulation Incorporation of new or
engine data and derivatives validation improved technologies
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Maths SKill
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“It is common sense to take a
method and try it. If it fails, admit it
frankly and try another. But above
all, try something.”- Franklin D.
Roosevelt

The (disastrous) design process

MULTI-DISCIPLINARY (inTecraTED) DESIGN
(& orTIMIZATION) SYSTEM
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- )

SFC
@ Weight Codncgptual
Thrust (» esign

Compressor  gycel +
Stage Design * txt

Turbine Excel +
Stage Design * txt

[ Turbine

Cooling Analysis

Analysis *.txt

[ Dynamic Excel +

Combustion

N

- Excel +
Design * txt

Compressor  gycel +
Disk Design * txt

Turbine Excel +
Disk Design * txt

. N\
Excel + Performa_nce Excel +
Analysis * txt
1 J
Compressor Excel +
Airfoil Design * txt
Turbine Excel +
Airfoil Design *txt
Excel + Internal Air
*.txt System
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"We've always done it this way."
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The design process

WHAT EACH DISCIPLINE DOES
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G Preliminary Sizing & Performance Analysis

|
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The engineer:

Creates different gas turbine configurations

Suggests stage counts based on past experience or optimization
Develops a simplified design-point performance condition
Executes a simplified performance analysis

Executes complex steady- and transient- performance analysis
Repatriates the detailed design values to the design-point and
off-design performance condition for iterative convergence
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The engineer:

« Executes the 1D design-point and off-design mean-line

« Designs and analyzes:
Fan stage(s)

Axial Turbine stage(s)
* Cooled or Uncooled

o

Radial Location (inches)

Axial and Centrifugal Compressor stage(s)

Turb Spool 1 - Stage 1
1

-
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The engineer designs the airfoils for:
» Fan stage(s)
« Compressor (axial and/or centrifugal) stages
« Axial Turbine stages

The engineer also:

» Executes simplified and complex stress analysis

» Executes preliminary and detailed cooling flow
design and analysis

Airfoils include
 Stator, Rotor, Strut, and Bypass Stator

56
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[
Disc Radiu in]

The engineer:

» Creates different axisymmetric disk profiles

» Executes simplified and complex stress analysis
« Executes blade fixing analysis
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The engineer:
» Executes 2D through-flow analysis
» Executes 3D CFD
» Steady state and transient analysis
 (or) Time invariant and time variant
* Fine tunes the aerodynamics
» Updates mean-line and through-flow performance
values based on 3D analysis

GE likes to use the
term “3D aero design”
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The engineer:
» Executes off-design analysis to feed Performance
group
« Compressor off-design
* Turbine off-design
* |IAS
« Stress
» May execute 1D, 2D, and/or 3D off-design analysis
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The engineer:
» Executes the preliminary and detailed air-system
allocation between compressor and turbine stages

Bearings

Fixings

Seals

Hydraulic fluid systems (lubrication and cooling)
Fuel systems

Hot gas path ingestion

Sand particle removal
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The engineer:
» Creates different exhaust geometries

e Unforced unmixed
* Unforced mixed

* Nacelle design

« Axisymmetric
* Non-axisymmetric
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The engineer:

« Gathers all 2D and 3D designs from the disciplines
Creates full 2D and 3D representations of the
overall design

Checks for clashes

Weight calculations

Integrated hot-to-cold conversion
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Gas turbine design

IT DOESN’T END THERE
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e N\ w
Complex Integrateq Cost analysis Testing
Performance analysis
. J J
4 N [ N
Centrifugal Lifing Analysis Sales
compressor design L )L )
Digital twin [ A
(production data After Service
L analysis) ) L )
e N\ a
Procurement Production
. J \\ J
e \ w
Manufacturing R&D
\ J \\ J
4 N\
64
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Turbomachinery Lecture Series

Gas Turbine Engine Design & Development

PART 2
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Aerodynamics

TURBINES

*

‘A mean line efficiency prediction method is the
sum of a large number of loss components. While
some of them may prove to be quantitatively
imperfect, the manner in which they are combined
may cause errors to cancel. The final proof of a
loss system must be its ability to correctly predict
the efficiencies of well documented turbines [or
compressors]’- Kacker & Okapuu
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How do the gas path
design parameters
impact efficiency?

AT
NrurBiNE =

) Toz{l—(l;ﬂ}

\ 4

_(.)_._._._._.)_.
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How do the gas path
design parameters
impact other
parameters?

How do the gas path
design parameters
impact efficiency?

AT

NrurBINE = —
7
p Tt

\ 4

_(.)_._._._._.)_.
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Bin
Inlet metal angle

Bex
Exit metal angle
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- )

Omrue,
True throat opening

....... (surface to surface)
[ LED ] P s ) :

Leading edge diameter \ s o
IDEAL:

‘(4— Ideal throat opening

(camber to camber)

s, pitch
(TED center to center)

[ Nomenclature J

| Y, stagger angle
b, axial chord
(edge to edge)

TED,
Trailing edge diameter 72
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Turbine Efficiency

Turbine Efficiency & the Physical Design Space

Theoretical upper limit of 100% turbine efficiency ]

Design-Point

HIGH
% DP RPM

1 condition
100% DP RPM
091 &
.0
084 1
0.7 s e
; —
0.6 4=
Y/ ; : . /
. _[ Analytically defined — -
. ff-Design Characteristic -
051 | Off-Design % of Design-Point RPM]
= e \ — Methodology &
04 ’E ' "’ R B =
- ".,' @ constant Tinlet
E Yo, . vary both RPM & PR
03 £ u-.,. \ to obtain various DT ~ Work
. .... N .
02 75 < > IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII......... R
: PR 1‘ NEEmEgEy
0.1 7
V! Tuw| +-Ua)
% DP RPM B |
O L J T T T T
25 3 3.5 4 4.5 5 5.5 6

Pressure Ratio, PR
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After much algebraic
manipulation

AT
TOIN
N AH = m(CpTo[N _CpToEX): mcp(To[N _ToEX): mcpAT
PR
(CpT;IN - Cp ToEX ) = (VTANG—INUI - VTANG—EXUEX) = [VTANG—IN (CORIN ) - VTANG—EX (a)REX )]
74
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RPM

)/ Vriex Ex
II/
" MmN —
Tol N
AH AT
Toex
Tol N Cp
PR Pon | AP
Poex ‘/

Pex [ }:
\~\\\ 1
~
S
4L
MIN WTAPIN ,"' m|N )
I
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Mean Line Methods Time Line
4
1948 1951 1962 1982 1991
3 * * * * *
B
] —e— AMDCKO Method 1971 1987
'§ 2 | | —=—Craig-Cox-Chen Method - -
<
® —a— Others
= 1967 1969 1993
1 A A A—A—k A
1949 1960 1968
O T T T T T T T T T
1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995
Year
Ainley &Matheison (AM) Y, = (Y, + Y, + Yy Yy, (1951) 1945 Zweifel

Dunhum & Came (DC)

Kacker &0Okapuu (KO)

Yromar = Yy + Y5 )REFAC + Y, [V, (1970)

Yiora = Pf(Re) +Ys+ Y + Y (1982)

~Wr=2-cos’ ,3:[ 53, +tan I,{i]bi
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Geometric
Relations

Geometric
Parameters

] /)

N\ AN

Loss

——
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BEX

e
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Loss
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S v, M
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Yrer ]
Yomm |
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f]N-Y
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4 N\
Loss

Flow
Parameters
g J

Sy
&

U

Corrections
o 4
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Turbine

osses can be classically decomposed into

the following loss components
 Profile * Yp

+ Secondary * Ys
 Trailing Edge * YigT
 Tip Clearance * Yip

* Other * YOTHER

Both geometric parameters and flow values have

an impact on loss.
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Profile Loss
(Boundary layers)

79
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Trailing Edge Thickness
(blockage, wake, vortex)

_________

‘‘‘‘‘

' 80
22
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If everything else is kept the same,

g \\ changing the TET has a dual impact. \
l I ] ] - It will have an impact on the throat size, which in turn
\\ / / may increase exit Mach numbers
\\ 7 - It will change either the SS or PS surface, which in
. // turn will impact the profile loss
S==
9 81
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Aerodynamics

COMPRESSORS
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REF: Yu, X., Z. Zhang, and B. Liu,
The evolution of the flow

topologies of 3D separations in the _ suction side ncar hub

stator passage of an axial ~comer vortex
compressor stage. Experimental \ pressure side near hub
Thermal and Fluid Science, 2013. corner vortex 84

44: p. 301-311.
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Compressor Efficiency
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Compressor Effiiency & the Physical Design Space

Theoretlcal upper limit of 100% compressor efﬁmency]
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Pressure Ratio, PR
86

© RDDM 2020




| Thin vs Thick Airfoil Assumption |
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“Bladed mass flow equation”

W

M j}/
,Cpd) cos(ar,) r -
s

| 3 M=

(»-1)

Blockage factor used to mimic
Boundary layer thickness

y

Blockage factor used to mimic
Airfoil thickness

/

7

Cd may be used at
every mean-line
\ calculation plane

N\

Cd

Blockage factor used as

“go-to” parameter for PR match. )

Constant tip clearance

clearance remains fixed
\ in a ML model

(" Literature shows that tip )

7

Actual airfoil thickness
ignored

>
Literature shows mainly using

q idealized thin cambered airfoil

)¢

J

Incidence at LE

Deviation at TE

Directly obtained
from ML solution

Literature has shown wide-
spread use of Carter’s rule

Remains constant through
OD conditions
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Author

Formula

Lieblein
(1953) WrorAL =-Wp
Koch & Smith Weotal = Wpgre T Wpwere t Wshock T Wps—shrouds
(1976) (interpreted formula from reference)
Barbosa
(1987) wroraL = Wpfre + Ws + Wsy + Wcor
Wright & Miller Wotar = (Wplge=108 + Wpwarc)f (Re) + Wgnocr
(1991)
(interpreted formula from reference)
Bloch,
Copenhaver, o
g’Brien w = a)prufile o3 Wshock
(1997)
Canhill
(1997) WroraL, = Wp + Ws + Wgpock
Lynette Smith L= bnin
! (1999) W = (T +@y) [1 + (T) ‘

Ramakdawala

WroTAL = Wprofite T WEwarc T Wshock

(2001)

Boyer L= L'}
min

(2001) w = (m’mm + ZD-M + ZD'up + mhub) [1 + (T) ‘

w = w, (ﬂ) (3) (ﬂ) + wq (3) + w,, for i>inn
Dl g ML pe YU My is pe
van Antwerpen
(2007)
W= w, (f (3 fb)) (3) + wq (3) + w,, for i<imin
p w;i’ w; 5 New; =
) i 1 Re 1 Re
Falck
(2008) WroraL = Wp T Wy
Veres
(2009) WroTAL = Wp + Wshock
Benini

(2010)

; ; 2
¢ = Sm=0)XrXm F Sshock + s + {5 + KM(I == lref)

Other references of interest

+ Steinke
 Howell & Calvert
» Schobeiri
 Denton

« AGARD

« Etc...
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( Compressor Blade surface velocity 1
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Pressure Ratio

Islands of
Ncomp

Q= Mot \ITO /PO
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Camber Angle [degrees]

o
=
©
o
©
o
o
<
o
o]
o
<
[e]
=
Q

D
o

v
o

N
o

w
o

n
o

[
o

0.6

18

16

14

1.2

-

0.8

o
®........ o9
R R
AR A
o.

1.2

14 16

o

=

1.2

14 16

1.8

1.8

Loss Modelling Design Space

2 22 24 26 28 3 3.2
Aspect Ratio

Loss Modelling Design Space

[ ]
[ J
0
o o
Cg—  _C me__"o °
o0 b
e o
2 22 24 26 28 3 32

Aspect Ratio

3.4

3.4

3.6

3.6

3.8

3.8

—&— Rotor 35 to 38
«ee«@.-. Stator 35t0 38

® Other Rotor

Other Stator

—o— 74A Rotors
«co-@--+ 74A Stators
—— 2 Stg rotors
«ee-@-++ 2 Stg stators

O  14-MidStg Rotors

O  14-MidStg Stators

—Srotor 23820 == Rotor23020C
—otor26a20 e Rotor 248200
e otor 58208 = Rotor266.21

—otor26021  —— Rotor 260210
Rotor27A21 == Rotor 27621

—motor21021 e Rotor 270210

Rotor288.22 Rotor 280.22

otor 23820

20200

otor 24020

or 248200

Rotor Pressure Ratio

2

o201 -

otor 260:21
00260210 —4— Surge e
otor27A21 —Surge Lne
027621 e Surge e
otor270:21 = Surge Lne
0270210 - Surge e
otor 28822 Surge tne

or 28022 Suge tne

—@— Rotor 35 to 38
----¢--- Stator 35t0 38

®  Other Rotor

Other Stator

—— 74A Rotor
---.@-++ 74A Stators
—e— 2 Stg rotors
«+--@-+- 2 Stg stators

O  14-MidStg Rotors

O  14-MidStg Stators

oo
osn :
oo | -
M : P
0.800 +—ugr . =
. DAY,
oo v -
omn .
oss
osn
~ ——
. "
it e o e o
e - i
-
- V E’ :%
.
o
‘\ i O |
=
1200 - e L —
“ =
e v
P i ———
o
0w we me mm e ww me aw se am

Rotor Inlet Flow Rate [ke/s]

93

© RDDM 2020



800

io

Stage Pressure Rat

)
©0.780

0.760

1.900

1.800

1.700

1.600

-
I
S
3

1.400

1.300

1.200

1.100

8.00

12.00 14.00 16.00
Rotor Inlet Flow Rate [kg/s]

18.00

Stage 37 vs 38

rotor AR increase
1.19 vs 1.63

stg PR equal
2.05 vs 2.05

Stage 35 vs 36

rotor AR increase
1.19 vs 1.63

stg PR equal
1.82 vs 1.82

Loss Modelling Design Space

g

8

—e—Rotor35t038
o

8

Camber Angle [degrees]

©  Other Rotor

Other Stator
—— 748 Rotors
- 748 Stators

—e— 25 rotors

-+ 2 stg stators

0 14-MidstgRotors

O 1a-Midstgstators

o chordratio

—e—fotor 51038
+ Sttor 351038
her Rotor
other

—e— 7aaRotor
- 74A Stators
—e—25tg rotors
e 25t stators
O 1amidstgRotors
O 1amidstgstators

N
S

Camber Angle [degrees]
=
G

=
1)

Loss Modelling Design Space

11 12 13 14 15 16 17

Aspect Ratio

—e— Rotor

~=#-- Stator

18 19 2

© RDDM 2020



Stage Pressure Ratio
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Calculations

PERFORMANCE
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A. Compte tenu de la section “core” de turbine a gaz suivant, et les données liées,
déterminer les températures et les pressions des entrées et des sorties, puis le taux de

dilution (fuel-air ratio), et le SFC.

OO OO,
_@!_.

B. Si une turbine de puissance (“power turbine”) est ajoutée, trouver les températures,
les pressions, et le SFC du moteur suivant.

O

Air froide Air chaude Carburant
v=14 v=1.33 Q=462x10°J/kgK
Cp=10045J/kg K Cp=1156.7J/kgK Cpr=201x10°J/ kg K
Rgas =287 J / kg K Rgas =287 J/ kg K ncome = 100%
Ambient Compresseur Turbine
Tamb =288 K PRcome =3.25 Tos =1175K
Pamb = 101.3 kPa ncome = 81.35% neeT = 83.75%
neT = 92.25%
Nozzle
SFC = J Nnozzzle = 100%
2 Ah
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Intake n . P, - Py,
RAM
Prl _Pm
04<K<0.7 Dyy =K'[ml(Vm1 Ko+ ANE, — B )]
y £
y r=1y I P :
Compressor H =mC ATy, =mC,(T;, - T;;) =1 {P IR EE | TR : T ”] = |
. ol 5 ) o e ATr:s L RL (Trs —‘TIZ ) \ Pr:
o | -
1+f- : :
Combustion y P I Ncora (Can )j -
Trs (-l’f)
ATHS _ (Tr-l _Trs)
nMr 1 -y 1.y
Turbine H =mC AT, =mC (T}, - T;) - 1_' 1 ] e 1 j
. PR, N \ Prs/Prs
T, =i} NPR _—_Pn _—_Pr/ T
Trs Py Py N xozzie i
¥ g _y
Exhaust (1) g i P, \
Voo =120y “Cp - Tl 1-| —— =l
abs8 Nyozzie " “p 413 [\NPRJ \ Prs
Mechanical 1 i
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Parasitic WelE e Ly s 1 para
Loss "
_' , _y
Thrust Thﬂlst=(1-'—f)-(?hm—mm]Vﬂ-—mB,VL\-+AL‘-(PH—PLV) VEY_V&E_ 2"7.\’OZZIZACP‘TT8 1—lm’ ]
1 COMm -
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Goal of the future

TWO MAIN GOALS
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‘I need a gas turbine that develops a
thrust of 63,500 Ibf with an SFC of 0.20
at take-off”

“Change the turbine disk material, use
bleed air from the stator leading edge,
and run full 3D please”
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