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OZET

Yiiksek Lisans Tezi
EKSENEL KOMPRESOR AERODINAMIK TASARIMI
ibrahim ERYILMAZ

Anadolu Universitesi
Fen Bilimleri Enstitiisii
Sivil Havacilik Anabilim Dali

Damsman: Prof. Dr. Mehmet Serif KAVSAOGLU
2013, 110 Sayfa

Bu caligmada tasarim, analiz ve optimizasyon araglari kullanilarak gaz
tiirbinlerinde kullanilan eksenel kompresorlerde hava akist  incelenmistir.
Meridyonel tasarim ve analiz faaliyetleri radyal denge denklemi temel alinarak
gerceklestirilmistir. Bu faaliyetlerde akis aksisimetrik ve adyabatik olarak
degerlendirilmistir. Radyal denge denkleminde radyal yondeki entropi
degisimleri goz Oniinde bulundurulmus, radyal yondeki hiz degisimleri ihmal
edilmistir. Tasarimi yapilan kompresoriin 3 Boyutlu Hesaplamali Akiskan
Dinamigi ¢oziimleri gerceklestirilmis ve elde edilen akis parametreleri meridyonel
analiz verileri ile karsilagtirilmistir. Meridyonel analizde kayip katsayilarinin
dogru olarak hesaplandigi durumlarda meridyonel analiz ve 3 Boyutlu
Hesaplamali Akiskan Dinamigi ¢ozliimleri uyum gostermektedir. Optimizasyon
kisminda Yapay Sinir Ag1 ile desteklenen Genetik Algotritma ile mevcut bir
eksenel kompresor kademesinin rotor ve stator kanatlari maksimum verim elde

etmek amaciyla iyilestirilmistir.

Anahtar Kelimeler: Eksenel Kompresor, Meridyonel Analiz, Radyal Denge,
Optimizasyon, Yapay Sinir Ag1, Genetik Algoritma
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ABSTRACT

Master of Science Thesis

AXTAL COMPRESSOR AERODYNAMIC DESIGN

ibrahim ERYILMAZ

Anadolu University
Graduate School of Sciences

Department of Civil Aviation

Supervisor: Prof. Dr. Mehmet Serif KAVSAOGLU
2013, 110 pages

In this study, air flow is investigated in gas turbine axial compressors by
design, analysis and optimization tools. Meridional design and analysis are based
on radial equilibrium equation. In these studies flow is considered as
axisymmetric and adiabatic. In radial equilibrium equation radial variation of
entropy is taken into account while radial component of air flow is ignored. 3
Dimensional Computational Fluid Dynamics analysis and meridional analysis
results of designed axial compressor stage are done and results are compared. 3
Dimensional Computational Fluid Dynamics analysis and meridional analysis
results are in agreement if loss coefficients in meridional design are predicted
appropriately. Rotor and stator blades of an axial compressor stage are optimized
for maximum efficiency with Artificial Neural Network assisted Genetic
Algorithm.

Keywords: Axial Compressor, Meridional Analysis, Radial Equilibrium,

Optimization, Artificial Neural Network, Genetic Algorithm
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1. INTRODUCTION

1.1.0verview

In a gas turbine usually air is utilized. In closed cycle gas turbines other
gases like carbon dioxide and helium may also be utilized [1]. Fundamental
analysis will be applicable to any of gases but in thesis work air is the working
fluid.

In a turbojet gas turbine cycle air is compressed in the compressor. Energy
is added to the compressed fluid in the combustion chamber. High pressure and
high temperature air is expanded in the turbine. Some of the energy extracted by
the expansion is used to drive compressor and the remaining amount is used to
get thrust by accelerating flow in nozzle. In Figure 1.1 a picture of Rolls Royce
Olympus Turbojet Engine is given [1]. In Figure 1.2 core engine components for a

gas turbine are given [8].

Figure 1.1. Rolls Royce Olympus turbojet engine [1]

Fuel \\
Combustion
“'chamber -

Alr Products

Figure 1.2. Core engine components for a gas turbine [§]
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Ideal cycle for the gas turbine is the Brayton Cycle [1]. Energy transfer in
gas turbine cycle is given in temperature-entropy (T-s) diagram in Figure 1.3 [8].
Many types of compressors are utilized in industry. In Figure 1.4 compressor

types in general are given [9].

T

Figure 1.3.  Brayton cycle T-s diagram [1]

Compressors
1
{ 1
infermitient Continuous
Flow Flow
1
l |
Positive Displacement Dynamic Ejector
1 I
] 1 [ 1 .
Reclprocating Rotary Radlal Flow Mixed Flow Axlal Flow
Mixed
Mechanical Piston Centritugal Flow Axlal
Sliding Yane
Liquid Piston
Heticsl Lobe
Straight Lobe

Figure 1.4. Compressor types in general [9]

Compressors are selected according to their duties. Pressure ratio, flow
rate, mass, dimensions, reliability etc. affect the type of compressor that will be
selected for a specific duty. In Figure 1.5 compressors are classified according to

pressure ratio and flow rate requirements [9].



IVERSITESI

@) ANADOLU UN

20 1\
Muitistage
Reciprocating
el
5 20
o« Single Stage
= ge
o Rotary X\ Centrifugal
/[> Compressors Multistage
Axlal
5
2 Single Stage /
F.urYa ra -I / — .__..
0.047 0.47 4.7 47 470
Volumetric Flow Rate (m3/s)

Figure 1.5.  Compressor types for different applications [9]

For gas turbine engines axial and centrifugal compressors are used. In
Figure 1.6 and Figure 1.7 axial [10] and centrifugal [11] compressors for different

applications are given.

Figure 1.6.  Axial compressor, GE F404 engine [10]
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Figure 1.7.  Centrifugal compressor, DLR test rig [11]

Generally multistage axial flow compressors have properties of high mass
flow rate per area, high pressure ratio, high efficiency. Centrifugal compressors
have properties of low mass flow rate per area, high pressure ratio per stage, lower
cost. With the improved design technology overall compressor pressure ratio,
efficiency, life, overhauls time for compressors will be increased; length, weight
as well as cost will be decreased. Figure 1.8 shows yearly improvement of

compressor pressure ratio for aircraft and industrial applications [12].

45
40
35 :
30 — g

25 :

2° S
15 =

/ ----- Aircraft Applications
10

Indusrial Applications |

Pressure Ratio

5

0 T T T T T
1940 1950 1960 1970 1980 1990 2000 2010
Year

Figure 1.8.  Yearly improvement of compressor pressure ratio [12]

Improved design technology gives the chance to cope with higher rotor
inlet relative Mach numbers which drives the higher pressure ratio for a stage.
Table 1.1 gives information about pressure ratio, inlet Mach number and

efficiency values for different axial flow compressor applications [12].



IVERSITESI

@) ANADOLU UN

Table 1.1.  Properties of axial flow compressors for different applications [12]

Type of Flow Rotor Inlet Pressure Efficiency
Application Type Relative Ratio per per Stage
Mach Stage
Number
Industrial Subsonic 04-0.8 1.05-1.2 88% - 92%
Aerospace Transonic 0.7-1.1 1.15-1.6 80% - 85%
Research Supersonic 1.05-2.5 1.8-2.2 75% - 85%

Complete design of an axial compressor is a multidisciplinary process.
Classical approach for compressor design is based on a sequential strategy.
Compressor is optimized in individual disciplines and differences in interactions
between these disciplines are covered one by one. With the introduction of
modern products design strategy is evolved to a simultaneous process from
sequential process. Each individual work such as aerodynamics, heat transfer,
structure, materials, manufacturing, testing, validation etc. play a simultaneous
role in design process. Additionally to the compressor design team, a whole
engine team exists which provides interface with other design groups of gas
turbine engine [13]. Figure 1.9 is a schematic view of integrated multi-disciplinary

design of high pressure multistage compressor system.

———_{ merothermal PO
\_Structures i T ..[Jusu:s I
“Design : a ’ \Hea L_‘Iran*‘:fPr '
Validation | AN PR S _(Oisystem)
T T 4 -k —
T T ey . T \
> S 4 Airsystem,
Logisties ~—___ ~ D S
. ' i ‘e——— Material
Assembly ——— ». COMpressor Design Team I el
R N /T Whole Engine
. Tooling b < o _U ing .-
- I . . o I ‘ . . -':bontmls.:
Configuration ) i N
Y / , ¢ Project ™
{Manufacturing} ___/_ _% . Management
o T 7 Produet e
SUppliers." pyrchase ! Support_-

Figure 1.9.  Simultaneous engineering team for compressor design [13]



@» ANADOLU UNIVERSITESI

2. LITERATURE SURVEY
Flow field analysis and generation of performance maps of compressors

depend on various techniques. These techniques are:

-Direct testing of the compressor in a rig test or engine test,

-One dimensional techniques that are based on experimental data and empirical
correlations.

-Two dimensional techniques that are based on experimental data and empirical
correlations,

-Three dimensional techniques that are based on solution of Navier - Stokes

equations.

Wide range of optimization techniques exist in the literature. Optimization
can be done either single objective or multiobjective. Multiobjective optimization

can be done either in a single discipline or in a multidisciplinary environment.

2.1.Testing of Compressors

Direct testing of compressors in a rig test or engine test gives the most
accurate flow field data of the compressor. Effect of three dimensional and
unsteady nature of compressor is completely investigated with the complexity of
instrumentation in experimental work. This technique is also the most expensive

one since building testing facilities and gathering testing hardware is required.

2.2.0ne Dimensional Techniques

Three dimensional nature of the compressor is modeled in a one dimensional
technique. Average stage by stage characteristics are obtained with this method. A
one dimensional method is presented by Attia and Schobeiri [14]. The method
presented is based on geometry and design point data for the prediction of
compressor performance maps. In this one dimensional row by row analysis a
modified diffusion factor is used for off design efficiency. With the loss and

deviation correlations accurate predictions obtained for stall regimes.

2.3.Two Dimensional Techniques
Two dimensional techniques are also based on experimental data and

empirical correlations similar to one dimensional technique. Two dimensional
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techniques are commonly called throughflow methods. Throughflow calculation
corresponds to an axisymmetric computation of the flow field across flow path.
Axisymmetric means no velocity component or fluid property wvaries in
circumferential direction for a given set of axial and radial coordinate in the flow
path. Flow is circumferentially averaged. Flow is modeled by a series of
concentric stream surfaces in which no mass and momentum is transferred across
each other [16].

Additionally to the axisymmetric flow assumption in through-flow
methods for turbomachines, except for some cases associated with cooled
turbines, the flow is assumed to be adiabatic so that no heat is transferred between

fluid elements or across stream surfaces [16].

2.3.1. Simple radial equilibrium method

In this throughflow technique flow field analysis is based on solution of
radial equilibrium, continuity and energy equations. In simple radial equilibrium
equation, radial variation of velocity is ignored. Simple radial equilibrium method
will be implemented in isentropic (ISRE) and non-isentropic (NISRE) modes. In
non-isentropic radial equilibrium mode spanwise variation of total enthalpy and
entropy is taken into account. The flow distribution at compressor outlet is
determined from individual blade section of elements. Flow field is divided into
two parts. First part includes blade to blade surfaces in several spanwise positions.

These blade to blade surfaces are surface of revolutions and are not stream
surfaces in general [7]. Surface of revolutions are conical but if the radius is same
at inlet and outlet these surface of revolutions are cylindrical. Second part includes
hub to casing surfaces in several meridional positions.

Lieblien [15] used a blade element concept depending on axial flow
compressor blades evolving from radial stacking of individual airfoil shapes
called blade elements. The blade elements are assumed to be located along
surfaces of revolution obtained by rotating a streamline about the compressor axis
[3]. Figure 2.1 shows compressor blade elements along surface of revolution

about compressor axis [3].
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Compressor
blade elements

Compressor axis—,
\

Figure 2.1.  Compressor blade elements along surface of revolution [3]

Since surface of revolutions are not stream-surfaces in general an extra
level of approximation is introduced when compared with streamline curvature
methods [7]. When the compressor geometry has strong curvatures in meridional
and blade to blade surfaces, radial variation of velocity gets important and this
technique will fail to predict the flow field data. Figure 2.2 shows the meridional
streamline pattern for actual flow and model flow by simple radial equilibrium.
Dashed lines are the flow patterns approximated by simple radial equilibrium

where full lines are the meridional streamline pattern for actual flow.

—F— —

- -

Figure 2.2.  Meridional streamline pattern for actual flow and model flow
2.3.2. Streamline curvature method
In this throughflow technique flow field analysis is based on solution of

radial equilibrium, continuity and energy equations. Streamline curvature method
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is also called as full radial equilibrium method [34]. In the radial equilibrium
equation streamline curvature effects, effects of radial forces due to flow along
streamline and acceleration along streamline are included. Method is supported by
empirical data to handle viscous effects. Flow field is divided into two parts.

First part includes blade to blade surfaces in several spanwise positions.
These blade to blade surfaces are stream surfaces. Streamsurfaces twist and warp
as they pass through blade row [7]. Second part includes hub to casing surfaces in
several meridional positions. Wu [17] introduced a method based on streamline
curvature. In this work streamurfaces are considered as S1 and S2. S1 is the blade
to blade streamsurface; S2 is the hub to casing streamsurface.

Streamsurfaces start at the inlet as surface of revolution then they twist and
warp along blade row. Forms of these streamsurfaces are iteratively changed until
flow field solution convergence. Since streamsurfaces twist and warp three
dimensional inviscid flow can be analyzed by two interesting surfaces [7]. This
method is a successful tool for flow field analysis for turbomachines as well as
axial compressors. S1 blade to blade steamsurface [17] and S2 hub to casing

streamsurface [17] are given in Figure 2.3 and Figure 2.4.

NENNNA NN
S S T i

Figure 2.3.  S1 blade to blade streamsurface [17]
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Figure 2.4.  S2 hub to casing streamsurface [17]

2.3.3. Finite difference method
Flow field is investigated by a system of grid points or nodes throughout
the flowpath [16]. Adiabatic inviscid flow calculation is combined with empirical

correlations to handle viscous effects.

2.3.4. Finite element method

Flow field is investigated by a system of network lines and elements [16].
Adiabatic inviscid flow calculation is combined with empirical correlations to
handle viscous effects. In Figure 2.5 two stage fan geometry with element

boundaries and calculated streamlines are given [16].

I 1 ..-=
Il . '__*':‘J.i-%"‘l“%-l:f - M‘W—--d

]
- - n-—ut-nh-‘}-"'--
T

Figure 2.5.  Fan geometry element boundaries and calculated streamlines [16]
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2.3.5. Finite volume method

Flow field is investigated by system of small volume elements [16].
Adiabatic inviscid flow calculation is combined with empirical correlations to
handle viscous effects. Equations are solved by a time marching process
iteratively. This method can be extended to become an effective three dimensional

flow analysis system.

2.3.6. Three dimensional techniques

Three dimensional techniques for turbomachinery flow analysis are mostly
named under a general topic computational fluid dynamics (CFD).

These methods generally depend on solutions of Euler and Navier-Stokes
equations with finite volume method. Reynolds Averaged Navier-Stokes and
Large Eddy Methods use mathematical models for turbulence modeling. Direct
Numerical Simulation depends on exact solutions of Navier-Stokes equations and
do not require mathematical modeling for turbulence. With the increasing capacity
in computational techniques based on software and hardware, resolution in flow
field analysis in turbomachinery is increasing day by day. In Figure 2.6 a typical

structure of an axial turbomachinery design system is given [16].

System Cycle studies
— Design Point Values =~ | ============3 >
¢ System Operating Requirements I
A4
Design Point Design Point
Meanline Analysis Develop Existing Unit
Velocity diagrams ,Pre/Blade Row Geometry Scaling/Similarity
Throughflow Level 1 Modify/Reset Blading
Simple Radial Equilibrium, Velocity Diagrams, Pre/Blade Sections Add or Substract Stages
1
| €-—=-- - - v
i
\:f Throughflow Calculation Level2
- Axisymmetric Hub-To-Tip Solution
Estimated Performance Map Level1 —»| !terative Redefinition of Blade Row Geometry and Airfoil Sections
Meanline A"E!WS'S Alternative Geometries Experimental Correlations
Stage stacking Fluid turning, Endwall Turning and loss Correlations
Loss-Diffusion Factors
Shock, Cavitation, Mixing
Choking, Stall, Cavitation Margins
Throughflow Calculation Level 3 ¢ Level 2
Three Dimansional blade Row Analysis Development Geometry
Computational Support Experimental Support
Blade to Blade Flow Fields Full Scale or Scale Model Build Linear Cascade Tests
Airfoil Section Improvement Stage and Stage Matching Tests

Figure 2.6.  Structure of an axial turbomachinery design system [16]
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2.4.0ptimization Techniques

According to order of derivatives of the objective function, optimization
techniques can be classified as second order, first order and zero order methods
[19].

Thevenin and Janige [19] made inverse design of a 2-D duct by a second order
optimization method, which is based on computation of Hessian Matrix [18]. A
first order method is used by Papadimitriou et al. [19] for minimizing total
pressure losses of a compressor cascade where the method is based on first order
gradients. Entropy generation of NASA Rotor 67 is minimized by Oyama et al.
[20] by a zero order method using an evoluationary algorithm . Zero order
methods are also considered as derivative free methods [18].

Evoluationary algorithms may be assisted by metamodels. Metamodel [18] or
Surrogate Model [19] is the representative of the case which is being optimized.
This representative model generates outputs of the case for given inputs.
Polynomial Response Surfaces, Artificial Neural Networks and Kriging are some
types of metamodels [18].

Song et al [22] optimized a cryogenic liquid turbine by genetic algorithm and
adaptive approximate model. This work used Kriging approximation model to
approximate the time-costly objective function. Lian and Liu [23] presented
multidisciplinary optimization of NASA Rotor 67 by Genetic Algorithm used
with response surface approach. Optimization of a centrifugal impeller using
evolution strategies is done by Meier et al. [24]. In the work an existing impeller
is optimized to increase impeller isentropic efficiency. After the optimization
Artificial Neural Network is just trained and used to predict isentropic efficiency
values. Since Artificial Neural Network has showed success in predictions, this
prediction technique is proposed to be integrated to the optimization process in

order to speed up the optimization.

2.5.Present Study
Objectives of the present study reported in this thesis are:

-Implementation of a meanline axial compressor design for annulus sizing.

12
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-Implementation of simple isentropic radial equilibrium to determine flow angles,
blade cascade data from hub to tip.

-Implementation of simple isentropic radial equilibrium by taking into account
radial variation of entropy in order to make a throughflow analysis of existing
compressor geometry.

-Investigation of flow parameters from hub to tip. Comparison of adiabatic,
axisymmetric throughflow analysis solution with 3-D Navier Stokes computation.
-Implementation of Genetic Algorithm assisted by Artificial Neural Network for
optimization of an existing axial compressor stage.

-Investigation of effectiveness of the Artificial Neural Network in terms of
prediction capability.

Present study has two main parts. First step includes design, throughflow
analysis and 3-D CFD analysis for axial compressor. Design and throughflow
analysis tools are developed in-house in C programming in the scope of thesis
work. For 3-D Navier Stokes computations, commercially available software
Numeca Fine Turbo is used. Second step includes design and optimization of a
compressor stage. In this step design of the compressor stage is done with
commercial software AxStream. Genetic Algorithm for optimization is developed
in-house in the scope of thesis work. Artificial Neural Network to be used as
metamodel in optimization is developed in-house. For 3-D Navier Stokes
computations in optimization, commercial software Numeca Fine Turbo is used.
Parametric modeling of the compressor stage is done in commercial CAD
software Unigraphics. Statistical analysis is carried with commercial software

Minitab 16 for metamodel effectiveness study.

3. DESIGN AND ANALYSIS

The approach used in the present investigation is based on design,
throughflow analysis, 3-D Navier Stokes analysis and optimization steps of axial
COMpressor.

Design is based on a meanline approach and based on determination of blade
cascade data from hub to tip by simple isentropic radial equilibrium. Inputs for
this step are inlet total quantities, pressure ratio, rotational speed, mass flow rate,

stage number, first stage rotor hub to tip ratio etc. Outputs for this step are annulus

13
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dimensions, variation of blade parameters from hub to tip, variation of flow
parameters from hub to tip without taking into account losses.

Throughflow analysis is based on simple isentropic radial equilibrium by
taking into account radial variation of entropy. Inputs for this step are inlet total
quantities, pressure ratio, rotational speed, mass flow rate, stage number, annulus
dimensions, blade cascade data, loss parameters etc. Outputs for this step are
variation of flow parameters from hub to tip by considering losses, deviations etc.

3-D CFD computation is based on steady Reynolds Averaged Navier Stokes
computations by commercial software Numeca Fine Turbo.

Optimization is based on Genetic Algorithm assisted by Artificial Neural
Network. Inputs for the Genetic Algorithm are population information,
optimization constraints, crossover conditions, mutation conditions. Output of the
genetic algorithm is the parameter set obtained after given number of iterations.
Inputs for the Artificial Neural Network are number of inputs, number of hidden
layers, number of outputs, convergence criteria, iteration number, number of
outputs, number of training sets and number of testing sets. Output of the trained

Artificial Neural Network is the signal that is generated according to set of inputs.

3.1.Elementary Theory

Elementary theory about compressor design is governed by the two
dimensional approach which is based on that flow velocity has two components.
These components are the axial and tangential components of the flow. Velocity

triangle notation and flowpath definition are given in Figure 3.1 and Figure 3.2.

14
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Station 1

Rotor

Station 2

Stator

Station 3

N

Figure 3.1.  Velocity triangle notation [1]

Rotor
rip @ inlet

Station
1 2
Rotor
Tmean @_i"I_Et Rotor Stator
Stator
Thup @ outlet
Rotor
hus @ inlet

3
Stator

Imean @ Outlet

Stator
rp @ outlet

Figure 3.2.  Flowpath definition

Applying steady flow energy equation to the rotor and assuming the entire

process is adiabatic, power input to the compressor or control volume can be

given as:

W=mC, (T, -T,)

Power input can also be written in terms of rate of change of angular

momentum to the rotor.

W =mU.(V, -V,)

15
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For initial design issues assuming axial component of the flow does not

change from station 1 to station 2.

Vit =Viny =V =V, (3.3)
Vll

tan(a, ) = v (3.4)
Vt2

tan(oz2 ) = v (3.5)
u-v,

tan(f3, ) = Ve (3.6)
Uu-Vv,

tan(f,) = v (3.7)

W=mU {U -v,,.tan(e,))- (U -V,,.tan(a, )} (3.8)

W =mUV, (tan(e, ) tan(a, )) (3.9)

For rotor flow power input can also be written in terms of flow angles in

relative frame.

tan(e, )+ tan(, ) = tan(ozz)+tan(,82):vi (3.10)
W =mUV, (tan(s, )- tan(s,)) (3.11)
Stage total temperature rise will be written in the form;
uv
=Ty = . '(tan(ﬂl )_ tan(ﬂz )) (3.12)

p
Change of total enthalpy with respect to radius will be written as;

dho — d{U -Vm-(tan(ﬂl)_tan( 2))}
dr dr

(3.13)

dh, _ dfwr, (tan(8,) - tan(5,))} (3.14)
dr dr |

3.2.Meanline Design of Axial Flow Compressor
In this part flow parameters of axial compressor at the mean radius will be
determined. Total enthalpy change can be written with flow parameters in

absolute frame as:

16
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AhO,mean = N mean ‘rmean '{sz,mean . tan (az,mean )_le,mean . tan (al,mean )} (315)

Total enthalpy change can be written with flow parameters in relative

frame as:
U U
AhO,mean = N mean ‘rmean ‘{sz,mean {Vﬂ - tan( 2,mean )J _le,mean {Vﬂ - tan( 1,mean )J}
m2,mean ml,mean
(3.16)
AhO,mean = N mean ‘rmean {U mean _sz,mean .tan( 2,mean )_ U mean +Vm1,mean .tan( 1,mean )}
(3.17)
AhO,mean = N mean 'rmean ‘{le,mean 'tan( 1,mean )_Vm2,mean . tan( 2,mean )} (3 1 8)

Total enthalpy change of the stage is directly associated with rotor flow.
Because external work is done on the fluid only at rotor, total enthalpy change
will be related with temperature to find flow angles. The term degree of reaction is
used to define the contribution of rotor on the static enthalpy rise in the stage.

Total enthalpy rise is obtained at only rotor because external work is done
on the fluid at rotor. After rotor flow the static enthalpy is increased by
decelerating the flow on stator.

The efficiency is determined by the amount of total enthalpy loss both in

rotor and stator. This is also considered as total pressure losses on the stage.

Degree of Reaction, A
__ Static _ Enthaly _ Rise _in_the _Rotor

= - — (3.19)
Static _Enthaly Rise in the Stage
A= fo=h (3.20)
hoz - hol
Degree of reaction will be written in terms of velocities and flow angles as
follows:
2
hO:h+V—:h+l.(\/nf +V.2) (3.21)
2 2
1
U -(Vtz _th) _E-(sz _V12)
A= (3.22)
U -(Vtz _th)

2U .(Vt2 —th) 2U -(Vtz _th)

17
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Two equations, one coming from first law of thermodynamics the other
coming from conservation of angular momentum, define the power input per mass
flow to the stage. Power input to the stage and degree of reaction will be related in
order to have an equation with primary design inputs.

U.V,, =Vu) =Cp.(Ty, =Ty = Cp‘ATstage (3.24)

_ (anz _anl) _ (Vt2 _th)'(VtZ +Vt1) (3.25)
2.Cp. AT e 2U.(V, Vi)

(anz _szl) _Vtz +V11

i (3.26)
2.Cp.AT,, 2U
Velocity components will be written in terms of the flow angles.
Ve Vo) _V,,.tan(a, )+V,,.tan(a,) (3.27)
2.Cp.AT e 2U
U U
2 2 Vm2' 7—'[31’1(,32 )) +Vm1'(7_tan(ﬂ1)
(V 2 -V 1) Vm2 le
_ Wy m) (3.28)
2CpAT g, 2V
Aol V2 -V.) B {U —sz.tan( 2)+U —le.tan(,B1 )} (3.29)
2.Cp.AT 2U
stage
Aot Vi =Va) 20 Vy.tan(4)+ V. tan(B,) (3.30)
2 Cp 'ATstage 2U 2V
p Ve () Vs an(5) (V2 V2 631)
2U 2.Cp. AT

Because of the adverse pressure gradient in the compressor, the boundary
layers along the annulus (flow path) walls thicken as the flow progresses [1]. This
results in a change in radial distribution of meridional velocity. Meridional
velocity is lower in boundary layers. These effects get dominant in the later stages
of compressor and the work capacity of the stage decreases. With the same flow
turning the stage enthalpy rise in later stages will be lower than stage enthalpy rise
in front stages. The amount is defined by work done factor of the stage (A).

Equation (3.32) and Equation (3.33) include flow angles in absolute frame.

Equation (3.34) and Equation (3.35) include flow angles in relative frame. If one

18
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of the two sets are solved simultaneously o, a2, Bi1, B2 and other flow parameters
will be obtained at mean radius.

First set of equations,

Cp.AT 1
Vm2,mean : ta'n(az,mean )_le,mean : ta'1’1(0{1,mean ) = W Y (3 32)
Fnean A
VS -V
vmz,mean -tan (az,mean )+Vm1,mean -tan (al,mean ): [1 - ;éﬂ:z_rstagr::::n - AJZN L ean
(3.33)
Second set of equations,
Cp.AT, 1
le,mean : tan( 1,mean )_sz,mean : tan( 2,mean ) = W'z (3.34)
Tinean
VS -V
le,mean : tan( 1,mean )+Vm2,mean . tan( 2,mean ): [A + 2n.]ér;esztag::;:n JzN Tean
(3.35)

3.3.Radial Component of Flow

Elementary theory is based on the assumption that there is no radial
component of flow in the compressor flowpath. This assumption is quite
reasonable when the blade height is small relative to the mean diameter of
flowpath. Rear stages of an axial compressor where hub to tip ratio is high around
0.8 will be a typical situation for this assumption [1].

When the blade height is relatively high (lower hub to tip ratios, front stages
of a compressor), forces on the flow in radial direction gets larger and cause the
flow streamlines shift in radial direction. This occurs especially at front stages of
an axial compressor where hub to tip ratio is low about 0.4 [1].

In this case where radial movement of the flow cannot be ignored, Equation
(3.13) which represents the radial change of total enthalpy will not be enough.
Inertia forces acting on a fluid element in radial direction which shifts streamlines
in radial direction are given as follows.

-Circumferential flow produces a centripetal force in radial direction at r-0 plane.

This force is named as Radial Force 1.

19



@) ANADOLU UNIVERSITESI

-Flow along the streamline produces a centripetal force in radial direction at r-z
plane. This force is named as Radial Force 2.
-Linear acceleration of flow along streamline requires a force and this force has a
radial component at r-z plane. This force is named as Radial Force 3.

Gravitational forces are ignored since magnitudes of other forces are large
when compared to them [1]. These inertia forces are balanced with pressure forces

which are named as Radial Force 4.

3.3.1. Radial force 1
Radial Force F1 acts in negative direction. Width of the fluid element is

considered as unity.

[

m.——

! F s

/ Fluid Element\:i'l
SN

! Unit Width -
. .

\ .."I' N\
FAN

e

Figure 3.3.  Radial force 1

2
F = m Ve (3.36)
r
mass = density.volume (3.37)
volume= areawidth (3.38)

Periphery of a circle is given as,

2rr 2.
j j dr.do= jde.{r(o —>1)}=r{0—>21)}=27r (3.39)
00 0

Area of a circle is given as,
2.rr 2. r2 r2
j j rdrdo= j d9.{7(0 1)) = 7.{9(0 S2.7) = (3.40)
00 0
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V 2
F = p.area.width.——
r

2

F = —p.r.dr.de.vf

Considering the direction a negative sign is added to the force.

3.3.2. Radial force 2
2
F, =m.—.cos(e, )
rS
V 2
F, =—p.rdr.dd.——.cose,
I

S

Curvature

Radius of Streamline N

Figure 3.4.  Radial force 2

Considering the direction a negative sign is added to the force.
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3.3.3. Radial force 3

L m.w.coslq!
\ at
)
"
[} d(¥s) .
Radil:ﬁo{.‘nrpamline-‘-'-‘ 9 a i
Curvature rs f K
i -."._ "'; r
!
L
Figure 3.5.  Radial force 3
dv, .
F, =m.—= sin(a,) (3.45)
dt
dv, .
F, =—p.rdr.dé. dts sin(e) (3.46)

Considering the direction a negative sign is added to the force. These three
forces are the inertia forces acting on the fluid element in the radial direction.

These forces are balanced by the pressure forces acting on the fluid element.

3.3.4. Radial force 4

| P+dP
e+ Dy
uid Elemen ‘ :"'. , . dPoL . di
Unle Width A Cr D)
Y ] ’ P—"ED
(P+ d—P)* L‘m(d—f}] EI"- § ’ -
? o Ih.."-. d6: do _-'J-: (P+ P)’cosfdﬂ)
R ol :
| L.
Figure 3.6. Radial force 4
(P +dP).Area= (P +dP).length,.length, (3.47)
lengthi=r.d0 (3.48)
length: is calculated from periphery of a circle
lengtho=1 (3.49)
22
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length: is calculated as unity from unit width fluid element.

=—(P+dP).(r+dr)d@+P.rdé+ (P +—) sm(dfjdr +(P +d—) si n[dzejd

(3.50)

since d0/2 is a small angle

. (dé do
sin| — [=— (3.51)
2 2
1 3 2 1 3 4
dP

F, = P%@ %’.dﬁ —dP.r.d0— d%.d@ +P%t9 +%.d9 + %@.dr

(3.52)

The terms called 1 cancel each other and the terms called 3 cancel each
other. The terms 2 and 4 are product of three infinitesimal terms, so these are
neglected. Side forces which have the cosine terms are neglected.

Then Radial Force 4 is calculated as,

F,=—dP.rde (3.53)

3.4.Equilibrium of Forces on the Fluid Element in Radial Direction
Equilibrium of resultant pressure forces and resultant inertia forces acting on

the fluid element in radial direction are given as follows.

_ — - —

F+F,+F =F, (3.54)

2 2

—prdrd@v——prdrdev— cos(a, )— p.r.dr.dé.

S

in(e, ) = —dP.r.d@

(3.55)

r and dO terms are cancelled since they exist at all terms in the equation.

A A
—pdrT—pdrr— .cos(ar, ) - in(e, ) = —dP (3.56)
Rearranging the terms,
VAR dv
ld—P =+ =5 cos(a, )+ —=sin(ar, ) (3.57)
pdr r dt
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Equation (3.57) is called the radial equilibrium equation. Radial
equilibrium equation includes all contributory forces acting on a fluid element in
radial direction.

For some design purposes second and third terms of the radial equilibrium

equation can be neglected with the following assumptions [1].

-Radius of streamline curvature is too large and the second term gets very small.
-Radius of streamline curvature is too large and as gets too small and sin(os)
approaches zero.
Rewriting the simplified form of radial equilibrium equation;
2
%2—? = Vﬁ (3.58)

Simplified form of radial equilibrium equation will be written in terms of

change of total enthalpy in radial direction.

V2
h,=h+—=h+—=.(V, +V,") (3.59)
2 2
Taking the derivative of both sides with respect to radius will give the
variation of total enthalpy with respect to radius;
dh, :@+Vm.dvm +Vt.% (3.60)
dr dr dr dr

Equation (3.60) will be related to the simplified form of radial equilibrium

equation. Static enthalpy is related with the pressure, density and temperature by
the relation from second law of thermodynamics [8].

Tds = dn— 9P (3.61)

P
Taking the derivative of both sides with respect to radius will relate the

terms with simplified form of radial equilibrium equation.

oh_; G5 0T 1P 1o, s

drdr dr pdr p’dr
The second order terms can be dropped since they are small.

dh_ds 1dP

T2 (3.63)
dr dr pdr
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When variation of static enthalpy with respect to radius is inserted to the

equation, variation of total enthalpy with respect to radius will be obtained.

dh, =T.E+ld—P+Vm.%+Vt.%
dr dr pdr dr dr

(3.64)

Equation [64] is called the non-isentropic radial equilibrium equation
(NISRE), giving the variation of total enthalpy with respect to radius.
dh, 1dP dv dv,

=——+V, .—+V,.
dr pdr dr dr

(3.65)

Equation (3.65) is called the isentropic radial equilibrium equation (ISRE),
giving the variation of total enthalpy with respect to radius by neglecting entropy

change across radial direction.

3.5.Distributions of Flow Parameters in Radial Direction

In the previous part the flow angles in absolute frame and relative frame were
obtained at the mean radius. In this part variation of parameters in radial direction
will be investigated.

For a given tangential velocity distribution in the form;

Vv, =ar” —% At inlet of rotor blade (3.66)
n D :
V,, =ar +F At exit of rotor blade (3.67)
Ahy =U.(V,, =V,,) Conservation of angular momentum (3.68)
. b . b
Ahy=Nr.(ar'+——ar"+-) (3.69)
r r
2.
Ah, = N.r.Tb (3.70)
Aho=2.N.b=constant (3.71)
In this form of velocity distribution, since Aho=2.N.b=constant
dcan,) =0 (3.72)
dr
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3.5.1. Free vortex velocity distribution
In this part radial distribution of parameters will be investigated for n=-1.
This tangential velocity distribution is called Free Vortex Distribution [1] .

Radial equilibrium equation in isentropic form (ISRE)

dh, _1dP +Vm.—dv'” +Vt.dVt (3.73)
dr pdr dr dr
@ =0 In the form of velocity distribution at inlet and exit
r
(3.74)
At rotor inlet (Station1)
v, —ar-2-2°b (3.75)
r r
dVy) =—i2(a—b)= b—za (3.76)
dr r r

Inserting tangential component of absolute velocity into the isentropic
radial equilibrium equation;
_a’-2ab+b’ 1 a-b b-a

0="—=22T0 vV (V) + (3.77)
r r r r

rearranging the equation

2 2 a2 _RK2
_a —2ab+b +ra;.b a -b +a'b+vm.d(\/m) (3.78)

0

the first term cancels since nominator is zero

0= J'Vm.d(\/m):%vnf{rm —>r}=0 (3.79)
1 2 2

Vi Vi) =0 (3.80)
Ve, =Va, ) =0 atinlet (3.81)

At rotor exit (Station 2)

. b a+b

Vi, =ar +—= (3.82)
r r
d(Vtz) 1 b-a
) (a-b)= 3.83
ar = (@-b)=—> (3.83)
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2
0 a’ +2ra2b+b % VAV )_a+b br+2a

0= jvm.d(vm)zév;{rm Srh=0

Vo =V )=0 atexit
Var ~Vam)z = Ve Vi) =0
Degree of Reaction for n=-1 (free vortex)
B U.(\vV, —V“)—%.(sz -V
U.\v,, -V,)

_1_ (anz _Vrr?l) . (Vé _Vuz)
2-U-(Vt2 _th) 2'U'(\/t2 _th)

(3.84)

(3.85)

(3.86)
(3.87)

(3.88)

(3.89)

Rearranging equation by writing N.r in terms of U and rewriting tangential

components of absolute velocity,

a+b a-b
2 2 {( )2 _( )2}
—1_ (sz _le) _ r r
2NV =Va) 5 Ny (a+b_a b)
a’+b*+2ab-a*+2.ab-b’
—1_ (Vrrfz — n?l) _ r’
2NV, =Vy) 2'N.r'(a+b—a+b)
r
1 (anz -V L 22 )
2.Nb N r’
% =0 In the form of velocity distribution.
Aho=2.N.b=constant
_ Cp-ATstage
2N
from inlet to exit meridionalvelocity distribution,
V2 V2 _Vrr122m szlm

Changing the value of b in the degree of reaction equation;
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1 V., -V 2a
A=l-— (v —) (3.97)
2 CpATg, Nr
Writing the equation in terms of a; (3.98)
\VASRIRE VS
a:(l—Am—l.M).N.rj (3.99)
2 CpATge

Parameters a and b are found. Since a and b are known, radial distribution

of the parameters will be calculated.

3.5.2. Exponential velocity distribution

In this part radial distribution of parameters will be investigated for n=0.
This tangential velocity distribution is called Exponential Velocity Distribution
[1].

vV, =ar’ —? (3.100)

with n=0 at inlet,

v, :a_g (3.101)
% :r% (3.102)
dh, :id_PJer.de +Vt.% (3.103)
dr pdr dr dr

and

d(ahy) (ﬁrho) 0 (3.104)

Inserting tangential component of absolute velocity into the isentropic
radial equilibrium equation;

2
0= a2—2'—a'b+b— .1+V ‘M+ a—E R (3.105)
r r2Jr " dr 2

a’ 2ab b’ d(v,) ab b’
+—4+V . LLEANT 3.106
r rr " dr r: rl ( )

(3.107)
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2
vV, d(V, )= (?—f’—%}dr (3.108)

integrating from rm to any r,

i rfab a’
r{vm.ol(vm)z j [r—z—TJ.dr (3.109)
%.\/m.{rm —>ri= —fjl—',f)—az.ln(r){rm —r} (3.110)
r
(VASERVAS =2.(—a—b—a2.1n(r)+a—b+az.ln(rm).J (3.111)
’ o r My
V22 =2.a.b{i—1] 2.a2.1n[r—mj (3.112)
’ o r r r
at exit,
b
Vy =a+ (3.113)
dVy)_ b
-2 3.114
dr r ( )
dh, :id—P+Vm.dﬁ+vt.dvt (3.115)
dr pdr dr dr
and
dah) _, (3.116)
dr

Inserting tangential component of absolute velocity into the isentropic

radial equilibrium equation;

0:(a2+2;a'b+ﬁ}l+v .M+(a+9j{_—bj (3.117)

ror*)r " dr

2 2 2
a +2.az.b+b_3+vm_d(Vm)_a_-2b_b_3 (3.118)
roor r arr° r

(3.119)

v, .d(vm)z[_a'b —i}dr (3.120)
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integrating from rm to any r,

i o(-ab a’

V. d\, )= -—d 3.121
r{m(m)rfm[rz rJr (3.121)
1 ab
Evm.{rm —rf==-a’In(r){r, >r} (3.122)

r

2 2 ab _, ab
Vo, —Voo =2{T—a .ln(r)—r—+a In(r, ).] (3.123)

2 2 1 l 2 rm
Vm,r _Vm,rm = 2ab£?—r—]+2a IHLTJ (3124)

Degree of Reaction for n=0 (exponential)

1
U '(Vtz _th)_a-(vzz _V12)
- U-(Vtz _th)

_ (anz _Vni) . (Vt; _thz)
2U.(V, -V, 2U.(V, V)

A (3.125)

(3.126)

Rearranging equation by writing N.r in terms of U and rewriting tangential

components of absolute velocity,

V2, V) {a?”a?j}

m2

A=1- - (3.127)

ol ) )

2ab b> , 2ab b’

Vo, -Vo)+a?+ ==+ 5 —a? + 55—
A=1- r br n r __r._ (3.128)
2.N.r.(a+—a+j
r r
1 VL -V2 2a
A=l—— (—m2_Tm oy =2y (3.129)

2 2Nb N.r

from inlet to exit
r r
V2, -V = 2.a.b.(l — Lj +2.a° .ln(—mJ - 2.a.b.[L - lj - 2.a2.ln(—m] +V7I, =V
ror, r r, r r ’ ’

(3.130)

30



@) ANADOLU UNIVERSITESI

v i =aanf L Loz, v,
m
d(Ah,) 0
dr
Aho = U-(Vtz _th)
Ah, :U.(a+9—a+9j
r r
2b
Aho =U (TJ = Cp 'ATo,stage
b _ Cp-ATstage
2.N
4.a.b.(: - rl} +Viom ~Vaim
A=1- l. u
2 2.Nb

Evaluate a (@ mean and fix it

A :1—1 {sz,Zm _Vrr?,lm + 2a J

) 2| ATy e  Nury
V2 o-V?
a=|1-A, ——™20 _—m™n N
CC 'ATo,stage

2.a

N.r

(3.131)

(3.132)
(3.133)

(3.134)

(3.135)

(3.136)

(3.137)

(3.138)

(3.139)

Since a and b are known, radial distribution of the parameters can be

calculated.

3.5.3. First power velocity distribution

In this part radial distribution of parameters will be investigated for n=1.

This tangential velocity distribution is called First Power Velocity Distribution

[1].
At inlet,

b

V, =ar"——

t1 r

b

V, =ar——

r
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dh, 1dP dv

dar pdr " dr

2.ab

Vm.d(Vm):(——za r

r

Im m

;(V2 ~V?,)=2ab.In(r)-a’.r* —2ab.In(r, )+a’r>

m,rm

V2 -V, . =4ab. 1{%} + 2.a2.(rn3 — rz) @ inlet
m

At exit,

b
V, =ar"+—;
r

b
V, =ar+—
r

dvy) __ b

—a——
dr r?

dh, _1dP Vo av,,
dr pdr dr

and

=——+V —+V

r

—n 4V

te

te

av,
dr

m*

o

integrating from rm to any r,

j j(z—ab—Za xr

av,

dr

Jor

%.\/nf.{rm —>r)= 2.a.b.1n(r)—2.a2.%{rm —r}

+(a.r ——
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(3.142)

(3.143)

(3.144)

(3.145)

(3.146)

(3.147)

(3.148)

(3.149)

(3.150)

(3.151)

(3.152)

(3.153)

(3.154)

(3.155)
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d(Ahy)

ar =0 In the form of velocity distribution at inlet and exit (3.156)
2
0= [az.r2 +2.ab+ b—zjl +V, M + (a.r + 9].(a —~ %] (3.157)
r-)r dr r r
2
0= [a 2py 220 b—3j+vm.M+a2.r—a—b+a—b—b—3 (3.158)
r r dr r rr
2.ab 2
vV d(V,)=|-===-2a%r |dr (3.159)
r
integrating from rm to any r,
jvm.d(vm):j(—z—‘:‘b—za rjdr (3.160)
1., , r?
ZVa {r, > r}=-2ab.In(r)-2a .7{rm —r} (3.161)
%(\/ RV )=—2ab.In(r)-a’r* +2ab.In(r, )+ a’r> (3.162)
V2, -V2 = 4.a.b.ln(r—mj 1222 (17 -r%) @ exit (3.163)
r

Degree of Reaction for n=1 (first power)

1
A U -(Vtz _th)_E-(sz _V12)
= 3.164
U-(Vtz _Vu) ( )

2 2
A=1— (sz ml) . (VtZ_th) (3.165)

2U -(Vtz _Vn) 2U -(Vtz _th)

Rearranging equation by writing N.r in terms of U and rewriting tangential

components of absolute velocity

b b
V2, =V.2)+ (az.r2 +2.ab+ i a’r’+2ab- rzj

A=1- . . (3.166)
2.N.r.(a.r+—a.r+j
r r
2 \y2
A1 V1)2+b4a'b (3.167)
2N
.
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2 2
PN P (3.168)
IND N

from inlet to exit

m,Im
I’m

V2 \P-_4abm(r)+2a @ﬁ—ﬁ)—4abh{£}—23?@ﬁ—r)+M@m -V,

(3.169)
V2 -V2 —8abln( j+vmz2m Vo (3.170)
r
d(Ah )
=0 In the form of velocity distribution at inlet and exit (3.171)
:u(vt2 -V,) (3.172)
=U(a+——a+ j (3.173)
Ah, :U.(z—'b] =€, AT, age (3.174)
r ,
b :M 3.175
2N 3.17)
2 2
Al [Ym —Vm 24 (3.176)
2 2.Nb N
r
S.a.b.ln( mj
AVACRIR Ve
A=1-1, r)_1 Ymm = Vo _ 8 (3.177)
2 2.Nb 2 2.Nb N
Evaluate a (@ mean and fix it
1 Vn? m _Vn? m
A, =1—— —m2m " Tnin & (3.178)
2 C AT, gee N
1-A V”?z”‘ Vi N (3.179)
a=|1- — == :
" C ATostage

Since a and b are known, radial distribution of the parameters can be calculated.
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3.6.Loss and Deviation Correlations

3.6.1. Design incidence angle and design angle of attack
Design incidence angle or design angle of attack defines near optimum or
minimal loss inlet angle for the cascade. Formula for the design angle of attack is

given below [2].

0.25
o =[3.6Ksh.Kﬁ +0.3532.9.(3j }ae (3.180)
C

e=0.65-0.002.0 (3.181)
Ksh=1 for NACA 65

Ksh=1.1 for C4 profiles

Ksn=0.7 for DCA profiles

Formula for the design incidence angle is given below.

i"= KK (o), +no (3.182)
p —
(i), = i 0,10 exp| A= T0 (3.183)
5+46*exp(-2.30) 4
p—0914+“—3 (3.184)
' 160 '

(1+1.2%c)
ﬂlj

n=0.025.0-0.06 - (90

AA AN (3.185)
1.5+ 0430

3.6.2. Design deviation angle
Empirical model for the design deviation angle, corresponding to
operation at the design incidence angle is given by Lieblien [3]. Formula for the

design deviation angle is given below [3].

5" =Ky K, (60), +mo (3.186)
ﬁ (1.67+1.09%c)
(6:),, =0.01c.8, +(0.745" + 3.0)(9—6j (3.187)
m
m =L (3.188)
o

For NACA 65 Series profiles,
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i g Y
m,, =0.17-0.0333. 22 +0.333] £L (3.189)
100 100

For circular arc camberlines,

2 3
m,, =0.249—0.074ﬂ+0.132 ﬂ +0.316 ﬂ (3.190)
' 100 100 100
i g Y
b:0.9625—0.17—1—85[—‘ (3.191)
100 100
tb tb 2
Ky = 6.25*(€)+37.5*(€) (3.192)

3.6.3. Design loss coefficients and diffusion factors

Sources of total pressure losses are diffusion on blade, tip clearance,
leakage in shrouded stators, end-wall boundary layers, Mach number effects,
Reynolds number effects and secondary flows [3]. Loss coefficients due to

diffusion on blade are considered as profile loss coefficients.

Diffusion Factor (D factor)

D=1_%+M (3.193)
W, 2W,.o
Equivalent Diffusion Factor (Deq factor)
D, ~ Wones (3.194)
W2
D: — Wmax -Wl* — Wmax .COS(ﬂZ*)‘Wml (3195)
! W, W, W, Cos(ﬂ1 ) Wi
W ) (g : :
x| 1.12+o.61L(ﬂ1).{tan(ﬁ1 )—tan(; )} (3.196)
W1 o
* *
o *eoslfy) K,.(K,+3.5.D" +37(D")' (3.197)
20
o) (W, )
@ .cos AN .
S [lej = Kl.{Kz +3.1(D;, 1) +0.4(D, —1)8} (3.198)

The parameters K1 and K2 can be used to calibrate the profile loss

calculations of the throughflow model with experimental data. In the thesis work
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they are kept constant and additional scaling factors from hub to tip are used for

calibration of the throughflow model.

3.6.4. End-wall and secondary losses

Drag effects due to annulus walls and secondary losses are modeled
according to [24]. Formulation for the losses due to annulus and secondary losses
are given in [2]. Losses due to annulus drag and secondary flow effects are shown

in Figure 3.7 [1].

CD,secondary = 0018(:5 (3199)
C. = (zj.cos B tan(B,)—tan(5, )} (3.200)
o
tan B, = tan( 1);3“(/32) (3.201)
1\
Oeeondary = C —.pV (3.202)

D,secondary * 2

(a) Annulus drag (b) Secondary losses

Figure 3.7.  Losses due to annulus drag and secondary flow effects [1]

3.6.5. Positive and negative stall incidence angles

Figure 3.8 shows the change of loss coefficient with respect to incidence
angles. Loss coefficient grows rapidly when the cascade goes far from the design
operating condition. Positive incidence corresponds to pressure side incidence
where negative incidence corresponds to suction side incidence. As the
compressor cascade goes from choke to stall, incidence changes from negative
direction to positive direction. Positive and negative stall incidences are
determined according to the incidence where pressure loss coefficient is twice the

minimum value [2].
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w(loss coefﬁcient)

P e ity

1

| I
| |
w* [F———- 4——== I
| |
i I 1

-
ir
incidence incidence incidence angle
angle angle angle

choke design stall

choke D ostall
low loss low loss

working working
range range

Figure 3.8.  Effect of incidence angles on profile loss coefficient

Empirical equations for minimum and maximum loss angles are applied

according to [2].

0.48
a,—a =-9+|1- 30 9 (3.203)
B, 4.176
\ 1
a,—a =103+ 2.92—ﬂ° o (3.204)
15.6)8.2

3.6.6. Mach number effects

When calculating blade element loss data from low speed correlations,
Mach number corrections are necessary since low loss working ranges of the
cascade decreases with increasing inlet Mach number. Figure 3.9 shows the effect

of Mach number on losses [1].

Effect of Mach Number on Losses

== Mach 0.50
=& -Mach 0.70

=== Mach 0.75

Loss Coefficient

== Mach 0.80

-20.0 -15.0 -10.0 -5.0 0.0 5.0 10.0 15.0

Incidence (Degree)

Figure 3.9.  Effect of mach number on losses [1]
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Low loss working ranges are Rs and Rc. Rs correspond to the stall side
where positive incidence occurs in the blade. Rc corresponds to the choke side

where negative incidence occurs in the blade.

Ro=a —a, =i i (3.205)
Ri=a,—a =i, —i (3.2006)
i =i - RK/P (3.207)

1+

2

i s (3.208)
s =1 t————=5 :

O (Kmp)

2

With negative and positive stall incidence angles, minimum loss incidence

angle will be also adjusted for Mach number effects.

. i,—1i.).R

I :|C+—(S )R,
R. +R,

(3.209)

When the cascade operates at moderate Mach numbers far from choking
condition design incidence angle and minimum loss incidence angles are equal to
each other. For high Mach number cascade operation minimum loss incidence
angle is greater than the design incidence angle. If incidence angle is smaller than

or equal to minimum loss incidence angle

N

a):a)m+a)m{_l_l_mJ (3.210)
e =1y

If incidence angle is bigger than or equal to minimum loss incidence angle
i—i,

a)=a)m+a)m(_ o j (3.211)
s — Iy

Minimum correction for minimum loss coefficient is

w, = w*{l+m] (3.212)

2
S

Until fluid velocities become supersonic on blade surfaces, loss
coefficients at the minimum loss incidence angle change less with the change in

Mach number. After the critical Mach number, where the flow becomes
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supersonic on blade surfaces, minimum loss coefficient is estimated from
Equation (3.214).

Critical Mach number at blades Mc is calculated as;

Mc:[MIW j (3.213)
Wmax
M 2
1 W*
A i, -it) [MC—J
o, =0 . 1+m—2 +Ksh' T (3214)
S 1
W cos’(,) AP
W:1.12+0.61.T(tan(ﬂ1)—tan( )+ ali-i%) (3.215)
1

For the Mach numbers higher than the critical Mach number , minimum
loss coeficient fomulation is valid until M1 is smaller than sonic Mach number 1.
For the far off design conditions, profile loss coefficient is calculated
according to equations below.
i—i,

§=rr (3.216)

S m

Equation [217] is valid for i is greater or bigger than im

I

i (3.217)
Equation [218] is valid for i is smaller than im

w=0,1+) for -2<&<1 (3.218)

w=0,(5-42+¢)) for &<-2 (3.219)

o=0,2+2(:-1) for &1 (3.220)

Off design deviation angles are also adjusted according to change in

design incidence angle.

e (08 (e W,
5=6 J{aij (i-i )+10.(1 ij (3.221)
{1+(0+0.2504)(ﬂ1j | }
05 53
(Ej - exp(3.10) (3.222)
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3.6.7. Boundary layer analysis

End wall boundary analysis is done according to Pachidis [5]. Pachidis
used a simplified two-dimensional boundary layer approach given by Barbosa
[32] for calculation of blockage factors due to endwall boundary layers. Boundary
layer momentum thickness is calculated from Equation (3.223) and Equation
(3.224). Boundary layer shape factor is calculated from Equation (3.225).
Boundary layer displacement thickness is calculated from Equation (3.226).
Blockage factors for hub and tip are calculated from Equation (3.227) and
Equation (3.228). Overall blockage factor is calculated from Equation (3.229).

z _outlet 038

jv,:(z)dz
02) = 0(23) + K aor| = 57— (3.223)
0z, =220
H(z,)
3.224
H(z)=1.5+3od—9 (3:224)
dz
(3.225)
5 (2)=6(2).H(2) (3.226)
N2 L2
kB @hUb — (rhub +2§hub )2 r-hub (3227)
rtip - rhub
. ri2 —(hip — 5? ?
k, @tip = E”’ - i) (3.228)
rtip ~ Thup
kg =1—(ky @tip+k; @hub) (3.229)

3.6.8. Shock losses
For the shock loss calculations assumptions made are given as:
-Unique incidence condition
-Bow oblique shock is attached to the leading edge
-Shock inside the passage is a normal shock perpendicular o the mean streamline
and is at the mid of two blades.

Shock loss calculations are given in step by step method.
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Shock loss model 1

Shock loss calculation at this model is done according to Pachidis[5].
Pachidis used shock loss model of Schwenk et al. [33].
Step 1:

Calculate supersonic turning, Tt from Equation (3.230). t is also called

Prandtl Meyer expansion angle.

Vg(Mp)-v,(M)) =7 (3.230)
Prandtl-Meyer function for the flow at inlet (1) and before (B) the normal

shock is calculated form Equation (3.231).

V(M) = k”*tan*\/k_l*(l\/lz—l)—tan-‘ M? -1 (3.231)
k-1 k+1

Step 2:
Calculate supersonic turning, Tt from Equation (3.232). 7 is also called

Prandtl Meyer expansion angle.
T=a,-¢+<¢ (3.232)

C is the stagger angle and & is calculated form Equation (3.233).

£= sin(% — lj.sin(%n (3.233)

¢’ is calculated from Equation (3.234).
c'=chord - 2., (3.234)

¢sis calculated from Equation (3.235).

1- cos(ej
1 2 n t11*1ax7b|ade B 2'r|e (3 235)
sin(ej ¢
2

x is calculated from Equation (3.236).

¢, =4.tan”

% =1+ sin(2.2). cot(%} - cos(2.2) (3.236)

¥ is calculated from Equation (3.237).
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sin(K, ). sin(‘;)

¢ +cos(K, ). sin(ij

S

Y =tan"’

(3.237)

Step 3:

Calculate Mach number before shock through an iterative process between
step 1 and step 2. False Position Iteration [25] 1is used for calculation of Mg in the
thesis work .

Step 4:
Calculate an average Mach Number before normal shock by averaging

inlet Mach number (M1) and mach number of Prandtl Meyer analysis (Ms) .

M, +M
Mg =——-2 (3.238)
2
Step 5:
Calculate Mach Number after normal shock, Ma from Equation (3.239).
_ 2
- (k 1Z.|v| 2o+2 (3.239)
2kMZ —(k-1)
Calculate total pressure after normal shock, Poa from Equation (3.240)
L
k +1 M 2 k-1 k
Po g TUBS 2.k k—1)1-k
A _ i ( M2 __J (3.240)
Pog, 1+ _1.M2 k+1 k+1
2 BS

With the known values of Poss, Mss, calculate Psps from Equation

(3.241).
k-1
Eﬁﬁ:(L%K:LMéjk (3.241)
PSgs 2
Step 6:
Calculate shock loss coefficient from Equation (3.242)

Po,, — Po
W, = BS A

= 3.242
* PO — Psg ( )

Shock loss model 2
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Shock loss calculation at this model is done according to Aungier [2].
Aungier’s calculations are based on shock loss model of Swan [31] . Figure 3.10

and Figure 3.11 give the nomenclature for the shock loss model.

Expansion
Incoming Waves

Bow Shock
Wave

Passage Shock
Wave, NSW

Figure 3.10. Shock structure for shock loss model 2 [2]

Figure 3.11. Cascade nomenclature for the shock loss model 2 [2]

Step 1:
Calculate Prandtl-Meyer expansion angle t from Equation (3.243).
S.cos
tan(z ) = & (3.243)
S. s1n(1//) +R,

R 0
2.— =sin| — 3.244

=i %] cas
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tan i —tan(gj+t—b 3.245
4 4) ¢ (3.245)

7/
90—1//=7”+7/ (3.246)

Prandtl-Meyer function for the flow at inlet (1) and before (B) the normal
shock is calculated form Equation (3.247).

V(M) = k+1*tan_le_l*(Mz—l)—tan_l M? -1 (3.247)
k-1 k+1

Step 2:

Calculate Prandtl-Meyer function for the flow before (B) the normal shock
from Equation (3.248)
Vg(Mg)—Vv,(M)) =7 (3.248)
Step 3:

Calculate an average Mach Number before normal shock by by averaging

inlet Mach number (M1) and Mach number of Prandtl Meyer analysis (Ms) .
Mg =M, My (3.249)
Step 4:

Calculate Mach Number after normal shock, Ma from Equation (3.250).

k=DM +2
- \/2.k.|v| 2 —(k-1) (5.230)

A

Calculate total pressure after normal shock, Poa from Equation (3.251).

k
P Cimi |° 2k K1k
0 2 . —1 )ik
i {k+1' és_ﬁ} (3-251)
S =Y

With the known values of Poss, Mss, calculate Psps from Equation

(3.252).

k-1
; ) =
ﬂ:(uu.mgsj ‘ (3.252)
PSgs 2

Step 5:
Calculate shock loss coefficient from Equation (3.253).
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3 Pog, —Po,

= (3.253)
P0gs — PSgs

S

Shock loss model 3
Shock loss calculation at this model is done according to Cetin et al.[4].
Cetin’s calculations are based on shock loss model of Swan [31] .
Step 1:
Calculate supersonic turning, t from Equation (3.254). 1 is also called
Prandtl Meyer expansion angle.
Ve(Mz)-v,(M,) =1 (3.254)
Prandtl-Meyer function for the flow at inlet (1) and before (B) the normal
shock is calculated form Equation (3.255),

V(M) = k“>r<tan-1\/k_1*(|\/|2—1)—tan—1 M? -1 (3.255)
k-1 k+1

Step 2:
Calculate supersonic turning, T from Equation (3.256). t is also called

Prandtl Meyer expansion angle.

7 =tan’! (L(“l)j (3.256)

s.cos(oc1 )+ R,

Ru is the blade upper surface radius of curvature. Ru is calculated from

Equation (3.257)

s blade e (chord ﬁe] (9] ’ {chord rle}
maxplade e p | X2 Tl dan| = |V 4+ — e
2 2 2 2 4 2 2
u 7 t
9. (ChOI’d ] tan(@] i max_blade _ rlie
2 4 2 2

Step 3:

(3.257)

Calculate Mach number before shock through an iterative process between
step 1 and step 2. False Position Iteration [25] is used for calculation of Ms .

Alternatively use approximate value for Ms from Equation (3.258).
Mg =1.0+0.0432v; (My) (3.258)
Step 4:
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Calculate an average Mach Number before norrmal shock by by averaging
inlet Mach number (M1) and Mach number of Prandtl Meyer analysis (Ms) .
M, +M;

MBS= >

(3.259)

Step 5:
Calculate Mach Number after normal shock, Ma from Equation (3.260)

2
M, = \/ 2('; KAIZ'M s *+2 (3.260)
KWVl gs _(k_l)

Calculate total pressure after normal shock, Poa from Equation (3.261)

k
k+1 M2 k-1 ‘
Po Ty Mes 2k k—1)i«
A= i_l .[k I.Mgs—ﬁj (3.261)
% 1M + *

With the known values of Poss, Mss, calculate Psps from Equation

(3.262).
k-1
%=[1+E.M§Sj ‘ (3.262)
PSgs 2
Step 6:
Calculate shock loss coefficient from Equation (3.263).

3 Pog, — Po,

= (3.263)
P0gs — PSgs

S

Shock loss model 4

For shock loss model 4 calculations are done according to [1]. In Figure
3.12 cascade nomenclature for shock loss model is given [1]. In Figure 3.13 shock
loss coefficents for shock loss model 4 is given [1]. For this model supersonic

turning angle is assumed to be half of the camber.
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/ Wig-channsl
{ stregm line

Figure 3.12. Cascade nomenclature for the shock loss model 4 [1]

B Iy

ip1912 1% 14 15

Suparsonic lming angle 487

Shock loss coallichent a

Figure 3.13. Shock loss coefficients for sock loss model 4 [1]

Step 1:
Calculate shock Mach number at point B.

M,, =3.10985-5.58148M, +4.59534M, -1.05699M, +0.0606884A6 - 0.0007683BAH*
+4.54814€°A6° -0.0257165M, . A0 +0.0057339M; .AG +0.0004322H.M , .AH’

(3.264)
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Step 2:
Calculate shock loss coefficient.
o, =0.919337-0.188945M, -0.428293M +0.0990409M;, -1.69524.M,, +0.6423332M,
-0.0293283M;, +0.930183.M, .M, +0.0518149M? .M, -0.291765.M, .M},
(3.265)
Additional to these shock loss models there are available shock loss
models that take into accont effect of incidence [7] [6], shock position [6] and

shock inclination [6] as normal shock or oblique shock.

3.6.9. Overall loss coefficient

Oveall loss coefficient is calculated by adding profile losses, secondary losses
and shock losses. Profile losses have Mach Number corrections to take into
account compressibility effects. In the throughflow analysis scaling factors from
hub to tip for all loss coefficients are used to be able to calibrate analysis results

according to experimental results or CFD.

3.7.Blade Design
With the determined annulus dimansions and given blade aspect ratios at mean

radius, blade chord is determined.

r.—r,
c= tip  "hub (3266)
AR

Solidity is determined from flow turning, chord and target diffusion factor
for the blade. Target diffusion factor is input for the throughflow program when it
is running in design mode.
W Wy W

W, 2W, .o

D=1 (3.267)

Pitch is ratio of chord to solidity.

C
s=—
o}
(3.268)
Blade number is defined by periphery of the flowpath at meanline and
pitch.
Bladenumber = 2'72-'rmean
S (3.269)
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Construction of blade profiles are done according to Aungier [2]. Cascade

nomenclature is given in Figure 3.14.

Figure 3.14. Cascade nomenclature

3.7.1. Circular arc camberline

Circular arc camberlines are used in British C4 series blade profiles and in
double circular arc (DCA) profiles. Camberline is constructed using camber angle
and chord length.

Radius of curvature of the circular arc camberline is calculated from
Equation (3.270).

c/2

c = W (3.270)

y-coordinate of radius of curvature is calculated from Equation (3.271).
0
Y. =—R..cos Y (3.271)

x-coordinate of chord is defined from —c/2 to ¢/2. y-coordinate of the

circular arc camberline will be calculated from Equation (3.272).
y =Y, +4R; —x (3.272)

3.7.2. Parabolic arc camberline
Parabolic arc camberlines are used in British C4 series blade profiles.
Camberline is constructed using camber angle, chord length and point of

maximum camber.
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y-coordinate of point of maximum camber is calculated from Equation

(3.273).

\/1 + (4. an(0)) {z‘ _@ _136} .

- e (3.273)

ol

x-coordinate and y-coordinates of camberline are calculated from Equation

(3.274).

, c-2a (c-2a) , c’—4ac
X+ . XY + e Yy —C.X—T.y:O (3.274)

3.7.3. Double circular arc camberline

Double circular arc profile is constructed by two circular arcs defining
upper and lower surfaces.Radius of curvature of the circular arc camberline is
calculated from Equation (3.275)

c/2

¢ = M (3.275)

y-coordinate of radius of curvature is calculated from Equation (3.276)
Y, = —Rc.cos[gj (3.276)

x-coordinate of chord is defined from —c/2 to c¢/2. y-coordinate of the

circular arc camberline are calculated from Equation (3.277).

y=Yy,+yR: - x* (3.277)

y(0) is calculated by inserting x=0 to above equation

y(0)=y. +R, (3.278)
For calculation of upper and lower surface radius of curvature values ,
t
d = y(0) el _ rle.sin(gj (3.279)
2 2
2
d’ —-r’ + [C - r,e.cos(eﬂ
2 2
R, = (3.280)
2(d-r,)
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2
d’—r.+ [C + rle.cos(gﬂ
2 2

R, =
! 2(d +r,)

(3.281)

x-coordinate of chord is defined from —c/2 to c¢/2. y-coordinates of the
upper and lower surfaces are calculated from Equation (3.282) and Equation

(3.283).

Y, =Y. +yR; =% (3.282)
Y, =Y, +yRf =X’ (3.283)

3.8.Velocity Distribution in Meridional Plane
Velocity distribution in meridional plane is determined according to the

following procedure.

-Blade cascade data and flow path information is given.
-Mass flow rate, rotational speed, inlet total pressure and total temperature is
given.
-Inlet flow angle is given.
-Inlet meridional velocity is calculated according to annulus dimansions and inlet
flow field inputs.
-Keeping the meridional velocity constant or by specifying a an axial velocity
ratio across blade row, outlet flow field is calculated in terms of losses and
deviations.
-With the flow field information at the exit of the blade row meridional velocity is
specified at tip [3].
-Meridional velocity is distributed from tip to hub according to ISRE or NISRE
equations.
-Convergence for the mass flow rate is checked.
-Iterations continue by changing exit meridional velocity at tip until continuity is
satisfied.

Meridional velocity distribution is given in Equation (3.284) according to
simple radial equilibrium equation taking into account entropy gradients in radial

direction [3].
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ISRE

VAR
V2 =V2 +2c, (T-T)- V2 -V )-| ~+ i}(r 1) (3.285)
: ’ roo
NISRE
k
o
vnf)i.1+%.1 TiP +26,(T-T,) (v -v2)
P
Vi !

[l K

k-1, GJ“ _[Vf +V‘§}(r—r.)—l G]kl .{(T+T-) l;](l~(\42+\4§)}

k] P

P
Pi P

(3.284)
Meridional velocity distribution is given in Equation (3.285) according to

simple radial equilibrium [3].

4. OPTIMIZATION
Optimization is done with coupling a metamodel to genetic algorithm.

Metamodel is Artificial Neural Network in the optimization procedure.

4.1.Genetic Algorithm
Genetic Algorithm is a numerical search technique based on genetics. Genetic
Algorithm simulates Darwin’s evalutionary theory “survival of the fittest” [19] .
Application areas for Genetic Algorithms are in a wide range and a list of

these application areas are listed [19] [27].
-Scheduling

-Engineering Optimisation

-Control Systems

-Time Series Prediction

Flowchart for the genetic algorithm is given in Figure 4.1.
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Initial Population

|

A—> | Fitness Evaluation | —> Stop

|

Elimination

|

Crossover

|

Mutation

|

<«— | New Population

Figure 4.1. Genetic algorithm flow chart

In population initiation a set of design variables (chromosomes) are taken
either by random number generation or by user specification. In fitness evaluation
rank for design variable sets are sorted according to the way of optimization.
Design variable sets are sorted either in ascending or descending order. In
elimination , worst ranking variable sets are substrated from the population in
order to evolve the population. In crossover remaining population is crossedover
between each other in order to generate new chromosomes. In mutation
population is changed by a factor defined by the user in order to have variety in
the population. New population is again tested in terms of fitness values.
Iterations continue until a predefined convergence criteria or iteration number
limit is reached.

Fitness evaluation may be done either directly by numerical compuatation
of the problem or can be done by an approximate model representing the real
problem. Approximate models or metamodels such as Polynomial Response
Surfaces , Artificial Neural Networks can be used in fitness evaluation.

After elimination while the variable sets are crossed over best ranking set
or sets will be kept without change. This is called in Elitisim is Genetic

Algorithm. This operation avoids loosing best ranking chromosome pairs.
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4.2.Artificial Neural Network

Artificial Neural Network is an emulation of biological neural system.
Artificial Neural Network is a collection of simple processors connected together
that and named as Neural Net or ANN. Figure 4.2 [28] and Figure 4.3 give

similarity between biological and artificial system of networks.

=~ g

|
ﬁ ‘I"\‘ -"'—-,_____
STNAPS

SES (to other neurons) i

DENMNDRITES (of other neurons) SYNAPSES (from other neurons)

Figure 4.2. Neuron in a biological neural network [28]

Figure 4.3. Neurons in an artificial neural network
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4.3.Real Life Application of Artificial Neural Networks

Some application areas of Neural Networks are given below [28] [29]:

-Function Approximation
-Interpolation
-Extrapolation
-Regression Analysis
-Curve Fitting
-Time Series Prediction
-Classification
-Fault Detection of Components
-Pattern Recognition (Face, Object Identification)
-Sequence Recognition (Speech, Handwritten Text Identification)
-Data Processing
-Filtering

-Clustering

Structure of a Neural Network consists of simply three layers. Input layer
includes input neuron(s). Hidden layer(s) are locations where calculation
procedure is implemented. Output layer includes output neron(s).

Neurons of the network are interconnected to each other with weights.

Weights can be considered as the synapses of a biological neural network.

Mainly there are two types of Neural Networks. Feedforward Networks
where signals travel in one direction from input layer to output layer. Feedback
Networks where signals travel left-right, right-left ,up-down and down-up
directions with generating loops in the network.

Figure 4.4 and Figure 4.5 give structure of Feedforward and Feedback Neural

Networks.
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aq
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Yie

Input Layer Hidden Layer(s) Output Layer

Figure 4.4. Feedforward neural network

a

Ot 0t _»

Yz

O
O

a

Input Layer Hidden Layer(s) Output Layer

Figure 4.5. Feedback neural network

Teaching procedure of Neural Networks includes three steps.In the first step
training sets are given to the network. In the second step ,how closely the actual
output of the network matches to the desired output is determined. In the third
step, weight of each connection is changed to have the network producing a better
approximation of the desired output.

Activation function can be either in binary level or continuous. A binary level
neural network produces two ouputs 0 or 1 for given inputs. Some continuous
activation functions are Sigmoid , Hyperbolic Tangent and Gaussian functions.

Table 4.1 gives som activation functions and derivatives used in Neural Nets.
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Table 4.1. Some activation functions and derivatives used in neural nets

Name Function Graph
////
y="f()=x THATITTT T
/|
Linear % =1 //
1
y=f()=— /
) . l+e )
Sigmoid y 1 ‘i 1 : )4
ox 1+e”* l+e™*
v
Tk
y = f(x)=Tanh(x) [
Tanh oy
—Z =1-(Tanh(x))’
OX
KA
y="f=e*" NN
Gaussian o _ _x*e X2 )
OX
y = f(X)=log(l+X) ifx>0 ) T
HHH T HAL
y = f(X) =—log(1—X) ifx<0 P
Log y__ 1 if x>0 i
oX 14X
¥ if x<0
ox 1-x
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In order to decrease the difference between the actual output of the

network and desired output weights must be changed. Different algorithms for
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error uptade are used in Neural Nets. Figure 4.6 shows connections between

neurons.

N
\GA

® ©

| 1
Cw .
| ac 1

I

Figure 4.6. Connections between neurons

The algorithm procedure for a feedforwrd neural network with

backpropagation algorithm is given as follows.

-Weights Was ,Wac ,Wsp, Wcp are initialized randomly bewtween -1,+1

-Outputc=f( Wac*Outputa) (4.1)
-Outputs= f(Wap* Outputa) 4.2)
-Outputp= f(Wcep* Outputc+ Wap* Outputs) 4.3)
-Actual output of the network is value of D.
-Errorp=f ’(Outputp) . (Desiredp-Outputp) (4.4)
-For sigmoid activation function, f ’(Outputp)= (Outputp) . (1-Outputp)

4.5)
-New weights are calculated
-Whew,co= Wcp + p* Errorp . Outputs (4.6)
-Whew,Bp= Wap + u* Errorp * Outputs 4.7)
-Error is backpropagated to calculte Errorc and Errors
-Errorc= f’(Outputc) * (Errorp®™ Wcp) (4.8)
-Errorg= f ’(Outputs) * (Errorp* Wgp) (4.9)
-Error is backpropagated to calculte Errora
-Errora= f ’(Outputa) * (Errorc* Wac + Errors* WaB) (4.10)

-New weights are calculated.

59



@» ANADOLU UNIVERSITESI

-Whw.ac= Wac + p* Errorc * Outputa 4.11)
-Whew,aB= WaB + pu* Errors * Outputa (4.12)

-Iteration will continue until Errorp decreases to convergence criteria.

p is learning rate which is used to speed up or slow down learning.
Learning rate value changes from 0 to 1.

Backpropagation algorithm changes the error to fall in each iteration but
error will not decrease in some cases where algorithm sticks to a local minimum.
Weights can be initialized to different values or a new term Momentum (M) can
be added to the weight adjustment calculation to leave local minimum.
Momentum is a term similar to learning rate. Weight adjustment depend on the
error of previous iteration [29]. Figure 4.7 shows local mimimum and global

minimum for Neural Net training.

Whew= W + Current Change + Momentum . (Change on Previous Iteration)

(4.13)

Frror
Local Mimimmm

Local Mmnimum

(lobal Minmum

Weight

Figure 4.7. Local minimum and global minimum for neural net training [29]

Different error calculation and weight adjustment techniques for a feed

forward network are given in Table 4.2
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Table 4.2.  Error calculation and weight adjustment techniques

Algorithm | Error Calculation Weight Adjustment

Last Layer
(Desired-Actual)

W(t+1) = wt) + 2+ 25 )
BackProp. | Intermediate Layers ow

J (Error, *Weight, ;)
i=1

Last Layer
(Desired-Actual)

BackProp. W(t+1) = w(t) + y*ai(t)+M*a£(t—1)
. . ow oW
With Intermediate Layers
Moment. i ]
(Errori *Weight, ; )n+
i=1
Last Layer
(Desired-Actual)
E
a*N(t) E
Quick Intermediate Layers | WU+D=WO+—"——7=—*AMI-D—p* (1)
aw
— =D+
Prop. j w w

; (Error, *Weight, )n+
i=1

For intermediate layers,

(%(t)) :Outputkjnfl*f'(Outputkjn)* (Errori *Weightk,i)
) :

J
n+l1
,n i=l

(4.14)

For last layer,

(%E (t)j = Output, . * f '(OUtpUt K last )* Error, .q (4.15)
k,last
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5. CALCULATIONS

A two stage axial compressor is designed in the design mode of
throughflow program. Througflow analysis and 3-D RANS analysis are carried
out. Point where throughflow and CFD results are coincident on the performance
curve of the compressor is selected for flow field investigation. Spanwise
distributions of interstage flow parameters are compared.

For optimization a one stage axial compressor is designed. Blades are
parametrized in suction and pressure sides. Feed forward Artificial Neural
Network with back propagation algorithm assisted to Genetic Algorithm for
optimization. After optimization loop Artificial Neural Network is retrained

before the next optimization step.

5.1.Design and Analysis

Flowcharts for design and analysis modes are given in Figure 5.1 , Figure
5.2 and Figure 5.3. In design mode with the given inputs throughflow program
generates a compressor geometry without loss calculations. Losses and deviations
are introduced in throughflow analysis at existing geometry analysis mode. With
the known cascade information blades are generated with profiling mode of

design programme.
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Design Mode

-Thermodynamic Propertiesat Outlet
-Blade Design

Inputs Spanwise Calculations
A >
-Po, To@ Inlet Vortex Design, Spanwise Distribution of V,
-Mass Flow, Pressure Ratio, Rotational Speed -Kinematic Propertiesat Inlet
-Stage Number -Thermodynamic Propertiesat Inlet
-Rotor 1inletFlow Angle @ Mean -Kinematic Propertiesat Outlet
-Rotor 1 Hub/Tip Ratio -ThermodynamicPropertiesat Outlet
-Target Diffusion Factors -Blade Design
-Aspect Ratios ’L
l Final Calculations
Initial Calculations -Deviation Calculation
-Adjusting Outlet Blade Metal Angles
-Annulus Dimensions
-Inletand Outlet Conditions l
-Setting Work Coefficient & Stage Temperature Rise Outputs
¢ -Flow Field Info. without Loss Calculation
Meanline Calculations -Kinematics
-Thermodynamics
-Kinematic Propertiesat Inlet -Deviations
-Thermodynamic Propertiesat Inlet -Flowpath
. . . _— N
-Kinematic Propertiesat Outlet Blade Cascade Data

v v

Save and Exit €—— Analysis Mode

Figure 5.1.

Flowchart for design mode calculations
Analysis Mode
Input:
— Spanwise Calculations
-Po, To @ Inlet A >
-Mass Flow, Rotational Speed -Kinematic Properties atInlet
-Stage Number -Thermodynamic Propertiesat Inlet
-Flowpath ———-y | -Lossand Deviation Calculations

-Blade Cascade Data
-Loss and Deviation Models

-Loss Limits

Velocity Distribution Mode
-ISRE
-NISRE

-Profile Information
-Camberline Type
-LE Radius
- Max. Thickness

l

Initial Calculations

‘ -Setting Velocities @ Inlet

l

v

-Kinematic Properties at Outlet
-Thermodynamic Propertiesat Outlet
-Check Continuity

1
I
Y

-Boundary Layer Analysis
-Blockage Info.

—— e B

A
1
1
1
I

Outputs «—V

-Flow Field Info.
-Kinematics
-Thermodynamics

-Losses and Deviations

|

Save and Exit

Figure 5.2.
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Profiling Mode

Inputs
Outputs
Stage Number
—Floirpath -Profile Camberline Coordinates
Blade Cascade Data -Stacked and Unstacked

-Profile Information

Camberline Type —— | - Profile Upper & Lower Surface Coordinates

LE Radius -Stacked and Unstacked
- Max Thickness ,

-Profile Thickness Distribution ~Throat Information
-Circular Arc Camberline
-Parabolic Arc Camberline l

-Stacking Type .
-leading Edge Save and Exit
-Midpoint

Figure 5.3. Flowchart for blade profiling mode calculations

Two stage axial compressor design conditions and geometry information
are given in Table 5.1and Table 5.2 . Flowpath and pitchwise averaged data

locations of CFD calculation are shown in Figure 5.1.

Table 5.1. Two stage axial compressor design conditions

Inlet Po Pa 101325
Inlet To Kelvin 288
Mass Flow Rate kg's 3.2

Rotational Speed RPM 39000

Total to Total
Pressure Ratio 2.1

Table 5.2.  Two stage axial compressor geometry information

Rotor 1 Rotor 2 Stator 1 Stator 2
Hub |Mean| Tip | Hub |Mean| Tip | Hub |Mean| Tip | Hub |Mean| Tip
Metal Angle @ Inlet () [52.77]61.38|66.95|50.63|55.51|58.55 (49.74 |44.64 | 55.29(45.30 | 40.52 | 49.61
Metal Angle @ Outlet (*) { 7.00 | 37.40(57.00{ 9.00 |35.00(47.00{ 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
Solidity 190 | 145 | 1.05( 154 [14211.09 116|091 0.74 [ 143 | 1.21]1.05

Aspect Ratio 132122 [ 131122 | 1.09 [ 12 [ 174 [ 174 [ 174134 | 1.34 | 1.4
Chord (mm) 31.70(34.27 |32.00{21.70{24.30(22.00{19.00/19.00{19.00 17.00|17.00) 17.00
Radius @ Inlet {mm) 50.50{71.40|592.30(60.40|73.65|66.90|56.50|73.00{89.50|62.30|73.70|85.10
Radius @ Outlet (mm)  [56.00|73.30|90.60|62.10{74.00{85.90)60.00|73.75|67.50(63.40|73.50|83.60
Blade Type DCA | DCA | DCA | DCA [ DCA [ DCA | DCA | DCA | DCA [ DCA | DCA | DCA
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Rotor1
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Qutlet / Stator1 lnte’rface

Interface Stator?

/ Rotor2
e b Outletl I,’ OUﬂEtl
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A A

Rt 2 ket Stator 2 Inlet

T Stator 1Inlet

Rotor 1 Inlet

Figure 5.4. Flowpath and pitchwise averaged data locations of CFD calculation

In Figure 5.5 and Figure 5.6 Rotor 1 blade stacked from midpoint and
leading edge are given. For these figure rotor blade is considered as a circular arc

blade.

IVERSITESI

Figure 5.5. Blade stacked from midpoint
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Figure 5.6. Blade stacked from leading edge

In Figure 5.7 computational grid of stage 2 CFD calculation in blade to
blade plane is given. In Figure 5.8 computational grid of 2 stage axial compressor

CFD calculation in 3-D view is given.
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Figure 5.7. Computational grid of CFD calculation in blade to blade plane
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Figure 5.8. Computational grid of CFD calculation in 3-D view

In Table 5.3 CFD analysis conditions for the 2 stage compressor are
given. Performance maps for througflow calculation and 3-D CFD calculations
are given in Figure 5.4. Throughflow calculations are named as “DP”. In spanwise
distributions “Normalized Arc Length” corresponds to normalized blade height. In
blade to blade distributions ‘“Normalized Arc Length” corresponds normalized

chord length.

Table 5.3.  3-D CFD analysis conditions for the 2 stage compressor

Air Model Perfect Gas
Mathemetical Model Turbulent Navier Stokes
Turbulence Model opalart Allmaras

Consenvative Coupling by Pitchwize

Rotor-Stator Interface Row (Mixing Plane Approach)

Static Pressure Imposed with Radial
Equilibrium Condition

Wall y* After Solution ~1

Qutlet Conditions
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Performance Map of 2 Stage Axial Compressor
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Figure 5.9. Performance maps for throughflow and 3-D CFD calculation

Flow field information and comparisons between the throughflow analysis

and CFD analysis are given in the below figures.

Relative Mach Number
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Figure 5.10. Isentropic mach number distribution of rotor 1 @ 66% span
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Relative Mach Number

Figure 5.11. Isentropic mach number distribution of rotor 1 @ 83% span

Relativa Mach Number
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Figure 5.12. Isentropic mach number distribution of rotor 1 @ 95% span
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Blade to Blade Isentropic Mach Number Distribution

Rotor 1 @ 66% Span
1.50
1.40
1.30
S
g 120 == PS, CFD
€ =f -SS, CFD
2 1.10
= -Shock Model 1
S 1.00
r§u : = -Shock Model 2
0.90 =@ -Shock Model 3
0.80 =¢ -Shock Model 4
0.70
060 T T T T 1
0.00 0.20 0.40 0.60 0.80 1.00

Normalized Arc Length

Figure 5.13. Throughflow shock mach number predictions at rotor 1 66% span

Blade to Blade Isentropic Mach Number Distribution
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Figure 5.14. Throughflow shock mach number predictions at rotor 1 83% span
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Blade to Blade Isentropic Mach Number Distribution
Rotor 1 @ 95% Span
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Figure 5.15. Throughflow shock mach number predictions at rotor 1 95% span
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Figure 5.16. Static temperature spanwise distribution downstream rotor
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Static Temperature Spanwise Distribution
Downstream Stator
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Figure 5.17. Static temperature spanwise distribution downstream stator

Absolute Total Temperature Spanwise Distribution
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Figure 5.18. Absolute To spanwise distribution downstream rotor
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Absolute Total Temperature Spanwise Distribution
Downstream Stator
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Figure 5.19. Absolute To spanwise distribution downstream stator

Static Pressure Spanwise Distribution
Downstream Rotor

] Y]

1.00
0.90
0.80

=

W 070

S

S o060

et

& 050

T 040

N

® 030

€
}
o 020

2
0.10
0.00

100000.0

120000.0 140000.0 160000.0 180000.0

Static Pressure (Pa)

-»-R1, CFD
-«-R2, CFD
---R1, DP

-+«-R2, DP

Figure 5.20. Static pressure spanwise distribution downstream rotor
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Figure 5.21. Static pressure spanwise distribution downstream stator
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Figure 5.22. Absolute total pressure spanwise distribution downstream rotor
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Figure 5.23. Absolute total pressure spanwise distribution downstream stator
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Figure 5.24. Flow angle spanwise distribution downstream rotor 1
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Downstream Rotor 2

Flow Angle Spanwise Distribution

1.00

0.90

0.80
-
)
8 070
S e -»-R2 Beta, CFD
: |
< 050 3 /‘ -&-R2 Alpha, CFD
o g
@ 040 g
N
© 0.30 4 k —e—R2 Beta, DP
£
S
O 020
2 1 =&—R2 Alpha, DP

0.10 L

0.00 - ‘ - a2 T ‘

10.0 20.0 30.0 40.0 50.0 60.0 70.0
Flow Angle (Degree)
Figure 5.25. Flow angle spanwise distribution downstream rotor 2
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Figure 5.26. Flow angle spanwise distribution downstream stator
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Axial Velocity Spanwise Distribution
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Figure 5.27. Axial velocity spanwise distribution downstream rotor

Diffusion Factor Spanwise Distribution
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Figure 5.28. Diffusion factor spanwise distribution downstream rotor
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Figure 5.29. Diffusion factor spanwise distribution downstream stator

De Haller Number Spanwise Distribution
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Figure 5.30. De Haller number spanwise distribution downstream rotor
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De Haller Number Spanwise Distribution
Downstream Stator
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Figure 5.31. De Haller number spanwise distribution downstream stator
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Figure 5.32. Flow deviation spanwise distribution downstream rotor
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Flow Deviation Spanwise Distribution
Downstream Stator
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Figure 5.33. Flow deviation spanwise distribution downstream stator
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Figure 5.34. Incidence spanwise distribution downstream rotor
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Incidence Spanwise Distribution
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Figure 5.35. Incidence spanwise distribution downstream stator

Investigation of flow field in throughflow analysis depend on the succes in
loss prediction, success in deviation prediction and method in radial
equilibrium solution. When results of throughflow and CFD calculations are
compared, prediction of pressure and temperature field can be considered as
satisfactory. Prediction of flow field can be improved by tuning the loss and
deviaiton values by added scale factors from hub to tip in the programme input
file. Deviation predictions seem well when they are compared with CFD
calculations but incidence situation show differences between throughflow and
CFD calculations. One of the reason for the difference is caused from the
meridional velocity calculations from radial equilibrium equation. The other
reason is the added errors from loss and deviation calculations. Choking is not
calculated in the throughflow analysis and performance maps of throughflow and
CFD analysis show differences. Throat calculation is introduced in blade profiling

mode but not applied in the throughflow analysis.

5.2.0ptimization of Axial Compressor Stage
One stage axial compressor design conditions and geometry information are

given in Table 5.4 and 5.5.
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Table 5.4.  Design conditions for single stage axial compressor

Inlet Po Pa [101325.00
Inlet To Kelvin| 288.00
Mass Flow Rate | kg/s 6.63
Rotational Speed| RPM | 26000.00
Total to Tatal
Pressure Ratio 1.50

Table 5.5.  Geometry information for single stage axial compressor

Stator
Mean
Metal Angle @ Inlet () 36.31
Metal Angle @ Outlet (%) 5. -5.00
Solidity . . . . 0.94
Aspect Ratio i R . . 2.07
Chord (mm) 18.00
Radius @ Inlet (mm) 106.39
Radius @ Outlet {(mm) 107.64
Blade Type DCA

Rotor is parametrically modeled in UG CAD software. Suction side and
pressure side are fitted with a spline that has five control points. Two of the
control points that are on leading and trailing edges are kept unchanged.
Remaining control points are changed in optimization process. Figure 5.36 give

the parametric model of rotor at 75% spanwise location.

Figure 5.36. Parametric model of rotor at 75% spanwise location

After parameric modelling, by randomly changing the spline control points
a database is generated. Artificial Neural Network is used to correlate the
coordinates of spline control points with isentropic efficiency calculated by 3-D
CFD computation. After Artificial Neural Network training with the initial
database, Genetic Algorithm is used to find the spline control point combination

that results with maximum efficiency. There exist 40 generations in each Genetic
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Algorithm-Artificial Neural Network loop. At each generation number of
eliminated chromosome pairs change from 4 to 10. Genetic Algorithm use real
numbers and at mutation part selected pairs are changed between 1% - 40%.
Trained Artificial Neural Network is used as a response surface to evaluate the
fitness of a spline control point combination.

Rotor and stator are cut into equally spaced five sections. Rotor is
optimized first and stator is optimized with the previously optimized rotor in
front. Optimization of rotor is done in three steps.

At the first step two sections which are the tip section and 75% spanwise
section are optimized first. At the first step with three spline control points at each
profile surface Artificial Neural Network has 12 inputs at the input layer. At the
second step optimized profiles at tip section and 75% spanwise location are fixed
and 50% spanwise location is optimized. At the second step with three spline
control points at each profile surface Artificial Neural Network has 6 inputs at the
input layer. At the third step previously optimized three sections are fixed. Hub
section and 25% spanwise section are optimized. At the third step with three
spline control points at each profile surface Artificial Neural Network has 12
inputs at the input layer. Optimization of stator is done in single pass. At each step
initial database for the Artificial Neural Network is generated by 5-10 CFD

analysis. Optimization procedure is given in Figure 5.37.

T CFD Analysis
: Response Surface

Generation
Artificial Neural Network

: — Artificial Neural Network

Genetic Algorithm Optimization

<+—— Check / CFD Analysis

|

Stop

Figure 5.37. Optimization procedure
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Optimization history for the rotor is given in Figure 5.38. Initial and final
geometries are given in Figure 5.40 and Figure 5.41 for 50% and 75% spanwise
locations. Full lines correspond to initial profile and dashed lines correspond to

final profile.
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Figure 5.38. Optimization history for the rotor
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Figure 5.39. Optimization history for the stator
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Initial Profile
mmm=m=s  Final Profile

Figure 5.40. Initial and final profiles at 50% spanwise location

Initial Profile
------ Final Profile

Figure 5.41. Initial and final profiles at 75% spanwise location
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Figure 5.42. Rotor surface isentropic mach distribution at 90% span
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Rotor Surface Isentropic Mach Distribution at Mean Section
50% Radial Position
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Figure 5.43. Rotor surface isentropic mach distribution at 50% span
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Figure 5.44. Rotor surface isentropic mach distribution at 10% span
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Figure 5.45. Rotor efficiency distribution for baseline and optimized geoemtries
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Figure 5.46. Stage performance points mass flow rate vs pressure ratio
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Figure 5.47. Stage performance points mass flow rate vs efficiency
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Figure 5.48. Rotor flow deviation for baseline and optimized geometries
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Stator Flow Deviation
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Figure 5.49. Stator flow deviation for baseline and optimized geometries

Increase in efficiency can be related to decrease in peak Mach number on
suction surface in blade to blade plane from hub to tip. Deviation values seem to
be not effected from the optimization. Also mass flow capacity is increased during
optimization process. Since optimization is done in single objective manner, only
increase in isentropic efficiency is taken into account.

Effectiveness of the Artificial Neural Network is investigated by a process
capability analysis. After the rotor optimization work finished two Neural
Networks are trained until a predefined coefficient of determination (R-sq) value
is obtained. Neural Networks in the effectiveness study have three hidden layers
each containing 8-12-8 neurons respectively. Learning rate is fixed to 0.1 for the
effectiveness study. Predictions of two Neural Networks which have two
different R-sq values from training are compared and analysed with commercial
statistical software Minitab 16. With the distribution of actual and predicted
values, process capability charts of two neural networks are obtained. Long term
and short term process capabilities are compared in terms of Cpk and Ppk values.
According to Jim Parnelle [30] ” Cpk tells you what the process is capable of
doing in future, assuming it remains in a state of statistical control. Ppk tells you

how the process has performed in the past”. Process capability charts of Artifical
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Neural Networks having R-sq 0.8 and R-sq 0.9 are given in Figure 5.50 and

Figure 5.51.
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Figure 5.50. Process capability chart of ANN predictions with R-sq 0.8
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Figure 5.51.

Process capability chart of ANN predictions with R-sq 0.9
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When two metamodels with differing R-sq values in their trainng
processes are analyzed with the same upper (USL) and lower (LSL) specification
limits Cpk and Ppk values do not show large difference. For a metamodel there
exist two important things. Ability of generalization is the first neccessity to have
a continuous increase in the rotor optimization history as in the Figure 5.38.
Second thing is the ability of representing the real to decrease number of iteration
of the whole optimization process.

CFD can also be used in fitness evaluation of Genetic Algorithm rather
than Artificial Neural Network. Using CFD in fitness evaluation may be helpful
since real values will be considered rather than estimation of real values. Two
disadvantages will appear when using CFD in fitness evaluation. Computation
time is the first disadvantage. CFD analysis will take time in Genetic Algorithm
generation loops, while a trained Neural Network produces its output in
milliseconds. Local minimum is the second disadvantage. Number of unnecessary
CFD will be carried out for the inputs that generate the same output, although
mutation is done in genetic algorithm to avoid falling into local minima. Using
ANN will accelerate the generation loops dramatically and the risk for local
minimum will be lowered.

Overtraining and lack of fit are disadvantages of Artificial Neural
Network. An over trained Neural Network will summarize the training data and
will loose generalization capability. Artificial Neural Network with lower
generalization capability will result in inappropriate predictions that will reverse
the direction of optimization. There is a possibility that Artificial Neural Network
can not handle the training datasets when number of inputs and training database
for Artficial Neural Network get larger. This will result in lack of fit and
generalization capability of the metamodel will be lowered. Also to stop ANN
trainings, selection criteria for R-sq value will be unclear because it will be
difficult to find the right location or acceptable location where generalization

capability or representation capability is optimum.

6. CONCLUSION
In this part results and conclusions are summarized in the thesis study.

Lessons learnt, significance of results and future recommendations are discussed.
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Purpose of the thesis study was developing design, analysis and optimization
tools for flow field investigation in axial compressor. Meridional design
methodology is based on simple isentropic radial equilibrium. Meridional
analysis is based on non isentropic radial euilibrium supported by loss and
deviation correlations available in open literature. 3-D CFD analysis is based on
Reynolds Averaged Navier Stokes computations. Optimization is based on
Artificial Neural Network coupled Genetic Algorithm.

Success in meridional analysis is based on prediction of losses and deviations
across blade rows. According to the results integral compressor performance is
predicted well except meridional velocities as well as incidence angles.
Differences for the meridional velocities and incidence angles arise from
primarily radial equilibrium solution and secondarily from loss, deviation
predictions. For this reason throughflow analysis of a multistage axial compressor
that has more than two stages will have serious problems in terms of meridional
velocities with the method used in the thesis. Added scaling factors from hub to
tip may reduce the effect of problems arising from loss and deviation predicitons.
For future work improvements in radial equilibrium solution such as introducing
streamline effects may be done.

Optimization is carried in a single objective manner. Only target is achieving
maximum isentropic efficiency for the axial compressor stage. Efficiency increase
is obtained about 3 %. With the increase in efficiency mass flow rate is also
increased by 3 %. Reduction in shock Mach number is more effective on
efficiency than other flow or cascade parameters, so only by closing the bade
angles after optimization original mass flow rate value will be reobtained. Rather
than optimizing the compressor stage one by one, introducing multi objective
optimization in future will be more suitable and faster. With that case while
optimizing the stage for increasing efficiency other performance parameters such

as mass flow rate can also be controlled.
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