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1 Introduction

1.1 Company and workplace

The DLR (Deutsches Zentrum für Luft- und Raumfahrt) or the Ge rman Aerospace Cen-
ter is a public research center. Its researches are focused on �ve �elds: space, aeronau-
tics, energy, transport and security. The company manages german national programs
as well as the collaboration with other companies. Besides its own projects, The Ger-
man Aerospace Center is charged by the federal government wi th the organization and
the implementation of the german space programs.

The DLR has approximately 8000 employees at 20 locations in Germany. Its head-
quarters are located in Cologne shown in �gure 1.1. In additi on of german sites, the
company is also set in Brussels, Paris, Tokyo and Washington D.C.

The DLR's missions cover a large range, which comprises of the exploration of earth
and solar system and eco-friendly technologies. The researchers of the center do fun-
damental research as well as industrial projects. In additi on, the German Aerospace
Center forms the next generation of researchers and experts, who will take part to the
future projects.

The headquarters of the DLR are in Cologne. The site is located near the Cologne-Bonn
airport and 1400 employees work in the institutes, the facil ities and the central admin-
istration. The �eld of aeronautics is predominant. The rese arches in this �elds are
focused on the development of new materials and the optimiza tion of the propulsion
technologies. Lots of investigations are made on the human body in space and, more
widely, on space medicine. Others institutes are linked to s pace like the Microgravity
User Support Center (MUSC) and the European Astronaut Train ing Center. The energy
departments focuses on regenerative energy sources and thetransportation research is
divided on the different institutes and facilities.

The institute of Propulsion Technology is one of the 41 insti tutes of the DLR. Its domain
of investigations is mainly on the components of gas turbine power plants and gas
turbine of gas engines. The department of Fan and Compressor (AT-FUV) is set in this
institute. It investigates and develops compressors, fans and engine integration. the
goal of the department is to optimize compressor designs in t erms of ef�ciency, noise or
robustness. In this way, The AT-FUV department develops and improves continuously
its methods of optimization.

1



Introduction 2

Figure 1.1: Headquarters of DLR in Cologne

1.2 Motivations

The DLR's motivations in propulsion are to improve the overa ll performance of jet
engines and, at the same time, to reduce their impact on the environment. This is ex-
pressed by the rise of ef�ciency, the minimization of noise a nd fuel consumption. The-
oretical research and new numerical tools are implemented t o perform the necessary
investigations.

The currently running project MuKoKo (Multidiziplinäres K ompressor Konzept or
Multidisciplinary Compressor Concept) concerns the desig n and rig test of a highly
loaded 2.5-stage (two stages with a variable inlet guide van e (VIGV)) low pressure
compressor of an embedded engine. One of the aims of this project is to �nd an opti-
mized shape for the VIGV in terms of total pressure losses and de�ection.

Figure 1.2: Position of the VIGV in the channel of the low pressure compressor

The VIGV is set at �rst in the low pressure compressor like in � gure 1.2. It is followed
by an alternation of rotors and stators. The particularity o f the VIGV lies on its con�g-
uration in two parts: a �xed strut and a variable �ap. This con �guration is shown in
�gure 1.3.

During �ight, the jet planes changes several times of operat ing points. The interest of
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Figure 1.3: VIGV with its �xed strut and its variable �ap

the VIGV is that its rear part rotates circumferentially to c hange the in�ow angle to the
�rst rotor. A speci�c angle can be set to the VIGV for the diffe rent operating points.
The total pressure losses are thence lower than if this part was not variable.

1.3 Review of the previous study

Last year, an optimization study have been conducted on a VIG V [6]. The objectives of
this study were to reduce the total pressure losses and to obtain the correct de�ection
at the outlet of the VIGV. The study has been conducted with th ree operating points:
OP1, OP2 and OP3. The performance map of the compressor showsthis operating
points in �gure1.4.

The numerical model represented the VIGV like one blade. The re were no axial gap
between the �xed strut and the variable �ap. To change angle o f VIGV �ap: the stagger
angle, the trick was to bend the VIGV at a point. A study has bee n made to �nd the best
position of this point. It had been decided to place this poin t at 25% and 30% due to the
performances of the obtained VIGV in terms of pressure losses. The optimization was
in 2D and it has been conducted on three pro�les. The location of this pro�les were
on the 90%, 50% and 10% of the VIGV height. The �nal goal was to g ather the three
pro�les and to create a 3D VIGV. The geometry obtained with th is process is shown in
�gure 1.5.

The 2D pro�les have been computed to create by interpolation a 3D VIGV. This 3D
pro�le has been analyzed. Its radial parameters have been pl otted in �gure 1.6.

They will serve like a basis of comparison for the optimizati ons in the current study.
The problem of an optimization in 2D is that the 3D aerodynami c phenomena are not
taken into account. The total pressure losses are higher than expected. The solution
is to conduct a 3D optimization. For this reason, the 3D VIGV p ro�les constructed on
this previous study is taken like a basis for this current opt imization.
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Figure 1.4: Operating points on the performance compressor map

Figure 1.5: VIGV reference obtained with the last study in function of the operating points and 2D
optimized pro�les
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Figure 1.6: Radial parameters of the reference member

Figure 1.7: Axial gap of the VIGV

1.4 Objectives

In this project, the objectives are the same as the previous study: reduce the total pres-
sure loss coef�cient and obtain the wanted de�ection at the e nd of the VIGV. The oper-
ating points are the same: OP1, OP2 and OP3. The difference with the previous study
lies on the optimization and the model representing the VIGV . The optimization works
directly on a 3D VIGV. This method allows to take into account all the phenomena
which are negglected in a 2D optimization. For the VIGV model , a VIGV with an axial
gap been chosen. This model is more realistic because the �xed strut and the variable
�ap are separated by an axial gap. This axial gap is shown in �g ure 1.7.

The �nal expected result is a 3D VIGV with an axial gap and opti mized in function of
the total pressures losses and the de�ection.
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Figure 1.8: Different numerical VIGV models by Hieber [2]

1.5 Background of the investigated models

The model of a two-parted VIGV can be implemented in differen t ways depending on
the design of the junction between strut and �ap. In his study , Hieber [2] investigates
four numerical VIGV model. They are described below and show n in �gure 1.8:

• VIGV model 1: The separation between the �xed strut and the v ariable �ap is at
33% of the chord lentgh of the VIGV. The absence of the gap avoids �ow between
the �xed strut and the variable �ap. The strut is almost symme trical and �ow
de�ection is only done by the �ap.

• VIGV model 2: The model is similar to the �rst but the rotatio n takes place at 50%
of the chord length. The de�ection is partly realized by the � xed strut.

• VIGV model 3: In this model, there is a gap at 50% of the chord. The �xed strut
and the variable �ap are two distinct parts and there is the ci rcumferential shift
typical for tandem con�gurations.

• VIGV model 4: The gap is at 33% of the chord. For high rotation angles the gap
increases and is supposed to delay �ow separation.

In his report, Hieber has analyzed the models in terms of tota l pressure losses and �ow
de�ection. Monitoring the results of his study, he has concl uded by two observations
about the pressure loss. He observed that the models with a strut fraction of 33% chord
length were dominating in terms of pressure losses and opera ting range. Furthermore,
for the without gap models, the model 1 is the most performant . For the models with
a gap, it is the model 4.

The investigations of Hieber give an overview of the existin g VIGV model. The pre-
vious study [6] follows the �rst VIGV models of Hieber. The cu rrent project uses the
fourth model.



2 Theory

2.1 Total pressure loss coef�cient

In this study, the main goal is to reduce the losses in all the c onsidered operating points.
The �rst criterion to select the optimized pro�les is the tot al pressure loss coef�cient.

Before de�ning the total pressure loss coef�cient, additio nal coef�cients have to be
given. As described by J.R. Turner and T.R. Yoos [9], the Mach number is a relevant
parameter to describe compressibility effects. It allows t o classify the �ow (subsonic,
transonic or supersonic �ow). The Mach number is the ratio be tween the velocity of
the �uid and the local speed of sound.

M =
u
c

(2.1)

The second needed variable is the total pressure Pt . It is the sum between the static
pressure, the dynamic pressure and the potential energy of g ravity.

Pt = P(1 +

 � 1

2
M 2)




 � 1 (2.2)

With the de�nition of the total pressure, an important dimen sionless variable in turbo-
machinery can be determined: the total pressure loss coef�c ient.

! =
Pt inlet � Ptoutlet

Pt inlet � Pinlet

(2.3)

The equation is written with the total pressure in inlet Pt inlet , in outlet Ptoutlet and the
static pressure in inlet Pinlet . The equation of the total pressure loss coef�cient is only
valid for the compressor. More information can be found in Go stelow's article [5].

2.2 Isentropic Mach number

The isentropic Mach number is the Mach number without any los ses in the �ow. This
property is often used to investigate the ideal surface Mach number without losses
and walls without any friction (slip conditions). The isent ropic Mach number can be
computed from the isentropic �ow relations using the follow ing formula:

P f reestream
t

P
= (1 +


 � 1
2

M 2)




 � 1 (2.4)
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This gives the following formula for the isentropic Mach num ber:

M isentropic =

vu
u
t ((

P f reestream
t

P
)


 � 1

 � 1):

2

 � 1

(2.5)

Where:

P f reestream
t is the total pressure in the free stream outside of the bounda ry layers.

2.3 Computational Fluid Dynamics (CFD)

2.3.1 Presentation of CFD

According to [1], computational �uid dynamics is the �uid me chanics using numeri-
cal tools. The principle of the CFD is to make a discretizatio n of a �uid system. This
discretization allows simplifying the �uid mechanics equa tions like the Navier-Stokes
equations to solve a complex problem. This type of problem is mainly impossible or
hard to solve with an analytical method. CFD is possible than ks to the emergence of
high computing performances. This method is used in various �elds such as aeronau-
tics, automobile, turbomachinery, etc...

2.3.2 Navier-Stokes equations

The Navier Stokes equations are equations with partial deri vations which describe the
newtonian �uids. This equations are valid for the viscous �u ids. The Navier-Stokes
equations express the fundamental principles of the mass conservation, the momen-
tum and �uid energy.

The �rst equation is the mass conservation given by:

@�
@t

+
@

@xi
(�u i ) = 0

This equation express the change of the mass �ow with the time variable and the space
variables.

The equation of momentum conservation is given by:

@
@t

(�u i ) + �u j
@ui
@xj

= �
@P
@xi

+
@

@xj

 

�

 
@ui
@xj

+
@uj
@xi

!!

+ �k i

With the pressure P, the molecular viscosity � and the body force ki .

The energy equation is given by:

�

 
@e
@t

+ u
@e
@xi

!

+
p
�

 
@�
@t

+ ui
@�
@xi

!

=
@

@xi

�

kf
T

@xi

�

+ � + � (ki ui )

Where e is the internal energy, T the temperature, kf the thermal conductivity and �
the dissipation function.
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The dissipation function � for the newtonian �uids is given by:

� =
1
2

�

 
@ui
@xj

+
@ui
@xi

!  
@ui
@xj

+
@ui
@xi

!

2.3.3 Turbulence concept

2.3.3.1 De�nition

According to Beaubert [1], the turbulence is due to the exist ence of �uctuations of ve-
locity between the �uids layers. The origin of this �uctuati ons comes from an intense
agitation of �uid particles. The turbulence is often charac terized by a strong unstation-
ary and unpredictable phenomenon and a very discordantly ap pearance.

2.3.3.2 RANS equations

Averaging the Navier-Stokes equations and using the proper ties of Reynolds opera-
tors, the averaged Navier-Stokes equations or RANS equations (Reynolds Averaged
Navier-Stokes) are created. The Reynolds decomposition has this form:

ui = �ui + u0
i

With u the velocity, �u the mean time averaged component and u´ the �uctuation com-
ponent of the velocity. The equation of mass conservation becomes:

@�ui

@xi
= 0

With the Reynolds operators, the momentum equation becomes:

@�ui

@t
+ �uj

@�ui

@xj
= �

1
�

@�p
@xi

+
1
�

@
@xj

"

�

 
@�ui

@xj
+

@�uj

@xi

!

� � u0
i u0

j

#

2.3.3.3 K � ! turbulence model

In this project, the solver used is TRACE and this software fo llows by default the tur-
bulence model k � ! to conduct the CFD calculations. However, TRACE can use other
turbulence models. The advantage of this model is its capabi lity to well describe the
turbulence close to the wall where the Reynolds number is low . The model does not
involve the complex non-linear damping functions required for the k � " model and
its therefore more accurate and more robust. The k � ! model assumes that the eddy
viscosity is linked to the turbulence kinetic energy and the turbulence frequency via
the relation:

� t = �:C � :
k
!
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The turbulent kinetic energy k and its turbulent frequency ! are obtained from the
following transports equations:

@
@t

(�:k ) +
@

@xj
(�:u j :k) �

@
@xj

 

� k :
@k
@xj

!

= Pk � � 0:�:k:!

@
@t

(�:! ) +
@

@xj
(�:u j :! ) �

@
@xj

 

� ! :
@!
@xj

!

= A:
!
k

Pk � B:�: (! )2

With the diffusion coef�cients:

� k = � +
� t

� k

� ! = � +
� t

� !

The closure coef�cients and the auxilary relations have the following values:

C� = 0:09, � 0 = 0:09; A = 5=9, B = 3=40, � k = 2 and � ! = 2



3 Numerical setup

3.1 Boundary conditions

The boundary conditions are de�ned in table 3.1.

OP1 OP2 OP3
Pt inlet [Pa] 101325 101325 101325
Tt inlet [K] 288.15 288.15 288.15

Mass�ow 1.000 0.6764 0.5182

Table 3.1: Boundary conditions of the operating points

The values of the total pressure and the total temperature ar e taken from ISA (Interna-
tional Standard Atmosphere) boundaries. The mass �ow is nor malized in function of
the OP1 mass �ow.

3.2 Optimization description

3.2.1 Description of the optimization model

The optimization conducted in this project use AutoOpti. It is the DLR in-house opti-
mization software of the department of fan and compressor at DLR. As explained by
M. Aulich and his colleagues [4] Its work is based on an strate gy of evolution. The
principle of AutoOpti is showed on �gure 3.1.

The optimization begins normally with a initial member. Thi s initial member is com-
puted by the processchain. When the calculation is �nished, the results are stored in
the database. When the calculation of the initial member is � nished, the optimization
generates a certain number of members randomly. In the case without initial mem-
ber, the process generates directly the random members. Theselected values of the
random members are picked in a parameters range beforehand set by the user. The
random members form the initial geometry group. The metamod el analyses the mem-
bers in the database and gives a con�guration for a new member . In this project, the
metamodel has three methods to create a new member: mutation, different evolution
and expected improvement. For mutation, the process varies randomly, with a certain
range, the parameters of a member to create a new member. For diffevolution, the pro-
cess selects several groups of two members. Its compares their difference. It takes then
an other member and create a new member making a parallele wit h the other couples

11



3. Numerical setup 12

Figure 3.1: Optimization model

of members. For expected improvement, the process uses the training of the metamod-
els to �nd a new con�guration. The training is a tool which use s a little optimization
to create a new member. When the new member is created, it is computed in the pro-
cesschain. The results are stored in the database. The creation of member stops when
the optimization has reached the limit member number. At the end of optimization,
the database can be checked and the performant members can beselected.

3.2.2 Presentation of the process chain

The processchain is composed of six software. It is presented in �gure 3.2.

Figure 3.2: Process chain of the optmization

3.2.2.1 BladeGenerator

The �rst software is BladeGenerator [10]. It is the software which allows to construct
a 3D VIGV. In this current study, BladeGenerator use airfoil s to de�ne the blade. The
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airfoils are de�ned in function of angles, radii, other char acteristic lengths, the suction
and the pressure side parameters. When the parameters are all set, BladeGenerator is
launched. The result is visible on �gure3.3.

Figure 3.3: Blade pro�le made by BladeGenerator

3.2.2.2 SpitBlade

The 3D blade is not suf�cient to represent the VIGV. The numer ical VIGV is like the
fourth model of Hieber in �gure 1.8. The VIGV need to have an ax ial gap to respect
this model. SplitBlade [7] is set to construct this axial gap . By separating distinctly the
�xed strut and the variable �ap of the VIGV. The parameters of SplitBlade are given
in �ve sections : Basic Parameters, Gap De�nition, Hinter Bl ade, Vorder Blade and
Transformation:

• Basic Parameters gives the position of the axial gap along t he camber line.

• Gap De�nition gives the type of gap and the size of the gap on t he �xed strut and
the variable �ap.

• Hinter Blade section and Vorder Blade section give control points with three cuts
on the �xed strut and the variable �ap.

• Transformations allow to give a rotation angle to the varia ble �ap.

On this section, the rotation axis can also change. Splitblade is then launched and the
results are on �gure 3.4.
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Figure 3.4: VIGV pro�les made by SplitBlade for the three operating points

The three VIGVs are presented in function of their operating points. The difference be-
tween the three VIGVs is the angle of their variable �ap. For O P1, the angle is equal to
0. For the second and the third operating point, the angle wou ld have been respectively
28,3° and 40°.

3.2.2.3 GTA

After the construction of the VIGV with its gap, a volume repr esenting the compressor
channel is necessary to conduct the calculations. The function of GTA [8] is to establish
a calculation volume around the VIGV. The input of the softwa re is the VIGV geometry,
the blade number and the duct. The software computes this two parts to construct the
calculation volume. At the end of this process, the volume is divided in three domains:
entry, exit and passage. The three domains are shown in �gure 3.5.
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Figure 3.5: Calculation volume

3.2.2.4 Centaur

With its �xed strut and its variable �ap, the VIGV has not a con ventional con�gura-
tion. Its geometry is not adapted to be meshed by the software Pymesh, which is the
main mesher used in the department. If this geometry is meshe d by Pymesh, the mesh
will be not enough robust to support the calculation on this u nconventional con�gura-
tion. The software Centaur [3] solves this problem meshing t he passage block with an
unstructured grid. The mesh is shown of �gure 3.6.

Figure 3.6: Centaur mesh of the VIGV calculation volume

The entry and the exit are meshed with hexaedral cells. Their mesh is structured be-
cause their con�guration has no special dif�culties. In con trast to the two other blocks,
the passage has tetrahedral and prismatic cells and the meshis so unstructured. At
hub and tip wall, the mesh becomes �ner to obtain cells of boun dary layers. The same
con�guration is applied around the VIGV. The boundary layer cells are visualized in
red on �gure 3.7.



3. Numerical setup 16

Figure 3.7: Boundary layer cells on the hub wall (at left) and around the VIGV (at right)

3.2.2.5 GMC

GMC (General Mesh Connector) is the software which sets the boundary condition in
the system. A total pressure, a temperature, angles and turbulence are set in inlet and
a pressure or a mass �ow is given in outlet. GMC has an other use like a mesh splitter.
The action to split the mesh in several parts. This technique accelerates the calculation
of the results. The parts are shown on �gure 3.8.

Figure 3.8: Splitting of the calculation volume by GMC

3.2.2.6 TRACE

TRACE is the DLR in-house CFD solver [11]. TRACE is an abbreviation of Turboma-
chinery Reseach Aerodynamics Computational Environment. It is made for the com-
putation of steady and unsteady �ows in turbomachines. The p rocess of calculation
is based on RANS-equations and the turbulence model used is the k � ! turbulence
model. To conduct the calculations, TRACE allocates processors. Each processor can
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Figure 3.9: Example of Pareto front formation

be assigned to a part of the mesh hence the use of the mesh splitting in GMC. The pro-
cessors can all calculate at the same time if the number of parts is equal or higher than
the number of processors. With this technique, the results can be faster obtain.

3.3 Optimization criteria

The main objectives of this investigation is to have the lowe st coef�cient for the total
pressure losses and to keep the proper de�ection. The optimi zation requires objec-
tives and they are de�ned in the �tness functions. The value o f the �tness function
determines the position of a results in the rank list. The sma ller the value is, the more
optimized is the pro�le.

When the optimization has two or more �tness functions, an ot her criterion is neces-
sary: the paretorank. The paretofront allows to spot the rel evant results.

In �gure 3.9, the optimization has two �tness functions (�tn ess 0 and �tness 1) as de-
picted on the axis. One point corresponds to one result found by the optimization. To
determine the paretorank of the points, the surface under th e point must be checked.
The orange point, for example, has no points under its surfac e, so its paretorank is
equal to 1. In the case of the blue point, the orange point is lo cated in its surface, so
its paretorank is equal to 2. On the graphic of the �gure 3.9, t he points in pink, orange
and green have a paretorank equal to 1. The curve going throug h these points is called
the paretofront. The paretorank shows the pro�les with the l owest values in �tness
functions. With one �tness function, only one result has a pa retorank equal to 1, which
represents the pro�le with the lowest �tness function value .

For the optimization, it exists a criterion allowing to know if the optimization is satis-
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Figure 3.10: Example of a cumulative area gain

fying: the Cumulative Area Gain.

In �gure 3.10, the Cumulative Area Gain is shown in function o f the number of mem-
bers. At 7000 to 9000 members, the Cumulative Area Gain increases strongly. After,
it increases slowly. In this example, the Cumulative Area Ga in still rises at the end of
optimization. It means that the results are not enough optim ized and improvements
in the results are expected if the optimization continues. I t is too early to stop the
optimization and to analyze the results.



4 Optimization of the axial gap

4.1 Setup of the optimization

4.1.1 Objective and �tness functions

This optimization has the objective to get a VIGV with reduce d total pressure loss
coef�cients in a wide working range. Hence the �tness functi ons are based on the total
pressure loss coef�cient of the three operating points. In t his optimization, there are
two �tness functions. The �rst is equal to the total pressure loss coef�cient of the �rst
operating point and the second is the average of the total pre ssure loss coef�cients of
the two other operating points. The two �tness functions are given by:

f f 1 = ! OP 1

f f 2 =
! OP 2 + ! OP 3

2

Where f f means �tness function, ! is the total pressure loss coef�cient.

Taking two �tness functions instead of three is easier to plo t the Pareto front of the
optimization. In �gure 4.1, the members of an optimization i n the previous study [6]
are plotted. They form a group which follows the green line. I t means that this two
variables can be gathered in one �tness function due to their behavior.
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Figure 4.1: Plot of the members of an optimization of the previous study in function of the total pressure
loss coef�cients of OP2 and OP3

In addition, only the �tness functions rule the quality of th e optimization. No con-
straints have been set. The constraints are parameters which the members of the opti-

19
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Variable �ap

Cut 1 HS1 HD1 HC1
Cut 2 HS2 HD2 HC2
Cut 3 HS3 HD3 HC3

Fixed strut

Cut 1 VS1 VD1 VC1
Cut 2 VS2 VD2 VC2
Cut 3 VS3 VD3 VC3

Transformation

Rotation point TIP
RotAx xT IP

RotAx theta T IP

Rotation point HUB
RotAx xHUB

RotAx theta HUB

Table 4.1: Free parameters of the axial gap optimization

mization have to ful�ll. If the constraint value is out the ra nge, the member is account
as a success member but with penalties.

4.1.2 Setup and free parameters

In this optimization, the global form of the VIGV has the same shape as the reference
VIGV in �gure 1.5. The only part which is optimized is the axia l gap. The process
chain does not use BladeGenerator. The process chain of the axial gap optimization is
presented in �gure 4.2.

Figure 4.2: Process chain of the axial gap optimization

The free parameters are picked in the software SplitBlade. The free parameters of Split-
Blade are listed in table 4.1.

The free parameters are explained in �gure 4.3.

In �gure 4.3, at left, there is one radial cut of the VIGV. The r ed free parameters de-
�ne the shape of the �ap near the gap. The green parameters mod ify the form of the
strut. For one cut, there are 6 free parameters. Three cuts are implemented in the opti-
mization. There are 18 free parameters in this part. The cuts are taken at the hub, the
middle and the tip of the VIGV. In �gure 4.3,at right, the rota tion axis are represented.
To draw it, SplitBlade needs two rotation points. This two po ints are de�ned by two
coordinates, one on the x axis and one on the theta axis. One point is located on the
tip wall while the other is on the hub wall. Thanks to this rota tion axis, the variable
�ap can moves to a �xed angle. There are 4 free parameters to de �nes the rotation axis.
Taking all free parameters, there are 22.
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Figure 4.3: Explanation of the free parameters

4.1.3 Initial member

The basis geometry has the same envelope of the reference member in �gure 1.5. Con-
cerning the gap parameters, they are listed in table 4.2 and 4.3.

Variable �ap
Hub Middle Tip

dgapHS 0.013 0.0156 0.0182
dgapHD 0.01 0.012 0.014
dgapHC 0.004 0.0048 0.0056

Fixed strut
Hub Middle Tip

dgapV S -0.01 -0.01 -0.01
dgapV D 0.002 0.002 0.002
dgapV C 0.00 0.00 0.00

Table 4.2: Gap parameters linking with the �xed strut and the variable �ap

However, a problem is appeared with duct of the compressor. F or the �rst operating
point, the mass �ow used as boundary conditions were too high . The duct could not
support a such mass �ow and the CFD calculations did not conve rge. A new duct has
been designed to solve this problem. The area of the duct has been increased. It is
supposed to reduce the choke phenomenon and allow a higher ma ss �ow rate. The
comparison between the geometry of the old and new duct is sho wn in �gure 4.4.
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Transformation HUB TIP

RotAx x 0.29 0.17
RotAx theta -0.4 -0.3

Table 4.3: Gap parameters linking with the rotation axis

Figure 4.4: Duct modi�cation

4.2 Calculations and results

4.2.1 Calculations setting

The setting of the axial gap optimization is in tables 4.4, 4. 5 and 4.6.

The free parameters are arranged in three categories. Thereare the free parameters of
the �xed strut, the variable �ap and the free parameters link ing to the rotation axis.
The value at the column « Initial Value » is the value of the ini tial member. The values
at the column « Minimal Value » and at the column « Maximal Valu e » corresponds to
the lower and the upper limit of the range. The free parameter s can only take a value

Parameters Minimal Value Initial Value Maximal Value

dgapHS 1 0.0005 0.013 0.02
dgapHS 2 0.0005 0.0156 0.02
dgapHS 3 0.0005 0.0182 0.02
dgapHD 1 0.0005 0.01 0.02
dgapHD 2 0.0005 0.012 0.02
dgapHD 3 0.0005 0.014 0.02
dgapHC 1 0.0005 0.004 0.02
dgapHC 2 0.0005 0.0048 0.02
dgapHC 3 0.0005 0.0056 0.02

Table 4.4: Optimization 1 - Free parameters of SplitBlade - Variable �ap
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Parameters Minimal Value Initial Value Maximal Value

dgapV S1 -0.015 -0.01 0.015
dgapV S2 -0.015 -0.01 0.015
dgapV S3 -0.015 -0.01 0.015
dgapV D1 -0.015 0.002 0.015
dgapV D2 -0.015 0.002 0.015
dgapV D3 -0.015 0.002 0.015
dgapV C1 -0.015 0.00 0.015
dgapV C2 -0.015 0.00 0.015
dgapV C3 -0.015 0.00 0.015

Table 4.5: Optimization 1 - Free parameters of SplitBlade - Fixed strut

Parameters Minimal Value Initial Value Maximal Value

RotAx xHUB 0.25 0.29 0.4
RotAx xT IP 0.15 0.17 0.35

RotAx theta HUB -2.0 -0.4 1.0
RotAx theta T IP -2.0 -0.3 1.0

Table 4.6: Optimization 1 - Free parameters of SplitBlade - Rotation axis and VIGV angles

in the range of variation given.

In this optimization, there are two �tness functions. It cor responds to the total pressure
loss coef�cient of the �rst operating point. The second �tne ss function is the average
of two total pressure loss coef�cient of the two other operat ing points. For the axial
gap optimization, there are no constraints.

During the optimization, checking points are implemented i n all software in the pro-
cess chain. The checking messages delivered give information on which step the mem-
ber fails. The checking messages are listed on table 4.7.

01 GetFlowParams OP3
02 POST OP3
03 TRACE OP3
04 GetFlowParamsOP2
05 POST OP2

06 TRACE OP2
07 GetFlowParams OP1
08 POST OP1
09 TRACE OP1
10 GMC Split OP3

11 GMC OP3
12 GMC Split OP2
13 GMC OP2
14 GMC Split OP1
15 GMC OP1

16 Centaur OP3
17 Centaur OP2
18 Centaur OP1
19 gta OP3
20 gta OP2

21 gta OP1

22 SplitBlade OP3
23 SplitBlade OP2
24 SplitBlade OP1

Table 4.7: List of the checking messages
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4.2.2 Optimization monitoring

The success rate of optimization 1 has been plotted in �gure 4 .5.

Figure 4.5: Success rate of the axial gap optimization

The success members are given in table 4.8 with the unsuccessmembers in function of
their checking messages.

Success members rate 4.08%
Unsuccess members rate 95.92%

TRACE
OP3 0.16%
OP2 0.40%
OP1 7.36%

Centaur
OP3 0.70%
OP2 1.12%
OP1 5.60%

GTA
OP3 2.35%
OP2 28.17%
OP1 50.06%

Table 4.8: Percentage of the success and unsuccess members

Globally, the optimization has a low success rate. It is abou t 4%. Most unsuccess
members are linked with GTA but also with SplitBlade. There i s no collision check in
SplitBlade and it is GTA which marks the errors due to a collis ions. For this reason,
GTA OP1 contains half of unsuccess members. A check will be implemented in Split-
Blade for the next optimization. If there is an errors in Spli tBlade, it can be spotted
directly in SplitBlade and not in GTA.

The cumulative area gain has been plotted in �gure 4.6. The cu mulative area gain still
increases. To have better results, the optimization should continue but it had been
stopped due to its low success rate.

4.2.3 Results of axial gap optimization

During the check of the results, the disposition of the resul ts were very original for an
optimization. Instead to have a regular Pareto front, the Pa reto front of this optimiza-
tion is not continuous. In the �gure 4.7, two groups of member s appear.
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Figure 4.6: Cumulative area gain of optimization 1
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Figure 4.7: Database of optimization 1 with two groups of optimized members

The two groups are separated with the �tness function 1. Most of group 1 members
have a �tness function 1 lower than 0.114 and most of group 2 me mbers have a �tness
function 1 higher than 0.118. Moreover, the reference member is also plotted in blue.
The reference member has a better �tness function 2 than the members of optimization
2. It is not the case for the �tness function 1. The group 1 owns members which are
better than the reference member in terms of �tness function 1. To further analyze the
two groups, two geometries have been picked. they are presented on �gure 4.8.

In �gure 4.8, the geometries are represented in three differ ent cuts: 90% of the VIGV
height, 50% and 10%. Each cut describe the position of the VIGV �ap for the three
operating points. The members picked in each group have a sim ilar geometry shape as
the other members in their respective groups. The global rem ark is that the geometries
have an axial gap at the suction side less large than at the pressure side. For the group
1 member, the axial gap at the 90% cut is smaller than the gap of group 2 member.
Moreover, the �ap's leading edge of group 1 member is concave . It is not the case of
the �ap's leading edge of group 2 member which is convex. For t he 50% cut, no major
differences are to notice. For the 10% cut, the geometry of the group 1 member has
a larger gap than the other geometry. It is due to the stronger curvature of its strut's
trailing edge than the group 2 member.

A comparison between the radial parameters of group 1 and gro up 2 member is made
in �gure 4.9. There is also the VIGV without axial gap alias th e reference member. It
allows to view the effect of the axial gap on the radial parame ters. The Mach number
and the �ow angle are measured on the outlet of the VIGV and for the three operating
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Figure 4.8: Geometries of one member in group 1 (at left) and in group 2 (atright)

points. The curves of the group 1 and 2 member are sometime very irregular. This
phenomenon is due to the unstructured mesh used for the VIGV. This variations in the
radial parameters has no physically existence, only numeri cal. Regarding the results
globally, the behavior of each radial parameter is very simi lar for the three cases. The
�ow angle has the same behavior for the three members except n ear the hub wall. The
hypothesis is that the axial gap has a in�uence on the end wall �ow and increases
the �ow angle in this area. The second remark to notice is for t he total pressure loss
coef�cient results. For the �rst operating point, the curve s follows the same behavior.
It is not the case for the OP2 and OP3. The total pressure losses are higher for the
members with an axial gap at the top half part but lower at the b ottom half part than
the reference member.

OP1 OP2 OP3
Member 1 ! 0.0742 0.1221 0.2179
Member 2 ! 0.0838 0.1227 0.2036

Reference member! 0.0751 0.0911 0.1832

Table 4.9: Table of total pressure loss coef�cient! between the group 1, group 2 member and the reference
member

The table 4.9 presents the values of the total pressure loss coef�cients ! of member 1,
member 2 and the member without axial gap. They are also de�ne d in function of the
operating point. The member 1 has the best ! for OP1 but the member without gap
has the best! for the two other operating points. The ! of member 1 and member 2
for OP2 are close but for OP3, the member 2! is better than the one of member 1.
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Figure 4.9: Radial parameters of group 1 and group 2 member for the three operating points
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The behavior of the �ow will be described in this part (the �gu res are in appendix)

• At 90% height cut for the OP1: In �gure 6.1, the optimization tries to eliminate
the axial gap for the group 1 member. The geometry of the group 2 member
is more conventional for a VIGV. This difference in the geome try creates two
distinct �ow behavior. For the group 1 member, a �ow comes fro m the pressure
side and go across the gap to the suction side without vortex. For the group 2
member, the gap width is higher. The �ow crossing the gap has m ore place to
generate vortex.

• At 90% height cut for the OP2 and OP3: In comparison to OP1 at 90% height
cut, similar behavior can be seen at the same cut for OP2 (�gur e 6.5) and OP3
(�gure 6.9). For OP2, the gap of group 1 member is reduced at it s middle. The
gap �ow can just reenter the �ow on the suction side. For the gr oup 2 member,
the con�guration of the �ap creates a step on the suction side . This obstacle
disturbs the �ow and increases the Mach number locally. Focu sing on the gap,
two vortices develop in the gap cavity. The same remarks can b e made for OP3.
The real difference is for the group 2 member. There is only on e vortex in its
vortex cavity.

• At 50% height cut : In �gures 6.2, 6.6 and 6.10, the geometries of the two groups
are very similar. It can be notice that the gap width of the gro up 2 member is
larger than the group 1 member at the suction side. Neverthel ess, the effect of
this difference of width is weak.

• At 10% height cut : In �gures 6.3, 6.7 and 6.11, for the three operating points, a
�ow seems to come from the gap part in contact with the �xed str ut of the VIGV.
Regarding OP1, this �ow generates vortex in the gap cavity. F or OP2 and OP3,
the �ow goes to the suction side. To explain this phenomenon, it is necessary to
look the �ow in three dimensions.

• Streamlines: In �gures 6.4, 6.8 and 6.12, the streamlines have been plotted in
function of the operating points and the cuts (90%, 50% and 10%). A secondary
�ow is observed in the axial gap. It begins at the tip of the axi al gap and goes
to the hub of the VIGV. The secondary �ow is weaker for the grou p 1 member
than the group 2 member. It is due to the narrow gap at the tip of the geometry 1.
The �ow has a limited access to the gap cavity. This weaker secondary �ow may
explain the lower total pressure loss coef�cient for the gro up 1 member for OP1
comparing with the reference member. However, this seconda ry �ow can be the
origin of a higher total pressure loss coef�cient for OP2 and OP3.

The optimization 1 has given two types of geometries. In comp arison to the reference
member, the two groups offer members with higher �tness func tion 2. However, the
group 1 has better members in terms of �tness function 1. It me ans that for OP1, a
reduction of the total pressure losses is possible in spite of the presence of the axial
gap. For OP2 and OP3, the axial gap generates more losses thana VIGV without an
axial gap.
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4.3 Additional study: the radial gap

In the reality, the variable �ap of a VIGV is partially attach ed on the tip and hub wall.
In fact, the �ap is linking to a rotation plate at its front par t. This plate rotates and
gives the wanted angle to the �ap. In the numerical model used in this study, the
variable �ap is �xed all along its length on the tip and hub wal l. In this additional
study, the effect of the radial gap on the �ow and the performa nce will be observed.
The con�guration of the radial gap is shown on �gure 4.10.

Figure 4.10: Radial gap construction

The study of the radial gap have been conducted on the two grou ps of the optimization
1. The results are presented on �gure 4.11 and 4.12.

Globally, the behavior of the �ow parameters is the same. The radial gap has an in-
�uence on the relative �ow angle. The members with a radial ga p have a lower �ow
angle at hub wall and at tip wall. However, the in�uence of the radial gap is weak
on the global �ow. For this reason, the radial gap will not be i mplemented in the next
optimization.
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Figure 4.11: Radial parameters of group 1 member with and without radial gap in function of the three
operating points
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Figure 4.12: Radial parameters of group 2 member with and without radial gap in function of the three
operating points



5 Optimization of the whole VIGV

5.1 Setup of the optimization

5.1.1 Objective and restrictions

This optimization is conducted on the axial gap and on the env elope of the VIGV. The
objective is the same as in the axial gap optimization: Reduce the total pressure loss
coef�cients. The �tness functions used are the same. In addi tion to the reduction of
the total pressure losses, the de�ection is also checked. 7 constraints concerning the
de�ection are added and they are based on out�ow angle. 5 cons traints concerning
OP1 are implemented at �ve cuts in function of the height of th e VIGV (10%, 30%,
50%, 70% and 90%). The two other constraints are located at the 50% VIGV height cut
for OP2 and OP3.

5.1.2 Process chain

The process chain has an additional software than the previo us optimization: Blade-
Generator. This software allows to change the design of the envelope. The process
chain is shown in �gure 5.1.

Figure 5.1: Process chain of the whole VIGV optimization

33
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5.1.3 Free parameters

5.1.3.1 VIGV envelope

With the addition of BladeGenerator, 66 other free paramete rs are set. They are divided
in three sections: angles and radii (18 free parameters), control points of the suction
side (24 free parameters) and control points of the pressure side (24 parameters). The
free parameters are represented in �gure 5.2.

Figure 5.2: Blade pro�le with the free parameters of BladeGenerator

The free parameters of the section angles and radii are given in table 5.1.

Angles and radii

� LE HUB � LE MID � LE T IP

� T E HUB � T E MID � T E T IP

rLE HUB rLE MID rLE T IP

AtoB LE HUB AtoB LE MID AtoB LE T IP

rT E HUB rT E MID rT E T IP

Restag2HUB Restag2MID Restag2T IP

Table 5.1: Free parameters of BladeGenerator in the section angles and radii

BladeGenerator constructs the blade with three cuts. Hub, M id and Tip written af-
ter the parameters give an information of the cut where the pa rameters are de�ned.
Restag2 is the stagger angle (compared to axial).

The free parameters of the section control points of the suction and pressure side are
given in table 5.2.
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Fixed strut

Cut 1 HS1 HD1 HC1
Cut 2 HS2 HD2 HC2
Cut 3 HS3 HD3 HC3

Variable �ap

Cut 1 VS1 VD1 VC1
Cut 2 VS2 VD2 VC2
Cut 3 VS3 VD3 VC3

Table 5.3: Free parameters of SplitBlade in the section �xed strut and variable �ap

Tranformation

RotAx xHUB RotAngleOP 2

RotAx theta RotAngleOP 3

Table 5.4: Free parameters of SplitBlade in the section transformation

Control points suction side
x2SSHUB x2SSMID x2SST IP

x3SSHUB x3SSMID x3SST IP

y3SSHUB y3SSMID y3SST IP

x4SSHUB x4SSMID x4SST IP

y4SSHUB y4SSMID y4SST IP

x5SSHUB x5SSMID x5SST IP

y5SSHUB y5SSMID y5SST IP

x6SSHUB x6SSMID x6SST IP

Control points pressure side
m2DS HUB m2DS MID m2DS T IP

d2DS HUB d2DS MID d2DS T IP

m3DS HUB m3DS MID m3DS T IP

d3DS HUB d3DS MID d3DS T IP

m4DS HUB m4DS MID m4DS T IP

d4DS HUB d4DS MID d4DS T IP

m5DS HUB m5DS MID m5DS T IP

d5DS HUB d5DS MID d5DS T IP

Table 5.2: Free parameters of BladeGenerator in the section control points of the suction and pressure
side

5.1.3.2 Axial gap

The free parameters of SplitBlade have received few changesbut the free parameters
of the section strut and �ap stay the same. This parameters ar e listed in table 5.3.

Only the free parameters of the rotation axis have been modi� ed. The rotation angles
is also taken into account. This parameters are listed on table 5.4.

The goal is to obtain a rotation axis parallel to the axial gap . The RotAx theta is the same
for Hub and Tip. RotAx xHUB is optimized and RotAx xT IP is calculated by an other
program in function of RotAx xHUB . RotAx xHUB and RotAx xT IP have the same length
from the �xed strut. In this way, the rotation axis stays the s ame all along the VIGV
height. This concept is illustrated in �gure 5.3.

The rotation angles of OP2 and OP3 are not �xed anymore. This r otation angles are
added in the free parameters of SplitBlade. The variation of this angles allows to con-
trol better the de�ection on the VIGV. For the SplitBlade, th ere are 22 free parameters.

In total, for the optimization 2, there are 88 free parameter s. It is four times the number
of optimization 1.
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Figure 5.3: Rotation axis of optimization 2

5.2 Calculations and results

5.2.1 Optimization monitoring

For the initialization of the optimization, the con�gurati on of a member of the group 2
from optimization 1 has been taken. The modi�ed parameters o f SplitBlade have been
adapted for this member. The geometry of group 2 has been pick ed in function of its
aspect because it is more conventional than those of the group 1. Even if the members
of the group 1 have a better total pressure loss coef�cient of OP1, the con�guration
causes more problems for the meshing in Centaur than the members of group 2. The
initial con�guration is shown in tables 6.1, 6.2, 6.3, 6.4, 6 .5 and 6.6.

In spite of the change of SplitBlade parameters and the detection of collisions with
SplitBlade, the success rate of the optimization is low. The graphic representing the
errors of the optimization is shown in �gure 5.4.

The details of errors occurred during the calculations are g iven on table 5.5.

Success members rate 6.3%
Unsuccess members rate 93.7%

SplitBlade
OP3 22.7
OP2 38.1
OP1 11.5

TRACE
OP3 4.8%
OP2 2.2%
OP1 4.2%

Centaur
OP3 1.5%
OP2 2.5%
OP1 1%

GTA
OP3 0.1%
OP2 0.1%
OP1 5%

Table 5.5: Percentage of the success and unsuccess members in optimization 2

The �rst observation is that the success rate is low (6.3%). A large majority of the errors
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Figure 5.4: Success rate of optimization 2

is located in the SplitBlade process, particularly in OP2 an d OP3. It means that between
the rotation of OP1 to OP2 and OP2 to OP3, the collisions between the strut and the
�ap are frequent.

In �gure 5.5, the cumulative area gain of the optimization 2 i ncreases signi�cantly from
6500 members. The cumulative is stable between 8000 and 13000 members. It continue
to increase after 13000 members. It means that the members can improve if the opti-
mization 2 continues. The problem is that the optimization s pends lot of time to obtain
a success member. It is due to its low success rate.

5.2.2 Results of the optimization

The database and the Pareto front of the optimization 2 are represented in �gure 5.6.
They are plotted in function of the �tness function 1 and 2. On ly one groups of ge-
ometries can be distinguished. Due to low success rate, the optimization have been
stopped before its Pareto front were well established. For t his reason, several members
seems to be better that the Pareto front's members. This members are better in term of
�tness function but they don't respect the de�ection constr aints.

A member of optimization 2 has been selected and it is compared to the members of
optimization 1 and the reference member on table 5.6.

OP1 OP2 OP3
Opti 2 member ! 0.0753 0.1119 0.1909
Opti 1 group1 ! 0.0742 0.1221 0.2179
Opti 1 group 2 ! 0.0838 0.1227 0.2036

Reference member! 0.0751 0.0911 0.1832

Table 5.6: Table of total pressure loss coef�cient! between the opti 2 member, opti 1 group 1 and group
2 and the reference member

For the total pressure loss coef�cient of OP1, the opti 2 memb er has a higher ! than
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Figure 5.5: Cumulative area gain of optimization 2
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Figure 5.6: Database of optimization 2

the opti 1 group 1 member. Nevertheless, it has a better ! than the opti 1 group 2
member which is the basis of optimization 2. For the two other operating points, opti
2 member has higher ! than the reference member but it is the same observation with
the members of optimization 1. For OP1, only the group 1 membe r of optimization
1 has a better ! than the reference member. However, the reference member has an
advantage on the members of the two optimizations because it has no axial gap. The
presence of an axial gap is the source of more total pressure losses for OP2 and OP3
and less for OP1.

In �gure 5.7, the geometries of the two optimization and the r eference member are plot-
ted. The geometries are represented in function of the VIGV h eight (90% at top, 50% at
mid and 10% at bottom). The three positions of the variable �a p are also represented in
function of operating points. The opti 2 member is at left. Th e opti 1 member is at mid-
dle and the reference member is at right. The member selectedfor the optimization 1 is
that one of the group 2. The parameters of this member are used for the initialization of
the optimization 2. The global observation is that the optim ization searches to reduce
the axial gap on the suction side of the VIGV. It means that the presence of a axial gap
on the suction side increases the total pressure losses but the effect of the axial gap is
less signi�cant on the pressure side. To remind, the optimiz ation 1 member has the
same envelop as the reference member. At the 90% height cut, the step created by the
rotation of the �ap is smaller for the opti 2 member than the op ti 1 member. At 50 %
height cut, the space between the �xed strut and the variable �ap is wider for the opti
1 member than the opti 2 member. At 10 % height cut, the strut of the opti 1 member
has a form like peak on the pressure side. This con�guration i s not visible on the opti
2 member.
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Figure 5.7: Geometries of the Opti 2 Member (at left), Opti 1 Member (at middle) and the Reference
Member (at right)

In �gure 5.8, the radial parameters of opti 2 member, opti 1 me mber and the reference
member are studied in function of the three operating points . the radial parameters are
the Mach number, the �ow angle and the total pressure loss coe f�cient. The geometry
of opti 2 member has a in�uence on the Mach number. The opti 2 me mber has the
lowest Mach number. The behavior of the �ow angle is differen t for the opti 2 member
in comparison to the opti 1 member and the reference member. This difference can
be explained by the setting of constrains in the optimizatio n 2. The constraints of the
optimization 2 are linked with the �ow angle of the three oper ating points. They are
checked in �ve points of measure for OP1 and in one point for OP 2 and OP3. In the
optimization 1, there were no �ow angle constraints and for t he reference member,
the constrains were checked just in one point of measure for each operating points.
A more important check of the �ow angle in the optimization 2 g ives different �ow
angle behavior as the opti 1 member and the reference member. For OP1, the total
pressure loss coef�cients of the two optimization members a re very closed of the one
of the reference member. For OP2 and OP3, at the top half part, the ! of the reference
member is the lowest. For OP3 only, at bottom half part, the ! of the reference member
is the highest.

The pro�le of the opti 2 member have been analyzed globally. T he next study is about
the �ow behavior on the VIGV for the different operating poin ts.

• At 90% height cut for the OP1: In �gure 6.13, the pro�le of the opti 2 member
and the opti 1 member are represented with their OP1 position and at 90% height
cut. The pro�les are globally similar. The difference is mor e at the axial gap. The
curvature of the opti 1 member strut is more bended but the �ap of the opti 2
member is more �at.

• At 90% height cut for the OP2 and OP3: In �gures 6.17 and 6.21, at the same
cut but with different operating point, a step forms thanks o f the rotation of the
variable �ap. This step modi�es the �ow on the VIGV and the axi al gap. The
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Figure 5.8: Radial parameters of optimization 2 for the three operatingpoints
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axial gap is smaller in the case of opti 2 member and the generated vortex are
lower. For OP2, the gap of opti 1 member generates two main vor tex instead of
one for opti 2 member. For OP3, the vortex generated by the axial gap of opti 2
member is less important than the one of opti 1 member.

• At 50% height cut: In �gures 6.14, 6.18 and 6.22, the pro�les are represented at
the 50% height cut and in function of the operating points. Th e shape of the opti
2 member is more asymmetric than the strut of opti 1 member. Th e �ap in contact
with the axial gap is smoother for the opti 2 member. In genera l, the axial gap is
thinner for the opti 2 member.

• At 10% height cut: In �gures 6.15, 6.19 and 6.23, the pro�les are represented at
the 10% height cut. The variable �ap is �atter for the opti 2 me mber. With this
particularity, the axial gap of the opti 2 member looks like a channel for OP2 and
OP3. Only a �ow goes through the axial gap from the pressure si de to suction
side. In contrast to the opti 2 member, the axial gap of opti 1 m ember looks like
more than a cavity.

• Streamlines: In �gures 6.16, 6.20 and 6.24, in the axial gap, a secondary �ow is
formed. It comes from the tip of VIGV and go to the hub. This �ow is �ner for
the opti 2 member. The streamlines of this secondary �ow stay more in the axial
gap for the opti 2 member.

For the optimization 2, the problem of the success rate is still there. The success are
low (6.3%). The results are not better than reference member. However, the ! of OP1
is better for the opti 2 member than the group 1 one member of op timization 1. Taking
too the results of the �rst optimization, for OP2 and OP3, the model of VIGV with an
axial gap generates more total pressure losses than a model without axial gap.

5.3 Additional study: the moved �ap

On the members of optimization 1 and 2 on �gure 5.7, it can be ob served that the
pro�les of 90% cut makes a step. At �rst, this step disturbs th e �ow de�ecting its path.
This phenomenon may cause losses. The aim of this additional study is to move the
�ap of the pro�le of optimization 2 to delete this step. The pe rformances of the new
pro�le will be compared with the pro�le of optimization 2. Th e pro�les with a moved
�ap is compared with the pro�les of optimization 2 on �gure 5. 9.

The pro�les with a moved �ap have no step on the 90% cut. Moreov er, for the other
cuts, the variable �ap have been arranged in one way to reduce the axial gap on the
suction side. This �ap arrangement does not create also a step which can disturb the
�ow. This modi�cations have been made only for OP2 and OP3 bec ause the step does
not appear on the blade pro�le of OP1. The ! of member of optimization 2 and the
member with a moved �ap are shown on table 5.7.

For OP1, the total pressure loss coef�cient is the same for the two members because the
pro�les are the same. For the two other ! , opti 2 member stays the best member. The
member with a moved �ap has been not optimized. Calculations have been conducted
on the member with a moved �ap and the results are shown in �gur e 5.10.
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Figure 5.9: Pro�les of optimization 2 (at left) and pro�les with a moved �ap(at right)

OP1 OP2 OP3
Opti 2 Member ! 0.0753 0.1119 0.1909

Moved �ap member ! 0.0753 0.1159 0.1921

Table 5.7: Table of total pressure loss coef�cient! between the opti 2 member and moved �ap member

The radial parameters are plotted in function of the operati ng points (OP2 and OP3)
and the members : the member of the optimization 2 (original) and the same member
but with an moved �ap. The radial parameters checked are the M ach number, the
relative �ow angle and the total pressure loss coef�cient an d they are measured in
outlet of the VIGV. The con�guration of the member with a move d �ap reduces the
value of the Mach number for OP2 and OP3. It is the same observation for the �ow
angle. The �ow angle of the member with a moved �ap has a lower v alue on the
middle of the �ow but its �ow angle is higher at hub wall. For th e total pressure loss
coef�cient, the member with the moved �ap has a better ! at the tip of the VIGV but
its ! is higher at the hub. With this results, its can be deduced tha t the absence of a
step at the tip of the VIGV reduces the total pressure losses at the tip. However, at the
hub wall, the ! increases. The gap at 10% height cut has been reduced for the moved
�ap member. This modi�cation can explain the increasing of ! near the hub wall. The
more ef�cient con�guration would be to delete the step at 90% height cut and to keep
the same airfoils at 50% and 10% height cuts.
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Figure 5.10: Radial parameters of the member of optimization 2 (original) and the member with a moved
�ap



6 Conclusion

A VIGV is a compressor part which allows to keep the correct de �ection to the follow-
ing rotor and therefore, to reduce the losses. In the continu ation of the previous study
[6], the purpose of this project was to design a VIGV in order t o reduce the total pres-
sure losses and to respect the given out�ow angles for the de� ection. The VIGV had
been studied with three operating points: OP1, OP2 and OP3. The optimization used
the software AutoOpti. Their process chain was composed of 6 softwares.

For the �rst optimization, the main part to optimize were the axial gap. The envelop
of the VIGV is the envelop taken from the previous study. In th e processchain, Blage-
Generator was not taken into account because the global shape of the VIGV stayed
the same. For the optimization, there were 22 free parameters. The objective of this
optimization were only focused on the total pressure loss co ef�cients. The �rst �tness
function were de�ned in function of the total pressure loss c oef�cient of the �rst op-
erating point and the second in function of the average of the ! of OP2 and OP3. A
low success rate (4%) slowed down the optimization. Most err ors occurred due to the
collision during the creation of the axial gap in OP1 or durin g the rotation of the �ap
for OP2 and OP3. For the results, the database revealed two groups of geometries. In
comparison to the reference member, the two groups had a lowe r �tness function 2
than the reference member. The group 1 had a better �tness fun ction 1 than the refer-
ence member. However, the geometries of the group 1 were unconventional because
the axial gap was very reduced at the tip wall.

For the second optimization, the axial gap and the envelop of the VIGV were opti-
mized. BladeGenerator had been integrated in the process chain. The number of free
parameters for this optimization was 88. Its is three time mo re than the �rst optimiza-
tion. The objectives were the same as the �rst optimization i n term of total pressure
losses but seven constrains about the �ow angle had been set to control the de�ec-
tion. The initialization had been based on the group 2 of opti mization 1. Even if the
group 1 had a better �tness function 1, many problems of conve rgence had occurred
taking its parameter for initialization. The success rate w as also low (6%). The results
of the optimization were more conventional because the Pare to front were continue.
The members of optimization 2 had a lower Mach number than tho se of optimization
1. The �ow angle was also different due to the constraints on t his parameter.

To conclude on the two optimizations, the optimized members have higher total pres-
sure losses than the reference member for OP2 and OP3. However, it was possible
to obtain improvement for the ! of OP1: the total pressure loss coef�cient of group 1
member of optimization 1 is lower than the reference member. It means that the axial
gap has more important effect on the VIGV for OP2 and OP3 than f or OP1. It is more
dif�cult to create, for this operating points, a VIGV with an axial gap better than the
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reference member. An other observation can be made. For the two optimizations, the
process tries to reduce the axial gap on the suction side of the VIGV.

In addition, the study with the moved �ap revealed that the pr esence of a step at the
hub of the VIGV has a negative effect on ! . However, to have a correct result, only the
top of the VIGV has to be change.

6.1 Outlook

A optimization based on the group 1 of optimization 1 would be relevant. Indeed, this
optimization could be compared with the optimization 2 whic h is based on the group 2
of optimization 1. The �rst group of optimization 1 has alrea dy a better �tness function
1 than the reference member. A optimization based on it would �nd a member with
better �tness functions than the reference member.

An other path of study would be about the secondary �ows. In th is study, the sec-
ondary �ow in the axial gap have been just shown. Understandi ng the in�uence of
this �ow on the main �ow can help to reduce the losses or to keep stable the de�ection.
For example a new axial gap design could be realized to minimi ze or maximize the
secondary �ow.

This project would be not complete if the VIGV is used alone. T he �nal step of this
project is to use this VIGV in the 2.5 stage low compressor and to study the behavior
of the global system.
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Appendix

Figure 6.1: Mach distribution and �ow behavior of group 1 member (two top pictures) and group 2 (two
bottom pictures) at 90% height cut for OP1
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Figure 6.2: Mach distribution and �ow behavior of group 1 member (two top pictures) and group 2 (two
bottom pictures) at 50% height cut for OP1

Figure 6.3: Mach distribution and �ow behavior of group 1 member (two top pictures) and group 2 (two
bottom pictures) at 10% height cut for OP1

Figure 6.4: Streamlines and the three cuts (tip, middle and hub) of group 1member (top picture) and
group 2 (bottom picture) for OP1
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Figure 6.5: Mach distribution and �ow behavior of group 1 member (two top pictures) and group 2 (two
bottom pictures) at 90% height cut for OP2

Figure 6.6: Mach distribution and �ow behavior of group 1 member (two top pictures) and group 2 (two
bottom pictures) at 50% height cut for OP2

Figure 6.7: Mach distribution and �ow behavior of group 1 member (two top pictures) and group 2 (two
bottom pictures) at 10% height cut for OP2
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Figure 6.8: Streamlines and the three cuts (tip, middle and hub) of group 1member (top picture) and
group 2 (bottom picture) for OP2

Figure 6.9: Mach distribution and �ow behavior of group 1 member (two top pictures) and group 2 (two
bottom pictures) at 90% height cut for OP3

Figure 6.10: Mach distribution and �ow behavior of group 1 member (two top pictures) and group 2
(two bottom pictures) at 50% height cut for OP3
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Figure 6.11: Mach distribution and �ow behavior of group 1 member (two top pictures) and group 2
(two bottom pictures) at 10% height cut for OP3

Figure 6.12: Streamlines and the three cuts (tip, middle and hub) of group 1member (top picture) and
group 2 (bottom picture) for OP3

Figure 6.13: Mach distribution and �ow behavior of Opti 1 member (two top pictures) and Opti 2
member (two bottom pictures) at 90% height cut for OP1
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Parameters Minimal Value Initial Value Maxiamal Value

� LE HUB 100 109.9266035758 120
� LE MID 95 107.3481030676 115
� LE T IP 95 105.2314501313 115
� T E HUB 64 69.2186637027 75
� T E MID 55 60.059283786 70
� T E T IP 60 62.3028008221 70
rLE HUB 0.0038 0.003872 0.005
rLE MID 0.0040 0.004058560111 0.005
rLE T IP 0.005 0.005516152931 0.006

AtoB LE HUB 1 1.57558304977 2.5
AtoB LE MID 1 2.06041877217 2.5
AtoB LE T IP 1 2.18969098209 2.5

rT E HUB 0.00085 0.000851528922 0.001
rT E MID 0.00085 0.000858784247 0.001
rT E T IP 0.0009 0.000991181002 0.0011

Restag2HUB -5 3.67658269508 10
Restag2MID -10 -3.99205571743 5
Restag2T IP -15 -8.39643987733 0

Table 6.1: Optimization 2 - Free Parameters of BladeGenerator - Anglesand Radii

Figure 6.14: Mach distribution and �ow behavior of Opti 1 member (two top pictures) and Opti 2
member (two bottom pictures) at 50% height cut for OP1
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Parameters Minimal Value Initial Value Maxiamal Value
x2SSHUB 0.05 0.05758330917 0.15
x2SSMID 0.05 0.09882560347 0.20
x2SST IP 0.05 0.08176662739 0.20
x3SSHUB 0.15 0.1725255974 0.4
x3SSMID 0.2 0.36397747321 0.4
x3SST IP 0.2 0.33356294042 0.4
y3SSHUB 0.02 0.05179873059 0.15
y3SSMID 0.02 0.07410929508 0.15
y3SST IP 0.02 0.09570124699 0.15
x4SSHUB 0.4 0.45204428913 0.6
x4SSMID 0.4 0.40724486691 0.6
x4SST IP 0.4 0.55317315918 0.6
y4SSHUB 0.02 0.06071610687 0.12
y4SSMID 0.02 0.0762517148 0.12
y4SST IP 0.02 0.07817321324 0.12
x5SSHUB 0.6 0.63446065264 0.85
x5SSMID 0.6 0.70472352656 0.85
x5SST IP 0.6 0.78901740206 0.85
y4SSHUB 0.02 0.06055603634 0.12
y4SSMID 0.02 0.06532053428 0.12
y4SST IP 0.02 0.05509933208 0.12
x6SSHUB 0.85 0.93677838111 0.95
x6SSMID 0.85 0.9382058319 0.95
x6SST IP 0.85 0.94774369369 0.95

Table 6.2: Optimization 2 - Free Parameters of BladeGenerator - SuctionSide

Figure 6.15: Mach distribution and �ow behavior of Opti 1 member (two top pictures) and Opti 2
member (two bottom pictures) at 10% height cut for OP1
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Parameters Minimal Value Initial Value Maxiamal Value

m2DS HUB 0.05 0.12285583334 0.3
m2DS MID 0.05 0.16549540458 0.3
m2DS T IP 0.05 0.22540912304 0.3
d2DS HUB 0.5 1.47810521801 2.0
d2DS MID 0.5 1.31315879647 2.0
d2DS T IP 0.5 1.45893091386 2.0

m3DS HUB 0.3 0.43788214667 0.5
m3DS MID 0.3 0.38626883563 0.5
m3DS T IP 0.3 0.4058849287 0.5
d3DS HUB 0.2 1.02590935351 1.5
d3DS MID 0.2 1.19093997259 1.5
d3DS T IP 0.2 0.85869768846 1.5

m4DS HUB 0.5 0.56094464776 0.7
m4DS MID 0.5 0.53121067374 0.7
m4DS T IP 0.5 0.57009297405 0.7
d4DS HUB 0.2 0.63804337976 1.5
d4DS MID 0.2 0.71291951508 1.5
d4DS T IP 0.2 0.63203856908 1.5

m5DS HUB 0.7 0.93902014463 0.95
m5DS MID 0.7 0.78128528539 0.95
m5DS T IP 0.7 0.79121935322 0.95
d5DS HUB 0.2 0.61910493982 1.5
d5DS MID 0.2 0.30397715364 1.5
d5DS T IP 0.2 0.31266855978 1.5

Table 6.3: Optimization 2 - Free Parameters of BladeGenerator - Pressure Side

Parameters Minimal Value Initial Value Maxiamal Value

dgapHS 1 0.0026 0.0026 0.02
dgapHS 2 0.0015 0.0192 0.03
dgapHS 3 0.0015 0.0038 0.02
dgapHD 1 0.0015 0.0195 0.03
dgapHD 2 0.0015 0.0083 0.02
dgapHD 3 0.0015 0.0166 0.02
dgapHC 1 0.0015 0.0126 0.02
dgapHC 2 0.0015 0.0066 0.02
dgapHC 3 0.0015 0.0081 0.02

Table 6.4: Optimization 2 - Free Parameters of SplitBlade - Variable Flap
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Parameters Minimal Value Initial Value Maxiamal Value

dgapV S1 -0.015 -0.0100 0.015
dgapV S2 -0.015 -0.0054 0.015
dgapV S3 -0.015 -0.0051 0.015
dgapV D1 -0.015 0.0053 0.015
dgapV D2 -0.015 0.0049 0.015
dgapV D3 -0.015 0.0004 0.015
dgapV C1 -0.015 0.0061 0.015
dgapV C2 -0.015 0.0055 0.015
dgapV C3 -0.015 0.0068 0.015

Table 6.5: Optimization 2 - Free Parameters of SplitBlade - Fixed Strut

Parameters Minimal Value Initial Value Maxiamal Value

RotAx xHUB 0.25 0.29 0.3825
RotAx theta -2.0 0 1.0

RotAngleOP 2 -32.0 -28.31 -24.0
RotAngleOP 3 -42.0 -40.017 -36.0

Table 6.6: Optimization 2 - Free Parameters of SplitBlade - Rotation Axis and VIGV Angles

Figure 6.16: Streamlines and the three cuts (tip, middle and hub) of Opti 1 member (top picture) and
Opti 2 member (bottom picture) for OP1
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Figure 6.17: Mach distribution and �ow behavior of Opti 1 member (two top pictures) and Opti 2
member (two bottom pictures) at 90% height cut for OP2

Figure 6.18: Mach distribution and �ow behavior of Opti 1 member (two top pictures) and Opti 2
member (two bottom pictures) at 50% height cut for OP2

Figure 6.19: Mach distribution and �ow behavior of Opti 1 member (two top pictures) and Opti 2
member (two bottom pictures) at 10% height cut for OP2
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Figure 6.20: Streamlines and the three cuts (tip, middle and hub) of Opti 1 member (top picture) and
Opti 2 member (bottom picture) for OP2

Figure 6.21: Mach distribution and �ow behavior of Opti 1 member (two top pictures) and Opti 2
member (two bottom pictures) at 90% height cut for OP3

Figure 6.22: Mach distribution and �ow behavior of Opti 1 member (two top pictures) and Opti 2
member (two bottom pictures) at 50% height cut for OP3
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Figure 6.23: Mach distribution and �ow behavior of Opti 1 member (two top pictures) and Opti 2
member (two bottom pictures) at 10% height cut for OP3

Figure 6.24: Streamlines and the three cuts (tip, middle and hub) of Opti 1 member (top picture) and
Opti 2 member (bottom picture) for OP3


