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ABSTRACT

Optimum Representation of the Blade Shape and the Design Variables in Inverse Blade Design

Shayesteh Mohammadbeigy

A flexible yet precise method for prescribing and modifying the blade shape and the inverse design
variables in two- (2D) and three-dimensional (3D) flow is presented. It is based on B-spline functions to
represent curves (in 2D) and surfaces (in 3D) and enables one to approximate an existing blade shape or to
specify target pressure distributions (or pressure loading). The notable characteristics of B-splines
including smoothness, flexibility and robustness have made them well-suited to accurately fit

both the design variables and the geometry.

The precision and stability of B-splines in representing the airfoil geometry has been
illustrated by interpolating generic and actual 2D airfoils. Care has been taken to enhance the
representation especially in high curvature areas, e.g. LE and TE, by the proper choice of B-
spline parameters. B-spline surface generation has been integrated in the extension of the present

2D inverse design into a fully three-dimensional inverse shape design.

On the other hand, a method based on B-splines has been developed for generating the
target pressure and loading distributions in both streamwise and spanwise directions. The method
provides the designer with sufficient local control on the target profile, it is easy to use in
generating smooth target pressure (or loading) curves and surfaces using a few input parameters

from the designer.

The developed technique is used to generate target pressure distributions or loading distribution for

redesigning a highly loaded transonic turbine vane, and the rotor of a subsonic compressor stage under

iii



different operating conditions using a previously developed 2D inverse shape design method that is
implemented into ANSYS-CFX where the unsteady Reynolds-Averaged WNavier-Stokes
equations are solved and the k — w turbulence model is used for all test cases. The airfoils
performance has been improved as a result of the target design variables meticulously tailored to

satisfy all the design intents.

v
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Chapter 1

1 Introduction

Today, Computational Fluid Dynamics (CFD) plays a major role in both analysis and design of
modern gas turbine engines. CFD tools are widely used to predict the complex flow phenomena
inside the engine components and to enhance their performance. Analysis methods have been
growing more rapidly than the design methods. Implementing design methods to improve the
performance of a turbomachinery blade as a part of the engine, has been an ongoing effort for a
long time. These design methods are mainly categorized in two classes; direct approaches such

as numerical optimization, and inverse design approaches.

In numerical optimization methods, a flow solver is coupled with an optimization
algorithm in order to minimize (or maximize) an objective function representing the desired
parameter(s) to be modified [1]. To elaborate, the designer evaluates the performance of a certain
geometry, and modifies it iteratively to reach a target objective. The required computational time
and memory to reach an optimized geometry is often very high according to the high number of
Navier-Stokes computations and/or geometry parameters. Therefore, this approach can be quite

expensive and inefficient [2].

Inverse design approach is an alternative to the direct approaches which is less expensive

in terms of computational memory and time. In this method, the designer deals with local flow



properties rather than the geometry. To elaborate, the required performance is prescribed in
terms of local flow properties such as pressure. Then, the corresponding geometry and flow field
which satisfy such a target performance are obtained simultaneously based on the inverse

methodology coupled with a CFD flow solver.

The present work builds on an inverse shape design method that has been previously
developed and implemented into a commercial CFD package namely, ANSYS-CFX. The main
focus of this study is to develop a tool for representing the design variables and tailoring them so
as to gain an improved performance. The same tool is also used to represent the airfoil (2D) or

the blade (3D).

1.1 Previous Investigations

Perhaps one of the most prominent advantages of inverse design over conventional design
methods is parameterizing the blade performance in terms of aerodynamic parameters such as
pressure and velocity distributions, rather than geometric parameters. This provides the designer
with the opportunity to use more experience to directly include aerodynamic considerations such
as peak Mach number, adverse pressure gradient, or shock position [3] into his/her choice of
design variables. Furthermore, the computational time taken by the inverse design is comparable
with direct methods, which makes it an attractive alternative for those approaches. A review of
the history of inverse design shows that it has been applied to inviscid, viscous and potential
flow. The first generation of inverse methods were limited to shock-free irrotational flows,
and/or they were difficult to extend to three-dimensional flow [4]. In some methods developed

later, inverse design was used for viscous flow and was found to be relatively efficient [4, 5, 6].



However, these methods still have some traces of inviscid flow implementation. In one approach,
viscous-inviscid interaction has been used by means of introducing an aerodynamic blockage
distribution throughout the meridional geometry, or introduction of a vorticity term directly
related to the entropy gradients in the machine [7]. Demeulenaere et al. [8] modified the three-
dimensional blade shape using an Euler based transpiration model. There are some approaches
trying to incorporate the viscous effects into Euler solver by different means such as the
application of a Navier-Stokes solver [5], or the use of artificial viscosity [9]. Mileshin et al. [10]
developed a method for inverse design of turbomachinery blades which is based on the Navier-
Stokes equations. However, this method is based on time marching scheme. The extension of
this method and the similar ones can be found in Daneshkhah and Ghaly’s [11, 12] work. They
have developed a method which is based on a time-accurate solution of the compressible viscous
flow equations on a time-varying geometry. In this approach, the target static pressure or the
pressure loading distribution is specified on the blade. Then, a wall virtual velocity is computed
for the blade surface based on the difference between the current and target pressure distributions
using a momentum flux balance. This method does not have the shortcomings of the other
similar methods, the unsteady Reynolds-Averaged Navier-Stokes (RANS) equations are solved
on a moving and deforming mesh, given by the virtual-wall-velocity approach. This method has
been validated and applied to redesign both subsonic and transonic turbomachinery airfoils in 2D
flow. Arbabi and Ghaly [13] later extended this work by implementing it into a commercial CFD
simulation package, ANSYS-CFX, by means of adding and linking a User Defined Function
(UDF) to this flow analysis software to perform inverse design calculations while the ANSY S-

CFX solves the unsteady flow field in each design step.


http://proceedings.asmedigitalcollection.asme.org/solr/searchresults.aspx?author=Viktor+I.+Mileshin&q=Viktor+I.+Mileshin

The choice of the design variable(s) is another key aspect in the inverse design
methodology. Most of the two-dimensional inverse design approaches assume the pressure
distribution on the airfoil suction and/or pressure surface as the target to be achieved [4, 5, 6, 12,
13]. In some other approaches the velocity distribution [14, 15], or Mach number [16] has been
taken as the design variable. There are also methods that assume the pressure loading and the
blade thickness as the prescribed design parameters [11, 17].

So far, it has been demonstrated that inverse design is a powerful design tool that has
been widely studied and implemented by different researchers. However, there is one
fundamental question to be answered. How can the designer tailor the target design variables e.g.
blade static pressure, pressure loading or Mach number distribution to achieve a global optimum
performance such as isentropic stage efficiency? Despite the fact that several inverse design
methodologies for both 2D and 3D are developed and clearly elaborated in the previous studies,
very little information is available about the strategies and methods for prescribing the design
variables. In case of a blade (3D), prescribing the target local variables is even more challenging
due to the presence of strong three-dimensional effects such as tip and hub clearance flows. It
also goes without saying that for such cases, it is not desirable to have to specify every detail for
the target design variables along the whole blade. In a recent study, a 3D loading strategy for
transonic axial compressor blading is presented [18]. In case of an airfoil (2D), there are some
studies which have incorporated numerical optimization of the target pressure into their inverse
design approach to improve the performance [19, 20, 21, 22]. Obayashi et al. [22] believe that
although an experienced designer can create target pressure distributions that will lead to a
successful design, using a numerical optimization algorithm to optimize the target pressure can

improve the design efficiency.



On the other hand, Daneshkhah and Ghaly [12] manipulate the original pressure
distribution on the airfoil more intuitively with the main focus on lowering the pressure loss
coefficient by means of repositioning the shock wave and reducing its strength. They have also
smoothed the pressure loading over a specific region of the airfoil. Roidl and Ghaly [23]
emphasize smoothing the pressure distribution on the airfoil, and reducing the diffusion regions
and adverse pressure gradient on the blade suction side. Ramamurthy and Ghaly [24] have
tailored the target pressure for a dual point redesign using a weighted average of the difference
between the target and current pressure distributions at two different operating points.

In the latter two cases, the authors have used a method based on geometric functions
including polynomials, to generate a target pressure or pressure loading distribution on the
airfoil. This method was originally developed by Roidl [25] and has also been used by his fellow
researchers [13, 24] as a tool for generating the target pressure distribution for inverse shape
design. The method developed by Roidl to modify the pressure distribution will be presented in

section 3.2.1.

1.2 Present Investigations

The current work builds on the inverse design method developed by Daneshkhah and Ghaly [11,
12], and implemented into ANSYS-CFX by Arbabi and Ghaly [13]. The main purpose of this
study is two folds. One is to provide a flexible yet accurate representation of a- the blade shape
and b- the design variables. Two is to use a- the blade shape representation for interpolating the
blade shape at any arbitrary point on the blade and b- to use the pressure representation to devise
a pressure distribution or loading distribution that would result in an improved performance.

5



As stated earlier, despite of the fact that different inverse design techniques have been
developed and matured over time, there is a lack of clarity about one of the most important
aspects of this approach, namely the numerical approach used in specifying the design variables.
This is one of the crucial points in any inverse shape design regardless of the methodology which
directly contributes to the success or failure of the design. In the current study, a flexible yet
precise method is presented which provides the designer with the opportunity to generate and
tailor the target design variable(s) for two-dimensional and eventually for three-dimensional
inverse blade design. B-spline functions are used instead of simple polynomials for representing
the design variables because of their nice features such as smoothness, continuity, local control
on the profile, and having a simple parameterized form. These features enable the designer to
devise a target pressure or loading distribution which reflects the design intents by various means
such as enforcing a gradient, repositioning a shock wave, altering the location and value of the
peak Mach number, etc.

The other focus of the current work is to provide a precise and robust representation for
the blade geometry. This geometry representation is not only used in the present 2D work, but
has also served in extending the existing 2D inverse design method to a fully three-dimensional
inverse design. Again, B-Splines have been employed to accomplish the above-mentioned goals,
because of their accuracy, robustness and flexibility in representing shapes and geometries. Care
has been taken to ensure the airfoil and blade shapes are smooth in both chordwise and spanwise

directions and high curvature regions including the LE and TE are accurately represented.



1.3 Thesis Outline

This work consists of five chapters and two appendices. Appendix A explains the B-spline curve
and surface generation which are implemented for constructing airfoil and blade geometries, as
well as creating target loading curves and surfaces for two- and three-dimensional inverse
design. Appendix B is a brief introduction to the developed Graphical User Interface called
“Pressure GUI” which is used for creating target pressure curves and surfaces. In this appendix,
the GUI function is elaborated and some basic instructions for its operation are provided. The
first chapter includes introduction and a brief account of the previous as well as the work done in
the field of aerodynamic inverse design. The second chapter presents the flow governing
equations and the considerations for generating the computational grid. The inverse design
methodology, including the formulation, design variables, and design considerations are also
presented in this chapter. Chapter three introduces the B-spline curves and their use in
representing the geometry and design variables in the scope of this work. Furthermore, a
previous approach for the numerical prescription of the design variables is explained in detail
and is compared with the approach developed at present and implemented in the GUI, which is
based on B-splines and serves for the same purpose. In the fourth chapter, the VKI-LS89
transonic turbine vane and the E/CO-3 compressor rotor blade are redesigned in different
operating conditions using the target pressure and loading distributions generated by the Pressure
GUI Later in this chapter, the contribution of the Pressure GUI in tailoring the target design
variables is evaluated in terms of performance improvement. The final chapter summarizes the

achievements and remarks of the present study and provides recommendations for future work.



Chapter 2

2 Governing Equations and Methodology

This chapter starts with a presentation of the equations governing the flow field, namely the
continuity, momentum and energy equations, in a continuous and conservative form. These
equations are then discretized in space and integrated in time as described in the ANSYS-CFX

manual [26] and briefly summarized.

Later in this chapter, the inverse blade shape design methodology that was developed by
Daneshkhah and Ghaly [11, 12], and was embedded into ANSYS-CFX by Arbabi and Ghaly

[13] will be discussed in detail.

2.1 Flow Governing Equations

ANSYS-CFX uses an element-based finite volume method, which is used to integrate the
equations in space and a second order Gear scheme to march the equations in time. The flow
variables are stored at the mesh vertices (nodes) [26].

The conservation equations for mass, momentum and energy written in conservative form

and integrated over each control volume, in Cartesian coordinates, take the following form [26]:



d
= | pd dn; =
dtf’o ”+prf m =0 @.1)
v 5
d oU; U
Eprldv-l_J.pU]Uldnj = —denj +fueff ax: +W dnj +fSUidU (2 2)
4 s s s J ' 4 '
i [ pgtn = [ 1 yan + [ 5
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In these equations, ‘V” and ‘S’ represent the volume and surface integration regions,
respectively. ‘dn;’ are the Cartesian components of the differential outward vector normal to the
surface.

When the boundaries of the computational domain move with time, the mesh will also
move, i.e. the control volumes will move and deform in time, and the finite element mesh will
also move to satisfy the boundary conditions at the moving interfaces. This is where the
Arbitrary Lagrangian-Eulerian (ALE) formulation can be used to solve this type of problem. The
conservation equations presented above will be modified such that all fluxes crossing control
volume surfaces are compute based on the flow velocities relative to those surfaces. This

modification is based on Leibnitz Rule and is as follows [26]:

% fcpdv = fg—(fdv+sj¢1’|/jd"j (2.4)

V(t) v

In this equation, ‘ W}’ is the velocity of the control volume boundary.



After applying the Leibnitz Rule to Egs. (2.1), (2.2) and (2.3) they will be written as [26]:

d
T fpdv+fp(Uj—Wj)dnj=O
s

A 2.5)
d oU; 9
a f ,DUid'U + f ,D(U] - W])Uldn] = — f Pdn] + f Heff(% + W)dn] + fSUidv (2 6)
V(t) S S S 4 l v ’
d d¢
V(t) S S %4

Egs. (2.5), (2.6) and (2.7) are referred to as the Unsteady Reynolds averaged Navier-
Stokes equations written in an Arbitrary Lagrangian-Eulerian (ALE) formulation to account for
the mesh deformation. In these equations, ‘p,rs’ is the effective viscosity which is the sum of
molecular (dynamic) and turbulent viscosity. ‘Isf’ is the effective diffusivity, and ‘¢’ is the
total energy per unit mass. Furthermore, ‘Sy,” and “Sy’ are the momentum and energy source
terms, respectively; they are set to zero in this study as there is no heat generation and no body

forces in the computational domain.

The turbulence model used in this work is the standard k — w model which is widely
used in turbomachinery applications. The advantage of using this model over other two-equation
turbulence models is the accurate prediction of flow separation which is crucial in the scope of
this work. Turbulence models based on e-equation typically fail to predict accurately the onset

and extent of the separated region under adverse pressure gradients. As a result, these models
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usually over-predict the performance in such cases and are not reliable enough. Another merit of
using k — w turbulence model is the ability to have near wall treatment for low-Reynolds
numbers. In CFX, there is ‘Automatic Near-wall Treatment’ option for w-based turbulence
models which allows a smooth change from low-Reynolds number form to an appropriate wall
function formulation. This is the default option in CFX for all w-based models including k — w
and results in avoiding numerical instabilities and errors observed in other models near the wall.
It must also be mentioned that the convergence behavior of the k — w model is usually similar to

k — & model [26].

The flow simulation were carried out for both steady and unsteady states. In analysis
mode, where the blade profile is given, the flow field is assumed to be steady and the Reynolds
averaged Navier-Stokes (RANS) equations are solved. On the other hand, in the design mode
where the blade shape changes from an initial guess to one that satisfies the target design
variables, the problem is unsteady due to the blade motion. In this case, the unsteady Reynolds
averaged Navier-Stokes (URANS) equations, written for a moving and deforming mesh, are

solved for the flow field around the blade.

A second-order scheme which is recommended by ANSYS-CFX for turbomachinery
applications was used for the URANS equations, and a first order scheme was used for
turbulence. The second order accurate backward Euler scheme is chosen to march the equations
in time. This is an implicit time stepping scheme which is recommended by ANSYS-CFX to be

used in most transient simulations [26].
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2.1.1 User Defined Function

ANSYS-CFX solves the flow governing equations during the design process and provides the
flow properties in the whole computational domain. The inverse design methodology on the
other hand must be embedded into ANSYS-CFX in order to implement the inverse design. This
task is done using a user ‘CFX Expression Language’ CEL function. An external FORTRAN
routine containing the inverse design formulation is written and is linked to CFX. This user CEL
function is called at each physical time step, and receives the computed flow properties and grid
geometry from CFX as input. The output of the CEL is the new coordinates of the airfoil which
are computed based on the displacement obtained from inverse design. These coordinates are
then passed to CFX for re-meshing and solving the flow field over the new geometry. This

procedure is repeated until convergence is reached [13].

2.1.2 Mesh Motion

In inverse design, the blade surface is continuously updated by imposing a displacement field
which is computed based on the difference between the current and target pressure distributions
on the blade. In other words, the mesh must move and deform in the time accurate simulation.

The available options for mesh deformation in ANSYS-CFX are as follows [26]:

e None
e Junction Box Routine

e Regions of Motion Specified
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The first option is used when there is no mesh movement. When the Junction Box Routine
option is chosen, a User Fortran routine must be specified to explicitly set the coordinates of all

nodes in the computational domain.

The last option is ‘Regions of Motion Specified’. This options allows user to define the
motion of the grid points on boundary or subdomain regions of the mesh using CEL, while CFX
will compute the motion of the rest of the domain nodes by the mesh motion model. Currently,
the available mesh motion model in CFX is ‘Displacement Diffusion’. This model diffuses the
applied displacement on boundary or subdomain regions to the rest of the mesh nodes by solving

Eq. (2.8):

V. (Fdisp- VS) =0 (28)

In this equation, ‘8’ is the displacement relative to the previous mesh nodes and ‘Tyis,” is the

mesh stiffness which specifies the degree to which regions of mesh nodes are displaced together.

In the scope of this work, the displacement of the nodes on the blade boundary is directly
computed in a CEL function as was mentioned in section 2.1.1, and the displacement of the rest
of the domain is unspecified. Consequently, the most appropriate option to be used in this work

is the ‘Regions of Motion Specified’.
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2.1.3 Mesh Stiffness

Mesh stiffness specifies how the imposed displacements must be diffused throughout the
mesh. Mesh stiffness can either be a constant value or varying throughout the domain. In the first
case, the mesh diffusion will be homogenous in the entire domain. However, in the latter case the
relative motion of the mesh nodes will be smaller in regions of higher stiffness. This options is
beneficial to preserve the mesh quality and density in regions such as boundary layer. There are

two types of varying mesh stiffness in CFX [26]:

o Increase Near Small Volumes: The mesh stiffness increases exponentially as control

volume size (mesh size) decreases. The mesh stiffness is computed from the following relation:

Yre f)CStiff

Faisp = ( v (2.9)

In this relation, v’ is the control volume size and ‘V,..¢’ is the reference volume which is
set to 1 [m®] by default. ‘Cq 7r  1s the stiffness model exponent which determines how fast the

stiffness increase must occur. Higher values will represent more abrupt changes in stiffness.

e Increase Near Boundaries: The mesh stiffness increases near certain boundaries
such as wall, inlet, outlet and opening. The merit of using this option is that mesh
quality is preserved near boundaries. The following relation is used to obtain the

mesh stiffness:
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Lref) s

Faisp = (T (2.10)

In this relation, the mesh stiffness increases as the distance from the nearest boundary, d,
decreases. ‘Cgirf’ is the stiffness model exponent and ‘L.’ is the reference length which is set

to 1 [m] by default. This option also needs an additional boundary scale equation to be solved.

In this work, the option “Increase Near Boundaries” is used in order to preserve the mesh

quality near boundaries; specifically at the boundary layer around the blade wall.

2.1.4 Mesh Considerations

A multi-block grid topology has been used to discretize the computational domain. To ensure
resolving the boundary layer and providing numerical results with as a high accuracy as possible,
an O-grid topology has been used in the vicinity of the blade wall. This will provide an
orthogonal grid with a higher quality. Furthermore, the value of y" has been carefully monitored
and is less than one which guarantees a suitable resolution of the boundary layer. The rest of the

numerical domain is filled with a structured mesh.

Figure 2.1 shows the computational grid close-up near the LE and TE regions of VKI-
LS89. The total number of elements for this computational grid is 78,077. In order to ensure the
independency of the results from the mesh, the number of elements was increased to 461,276
which is 5.9 times the number of elements for the current mesh. Most of the nodes were added at

the LE and TE regions as well as the rear part of the blade. The steady state results from two
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meshes were compared and it was concluded that the discrepancy between the results is less than
1%. For instance, the outlet mass flow rate and outlet total pressure only varied by 0.2% and
0.04%, respectively. Based on these values and the computational time taken to obtain a steady
state solution for each mesh, it can be confirmed that the present computational domain is a

suitable choice and provides accurate results.

Figure 2.1: Mesh close-up near the LE and TE of VKI-LS89
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2.2 Inverse Design Methodology

The inverse blade shape design methodology that was developed by Daneshkhah and Ghaly [11,
12] and was demonstrated for 2D flow will be briefly presented in this section. In this inverse
method, the momentum flux balance resulting from the difference between the current and target
pressure distributions on the blade is the source of computing a virtual wall velocity for the
blade. The blade surface moves with this fictitious velocity up to the point where the difference
between the current and target pressure distributions on the blade surface is very small, i.e. the
virtual wall velocity approaches zero. The new blade shape resulting from this method produces

the target pressure specified at the beginning of the design process.

This approach is fully consistent with the viscous flow assumption. The flow is unsteady
due to the blade move