


Abstract

This thesis studies the application of sensitivity analysis and optimization
methods to the design of turbomachinery components. Basic design issues
and a survey of current design trends are presented. The redesign of outlet
guide vanes (OGV’s) in an aircraft high bypass turbofan engine is attempted.
The redesign is necessitated by the interaction of the pylon induced static
pressure field with the OGV’s and the fan, leading to reduced OGV efficiency
and shortened fan life. The concept of cyclically varying camber is used to
redesign the OGV row to achieve suppression of the downstream disturbance
in the domain upstream of the OGV row. The redesign is performed using
(a) a linear perturbation CFD analysis and (b) a minimisation of the pressure
mismatch integral by using a Newton method. In method (a) the sensitivity of
the upstream flow field to changes in blade geometry is acquired from the linear
perturbation CFD analysis, while in method (b) it is calculated by perturbing
the blade geometry and differencing the resulting flow fields. Method (a)
leads to a reduction in the pylon induced pressure variation at the fan by
more than 70% while method (b) achieves upto 86%. An OGV row with only
3 different blade shapes is designed using the above method and is found to
suppress the pressure perturbation by more than 73%. Results from these
calculations are presented and discussed. The quasi-Newton design method is
also used to redesign a three dimensional OGV row and achieves considerable
reduction of upstream pressure variation. A concluding discussion summarises
the experiences and suggests possible avenues for further work.
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Chapter 1

Introduction

Advances in Computational Fluid Dynamics (CFD) have enabled accurate
prediction of flow fields about complex three dimensional geometries in the
order of minutes rather than days or months. This can be attributed to (a)
advances in computing technology and (b) improved numerical techniques.
The level of approximation of the physical process is a compromise between
the accuracy of the mathematical model and its computational cost. High
computing costs during the early years of numerical methods necessitated the
use of simple flow models (neglecting or approximating several complex flow
features). Potential flow models such as panel methods were used to make fairly
accurate predictions about incompressible inviscid flow fields. As a result of
low computer requirements, panel methods are still in use as a preliminary
design tool. The advances in silicon technology and rapid increase in CPU &
memory speeds have cut costs of computing so sharply that it is no more the
primary factor in the selection of a mathematical model. Numerical solutions
to compressible flows have been obtained by solving (a) the inviscid Euler
equations and (b) the viscous Navier-Stokes equations. At Reynolds num-
bers encountered in flight, onset of turbulence is inevitable thus viscous flow
solutions, for practical applications, must include turbulence modeling. The
scale of turbulent structures is much smaller than the overall configuration,
thus ab initio calculations are not feasible with current computing resources.
Turbulence models involve statistical averaging of turbulence. This affects the
overall accuracy of any viscous method presently available, so that accurate
drag prediction is still not possible in most cases. Many years ago Prandtl
showed that viscous effects dominate in a narrow region close to the body
surface (the boundary layer) while the flow beyond this layer is essentially
inviscid (in the absence of separation). Thus, solutions of the inviscid (Euler)







Introduction 3

parallel computers can now be acquired on university computing
budgets and has contributed to increased interest in parallel pro-
cessing. In an attempt to hide the parallelisation aspects from the
average CFD researcher, several research groups have developed
libraries that perform parallelisation of standard CFD operations
and act as an interface between the CFD code and PVM/BSP like
libraries (ex: OPLUS [6]). CFD methods based on Euler equations
have been applied to wide variety of problems [59], [37], [3], [65] and
[50]. As a demonstration of the robustness of numerical methods
and parallel computing when applied to large problems Crumpton
[12] has solved the Euler equations for the flow past a wing-body-
engine configuration (fig 1.1, pg 2) with 6M tetrahedra (1M nodes)
in 6 hours (wall clock time) on an eight processor IBM SP1 (residual
down by 5 orders of magnitude).

e Visualisation Technology. A considerable part of CFD time is spent
in postprocessing, ie. in visualising the results. Advances in visu-
alisation technology [27] has made it possible to interactively view
data from CFD codes. Such methods aid the CFD programmer in
debugging algorithms and computer programs. Visualisation meth-
ods such as Visual3 [36] provide the user with a suite of probes to
study the flow field and its salient features (such as vortex interac-
tion with downstream components etc). Such a perspective of the
flow field is afforded only by CFD based visualisation techniques
and is very hard to acquire using experimental methods (wind or
water tunnels). With the advent of parallel processing, problem
sizes have seen a quantum jump which has outshot the capabilities
of all desktop graphics workstations thus necessitating a fresh ap-
proach to visualisation. Some developers have attempted the use of
parallel processing concepts by distributing datasets among many
computers and handling only a reduced set of information on the
graphics frontend. One such distributed visualisation tool is pV3
[34] which is based on a client-server model. The client is a user
written program with appropriate pV3 calls, the server is a pV3
executable provided with the library. The client can run on any
machine while the server is executed on a graphics frontend. Due
to the modularity of pV3 it is possible to regard a CFD code as the
client (by embedding pV3 library calls at the end of each iteration)
with negligible computational overheads. This feature can be used
to monitor the progress of the flow code and in debugging. Solution
steering has also been attempted in a CFD-pV3 coupled solver [35].

Improved mathematical modeling. Modeling the time dependent Navier-
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Stokes equations to include turbulent fluctuations is still beyond the ca-
pability of modern computers. However, it is possible to make various
simplifying assumptions to reduce the complexity of the mathematical
model, thus making it tractable with current technology. In Reynolds
averaged Navier-Stokes equations the Reynolds stresses are modelled by
methods such as eddy viscosity, the k, ¢ equations and Reynolds stress
averaging. Additional assumptions regarding the direction of flow and
the absence of separation leads us to the thin shear layer approximation.
This assumption reduces the number of stress terms to be calculated.
In cases of unseparated flow with a thin viscous layer it is possible to
separate the flow solution into the viscous and the inviscid domains.
The inviscid solution is obtained by solving the Euler equations while a
simplified boundary layer approximation can be used to determine the
viscous effects. Such calculations are carried out iteratively with ex-
change of data at the inviscid-viscous boundary to reflect the influence
each has on the other. The inviscid approximation provides sufficient
valuable information like pressure distributions and lift for unseparated
flows. Besides choosing a model, the numerical analyst also has to select
a spatial discretization and an equation discretization. Choices of spa-
tial discretization include structured and unstructured grids. Equation
discretization includes methods such as finite element (FEM) and finite
volume methods (FVM). The accuracy and robustness of FVM coupled
with the flexibility of unstructured grids have resulted in some very effi-
cient numerical techniques including the method, reported by Crumpton
[12], which will be used in this thesis.

Unstructured grids Methods based on unstructured meshes for complex
three dimensional geometries have become popular for various reasons.
They include: (a) relative ease in grid generation, (b) ease in grid adap-
tation and (c) ability to increase grid density only in region of interest.
With Delaunay based tetrahedral grid generators [75] it is now possible
to create a million tetrahedral elements in a few minutes on a desk-
top workstation. An unstructured grid for an aircraft can be generated
within an hour. In an attempt to reduce the memory overheads of the
computational method, researchers have made innovative use of data
structures [55].

Numerical acceleration schemes Iterative solvers are used to solve the al-
gebraic system of equations that results from the numerical discretiza-
tion. Techniques to accelerate convergence for such solvers have led to
drastic reductions in CPU time. Acceleration schemes such as multigrid
[67] are known to reduce CPU times by an order of magnitude. Pre-
conditioning methods also provide considerable reductions in CPU time,
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especially when coupled to conjugate gradient methods.

The repercussions of such advances in the industrial environment are many.
CFD, which was long regarded an irritant, has emerged an integral part of the
design process. However, the current role of CFD in the design process is not a
dominant one for the want of accuracy. Inviscid calculations can be performed
accurately, but as the name suggests it is only an approximation to the vis-
cous flow field. Viscous solutions are extremely sensitive to turbulence models
and their accuracy is suspect. Thus, designers prefer to use CFD solutions
in conjunction with wind tunnel and flight test data as inputs to the design
process. The primary advantage gained by incorporating CFD into a design
loop is the consequent decrease in design time. In comparison to experimental
methods, it is trivial to reevaluate the flowfield for (a) a different set of free
stream conditions, and (b) minor modifications to the geometry, once the basic
grid has been acquired. With the use of unstructured grids even grid genera-
tion time can be reduced. This inherent flexibility of CFD has prompted its
use as a design tool to quickly evaluate prospective configurations and select
the most feasible ones. An additional advantage of CFD is its viability in a
global optimisation system. Since structural analysis, weight estimation, elec-
tromagnetics and other fields also use computational models to perform their
analyses, it is possible to develop an interdisciplinary optimisation study to
analyze configurations that may not be ideal from an individual perspective
but may be excellent from a global standpoint. Winglets are one such con-
figuration. Their inclusion purely based on aerodynamic considerations is not
ideal. However, when an optimisation based on aerodynamics, structures and
weight estimation is performed it becomes a worthwhile concept and has been
included in many aircraft. The present thrust of CFD is primarily directed
towards analysis ie. predicting the flow field around a given geometry. While
this has many applications, designers often want the opposite ie. to determine
the shape that will produce a chosen flow field. This occurs because designers
can often specify good pressure / lift / velocity distributions based on the
performance required from the geometry.

A word of caution for the “CFD in design” enthusiast is given by designers
at Boeing [39] “A key CFD judgement that the design engineer is constantly
facing is when to leave the CFD world and go to the wind tunnel. There
comes a point in every design ezercise where the codes are no longer the proper
evaluation arena, and then testing is warranted.”

Computational methods to compute a shape from a target (pressure /
velocity / lift) distribution exist and are broadly categorised as (a) Inverse
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methods and (b) Direct methods. Inverse methods solve a modified set of
governing equations so that the solution determined also includes the geometry
influencing the flow. These methods require only one solution of the governing
equation and thus are computationally cheap (of the order of one analysis run).
Inverse methods are used in airfoil design [44],[43],[63]). Direct methods, on
the other hand, use normal CFD codes controlled by an optimisation routine
that attempts to minimise a cost function. These methods are invoked with
a datum geometry and they progressively alter the geometry to achieve the

target [7]. Direct methods are computationally intensive and have been used
in wing [9],[51],[68] and airfoil [8] design.

The question that arises is, if there is a way to specify a target distribution
around the whole aircraft, is there a design method that can determine the
shape of the aircraft? The answer is No. The final design is testimony to
a very large number of trade-offs and multidisciplinary issues which cannot
be represented suitably in a target distribution or a simple optimisation cost
function. In an optimization based system, each objective function evaluation
involves a full CFD solution, thus current computational resources impose
restrictions on the number of design variables in each optimisation problem.
However, computational optimal design methods (CODM) have a role to play
in a large design exercise by (a) accelerating the design of components and
(b) contributing to interdisciplinary design. These aims can be achieved by
providing a comprehensive tool to the designer that provides access to CFD
technology through a design oriented interface. Such an interface should per-
mit the specification of any design problem as an optimization problem where
the designer can change the cost function, design variables and constraints at
will. This will enable the designer to gain a complete understanding of the
design space and also experiment with new concepts and trade-offs not tried
before.

To be able to identify a framework for such optimisation methods in an
aeronautical design process, we need an understanding of the design process
itself.

Section 1.1 introduces the aeronautical design process,

Section 1.2 describes the current role of CFD in the design process and then
attempts to predict the impact of optimization based computational
methods in the aeronautical design process.

Section 1.3 presents some of the typical problems encountered in turboma-
chinery design, which will influence our approach to design.
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Section 1.4 The test problem and design method followed in this thesis is
presented along with arguments that influence this choice.

1.1 A Brief Introduction to Aeronautical Design Philoso-
phy |

Project Evaluation and Feasibility Studies During this stage, prospec-
tive customers are approached for information on the kind of engine that
they need to fill existing or anticipated vacancies in the fleet. The design
and feasibility groups evaluate the user needs with respect to available
technology and expected technological developments. They also review
the existing product line to find cost effective solutions, such as modifi-
cations to existing products. Empirical or semi-empirical formulae and
statistical analysis of existing engines coupled with CFD forms the basis
of decision making at this stage.

Preliminary Design After having decided that there is sufficient justifica-
tion for producing a new engine, basic issues of design are tackled, such as
(a) aerodynamic design, including selection of blade sectional and plan-
form features, number of compressor and turbine stages, (b)installation
and air-intake design, and (c) weight estimation. The preliminary de-
sign phase ends with the creation of a development schedule including
detailed specifications of engine configuration, performance and control
systems.

Detailed Design In the detailed design stage each part is individually de-
signed and located within the global scheme of affairs. During this phase,
various participating departments communicate extensively to ensure
that each part is built to its specifications, and in cases where the specifi-
cations are unobtainable the departments advise a rewrite of the relevant
specification. Such shortfall can often delay projects by upsetting design
objectives.

Flight Tests A prototype is made and is subjected to ground tests and flight
tests to ensure that all system perform as required. During the two test-
ing phases, there is extensive feedback to the design and manufacturing
groups to ensure smooth integration of systems. Many changes resulting
from these tests are incorporated into the final product. The flight test
stage is also a major point of learning for the company as a whole. Initial
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specifications and flight test data are meticulously documented to assist
future design exercises.

Safety tests are conducted after flight tests to demonstrate compliance with
safety requirements imposed by regulatory agencies. Following successful com-
pletion of tests the production process is developed (or refined), and the engine
is manufactured. Often each customer might require additional alterations to
meet their specific requirement.

While the above description is about an engine, a very similar schedule
can be drawn up for airplanes. Our study (in the next section) of the above
scheme yields some very interesting pointers to the kind of computational tools
required in the aircraft/engine design process. See also [18], [62], [61] and [73]
for more information on the design process.

1.2 CFD and Optimization in the Design Cycle

CFD is used extensively in both the preliminary and detailed design phases.
During project evaluation, CFD is coupled with empirical/statistical formulae
that lets the design committee evaluate the probability of a project reaching
a successful conclusion. Possible configurations are selected and analyzed us-
ing CFD, the solution is then used to determine the structural, material and
onboard system requirements and to evaluate the feasibility of such a project.
Wing, horizontal tail, vertical tail, fuselage and airframe-engine integration
are all simulated on the computer to permit a quick evaluation of performance
that can be expected from such a configuration. Once agreement is reached
by the design committee that the project is feasible, the preliminary design is
initiated.

CFD is used extensively in the preliminary design phase and in internal
company exercises to identify new concepts and perform feasibility studies.
Airfoil design is almost entirely performed using inverse design methods. It
is in this design phase that an optimisation driven CFD method will make
the maximum contribution. The designer needs to be able to pursue several
options and find the best match between various design parameters. The re-
lation between these parameters is not always obvious and currently much of
the design is based on designer “intuition”, experience and some optimisation
based methods. It should be emphasised here that the thrust of this argu-
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ment is not aimed at proving optimisation based methods to be superior to
the skills of a good designer, but to state that these methods will enhance a
designer’s ability to explore more possibilities within the time constraints of
a design exercise (or to reduce the time taken for a specific modification) and
to reduce reliance on “hunches”. As stated earlier, design is a very complex
optimisation exercise and it is not possible to easily frame a cost function for
a global optimisation problem that will result in the “optimal” configuration.
However, it is possible to design components and subsystems with optimisation
based methods whose cost functions can be specified by designers. Respon-
sibility for ensuring that a local minimisation will not run contrary to global
system requirements lies with the designer and will influence the formulation
of the optimisation problem. Restrictions imposed due to other disciplines
(ex. manufacturability) can be introduced as constraints in the design space.
Such techniques can be used in the integration of various subsystems. Also,
since most manufacturing now involves the use of Computer and Numerically
Controlled (CNC) machines, the use of a computerised shape database for
computational methods (in fluids, structures etc) leads to easy transition from
shape design to manufacturing.

Industries have pursued such ideas internally, but due to the commercial
nature of these issues very few publications are available to the general reader
and therefore have not been subjected to greater scrutiny by the academic
community. It is only now that industries are beginning to publish more
[69],[63],[39],[79],[28] with the hope that greater research interest will benefit
them.

1.3 Typical Problems Encountered in Turbomachinery De-
sign

In the above section general design principles related to aircraft and turboma-
chinery have been discussed. However, in this thesis we will be interested in
application of design algorithms specifically to turbomachinery components.
This section briefly introduces the kind of problems encountered in turboma-
chinery design that can be targeted by computational design methods.

The design of a gas turbine greatly reflects the projected use for the en-
gine. Optimisation aimed at minimisation of weight will be a key priority in
aeronautical applications. If the objective is to design an engine for a missile
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then the engine will be required (a) to be light (b) to start in the most adverse
conditions and do so quickly. The life of components for such engines will
not be important. However, if the engine is for military aircraft applications,
besides minimisation of weight, design objectives will include good off-design
performance and engine slam (combat maneuvers require fast variation of en-
gine thrust). The choice of turbofan or a turbojet configuration depends on
the combat role envisaged for the aircraft. Aircraft with deep penetration or
close air support roles prefer turbofans (for lower fuel consumption) but this
results in greater engine size which contributes not only an additional weight
but also profile drag. The trade off between excess drag, weight of engine
versus the lower fuel consumption rate is the design problem that has to be
carefully resolved. In civil aircraft applications, the choice of turbofans has
been a long proven one. The primary design objectives here include increasing
component efficiency, life and decreasing weight. These objectives reflect ad-
vances in both aerodynamics (CFD) and metallurgical engineering. Described
below are some of the primary problems faced in design/development of civil
turbofan engines (the choice of the term “civil turbofan” reflects our concern
with large bypass engines).

Compressors All modern compressors used in jet engines are axial low com-
pressors. However, radial compressors are still in use in APUs (auxiliary
power unit) and in industrial gas turbines. Radial compressors give bet-
ter compression ratios per stage resulting in reduced compressor size but
are unwieldy in multiple stage compressors. Primary goals of compres-
sor design include (a) increased efficiency and (b) increased pressure rise
per stage. These goals lead to the following design concerns. Higher
compressor flows can be achieved by increasing rotational velocities, but
it can result in supersonic tip Mach numbers leading to shock losses.
Lowering hub diameters to offset supersonic tip Mach numbers results
in thicker blades at the root (for structural reasons) and heavier disks
to support these thicker blades. Tip clearance is another issue of consid-
erable interest. Besides aerodynamic issues the designer has to consider
the manufacturability and associated costs of manufacturing. The wide
variety of tradeoffs open to the designer are evident. While, such issues
pertain to per stage performance, the compressor as a whole must also
have some “well behaved” characteristics. It is highly undesirable to have
a compressor where a number of stages stall or unstall together. Fur-
ther, the compressor should not possess flow asymmetries at compressor
outflow, as it leads to reduced combustor efficiencies and “hot spots”
in the turbine first stage. The prediction of off-design performance of
the compressor based on stage parameters is nearly impossible. A local
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minimisation to obtain excellent stage performance may be detrimental
when viewed from a global perspective.

Turbines The burning of fuel in the engine signifies the addition of energy to
the system. The maximum possible fuel/air ratio is used to determine the
working temperature of the turbine blades. This is the turbine entry tem-
perature (TET), temperatures up to 1850K have been reported. TET
is primarily limited by the metallurgical technology available. Aerody-
namic design of the turbine is critical. As opposed to about 15 compres-
sor stages, there are only 2-4 turbine stages. The low number of stages
is due to cost reasons. Cooling of HP turbine blades is critical, while
it is important to maintain low losses in the LP turbine. Exit area of
the turbine is very important and larger areas are preferred. Larger area
results in lower flow velocity past the blade and lower blade losses. It is
also easier to mix the bypass and the core flows if the core flow is slower
(thus reducing noise and increasing engine efficiency). Minimisation of
the swirl leaving the turbine is also important.

Pylon-OGV-Fan The pylon (the structure that links the engine to the air-
craft, see fig 1.2, pg 12) is a large obstruction to the flow in the bypass
duct. Figure 1.3 (pg 12), presents a 2D cylinderical slice through the
bypass duct, with the “inlet” at the fan trailing edge (TE). The pressure
field induced by the pylon has been observed to extend upstream through
the bypass duct to interact with the fan. Such an interaction results in
reduced fan blade life and in higher noise levels. The flow leaves the fan
with a non-zero swirl angle and this flow is straightened in the bypass
duct by a set of outlet guide vanes (OGV’s). The OGV’s are designed
carefully to match the incidence of the flow. As a result of the pylon-
pressure perturbation, a reduction in outlet guide vane (OGV) efficiency
has also been observed. This problem is used as the test problem in
this thesis and is discussed further in Chapter 5 . Redesign based on
techniques discussed in Chapters 3 and 4 is presented in Chapter 5. A
redesign of a three dimensional pylon-OGV-fan interaction problem in
presented in Chapter 6.

Nacelle design The move towards two engine long range aircraft (such as the
Boeing 777) has prompted engine manufacturers to produce turbofans
with very large fan diameters. Consequently, the vertical displacement
between the engine nacelle and the wing has been reduced (to meet
ground clearance requirements). Such a narrowing creates a converging-
diverging nozzle between the nacelle and the wing lower surface. At
cruise velocities shocks appear here resulting in increased drag. To al-
Jeviate this, engine and aircraft manufacturers are being forced to look
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closely at nacelle design. CFD based methods to predict and optimise
shock losses have been attempted [59] and [31].

See also [18], [11] and [62] for more details on issues related to gas turbine
design.

1.4 Design Approach Attempted in this Thesis

The range of problems that need to be tackled in a turbomachinery design
loop are enormous. Thus, any design method being developed needs to retain
a clear sense of direction and ensure that any design method developed is not
too specific to the test cases used. The choice of a design approach for this
thesis will be based on (a) computational methods available and (b) type of
design problems that we wish to attempt.

The computational methods available are:

Linear Perturbation Analysis Giles has developed a linear perturbation
analysis method called SLiQ) [24]. This method first solves the nonlinear
steady Euler equations on a 3D structured grid. It then uses a linear per-
turbation approach to obtain the sensitivity of the flow field parameters
to geometric perturbations (see Chapter 3).

2D /3D Unstructured Euler Analysis Crumpton has developed two and
three dimensional Euler solvers based on unstructured grids [12],[13].
These solvers use acceleration tools such as parallel processing and multi-
grids to decrease the time required for a solution.

The aim of the current exercise is to develop a framework for design based
on a suite of tools to meet the needs of the designer subject to the time and
computing constraints. It is essential that quick, simple and robust tools be
available in conjunction with more complex, but time consuming, methods.
The local availability of inviscid computational codes limits the class of prob-
lems that can be targeted for developing such a framework. One important
design problem is the alleviation of pylon-OGV-fan interaction. The pylon
induced pressure wave is an inviscid phenomenon. This problem is known to
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designers and is usually tackled using analytical techniques. Thus, any CFD-
based design method evolved to alleviate this would be a worthy contribution

to the design process and also a powerful tool to understand and develop design
methods.

Therefore, this thesis will attempt to develop a set of design approaches
atmed at the pylon-OGV-fan interaction problem involving sensitivities ob-
tained from (a) a linear perturbation method and (b) an Euler code. Non-
gradient based optimization methods will also be investigated.

The redesign will be aimed at altering the shape of the OGV’s using the
concept of cyclically varying camber (further discussed in sections 5.1-5.2,
pages 84-86). In keeping with the above strategy, the scheme of the thesis will
be as follows:

Chapter 2 introduces the formulation of the design problem as an optimisation
problem and reviews several currently used and researched techniques.

Chapter 8 A design method based on linear perturbations and actuator disc
method is discussed. |

Chapter 4 A quasi-newton design method based on sensitivities obtained by
finite differencing is developed. A grid movement method used to perturb
the geometry is also presented.

Chapter 5 Methods introduced in Chapters 3 & 4 are applied to the test prob-
lem in Chapter 5.

Chapter 6 The quasi-Newton method is applied to a three dimensional blade
row.

Chapter 7 concludes with a discussion and suggestions for future research.

Figure 1.4 (pg 15) presents the structure of the thesis as a flow chart.
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advantage in that only one solution of the governing equations is necessary (as
opposed to the iterative scheme of Direct design) and so it is computationally
cheap. However, a physically realisable shape may not exist for the specified
pressure distribution. Thus, inverse methods require the target distribution
to be very carefully formulated to achieve a feasible shape. Inverse methods
are still used as a preliminary design tool for the design of airfoils. Two such
method are reviewed in sections 2.3 and 2.4.

The problems encountered with specifying target pressure distributions
can be circumvented by formulating the design problem as one of minimising
the difference between the current and target pressure distributions. Such an
approach will always result in a physically realisable shape, thus recasting a
possibly ill posed problem as a well posed problem. The disadvantages of
this approach are (a) each objective function evaluation involves at least one
CFD solution, and (b) added computational expense due to the optimization
procedure. Minimisation methods blur the line between inverse and direct
design philosophies. As a result, such classifications are rarely used anymore.

Since modern design methods employ concepts of optimization, a study of
the underlying mathematics is essential. The following section introduces the
theory (see also [71]) and uses it to classify methods that will be reviewed in
subsequent sections.

2.1 An Introduction to the Underlying Mathematics

The aerodynamic design optimization problem can be expressed as

) 1)
) = 0 (2.2)
) = 0 i=1,...,NegCons

) 0 j=1,...,NneqCons

minimise I (
subject to U (
(
(

VAN

where « is the vector of design variables and F(«) is the vector of flowfield
variables. I (o, F) is the user specified cost function that is to be minimised.
U (o, F) represents the governing equations of the fluid flow and relates F
to a. G and H are the equality and inequality constraints imposed on the
system. Various optimization methods can be used to solve this problem.
These techniques can be broadly categorised into (a) Gradient based (GB)
methods and (b) non-gradient based (NGB) methods.
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2.1.1 Gradient Based Methods

GB methods determine the gradient vector at the current point in the design
space and then make a step in the negative gradient direction. Thus, evaluation
of the gradient vector is crucial to such methods. Convergence can be speeded
up by using sophisticated descent methods such as quasi-newton or conjugate
gradient methods.

A change da in « influences the following change in 1

oI oF\" 8l
— Sl 2 T2 )
0] = do £ + da (6a) oF (2.3)
The corresponding gradient vector can be expressed as:
oI  (8F\" oI
J== =) = 4
Vol Oor (0a) oF (24)

All terms in this expression are easy to evaluate except -g—f. This term rep-
resents the sensitivity of flow field parameters to changes in design variables.
The various approaches to GB aerodynamic design differ essentially in the way
they compute this term and they are as follows:

Finite Difference Methods

Here the term is evaluated by finite differences. If 3 represents the unit vectors
that span the design space and m is the dimension of this space, the design
vector can be expressed as a = 371, a;f;. If € is a perturbation, then the
sensitivities are calculated as

oI  I(a+eB;) —I(a)

= 2.5
601_7' € ( )

T
or\"_for o ol 29
Ja Oay’ Oay Ja,,

It is obvious that there have to be at least m + 1 evaluations of the flow field
to evaluate Vo,I. The finite difference approach is feasible in cases where the
number of design variables is small. The size of ¢ and its effect on the accuracy
of the computed gradient is a concern for such methods. Most black-box direct
design methods use finite difference methods to evaluate sensitivities.

and collated as
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Adjoint Based Methods

These methods are very efficient in calculating the gradients for constrained
optimization problems, even when the dimension of the design space is large.
This approach involves the use of Lagrangian multipliers and solving a set of

co-state equations. The term %% in equation (2.4) can be replaced by using
U  (0F\' aU
= 2.7
da (Ba) oF =" (2.7)

which is obtained from equation (2.2). We get

-1
o ou ([(oUu\'\ oI
Vol = 50~ %a ((6.7:) ) oOF (2:8)

Introducing the vector

AN
(5?) AT (29)
we can express the gradient as
ol o0U
o = — 4+ — 2.1
Vol e + Ba/\ (2.10)

where ) is the Lagrangian multiplier (also referred to as the costate variable).
The minimisation is performed by repeated application of the following steps:

(i) Solve U(a, F) = 0 using the current , thus determining F
(ii) Using o and F determine A from equation (2.9)

(iii) Update a by taking a step in the direction of the negative gradient
(evaluated from equation (2.10)).

Methods described in sections 2.6 and 2.7 are adjoint based methods. Appli-
cation of adjoint methods to design problems was pioneered by Pironneau [60]
and Jameson [40]. This closely resembles the method for calculating transonic
potential flow proposed by Bristeau et al [5]. Adjoint methods are also used
by Baysal et al [4], Agarwal et al [50] and at Boeing [79)].
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2.1.2 Non-Gradient Based Methods

NGB techniques are a recent development in optimization techniques and rely
on the availability of cheap and fast computing power. NGB methods rely
on randomised searches to determine the minima. It must be emphasised
that randomised searches do not mean random searches. There is an overall
method to the search, but they rely on probabilistic as opposed to deterministic
traversal of the parameter space. Since they do not use gradient information,

they avoid the pitfalls associated with local minima and noisy cost functions.
NGB methods include:

Simulated Annealing (SA) results from the application of principles of sta-
tistical mechanics to multivariate or combinatorial optimization. It was
first proposed by Kirkpatrick [64] in 1983. It is based on the physical pro-
cess of cooling of materials where minimum energy states are reached for
sufficiently slow cooling. Each state can be defined by the set of atomic
states (or positions) which is identical to the design vector. The state
itself can be described by (a) an average due to the combination of the
atomic states and (b) small fluctuations about this average. In a CFD
optimization process, (a) is similar to the value of the objective function
at the current point in the design space and (b) represents noise in the
objective function. The lowest and stablest ground states of materials
are obtained by careful annealing. In practical cases the temperatures
of the liquid form is reduced slowly; the cooling rate is further decreased
in the vicinity of the freezing point. Such a cooling schedule avoids the
formation of defects in the resulting crystals. In optimization terms this
translates to identification of the absolute minima. SA has an “effective
temperature” for each system that is used to determine the rate of cool-
ing. In the optimization process small random changes to the design are
made and accepted under certain conditions. Accepting only changes
that result in reduction of cost function is similar to quenching and thus
results in metastable states; instead some changes that worsen the design
are accepted. The decision to accept a change that results in a worsening
of the cost function is based on a Boltzmann distribution linked to the
effective temperature. SA can be described as a sequence in which at
each step of the Markov chain a design parameter is perturbed and a
decision is made on whether to accept this change or not (based on the
resulting change of the cost function and the temperature).

Genetic Algorithms (GA) simulate the natural process of genetic selection
(survival of the fittest) by maintaining a set of competing designs and
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manipulating the design parameters of the pool to identify new promising
generations while discarding dead-ends (see [29]). Developed by Holland
et al [38], GA’s seek to introduce robustness to artificial optimization sys-
tem by mimicking biological processes such as self-repair, self-guidance.
GA’s work with a coded form of the design vector and not the vector
itself. The coding of the vector space results in a finite length string over
some finite alphabet. The search is coordinated by the GA from a pop-
ulation of points and not from a single point (as a deterministic method
would). The objective function is the only measure used by the GA,
similar to “quality of life” in a natural system. The better the quality,
the higher the chance of survival. A randomised initial population is first
created and then the GA creates successive generations by introducing
mutations, crossovers and reproduction in the current population.

NGB methods are very compute intensive and need to evaluate the cost func-
tion many many times, making them prohibitive for some CFD applications.
Recent publications have indicated that with modifications methods such as
SA can be used in conjunction with GB methods to quickly determine the
global minimum. One such method is reviewed in section 2.8.

2.2 Issues Confronting Aerodynamic Design

Some prominent issues that confront computational aerodynamic shape design
are:

(i) Choice of optimization procedure The success of an aerodynamic shape
design depends on the optimization method selected. As indicated in
the preceding section, the two fundamentally different approaches are
the GB and NGB methods. GB methods can be easily linked to an
interactive system which allows the designer to explore the design space.
Since they depend on gradients, such an interactive system allows the
designer to acquire an intuitive feel for the design space. However, initial
conditions and the quality of the flow solution are major influences in the
performance of a GB method; in the worst case it is possible for numerical
errors to direct a GB scheme towards a local or a spurious minimum. In
comparison NGB schemes are immune to such pitfalls and will find the
global minimum (subject to minimum quality of flow solutions). The
disadvantage is the compute intensive nature of such methods. Also,
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(iii)

since NGB methods are stochastic and do not have any obvious route
while reaching the minimum, any interactive scheme based on them is
highly unlikely to give the designer a “feel” for the design space. It is our
opinion that a suite of NGB and GB schemes will possibly be the best
alternative placed at the designer’s disposal, allowing him to determine
which scheme to use under the given circumstances.

Use of discrete or continuous sensitivities This problem arises with the use
of GB methods. Sensitivities can be computed using the continuous ad-
joint problem (eqns (2.7-2.10) applied to the governing flow equations)
or alternatively using the adjoint equations obtained from the discrete
flow equations. This discrete adjoint equation is a particular discretiza-
tion of the continuous form. Issues at hand include the computational
expense in discretising the continuous form of the adjoint equation. This
is a current area of research. The continuous form is used by Jameson et
al [42] while the discrete method has been adopted by Baysal et al [4].

Coupling of Aerodynamic and Optimization methods The inclusion of a
computational method into an industry is a long and expensive process.
They are subjected to rigorous tests on a suite of problems including com-
parisons to available experimental and flight test data. Design methods
that closely couple flow codes and optimization methods (such as the
one-shot method, section 2.7) create codes that will need to undergo the
complete validation exercise. Additionally, since these are essentially de-
sign codes, new techniques of validation will have to be developed. De-
sign methods which adopt a loose coupling of optimization and (verified)
flow codes have a considerably shorter validation cycle. In the current
short and medium term context it appears that a loosely coupled setup
will yield maximum benefit.

Choice of cost function and design parameters The choice of the cost func-
tion is as crucial as the choice of an optimiser in the overall design
process. Many design parameters (such as structural strength) cannot
be included in aerodynamic shape design as a variable and need to be
introduced as geometric constraints. It is often the case that such ex-
traneous influences result in an overconstrained problem rendering it
intractable. Thus the cost function should be malleable and be specified
by the designer for each optimization run. Similarly, it should be pos-
sible to specify some constraints as “weak”. Such flexibility will allow
the designer to pose the problem in many ways and assist in identifying
bottle-necks and routes to achieving design goals.

Shape Definition Another very important issue facing aerodynamic design
is shape definition. Currently, shapes are developed by design meth-
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(vi)

2.3

ods in complete isolation from manufacturing systems (with some in-
put on manufacturability). The shapes are then input to a centralised
CAD database from where the manufacuring instructions are deter-
mined. Such an approach that involves explicit conversion from aero-
dynamic shapes to CAD shapes often slows down the process of design
evaluation (by structural and other groups). A centralised CAD shape
database that has real time access to the latest aerodynamic shape will
make it possible to have real time analysis of the component from sev-
eral other stand points. Several industries are already pursuing such
standardisations internally.

User interface Visualising CFD results has become common place. Be-
sides being a tool for viewing the flow solution, it is also used to identify
flow features that influence the flow field. The way CFD results are
presented on a computer is straightforward (while its implementation is
not). It is based on a planar representation with additional probes like
stream-tubes, ribbons and other visualisation techniques borrowed from
experimental aerodynamics. The scheme for presenting design results is
not so obvious. The options available include:

e presenting only the final result
e presenting a convergence plot of the objective function

e at each point(in the design space), presenting various sensitivities
available with the decision taken by the optimiser

Some of the above methods are suitable for an interactive approach while
others are not. Using an interactive approach allows the designer to pro-
gressively change the objective function to incorporate issues not directly
related to aerodynamics (ex. manufacturing costs) at an appropriate
stage of the design. However, excessive reliance on sensitivity based de-
sign interfaces might lead to a highly localised design that can result
in an overall deterioration. There must be some mechanism whereby
the designer realises that a seemingly harmless change in a parameter
drastically affects the flow elsewhere.

Streamline Curvature Method

Mean streamline curvature method (MSLM) was first proposed by Wu [77]
in 1952 as a general theory of three-dimensional flow in turbomachines. The
main concepts of MSLM are as follows. If the shape of a certain stream line
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as a preliminary design tool to design airfoils for turbomachinery applications

169).

2.4 Modal-Inverse Method

When presented with pressure distributions containing shock discontinuities,
inverse methods often produce airfoils with surface slope discontinuity at the
foot of the shock. The modal inverse method proposed by Drela [15], which
is reviewed in this section, overcomes this problem by limiting the changes
proposed by the inverse code to a small number of smooth geometric modes
(< 10). This is similar to optimization based inverse design methods (discussed
in section 2.5). The use of smooth geometric modes ensures that the final

geometry is smooth. In this method, the design problem is specified as either
a

full-inverse problem where the pressure is prescribed over the entire airfoil
surface,

or a

mixed-inverse problem where the pressure is prescribed over only a part
of the airfoil surface and the geometry is prescribed over the remainder.

The geometric design modes are used to represent changes to a surface of the
airfoil or to the camber line. The capability to perform changes based on the
camber line are required in turbomachinery applications where the thickness
of the airfoil has to remain constant due to structural reasons. Changes im-
plemented as variations to the camber line retain the initial thickness while
varying the airfoil geometry.

The underlying code in the inverse scheme is the ISES code [17], [25]. The
code has a streamline based discretization of the steady two dimensional Euler
equations in conservative form with capability to handle transonic flows, in-
verse or direct boundary conditions with or without boundary layers included.
Here, a cell is defined by two streamlines and two quasi-normals (lines that
need not be normals). The variables of density p, pressure p, velocities u, v,
are located at the center of the quasi-normal cell face. There is no convec-
tion across the streamline face, so that only pressure p and the streamline
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Figure 2.3: Grid node and variable locations. FIgure from [15].

node position z,y are needed as unknowns. The lack of convection across the
streamline face leads to the substitution of continuity and energy equations by
simple algebraic statements of constant mass flux and stagnation enthalpy in
each streamtube. This reduces the number of unknowns to two p,n, where n
is the normal position of the grid node (see figure 2.3, pg 26). The streamline
grid is determined as a part of the solution.

The system of equations is solved using a Newton solver. For the initial
guess, a streamline grid similar to the incompressible flow grid and a uniform
density equal to the freestream value is chosen. The variables determined at
the end of each Newton iteration are the streamline node movement Jn and
the density change dp at each quasi-normal face. The linear system that is
solved has the form

on
J op = -R (2.11)
0G

where J is the Jacobian matrix and R is the vector of all residuals. G repre-
sents changes to global variables.
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In the inverse form of the current method, the airfoil being designed is
determined by the calculated shape of the two bounding streamlines. In the
modal-inverse approach the boundary condition applied at a surface node is
modified to

L
5n,~ = Z (5ﬁlg,(si) (212)
=1

where 47, is the mode amplitude, g,(s;) is the geometric mode and s; is the arc
length position of surface node i. This is equivalent to perturbing the airfoil
contour by the L geometric modes. If the same perturbation is applied to
opposing points on the lower and upper surface it will result in the thickness
being preserved and is equivalent to perturbing the airfoil camber line. The
mode shapes used are smooth so the perturbed geometry is guaranteed to be
smooth. The Newton method can be modified to give “free” sensitivities by
including the modal inverse terms to the rhs of eqn (2.11), thus giving

on
J dp = —R }+6n;{ —g1 ¢...-+0n, < —8L
0G
(2.13)

This modified Newton solution does not constitute a “proper” Newton method
because the modal constraints are not exact linearised forms of the least-
squares constraint. The overall convergence rate is linear and not quadratic.
However, in practice the discarded terms are so small that an order of magni-
tude decrease in residual per iteration is obtained.

2.4.1 Design of an Inviscid Transonic Airfoil

The redesign of a NASA supercritical airfoil is presented in [15]. The initial
airfoil had a fairly strong shock on the suction side at M, = 0.75and C, = 0.8
with Cp = 0.01095. The direct solution required ten Newton iterations which
amounted to 12 CPU minutes on a VaxStation 3200 for a typical 132 x 32 grid.

In the redesign process the problem was specified as a mixed-inverse prob-
lem aimed at weakening the shock. Weakening of the shock was preferred
to total elimination to prevent deterioration of off design performance. The
angle of attack a was left as a free variable so that the design C, = 0.8 was
strictly observed. Four additional Newton iteration were needed to converge
the redesign starting from the direct solution.
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Figure 2.5: Comparison of original and modal-inverse redesigned airfoil. Sur-
face angle and curvature distributions on redesigned airfoils. Note: how shock
and discontinuities have been eliminated. Figure from [15]

2.5 Direct Design Methods

Direct design methods, as discussed in the introduction, involves the repeated
application of an aerodynamic solver under the control of a black box GB
optimization program. One such method is the direct iterative surface curva-
ture method (DISC) due to Campbell and Smith [9], [8] which is reviewed in
this section. DISC has been extended to include constraints [7] and is called
CDISC. DISC has been applied to three-dimensional problems including wing
design ([9], [8], [68]), design of winglets ([51]) and nacelle design ([51], [76]).
Airfoil design using CDISC is demonstrated in [7].

DISC iteratively modifies the shape to achieve a target surface pressure
distribution. An initial geometry is analyzed by the flow solver and the result-
ing surface pressure distribution is compared with the target distribution. If
the two differ then geometric perturbations are calculated from set expressions
that relate the local Mach number and pressure deficit to changes in curvature.
The changes to the geometry are implemented by a grid movement algorithm
and the new geometry is analyzed by the flow solver. This proceeds iteratively
till the pressure deficit is minimised.




2.5 Direct Design Methods 30

For subsonic and low supersonic Mach numbers (M < 1.1) the required
change in surface curvature (AC) is related to the difference between the local
objective and current pressure coefficients (AC),) by the equation

AC = AC,A(1 + C?%)"B (2.14)

where A is the relaxation factor, which is positive for the upper surface and
negative for the lower surface. Exponent B (0 < B < 0.5) is a control on
the convergence rate with higher values enhancing the rate of convergence but
with decreased stability in the nose region of the airfoil. The following relation
is used when the flow becomes supersonic (M > 1.1):

| _d(AC,) AYME -1 1
AC= dz 2 [1+ (dy/dz)?]'S (2.15)

While observing that defining a “good” target distribution based on re-
quired aerodynamic performance (C;, Cy,) is possible, it must be noted that
such a distribution is not unique. Further, the choice of the target pressure
distribution, in the presence of geometric constraints, may make or break the
design exercise. Campbell [7] has extended DISC to be capable of modifying
the target pressure distribution while trying to achieve the same aerodynamic
performance. This is done as the design cycle proceeds and ensures a success-

ful completion of the design loop. The new method is called constrained DISC
(CDISC), and consists of:

(i) generating initial target pressure distributions based on the aerodynamic
and geometric constraints.

(ii) automated modifications to the target pressures during the design loop.

To facilitate this, the airfoil is divided into regions bounded by by control
points as shown in figure 2.6(see page 31). This is similar to the method used
by Malone et al [54] and Van Egmond [74]. The control points are determined
by the following “rules”.

Point 1 on each surface corresponds to the stagnation point.
Point 2 marks the end of the leading edge acceleration zone.

Point 3 terminates segment 2-3, the region of fairly mild pressure gradients.
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initial airfoil surface grid. The functions are either straight lines or parabola
except at the leading edge where fourth-order and third-order polynomials are
used for the upper and lower surfaces respectively. This becomes the initial
target pressure distribution used by the design method.

As the design loop proceeds this target distribution is continuously re-
viewed and altered to achieve the desired objectives (in terms of C;, C,, and
Ca). This procedure is similar to the above target pressure calculation method
in that it uses pressure-geometry relations. However, the perturbation form
of these relations are used here. Changes to the target pressure is related to
the difference between current and desired geometric parameters. Besides just
changing the target pressures, this procedure also moves the location of the
control points to meet geometric constraints. The changes are computed us-
ing relations between current and desired flow features and perturbations to
control points.

It must be noted here that much of the above approach depends on empir-
ical formulae and relations that have been arrived at by statistical and other
methods. But the DISC typically represents several black box approaches,
which rely heavily on existing design knowledge.

2.6 Application of Control Theory

The application of control theory based optimization techniques to airfoil and
wing design has been pioneered by Jameson et al [40],(42]. Here the Frechet
derivative of the cost function is evaluated by solving an adjoint partial dif-
ferential equation (a technique borrowed from control theory) as described in
section 2.1 (under “Adjoint Based Methods”) and is governed by expressions
(2.1-2.4) and (2.7-2.10). The boundary shape which serves as the control is
then modified in the direction of descent. Control theory based methods are
currently available for flows modelled by potential and Euler equations and
have been applied to

(a) blade design for turbomachinery applications by Gu et al [33], [32],
(b) airfoil and wing design by Jameson [42],[40],[41].
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The computational cost of solving the adjoint equation is comparable to
that of solving the flow equations. Thus the gradient is obtained with the
computational cost of roughly two flow solutions. Further, since the adjoint
equation is a partial differential equation very similar to the governing flow
equations, it is possible to use a typical numerical discretization and acceler-
ation schemes. To avoid violating constraints the gradient is projected into
the allowable subspace. The current implementation is similar to recasting an
inverse method as an optimization problem. In this particular reference every
node on the boundary surface is considered a design variable (subject to cer-
tain smoothness criteria) and the gradient evaluated measures the sensitivity
of the cost function to perturbation of each node. However, maximising L/D
for a given L can also be specified as the target and not necessarily a pressure
or velocity distribution.

This scheme has been employed to design airfoils and wings. In [41], a
swept wing is designed by using the above technique. During design the wing
planform was fixed and the wing itself was divided into 33 spanwise sections
which were open to arbitrary changes subject to a minimum thickness criterion.
Each section had 128 points, thus resulting in 4224 design variables. An initial
wing section was designed using the two dimensional design method [42] to
give a shock free flow at M = 0.78 with C;, = 0.6. Modified versions (in
t/C) of this section were stacked to get the initial wing. The two-dimensional
pressure distribution of the datum wing section was introduced as the target
distribution uniformly over the span. The total inviscid drag was also included
in the cost function. A multigrid based solver (FLO87) was used to solve the
three dimensional Euler and costate equations. For computational efficiency
only 15 multigrid iterations were used. Although the flow solution isn’t fully
converged, sufficiently accurate gradients can be obtained. At M = 0.85 and
Cr, close to 0.5 the inviscid Cp of the wing was reduced from 0.0207 to 0.0113.
The shock present in the initial configuration was eliminated leaving a weak
shock wave in the outboard region. The final configuration was analyzed by
another code (FLO67), which was run to full convergence. This run predicted
the Cp to be 0.0094 at M = 0.85 with C, = 0.5, the L/D was 53. A typical
design run required 10-20 design cycles (ie equivalent to 20-40 analysis runs).

A wing design can be performed overnight on a workstation. Current
research topics include extension of the current method to include arbitrary
meshes and to viscous flows.
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2.7 The One-Shot Method

The one-shot method uses the Lagrangian multiplier with the introduction of a
co-state equation. In that, the approach is identical to that discussed in section
2.1 (under “Adjoint Based Methods”) and is governed by expressions (2.1-2.4)
and (2.7-2.10). However, it differs from standard adjoint based methods in
the way it uses acceleration schemes. Control theory based methods (section
2.6) use the simplest form of multigrid acceleration by treating the co-state
equation like an additional flow equation but the one-shot method goes further
by embedding the design process within the multigrid cycle and trying to
accelerate gradient descent concurrent to the solution of the governing PDEs.
This can be viewed as:

e Shape changes are carried out in a hierarchical manner such that smooth
changes are performed on coarse grids while the high frequency changes
are implemented on finer grids.

e Since different length scales are involved in these changes, for computa-
tional efficiency the governing equations can be solved on grids of appro-
priate resolution.

This leads to a series of optimization subproblems each on a given length scale.
Such an approach circumvents the possible ill conditioning arising from opti-
mizing on many scales simultaneously. The One-Shot method employs a full
approximation scheme (FAS) full multigrid (FMG) algorithm. The prolonga-
tion is such that low frequency changes are updated in coarse grids and high
frequency modes are updated in finer grids. The restriction ensures the opti-
mization problem at each grid level is driven by the fine grid residual. This is
schematically presented in fig 2.7 (pg 35).

The One-Shot method is computationally inexpensive, requiring a CPU
time of about two analysis runs for each design cyle. As a part of the basic
One-Shot design strategy, none of the design variables are updated on the finest
grid. Additionally, because of the use of perturbation only on levels where they
generate high frequency errors, a local relaxation around the airfoil is sufficient
to damp out errors thus reducing computational costs. The One-Shot method
has been applied to various airfoil design problems in [49)].
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Figure 2.7: The One-Shot strategy.

2.8 Application of SA to CFD Shape Design

Concern that gradient based methods often get stuck in local minima and
are not robust when discrete variables (such as material strength, or cost of
manufacturing) are included has persuaded some research groups to investigate
stochastic methods such as simulated annealing.

Aly et al [1] have studied the application of SA to CFD shape design with
applications including minimisation of drag on airfoils and bodies of revolution
in supersonic flow. Modifications to SA were included to reduce the number of
objective function evaluations to levels similar to GB methods. They include:

e switching to an iterative improvement algorithm based on a normal
distribution when the control parameter (annealing “temperature”) be-
comes low

e using paralle]l SA when the temperature is high
e less stringent convergence criterion on flow solvers

e final convergence achieved by a GB method.

Typically SA has been applied to discrete problems (like the traveling sales-
man problem) and has been found to require many objective function evalu-
ations (OFEs) to achieve a minimisation. By coupling a GB method to the
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SA Aly et al wish to reduce the number of OFEs. The idea is quite simple.
Once the metal being annealed becomes cool the actual changes to the crystal
structure are quite small; in optimization terms this translates to an inabil-
ity of the method to home into the minimum once it has reached its vicinity.
However, GB methods are very good at doing this and a coupling of the two
makes it possible for the SA to determine the region of interest while the GB
method performs the final descent.

The parallelisation of SA was based on the idea that, if the metal started
from reasonably high temperature nearly all crystals in the metal respond to
the annealing process but in many different ways. As the system cools these
many different states tend towards a common steady state dependent on the
rate of cooling. By parallelising the SA design process, it is possible to vary the
sequence of parameter changes thus calculating the cost functions and design
variables simultaneously. This goes on till a transition point after which serial
SA is pursued. The determination of the transition point is critical and is a
current research topic. The communication overheads for the parallelisation
involves only the evaluation of costs and design vectors and is negligible.

The current method has been applied to three different problems in [1]. One
of them is to design an airfoil optimised for two different cruise Mach numbers
(My = 0.75 and My, = 1.3). To reflect the compromises, the objective was
to minimise the average of the supersonic and subsonic drag. The dimension
of the design vector was reduced to one by studying airfoils that were a linear
combination of two base airfoils. The base airfoils may be referred to as the
blunt and the sharp airfoils for ease. The design variable, called shape factor,
controlled the combination of the two base airfoils. Having only one design
variable makes the problem trivially parallelisable.

The minimum was obtained in 23 SA function evaluations performed over
4 computers. At the end of each design loop, the computers exchanged cost
function values and design variables before each deciding to continue or stop
(due to convergence).

It is also interesting to note that the authors have experimented with a drag
based convergence criterion for flow solvers ie terminating the flow code when
the mean deviation in average drag was below 107° over ten steps. Figure
2.8 (page 37) presents a comparison of drag computed with this criterion and
from a fully converged (to machine precision) flow solution. The abscissa plots
the difference in drag (in drag points) computed at the current shape factor
(the ordinate) and shape factor = 0. There is a sufficient difference in the two
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Design by Linear Sensitivities

Introduction
Use of Linear Methods | >‘.‘ " Use of éé{n}) T :
STTRRPRR. : Variables E
¥
A Linear Perturbation Method : ( Actuator Disc Theory J
SLiQ ADisc

Figure 3.1: Flow chart of Chapter 3.

A mechanism to evaluate sensitivities from a linear perturbation method
will be presented in this chapter. This is followed by a section on the applica-
tion of actuator disc theory.

Numerical solution of linearized Euler equations was first discussed by Ni
(58] in 1974 and a FEM was developed by Hall [37] in 1987. He demonstrated
the validity of the linear approximation to substantial levels of unsteadiness.
This, coupled with work on shock capturing by Lindquist and Giles [53], led
to the development of SLiQ, the linear perturbation method used here.

38
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In linear perturbation analysis for unsteady motion in cascades, the un-

steady part of the flow solution can be expressed as the real part of a complex
quantity of the form

U(z,y) exp(iwt). (3.1)

It i1s well-known that in linear unsteady analysis, the general solution can

be decomposed into a sum of particular solutions satisfying the periodicity
condition

U(z,y + P) = eU(z,y), (3.2)

where ¢ is known as the inter-blade phase angle and P is the blade pitch. The
use of this equation as a periodic boundary condition allows the computation
to be performed on a single blade passage, and then the solution in other
passages can be reconstructed from

Ulz,y + nP) = e™U(z,y). (3.3)

This leads to considerable savings in computer time required. Linear methods
are mainly used to study effects of flow unsteadiness on bending and torsional
flutter. However, flutter analysis at zero frequency represents the linear sen-
sitivity of the flow to changes in boundary conditions or blade geometry. It
is this feature that we will utilise in this chapter. The accuracy of linear
methods coupled with “cheap” sensitivities that can be output makes them
very useful tools in a designers repertoire. They also serve as a good testbed
for ideas that will later lead to a more complex design process. This chapter
attempts to develop a system for redesign using sensitivities computed by a
linear perturbation method.

3.1 A Linear Perturbation Analysis — SLiQ

SLiQ is a numerical method for the calculation of flows in multi-stage turbo-
machinery, developed by Giles [24] at MIT. SLiQ is an acronym for Steady/
Linear/ Quadratic, which refer to the first three terms of the asymptotic ex-
pansion that are computed in this method. In this code the unsteady, three
dimensional Euler’s equations are solved on a structured grid. The unsteady
solution is assumed to have an asymptotic form. The first term of this expan-
sion represents the nonlinear steady-state base flow. The second term is the
linear perturbation to the base flow, in unsteady computations it has a zero
time average, but in this work it gives the linear sensitivity of the steady flow
to grid perturbations due to design changes. The third term, the quadratic
term, reveals the change to the mean flow due to the time averaged effect of
unsteadiness; it is not used in the current work. In the current work, SLiQ is
executed in a 2D mode where the OGV row is modelled as a linear cascade.
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It is assumed that there is no variation in either the geometry or the flow in
the third dimension.

This approach is best demonstrated by considering the two dimensional
Euler equations:

oU OJF oG
ot Yoz Ty =0 (3:4)
where the vectors U, F, G are
p pu pu
U=| ™|, F=| P TP S .
e puhg pvhy

and p, u, v, hy are the density,  component of velocity, y component of velocity
and total enthalpy respectively. For an ideal gas with constant specific heats,
the total enthalpy is:

et+p Y P, Ll oo 9

hy = = =+ -(u"+v 3.6

0= T =T, 5 ) (3.6)

In SLiQ), the first step of the solution is to assume that there exists an unsteady
solution U(z,t) of the form

U(z,y,t) = UO(z,y) + UV (z,9,t) + €U (z,y,8) +--- (3.7

¢ is some measure of the level of unsteadiness. The first term is the steady
term, representing a nonlinear steady-state base flow. The second term is the
linear term that represents the leading order nature of the unsteady solution,
and has zero time average. The third term is the quadratic term whose time-
average reveals the change to the mean flow due to the unsteadiness. In our
present application, the third term is zero and so we shall use only the first
two terms of the approximation:

Uz, y,t) = U9z, y) + UV (z,y,1) (3.8)

In the next step, Taylor series expansions are used to express F' and G as
asymptotic functions. The basic Taylor series expansion is:

oF© 1 §°F©

(0) ~ (0) i
F(UY™ + 6U) F(UY) + 3T, 5U’+26Uj6Uk

SU;6Uy + - - -
(3.9)
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Using the above expansion F(U) and G(U) can be expressed as:

F(0)
FUO+eUM 4+ )~ FUY)+e aaU U+ (3.10)
GUO+eUD +-- )~ GUY)+ DG
MR i ( ) aU U ° (3.11)

The above expressions are substituted back into the equations of motion and
terms with the same power of ¢ are collected to form a set of asymptotic
equations. The O(1) terms give the standard, nonlinear, steady state equation.

0 0

P (FU)) + 5

5 (GU)) =0 (3.12)

The O(e) terms produce an equation which is linear and homogeneous in U(V.

ouY o (6FO o [(6G©®
o ( 50, U ”) +5- ( o U}”) =0 (3.13)
J

Because this is a linear equation with coefficients that are not time varying,
UM can be expressed as a sum of components of the form U(z) exp(—iwt).
Thus different frequency components are mutually independent and satisfy the

equation:
o (OFO . 0 (9GO .
—iwl + 3z (—6—U-—UJ) + 53/' ( au, UJ) =0 (3.14)

The W terms in the above equation represent linear sensitivities. In SLiQ,

the hnear equations are constructed on a deforming grid. These are derived
from the nonlinear, unsteady Euler equations for a deforming control volume.

%///Vvdv [[ vi dA+///-—dv

—/ (F-Uf)-dA (3.15)
av

Here 7 is the velocity of the deforming grid so the #-dA is the rate at which new
volume is being added to the control volume due to motion of the bounding
surface. Following the SLiQ approach described earlier, it is assumed that the
grid coordinates and the flow variables can be expressed as a sum of steady-
state part plus a small amplitude unsteady perturbation.

() = 2O+ V(30,0
U@EFE®),t) = U@ + UM, 8). (3.16)
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For convenience, the three coordinates of Z and the five components of U can
be expressed as a single eight-component entity called W. Thus the previous
two equations can be expressed as

W(Z(t),t) = WOEFD) 4+ ew® (0 1) (3.17)

The superscript (9 can be dropped and the superscript () can be replaced
with ~ for convenience. It is evident that perturbations to W will result in
perturbation to all other terms. These perturbations can be expressed as

p aﬁ" -
F=_mW (3.18)
and 95

Where F' and S are the flux and source terms respectively. The linear pertur-
bation equations of unsteady integral equation of motion is

dt// Oav +Udv =~ [[ (F-vz)-dd+F-dd+ [[[ av +sdv

(3.20)

The terms dA and dV represent the unsteady perturbations to the infinitesimal
surface area vector and volume element. Since this equation is linear and all
the coefficients depend on U and geometric terms, which do not vary in time,
means that there are harmonic solutions of the form U(z)exp(—iwt). The
most general periodic solution can be expressed as the real part of a linear
superposition of such solutions for a number of different real frequencies w, all
satisfying the necessary periodicity constraints:

U=R (Zw: U, exp(-—iwt)) (3.21)

This was introduced in the beginning of this chapter. (equation 3.1).

3.1.1 Implementation

SLiQ as implemented by Giles [24] can operate in two different modes: the
analysis and the design modes. In the analysis mode, the perturbation pres-
sure field (the downstream disturbance) due to the pylon is specified through
the exit boundary conditions. The discrete linear equations for the interior of
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the domain come from a natural linearisation of the nonlinear discrete equa-
tions coming from a standard finite volume discretization. This includes the
linearisation of the solid wall boundary conditions on the OGV’s. The inter-
blade phase angle is specified, the complex flow solution is computed for the
single passage, and then the real perturbation quantities can be reconstructed
for any blade passage in a post-processing step.

In the design mode (see secn 5.5 for further details), the geometric pertur-
bations of the OGV’s define a consistent linear perturbation of the body-fitted
computational grid. This introduces a source term into the discrete linear
equations throughout the grid. Because the camber perturbation has cyclic
periodicity, it is again possible to perform the calculation on a single blade
passage by imposing the complex periodic boundary condition with the ap-
propriate inter-blade phase angle. The design mode is executed without the
downstream boundary condition imposing the pressure perturbation of the py-
lon. Instead, the goal is to determine the camber perturbation which generates
an upstream flow perturbation equal in magnitude and opposite in sign to that
produced by the pylon’s interaction with the OGV’s. Then, by linearity, the
sum of the two solutions will give a combined flow solution corresponds to the
presence of the pylon and the cyclically cambered OGV’s and giving no flow
perturbation upstream of the OGV’s, (except for the very local pressure field
associated with each OGV).

3.2 Actuator Disc Theory — ADisc

Actuator disc theory (ADisc) applies the small perturbation theory to the
analysis of circumferential distortions in a cascade. It uses a wave form solu-
tion with a prescribed circumferential variation to evaluate the transmission of
disturbances through the cascade. It has been used to design rotors subjected
to circumferential flow distortions by Savell and Wells [65] and to design sta-
tors in the presence of an exit pressure distortion due to a downstream strut
by Kodama and Nogano [48]. Additionally, there have been attempts to link
ADisc and conventional CFD codes to study rotor-stator interaction [46] and
[45]. In the current work, ADisc theory is used as an alternative to the lin-
ear perturbation code to examine the differences in the solutions due to the
differing modeling assumptions. (see also, [72],(66],[67],[47])

In the actuator disc model we assume ...
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1 Blade spacing is very small in comparison to the wavelength of the cir-
cumferential disturbance.

2 The cascade is assumed to consist of flat plate airfoils.
3 Flow deviation in the cascades is neglected.

4 Kutta Condition is assumed.

Because of assumption 1 it becomes possible to treat the flow in the cascade
as a one-dimensional channel flow. Assumptions 2 and 4 result in sudden flow
turning at the leading edge of the cascade. Streamline contraction also occurs
at the leading edge of the cascade.

The flow field on either side of the cascade is governed by the linearised
ideal, inviscid, isentropic compressible flow equation. The linearisation is based
on the assumption that the perturbation quantities (denoted with a ~ accent
above the variable, as in p; mean quantities have a subscript 0 as in ag) are
small in comparison to the mean quantities. The equations are

Continuity
0p op Bp i 00
Lot = 3.22
ot TV T 5y p"(a Tay) = (3.22)
Momentum
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Where v is z2 c . U,V are the mean velocities in the z, y directions repspectively,

p denotes the density and p is the pressure. The perturbations in pressure,
density and velocity are assumed to be of the form

f = Fpexp(Az) exp(iwt + iky) (3.26)

where w = —kV,, k = %, L is the pitch of the disturbance (pylon), ag = |/

and A = decay constant in X direction. Vj is the velocity of rotor rotation.
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Since we are only concerned with OGVs (stators), V, = 0. Eqn (3.26) can be
written as

f = F, exp(Az) exp(tky) (3.27)

At this point it is necessary to note that the disturbances are sinusoidal along
the annulus. Therefore, it is possible to rewrite the wave form of the distur-
bance (eqn(3.27)) as

f = fexp(iky) (3.28)

The exp(iky) term in the above equation simulates the sinusoidal nature of
the disturbance along the annulus. Further algebra can be performed without

the exp(iky) term (ie. using f instead of f) for simplicity. The two values of
A for which such solutions exist are

ko

Moo= 1o Mg{zMzMy +/1— M2 — M2} (3.29)
k ; 2 2

b = M2{zMIMy -1 M2 — M (3.30)

where M; and M, refer to Mach numbers in the z and y directions respec-
tively. Since the real part of \; is positive, the corresponding flow solution has
an exponential increase in the axial direction, whereas the real part of A, is
negative and so its corresponding flow solution has an exponential decrease in
the axial direction.

A general flow solution with the required circumferential periodicity is a
sum of an arbitrary multiple of each of these two flow solutions. Perturbations
in the pressure, density and velocity components can be related to the potential
solution to obtain the following expressions, in which C} and C, are complex
constants giving the arbitrary amplitudes of the two component modes.

;p_ = {C} exp(A\1z) + Ca exp(A2z)} (3.31)
0
0 1
P _Z {C: exp(A1z) + C2 exp(A2z)} (3.32)
Po Y
U ra Cy exp(Mz)+
2 = _ exp(A\z
s M, ()i,

A2 1
- Cg exp(/\gx) ."_)’ (333)
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The actual physical perturbation is always the real part of the complex
quantity given in these equations. The complex representation can be viewed
here as simply a convenience to simplify the construction of the general so-
lution. It is however a fundamental aspect of the linear perturbation code,
SLiQ. To understand this it is helpful at this point to note that one feature
of the complex solution to the potential flow equation, and the associated
perturbation flow variables is that

Ulz,y + Ay) = ?U(z,y), ¢=kAy (3.35)

Here, U can be viewed either as the complex potential ®, or as the vector of
perturbed quantities (5, g, @, ¥). Because of this periodicity feature, the same
flow solution would have been obtained if the perturbation equations of motion
were solved on the strip 0 < y < Ay with the periodic boundary condition

Uz, Ay) = e?U(z,0), ¢ =kAy (3.36)

This, in essence, is how the linear perturbation code SLiQ) operates.

Analysis of X reveals that C) terms decay in the upstream direction while
the C, terms decay in the downstream direction. (See fig3.2). In the test
case adopted for this thesis there is no imposed upstream disturbance that
decays downstream towards the actuator disc. Therefore Ca,, the value of Cy
upstream of the actuator disc is zero. The expressions for p, p, v and v can be
written independently for upstream and downstream as follows.

3.2.1 Equations for Flow Upstream of the Disc

If the subscript u is used to denote upstream terms, the expressions (3.31-3.34)
can be rewritten as

%—- = {Ciuexp(A17)} (3.37)
Ou
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Figure 3.2: Variation of distortion terms upstream and downstream of the
Actuator Disc Plane
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3.2.2 Equations for Flow Downstream of the Disc

Similarly, if the subscript d is used to denote downstream terms, the expres-
sions (3.31-3.34) can be rewritten as

Pa
Pod
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3.2.3 Boundary Conditions

The above expressions define the flow fields on either side of the actuator disc.
They can be evaluated all over the domain once Ci,, C14 and Cy4 are known.
These are determined by introducing the following boundary conditions:

e Pressure wave downstream of actuator disc (due to the Pylon).
e Flow angle at exit of the actuator disc.

e Conservation of mass.

Effect of Downstream Pylon

The downstream disturbance that propagates in the upstream direction is
exclusively due the presence of the pylon. If there is no pylon disturbance then
C.q is zero. For the cases in this thesis involving a pylon, Cyq is calculated
from a nonlinear calculation of the steady flow around the pylon alone. This
calculation is performed using the program UNSFLO which solves the 2D
Euler equations on unstructured grids [21].

From the nonlinear results, a line plot of pressure at r = Xe(OGV), the
location of the trailing edge of the OGV’s, has the form shown in figure 5.6.
Using Fourier series, this can be represented as

pl0) =0+ (3 Prexplinky) ) (3.49)
n=1
Equating the first harmonic to the pressure perturbation due to C\4 gives
P,
Chy = (3.50
™ poaexp(Aiaz) )

Exit Angle of Flow from the Actuator Disc

C,q can be determined by relating the exit flow angle (at the actuator disc) to
% and v.

tan(a + &) = ———% (3.51)
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where « is the mean flow angle (see figure 3.3), & is the angular perturbation
at the exit from the actuator disc. This can be expanded as

(M, + -“—) (tan(a) + Gsec’(a)) = M, + — (3.52)
Qod Qod

Collecting the first order terms gives,

~ -~

— tan(a) + M,asec(a) = — (3.53)
Qod Qod
The & term is determined from the deflection to the blade geometry defined
from the SLiQ-aided redesign. This is sinusoidal along the annulus and can
be written as

a = G exp(iky) (3.54)

& is the “tailoring” to the trailing edge specified as a result of the redesign.
C\q is known therefore, from the above equation Cy4 can be evaluated as

M qéasec(a)? + Ciy4 (tan(a)CA — CC) exp(Maz)

_ 3.55
Cad (CD — CBtan(a)) exp(A2qz) .
where
1 A
CA = -= )
Y Mgq (A};‘) + iMya
1 Azg
CB = —- by :
Y Mgy (—,%4) +tMyq
cC = —l A Z
Y de (—Ilc'd') + ZMyd
CD = L Y :
Y Mg (22) + iMyq
(3.56)

The above expressions are evaluated at z = 0, so the exp(Az) terms are reduced
to 1.

Conservation of Mass

Cy, can be determined from the conservation of mass.

PuUy + yupy = Ugpq + PaUy (3.57)
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From this equation C), can be evaluated as

Uapd + paU
. — dPd + paUd o (3.58)
exp(hiz) (#5) (Mo~ oo

This is evaluated at the actuator disc.

3.2.4 Thick Actuator Disc

The preceding sections describe the equations governing a flow around a thin
actuator disc (where the actuator disc is a line on which the flow variables
suddenly change). In our present study the perturbations upstream and down-
stream travel only the distance of about 1 chord length of the OGV blade. So
consideration must be given towards modeling the distance of decay in relation
to thickness of the blade. The thick actuator disc (see fig 3.3) accounts for the
decay in the regions outside the trailing and leading edges. There is no decay
within the disc. There is a slight phase shift when the disturbance appears on
the upstream flow field. This is due to the shape of the blade passages. This
is included as a exp(ik dy) term. The boundary conditions are, therefore, im-
plemented by substituting x — z;. for the downstream components and z — z
in the upstream terms in equations (3.37)-(3.46). For example eqn (3.37) is
rewritten as:

Du

o = {Ciyexp(A1u)} exp(iky) exp(ik dy) (3.59)

The resulting equations (for a thick actuator disc) are used in the follow-
ing chapter to validate the results obtained from SLiQQ and UNSFLO. It is
implemented in a computer program which requires as input

(a) the magnitude of the pylon induced pressure perturbation (at z = 264)

(b) the variation of trailing edge angle of the OGV'’s.

The constants Ci,, Ciq4 and Cyq are computed and the pressure is plotted for
any required z coordinate. When used in the inverse mode with the pylon
induced pressure field at x = 264 the program calculates the necessary varia-
tion in the flow exit angle from the OGV’s to achieve total suppression of the
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disturbance upstream of the OGV’s. These results are used as comparisons
in the runs described in the following sections. In all subsequent sections the
term ADisc will refer to the thick actuator disc analysis.
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Figure 3.3: Thick Actuator Disc

3.2.5 Special Cases

The above equations and boundary conditions are complete. However, there
are two special cases where solutions are required.

a Upstream flow field has no perturbation.

b Upstream influence due to stator tailoring.

Case [a] is evaluated by setting the upstream flow field to have no perturba-
tions, ie. C},, = 0. First C'4 is determined from the pylon pressure field. Then
using the mass conservation equation determine C,y. With this the down-
stream flow field is fully defined and the trailing edge exit angle perturbation
can be determined.
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Case [b] can be evaluated by setting Cia = 0. The given disc exit angle
function is used to determine Coy. With the conservation of mass equation
and Cygy, Cy, is determined.
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Figure 4.1: Flow chart of Chapter 4.
4.1 Introduction

The test problem in this thesis requires minimisation of pressure variation
upstream of the OGV row. This can be expressed as minimisation of the

mismatch integral I, where [ is:

1
I'= 2 /Y(p - pspecz'ﬁed)Zdy'

54
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For the test problem, Pspecified is replaced by the mean pressure pmeqn.

Minimisation of I was attempted in the previous chapter using linear sen-
sitivities. However, such methods are useful only for a small class of problems.
For a more general design method an optimisation based design approach
is needed; this approach can rely on a wide variety of (gradient based) GB
or (non-gradient based) NGB optimisers to perform the minimisation. At
present we are interested in the minimisation of a quadratic functional, and
most gradient based optimisation routines are well suited for this application.
We shall use a finite difference method to obtain sensitivities and then use a
quasi-Newton based descent technique to determine the new location in design
space. The overall approach resembles the method described in section 2.1.1.
The validation of this design method will be performed on a simple design
problem involving the ONERA M6 wing. In subsequent chapters, this method
will used to redesign two and three dimensional blade rows. Further, we will
also investigate ways to accelerate the design process by reducing its reliance
on well converged flow solutions to calculate sensitivities.

The minimisation of the cost function can be performed using either a GB
method or a NGB method (as discussed in Chapter 2). In either case, for a
successful design method we need the following:

(a) A robust grid generator to obtain a grid about the datum geometry,
(b) a robust and fast flow solver, and

(c) a robust grid movement algorithm.

As a part of the design process, the geometry has to be altered often and
the flow field re-evaluated. However, most changes are minor and do not
merit a complete regridding of the geometry; regridding is expensive and often
require human interaction to produce a good grid. A better approach is to
use a fast and robust grid movement algorithm that can implement geometric
perturbations suggested by the design code.

The flow solver is then used to compute the flow field around the new
geometry. NGB methods perform a series of such operations to obtain a
general idea about the behaviour of the cost function over design space and
then seek to determine the minima. In contrast, finite difference based GB
methods obtain a flow solution over the present design and then perturb the
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geometry and obtain a new flow solution. The two solutions are differenced
to determine the sensitivity of the cost function to geometric perturbations.
Based on this sensitivity a new design point is determined.

The evolution of the design from the datum cannot be predicted and often
optimisers may need to evaluate extreme geometries before rejecting them.
The flow solver should be capable of tolerating extreme cases and still providing
flow solutions, even if this is achieved at the expense of a slight loss in accuracy.
While, this need not be critical, the loss of accuracy has to be acknowledged
by the designer. During the course of this work we will be using an Euler
solver by Crumpton [13],[12].

4.2 A Grid Movement Method

In work initiated in September 1994 a grid movement algorithm was developed.
The aim of the grid movement method (GMM) is to perturb the coordinates
of the grid nodes of the original configuration to obtain a valid grid for the
new configuration. Such methods are required not only in design but also in
unsteady flow simulations [14]. It is assumed by these methods that the initial
and final geometries are fairly similar and it is easier to modify the original
mesh than to generate a new one.

Modifications to the geometry will be specified as a displacement to surface
nodes while far field nodes remain unperturbed. The GMM has to preserve
the shape and density of the grid close to the body surface while far field
cells may undergo distortions. This also assumes that the original grid quality
is maintained in the new grid. Further, it will be an added bonus if the
same algorithm can be applied in two and three dimensions. The GMM can
maintain grid quality if it has good smoothing qualities. It is assumed that the
product of the GMM is a grid whose connectivity and boundary information
are unchanged and all its cells have positive volumes (such a grid is called a
“valid” grid).

Grid movement has been attempted in the past using a spring analogy
[3]. This approach can be used in two and three dimensions and involves
representing all edges as springs. The stiffness coefficient (k;;) associated
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with an edge (i — j) is inversely proportional to its length,
1

kij = - - T (4.1)

(@i — 2;)2 + (v — ;) + (2 — 2)¥]?
This results in small edges being very stiff, ie. more likely to translate rather
than undergo compression or expansion. The actual displacement of each node
is computed in [3] using a predictor-corrector procedure. During the predictor
step displacements of the nodes are computed by extrapolation from grids at
previous time levels. In the corrector phase, several Jacobi iterations of the

static equilibrium equations (equating the summation of spring forces on a
node to be equal to zero) are performed.

Another idea is to use Laplace’s equation to define a smooth grid movement
function for interior grid nodes given the perturbations to the surface nodes.
A merit of this form of grid movement is that Laplace solvers are readily
available in 2D, 3D. High performance computing techniques such as multigrid
and parallel processing can be easily included to achieve better performance.
The grid movement algorithm using Laplace’s equation can be written as:

V=0
Vig=0
V=0 (4.2)

where Z, 3, Z are the perturbations in the z, y, z directions respectively. I, 9, 2
are specified on the body surface and are zero on the far field boundaries.

However, there are problems associated with using the Laplace equation. It
may be recalled that in a scalar field which conforms to the Laplace equation,
the gradients are steepest at the boundary.

A point z is perturbed to the new mesh by:
T — z + Z(x) (4.3)

where 7 is the perturbation computed (and is therefore a function of z). At a
neighbouring point:

(z +dz) — (z + dz) + Z(z + dx) (4.4)
which implies:

dz — dz (1 + 5dﬁ) (4.5)
dz
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When the above scheme is used with the Laplace equation

4z _ const (4.6)
dz

ie. the perturbation is a linear function. This implies that there is a constant
scaling of all cell through out the entire grid. This creates problems with grid
movement. Since the gradients are steepest at the boundaries, cells close to
the body surface (also a boundary) are subject to steep gradients. Similarly
cells in the far field are also subject to steep gradients and constant scaling,
however, cells in the far field are large enough to absorb the steep gradients
with changes in their volumes. But, the small cells around the body surface

are more prone to’inversion and thus result in negative volumes (ie. an invalid
grid).

This can be overcome by rewriting equation (4.5) so that there is a factor
a(z) to compensate for the steep gradients where they exist:

dr — dz (1 + a%) (4.7)

In the Laplace equation, the required non-linearity can be introduced by using
the heterogeneous steady state heat conduction equation:

V- (kVg) =0 (4.8)

where k is the conductivity of the material and is a function of z,y,z and
mimics a(z).

In the solution of equation (4.8), in 2D and 3D, the value of k at a cell,
keell» is set as being equal to the inverse of the current cell volume (area in
2D). This leads to small cells acquiring large conductivity, ie. will translate
rather than squash. To remedy situations where cell volumes are negative, k
is computed by a maximum principle:

1
cell ™ max(CellV olume, O_-G _MinV ol)

where O_G_MinVol is the smallest cell volume in the unperturbed grid.

k

(4.9)

4.2.1 Validation of the Grid Movement Algorithm

The GMM was implemented in an existing Laplace solver in 2D and 3D. The
Laplace solver was a standard Galerkin finite volume discretization with a
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displaced circle shown in figure 4.3(b). The GMM produced a valid grid
that retained the original grid quality in all regions except near the lead-
ing edge (see figure 4.4(b)). The distortions near the leading edge can
be attributed to the fact that we do not allow the points on the airfoil
surface to slide along the surface. If this was permitted then the points
would acquire a more homogeneous distribution along the circle’s sur-
face and the distortion would be smoothed out. Since such extreme cases
are not expected as a part of the design method, implementation of the
sliding criterion was not considered important.

3D: Aircraft subjected to pitching To demonstrate the GMM in three di-
mensions, a conventional two engine airliner was subjected to pitch (fig-
ure 4.5). The grid contained 330K tetrahedral cells with 58K nodes and
was pitched by 15°. A cutting plane through the engine nacelle is used
to display the quality of the initial and final grids in figure 4.6.
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4.2.2 Notes on Implementation Issues

Perturbations in two dimensions are straight forward to implement, but per-
turbations in three dimensions need some careful consideration. This is partic-
ularly true at intersections of different surfaces. The GMM was implemented
on (a) 3D pylon-OGV case and (b) a typical twin engine aircraft. Issues en-
countered in these experiments are outlined here:

Symmetry Plane The aircraft grid was generated for only one half of the
configuration and involved a symmetry plane. One of the tests involving
the GMM on the aircraft was implementing a pitching angle on the
aircraft where the whole aircraft was rotated by the user specified angle.
Here to ensure that the grid perturbation was consistent through out the
grid, it was necessary to introduce a boundary condition on the nodes
on the symmetry plane. This boundary condition permitted the nodes
to slide in the symmetry plane and thus avoided shearing of the grid at
the junction of the fuselage and the symmetry plane.

OGV-Annulus A very similar boundary condition (as above) was needed at
the junction of the OGV and the hub and tip surfaces. Figure 6.3 (see
page 109) presents the geometry. To ensure that the perturbations to
the blades was consistent through out the blade span, it was necessary
to allow nodes on the hub and tip surfaces to slide along the surface. In
essence, the nodes were allowed to move and then they were projected
back onto their respective surfaces. Thus, perturbations were uniformly
implemented through out.

Wing-Pylon-Nacelle The GMM was used to “move” the engine nacelle in
an aircraft to study the effect of engine location on drag. The movement
of the nacelle included a perturbation along the flow direction and along
the z direction (altitude). In this study, the nacelle shape was to be pre-
served while the pylon was allowed to distort. A smooth perturbation
function from 0 to 1 was constructed for the configuration. The function
was 0 over the aircraft except on the nacelle where it was 1 and on the
pylon where intermediate values were used. The function is presented
in figure 4.7, where the red colour is used to indicate 0 and blue rep-
resents 1. Despite such a smooth function for the perturbation, severe
problems were encountered in moving the mesh. Upon investigation it
was determined that there were several cells where all nodes were sur-
face nodes (wing-pylon or pylon-nacelle) and that these cells were easily
inverted if the perturbations were large (due to differing perturbations
on different nodes) thus resulting in an invalid grid. Additionally the
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number of cells lying between the wing and nacelle were few making this
movement an overconstrained problem. It was decided that the solution
to these issues was in generating a new grid with greater grid density
in the wing-pylon-nacelle region. This would result in smaller cells and
help relieve the overconstrained nature of the problem by reducing the
perturbation required for each node in a cell. The new grid was then
easily perturbed by the GMM.

4.3 A Quasi-Newton Method

In the 3D OGV design problem we can express the design objective as a
minimisation of the pressure mismatch integral I:

1
I = _2' ‘/;,(p —D speciﬁed)zdy' (410)

where Y is some curve over which the integration is performed. The discrete
form of this equation can be written as

1 2
I= 2 ) (pi —p; specz'ﬁed) Ay (4.11)

i
where the p; is the pressure evaluated along a circumferential line upstream of
the OGV’s. At a minimum of I,

oI

a. 0; 1 _<_.7 < Nv (412)
6’!)]'

where 7' is the vector of design variables and N, is the number of design
variables. Linearising about the current position in the design space we get
the following N, Newton equations.

Ny 021 ol
L_Y9s __ 9 1<k<N, 4.13
jz=:1 51)] 6vj6vk 8’Uk’ - ( )

Substituting equation (4.11) in (4.13) we get

Y, Op; Op; 0 ( Op
j; 0; {Z [3%' Fu +(pi — p; speciﬁed)a_vj(avk>

i

Ayi}
i

= - Z (P = P, specified) A% oo, LSRN (4.14)
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The terms within the square brackets represents the Hessian matrix for the
pressure mismatch integral I. In the present study we make the Quasi-Newton
approximation in which we neglect the cross derivative terms in the square
brackets (the second term) because it is complicated and expensive to com-
pute. This approximation is acceptable, because we are interested in a re-
design and are therefore not very far from the minimum. In this region the
(pi —p, specz'ﬁed) term becomes very small and the effect of dropping the cross

derivative terms is negligible. It has also been observed by Drela [15] that the
neglected term has a minor impact.

For a one variable case equation 4.14 reduces to:

- Zi Di — P, vAyz
57 = — ( speczﬁed) v (4.15)

Z,( ) Ay;

while, for a two variable case we solve the following system of equations:

i (3,,1 )2Ayi Zz 3,,1 av2 ot Ay; 60y ]

S5 o5, 8112 Ay; Zi(gﬁ")ZAyz- 0v, |
- Zilpi - p; speczﬁed) a5, QY

= (4.16)

— Zilpi - p speczﬁed) 35, DYi ]

The 1 and 2 variable quasi-Newton cases will be used in this thesis. This
method becomes expensive for problems that involve many design variables.
In such circumstances it will be beneficial to use adjoint methods to compute
the gradients. The term %’ in the equations is computed by finite differences.

Op; _ Dipert — Di
ij A’Uj

(4.17)

where v; is the 7% component of ¥’ and p; pert is the variable p measured at the
it" line segment on the perturbed grid. Note however that there is no pertur-
bation to the grid on circumferential line used to define I. The accuracy of this
approximation depends on the step size used and the degree of convergence
to steady state of the flow solution (reduction of residual by acceptable orders
of magnitude) prior to the finite differencing. These issues are discussed in a
following section.
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4.3.1 Validation of the Quasi-Newton scheme

The validation of the quasi-Newton design method was based on a simple ON-
ERA M6 wing test case. The pitch angle was specified as the design parameter.
The pressure distribution at a specific spanwise location computed at o = 5°
was specified as the design objective. It was desired that by altering the pitch
angle, (by actually perturbing the grid rather than varying the input informa-
tion to the flow code), the design code should achieve the target pressure at
the predetermined spanwise location. The Cp plots on the wing surface are
presented in figure 4.9, the history of pitch angle is plotted in figure 4.10.

Figure 4.10 has two curves that corresponds to two different grids of the
ONERA M6 geometry. The om6.oxd grid had 46K nodes while the s8.oxd
grid had 5.5K nodes. It can be seen that the initial prediction overshoots
the objective, however the next step taken corrects the error and the design
objective is met. The overshoot can be attributed to the inaccurate evaluation
of the gradient, the linearisation approximations coupled with the neglected
cross-derivative term. The rapid convergence is very encouraging; it will be
seen in subsequent chapters that convergence is always attained within 3 steps
for this class of problems.

4.4 Implementation lssues of the Design Method

We have the basic ingredients of a design method. A robust and fast flow
solver, a robust grid movement algorithm and an optimization procedure. A
mechanism to integrate these various systems needs to be developed. The de-
sign method serves as a virtual machine linking a cluster of computers that
include high performance computers (slaves) and a desktop graphic worksta-
tion (master). The design code will send the flow solver and the GMM to
the slaves, and will use the graphic workstation to visualise the progress. Us-
ing such a master-slave setup allows the designer to interact with the design
code and to alter the configuration of the virtual machine dynamically. Ad-
ditionally, it will be possible to farm out the computation of the GMM and
flow solutions on perturbed geometries to different slaves to take advantage of
the inherent parallelism of this process. The structure of the design method
developed in the course of this thesis is presented in figure 4.11. The master
program interacts with the slaves through a system of job-cards which spawn
the GMM and the flow solver on appropriate machines. The master recovers
control when all flow solutions have been acquired. The next point in design
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4.5 Acceleration Techniques

We have by now decided on a design mechanism and also on certain imple-
mentation issues. What remains to be investigated are techniques by which

the design code can be accelerated. In this section we will review two different
methods of accelerating the design process.

By the term “acceleration” here we do not necessarily mean just a quicker
descent in terms of the number of iterations needed to converge the design
process, but in actual reduction in time taken to compute the new design. In
fact, there is no interest in acceleration unless it directly results in decreased
“wall clock” time for a design process. However, we exclude methods such
as parallel processing in flow solvers because we treat computational codes as
black boxes and their acceleration is beyond our control. So given a set of
computational methods and computer hardware we need to decrease design
time. There is essentially one control over this process and that is the accuracy
of the gradient computed by means of a finite difference procedure.

In the following subsections we will discuss two methods to measure these
gradients accurately. The first approach will be to vary the step size to acquire
more accurate/representative gradients. The second is an idea similar to the
multigrid method and involves subtracting the residuals of the flow solution
at the current point in design space from the RHS of the system of equations
for the perturbed cases.

4.5.1 Step size for Gradient Evaluation

The step size Av used in the finite difference routine is crucial to the perfor-
mance of the design method. When the step size is too large or too small we
get an incorrect approximation of the gradient which can mislead the opti-
miser. However, since we use a Newton descent method and assume that we
are in the vicinity of the solution, the use of large step sizes can help overcome
nonlinearities in the behaviour of the cost function. This allows us to converge
towards the right solution much faster.

By comparing figure 4.13 and 4.17 we observe a drastic reduction in the
tower blocks. This is due to the large step size which helps the finite difference
method acquire a more “representative” gradient even when the flow solutions




4.5 Acceleration Techniques 74

have not converged. However, one can note, that when the flow solver is
allowed to converge sufficiently (to about 10~?) both methods perform equally
well. In tables 4.1-4.3 data is presented for the design code run on the ONERA

M6 validation case using different step sizes (under the “Resread = False”
column).

A combination of step sizes on different grids is the best way to achieve
acceleration ie. if the design mode in question is a low frequency mode (ie,
will have a recognisable effect on the flow field even in a coarse mesh) then a
coarse mesh and a large step size can be used to pick out the neighbourhood
of the minima and then smaller step sizes can be be used in conjunction with
fine grids to identify the required design point.

4.5.2 Use of Residuals of the Previous Calculation

Flow codes consume a very significant part (upto 85%) of the time taken in
each iteration of the design process. Most of this time is spent in driving
the residuals down even after all important flow variables have converged (to
within engineering tolerances). It is the norm to drop the residual by at least
5 orders of magnitude before the solution is deemed acceptable. The gradients
are evaluated from such converged flow solutions. The issue here is, the actual
flow solution is not the primary objective of the design code, it is the gradients
that we are interested in. So the quality of the flow solution should not be
very crucial, as long as the gradients can be computed accurately. Figure 4.12
demonstrates what we are attempting here. Let us assume that we are trying
to compute %E, where P is some function of a (as shown in figure 4.12). The
solid line in the figure is the “true” solution, the dashed lines that surround it
are the bounds within which any computed solution lies for a given tolerance
of the computational method used to compute P(a). Point a in the figure
corresponds to the solution P(a), the gradient is computed as:

P _ P(a+da) — P(a)
oo da

Points b,c,d represent three possible values computed for P(a + éa). To ob-
tain an accurate estimate of the gradient we need c-a. Gradients based on
b-a and d-a will be erroneous. But, there is no method by which we can the
flow solver can be directed to obtain point ¢ in preference over b or d. All
the points lie within the tolerance specified for the flow solver. To compute
more accurate gradients we need to reduce the tolerance, thus requiring more

(4.18)
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stringent convergence criterion on the flow solver, thereby increasing flow so-
lution time. The trade offs here is between greater flow solution time at each
step against a greater number of iterations in the design loop (due to incorrect
gradients), and greater solution time is the obvious choice.

We shall try to use the residuals of the first flow solution (point a in figure
4.12). Let us assume that the flow field is defined by a system of the form:

A-X=b (4.19)

where X is the unknown flow field parameters. The solutions that correspond

to @ and (o + da) can be expressed as:
A X = b (4.20)
A - Xy = by (4.21)

where the X, is the true solution for the flow field at a and X, is the true
solution for the flow field at (a+da). In an iterative solution, the above system

is never solved completely. Instead we actually obtain ¥; and Y5, which are
solutions for the following systems:

Al : }/1 = b1 —T1 (422)
A2'}/2 = b2—7'2 (423)

where r; and r; are the residuals. Also since we assume a small perturbation
da, As can be expressed as:

Ay = A, + 6A (4.24)

The finite difference equation (4.18) can be expressed in terms of X as

OP X, -Xi
da o

thus, for accurate gradients we need to minimise the error E, where E is:

(4.25)

E=(Y;- Y1) — (X2 - X1) (4.26)
(Y5 — Y}) can be expressed as:
(Ya— V) = Ay (by — r2) — AT (b1 — 1) (4.27)
rearranging terms we get

Yo-Y) = (X2 — Xl) + Al'lrl - A2—11"2 (428)
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combining eqns (4.26) and (4.28) we get
FE = Al—lTl — A2—17'2 (429)
by rearranging terms and using A, as defined in eqn (4.24) we get

o _M1—T N r10A 43
(A1 +04) T A (A, + 0A) (4.30)

The second term in this equation is a very small quantity and can be neglected.
It is therefore the first term that dominates the error E.

By using the residuals we mean to write out r; when the flow computation
is terminated and to reuse this in the computations on perturbed flow fields.
The residual will be subtracted from the RHS of equation 4.23 giving

A2 . )/3 = (b2 - 7'1) — T3 (431)

Note: Solution of the new system will not result in Y but in a Y; which is
associated with a residual r3. Using the new system, the error E (now defined
as (Y3 — Y7)) can be written as

7’15/4 T9
E = - 4.32
Ai(A1+04) (A} +6A) (4.32)

The first term is a small term and can be neglected and the second term is
seen to dominate E. However, unlike before we have a definite bound on E.
The error is now dependent only on r,. Thus, we need to solve the perturbed
flow solutions to a greater accuracy than the base flow solution.

Numerical experiments to determine the relation between the || - ||oo of
r1 and r3 were conducted. These experiments involved varying the level of
convergence of the flow solver while performing the ONERA M6 based design
test case. The number of design iterations needed to converge the design
process was noted. This is presented in figures 4.13-4.18 and tables 4.1-4.3.
The experiments included varying the step sizes to observe their effect on the
convergence (of the design process). In the figures, the X axis (shown as T1
in all figures) is the log of the residual of the base run. A -4 corresponds to a
convergence criteria of 1.0E-04 on the flow solver. Similarly the Y axis (shown
as T2 in all figures) presents the convergence criteria for the perturbed flow
solution. The Z axis is used to show the number of iterations used by the design
code to converge to solutions. In cases when no convergence was obtained or
the design method crashed a “high” number of 40 was used. When the design
code was close to the solution but didn’t converge a number of 20 was used. In
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Figure 4.12: Concept of reading residuals at (a + da).

effect, the tall “tower block” like structures represent combinations of r; and
r3 for which the design code failed completely. If the change in o predicted by
the design method was lower than 0.01 then the design method was deemed to
have converged. This was done to have a uniform convergence criteria for all
runs, such a criterion was acceptable for the present study because [ is linear
w.r.t o and there was no fear of flow separation.

The reduction in tower blocks is clearly visible in all figures. The effective-
ness is more pronounced in tests with smaller step size because eqn (4.24) is
valid. This is not the case when the step size is equal to 1.
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Log (r1) | Log (r1) | No of Design Itern No of Design Itern
at ResRead = FALSE | at ResRead = TRUE
-3 No Convergence Not Feasible
-4 No Convergence Not Feasible
-3
-5 No Convergence Not Feasible
-6 Not Feasible Not Feasible
-5 No Convergence Not Feasible
-6 Not Feasible No Convergence
-9
-7 Not Feasible No Convergence
-8 Not Feasible No Convergence
-6 No Convergence Not Feasible
-7 No Convergence 7
-6
-8 Not Feasible 5
-9 Not Feasible 2
-7 7 4
-8 8 3
-7
-9 9 3
-10 9 4
-8 4 4
-8 -9 4 4
-10 4 4
-9 4 4
-9 -10 4 4
-11 3 3
-10 4 4
-10 -11 3 3
-12 3 3

Table 4.1: Step Size = 0.01
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Log (r1) | Log (r;) | No of Design Itern No of Design Itern
at ResRead = FALSE | at ResRead = TRUE
-3 Not Feasible Not Feasible
-4 No Convergence Not Feasible
-3
-9 Not Feasible Not Feasible
-6 Not Feasible Not Feasible
-9 Not Feasible Not Feasible
-6 Not Feasible No Convergence
-5
-7 Not Feasible No Convergence
-8 Not Feasible No Convergence
-6 9 9
-7 9 10
-6
-8 9 8
-9 13 3
-7 6 )
-8 5 3
-7
-9 5 4
-10 5 4
-8 3 3
-8 -9 3 3
-10 3 3
-9 3 3
-9 -10 3 3
-11 3 3
-10 3 3
-10 -11 3 3
-12 3 3

Table 4.2: Step Size = 0.1
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Log (r1) | Log (r1) | No of Design Itern No of Design Itern
at ResRead = FALSE | at ResRead = TRUE
-3 No Convergence Not Feasible
-4 No Convergence Not Feasible
-3
-9 Not Feasible Not Feasible
-6 No Convergence Not Feasible
-5 8 12
-6 10 11
-9
-7 8 No Convergence
-8 8 No Convergence
-6 4 5
-7 4 4
-6
-8 4 4
-9 4 6
-7 4 4
-8 4 5
-7
-9 4 5
-10 4 o
-8 4 3
-8 -9 3 3
-10 3 3
-9 3 3
-9 -10 3 3
-11 3 3
-10 3 3
-10 -11 3 3
-12 3 3

Table 4.3: Step Size = 1.0




Chapter 5

Redesign of an OGV row

UNSFLO:
Introduction to the Problem A non linear analysis
method

Design by Linear Perturbation Method
(SLiQ, ADisc, UNSFLO)

[ Geometric Perturbation used}

r Design by Quasi-Newton Method

L Design of a "practical” blade row

Figure 5.1: Flow chart of Chapter 5.

5.1 Introduction

It has been observed that the fan experiences high level of stresses due to
excitation from the flow field. Analysis has identified this to be due to the
excitation of the fan by the pylon induced static pressure field. It has also
been observed that there can be a reduction of OGV efficiency, brought on
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by altering the incidence angle which can be attributed to the pylon induced
pressure field. The jet engine of a commercial airliner is connected to the wing
by the pylon (see fig 1.2) which serves not only as the structural link between
the wing and the engine, but also as the conduit for the generator shafts, bleed
air and hydraulic and control systems. The pylon, therefore, is a large obstacle

to the flow in the bypass duct and, given its role, the redesign of the pylon
itself is not feasible.

The presence of each component creates upstream and downstream dis-
turbances. The OGV’s also induce static pressure perturbations, but these
have a very small eircumferential wavelength and so decay rapidly in the axial
direction and do not influence either the fan or the pylon. However, the pylon
induced disturbance has a very slow decay and the pylon induced disturbance

traverses the entire length of the bypass duct and interacts with the OGV’s
and the fan.

There have been various suggestions to prevent interaction with the pylon
induced field [70] which include (a) the introduction of additional vanes to di-
vert the flow around the pylon and (b) an increase in the distance between the
OGV’s and the pylon. Since the pylon induced field has a low axial decay rate,
option (b) becomes unacceptable as it will require a considerable increase in
engine size. Both modifications are unattractive as they will almost certainly
result in increased size and weight of the engine and result in the introduction
of additional components. These changes will have to be subjected to struc-
tural analysis and will be very time consuming. Therefore a passive redesign,
tailoring existing components, is more appealing. Kodama and Nogano (48]
have applied actuator disc theory [47] to analyze the problem of stator and
downstream strut interaction. Using this theory they have performed stator
tailoring to suppress the pressure field of the downstream strut and have also
obtained good experimental verification. Barber and Weingold [2] have investi-
gated the application of a Douglas-Neumann singularity method to determine
the incompressible flow field through multibody cascades. Cerri and O’Brien
[10] have studied the interaction problems of a stator-strut system at the rotor
trailing edge. They have successfully reduced the strut induced pressure field
to the same levels of the stator induced field by redesigning the stator blades.

In this thesis the tailoring of OGV’s using the concept of cyclically varying
camber is used as the test problem. The resulting OGV blades will induce a
pressure perturbation equal and opposite in magnitude to that induced by the
pylon in the flow field upstream of the OGV’s. The changes to camber will be
introduced as modification to the trailing edges so that the leading edge of the
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Figure 5.3: Camber perturbed blades.
which can be expressed in terms of perturbation quantities as:
Ay
~ can?
asec’(a) = — 5.3
() = %o (53)
but from eqn (5.1)
dy :
E% =2 CCons (X - Xleadingedge) exp(—zky) (54)
therefore, & can be expressed as
& =2 cos’a C, (X — Xi) exp(—iky). (5.5)

The sensitivity of camber to a unit perturbation is determined in the SLiQ
analysis by setting C. = 1. The crux of the redesign is to determine the
appropriate value of C,. Figure 5.3 (pg 5.3) illustrates the extreme limits of

the camber perturbations for C, = 5 x 1072,

5.3 A Non Linear Anélysis

As a verification tool a nonlinear analysis code “UNSFLO” was used. UNSFLO
[23] can solve for steady or unsteady, viscous or inviscid equations of motion
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In two dimensions. It can handle various kinds of unsteadiness and arbitrary
wake/rotor, stator/rotor pitch ratios. It uses highly accurate non-reflecting
boundary conditions developed by Giles [22], which reduce the non-physical
reflections at inflow and outflow boundaries. The computations are performed

on an unstructured triangular grid, generated by an advancing front grid gen-
erator developed by Lindquist and Giles [52].

The use of UNSFLO for pylon/OGV interactions has been validated by
Suddhoo using experimental data [70]. In the current application, UNSFLO
is used in its inviscid mode, which uses the Lax-Wendroff algorithm to solve
the Euler equations [26]. Though there are viscous effects present in the flow
in the vicinity of the OGV’s, the pressure disturbance is an inviscid feature,
thereby permitting the use of UNSFLO and SLiQ in the inviscid mode.

5.4 Comparability of Various Solutions

In studies where there is a comparison of data from various sources, it is neces-
sary to ensure that the results being compared are obtained from computations
on the same flow conditions. This can be done by identifying a parameter of
the flow which is common to all calculations and ensuring that this variable
is maintained constant. The location of the parameter was chosen to be at
r = 264 (shown in fig 5.2, pg 86) because this location was common to all
computations (SLiQ, UNSFLO and ADisc). Mach number was selected as the
key parameter since it is critical in determining the decay rate A. As seen
from fig 5.2 (pg 86), location 1 refers to the inlet X = —196, location 2 refers
to X = 264 (exit of SLiQ and ADisc) and location 3 refers to the exit of the
UNSFLO flow domain. The correct M, (Mach number at location 2) in the
UNSFLO calculations was obtained by altering the exit pressure p3. In the
following runs M, was maintained close to 0.38. Important flow parameters
for the linear perturbation based redesign are presented in table 5.1.

5.5 Redesign by a Linear Approach

It can be demonstrated from actuator disc theory that the pressure distribution
is very sensitive to a change in the angle of the flow leaving the trailing edge
of the OGV’s. This sensitivity was used in the stator tailoring exercise. In
all the plots included here the results from UNSFLO are duplicated so they
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parameters | Original | Pylon Alone | Mod Blades Alone | Final Run
v 1.4 1.4 1.4 14
Pt 0.70 0.8968 0.70
Clinlet -42. 0.0 -42 -42
Clezit -0.004 -0.026 2.064 -0.021
M, 0.583 -~ 0.543 0.583
M, 0.379 0.395 0.374 0.380
M; 0.715 0.729 - 0.715
Nodes 7602 1565 8006 7613
Cells 14490 2917 15370 14512

Table 5.1: Important flow parameters in various UNSFLO runs.
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Figure 5.5: Circumferential Line plot of pressure at entry to computational
domain at x = —196
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Figure 5.6: Line plot of pressure from UNSFLO measured at z = 264 in
a “pylon-alone” run. This is used as the exit boundary condition in SLiQ
analysis.

1ii

v

before. The line plot of py, the pressure measured at z = 264 is presented
in fig 5.6 (pg 92).

A validation of SLiQ is carried out by analyzing the unmodified blades
under the influence of the pylon-alone pressure field determined in the
previous step. The grid used by SLiQ is presented in fig 5.7 (pg 93). The
solution obtained for the single blade passage defines the solution for the
whole annulus using equation (3.3). The pressure variation predicted by
SLiQ, UNSFLO and ADisc at the entry to the computational domain
is shown in fig 5.8 (pg 94). The comparison is excellent. This validates
the assumption that the influence of the pylon can be isolated and the
redesign carried out on the OGV’s alone; ie. the interaction is linear.
It also validates the previous step and confirms the possibility of using
SLiQ in conjunction with UNSFLO.

The success of the previous step confirms the assumption that the prob-
lem can be viewed by isolating the OGV’s from the pylon. The next
step is to determine the sensitivity of pressure to change in camber.
SLiQ is used to calculate the linearised effect of a circumferential vari-
ation in camber of unit magnitude. Again the calculation is performed
using one OGV passage and then the variation in other passages is recon-
structed using equation (3.3). The circumferential pressure perturbation
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Figure 5.7: SLiQ computational grid for uniform OGV’s.
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Figure 5.11: Comparison of pressure variations upstream of the OGV row at,
z = —196, for a OGV-pylon configuration using uniform and tailored blades.

evident that the correction prescribed has “overcorrected” the error.

5.5.1 An Interaction Effect

The reason for the over-correction of the re-designed OGV’s was investigated
by using UNSFLO to perform a number of nonlinear OGV /pylon calculations.
The circumferential pressure variation upstream of the OGV’s is plotted in
fig 5.12 (pg 98). Each of the three curves represents the difference in pressures
obtained from two nonlinear calculations, one using the re-designed OGV'’s
and the other using the original OGV’s. The two grids are very similar and
the calculations were performed for the same Mach number M, as discussed
earlier, so the pressure difference corresponds solely to the change in the flow
field due to the change in the OGV’s. The factor that is different for the
three curves is the pvlon downstream of the OGV’s. One curve corresponds to
calculations using no pylon, just the OGV’s. A second curve corresponds to
calculations using the regular (thick) pylon. The third curve uses a thin pylon

of half the thickness of the regular pylon.

The results show that the pressure perturbation due to recambering the
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OGV’sis greater in the presence of the thick pylon than with the thin pylon or
no pylon at all. The linear SLiQ analysis corresponds to a linearisation of the
nonlinear calculation without the downstream pylon. Using the SLiQ analysis
to design the recambering produces modified OGV’s which, in the presence of
the thick pylon, will then produce too large a pressure change, over-correcting
the original pressure disturbance due to the pylon. The results in fig 5.12
(pg 98) are therefore consistent with the observed over-correction.

The cause of the results in fig 5.12 (pg 98) is less clear. There are two
possible explanations. The first is a feedback phenomenon. The change in the
OGYV camber produces flow field changes downstream of the OGV as well as
upstream. In the absence of a downstream pylon, the downstream changes
are irrelevant, but when there is a pylon it may cause a ‘reflection’ of the
disturbance producing a new, although much smaller, pressure perturbation
which will affect the OGV’s. The magnitude of the reflection will depend on
the thickness of the pylon, because it can be shown mathematically that in
the limit in which the pylon becomes a flat plate there is no reflection.

The second possibility is nonlinear effects. The whole basis of the linear ap-
proach using SLiQ is that the separate pressure perturbations due to the pylon
and the re-cambering of the OGV’s can be linearly superimposed. In practice,
this is not strictly correct since the equations are nonlinear. The magnitude
of the error will be proportional to the product of the two perturbations, and
so will be roughly proportional to the thickness of the pylon.

Despite the over-correction the design approach has been successful in
greatly reducing the pressure variation upstream of the OGV’s. If even more
reduction is needed, the next step would be to use the results of the nonlinear
analysis giving the remaining pressure variation; feeding these into a further
iteration of the design process would give an additional much smaller camber
perturbation to eliminate the majority of the remaining pressure perturbation.

5.5.2 Engineering Issues Regarding Number of Blades

One problem with this design procedure is that it generates a set of OGV’s
each of which is unique. This leads to unacceptable additional costs both in the
manufacture of the OGV’s and in the airlines’ costs of inventory maintenance.
A practical compromise is to use a limited number of different OGV’s; for
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example three, one with the datum exit flow angle, one with overturning and
one with underturning. These can then be grouped and collectively designed
to completely cancel the first circumferential harmonic of the pressure field
generated by the pylon. The design can still be performed using the linear
tools described in this paper. The OGV trailing edge flow angle is now a
square wave function, corresponding to the different groups of blades. This
square wave can be decomposed into a sum of circumferential harmonics, each
of which can be analyzed separately with its own steady interblade phase
angle. By linear superposition the results can then be combined to give the
overall perturbation flow field. Linear scaling of the geometric perturbation
will then lead to cancellation of the first harmonic of the upstream pressure
perturbation. Additional harmonics can also be eliminated using a larger
number of different blades. However, this may be unnecessary since these
higher harmonics decay axially at a faster rate and so are less likely to adversely
affect the fan.

5.6 Redesign by the quasi-Newton Approach

The flow calculations are performed here using a parallelised Euler solver as
discussed in section 4.3 (page 66). The move to a parallelised Euler solver was
necessitated by the fact that UNSFLO does not include acceleration techniques
such as multigrid or parallel processing. Turn around times were considerably
reduced by using the new Euler solver. Since the current Euler solver did
not have non-reflecting boundary conditions implemented, the computational
domain was extended into the upstream flow field to damp spurious reflections
in the solution. The flow variable of interest here was the pressure at X =
—196. The design parameter was C. as in eqn(5.1) but assuming C, was purely

imaginary, ie
Ay = C*(X — X.)*sin(ky) (5.6)

where C, = iC* The sensitivities were obtained by finite differencing the flow
variation with C.. The Euler solution was obtained on a grid modified by the
grid movement algorithm (discussed in section 4.2). The flow field around the
datum geometry is first computed then the blade geometries are perturbed by
a specified amount and the new flow field is obtained. The pressures obtained
from these solutions are finite differenced to obtain the sensitivity. These
sensitivities are used in eqn(4.14) to determine the next point in the design
space. This was performed iteratively till no further changes in the design
parameters were predicted by the Newton method.
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5.6.1 Numerical experiments

A redesign of the OGV row was attempted using the Newton method. The
reduction in pressure variation achieved was very impressive. The pressure
variations are presented in fig 5.13 (pg 101). The first step predicted by the
Newton scheme achieved a reduction of over 86% (curve sf-1 in fig 5.13. The
second step made a minor correction and resulted in a small increase, de-
creasing the pressure suppression to 85% (curve sf-2 in fig 5.13). No further
reduction was achieved. The reduction of the pressure variation normalised
with respect to the initial variation is shown in fig 5.14 (pg 101).

5.6.2 Engineering Issues Regarding Number of Blades

As before, the problem with this design procedure is that it generates N dif-
ferent blade shapes leading to unacceptable additional costs. The practical
compromise is to use a limited number of different OGV’s; for example three,
one with the datum exit flow angle, one with overturning and one with under-
turning. These can then be grouped and collectively designed to completely
cancel the first circumferential harmonic of the pressure field generated by the

pylon.

Such a design was attempted using the grouping of blades shown in Figure
5.15 (pg 102). The magnitude of change in flow exit angle was the same for the
overturning and underturning blades so again there is just one design variable.
The first step of the Newton scheme achieves a 72% reduction in the pressure
variation. Subsequent iterations make minor corrections with the final figure
at 73.8%. The pressure plot is presented in fig 5.16 (pg 103) and a plot of the
pressure variation index is presented in fig 5.17 (pg 103). These results are
extremely encouraging since the current design is “practical” and can easily

be used in a industrial environment.







5.6 Redesign by the quasi-Newton Approach

102

780.

270.1

—240.1

d

(e eer(r

Datum

Overturned

Datum

Underturned

Datum

—750.

Figure 5.15: Grouping of blades for 3 blade case.

1010.
X

1625.

2240.







Chapter 6

Redesign of a 3D Blade Row
3D Geometry &
[ Grid Generation lssucs]

Upstream Pressure Variation
&
Formulation of Design Problem
{ 2D Design j—

Ie — ( Design with
—L Quasi 3D Design J —L i) Continuously Varying Camber

ii) 3 Blade Case
{3D Design (2 Var%——

[ Results ]

Figure 6.1: Flow chart of Chapter 6.

6.1 Introduction

In the previous chapter we studied the redesign of OGV’s in two dimensions.
Inherent in such an approach is the belief that the pressure perturbation does
not vary with radius and in the event that it is a function of radius, a set of
2D designs can be “stacked” to obtain a 3D design. For the want of a suitable
design method and computing resources, designers have often resorted to the
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stacking approach to circumvent radial variation in flow conditions. Such ap-
proaches neglect the three dimensionality of the flow and are inaccurate. In
tbis chapter we evaluate a fully three dimensional design method in conjunc-
tion with 2D methods. The 3D method discussed in this chapter is identical
to the quasi-Newton method implemented in 2D in the previous chapter. In
this chapter we will use a full 3D configuration in conjunction with 3 differ-
ent approaches to design. These approaches are: (a) two dimensional, (b)
quasi-three dimensional (the stacking idea) and (c) three dimensional. These
methods differ essentially in their approach to gradient evaluation.

3D design methods become important when there is sufficient three di-

mensionality in the flow field. This three dimensionality can be due to many
sources, the curcial ones being:

(i) Pylon “lean”. This refers to the three dimensional design of the pylon
where the geometry varies as a function of radius. The “lean” angle is
the angle of the pylon leading edge w.r.to the vertical (similar to the
sweep angle of a wing).

(ii) Asymmetric inlet flow conditions. Depending on the airframe-engine
integration, it is possible for the engine to be subjected to a severe cross
wind.

In this chapter we will concern ourselves with the influence of pylon lean.

6.2 Geometry & Grid Generation

A three dimensional bypass duct based on the pylon-OGV configuration was
developed from the following information (which reflects standard engine con-
figurations):

e The two dimensional grid (used in the previous chapter) corresponds to
the configuration at the hub.

e (Radius at Tip) / (Radius at Hub) = 1.36.
This ratio was obtained from other engines. The values for the current
case are: Ry = 250.446 and Rr = 340.60.




6.2 Geometry & Grid Generation 106

An extreme lean of 20 degrees was assumed for the pylon.

A linear variation (as a function of radius) in geometric parameters from
hub to tip was assumed.

The outlines of the hub and tip configurations are presented in figure 6.2.

The grid for the above configuration was generated by the following steps:

A two dimensional grid of the hub was generated using an advancing
front grid generator [52].

The coordinates of boundary nodes for the tip case were computed from
the tip dimensions and the distribution of boundary nodes on the hub
grid. This was performed by a modified advancing front grid generator
with the help of a startup file that contained the hub boundary node
distribution information.

These tip coordinates were used as input to move the hub grid to a tip
grid. The grid movement algorithm (described in section 4.2 computed
the nodal displacements necessary to move obtain a tip grid from a hub
grid.

Two dimensional grids for 8 radial locations between hub and tip were
generated by linearly interpolating between the hub and tip grids.

These two dimensional grids were stacked and corresponding triangles
were connected to form prisms which were then subdivided to give a
valid tetrahedral grid. The grid was then wrapped around to form an
annulus and the cyclic boundary was deleted with additional reordering
of node and cell information to give the desired cylinderical geometry.
The computational programs used were due to Dr. P. Crumpton. A view
of the final geometry is presented in figure 6.3.

The edge collapsing algorithm [14] was used to generate coarse grids
for the multigrid flow solver. Grid information for various grid levels is

provided in table 6.1.
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Grid | Nodes Cells

2D Hub | 10787 | 20715 (Triangular)
3D 3 3326 10410 (Tets)
3D 2 12736 56685 (Tets)
3D 1 106570 559305 (Tets)

Table 6.1: 2D and 3D grid sizes.
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Figure 6.2: Hub and Tip profiles demonstrate the change in geometry due to
radius.
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6.3 Formulation of the Design Problem

The pressure variation measured at the fan trailing edge (z = —198) at three
different radial locations (hub, mid and tip) are presented in figure 6.4. The
lower peak of the tip curve is due to the increased distance (because of pylon
lean) between the pylon and the fan trailing edge. It can be concluded from the
above figure that the effect of pylon lean is not drastic and the redesign can be
addressed through two dimensional methods with suitably altered geometries.
However, it is not clear whether it is that lack of three dimensional design
methods that has prompted the design of very “2D” geometries such as the
one adopted as a test case in this thesis. It is possible that 3D design methods
might be provide the design engineer with that extra tool to attempt innovative
solutions to design issues. A comparison of various design approaches will

be a very interesting pointer to their effectiveness in tackling major design
problems.
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Figure 6.5: Design: location of design variables. Note, figure is schematic only.

The different philosophies are:

2D design: Here a 3D flow solution is obtained over the geometry but the
pressure mismatch integral is evaluated at one radial location (ex. mid).
All design perturbations are computed from this integral and are applied
uniformly along the whole length of the blade thus making it a two
dimensional design method (see figure 6.5, pg 112). There is only one
design variable for the blade (also the blade row, due to the harmonic
nature of the problem, see section 5.2). To determine the sensitivity,
the whole blade is perturbed by a constant amount and the flow field is
determined around the new geometry, then the gradient is computed by
finite differencing. This approach will provide interesting insight into
the three dimensionality of the flow field. In the extreme case of a 2D
flow, the percentage reduction in the pressure mismatch will be identical
at all radial locations. It will also serve as useful comparison to evaluate
the 3D method.

Quasi-3D design: If there is sufficient three dimensionality in the flow field
the design will need to include this effect in the blade shape, which will be
a function of radius. However, it is possible that the three dimensionality
is due to external causes and the flow field within the passage is two
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dimensional, je. any geometric perturbation at the tip will have no effect
on the flow at the hub. Thus, the design can be driven by just one design
barameter that has different values at different radial locations. This is
identical to the idea of stacking several two dimensional designs to obtain
the 3D geometry. For computing the sensitivity we need to compute the
ﬁow around the perturbed geometry only once (where the whole blade
is perturbed uniformly, this is possible because the zone of influence of
the geometric perturbation is confined to the current radial location, and
thus every cross section is independent of the others and can be evaluated
at the same time. It should be noted here that, such a method will lead
to three dimensional geometries (ie. will produce “twisted” blades).

3D design: Thisis the truly three dimensional design approach. Like the pre-
vious two cases, it is based on a full 3D flow solution, but unlike them
the geometric design parameters at different cross sections are treated
as independent design variables. So a perturbation at the tip is assumed
to have an influence on the flow at the hub. Thus, for sensitivity calcu-
lations one needs N flow solutions in addition to the solution around the
current design point (where N is the number of design variables, ie. in-
dependent cross sections considered). The result of such a design process
1s a truly three dimensional blade that can take into account distortions
in the flow field due to external and internal sources.

In the current design exercise the camber perturbations used were identical
to those used in the two dimensional design exercise in the previous chapter.
The design objective was to obtain the constant C, that induces the lowest I,
where [ is the pressure deficit integral.

The actual implementation issues are discussed in the following section
where the results of computational experiments are also presented.

6.4 Results

The flow solutions were obtained on an IBM SP2 and a SGI PowerChallenge
using a “parallel” Euler solver. The CPUs for both these machines are compa-
rable in number crunching speeds. However, due to the different architectures
(SP2 is a distributed memory machine, while the Challenge is a shared mem-
ory machine) the execution times of the solvers were slightly different. The
grid movement was performed by a “serial” code which was run on a single
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ro » N , .
Pro}(;?ssotr ;)f the (;h(Lllerlgfl, and included a full multigrid startup, it took ap-
proximately 45 minutes of CPU time. The execution time for the Euler solver

d - o
t 3(:Ir)):nded on the mechanism used to initialise the flow field, there were three
S:

(a) The base flow solution. This Aow solution was obtained only once and is
the analysis run around the datum geometry. The Euler solver required
386 multigrid (MG) iterations to reduce the residual of error to less than
1.0E-08. This corresponds to about 4 hours of wall clock time on a 4

'no.de SP2. This run had a full MG startup where the flow field was
initialised to the inlet flow conditions.

(b) Flow solution at a new point in design space. The flow solver was
restarted with the base flow solution as the initial guess. Such a so-

lution took about 240 MG iterations that corresponds to 21 hours of
CPU time on a 4 node SP2.

(c) Flow solution at perturbed geometry — used to evaluate sensitivity. For
such a solve the flow solution at the current point in design space was
used as the initial guess. The Euler solver took about 110 MG iterations

to solve this case, this corresponds to 1 hour of CPU time on a 4 node
SP2.

In the base flow solution no restart file was provided, the Euler solver used
the inlet flow condition as the initial solution and thus needed more iterations
to determine the solution. Similarly, it can also be observed from the above
data that the base flow field is not a very good guess for the redesigned flow
field, and the solver needs a larger number of iterations to calculate the flow
field at a new point in the design space. A clear indication that the design
process is altering the flow field.

6.4.1 A 2D Design

Here the two dimensional approach described in the previous section was ap-
plied to the test case. The pressure deficit was evaluated at the mid radial
location and all geometric perturbations were applied uniformly along the span
of the blade. The design target was to minimise the pressure deficit at mid-
point. Pressure variations and convergence plots of the pressure deficit are
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pr.esented in figures 6.6-6.7. The pressures in these figures are measured at the
mld radial location. In tables 6.2-6.3, the value of the pressure deficit integral
1s presented along side the absolute value of the design parameter (C.). The
present method has only one design parameter that is constant throughout
the blade span, which is presented in the table under the midspan entry.

Design mode | Location | Itn 0 | Itn 1 | Itn 2
Hub 20.0 | 1.92 | 1.89
2D Mid 20.6 | 1.64 | 1.62
-~ Tip 21.7 | 2.17 | 2.18
- Hub 20.0 | 3.04 | 1.96
Quasi-3D Mid 20.6 | 3.21 | 1.69
Tip 21.7 | 3.80 | 2.20
Hub 20.0 | 1.70 | 1.41
3D Mid 20.6 | 1.40 | 0.99
Tip 21.7 | 247 | 2.14
Hub 20.0 | 4.48 | 4.31
3D-3Blade Mid 20.6 | 4.54 | 4.36
Tip 21.7 | 5.11 | 4.95

Table 6.2: Measure of pressure variations for various cases.
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Design mode | Location | Itn 0 Itn 1 Itn 2
Hub 0.00 - -
2D Mid 0.00 1.1E-04 1.11E-04
Tip 0.00 - -

Hub 0.00 | 1.31E-04 | 1.16E-04
Quasi-3D Mid 0.00 | 1.18E-04 | 0.99E-04
Tip 0.00 | 1.34E-04 1.14E-04
Hub 0.00 | -1.37E-04 | -0.68E-04
3D Mid 0.00 - -
Tip 0.00 | 3.63E-04 | 2.94E-04
Hub 0.00 | 0.487E-03 | 0.516E-03
3D-3Blade Mid 0.00 - -
Tip 0.00 | -0.214E-03 | -0.253E-03

Table 6.3: Magnitude of design variable for various cases.
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6.42 A Quasi-3D Design

In this approach, it is assumed that the hub, mid and tip radial locations
can have different values of C.. However, the sensitivity computations involve
only one flow solution in addition to the current design. For this additional
flow solution, the current design is uniformly perturbed by a constant amount
and the flow field evaluated. Pressure variations and convergence plots of the
pressure deficit are presented in figures 6.8-6.13. The pressures in these figures
are measured at the hub, mid and tip radial location respectively. In tables
6.2-6.3, the value of the pressure deficit integral is presented along side the
absolute value of the design parameter (C,). The present method has different
values associated with the design parameter at different radial locations, these
values are presented under the hub, mid and tip entries. The design variable

is assumed to have a linear variation in between the cross sections that are
evaluated by the design process.
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6.4.3 A 3D Design

The final design approach to be attempted is the fully three dimensional design
approach. Here we use two design variables, Ce, and C.e which are C. at the
hub and tip respectively. Based on the discussion in the preceding section,
it is assumed that these are two independent design variables and a 2 X 2
system of equations has to be solved to determine the new design point. The
design variable is assumed to have a linear variation from hub to tip. Pressure
variations and convergence plots of the pressure deficit are presented in figures
6.14-6.19. The pressures in these figures are measured at the hub, mid and tip
radial location respectively. In tables 6.2-6.3, the value of the pressure deficit
integral is presented along side the absolute value of the design parameter (C.).
The present method has different values at the hub and tip radial locations,
these values are presented under the hub and tip entries.
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The limitations of a design that incorporates a unique blade for each posi-
.CiOIl in the blade row has been discussed earlier in section 5.5.2. Thus, there
1S a need to have a reduced number of uniquely differing blades. As in the
2D case, we will attempt a redesign here that involves three different blade
sets. One for datum, one for overturning and one for underturning. To further
simplify the design process the magnitude of overturning will be equal to the
underturning. This retains a design method with 2 design variables C¢, and
Cet. The grouping of the blades is identical to the 2D case and is presented in
figure 5.15. Pressure variations and convergence plots of the pressure deficit
are presented in figures 6.20-6.25. The pressures in these figures are measured
at the hub, mid and tip radial location respectively. In tables 6.2-6.3, the
value of the pressure deficit integral is presented along side the absolute value
of the design parameter (C.). The present method has different values at the

hub and tip radial locations, these values are presented under the hub and tip
entries.
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6.5 Concluding Remarks

Having presented numerical experiments with different approaches it is neces-
sary now to compare and contrast these methods. Tables 6.2 (pg 115) and 6.3
(Pg 116) present relevant design data for the different design approaches. Table
6.3 presents the magnitude of the design variable while table 6.2 presents the
magnitude of the pressure integral. The aim of the redesign was to minimise
this integral. Therefore the best design has the lowest pressure integral along
the blade span (therefore, all three stations ie. hub, mid and tip, need to be
considered).

Looking at table 6.3 it is evident that the 3D design method has produced
“twisted” blades (the design variables for the hub and tip differ in sign). It
is also notable that this leads to the lowest pressure integrals along the blade
span. This can be interpreted as the success of the design method in tackling
a three dimensional design problem. It indicates that the flow field was indeed
three dimensional and thus needed a three dimensional design. However, the
quasi-3D and the 2D approaches are not very far behind. Thus, it can be
concluded that the three dimensionality of the flow field is small.

The design method discussed in this thesis is capable of performing 2D,
quasi-3D and fully 3D redesign on the pylon-OGV problem. The computing
time for the different methods is identical. However, the choice of approach
used in an industrial framework is left to the designer. The choice could
be influenced my many criterion including, manufacturing costs, which may
prohibit the use of twisted blades, thus forcing the designer to rely on the 2D
method. Otherwise, a full 3D approach is merited.




Chapter 7

Concluding-Discussion

The main thrust of this thesis has been to identify issues that will influence
the development of computational optimal design methods (CODM). CODM
will increasingly dominate the industrial design environment and thus merits
close scrutiny. The CFD community needs an understanding of these issues so
that future developments (in CFD) are guided by an end aim of contributing to
a CODM. Additionally, recent trends in CFD indicates a move towards 2D-3D
inverse shape design by GB and NGB methods. However, in a comprehensive
CODM there will remain a need for tailoring and redesign to alter existing
shapes to match new design criteria. Some criteria can be externally imposed
as geometric constraints in a shape design exercise, but constraints involving
material properties are much harder to model. Further, unforeseen interactions
may require tailoring to achieve target performance. It is in this realm that an
optimisation driven design approach such as the one presented in this thesis
will be crucial. Thus, in our view a comprehensive CODM will include the
following subsystems:

e Inverse shape design methods,
e Robust and fast CFD analysis,
e GB and NGB Optimization driven redesign methods,

e Graphics user interface (GUI).

The course of design will be:

131
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1 Basic shape design by inverse CEFD methods,

2 Redesign/tailoring to suit individual requirements.

The redesign component of the CODM will be used most often over a broad
range of problems and will involve considerable user interaction to allow an
accurate specification of the design problem (cost function and constraints).

Therefore, a suite of optimization methods and design tools are required to
assist the designer.

GB methods in redesign can be divided into adjoint based and finite dif-
ference based methods. Finite difference based methods perform very well
only for a small number of design variables. Cost functions in finite difference
methods can be easily modified to suit the current design problem. Adjoint
methods continue to perform very well even when a large number of design
variables are used, but, altering cost functions is not trivial (it involves chang-
ing the boundary conditions of the code). Additionally, there are complexities
in linearisation of such methods. In this thesis much emphasis has been laid
on issues related to redesign. To make such a study tractable, a “typical”
design problem was selected. The pylon-OGV-fan interaction (our test prob-
lem) is encountered sufficiently often to merit attention and is sufficiently
well understood to serve as a test problem. Additionally, the basic shapes
of the OGV’s and pylon have already been defined to meet performance and
structural requirements. The tailoring seeks to ameliorate interactions that
were not anticipated during the shape design phase and achieve the initially
specified performance. It should be emphasised here that the design method is
independent of the flow solver (viscous or inviscid). The quasi-Newton method
makes no assumption about the type of flow solution available and only seeks
to evaluate the cost function at a particular location. The same can be said
about other optimization driven methods. Two different approaches to design
were evaluated on the test problem. This is in keeping with our aim to provide
a suite of tools to tackle different design problems. Their merits, shortcomings
and results are discussed in subsequent sections (7.2.1,7.2.2).

7.1 Basic Tools

There are many components to a CODM. They can be broadly categorised
into:
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Grid Generator The need for a robust and fast grid generator has alwavs
been appreciated. However, it is often the case that interfaces with
grid generators leave a lot to be desired. Grid generators require two
kinds of inputs, (a) the shape definition and (b) distribution of nodes.
In most cases, shape definition is either obtained from a CAD pack-
age or an inverse shape design method and does not pose a problem:.
However, controlling the distribution of nodes in a grid can be a bottle-
neck. The grid generator determines internode distances at any point
from the background grid and/or the strength of sources. The place-
ment and strengths of such sources is crucial in determining the quality
of the grid and success of the grid generation exercise. The interplay
and influence of different sources is not very obvious in 3D and requires
user “experience” and several attempts. This is clearly the bottleneck
in a grid generation exercise. In our study, we resorted to generating 3D
tetrahedral grids from a 2D triangular grid which simplified the entire
grid generation process. This approach is feasible as long as the hub
and tip configurations are similar. If the hub and tip configurations are
very different (here “different” excludes changes in shape of components)
then the grid generation will have to be performed by a regular 3D grid
generator and will need much greater effort.

Flow Solver Robustness of a flow solver was found to be a very important
criterion. From a CODM perspective the CFD code should not be too
sensitive to numerical input parameters (dissipation, CFL number etc).
CODMs will be hard to develop without such robust flow solvers. It
is assumed that flow solvers make use of acceleration techniques and
parallel processing to reduce the wall clock time taken for each run.

Grid Movement Method A crucial component of our design method has
been the grid movement algorithm. The GMM has contributed to (a)
grid generation and (b) implementing geometric perturbations on the da-
tum grid. The ease of grid movement has made it possible to implement
different geometric design modes. The GMM is an integral part of any
optimization driven design system. In the present method, the GMM
was used to implement the geometric perturbations and also during the
evaluation of the gradients. In NGB optimization methods, GMM is used
to alter the shapes before each flow solve. A robust, fast grid movement
algorithm is essential for any CODM.

Graphic Interface A graphics interface is a future research topic. It should
be possible to create a graphical front-end that interacts with the GMM,
flow solver and optimization routines. Such a front-end should allow the
user to alter the cost function and other parameters in the design run.
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Tbe graphics interface will also present the variation of the cost function
with respect to the design variables and the history of the current design
exercise. However, further work needs to be done on identifying the
set of parameters to be presented to the designer. It is possible for
a lc?cal redesign to lead to an overall degradation. The effect of any
design change will have to be evaluated over a basket of parameters and
should be available to the designer to judge the success of the current

design exercise. This is necessary to avoid convoluted cost functions and
constraints.

7.2 Gradient Based Design Methods

In the course of our work, we experimented with two different methods. Both
these methods were based on widely available CFD techniques. Such an ap-
proach demonstrated the ease of developing CODMs and also avoided the need

for long validation exercises (associated with new CFD methods). Experiences
with two approaches are discussed here.

7.2.1 The Linear Approach

The linear approach involved using a linear perturbation Euler method to de-
termine the sensitivity of upstream pressure to camber perturbations. This
method is inviscid and can be applied to a limited class of problems. How-
ever, it can be very fast and useful in investigating new design concepts and
obtaining approximate solutions.

One problem with the design procedure as applied in section 5.5 is that it
generates a set of OGV’s each of which is unique. This leads to unacceptable
additional costs both in the manufacture of the OGV’s and in the airlines’ costs
of maintaining stocks of spare parts. A practical compromise is to use a limited
number of different OGV’s; for example three, one with the datum exit flow
angle, one with overturning and one with underturning. These can then be
grouped and collectively designed to completely cancel the first circumferential
harmonic of the pressure field generated by the pylon. The design can still
be performed using the linear procedure (described in chapter 3). The OGV
trailing edge flow angle is now a square wave function, corresponding to the
different groups of blades. This square wave can be decomposed into a sum
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f)f circumferential harmonics, each of which can be analyzed separately with
1ts own steady interblade phase angle. By linear superposition the results can
then be combined to give the overall perturbation flow field. Linear scaling of
the geometric perturbation will then lead to cancellation of the first harmonic
of the upstream pressure perturbation. Additional harmonics can also be
eliminated using a larger number of different blades. However, this may be

unnecessary since these higher harmonics decay axially at a faster rate and so
are less likely to adversely affect the fan.

The use of a linear perturbation code to determine sensitivities and re-
design and OGV row was demonstrated. The redesign was successful in that
it achieved more than 70% reduction in the static pressure variation that was
exciting the fan. A feedback coupling between the pylon and OGV’s was
identified as the reason that even better reduction was not obtained.

7.2.2  The Non-Linear Approach

Redesign of the OGV row was performed using a quasi-Newton method. Here
the sensitivities were evaluated by a finite difference procedure. The Newton
method was used in a redesign involving (a) continuously varying camber and
(b) a practical redesign using a limited number of different blades. Significant
pressure reduction was achieved in both cases, indicating an acceptability in
the industrial design process. Additionally, the same method was applied to
a three dimensional problem with success. The present quasi-Newton method
is seen to be very efficient for redesigns involving minimisation of a quadratic
functional.

7.3 Suggestions for Future Work

GUI As discussed in section 7.1, the functionality of a Graphics User Inter-
face (GUI) has to be carefully specified. Besides providing an easy-to-use
front-end for the CODM, it should also provide tools to probe and an-
alyze the entire flow field and retain a global perspective of the design
and the associated costs.

Optimization Routines In the present thesis we used some of the simplest
optimization methods. Of course, our study was also limited to simple
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Cost i f : .
functions. However. this may not be the case in many design ex-

el‘CISf?S. For instance, in the OGV row, cost and structural reasons may
require that different materials be used in the manufacture of different
blades. For example all load-bearing OGV'’s could be metallic while
non-lgad-bearing blades could be composites. To determine the blade-
material combination one has to perform an optimization which seeks
to.minimise the total manufacturing cost of the blade row. However,
this function is not “smooth” and a gradient based optimiser is inap-
propriate. A NGB method is required to determine the correct blade-
material combination. Such problems that require NGB methods arise
often in engineering design and necessitate the inclusion of NGB meth-
ods in the suite of optimisers made available to the designer. It will
be at the designer’s discretion to select the most appropriate optimiser
for the problem. However, NGB methods can be expensive and further
work needs to be performed to investigate how NGB methods and coarse
grids can be coupled to reduce the CPU time. It might also be possible
to link NGB-GB methods to achieve maximum performance for some
design applications. Here, the NGB method is used to determine the
region of the minimum while the GB method performs the final descent.
Additionally, an attempt to develop and incorporate an adjoint based
method to determine sensitivities in the present flow code is desirable.

An Integrated Approach In developing an integrated approach one has to
link together inverse design methods and redesign methods in a CODM.
The inverse shape design tool has to be made available to the designer
throughout the design process. It is possible that a new shape design
might be preferable to extensive tailoring. While the concept is fairly
straight forward, the actual implementation needs some attention to en-
sure that grid formats, flow parameters and non-dimensionalisations are
consistent across these different computational methods.
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