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Abstract

This work deals with the shape optimization of the draft tube of a swirl generator
that mimics the runner of a Francis turbine. The optimization is based on the use of
the adjoint solver in ANSYS Fluent. The primary objective was to suppress the vortex
rope in off-design regimes. An iterative optimization methodology for the adjoint solver
was established. The objective function for the adjoint solver was selected with the goal
of minimizing swirl around the diffuser axis. A new diffuser design was presented and
analyzed, after which a comparison was made between vortex rope behaviour and flow
field characteristics inside the new and old diffuser designs. It was found that shape
optimization had not resulted in any significant improvement in vortex rope behaviour,
with the energy of the vortex rope being only transferred further away from the hub of
the swirl generator. Recommendations for future methods of vortex rope mitigation
were made at the conclusion of this work.
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Rozsifeny abstrakt

S rostouci globalni poptavkou po elektrické energii a snahou o snizovani uhlikovych
emisi se stava nezbytnym posilovani role obnovitelnych zdroji energie. Solarni a vétrné
elektrarny pfredstavuji vyznamnou ¢ast tohoto prechodu, avSak jejich vykonnost je
znacné ovlivnéna klimatickymi podminkami a stfiddnim dne a noci, coz vede k jejich
inherentni nestabilité. Vodni elektrarny pritom nabizeji rychlou odezvu a stabilitu, coz
je ¢ini dulezitymi prvky v soucasném energetickém mixu. Aby mohly efektivné reagovat
na proménlivou poptavku, je nezbytné, aby byly schopny provozu v Sirokém rozsahu
podminek. Tento pozadavek na flexibilitu vSsak prinasi nové vyzvy, zejména v podobé
hydrodynamickych nestabilit, které vznikaji pfi provozu mimo optimalni podminky.

Jednou z hlavnich nestabilit, ktera se v téchto situacich vyskytuje, je virovy cop,
ktery vznika v difuzoru za obéznym kolem turbiny. Tento fenomén mé negativni dopady,
jako jsou tlakové pulzace, nadmérny hluk, vibrace a zkraceni zZivotnosti klicovych
komponent. Proto je nezbytné hledat zpusoby, jak tyto virové struktury potlacit a
tim rozsirit provozni rozsah turbin. Riizné metody, jako je pridani zeber, prodlouzeni
naboje obézného kola, drazky nebo vstiikovani vzduchu a vody, byly otestovany s cilem
zmirnit tyto negativni jevy, avSak s omezenym tspéchem.

Tato diplomova préace se zamétfuje na tvarovou optimalizaci difuzoru za tcéelem
potlaceni virového copu v mimooptimalnich podminkach pomoci adjungovaného tesice
v ANSYS Fluent. V prvni kapitole je podéna studie mechanismu a chovani virového
copu ve vodnich turbinéch, stejné jako ptrehled riznych metod pro jeho zmirnéni. Dale
jsou prozkoumény simulace pomoci vypoé¢tového modelovani proudéni (CED), které
identifikuji vhodné turbulentni modely pro predpovéd virovych copt, pfi¢emz pokrocile-
j8i modely jako RSM (Reynolds Stress Model) nebo LES (Large Eddy Simulation) se
ukazuji jako nejspolehlivéjsi. Druhé kapitola je vénovana adjungované metodé, ktera je
efektivnim matematickym néstrojem pro vypocet gradientii (citlivosti) u velkého poctu
proménnych, coz ji ¢ini vhodnou pro tlohy tvarové optimalizace, kde jsou proménnymi
soufadnice uzli vypoctové sité. Jsou zde formulovany zakladni rovnice adjungované
metody a jeji aplikace v CFD simulacich, kde se prosadila pfedev§im v automobilovém
a leteckém prumyslu. Byla zde predstavena metodologie iterativniho procesu navrhu
nového tvaru difuzoru.

Nasledujici kapitoly predstavuji testovaci pripad s jednoduchou geometrii, ktery
ilustruje zédkladni principy tvarové optimalizace pomoci adjungované metody. Tento
krok je klicovy pro pochopeni moznosti a omezeni adjungovaného fesice v ANSYS
Fluent. Dale je uvedena vypoctova sit, okrajové podminky a nastaveni adjungovaného
feSice. V tomto pripadé bylo sledovano odtrhavani Kérmanovych vira za valcem s cilem
minimalizovat odporovy soucinitel valce. Optimalizace ukézala, Ze adjungovany fesic¢
mize byt efektivni, kdyZ se podafilo snizit cilovou funkci o 63 % pomoci zmény tvaru
vélce.




Hlavni ¢ast prace se zamétfuje na tvarovou optimalizaci difuzoru za pouziti tro-
jrozmérnych, nestacionarnich CFD simulaci virového copu. Pro zajisténi presnych
vysledkt byla vytvorena strukturované sit a zvolen model turbulence RSM. Cilovou
funkei pro adjungovany tesi¢ byl moment hybnosti proudéni kolem osy difuzoru, ktery
se mél minimalizovat. Zavérecné vysledky ukazuji, Ze optimalizovany tvar difuzoru,
ktery vznikl jako zvonovity s tizkou ¢asti na vstupu a Sirsi ¢asti na vystupu, dokazal
¢astecné snizit moment hybnosti proudéni kolem osy difuzoru. Cilova funkce se snizila o
18 %, coZz naznacuje Castecny uspéch, avSak energie virového copu byla pouze piesunuta
dal od néboje, cop nebyl potlacen. Oblast zpétného toku se rovnéz vzdalila od néaboje
bez vyrazné zmény své velikosti. Vlivem zizeni difuzoru a tedy zmensSeni pri¢nych
priifezu se zvysila axialni rychlost uvniti difuzoru. Tlakové pulzace se dokonce zvysily
disledkem tvarové optimalizace difuzoru.

Celkové vysledky ukazuji, ze tvarova optimalizace difuzoru neptinesla o¢ekavané
potlaceni virového copu. Vyzkum naznacuje, ze samotny tvar difuzoru ma na chovani
virového copu minimalni vliv. Efektivnéjsi metodou se ukazuje manipulace rychlostniho
pole, napt. rychlostniho trojuhelniku na vystupu z obézného kola, coz je pristup
pouzivany napiiklad u Kaplanovych turbin s nastavitelnymi lopatkami. Pro Francisovy
turbiny je vhodné zvazit aktivni metody, jako je vstrikovani kapaliny do systému. Tato
diplomova prace prinasi diilezité poznatky pro oblast optimalizace vodnich turbin
a nabizi smér pro budouci vyzkum, ktery by mohl vést k efektivnéjsim metodéam
potlacovani virového copu a zlepSeni provoznich vlastnosti vodnich elektréaren.
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Introduction

As the demand for electricity increases in line with demographic growth, so too
does the necessity to reduce emissions from carbon sources. Renewable sources, such as
solar and wind power plants, are the primary drivers of this transformation. However,
their output is significantly influenced by weather conditions, rendering them inherently
unstable as a source of energy. To mitigate this instability, quick-to-response, on-demand
energy sources are required. In this regard, hydroelectric power meets both of these
requirements. Consequently, the role of hydropower is becoming increasingly prominent
in today’s energy mix. In order to accommodate the demand, hydropower plants
must be capable of functioning in a wide range of operational conditions. However,
this flexibility comes at a cost, as water turbines are designed for a specific operating
condition. When operating in off-design conditions, various hydrodynamic instabilities
are generated within the water turbine and the draft tube. These instabilities have a
negative impact on the turbine through the generation of pressure pulsations, excessive
noise, and vibrations, as well as shortening the lifetime of exposed parts. It is therefore
necessary to mitigate these instabilities and reach the widest possible operating range.

One of the vortex structures generated in the draft tube during off-design conditions
is the vortex rope. This is a region of low pressure rotating inside a draft tube, which
usually takes the form of a helix. Various methods have been tested to mitigate this
phenomenon, including the addition of fins into the draft tube, runner cone extensions,
grooves, or air and water injection. This thesis will deal with the shape optimization of
the draft tube with the goal of suppressing the vortex rope in off-design conditions. The
first chapter will give a brief study of the vortex rope in water turbines, its mechanism
and behaviour. A variety of mitigation methods for the vortex rope will be presented.
Computational fluid dynamics (CFD) simulations of the vortex rope will be explored,
demonstrating which turbulent models are most suitable for this task. The second
chapter will introduce the adjoint method, explaining why this mathematical method is
well suited for shape optimization. The fundamental equations of the adjoint method
will be formulated, and a link to its use in CFD simulations will be shown.

The following chapter presents a test case with simple geometry, which serves to
illustrate the fundamental principles of the adjoint shape optimization process. The
objective was to test the capabilities and limitations of the adjoint solver in ANSYS
Fluent. The final two chapters address the primary focus of the thesis, namely the
shape optimization of the draft tube. The computational mesh and boundary conditions
are presented, along with a detailed description of the adjoint solver setup, including
the objective function. Finally, the optimized shape of the draft tube is presented, and
the flow field is analyzed in detail in order to understand how the vortex rope reacted
to the changed shape of the draft tube.




Chapter 1

Vortex rope in water turbines

Due to the variable demand of the electricity market, today’s hydroelectric turbines
are increasingly subjected to load ramping, quick start-stop, emergency shutdowns, and
operation in off-design conditions. These actions are intended to minimize frequency
oscillations in the power grid; however, they negatively affect the lifespan of a turbine,
causing, e.g., intense vibrations, pressure pulsations, and even failure of the machine
components?.

In particular, when operating at part load conditions, single-regulated turbines such
as Francis turbines show a strong swirl at the runner exit. This phenomenon can be
attributed to the mismatch between the angular momentum produced by the guide
vanes and that consumed by the runner. The excess swirl then enters the turbine draft
tube as an additional tangential component of the absolute velocity v,. Compared to
the Kaplan turbine, which can partially control the flow field through its adjustable
runner blades and mitigate the adverse effects of the swirl, the Francis turbine with
its fixed blades is at a disadvantage and experiences more negative effects in off-design
conditions®. The frequent transients and off-design conditions, both part load (PL) and
high load (HL) result in flow instabilities in the draft tube!.

The draft tube is an essential part of a reaction turbine for high efficiency. The
primary function is the conversion of the excessive kinetic energy into useful static
pressure. The velocity triangles at the draft tube inlet, as seen in Fig. 1.1, illustrate
the effect of the varying flow rates on the draft tube flow field.
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Figure 1.1: Velocity triangles at the draft tube inlet; u is the circumferential velocity:;
w is the relative velocity; v, and v, are the axial and tangential components of the
absolute velocity v, left: part load, middle: BEP, right: high load

The best efficiency point (BEP), shown as the middle triangle in the figure, represents
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the theoretical best-case scenario with purely axial outlet velocity v and no swirl or
tangential velocity component v,. However, in real operation, some residual swirl is
maintained to allow higher draft tube opening angles to be achieved without boundary
layer separation®. The flow at both PL and HL conditions, in contrast to the best
efficiency point, exits the runner at a suboptimal angle, leading to a significant tangential
velocity component.

At PL conditions, characterized by a reduced flow rate compared to BEP, the
tangential velocity component v, increases. This increase is dictated by the fixed
relative angle between u and w and the runner speed. The former is determined by
the blade shape, and the latter by the frequency in the electric grid. Consequently, the
direction of the tangential velocity vector v, aligns with the runner rotation, causing the
water to rotate in the same direction as the runner. At HL conditions, where the flow
rate is higher than that at BEP, the tangential velocity vector points in the opposite
direction than the runner rotation, meaning that the water in this case rotates in the

opposite direction to the runner!.

1.1 Vortex breakdown

The flow at PL and HL conditions shows excessive swirl, which increases its vulnera-
bility to instabilities. Specifically, at PL, the instability takes the form of a spiral vortex
resulting from a phenomenon known as vortex breakdown. The vortex rope formation
has been shown to be closely related to the vortex breakdown!?. Rudolf et al.? defined
vortex breakdown as "a sudden change of the flow structure at critical swirl level."

Numerous theories exist that aim to explain vortex breakdown and its formation;
however, there is currently no overarching theory describing all of its characteristics.
One of the theories involves the idea of hydrodynamic instabilities. It states that if local
stagnation occurs in the decelerated axial flow, then vortex breakdown occurs. Rudolf
et al.? characterize the vortex breakdown formation as a result of "flow deceleration
in the vicinity of the axis, the formation of a stagnation point, and the onset of
a re-circulation bubble, eventually resulting in vortices being rolled up through the
Kelvin-Helmholtz instability along the shear layer between the two opposing streams."
Additional information can be found in the works of Leibovich*% and Sarpkaya®.

Several vortex breakdown types have been identified depending on the swirl strength
and the Reynolds number. In the case of diverging tube flows, three types of vortex
breakdown have been observed*®6, namely: (a) double helix spiral type, (b) spiral type,
and (c) bubble type.

Figure 1.2: Spiral vortex breakdown, photographed by Sarpkaya®

The spiral type is the one occurring in the draft tube of hydro turbines!. The
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phenomenon takes place when the flow decelerates rapidly along the axis of the vortex
core before suddenly transforming into a spiral configuration, as shown in Fig. 1.2. Here,
the water in the central region loses its kinetic energy to move downstream against the
pressure gradient, leading to a stagnation point forming along the axis. A vortex sheet
may form between the central stalled region and the main flow with the surrounding
vortex’. The sheet of vortex filaments can easily be rolled up into a single vortex, which
rotates with the main flow in the draft tube, as shown in Fig. 1.3. The pitch of the
spiral vortex rope depends on the strength of the swirl. If the main swirling flow rotates
in a clockwise direction, the tail of the spiral vortex core will rotate counter-clockwise!.

Stagnation Point

Vortex Filaments

o
184 2

Elevation
(a)

Stalled Region

Spiral Vortex Core

(c)

Figure 1.3: Origin of the spiral vortex rope in the draft tube, sketched by Nishi’

1.2 Characteristics of the vortex rope

One of the main parameters determining the shape and behaviour of the vortex
rope in the draft tube is the swirl rate m. The swirl rate is defined as the ratio of the
flux of angular momentum to the flux of axial momentum?!?®

Y

R

_ M (1.1)
R [y v rdr

where r is the radial distance and R is the radius of the draft tube.

Another important parameter is the swirl angle ¢ at the exit of the runner outlet,
which is defined as:

o= arctan % (1.2)
Um
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The swirl angle is a crucial factor for highly swirling flow, as a greater angle results
in a stronger swirl. The velocity distribution in the Francis turbine’s draft tube is
dependent on both the strength of the swirl and the characteristic Reynolds number.
Once a specific condition is met, the kinetic energy of the main axial flow is insufficient
to overcome the adverse pressure gradient present in the draft tube. Initially, a region
of stagnation develops at the center of the draft tube, followed by the reversal of fluid
flow inside that stagnation region. The adverse pressure gradient and opening angle
of the draft tube cone play a crucial role in this phenomenon!. An increased opening
angle of the draft tube cone results in a greater adverse pressure gradient, and therefore
a lower swirl is required for the formation of the vortex rope. According to Sarpkaya®,
a 20 % lower swirl was required for vortex formation in a divergent duct compared to
the parallel duct employed in experiments by Harvey®.

Nishi et al.” identified four flow regimes in an elbow draft tube based on the vortical
structures using the swirl rate m and the cavitation number K. These regimes are
depicted in Figure 1.4. The cavitation number characterizes the cavitation condition in
the draft tube and is defined as:

2¢g - NPSH - 72 R*

K (1.3)

where NPSH is the net positive suction head and () is the volumetric flow rate.

Regime I:  The vortex rope appears almost straight, and no backflow region is observed
in the straight portion of the draft tube upstream of the elbow.

Regime II: It features an unstable vortex rope that assumes varied forms irregularly.

Regime III: A stable, single vortex rope is observed, with the stagnation point located
near the diffuser inlet.

Regime IV: Twin or occasionally triple vortex ropes are observed, with the stagnation
point reaching the runner hub tip.

The presence of a rotating vortex rope in the Francis turbine’s draft tube is associated
with several adverse effects, including pressure pulsations, power swings, noise, and
vibration. Off-design conditions cause a decrease in efficiency, mostly due to poor
pressure recovery caused by the vortex rope and other instabilities. Typically, pressure
measurements at the cone wall of the draft tube are used to detect the existence of a
vortex rope. The pressure pulsations are regularly occurring under PL conditions. This
pulsation is approximately periodic, the period of the pressure pulsation is the same
as that for the rotation (precession) of the corkscrew, which may be observed visually
during an experiment!®. Rheingans'! observed the relative frequency of precession at
a value of approximately 1/3.6 of the runner frequency. The connection between the
guide vane opening and the pressure amplitude and swirl intensity was significant!.
Francis turbines encountered intense draft tube surge, resulting in significant structural
vibrations at PL conditions!?.

In addition to the effects of the vortex rope, other mechanical effects are noticeable
during longer operating periods under PL conditions. The runner of the Francis turbine
undergoes intense stress and dynamic loading when continuously running under such
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Figure 1.4: Vortex rope flow regimes in an elbow draft tube depicting different vortex
rope structures, by Nishi et al.”

conditions"!3. The helical vortex rope at PL conditions produces rotating radial forces
and bending torque, which cause radial vibrations!s.

To address these effects of the rotating vortex rope, several mitigation methods
have been developed in the past decades. These can be classified into two categories:
(a) geometrical methods and (b) fluid methods!. Geometrical methods are classified
as passive as they do not operate in an active feedback loop to regulate the flow in
the draft tube or the geometry and include fins, J-grooves, and shaft/cone extensions.
Fluid methods include water and air injection. All these methods have been found to
be only partially effective in mitigating the effects of the rotating vortex rope. In most
cases, the mitigation of one effect leads to the amplification of another negative effect.
Further optimization is required for practical implementation!. The Fig. 1.5 shows a
runner cone extension in a draft tube. This photo is courtesy of Vekve!®,

Figure 1.5: Runner cone extension, photographed by Vekve!*
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1.3 CFD simulations of the vortex rope

Over the past few decades, there has been significant research on the vortex rope
and how to mitigate its effects. Scientists have used various numerical models to
simulate the vortex rope in a draft tube, both at PL and HL conditions. The initial
simulations involved a two-equation turbulence model, specifically the standard k-¢
model by Launder and Spalding®®. Vu et al.!% employed this model to predict flow
behaviour in the draft tube and energy loss in hydraulic turbine components. Similarly,
Resiga et al.!” used the same model to investigate the effects of an axial hub jet on
the pressure fluctuations caused by the draft tube vortex rope. Ruprecht et al.'® have
discussed the importance of turbulence models in accurately capturing the effects of the
vortex rope and conclude that the standard k— model is unable to predict the vortex
rope due to excessive damping.

Furthermore, the computational grid is of major importance for a realistic prediction
of the vortex and the related pressure drop towards the vortex core. If certain criteria
are not met, both the velocity gradients and the pressure drop will be under-predicted*®.

Yaras and Grosvenor'? used both Menter’s two-equation shear stress transport (SST)
model?® and Spalart’s one-equation eddy-viscosity model®! to simulate swirling flows.
Their study suggests that both models are unsuitable for accurately modelling strongly
swirling, confined flows.

The limitations of two-equation models, which are commonly used due to their lower
computational expense, prompted experimentation with more sophisticated turbulence
models. The latter proved effective in accurately representing the shape and movement
of the vortex rope. Such models include the Reynolds stress model (RSM) and scale
resolving models such as the large-eddy simulation (LES), the detached-eddy simulation
(DES), or the stress-blended eddy simulation (SBES), which require more refined grids
and relatively longer computation times.

Rudolf et al.? utilised RSM implemented in the commercial software ANSYS Fluent
to simulate the flow in a diffuser of a swirl generator. The aim of the study was
to manipulate the swirling flow instability to mitigate pressure pulsations caused by
the vortex rope. Experimental testing was carried out using a Francis turbine model,
comparing three water injection methods: full circular jet, annular jet with opposite
swirl, and annular jet with a 5 mm gap. The results showed that the best results, in
terms of reduction of static pressure pulsations, were achieved with the original full
circular jet. The simulations showed that the resulting vortex rope shape was similar to
that observed during experimental testing, and the dominant frequency associated with
vortex rope rotation was very close to the experimental one. However, the amplitude of
the first harmonic was underestimated by 20 %.

Minakov et al.?? conducted a comparative study of flow simulations in a laboratory
model of a Francis turbine under three different conditions: part load, BEP, and high
load. The researchers employed various turbulence models, including two eddy-viscosity
models (realizable k-¢, k-w SST), a Reynolds stress model, detached-eddy simulation,
and large-eddy simulation. The results indicated that the k-w SST model is too
dissipative, whereas RSM predicts a vortex rope with a similar rough shape to more
detailed DES and LES simulations. However, RSM is unable to capture the tendency
of the vortex rope to break into two intertwined structures (see Fig. 1.6).

Rajan and Cimbala? modelled the vortex rope using the DES turbulence model,
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k-w SST RSM

Figure 1.6: Comparison of vortex rope shapes, identified by pressure isosurfaces, in
the PL regime simulated using different turbulence models, by Minakov et al.??

alongside the realizable k-¢ model using ANSYS Fluent. The authors presented the
vortex rope at four different operating points (refer to Fig. 1.7). A qualitative analysis
indicates that, as the flow rate reduces, the size of the vortex rope increases. At the
BEP (far right), the rope is thin and confined to a limited area surrounding the axis of
the draft tube, whereas the vortex rope at 91 % of BEP (far left) spreads out into the
radial and axial directions and occupies a greater portion of the draft tube.

(a) (b) () ()

YL ‘
Figure 1.7: Visualisation of the vortex rope at four different conditions with flow rate
increasing from the left to right; (a) 91 % of BEP, (d) BEP, by Rajan and Cimbala?

Urban® conducted a study on the behaviour of swirling flows in a self-designed swirl
generator using two different turbulence models: the SBES model and RSM. The main
objective was to investigate the effectiveness of various control methods in reducing the
damage caused by vortex ropes in water turbines, one of which incorporated injecting a
water jet into the flow to counteract the formation of the vortex rope.

The results of the simulations showed that the RSM and SBES model can reasonably
predict the behaviour of the swirling flow in the water turbine. It was also shown
that injecting a water jet into the flow can significantly reduce the effect of the vortex
rope. The effectiveness of the method depends on the flow rate of the water jet and the
injection point location.
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Junginger and Riedelbauch?* conducted a study of flow simulation in a full load
propeller turbine using the scale adaptive simulation (SAS) and the stress-blended
eddy simulation turbulence models. The data revealed that SAS resolves fewer eddies
in comparison to SBES. Furthermore, SBES accurately predicted all key integral
parameters.

It should be pointed out that all the work presented here assumed a single-phase flow.
However, in reality, cavitation frequently occurs inside the vortex rope, significantly
affecting its shape and behaviour.

Flemming et al.?® simulated cavitating vortex ropes in a hydraulic turbine. Two
different numerical approaches were compared: a single-phase method and a two-phase
method with a cavitation model. The ANSYS CFX software was employed using the
SST model. The results of the simulations showed that both calculation methodologies
produced vortex ropes, but with significant differences in size, shape, and location. The
single-phase approach predicted a larger vortex rope with attachment closer to the
runner blades on the hub, while the two-phase approach had a smaller vortex rope that
extended further into the draft tube elbow. The two-phase approach provided more
detailed surface contours and was consistent with model observations.

In summary, this chapter has examined the complex phenomenon of vortex ropes in
hydraulic turbines, with a particular focus on their behaviour in off-design scenarios.
The study of vortex breakdown and its correlation with the spiral vortex rope highlighted
the importance of understanding the mechanisms of these flow structures. Critical
parameters, including swirl rate and swirl angle, were identified for characterizing vortex
ropes, with distinctions drawn between different flow regimes in the draft tube.

Furthermore, the detrimental effects of vortex ropes, such as pressure pulsations
and structural vibrations, underlined the critical need for effective mitigation strategies.
CFD simulations, employing various turbulence models, proved to be important in
understanding and predicting vortex rope behaviour. It was essential to acknowledge
the limitations of existing numerical models. This work laid the foundation for future
research efforts aimed at refining the understanding of vortex ropes and advancing
strategies for their efficient mitigation in practical hydraulic turbine applications.

To conclude this chapter, the subsequent work will concentrate solely on the single-
phase flow simulation of the vortex rope, considering limitations in time and practicality.
Validation of the predicted draft tube pressure pulsation against experimental data
obtained in a model test shows that single-phase flow simulations give very good results
for both the frequency and the amplitude of the pressure pulsations'®. The RSM model
was selected as the turbulence model of choice due to its accuracy for highly swirling
flows and computational efficiency.

The following chapter outlines the second main part of this thesis, which covers the
method for the shape optimization of the draft tube known as the adjoint method.




Chapter 2

Adjoint method

Developing a part with an optimal design is a complex task. In most cases, it
requires consideration of numerous design variables. However, manually changing these
variables through trial and error is costly and unlikely to result in the optimal design.
To simplify design exploration, numerical optimization can automatically find the set of
design variables that minimizes a given objective function subject to design constraints.
Currently, gradient-based optimization algorithms are the only practical way of dealing
with optimization problems involving large numbers of variables?.

In order to fully benefit from gradient-based optimization algorithms, it is essential
to accurately and efficiently compute the derivatives of the objective and constraint
functions with respect to the design variables. The use of finite differences is the simplest
approach to automatically computing the necessary gradients directly from the partial
derivative definition. Nonetheless, finite difference approximations are susceptible to
numerical errors and are inefficient because their cost is proportional to the number of
design variables?6:27.

Adjoint-based optimization, which was developed by Lions and Pironneau
the 1970s and pioneered by Jameson®® in the 1980s, has been acknowledged as an
effective method for tasks involving multiple design variables. Further information on
the historical development of the adjoint method can be found in these papers?6:27:31,
The adjoint method’s underlying principle enables an elegant implicit calculation of
sensitivities, i.e., the derivative of the objective function with respect to the design
variables. The computational effort is independent of the number of design variables
and requires only one solve of the adjoint counterparts of the governing equation
system, in our case the Navier-Stokes equations®?. When applied to a surface mesh
representation of the part to be optimized, it is possible to generate information, referred
to as "sensitivity maps," like the one shown in Fig. 2.132.

A sensitivity map tells us, for each individual surface node, how the objective
function changes with respect to an infinitesimally small normal displacement of that
surface node. Sensitivity maps provide information on where and how to change the
geometry — perturb the surface inwards or outwards — in order to improve the objective
function.

In Fig. 2.1, the red areas indicate that shifting away from the fluid — inward for the
car, outward for the pipe — can improve the cost function. On the contrary, the blue
sections show the areas where a surface perturbation towards the fluid would improve
the performance, while changes in the greenish sections of the surface would have little

28,29 iy
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Sensitivity maps

Uniformity

Figure 2.1: Sensitivity maps for different objective function — drag on the left and
the flow uniformity on the right, by Othmer3? (edited)

effect on the cost function. The white lines on the car body represent the isolines of
zero sensitivity32.

There are two fundamental approaches to formulating the adjoint for a set of partial
differential equations (PDEs): the continuous approach and the discrete approach?¢:2731,
The diagram in Fig. 2.2 illustrates the difference between the two approaches. In both
cases, one ends up with a set of discrete adjoint equations. The continuous approach
involves differentiating the PDEs analytically to derive the continuous adjoint equations,
which are then discretized so that they can be solved numerically. In contrast, the
discrete approach starts with the discretized form of the PDESs, which is then linearized
to obtain the discrete adjoint equations?%-3!.

nonlinear linear adjoint
continuous
p.d.e > >
discrete
discrete
equations > >

Figure 2.2: Alternative approaches to forming discrete adjoint equations, by Giles et
al.3! (edited)

The continuous approach has certain drawbacks, including low precision for coarser
meshes and challenging implementation. Additionally, the initial linearization of PDEs
and their subsequent discretization mean that the discretized form of these equations is
only guaranteed to give a fully consistent gradient in the limit of an infinitely fine mesh.
The continuous adjoint system can produce inaccurate gradients when the solution
accuracy is affected by the mesh or the numerical methods?S.

Furthermore, some terms in the PDEs need to be hand differentiated, making it
challenging to use the continuous adjoint system. Adjoint developers often simplify some

11



Adjoint shape optimization Chapter 2

of the terms in the turbulence model for turbulent RANS equations, which introduces
an additional source of error®.

According to ANSYS, Inc.?3, the continuous adjoint solver offers the advantage of
being largely separate from the original flow solver. The only aspect they share is that
they are based on the Navier-Stokes equations. The process of discretizing and solving
the partial differential equations in each scenario could, in principle, differ significantly.
Although the flexibility may be attractive, it can also be the downfall of the approach.
Inconsistencies in modelling, discretization, and solution approaches have the potential
to significantly degrade the sensitivity information, especially for problems involving
wall functions and complex engineering configurations.

The discrete adjoint method has been the primary focus of recent research on
adjoints. This approach has the advantage that it provides numerically consistent
derivatives, independent of the coarseness of the grid, because it is formulated from
the discretized flow equations. Additionally, the partial derivatives appearing in the
discretized adjoint equations do not require hand differentiation and can be computed
using several numerical methods (e.g. finite differences). The application of these
techniques enables the generation of accurate numerical derivatives, even in the case of
intricate procedures such as the implementation of various turbulence models within
RANS analysis. However, the major drawback of the discrete approach lies in its
significantly high computational and memory expenses incurred during the calculation
and storage of the exact Jacobian, which will be further explained below?®. The ANSYS
Fluent adjoint solver uses the discrete adjoint approach?3.

2.1 Formulation of the adjoint method

The derivation of the adjoint equations was adopted from the articles by Kenway?°
and Han3!, with modifications made for clarity.

The goal of the adjoint method is to calculate the change of the function of interest
with respect to the design variables. This can be expressed as the total derivative
df /dx, where f is the function of interest (e.g. drag, lift, or pressure drop) and x
is the vector of design variables (e.g. surface shape). The discrete adjoint method
assumes that a discretized form of the governing equations is solved for the state variable
vector w (in our case, the flow variables). Within each cell, the flow variables include
pressure and velocity, as well as, for example, k and w for a turbulence model. After
reaching convergence, a discrete set of governing equations is satisfied, which mirrors
the modelled flow physics. This can be represented as

R(z,w)=0 (2.1)

where R is the vector of residuals for the governing equations. The function of interest
is then a function of both the design variables and the state variables, i.e.

f=fzw) (2.2)

In general, there may be multiple functions of interest, such as velocities in multiple
directions or design constraints. However, we will assume the function of interest is
a scalar without loss of generality. For each additional function of interest, another

12
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adjoint system must be solved. To calculate the total derivative df /dz, the chain rule
is applied:

o _of , of dw

dx  Ox + ow dx (2.3)

The terms 0f/0x and 0f/0w can be calculated explicitly from the governing
equations, making their calculation straightforward. However, the total derivative
dw/dzx can only be determined implicitly, meaning the variation in the flow field
depends upon the adjustment that is made to the inputs.

To solve for dw /dx, we apply the chain rule to R, then use the fact that the total
derivative dR/dx must equal zero to ensure the governing equations remain feasible
with respect to variations of the design variables. We can express this as follows:

dR  O0R OR dw
ax = ox Tow dx (24)
We can rearrange this to obtain the following expression for dw /dx.

dw OR™' OR
= == 2.5
dx ow  0x (25)
This term can then be substituted back into Eq. 2.4 to derive a new expression for
the total derivative df /dzx.

/—L
df 9f ‘9f R OR

dx O0x Owow Ox (2:6)

Typically, we do not find the inverse of the Jacobian OR /0w explicitly. Instead, the
corresponding linear system is solved with the transposed Jacobian [0R/0w]T as the
right-hand side, which yields the adjoint equations

OR” of T
AL (2.7)
ow ow
where 1 is the adjoint vector. Much of the computational effort in an adjoint solver is
in the construction and solution of this system?3*. The adjoint vector is then substituted
back into Eq. 2.6 to finally calculate the total derivative.

d 9f 4 OR

x~ox ¥ ox (28)

Since the design variable & does not appear explicitly in Eq. 2.7, the equation only
needs to be solved once for each function of interest, making the computational cost
independent of the number of design variables. This technique is also known as the
adjoint method, and its computational cost is proportional to the number of objective
functions. The design variables can include, e.g., the sensitivity and the design direction
with respect to the locations of the mesh nodes that define the geometry of the problem.

13
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Focusing solely on geometry variations, we will only consider the subset of variables
x that define the node positions in the mesh. In Equation 2.8, we can denote the
right-hand side of the equation as the vector c.

8f ~yr R OR 2.9

After computing, the coefficients ¢ provide sensitivity data for a sensitivity map
mentioned previously in this chapter.

As a summary, the process for design iteration based on the adjoint method is
outlined in a step-by-step list3*:

1. A flow field is solved for the Navier-Stokes (N-S) equations, and the objective
function f is evaluated.

2. The adjoint equation 2.7 is solved and fully converged.
3. Shape sensitivity data is calculated based on the Eq. 2.8.

4. A specific, small change to the geometry is chosen and applied. The expected
change to the objective function f is computed using the sensitivity c.

5. The flow field is solved again for a new geometry, and the difference between the
new and the baseline objective function is evaluated.

As the magnitude of shape sensitivity decreases with each shape iteration, the

shape converges towards an optimal objective function. A flow chart illustrating this
methodology is provided in Fig. 2.3.

JANLY,

Adjoint

New shape

4/
4/
k

AR

Figure 2.3: Flow chart for design iteration based on the adjoint method, based on
Tzanakis®

14



Adjoint shape optimization Chapter 2

2.2 Mesh morphing

In order to perform step 4 of the solution procedure outlined earlier, it is necessary
to be able to modify the shape of the geometry and retain a valid computational mesh.
Therefore, a mesh-morphing approach is adopted that is specific to ANSYS Fluent. All
the details presented were sourced from the article by Han** and the ANSYS Fluent
user guide33.

In standard engineering problems, the shape sensitivity field may encounter smooth-
ness issues that are not sufficient to define a shape modification.

Therefore, mesh morphing is employed in two ways. Firstly, as a smoother for the
potentially noisy surface sensitivity field. Secondly, to ensure smooth movement of both
the boundary and interior mesh. This approach is very attractive as it is applicable to
arbitrary mesh cell types.

Typically, an optimization problem involves minimizing or maximizing the objective
function while considering spatial constraints. Methods are required to produce a
deformation field that is well-behaved and meets the manufacturability requirements
while still allowing for locally sharper deformations where necessary to satisfy the
imposed constraints. ANSYS Fluent offers three different morphing techniques for the
adjoint solver: one based on polynomials, one utilising direct interpolation, and another
using the radial basis function. Note that these methods are based on different design
spaces and will therefore produce different morphing results.

A specific region is defined such that it encompasses all or a part of the problem
domain. Only the mesh nodes within this area can move as a result of the morphing
operation. Each method uses a different model to adjust the original mesh based on
the sensitivities.

The polynomials-based approach distributes a regular array of control points over a
control volume. Control points have a lower resolution relative to the mesh. Control
points move in the direction of the sensitivity vectors. Bernstein polynomials and
B-splines are used to map the control point motions to the nodes of the computational
mesh. The control point motion for the Bernstein polynomials controls the large-scale
smooth deformation, while the control point motion for the B-splines controls the
fine-scale motions. These polynomials are later smoothed, and constraints are applied.
Finally, the mesh is deformed to match to the field created by the polynomials. The
exact equations used in this morphing approach can be found in the ANSYS Fluent
user guide®®. This method proves to be the most efficient while also producing the
smoothest meshes; however, it is not suited for use with constraints. The process of
mesh morphing using the polynomial-based approach is shown in Fig. 2.4 below.

The direct interpolation technique serves as an alternative to the polynomial-based
approach. In this method, the deformation of the interior mesh can be viewed as a
projection of the deformation from the boundary into the interior. The displacement
of the interior mesh is calculated as a weighted average of all boundary node displace-
ments, directing the mesh nodes directly according to smoothed sensitivities and fixed
constraints. There are no curves that interpolate the calculated displacements. This
approach is efficient under design conditions but results in a rough and imprecise mesh33.

The last approach using the radial basis functions is a compromise between the two
methods mentioned above. These functions determine the influence of the motion of a
mesh node on its neighbours. The radial basis functions are functions ¢ whose value
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Figure 2.4: Polynomial-based approach to mesh morphing in ANSYS Fluent, control
points are green and the mesh is black??

depends only on the distance between the input and some fixed point3¢. This group of
functions includes, e.g.

e (Gaussian function

e multiquadric function

e inverse quadratic function
1

60 =

The kernel functions are responsible for ensuring smoothness during the deformation
process and can be chosen in the settings. This approach produces relatively smooth
meshes and can successfully handle complex design conditions.

This chapter has introduced the adjoint-based optimization method as a powerful
tool for efficiently exploring complex design spaces. The method allows the automatic
optimization of design variables by calculating sensitivities. Two approaches to for-
mulating the adjoint equations have been discussed — continuous and discrete, with
emphasis on the numerical consistency advantages of the latter.

The adjoint method involves solving the adjoint equations to obtain sensitivity infor-
mation to guide shape optimization. Mesh morphing techniques, including polynomial-
based, direct interpolation, and radial basis functions, play a crucial role in modifying
the geometry while maintaining a valid computational mesh. Overall, the adjoint
method, coupled with appropriate mesh morphing strategies, provides an efficient way
to achieve optimal designs in engineering applications. This information will help to
understand the exact process of using the adjoint method in ANSYS Fluent in the next
chapter.

16



Chapter 3

Test case for the adjoint solver

Before carrying out a complete three-dimensional shape optimization of the draft
tube, a simpler two-dimensional case was tested in order to evaluate the capabilities
and limitations of the adjoint solver in ANSYS Fluent. The objective is to establish
a detailed methodology for the adjoint optimization process. A different transient
phenomenon had to be selected as the vortex rope cannot be fully captured in two
dimensions. The well-known phenomenon of the Kérman vortex street was chosen since
its periodic shedding can be captured reasonably well in two dimensions. The issue
is that the adjoint solver is only capable of computing sensitivities for steady-state
simulations. In order to resolve this issue, it was necessary to time-average the flow
solution data to obtain a single flow state from which sensitivities can be calculated.
The exact process of setting up the adjoint solver will be outlined later.

The objective of the test case was to optimize the shape of the bluff body with the
aim of minimizing the drag coefficient ¢;. The geometry includes a rectangular flow
domain with a circular bluff body near the inlet. The types of boundary conditions,
along with the dimensions of the geometry, are illustrated in Fig. 3.1.

wall
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Figure 3.1: Dimensions of the flow domain (in millimetres) and the types of boundary
conditions for the test case

The flow domain and the mesh were generated using SpaceClaim and ANSYS
Meshing version 2023 R2. In order to create a structured quadrilateral mesh, a flow
domain decomposition was necessary, with emphasis focused around the bluff body.
The flow domain decomposition is illustrated in Fig. 3.2.
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Figure 3.2: Decomposition of the flow domain

The boundary layer near the bluff body plays a crucial role as it is the source of the
instability for the vortex shedding. Small vortices form on the surface of the bluff body
during this instability, leading to the formation of rows of vortices in the wake. In order
to capture this instability, the first layer element should be of minimal size. Additionally,
in the wake region behind the bluff body, emphasis is placed on the element growth rate
between adjacent elements. It is desirable to keep this parameter as low as possible to

avoid unphysical vortex structures. Fig. 3.3 shows a detailed view of the mesh around
the bluff body.

Figure 3.3: Detailed view of the mesh around the circular bluff body

The key mesh parameters are outlined in Tab. 3.1. All values except the maximal
aspect ratio meet the theoretical recommendations. The recommended values align with
widely accepted academic standards. The theoretically recommended maximum aspect
ratio value is challenging to achieve in practice, with researchers commonly achieving
values ranging from 20 to 50. The "recommended" number of elements corresponds to
the maximum number of elements available in the student version of ANSYS.

The simulations were conducted using the commercial software Fluent, version 2022
R2. The medium in the fluid domain contains air with the default properties: density
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Table 3.1: Summary of the mesh properties for the test case

Mesh Property Value Recommended
Element Count 249 400 < 512 000
Maximal Aspect Ratio  7.6842 <5
Maximal y* 0.44 <1
Maximal Skewness 0.5 < 0.9

p=1225kg/ m® and dynamic viscosity = 1.78 - 107® Pa - s. The boundary conditions
are outlined in Tab. 3.2. The flow velocity was experimentally determined to ensure
ideal conditions for vortex shedding. The hydraulic diameter matches the height of the
flow region.

Table 3.2: Boundary conditions for the test case

Inlet Wall Outlet
v=0.37m/s p=0Pa

Dy =0.195m No slip D), =0.195m
I=5% I=10%

Firstly, a steady-state flow solution was computed as the initialization for the tran-
sient simulation. Subsequently, the transient flow solution was obtained by implementing
the solver settings listed in Tab. 3.3. The k-w SST turbulence model was selected
for its reliability in low-Re as well as mainly boundary layer flows, which is critical
for vortex shedding phenomena. Unfortunately, the QUICK momentum scheme is not
compatible with the adjoint solver. Therefore, an alternative scheme was selected with
consideration for efficiency and accuracy. The time step was calculated using data
from a previous experiment and estimated as 1/200 of the vortex shedding period. The
estimated value was further optimized through iterative process. Finally, the default
number of iterations per time step was maintained.

Table 3.3: Solver settings for the test case

Turbulence modelling k - w SST
Pressure-Velocity Coupling SIMPLE

Gradient Least Squares Cell Based
Pressure Second Order
Momentum Second Order Upwind

Turbulent Kinetic Energy
Specific Dissipation Rate
Transient Formulation

Second Order Upwind
Second Order Upwind
Second Order Implicit

Time Step At
Iterations/time step

2.5-1073 s
20

19



Adjoint shape optimization Chapter 3

3.1 Setup of adjoint solver

As stated earlier in this chapter, the adjoint solver requires input from a steady-state
flow solution. A viable solution is to utilize the Data Sampling for Time Statistics
feature in ANSYS Fluent. This allows for the averaging of transient flow data over a
period of time to obtain a single flow state for use in the adjoint calculation. To acquire
accurate data, the sampling must follow three rules:

(a) Limit data sampling exclusively to the vortex shedding time period, excluding the
transitional period between the initial flow and the onset of periodic shedding.

(b) Ensure that the sampling begins and ends in the same phase of the periodic
shedding.

(c) Collect enough periods to obtain symmetrical flow data.

Two parameters, namely the drag coefficient ¢, and lift coefficient ¢y, were monitored
on the bluff body to determine the onset of vortex shedding in the periodic phase,
defined as

2F,
2F7,
crL = PYEN (3.2)

where:

F; — Drag force, the force component in the direction of the flow velocity
F;, — Lift force, the force component perpendicular to the flow velocity

p — Mass density of air: 1.225 kg/m3

v — Flow speed of the fluid: 0.37 m/s

S — Projected frontal area of the bluff body: height 20 mm x depth 195 mm

These parameters were used during the transient simulation to determine the correct
time to begin and end data sampling. The mentioned methodology for data sampling
is shown in Fig. 3.4. On the left-hand side, Fig. 3.4a shows how the drag coefficient
cq of a bluff body varies with time during vortex shedding, with the yellow-coloured
region representing rule a), which specifies the data sampling process, limiting it to the
periodic part of the curve. Fig. 3.4b shows the periodic part of the curve in detail and
illustrates rule b): the red points show that the recorded signal begins and ends in the
same phase of the periodic shedding and that a sufficient number of periods have been
recorded to ensure a symmetrical mean flow solution. Additionally, the monitoring of
the drag coefficient was necessary given that it is related to the function of interest for
the adjoint solver. The drag coefficient will be used as a parameter to compare each
newly shaped bluff body.

The final mean solution, containing the mean values of all flow parameters, serves
as input for the adjoint calculation. Fig. 3.5 shows a comparison between the mean
flow solution at the bottom and the instantaneous flow state on top, with the variables
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Figure 3.4: Methodology for collecting the most accurate data for data sampling

velocity magnitude and mean velocity magnitude plotted. The figure shows that all
vortices in the wake of the bluff body have been smoothed into a continuous flow field.

The current flow state remains the most recent instance of the transient simulation.
As mentioned earlier, the adjoint solver is limited to steady-state simulations, meaning
it computes shape sensitivities based on a singular flow state. Therefore, to use the
adjoint solver, an additional step is required to impose the mean flow data as the present
flow state and switch the transient setting to steady-state. The following procedure has
been found to be reliable:

1. Create a Custom Field Function for each mean flow variable: mean x-velocity,
mean y-velocity, mean pressure, mean turbulent kinetic energy k and mean
turbulent eddy frequency w.

2. Apply the recently created custom field functions to the flow field using the Patch
function in the Initialization tab.

3. Switch from transient to steady state simulation.

The custom field functions act as a storage for the mean data that can later be
directly applied to the flow field using initialization. At this stage, the adjoint solver
can be set up for the shape sensitivity calculation. The first step involves defining
an "observable," which is the function of interest defined in the previous chapter.
ANSYS Fluent offers support for multiple observable types, including force, moment of
force, swirl, pressure drop, surface, and volume integral of various quantities. Further
information can be found in the Fluent user guide®?. For this test case, the observable
is defined as a force acting on the bluff body in the y-direction (drag force).

The adjoint equations are numerically solved using iterative methods, which is
analogous to the solution process of the flow solver. The adjoint solver uses its own
solver settings, and there are also residuals that need to converge. For accurate results,
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Figure 3.5: The instantaneous flow field during the transient simulation plotted using
the velocity magnitude at the top, and the averaged flow field calculated during data
sampling plotted using the mean velocity magnitude at the bottom

each adjoint variable’s schemes must be the same or very similar to those used in the
flow solver. This is why the QUICK scheme for momentum was not used for the flow
solver, since it is not supported by the adjoint solver. Instead, the second order scheme
was used for both flow and adjoint solver. The schemes for the gradient and pressure
were copied from the flow solver settings. The remaining numerical settings, such as
under-relaxation factors or the Courant number, were kept as the default settings. Tab.
3.4 provides a summary of the adjoint solver settings.

Table 3.4: Adjoint solver settings for the test case

Gradient Least Squares Cell Based
Pressure Second Order
Momentum Second Order Upwind
Coupling Partial

3.2 Shape optimization process and results

Once the solution process has converged, Fluent’s built-in postprocessing tool can
be used to analyse the calculated sensitivities. The adjoint solver calculates multiple
sensitivities, such as sensitivity to mass sources, indicating where additional mass
sources or sinks would have a positive effect on the observable, or sensitivity to energy
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sources, indicating where heating or cooling would have an effect. The only sensitivity
relevant in our case is the shape sensitivity, which indicates where the observable is
sensitive to the deformation of the mesh. Units of sensitivity depend on the observable
and the input quantity. In this case, the shape sensitivity to drag is being considered,
meaning the units are N/m.

Fig. 3.6 shows the first results for the circular bluff body. On the left, the shape
sensitivity is illustrated using vectors indicating both the direction and magnitude of the
potential drag reduction at each point of the bluff body. The biggest shape sensitivity
is located on the top and bottom of the bluff body. The shape sensitivity vectors can
be traced back to the initial mean flow field. The plot on the right of the figure shows
the mean static pressure around the bluff body. It can be seen that the low-pressure
region (indicated in dark blue), where vortex shedding originates, corresponds to the
greatest shape sensitivity.
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Figure 3.6: Shape sensitivity to drag calculated by the adjoint solver, on the left
plotted using vectors, the mean pressure plot on the right as a reference to the
calculated shape sensitivities

The final step in the shape optimization process is to calculate the mesh deformation
based on the sensitivity data. This is done using the Design Tool, which is part of the
Adjoint tab in Fluent. Multiple settings can be modified to control the mesh morphing
process. All the steps required for the process are listed below:

1. Select one of the three available mesh morphing methods.

e For the testcase, Radial Basis Function has been chosen as it gave the best
results.

2. Define the mesh deformation domain that encompasses the bluff body.

e The region should be sufficiently large to avoid constraining mesh deformation
around the bluff body.

3. Define the optimization goal, a target change in value of the objective.

e [t is necessary to optimize the bluff body shape iteratively in small increments
to avoid generating unphysical shapes. The first 4 shape iterations were
created with a target drag reduction of 10 %, while subsequent iterations of
only 5 %.
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4. Define region conditions.
e Force symmetrical mesh morphing, block deformation in a certain direction.
5. Set the numerics for mesh deformation.

e Choose the kernel function, the inverse multiquadric kernel type was chosen;
select the number of iterations and other parameters that are specific for
each mesh morphing method.

Fig. 3.7 illustrates the configuration steps in Fluent step by step. Depending on
the chosen morphing method, settings for step 4 and 5 may vary. In this 2D case, the
radial basis function was selected due to its ability to produce good-quality mesh even
after multiple morphing iterations, while also effectively handling large deformations.
The region conditions and numerics were kept at their default settings.

1 Morphing Method

Polynomials (®) Radial Basis Function () Direct Interpolation

Region Geometry ¥/ Show Bounding Region
Cartesian ¥ | || Auto Display
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0.4842868 0.5458676
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[ Update Region ][ Display Mesh... y
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Figure 3.7: A step by step configuration process of the Design Tool in ANSYS Fluent
with specific settings being shown; the bounding box around the bluff body is shown in
step 2

At this point, all the required tasks have been completed and the design change can
be calculated. Fig. 3.8 illustrates the comparison between the new bluff body shape and
the initial circular cylinder. The deformation corresponds to the sensitivity vectors, as
demonstrated in Figure 3.6. Although the change in shape is small, it can be attributed
to the limited target drag change defined in step 3.
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Figure 3.8: Original circular bluff body compared to the newly generated shape

Once the deformation has been checked, the mesh is adjusted through mesh morphing,
a completely automatic process for the user. Figure 3.9 illustrates the mesh of the
newly created bluff body. There is little visible difference to the naked eye, although
changes can be observed after multiple mesh deformation iterations. The area closest
to the bluff body experiences the most noticeable changes, while those further away
remain unaffected.
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Figure 3.9: Mesh generated using mesh morphing for the new shape

To achieve the final optimized shape of the bluff body, this whole process has to be
repeated multiple times. Once a shape has been generated, a new mean flow field, new
sensitivity data, and a new mesh deformation must be calculated. The process continues
until the drag coefficient of each additional shape converges to a limit. Design Tool
tends to produce unphysical shapes at this point. Consequently, smaller optimization
goals are necessary to avoid such behaviour. When drag reductions become sufficiently
small, it indicates that the shape of the bluff body is approaching an optimized state.

Figure 3.10 illustrates the variations in the bluff body shape across the optimization
process iterations, ranging from the initial circular shape through the intermediate
iterations to the final optimized shape, which was reached after 11 iterations. A clear
trend can be observed in the evolution, where the bluff body becomes thinner and takes
on the form of a streamlined body, significantly reducing drag. It is worth noting that
the thickness of the shape increases slightly at the trailing edge compared to the rest of
the body. This could be attributed to the closer proximity of the vortex shedding origin
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to the leading edge, as shown in Figure 3.6. In turn, sensitivities resulting from this
phenomenon encouraged mesh deformation at this location rather than at the trailing
edge. This effect was subsequently carried over to further iterations of the shape.

initial shape 1=5 1 =11

Figure 3.10: Evolution of the bluff body shape, from the initial circular bluff body to
the last optimized shape, the number of iterations is denoted by ¢

Figure 3.11 demonstrates the changes in drag coefficient for each subsequent shape
iteration. The plot displays the average drag coefficient ¢4 for each iteration. The
average was calculated from the periodic portion of the signal generated during vortex
shedding, as seen in Fig. 3.4a using the yellow box.
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Figure 3.11: The change of the drag coefficient average ¢, with each subsequent
shape iteration, the drag reduction of each iteration corresponds partly to the target
change defined in the Design Tool

A clear trend is noticeable, showing a decline in drag with each subsequent iteration.
The only exception occurred during iteration ¢ = 6 when the optimization goal of the
Design Tool had to be readjusted from 10 % to 5 % due to the occurrence of nonsensical
shapes. This sudden change in the target drag led to a sudden increase in drag. However,
other bluff body shapes had a lower drag coefficient. The total reduction of the drag
coefficient was 63 %, a decrease from 1.43 to 0.52. Further iterations could be calculated
to reduce the drag even further, but by this point, each subsequent iteration would
result only in a marginal reduction of the drag.
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In this chapter, a comprehensive analysis of 2D shape optimization using the
adjoint solver in ANSYS Fluent was conducted, focusing on the Karmén vortex street
phenomenon as a test case. The initial phase of the study involved mesh generation and
simulation setup, emphasizing the importance of capturing the boundary layer near the
bluff body for accurate representation of vortex shedding. The adjoint solver, restricted
to steady-state simulations, required a time-averaging approach to derive a singular
flow state for sensitivity calculations. The setup of the adjoint solver involved defining
an observable, ensuring compatibility with the flow solver, and establishing iterative
convergence criteria.

The shape optimization process was systematically outlined, involving sensitivity
analysis, mesh deformation, and iterative refinement. The results demonstrated a clear
trend of drag reduction over consecutive iterations, culminating in a 63 % decrease in
drag coefficient. The evolution of bluff body shapes showcased a progression towards a
streamlined form, validating the effectiveness of the adjoint solver for this type of shape
optimization. The detailed methodology and findings will serve as a framework for the
following chapter that discusses the primary objective of this master’s thesis: shape
optimization of the draft tube.

27



Chapter 4

Adjoint shape optimalization of the
draft tube

This chapter will deal with the primary objective of this master’s thesis, the shape
optimalization of the draft tube. The adjoint solver is used mainly in the automotive
and aerospace industry, its use in the hydropower industry is rather limited. The goal
is to test the potential of the adjoint solver for this type of optimization and analyze
the resulting changes to the draft tube shape and flow field.

Rather than modelling the flow inside a Francis turbine, a simplified device known
as a swirl generator will be employed for the simulations. While model turbines are
necessary for researching the behaviour of a prototype, it is questionable whether
investing in a model turbine is necessary for general research on the vortex rope. Nishi
et al.3" conducted measurements on a model turbine and found that even without
the runner, characteristic features of the draft tube flow can be reproduced. These
findings suggest that simple swirl generators can be used instead of model turbines
when investigating the draft tube.

Figure 4.1: Swirl generator designed by Urban, swirling flow is generated by two inlet
flow rates, Qu» and Q4y, image by Urban?® (edited)

Swirl generators imitate the Francis turbine and are used in studies of the vortex
rope. In the Francis turbine, the runner provides the swirling flow at the draft tube
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inlet. However, for basic studies, various methods can be used to generate the swirling
flow3®. In this work, the swirl generator designed by Urban® was used, which generates
swirling flow using two inlet flows: purely axial and tangential. The design of this swirl
generator enables the control of swirl number by adjusting the ratio of the tangential
flow rate 4, and the axial flow rate Q... It consists of two inlets connected in a spiral
case, a hub that acts as the turbine runner cone, and a draft tube that leads to the
outlet pipe. At the tip of the hub, a vortex rope is expected to form. The complete
design is shown in Fig. 4.1.

It is not entirely efficient to control the vortex rope’s behaviour just by changing
the shape of the draft tube. The hub acts as a source of the initial small vortices that
form in the draft tube, which can lead to other instabilities such as vortex breakdown
(discussed in Chapter 1) or Kelvin-Helmholtz instability, which develops at the shear
layer between the backflow region and the main axial flow. The aim is to intervene in
the area where initial instabilities form, which eventually lead to the formation of the
vortex rope. This thesis will focus on the draft tube and the hub. Shape optimization
will be carried out on these parts of the generator.

4.1 CFD simulations

The CFD simulations will model the unsteady Reynolds-averaged Navier-Stokes
(URANS) equation in the swirl generator. For the purpose of this thesis, only a part
of the complete geometry is used. This consists of the area surrounding the hub, the
draft tube itself, and an additional outlet pipe to reduce the impact of the constant
pressure boundary condition. This simplification can be made since the hub and the
draft tube are the only areas of interest. This will also improve the computation time
of the adjoint-based optimization due to its iterative nature.

The entire domain for the CFD simulations is shown in Fig. 4.2. The outlet pipe
has been removed from the image for improved clarity. The pipe has a diameter of 106
mm and a length of 600 mm.
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Figure 4.2: Domain for CFD simulations, outlet pipe removed for clarity

The computational mesh was created in ANSYS Meshing version 2023 R2. In order
to capture the vortex rope behaviour accurately, a structured hexahedral mesh was
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necessary. This was achieved by decomposing the domain using a standard pipe pattern,
which consists of a square with slightly rounded edges in the center, and cutting the
rest diagonally into four parts. This pattern allows for the generation of hexagonal cells
with a low skewness. The decomposition is shown in Fig. 4.3.

Figure 4.3: The decomposition of the whole domain

The mesh was generated by adjusting the "Number of Divisions" and "Bias" settings
for Edge Sizing. This method provides control over cell density in different areas of
the domain and enables the creation of a sufficient boundary layer around the walls.
The main focus was on the region around the hub and the draft tube, where the vortex
rope forms. The objective was to achieve low y* values and ensure smooth cell-to-cell
transitions. On the left, Fig. 4.4 shows the hexagonal mesh of the annulus inlet with
boundary layers from the top. The right image provides a detailed view of the mesh
around the hub. The size of the rounded square in the middle of the hub was selected
to maximize mesh quality. It can be seen that all the cells in that area have a good
aspect ratio and smooth transitions between them.

Figure 4.4: Computational mesh for CFD simulations, detail on the hub on the right
side

The most important mesh statistics can be found in Tab. 4.1. The element count
was limited by the hardware used for calculations. Although the maximal aspect ratio
is higher, these cells are further away from the area of interest, so they will not have a
significant impact on the results. The large difference between the hub diameter and
the outlet pipe diameter is one of the reasons for the high value. The rounded square
decomposition of the hub is connected with the same pattern on the outlet pipe. The
uneven cell creation is caused by this discrepancy between diameters. The maximal
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skewness is within acceptable limits, as mesh creation and decomposition were carried
out with this parameter in mind.

Table 4.1: Summary of the mesh parameters

Mesh Property Value
Element Count 2.4 million
Maximal Aspect Ratio 96
Maximal Skewness 0.52

Fig. 4.5 shows the values of y* on the walls of the draft tube and the hub. The
lowest value of y* is 2, and the highest is 72. The cells with the highest values are only
present in areas that have a low influence on the vortex rope behaviour. The image on
the right shows that the values of y* on the hub are less than 10. Achieving this was
one of the main goals since the hub is a critical area for accurate simulation, ensuring
correct flow behaviour in the boundary layer of the hub.
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Figure 4.5: Detail of the y* contour on the walls of the draft tube (left) and the hub
(right)

All CFD simulations of the draft tube were conducted using ANSYS Fluent version
2023 R2. The medium used in the fluid domain is water with the default properties:
density p = 998.2 kg/ m® and dynamic viscosity x4 = 1.003 - 1073 Pa - s. Boundary
conditions employed in this simulation are illustrated in Fig. 4.6 and summarized in
Table 4.2.

Table 4.2: Boundary conditions for the draft tube

Inlet Wall Outlet

Dy, = 106.6 mm
No slip p =0 Pa
I=10%

Velocity profile
k and epsilon profile

The walls are subject to the no-slip condition, while the outlet is subject to the
constant pressure boundary condition. The inlet boundary condition is defined by a
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wall

velocity inlet
|
pressure outlet

Figure 4.6: Summary of boundary conditions for the draft tube, velocity inlet uses a
profile that defines radial, axial, and tangential velocity along the radius of the annulus
inlet (not to scale)

profile of circumferentially averaged axial, radial, and tangential velocities, as well as
turbulent kinetic energy k£ and turbulent eddy dissipation €. The profile defines these
variables as a function of the inlet radius. Circumferential averaging can help stabilize
the vortex rope in the draft tube and increase the likelihood of achieving the desired
axisymmetric shape of the draft tube. The profile used in this thesis was obtained from
a steady k-¢ simulation of the complete swirl generator, conducted by David Stefan.
The generator parameters used in the simulation were the total flow rate ) = 10 1/s and
flow rate ratio Qun/Qax = 70 : 30. Different inlet boundary conditions with varying
flow rate ratios were tested to determine the optimal vortex rope conditions for adjoint
optimization. The results showed that the 70:30 ratio yielded the best results in terms
of the vortex rope size and shape. The inlet velocity, k and e profiles are shown in
Fig. 4.7. Some plot axes use dimensionless parameters, 7/ R is the dimensionless radius

defined as

r r
— = 4.1
R Tmax ( )

where r is the radius and r,,,; is the maximal radius of the current cross section, and
v/v is the dimensionless velocity defined as

v-S

0 (4.2)
where v is the relevant velocity, S is the cross sectional area of the current cross section,
and () is the volumetric flow rate.

Two turbulence models were tested to determine which one yields optimal vortex
rope properties. The first model tested was the SST k-w turbulence model due to
its faster calculation times and widespread use in the industry. The results, however,
showed that the model is too dissipative for swirling flow with a high degree of anisotropy,
mainly due to the Boussinesq eddy viscosity assumption. As a result, the size of the
resulting vortex rope was dampened by the model.

Therefore, the Reynolds stress model (RSM) was tested due to its ability to perform
well for highly swirling, anisotropic flows, as it is not based on eddy viscosity. Another
benefit of this model is its good convergence and satisfactory computational times.
The results showed a larger vortex rope with a better resolved shape, and the periodic
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Figure 4.7: Inlet boundary condition defined by tangential velocity vy,,, axial velocity
Vaz, radial velocity v,qq, turbulent eddy dissipation € and turbulent kinetic energy k
across the annulus inlet as a function of radius

rotation was more stable than SST k-w. These results are consistent with previous
research on CFD simulations of the vortex rope discussed in Chapter 1.

Similar numerical settings to those used in the test case were employed for all
simulations, as they were found to be stable and reliable. The settings are summarized
in Table 4.3. The quadratic pressure strain for RSM was tested to improve model
accuracy; unfortunately, this model setting always resulted in divergence. The time step
was estimated as 1/100 of the dominant period of the vortex rope rotation. This period
was calculated as the inverse of the first harmonic frequency of the vortex rope. The

frequency value was obtained from a previous study on the swirl generator conducted
by Urban?.

Table 4.3: Solver settings for the draft tube simulations

Turbulence modelling RSM, Linear Pressure-Strain,
Non-Equilibrium Wall Functions

Pressure-Velocity Coupling SIMPLE

Gradient Least Squares Cell Based
Pressure PRESTO!

Momentum Second Order Upwind
Turbulent Kinetic Energy Second Order Upwind
Turbulent Dissipation Rate Second Order Upwind
Reynolds Stresses Second Order Upwind
Transient Formulation Second Order Implicit
Time Step At 1-107%s

[terations/time step 20
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4.2 Adjoint calculation

The methodology used for the adjoint optimization of the draft tube is similar
to that presented in Section 3.1. To avoid repetition, this section will focus on the
differences.

The initial step was to use the Data Sampling feature in ANSYS Fluent, following
the same three rules as in the previous test case. To determine the periodic time period
of vortex rope rotation, the static pressure on the walls of the diffuser was measured
at four different locations along its length. This allowed us to observe the vortex rope
behaviour in real-time and determine when the motion became periodic, determining
the start of the Data Sampling feature. On the left, Fig. 4.8 displays the static pressure
contour in the diffuser during a transient simulation, clearly indicating the presence of
a vortex rope. On the right, the mean pressure contour can be seen. The objective of
obtaining axisymmetrical mean data has been successfully achieved by sampling data
over multiple periods of the vortex rope movement. Obtaining axisymmetric mean
data was crucial to ensuring an axisymmetric diffuser design, as the mean data have a
direct impact on the adjoint sensitivity calculation and, consequently, the final shape
change. Mean pressure, velocities, and turbulent variables were obtained for further

calculations.
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Figure 4.8: Data sampling for further adjoint calculation: left image shows a static
pressure contour during a transient simulation, a vortex rope can be recognized; right
image shows a mean pressure contour with an axisymmetrical shape

The objective function (observable) was selected from a limited list of functions
supported by ANSYS in the adjoint solver. The available variables include force, moment,
pressure drop, and swirl. In this case, swirl was selected as the most appropriate objective
function. Swirl Sr for the adjoint solver is defined as the moment of the mass flow
with velocity ¢ relative to an axis defined by a point 7., and direction vector cf, it is
expressed as

Sr = ﬂjp (Fx 7) - ddV (4.3)
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where V' denotes the volume over which the integration is made, and 7 denotes the
relative position to the point 7.33. Fig. 4.9 specifies the control volume V and the axis
used for the swirl calculation. The axis is defined by the point 7 and directional vector
d on the axis of rotation z. Volume V is defined as the entire domain, excluding the
outlet pipe. Vector 7 defines a point in V. Although the objective of the adjoint solver
is to minimize swirl, it is important to note that swirl is not the only variable of interest.
Other flow field parameters will also be analyzed.

!

N
Il
=¥

Y

] N e
el

=

<y

<

Figure 4.9: Variables defined for the objective function in the control volume V'

The setup for the adjoint solver follows the same steps as outlined in Section 3.1.
ANSYS recommendations for the adjoint solver were followed. When possible, the same
numerical schemes as those used for the flow solver were used. The first-order scheme
had to be used for momentum, as the second-order scheme led to divergence. All other
settings were kept at their default values. The target residuals were below 1073, which
usually indicates an acceptable adjoint solution. Tab. 4.4 summarizes all numerical
schemes used in the adjoint solver.

Table 4.4: Adjoint solver settings for numerical methods

Gradient Least Squares Cell Based
Pressure PRESTO!

Momentum First Order Upwind
Coupling Partial

The Design Tool was used to calculate a new optimized shape of the draft tube based
on sensitivity data from the adjoint solver. The tool required different settings than
those used in the test case due to the increased complexity of the deformed geometry.
The domain for the shape optimization was defined as the draft tube and the hub,
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which are the main parts of interest as mentioned at the beginning of the chapter.
The polynomial-based morphing method was chosen for its flexibility and numerical
stability, particularly in cases with no constraints or other conditions. The other
methods failed to reach the desired target value. Although the symmetry condition was
tested, it only led to a significant increase in computational time. This was deemed not
worthwhile since the axisymmetry of the final shape was already partially guaranteed
by the axisymmetrical nature of the mean flow data. The target change of swirl for
each iteration was set to a reduction of 10 % per iteration. A smaller change would
result in minor changes to the geometry, requiring a large number of iterations. Larger
changes would result in unsatisfactory shapes; the adjoint solver is intended for an
iterative process with minor adjustments to the objective function.

In conclusion, this chapter outlines the primary objective of this master’s thesis: the
shape optimization of the draft tube using the adjoint solver method. CFD simulations
were employed on a simplified swirl generator geometry to investigate the potential
of the adjoint solver in optimizing draft tube shapes for improved flow behavior. The
methodology for CFD simulations and adjoint calculations has been described, including
mesh generation, boundary conditions, turbulence modeling, and adjoint solver settings.

The aim of these simulations is to explore the effectiveness of shape optimization in
influencing the flow dynamics within the draft tube, ultimately resulting in improved
performance and reduced instabilities. The following chapter will discuss the results
obtained from the adjoint calculations, providing insight into the effectiveness of the
optimization approach.
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Results

The process of adjoint shape optimization was carried out in six iterations, with no
changes made to the settings for both the flow and adjoint solver between iterations.
The number of iterations was limited due to consistent shape evolution. Fig. 5.1
shows the initial shape of both the diffuser (left) and the hub (right) in light grey and
the final shape in dark grey. The magnitude of each shape iteration varied from 0.1
to 1 mm depending on the location. The initial conical diffuser shape transformed
into a bell shape. This narrower diffuser shape stabilizes the vortex rope motion.
In contrast, a wider diffuser shape makes the vortex rope unstable, resulting in the
vortex rope adhering to the diffuser walls and, in turn, in irregular motion. The most
significant modifications occurred in the upper half of the diffuser. This section has
been transformed into a straight pipe, which then widens out to smoothly transition
onto the outlet pipe. The changes to the hub’s shape are more subtle. The walls of the
hub have been brought closer together, resulting in a larger angle for vortex instabilities
rolling off the hub. Overall, the hub has become slightly shorter.

Figure 5.1: Results of the adjoint shape optimization, both the diffuser (left) and the
hub (right) are shown, the initial shape is in light grey and final shape in dark grey

The mesh was modified through the automatic mesh morphing within the Design
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Tool. The mesh of the final draft tube shape is shown in Fig. 5.2. The mesh remained
structured and hexahedral, with no change in the size of the boundary layer. However,
the mesh became slightly twisted, the cells in the radial direction are not in a straight
line. This small twisting may be caused by imperfections in the mean flow data, as
they are not perfectly axisymmetric. Despite this, the mesh remained high-quality and
is suitable for CFD simulations of highly swirling flow.
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Figure 5.2: Computational mesh of the final draft tube shape

Fig. 5.3 shows the contour of y* for the final mesh. The value of y* has increased
overall. On the hub, the average value has increased from 7 to approximately 11. This
increase of y* should not significantly impact the results of the simulations and stems
from its definition. The dimensionless wall distance y* is defined as

b Yus
v
where u, is the friction velocity at the nearest wall, y is the distance to the nearest wall,
and v is the kinematic viscosity. The increase is caused by the smaller cross section of
the draft tube in the final shape. According to the continuity equation, this results in a
higher axial velocity for a constant flow rate, which in turn leads to a higher value of

y*, as seen from Eq. 5.1.

E | .
) 30 60 90 111

y (5.1)

Figure 5.3: Contour of y* for the mesh of the final draft tube shape

The objective function for the adjoint solver Sr has decreased continuously with
each iteration. Fig. 5.4 shows the changes in Sr throughout all iterations. On average,
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it changed by around 2 to 3 %, with the exception of the step between iterations 4
and 5, where the decrease in Sr was by over 5 %. These values are lower compared
to the intended decrease of 10 % defined at the beginning of the adjoint solver setup.
This is understandable since the adjoint and flow solver are not mathematically tightly
bound; differences may occur. The actual decrease calculated by the flow solver does
not precisely match the intended decrease, which is expected due to the complexity of
this non-linear optimization problem. After six iterations, the total decrease in Sr was
approximately 18 %.
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Figure 5.4: The adjoint solver objective function Sr change throughout shape
iterations

Another result to be analyzed is the evolution of the shape and size of the vortex
rope throughout each shape iteration. Fig. 5.5 presents a volume render of the vortex
rope within the diffuser utilising instantaneous static pressure. It can be observed that
the vortex rope underwent a process of elongation and straightening out with each
iteration. This indicates that vortex lines have been straightened out as a consequence
of the shape change. As the walls of the diffuser came closer together, the vortex
rope was "pushed out" further into the diffuser. As the diffuser narrowed, the adverse
pressure gradient was reduced, which, in turn, reduced the likelihood of creating the
vortex breakdown instability. This should help stabilize the vortex rope motion.

Furthermore, the mean axial and tangential velocities along different cross-sections
of the diffuser were analyzed. Mean values were the only viable option when comparing
different diffuser shapes. Fig. 5.6 shows a series of plots of the mean axial velocity in
the first column, the mean tangential velocity in the second column, and the current
cross-section in the third column. The x-axis represents the dimensionless radius r/R,
defined in Eq. 4.1, while the y-axis represents the dimensionless velocity v/v, defined
in Eq. 4.2. Negative velocity values indicate flow towards the outlet, while positive
values indicate backflow within the diffuser. Each plot represents an evolution of the
velocity profile in either the axial or tangential direction at the respective cross-section
illustrated on the right side. The shape iterations are represented by a color bar on
the bottom of the figure, with the lightest color representing the initial shape and the
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Figure 5.5: Volume render of instantaneous static pressure inside the diffuser, all
shapes have the same scale, an evolution of the vortex rope shape can be seen

darkest color representing the final shape.

In the first two cross-sections, the axial velocity has increased significantly, with a
marginal increase in the third cross-section. In the first cross-section, it can be observed
that the velocity in the backflow region, situated in close proximity to the middle of the
diffuser, has increased slightly, accompanied by a velocity increase around the backflow
region. The most notable difference can be seen in the second cross-section, where
the velocity profile evolved from an uneven shape with a small backflow region in the
middle and large spikes on the walls of the diffuser to a more uniform profile along the
radius. The velocity profiles of the last two cross-sections did not undergo significant
changes throughout the shape iterations. The overall increase in axial velocity in the
diffuser can be explained by the continuity equation, which states that for a constant
flow rate, the velocity increases with a reduced cross-section area.

The tangential velocity has also increased, particularly around the center of the
diffuser. This can be seen in the first two cross-sections. This phenomenon can be
explained by the conservation of angular momentum, which states that for a reduced
radius of the diffuser, the linear momentum must increase, resulting in a higher tangential
velocity in the narrower cross-section. The velocity profiles remain relatively unchanged
in the final two cross-sections.

The size and position of the backflow region in the diffuser and how it changed
during the shape iterations were also examined. This region is of significant importance
since it serves as the foundation of the vortex rope. Fig. 5.7 shows a volume render of
the backflow (negative mean axial velocity). The region is moving downward with each
iteration as the top region of the diffuser narrows. A similar trend could be observed in
Fig. 5.5, where the evolution of vortex rope shape was studied. It can be observed that
an energy transfer occurs as the core of the vortex rope moves away from the hub. The
size of the backflow region remains relatively constant.

Another important parameter to be analyzed is pressure pulsations. Static pressure
was measured on the walls of the diffuser at four different locations, as illustrated in Fig.
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Figure 5.6: Evolution of mean axial and tangential velocity profiles at different cross
sections along the diffuser, shape iterations are represented by color
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Figure 5.7: Volume render of the mean backflow region inside the diffuser during
shape evolution, the region is moving downwards with each iteration

5.8 on the left. A representative sample of the measured signal is shown on the right
side. The periodic nature of the vortex rope rotation can be recognized. All signals
were processed using the discrete Fourier transform. Prior to this, the signals had to
be modified to ensure accurate results in the frequency domain. It was necessary to
allow an initial period of time at the start of the simulation for the vortex rope to fully
develop. Once this period had elapsed, the signal became periodic, as shown in the
plot. The initial portion of the signal was cropped to include only the periodic part of
the signal. Coherent sampling was also taken into account during signal processing; it
describes the sampling of a periodic signal where an integer number of its cycles fit into
a predefined sampling window. Neglecting this can have a significant impact on the
amplitude spectrum, with a potential reduction of up to 25 %. However, the values
of harmonic frequencies are not affected by this. In order to ensure that the periodic
signal has an integer number of periods, two conditions were enforced. First, after
cropping the signal at the beginning, the end of the signal was also cropped so that the
start and end points of the signal have equal values. Secondly, the start and end points
must also have the same derivative signs. This ensures that the signal has the same
value and phase at the start and end, and in turn has an integer number of periods.
This kind of condition works for periodic, sinusoidal-looking functions. However, more
complicated functions with many harmonic frequencies would require more advanced
conditions to ensure coherent sampling, such as zero padding.

The results of the Fourier analysis are presented in Fig. 5.9. The frequency spectra
are shown for the initial and final shapes of the first three monitors. The amplitude
peaks and monitor locations for each plot are highlighted. The first harmonic frequency
increased by 21 % from 46.7 to 56.7 Hz. This change can be attributed to the elongation
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Figure 5.8: Four monitors of the instantaneous static pressure on the walls of the
diffuser on the left, and a sample of the measured signal shown on the right

and straightening of the vortex rope with each shape iteration. The conservation of
angular momentum states that with a smaller radius of the vortex rope, its frequency
increases. A classic example of this phenomenon is how a figure skater in a spin draws
in their arms and legs to increase their rotational speed. The harmonic frequency of
the vortex rope in the initial shape was also compared to a simulation made by Urban®
in his dissertation. During the development of the swirl generator, the vortex rope
inside the draft tube was simulated using the full geometry of the swirl generator.
The calculated harmonic frequency differed from that of Urban by more than 25 %.
This indicates that different velocity boundary conditions at the diffuser inlet have a
significant impact on the harmonic frequency of the vortex rope. The circumferentially
averaged profile used in this work was an oversimplification to ensure accurate frequency
results. Nevertheless, this discrepancy does not affect the qualitative outcome of the
adjoint shape optimization. The initial point from which the adjoint optimization starts
is not precisely defined, and an inaccurate harmonic frequency of the vortex rope should
not yield significantly different draft tube shapes.

Another phenomenon that can be observed is the downward shift in the position
of the maximal pressure amplitude. This effect can be more clearly observed in Fig.
5.10, which shows how the maximal pressure amplitude at the first harmonic frequency
changed across the monitors during the shape evolution. The pressure peak of the
initial shape was positioned at the first monitor, while the peak of the final shape
was positioned at the second monitor. The plot demonstrates a gradual decrease in
the pressure amplitude at the first monitor, accompanied by a steady increase at the
remaining monitors. This indicates a downward shift of energy from the hub. This
trend was previously observed in the analysis of other variables. However, the maximal
amplitude for the final shape overall exceeded that for the initial shape. The adjoint
optimization could not handle both aspects at the same time since the objective function
is not directly correlated to the pressure pulsations. This phenomenon can be seen as a
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Figure 5.10: Maximal pressure amplitude of each monitor position during shape
evolution, monitors and curves are linked by corresponding color

trade-off for the energy transfer away from the hub.

The swirl rate m across different cross-sections of the diffuser was monitored during
shape evolution. The planes are located at the same height as the corresponding
pressure monitors in Fig. 5.8. An equivalent definition to Eq. 1.2 was used for the
calculation in ANSYS Fluent as follows:

B IIg vmvyrdS
" RIS .

where S is the cross-section for which the swirl rate is calculated. Fig. 4.9 illustrates
how the time-averaged swirl rate changed at different plane locations throughout shape
evolution. Overall, the swirl rate values have remained relatively stable, with only slight
increases at plane 2 and small decreases at plane 1. These changes can be attributed to
the aforementioned vortex rope elongation. A notable decrease can be seen at plane 4,
which can be attributed to the fact that in the initial diffuser shape, the flow conditions
created a backflow region that started close to plane 4. This contributed to the high
swirl rate. As the shape evolved, the vortex rope elongated further, and the backflow
region migrated downstream, resulting in a decrease in swirl rate. Swirl rate at other
plane locations remained relatively constant. All values fell within a range of 0.7 to
0.8, which is considered a threshold in the literature when the flow is deemed unstable
enough to facilitate the formation of a rotating vortex rope.

The vortex rope was also studied as a source of energy dissipation. Two variables
were defined for this purpose. Firstly, the dissipation function will be defined as

0 =200V +p-e (5.3)

where p is the dynamic viscosity, € is the turbulent eddy dissipation, p is the density of
fluid and v;; is the strain rate tensor, defined as
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Figure 5.11: Time-averaged swirl rate m across four different plane locations
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The dissipation function represents the energy loss per unit volume. The primary
sources of energy loss are friction between the flowing liquid and the walls, as well
as the vortices that are created during swirling flow, which irreversibly transform the
kinetic energy into heat. In order to calculate the total power loss for a volume of fluid,
the function is integrated over this volume as

ool = Hj odV (5.5)
\%

Secondly, the total power loss will be defined using total pressure loss at diffuser
inlet and outlet as

AP = Aptot . Q (56)

where Ap;.; is the total pressure difference at diffuser inlet and outlet and @ is the
volumetric flow rate. The total pressure difference should represent the energy loss of
the fluid between two cross-sections. Both variables represent the same phenomenon.
The calculations were made for the mean flow variables.

It should be noted that there is a systematic difference in the manner in which the
two definitions calculate the power loss. o, employs a differential approach, calculating
the power loss for a single point in a volume and then integrating the result over the
volume to obtain the final result. AP, on the other hand, employs an integral approach,
considering only the total energy of the fluid at the inlet and outlet of the volume.
What happens between the cross-sections is not captured by the definition. However, in
theory, when comparing the power loss calculated by these two definitions, the results
should be identical.
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Figure 5.12: Mean dissipation function o,, and mean total power loss AP during
shape evolution on the left, a contour of the instantaneous ¢ inside the diffuser on the
right, the color scale is logarithmic

Fig. 5.12, on the left, illustrates the change in AP and o,, over shape iterations.
Both variables have been time-averaged. It can be observed that the power loss
increases with each iteration for both variables. This is due to the higher velocities
inside the narrower diffuser, which increase the magnitude of the strain rate tensor
v;;. Furthermore, it is notable that there is a difference in the power loss between the
variables. It is unlikely, that the discrepancy in the results is due to differing definitions
of the variables; rather, it is likely to be due to the way in which RSM handles the near-
wall modelling. As previously mentioned in Tab. 4.3, non-equilibrium wall functions
were employed to model the near-wall flow. An accurate velocity profile near the wall is
essential for accurate dissipation calculations. This has been a notoriously challenging
problem for a long time. To address this issue, high-Re models such as the k- model
or RSM employ the wall functions to artificially calculate the near-wall velocity profile,
rather than modelling the flow itself. However, the non-equilibrium wall functions
employed in these models are arbitrary functions that are not derived from fundamental
physical principles. Consequently, discrepancies may arise, as illustrated in the plot.
On the right, the plot shows a contour of instantaneous ¢ across the diffuser. It can
be observed that, in addition to the walls, the vortex rope acts as a strong dissipation
source, particularly near the hub.

The last variable to be analyzed is the pressure coefficient c,, which can be used to
evaluate the efficiency of the draft tube. It is defined as

Cp — p2 _1)2]. (57)

vy
(l/lp?

where index 1 represents the diffuser inlet and index 2 the diffuser outlet. Pressure values
for both cross-sections are calculated as a mass-weighted average over the cross-section.
The Coriolis number « is a dimensionless parameter that expresses the ratio of the
actual kinetic energy to the ideal kinetic energy expressed by the mean cross-sectional
velocity v1. In this case it is used to refine the calculation. The Coriolis number is
defined as
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where |v] is the velocity magnitude, v, is the z-velocity and S; is the cross-section of
the diffuser inlet. Fig. 5.13 shows how the pressure coefficient ¢, changed over the
shape iterations. The ¢, values shown for each shape were averaged over time during
the periodic motion of the vortex rope. The pressure coefficient remained constant
throughout the shape evolution, the values have remained in the range of 0.53 to 0.55.
During optimal operation of a Francis turbine, the pressure coefficient values are around
0.9. Although energy losses in the form of heat have increased, as seen in the analysis of
owor and AP, the constant trend of the pressure coefficient ¢, shows that the efficiency of
the draft tube has not dramatically decreased. This is a positive effect for the operation
of a Francis turbine.
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Figure 5.13: Time-averaged pressure coefficient ¢, during the shape evolution, the
values have been averaged over time for each shape

This chapter presented the results of the adjoint shape optimization, showcasing
six iterations of draft tube shape evolution. The transformation of both the diffuser
and hub shapes was described, highlighting how the diffuser’s conical shape evolved
into a stabilizing bell shape, while subtle adjustments were made to the hub. Mesh
modifications, particularly mesh twisting, and changes in y* values were discussed
in relation to the final draft tube shape. The reduction in the objective function
Sr, indicating optimization success, and the evolution of the vortex rope shape were
analyzed. Additionally, changes in velocity profiles, pressure pulsations, swirl rate,
energy dissipation, and pressure coefficient were examined throughout shape iterations,
providing insights into the draft tube’s efficiency.
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Discussion

The methodology of the adjoint shape optimization was initially tested on a case
presented in Chapter 3. The objective was to assess the reliability of the approach
utilising mean variables for the calculation of the optimized shape. The effectivness of
the method was of demonstrated, given that it was a straighforward two-dimensional
case of external shape optimization. External shape optimization is a task for which
the adjoint method was originally developed. In this case, the adjoint method yielded
satisfactory results.

The draft tube shape optimization is a more complex task since the geometry is
three-dimensional and the flow is highly unsteady. It was therefore unclear if the
methodology would work in the intended way for this case. One question was whether
the mesh morphing feature would be effective for a three-dimensional geometry. In
particular, it was necessary to determine whether the quality of the mesh would be
preserved in comparison to the two-dimensional test case. A mesh with a slight skew
was generated, and the skewness of mesh cells increased with each iteration. This was
mainly due to the slight asymmetry of the mean flow boundary condition of the adjoint
solver. To dampen this effect, more periods could have been sampled to obtain more
symmetric mean data. However, this approach is time inefficient and would have a
minimal impact. The quality of the mesh was evaluated as satisfactory and no further
changes to the mesh were performed. In any case, the skewness of the final mesh was
so small that its effect on the results was essentially negligible.

Prior to the draft tube shape optimization, it was hypothesised that the adjoint
solver would modify the shape into a narrower one. This modification would reduce
the adverse pressure gradient (i.e. the backflow) that causes the vortex breakdown
instability, which in turn is the source of the vortex rope. Narrowing the diffuser also
straightens the vortex tube inside the diffuser. The resulting optimized shape of the
draft tube confirmed this hypothesis. Two main features of the final shape have been
observed.

1. The bell shape of the draft tube

e The energy of the vortex rope was transferred away from the hub, resulting
in a narrower and longer vortex rope. However, the negative effects of the
vortex rope, such as pressure pulsations, were not mitigated.

2. Overall increase of the axial velocity in the diffuser
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e The energy dissipation in the form of heat increased, yet this did not result
in a change in the pressure coefficient c,.

The shape of the hub was expected to have a large impact during the shape
optimization process. The hypothesis was that intervening in locations where initial
small vortices are generated would have an impact on how the vortices interact in the
draft tube, which could change the character of the vortex rope. However, this hypothesis
was not confirmed; on the contrary, the shape of the hub has undergone minimal change,
indicating that it is not a crucial factor in the adjoint shape optimization process. It
would be of interest to examine whether a different optimization algorithm with a
different objective function would yield different hub shape results.

The results were influenced by several factors. One of the simplifications made
during the simulations was the complete neglect of the influence of cavitation inside the
vortex rope. As discussed in Chapter 1.3, research on this topic shows that multiphase
CFD models better predict vortex rope characteristics and behaviour. This discrepancy
was deemed acceptable since simulating multi-phase flow is computationally expensive
and not feasible in combination with an iterative optimization process.

Another factor that influenced the results were the boundary conditions, specifically
the velocity profiles at the inlet of the diffuser. In order to numerically stabilise the
simulations and further improve the adjoint shape optimization, the profiles were
circumferentially averaged. However, it was determined that this simplification was the
main source of inaccuracies in the results. For example, when comparing the calculated
frequency of the vortex rope with a simulation of the whole swirl generator by Urban?,
discrepancies in the frequency were found. The main difference between the simulations
is the boundary condition at the draft tube inlet. Reducing the full two-dimensional
velocity profile to a circumferentially averaged profile proved to be an oversimplification.
It would, of course, be optimal to use a real velocity profile measured inside the draft
tube of a Francis turbine; however, this data was not available.

It is important to note that alterations to the shape of the draft tube can have a
significant impact on the overall performance of a Francis turbine. These changes can
affect the turbine’s maximum efficiency and the optimal operating point, which can be
shifted to a different flow rate.

From the nature of the problem, it follows that the methodology of suppressing
the vortex rope by changing the shape of the diffuser can never completely suppress
the vortex rope. This is because the source of the vortex rope, namely the large
tangential velocity components coming from the runner of the Francis turbine, cannot
be eliminated solely through the modification of the diffuser shape. Consequently, the
swirling energy coming from the runner can only be redirected in some manner. This
must be taken into account when analysing the results.

The question thus arises as to whether the adjoint method is suitable for this type
of shape optimization. The capabilities of the adjoint solver were tested as part of
this master’s thesis. In engineering, the adjoint method was originally developed for
the optimization of external aerodynamics, specifically in the automotive and aviation
industry. In the hydropower industry, the adjoint solver has not seen much use. There
is no research regarding the use of the adjoint method in the shape optimization of
the draft tube. One success of the presented results is the reduction of the objective
function, swirl, by 18 %. This is an unusual objective function since usually the objective
functions used in the automotive and aviation industry are drag, lift, or pressure drop.
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This confirmed that the adjoint solver is capable of achieving the intended goal even
when using non-standard objective functions. However, the method was unsuccessful in
eliminating the vortex rope structure. In fact, the pressure pulsations have increased
with shape iterations. One possible reason for this is that the pressure pulsations and
swirl are not directly linked. The main reason remains unchanged from the previous
discussion: without eliminating the source of the vortex rope — the tangential velocity
components — the structure will not be eliminated.

In the future, different adjoint solver software with a greater selection of objective
functions can be employed to see whether different results can be obtained. Alternatively,
a completely different algorithm for the shape optimization of the draft tube could be
developed, as seen, for example, in the master’s thesis of Oberta®® (in Slovak).

In conclusion, the shape optimization of the draft tube is not effective when sup-
pressing the vortex rope. In order to achieve this, it is necessary to suppress the source
of the vortex rope. The geometric boundary condition, the shape of the draft tube
and hub, has a minimal effect on the vortex rope behaviour. The most important
boundary condition is the velocity profile at the diffuser inlet. This is also demonstrated
in Oberta’s work®, where it can be seen that the shape optimization using a totally
different algorithm has not resulted in suppressing the vortex rope.
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Conclusion

The present work dealt with the computational shape optimization of a diffuser
behind a swirl generator that mimics the runner of a Francis turbine. The optimization
was based on the use of the adjoint solver in ANSYS Fluent. The main objective was
to suppress the vortex rope in non-optimal regimes. A brief study on the vortex rope in
water turbines was conducted. A large number of mitigation methods have been tested
by researchers, yet they have been found to be only partially effective in suppressing the
effects of the rotating vortex rope. In most cases, the mitigation of one effect leads to
the amplification of another negative effect. Research on CFD simulations of the vortex
rope indicates that the eddy viscosity models (k-¢, k-w SST) are too dissipative and
predict smaller vortex ropes. Therefore, more advanced models such as RSM or LES
must be employed to reliably predict the vortex rope characteristics and behaviour.

The adjoint method, a mathematical tool for calculating gradients, was introduced.
This method is effective in calculating gradients (sensitivities) for a large number of
variables, such as coordinates of individual nodes of a computational mesh. This
is the reason why the adjoint method proved effective for tasks involving the shape
optimization, particularly in the automotive and aviation industry. The process for
design iteration was presented, which involves calculating the flow field, finding the new
shape using the adjoint solver, generating a new mesh, and calculating the flow field
again.

Firstly, a shape optimization was conducted on a test case for a simple two-dimen-
sional geometry in order to evaluate the capabilities and limitations of the adjoint solver
and to establish a methodology for the adjoint shape optimization. Vortex shedding
behind a cylinder was observed with the objective of minimizing drag. It showed that
the presented iterative approach involving time-averaging of all flow variables is feasible.
The objective function was successfully reduced by 63 %, showing that the adjoint
solver can be effective for external shape optimization.

Three-dimensional, unsteady CFD simulations of the vortex rope inside the diffuser
were carried out. A structured, hexahedral mesh was generated to ensure accurate
results of the complex, swirling flow. RSM was selected for turbulence modelling due
to its ability to perform well for highly swirling, anisotropic flows. Swirl around the
diffuser axis was selected as the objective function for the adjoint solver to minimize.
After six iterations, the diffuser transformed into a bell-shaped structure, with a narrow
pipe section at the inlet and a wider section at the outlet, forming a bell shape. The
shape of the hub remained almost unchanged. The newly generated mesh demonstrated
high quality, with no discrepancies, even after multiple design iterations. The objective
function was reduced by 18 %, suggesting a partial success of the adjoint optimization.
However, the energy of the vortex rope was only transferred away from the hub, rather
than suppressed, resulting in a narrower and longer vortex rope. The backflow region

52



Adjoint shape optimization Chapter 6

has also only moved away from the hub but its size has not changed dramatically as a
result of the shape optimization. The narrower cross sections lead to an overall increase
of axial velocity inside the diffuser. The negative effects of the vortex rope, such as
pressure pulsations, were not mitigated. Overall, the adjoint shape optimization was
unsuccessful in suppressing the vortex rope.

When examining other research on the topic of vortex rope mitigation, specifically
shape optimization of the diffuser, it was found that this approach was never successful
in suppressing the vortex rope. This suggests that it is not an effective method, as the
shape of the draft tube has minimal effect on the vortex rope behaviour. The solution
lies in the manipulation of the velocity field, e.g. the velocity triangle at the runner
outlet. Transforming the velocity triangle and thus reducing the tangential velocity
component can be an effective solution. The Kaplan turbine, which is equipped with
adjustable blades, is an effective solution to this problem. For the Francis turbine, a
potential method for mitigating the vortex rope is through the use of active methods,
which involve the injection of a fluid into the system.
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List of Symbols and Abbreviations

Symbols

Symbol Unit Description

C — adjoint sensitivity vector

cp 1 pressure coefficient

Dy, m hydraulic diameter

f — function of interest

Fy N drag force

Iy N lift force

g m-s 2 gravitational acceleration

1 1 turbulent intensity

k m? . 572 turbulent kinetic energy

K 1 cavitation number

m 1 swirl rate

NPSH m net positive suction head

AP \WY% total power loss

P Pa gauge pressure

Q m? st volumetric flow rate

Qaz m? st flow rate from axial inlet of the generator
Qtan m? - s7! flow rate from tangential inlet of the generator
r m radial distance

R m radius of the draft tube

R — vector of residuals for the governing equations
S m? area

Sr kg-m?-s7! swirl
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Symbol Unit Description

U m-s ! circumferential velocity

Us m-s ! friction velocity at the nearest wall

v m-s! absolute velocity

Vij g1 strain rate tensor

U, m-s! axial component of the absolute velocity
Vy m-s ! tangential component of the absolute velocity
w m-s! relative velocity

Y m distance to the nearest wall

yt 1 dimensionless wall distance

w — vector of state variables

b4 — vector of design variables

« 1 Coriolis number

5 m?-s73 turbulence eddy dissipation

o Pa-s dynamic viscosity

v m?-s7! kinematic viscosity

p kg -m™3 density

) rad swirl angle

P — adjoint vector

w st turbulence eddy frequency

o W-m™3 dissipation function
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Abbreviations

Abbreviation Description

ANSYS Analysis System

BEP Best Efficiency Point

CFD Computational Fluid Dynamics

DES Detached-Eddy Simulation

HL High Load

LES Large-Eddy Simulation

PDE Partial Differential Equation

PL Part Load

PRESTO! Pressure Staggering Option

QUICK Quadratic Upstream Interpolation for Convective Kinematics
RANS Reynolds Average Navier-Stokes

RSM Reynolds Stress Model

SAS Scale Adaptive Simulation

SBES Stress-Blended Eddy Simulation

SIMPLE Semi-Implicit Method for Pressure Linked Equations
SST Shear Stress Transport

URANS Unsteady Reynolds-Averaged Navier-Stokes
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