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Abstract

Nuclear power is increasingly seen as a potential solution to the decarbonization of the energy sector in the
coming decades. However, one of the main causes of downtimes for current-generation nuclear reactors
is Grid-To-Rod-Fretting (GTRF), which is a multiphysics phenomenon. On one hand, the cooling axial water
flow inside Pressurized-Water Reactors (PWRs) causes the Turbulence-Induced Vibration (TIV) of the slender
fuel elements found in the nuclear reactor cores. This dynamic Fluid-Structure Interation (FSI) phenomenon,
combined with the high operating temperatures, and the irradiation of the different components contribute
to the creep behaviour of the fuel rods, and potentially to their cracking. Should this occur, the operation of
the reactor is immediately stopped, and expensive maintenance work is carried out.

To quantify the amplitudes of the TIV due to axial flow in nuclear reactors, before this study, NRG developed a
two-way coupled FSI workflow called NRG-FSIFOAM, within which the fluid behaviour was predicted using
the computationally efficient AniPFM synthetic turbulence model, developed in OpenFOAM. The structural
solver had been developed separately in deal.Il, and it consisted of using 3D Lagrange elements for a Finite
Element Method (FEM) discretization. The two solvers were coupled using preCICE, which handled both the
mapping between the two domains, as well as the subiteration that was required for strong coupling. Never-
theless, it was believed that the complexity of the structural model could be decreased, given the slenderness
of the fuel elements, the predominant bending imposed by the fluid forcing, and their rigidity to shearing. In
turn, using a computationally efficient structural model would accommodate shorter computation times, as
well as the possibility to numerically simulate more complex geometries, thereby increasing the accuracy of
the results.

To reduce the computational costs of the structural solver, this thesis initially proposes a 1D beam-element
FEM solver. This structural representation is further simplified using a Mode Acceleration (MA) Reduced
Order Model (ROM). This method is based on determining the nodal FEM displacements using the superpo-
sition of a user-inputted number of structural eigenmodes. Thus, the degrees of freedom for the structural
problem are the amplitudes that one should apply to the reduced eigenbasis to best represent the current
deformation. A quasi-static correction is subsequently applied to the solution, by assuming that the inertial
effects are fully contained by the considered eigenmodes.

To take advantage of the low dimensionality of this new formulation, new mapping routines are also pro-
posed, in the form of a load interpolator (mapping the concentrated fluid cell face forces on the FSI bound-
ary to the structural nodes), and a displacement interpolator (transferring the displacements obtained at the
structural FEM nodes to the nodes of the fluid mesh on the FSI boundary). The load interpolator is based
on a conservative technique of transforming the distributed loads along each beam element to concentrated
nodal loads for the FEM grid. It is therefore proposed that each beam element be subdivided into multiple
segments. For each of these, the distributed loads are assumed to be continuous. The displacement interpo-
lator makes use of the FEM modelling assumptions, and it uses the values of the shape functions along the
beam elements to determine the local deformations. The strong coupling between the fluid and the struc-
tural domain is resolved using the Aitken subiteration algorithm. To avoid the computational overhead of
using multiple separate libraries that was present in NRG-FSIFOAM, for the newly proposed workflow, the
structural solver and the associated mapping routines are implemented directly in OpenFOAM. More specif-
ically, all of the modules are contained within a mesh motion solver boundary condition. The mesh motion
solver is then called at each outer corrector of the PIMPLE algorithm. For the remainder of this work, the
combination of all of the features described above is called NRG-beamFoam.

Starting from the proposed framework, first, the individual verification of the different components was con-
ducted. It is shown that for a simplified fuel element geometry the FEM solver offers accurate estimations
of the eigenmodes and eigenfrequencies, and that the dynamic solution converges to the expected analytical
solution when decreasing the timestep size. The load interpolator and the displacement interpolator also
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exhibited convergent behaviour with respect to the number of segments and elements, respectively.

Having proven the expected functionality of the FEM solver and the associated mapping routines, the Aitken
subiteration algorithm is also verified by using the entire workflow created by the three previous modules.
It is found that the FSI convergence is significantly improved when compared to a fixed Under Relaxation
Factor (URF) scheme. The NRG-beamFoam methodology is subsequently compared with NRG-FSIFOAM for
FSI where a laminar fluid model is used to reproduce the experiment of Chen and Wambsganss [1]. This con-
sists of an annular geometry, where the inner rod is flexible, and the outer one is fully rigid. The inner rod is
initially deformed, and subsequently allowed to vibrate as water flows axially at 10 m/s. It is found that the
frequency and damping computed for the motion using the two workflows have a relative difference that is
lower than 1.5%.

After the laminar FSI simulation, an Unsteady Reynolds-Averaged Navier-Stokes (URANS) FSI simulation is
conducted, to observe whether the turbulent stresses are correctly accounted for by the implementation pro-
posed herein. It is found that the relative matching with NRG-FSIFOAM is now within 0.5%. At the same
time, the computational cost of using NRG-beamFoam is 6% lower per FSI subiteration. Nevertheless, the
total number of FSI subiterations executed by NRG-beamFoam is larger, given the superior IQN-ILS algo-
rithm used by NRG-FSIFOAM, and its capacity to control the number of subiterations using the FSI residual
obtained for the current subiteration. Thus, the subiteration algorithm represents one of the main measures
that are recommended for future optimization of the computational costs of the methodology in this thesis.

Further, the implementation in this thesis is coupled with the AniPFM fluid model. It is shown that NRG-
beamFoam has the advantage of only calling the AniPFM routines once per timestep, without significant
changes in the accuracy. This represents an operational advantage over NRG-FSIFOAM, which must use the
computationally expensive AniPFM module at every subiteration. Further, it is found that if the segments’
nodes are axially non-matching with the fluid nodes on the FSI boundary, the load interpolator produces
noticeable variations between the total forcing imposed by the fluid mesh and that which is mapped to the
structural nodes. What’s more, the load mapping appears to be dependent on round-off errors through the
way that the connectivity matrix is computed between the fluid cell face centers and the segments’ nodes.
Thus, an improvement of the work herein refers to implementing an improved version of the load interpo-
lator, where the redistribution of the loads better accounts for the numerical variation in the spatial location
of the cell faces, and the boundaries between adjacent segments. For the remainder of the thesis, these in-
conveniences were mitigated by only using matching segments, as well as other simplified load interpolator
approaches.

Even if the load interpolator issues were mitigated, FSI simulations combining NRG-beamFoam and AniPFM
appear to crash prematurely. No clear correlation between the structural discretization and the stability is
found. Possible identified causes are the random generator inside the AniPFM model, the incorrect compu-
tation of the rotations within NRG-beamFoam, or the suboptimal discretization schemes used by AniPFM.
Further research is required to identify the root cause of this behaviour.

Finally, the ROM was applied to the FEM formulation. It is found that for laminar FSI simulations, a sin-
gle degree of freedom is enough for accurately computing the rod’s damped vibration. What’s more, the MA
exhibits the capacity of spatially and dynamically reconstructing responses that are associated with eigen-
modes that are slightly outside of the reduced eigenbasis. When combined with the AniPFM model, the ROM
model proposed in this work appears to only require 8 degrees of freedom per bending direction to offer a
good estimation of the rod’s deformed state at all time instances. Nevertheless, the same stability issues are
identified as for the FEM solver. What’s more, slight discrepancies are observed between the FEM solution
and the ROM one when using the same total number of degrees of freedom. A possible hypothesis for this is
the incorrect scaling of the eigenmodes of the structure, and it is recommended that this is assessed in future
research.
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Introduction

The generation of energy currently represents one of the main contributors to the greenhouse emissions done
by human activity. For example, in 2010, 41% of man-related carbon dioxide (CO,) emissions were due to the
energy industry [2, 3]. At the same time, the total energy demand around the globe is expected to increase
in 2040 by half when compared to the 2021 levels [4]. Despite this, to limit the increase in the average global
temperature to a sustainable value for long term thriving, the Paris Agreement initially set the objective of
zero carbon emissions for the energy industry by 2050 [5]. Though this initial target was softened, it currently
still stipulates that the energy sector should reduce its current carbon footprint to a third by then [6], while
still meeting a demand that will be more than 1.5 times higher. This suggests the need to develop and pro-
mote the use of energy-generating techniques that are more environmentally sustainable than the ones most
commonly used today, such as coal and gas.

Nuclear energy represents a strong candidate to meet the green energy goals of the planet. This technology
has lower or comparable lifecycle CO, emissions to alternatives such as solar, hydropower, or wind energy
[7], while also offering the most stable energy output [8], and incurring the least human losses per generated
energy unit [9, 10]. Despite those benefits, one of the main reasons for which nuclear energy is not used
more intensively is the heavily polarized and fluctuating public popularity. The main concerns are related
to potential nuclear accidents such as Fukushima or Chernobyl [11], and to the improper waste disposal of
radioactive material [12]. Hence, the safety of nuclear reactors is of paramount importance for the popular
adoption of the technology.

The main malfunction of currently operating reactors is caused by the phenomenon of Grid-To-Rod-Fretting
(GTRF). 58% of the outages of Pressurized Water Reactors (PWRs) between 2011 and 2015 were attributed to
GTRE with research for its mitigation still being carried out, for example within the GO-VIKING joint Euro-
pean project [13]. This phenomenon is predominantly observed for nuclear reactors using PWR technology,
wherein the nuclear fuel is stored in long, slender beams, which are cooled during the fission reaction using
axially-flowing water at high pressures (approximately 150 bar [14]). In every reactor, hundreds of such fuel
elements can be found, closely bundled next to one another into Fuel Assemblies (FAs). Multiple such fuel
assemblies are routinely used within PWRs. A simplified representation of a conventional PWR (left) and of
the components of a FA (right) is given in Figure 1.1. GTRF represents a multi-physics phenomenon. On one
hand, the turbulent water flow excites the rods within the FA, a phenomenon that is known as Turbulence-
Induced Vibration (TIV). In turn, this leads to mechanical contact between the fuel elements and the spacer
grids, where the purpose of the latter is to prevent neighboring rods from touching each other, and to increase
the rods’ rigidity. Combined with the high operating temperatures, usually of about 300°C [15], the fuel rods
become prone to creep, and eventually to cracking. The propagation of the crack inside the fuel rods can lead
to the escape of radioactive material inside the cooling water flow. At this point, the operation of PWRs is
automatically stopped by sensors, and the damaged fuel rods need to be replaced. A visual representation of
the creep effects (left) and of the onset of GTRF (right) can be seen in Figure 1.2. The removal of the damaged
fuel elements leads to high maintenance costs, and to lower energy yields of the nuclear reactors, as the entire
powerplant needs to be shut down.
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Figure 1.1: Left: Schematic sketch of a PWR (taken from [30]); right: isolated view of a fuel assembly within a PWR (taken from [31])

Numerous studies have been conducted to create designs that are resistant to GTRE Many of the methodolo-
gies to do so were either experimental [16-19], or were centered around using simplified analytical models
[20-22]. However, the former are limited by the difficulty in representing the operational conditions (high
temperature, irradiation) and the dimensions of a PWR chamber (approximately 4 meters in length), as well
as the influence of the operational time over, for example, the creep behaviour. The analytical models are
limited by the need to use a fluid model that can accurately represent the excitation imposed on the rods, as
well as the complex phenomena that occur at bundle level, such as hydrodynamic coupling [23-27], or added
stiffness [28, 29] that will be detailed in Subsection 1.1.2.

CGL
%...., 3D 2 ’ j"‘* )F* )

Coolant
flow
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causes vibrations  causes formation of and wear
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Figure 1.2: Left: displacement evolution of the fuel rods due to creep (taken from [32]); right: schematic of the fretting mechanism (taken
from [33])

A possible alternative to these approaches is represented by the numerical simulation of bundled configu-
rations. The main limitation of doing so, however, is the the prohibitively large computational cost. It is
commonly known that in computing fluid flows, one of three approaches can be used. These are differenti-
ated based on how wide the computed band within the turbulence spectrum is. The most accurate approach,
Direct Numerical Simulation (DNS) computes the effect of all turbulent scales, including the smallest ones,
known as the Kolmogorov eddies [34]. Due to its fidelity, it is also the most expensive fluid model, and in
practice, it is currently used extremely rarely for industrial applications. The second option is that of using
Large Eddy Simulation (LES), where only the effect of the largest and the most energetic scales is computed,
while that of the smaller eddies is modelled. Though LES workflows were found to be able to accurately re-
produce TIV for nuclear rods [35, 36], their application on complex bundled geometries would require grids
of billions of cells. For example, a recent study by Matozinhos and Hassan [37] required 309 million cells to
simulate a 5 x 5 bundle with a length of approximately 0.3 m. Such processing demands are hence currently
limiting private companies from using numerical simulations of bundled configurations to design against
GTRE The last class of fluid models is that of Reynolds-Averaged Navier-Stokes (RANS) methods, where none
of the scales are directly solved. Instead, one focuses on computing the total velocity fluctuations that are
obtained by modelling the effect of all turbulent scales combined [34]. Though traditional RANS methods
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were found to be able to accurately reproduce properties such as the vibration frequency of structures in ax-
ial TIV conditions, they appear to underestimate the amplitude of the fluid excitation, due to their incapacity
to model the localized and correlated effect of turbulence over the rods [38].

To avoid the overhead of using an LES model, Nuclear Research Group (NRG) has developed a synthetic
turbulence model, called the Anisotropic Pressure Fluctuation Model (AniPFM) [39-41]. This is based on a
computationally cheap Unsteady Reynolds-Averaged Navier-Stokes (URANS) framework, and is suitable for
incompressible calculations. It focuses on generating anisotropic spatial velocity fluctuations, using time cor-
relation methods to propagate them in time. Once the velocity perturbations are obtained at a given timestep,
they are used to solve for the pressure fluctuations. This model has been developed in-house using the open-
source OpenFOAM library [42]. Before the start of this thesis, the AniPFM fluid model was successfully in-
tegrated within a Fluid-Structure Interaction (FSI) computational workflow, called NRG-FSIFOAM ([38]. This
used a 3D Finite Element Method (FEM) structural solver developed in deal.Il [43], while the transfer of infor-
mation between the two, as well as the coupling numerics, were handled by a third software, preCICE [44]. In
parallel with the research herein, Freitas [41] conducted research that better determined the settings that one
needs to use to increase the certainty of results when using the NRG-FSIFOAM workflow. The most elaborate
validation case that had been used for NRG-FSIFOAM was the experiment published by Chen and Wamb-
sganss [1], consisting of a flexible single brass beam subjected to turbulent axial water flow in an annular
channel, as will be detailed in Subsection 3.5.1. In this work, this validation case will be referred to as the
brass beam case.

The long-term objective of NRG for its NRG-FSIFOAM workflow is its use in simulating the FSI phenomena
for configurations containing multiple rods. However, before doing so, optimizations in terms of the com-
putational costs need to be made. Despite the progress made in terms of the fluid modelling costs thanks to
the AniPFM, it was believed that improvements could still be made about the costs related to the structural
modelling and the communication between the two domains. For one, the use of a 3D FEM grid to compute
the structural response was seen as potentially superfluous, since the cylindrical, rigid fuel rods are predom-
inantly subjected to lateral bending. Furthermore, it was identified that the computational overhead caused
by using preCICE was significant. For example, van den Bos [38] found that approximately 6% of the compu-
tational time was spent on communicating and mapping the data between the separate structural and fluid
solvers for the FSI case of Chen and Wambsganss [1].

Within this status quo, the main purpose of the work here is to adapt the NRG-FSIFOAM workflow so that
it can be employed efficiently for simulating physics containing multiple rods subjected to axial water flow
in PWR conditions. Amongst these physical phenomena, GTRF plays a central role, as was explained at the
beginning of this Chapter. The proposed method to help the scaling of the NRG-FSIFOAM workflow to more
complex geometries is to optimize the structural modelling and the way that this is coupled to the fluid solver.
Before a research outlook is formulated in Section 1.2, first, the feasibility of using the AniPFM fluid model for
simulating bundled configuration phenomena is assessed. This question had never been answered before
this study, although without it, the further development of NRG-FSIFOAM would be redundant. Hence, in
Subsection 1.1.2, the specific phenomena associated with bundled configurations are discussed. Addition-
ally, the optimized workflow that will be developed for this thesis needs to be able to also reproduce other
fundamental FSI phenomena whose design require high-fidelity simulations. Consequently, in Subsection
1.1.1 a short classification of the general family of phenomena within the family of Flow-Induced Vibrations
(FIV) is given. In Section 1.2, the research objective and questions are formulated. In Section 1.3, a summary
of the contents of the main Chapters in this work is offered.

1.1. FSI of isolated and bundled fuel rods

As mentioned at the beginning of this Chapter, in most of the currently operating nuclear reactors, that is,
in PWRs, the rods in which the nuclear fuel is stored are cooled using axial water flow. This continues to
flow downstream, where it acts onto turbines driving an electrical generator, before it is recirculated into the
reaction chamber. This cycle inevitably leads to energy changes between the liquid (coolant water flow) and
the solid (the reactor’s components). Though this general pattern occurs in other components of the nuclear
reactor, for example, in the heat exchanger [45], the scope of this thesis is narrower: it only treats phenomena
associated with the fuel elements subjected to turbulent axial water flow. As a consequence, only these will be
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elaborated upon in this Section. Particular attention is offered to the phenomena in bundled configurations
of fuel rods, given that their analysis is the major long-term goal of which this research is a component of. It is
of interest to not only present the physics that occur inside the reaction chamber, but also which of those need
to be captured by using the relatively high-fidelity updated version of the previous NRG-FSIFOAM workflow.
Another important consideration is whether the given workflow can be used to simulate the behaviour of
multiple fuel rods, since previous to this research only validations using single rods had been conducted.
First, a brief introduction to FIV is provided in Subsection 1.1.1, while in Subsection 1.1.2 a description of
phenomena specific to clustered configurations is formulated.

***Most important, **Should be considered, *Less likely

Flow Fluidelastic Periodic = Turbulence Acoustic
situation instability =~ shedding excitation  resonance
Axial flow

Internal

Liquid * - * % * K %
Gas * - * * k ok
Two-phase  * - * % *
External

Liquid %k sk - * % % % %
Gas * - * % % %
Two-phase - * % *

Cross flow

Single

cylinders

Liquid - * % * % *

Gas - * % * *
Two-Phase - * * % -

Tube Bundle

Gas * % % * * * % %
Two-phase  *** * * % -

Table 1.1: the relative importance of different excitation mechanisms with respect to the flow direction, the orientation of the flow and
the type of phases present, as classified in [46]

1.1.1. FIV in axial flow and modelling approaches

FIV is the name of the discipline that studies the exchange of energy between the fluid and the structure. It
has emerged as a formal area of research in the first half of the 1970s [47]. In the literature, numerous ways
to classify the encountered phenomena are offered, based on their phase and unsteadiness [45], the fluid
velocity at which they occur [48], or the source of excitation [49]. In this work, the classification of Pettigrew
[46] is used, as presented in Table 1.1. One can observe that for axial, internal, liquid flow, the most impor-
tant mechanisms are acoustic resonance, turbulence excitation, and fluidelastic instability. Each of these is
presented separately in the following.

Acoustic resonance occurs when fluid-dynamic periodic phenomena such as vortex shedding occur inside
the reactor at frequencies that are close to the eigenfrequencies of the structure [45]. This can lead to reso-
nance and therefore to potential damage of the structure. Despite the risk, design against acoustic resonance
can be managed with simple analytical models [45], and therefore it is not required to be included in the
NRG-FSIFOAM workflow.

Turbulence excitation refers to the excitation of the structure by the turbulence generated inside the axial wa-
ter flow. It represents the main motivation for using the AniPFM model, and it has been extensively presented
by van den Bos [38] and Kottapalli [50] for single rods. For such configurations, the two obtained promising
prediction results for turbulence excitation. For this type of phenomenon, experimental data can only be re-
liably used if the laboratory model matches the geometry and flow conditions of the cluster very well [51-53].
If not, the accuracy of the results is within one to two orders of magnitude [51], making them too inaccurate
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for GTRF predictions. In terms of numerical approaches for TIV of bundled configurations, this appears to
have only been done by Bertocchi et al. [54], where a two-way coupled URANS-shell FEM approach was used
to compute a small-scale 7-tube bundle. In this study, it was found that the amplitude of the excitations is
underestimated. Thus, for TIV, the AniPFM model is expected to be adequate, and capable of predicting the
vibration amplitudes better than a URANS fluid model.

Fluidelastic instability represents a two-way coupled phenomenon between the fluid and the structure. It
occurs if the structural deformations due to the hydrodynamic loads modify the fluid flow in a way that en-
courages larger displacements. If this positive feedback loop is reinforced in time, the stability limit of the
structure may be reached, leading to catastrophic failure. Though the phenomenon is of importance for heat
exchangers in cross-flow [55], the velocities at which it occurs for axial flow are much larger than those found
in operating nuclear reactors [56]. However, in practice, for bundles of fuel rods, one needs to consider that
mixing vanes are placed on the spacer grids. Their role is to increase the heat transfer that occurs at the in-
terface with the rods by generating turbulence [45]. In doing so, cross-flow locally occurs. This can become
quite significant, as shown, for example, by the experimental results of Han et al. [57], as seen on the left of
Figure 1.3.
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Figure 1.3: Left: cross-flow velocity vectors generated by a bundled rod-mixing vane assembly, 10 hydraulic diameters downstream of
the mixing vanes, measured using Laser Doppler Anemometry (taken from [57]); right: idealised hydrodynamically balanced cross-flow
generated by a suitable symmetric mixing vane design (taken from [16])

In the context of mixing vane-induced cross-flow, it was found that fluidelastic instability due to cross-coupling
may occur [45]. This occurs if the fluid forcing over given degrees of freedom of the structure are heavily
dependent on the others, and if this dependence is such that small perturbations can be destabilizing. To
mitigate this, it is recommended that the mixing vans are placed so that they generate eddies of opposite
vorticities, therefore balancing their excitation effect. This concept is seen on the right of Figure 1.3. As this
phenomenon is caused by strongly coupled FS], it can only be captured using high-fidelity FSI workflows. A
strongly coupled FSI algorithm is one where information is exchanged multiple times between the fluid and
the structure for a given timestep, until there is good matching between the fluid loads and the structural
displacements on the FSI boundary [58]. The current NRG-FSIFOAM workflow accommodates for two-way
coupling, and to be able to predict structural instabilities, this capability will also be included in the newly
developed workflow.

1.1.2. Phenomena specific to clustered cylinders in axial flow

Within the literature, two phenomena specific to bundled configurations of nuclear rods were identified:
hydrodynamic coupling and added stiffness. The physics of the two and adequate modelling methods are
discussed in this Subsection.

Hydrodynamic coupling refers to the phenomena where the movement of a given cylinder is propagated to
the others through the fluid medium. Hence, the movement of one cylinder is dependent on not only the
effect of the axial flow, but also on the movement of all other cylinders. This was first studied numerically
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by Paidoussis [24] using a 2D potential flow model for a stationary and relatively heavy flow. His results can
be vizualized in Figure 1.4: an initial lateral displacement in both directions of the right cylinder (number 1,
upper part of (c) in Figure 1.4) leads to the excitation of the second cylinders’ movement (number 2, lower
part of (c) in Figure 1.4), though the latter was initially at rest. It is important to mention that due to hydro-
dynamic coupling, groups, rather than single eigenmodes, can be found within a narrow frequency range
for the structure, where the shapes of the eigenmodes for the given configuration are seen in Figure 1.4, (b).
Later, the same behaviour was also observed experimentally [26, 27]. The hydrodynamic coupling is heavily
dependent on the distance between the rods in the bundle (the closer they are, the stronger the coupling), as
well as the distance to the bounding walls of the bundle [25]. Though viscous coupling may also occur [59],
the spacing at which this happens is much smaller than those found in nuclear applications.
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Figure 1.4: (a) Layout of the numerical experiment and of the considered DOFs; (b) the first group of eigenmodes; (c) the time response
of the system to an initial unitary displacement in the v1; (d) the w; degree of freedom (taken from [23])

Next to the hydrodynamic coupling, within the literature a second phenomenon specific to bundled con-
figurations was identified, referred to as the added stiffness effect. It was first observed experimentally by
Ricciardi and Boccaccio [28], who used a full-scale fuel assembly for their study, over which axial water flow
was imposed. The size of the experimental chamber was only slightly larger than the size of the fuel assembly,
thereby simulating the confinement of the axial water flow within a reactor chamber. The fuel assembly was
deformed laterally using a hydraulic jack, and subsequently allowed to vibrate freely. A simplified scheme of
the experiment can be seen on the left of Figure 1.5. It was found that the lateral displacements of the fuel
assembly decreased with the axial velocity flow, that is, the fuel assembly became stiffer as the fluid velocity
increased, as can be seen in the middle of Figure 1.5. This appears to be caused by the effect of the static de-
formation of the fuel assembly over the water flow: as the bundle deforms laterally, the change in the relative
flow area between the opposite boundaries of the fuel assembly leads to a static pressure gradient that tends
to stabilize the structural deformation. This hypothesis is confirmed by the measurements in axial velocity,
as can be seen in Figure 1.5.
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Figure 1.5: Left: experimental setup; middle: change of the effective stiffness of the FA with respect to the flow velocity; right: streamwise
velocity component external at the bypass between the fuel assembly and the test section (taken from [28])

For this Subsection, it is important to assess whether the current NRG-FSIFOAM workflow is suitable for
the simulation of bundled configurations. Hence, it is necessary to determine the complexity of the fluid
model that needs to be used to correctly capture the hydrodynamic coupling and the added stiffness effect.
For both, it can be concluded that a URANS model, and in particular, the AniPFM, is suitable. For one, the
hydrodynamic coupling was accurately modelled using potential flow [24], and was found to be captured
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qualitatively by URANS [60]. At the same time, the added stiffness effect was also observed numerically by
Dressel et al. [29] when using URANS. Given that the AniPFM has a higher fidelity than the URANS, it is
expected that the current fluid model will be capable of capturing both the hydrodynamic coupling and the
added stiffness effects accurately.

1.2. Research questions and objectives

Based on the information presented in Section 1.1, it can be concluded that a two-way coupled FSI workflow
that uses the AniPFM model can be expected to accurately model all relevant FSI phenomena for axial flows
inside nuclear reactors that cannot be solved using simpler engineering approaches, such as TIV, self-induced
excitations due to the crossflow induced by mixing vanes, or the hydrodynamic coupling and added stiffness
for bundled configurations. Nevertheless, in its current version, the NRG-FSIFOAM’s structural model re-
mains cumbersome, using a potentially overcomplex structural solver, and three standalone codes to obtain
the FSI computations. On the other hand, in current literature FEM solvers using 1D beam-element FEM
solvers were successfully used [29, 61], along with eigenmode-based Reduced-Order Models (ROMs) [36, 62].
Next, the identified research gap is presented. Although these structural methods were found to work well
with URANS [29, 62, 63] and with LES [36, 64, 65], to the knowledge of the author, their feasibility when com-
bined with a synthetic turbulence fluid model such as the AniPFM was not tested prior to this thesis. What’s
more, the discretization settings that need to be used, such as the number of degrees of freedom that need
to be utilized to describe the problem, are also not clear from the available literature. Thus, the identified
knowledge gap for this thesis refers to the compatibility of the said structural models with the AniPFM, as
well as the optimal settings to be used in running them. Thus, the following main question is formulated:

Is it feasible to compute the structural response of nuclear fuel rod-like structures using ROM methods

that simplify a 1D beam discretization, for two-way coupled FSI applications in axial flow, wherein fluid

forces are computed using a URANS Anisotropic Pressure-Fluctuation Model (AniPFM) ? If yes, what are
the general discretization and setup guidelines to do so?

Before answering the main question of the research, it is necessary to verify that the newly developed struc-
tural solvers work correctly. An additional layer of complexity is added by the communication of the structural
solver with the mapping and the subiteration modules that are required for its integration in an FSI workflow.
In turn, these modules are themselves linked to the OpenFOAM fluid solver, as will be explained in Chapter
3, leading to additional question marks regarding the combined working of the methodology. Furthermore,
although the AniPFM fluid model is the ultimate fluid model with which NRG-beamFoam is desired to be
coupled, it is nevertheless a relatively complex solver, containing on top of a URANS solver a stochastic gen-
erator of non-dimensional velocity fluctuations, and a model of their transient transport that is based on
a Partial Differential Equation (PDE) [38]. The AniPFM is hence not only more expensive than a standard
URANS model, but it also leads to a higher difficulty in debugging and drawing conclusions about the spe-
cific characteristics of NRG-beamFoam if the two are coupled from the start of the thesis, with no other inter-
mediate FSI results obtained from simpler fluid models. It is therefore preferable that the newly developed
NRG-beamFoam methodology is developed sequentially, to ensure its correct functioning for different levels
of fluid modelling complexity. Hence, to formulate a definitive and convincing answer to the main research
question, the following subquestions are formulated:

1. Can the newly implemented structural solvers be used along with the newly developed mapping rou-
tines and subiteration algorithm for two-way FSI simulations? What is the accuracy of the ensuing
workflow, compared to NRG-FSIFOAM for such a scenario?

2. What is the accuracy of the new FSI solver in computing axial-flow FSI when using a URANS fluid
model? Are there any computational benefits compared to the NRG-FSIFOAM workflow?

3. What are the preferential settings that should be used for the novel FSI solver when combined with the
AniPFM model?

Consequently, the main objective of the current thesis is:

To simplify and improve the computational costs of the NRG-FSIFOAM FSI workflow and to allow the
higher-fidelity simulation of more complex configurations by using a simplified and cost-effective
structural solver.
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Based on the available literature, other studies dealing with the topic of axial-flow FSI have successfully used
either 1D beam FEM elements [29, 61], or eigenmode-based Reduced-Order Models (ROMs) [36, 62] method-
ologies to reduce the structural computational costs, by using a reduced number of degrees of freedom to
describe the solid response. Those structural solver possibilities will be further explored in Chapter 2. Later
in the thesis, the two will be combined to maximise computational efficiency. Assuming that the right loads
are provided at the interface between the water and the rods, there is no indication in the literature that these
structural models wouldn't be compatible for the physics presented in Section 1.1. These are intended to
supersede the current Lagrange-element 3D FEM solver that NRG-FSIFOAM uses. However, none of these
methods are readily available in deal.Il. To avoid the overhead of using a standalone structural code and a
coupling software, it was decided to implement the new structural solver directly in OpenFOAM, to ease com-
munication with the AniPFM routines. The development of an OpenFOAM-only coupled workflow within
NRG that is tailored specifically for axial-flow FSI also implies that the overall usability increases when com-
pared to the current preCICE approach, by specializing the solver and therefore reducing the number of user-
inputted settings required. This helps in fulfilling both the cost reduction and the simplification objective
stated above.

Although the main objective that was stated for the thesis is to develop a simplified structural solver in Open-
FOAM that can be used in combination with the AniPFM fluid model, in practice a secondary objective also
arose. In renouncing the use of preCICE, all its coupling functions also need to be fulfilled by the newly devel-
oped methodology. First, the transfer of information between the structural and fluid grid needs to be facili-
tated. In FSI problems, this mapping is bidirectional, where the structural displacements are sent to the fluid
grid, and the fluid loads to the structural mesh. What’s more, a strategy dealing with the potentially strong
coupling between the structure and the fluid needs to be implemented. In practice, the strong FSI coupling
is solved by using a subiterative approach, where the fluid and the structural solvers are run multiple times
at a given timestep until convergence between the fluid loads and the structural displacements on the FSI
boundary is obtained [58]. All of these new features represent an opportunity to again reduce the computa-
tional costs that were associated with the NRG-FSIFOAM workflow because of the non-specialized mapping
and subiteration routines used in preCICE. In this thesis, the improvement of the mapping and subiteration
costs is achieved by using specific routines that apply to nuclear fuel elements in axial flow, characterized by
their slenderness, and small relative displacements. Thus, the second objective of the research is:

To simplify and improve the computational costs of the NRG-FSIFOAM FSI workflow and to allow the
higher-fidelity simulation of more complex configurations by using simplified and cost-effective
mapping and FSI subiteration techniques.

For this thesis, the newly proposed FSI solver that will be developed to tackle the two main objectives will
be called NRG-beamFoam. The name originated in the use of the OpenFOAM library, and the 1D beam
element FEM solver that will be implemented as the backbone of the structural solver.

1.3. Report outline

The rest of the report is dedicated to developing the theoretical knowledge, the methodology, and to present-
ing results that can answer the questions put forward in Section 1.2. Thus, Chapter 2 lays out the concepts
from the fields of FSI, fluid dynamics, FEM, and ROM that are necessary to build the structural solver and
the associated mapping and subiteration routines, and to understand requirements imposed by the fluid
solver. In Chapter 3, specific details are provided of how the different modules of the FSI loop of this thesis
are implemented, along with the test cases that will be used for the verification in this thesis. In Chapter 4,
an isolated verification of the main modules of the NRG-beamFoam implementation is presented, that is, the
beam-element FEM solver, the load interpolator (mapping the fluid loads on the FSI boundary to the struc-
ture), and the displacement interpolator (transferring the structural displacements to the fluid nodes on the
FSI boundary). This isolated verification of the components is necessary before the use in FSI simulations to
be better able to pinpoint potential issues that arose in the development of any of the modules. Once these
individual tests are passed, in Chapter 5 the subiteration algorithm is verified, before laminar and URANS
simulations with NRG-beamFoam are run, and the outputs are compared with the NRG-FSIFOAM workflow.
For the latter, a computational cost comparison is also provided. In Chapter 6, the findings that are obtained
when running the NRG-beamFoam model with the AniPFM are provided. Chapter 7 deals with the individual
verification of the ROM structural solver, as well as its behaviour when used with the AniPFM fluid model for
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FSI simulations. Finally, in Chapter 8, the conclusions to the thesis are presented, along with the answers to
the research questions, and the recommendations for future work.






Theoretical background

As explained in Chapter 1, the objective of this research is to implement an accurate and efficient structural
model for FSI simulations that is suitable for axial-flow TIV. To this end, an FEM approach will be used, along
with additional ROMs that are meant to reduce the size of the structural problem that needs to be solved. In
this Chapter, aspects referring to the FSI are first presented in Section 2.1. Section 2.2 presents introductory
aspects about the fluid modelling. Next, the theory of the FEM model is presented in Section 2.3. Finally,
different ROM methods are presented in Section 2.4, and their feasibility for this study is assessed.

2.1. FSI

In Subsection 1.1.1, it was pointed out that given the coupling between the structural movement and the re-
sulting load forces, fluidelastic instabilities may occur for the fuel elements inside the nuclear reactor cham-
ber. This represents a situation where the structural solution dynamically influences the fluid one, and vice
versa. Thus, it is required that the fluid problem is formulated by taking into account the current state of the
structure, and analogously, the structural solution should consider the current configuration of the flowfield.
The field of research that deals with accommodating the coupling of the structural and the fluid solvers in a
numerical setting is known as FSI.

The purpose of this Section is to present general aspects about what exactly the coupling between the fluid
and the structural solvers entails. How these challenges are dealt with in this thesis is predominantly ex-
plained in Chapter 3, with specific references made throughout this Section. Thus, Subsection 2.1.1 presents
the physical conditions that need to be satisfied in a pointwise manner at the interface between the fluid and
the structure. Subsection 2.1.2 then presents the specific requirements that arise when one starts considering
how to enforce the said physical conditions onto the discretized domains that are usually used to solve the
two continua problems. Given the strong coupling between the flow and the structure for nuclear reactor ap-
plications, particular attention is allocated to implicit partitioned FSI coupling algorithms in Subsection 2.1.3.

For this Section, it is assumed that the timestep used for the two solvers is equal. Consequently, no details are
offered, for example, about subcycling partitioning methods [66], that use different timestep values for the
two domains.

2.1.1. Interface conditions

When FSI is taken into account for a physical problem, specific boundary conditions need to be satisfied at
the interface between the fluid and the structure. In literature (for example, [67]), two different sets of bound-
ary conditions are distinguished: the kinematic and the dynamic boundary conditions.

The kinematic conditions are based on the physical observation that at the wall where the FSI occurs, the fluid

must locally have the same velocity as the wall itself. This corresponds to the well-known no-slip condition
from fluid mechanics, written for a moving wall:

Up(x) = ——, (2.1)



2.1. FSI 2. Theoretical background

where Ug represents the velocities for the fluid domain, us the displacements for the structural one, and x an
arbitrary location on the FSI boundary. What's more, at a given time instance, it must also be that the local
displacements are equal between the two domains everywhere across their interface:

Xg(x) = us(x), (2.2)

where X; represents the displacements of the fluid domain.

Apart from the compatibility conditions of the displacements and velocities on the FSI boundary, an equilib-
rium between the stresses must also occur in the direction normal to the interface between the two domains:

o¢(x) - ng(x) = —05(x) - ns(x), Vx, (2.3)

with o denoting the stresses exerted onto the FSI boundary, and » the direction that is locally normal to the
FSI boundary. Condition (2.3) is known as the dynamic interface condition.

2.1.2. Specific challenges in discretized FSI

The observations made in Subsection 2.1.1 refer to the physical requirements that are valid for a continu-
ous formulation of the fluid and the structural problems. However, for industrial applications, both of these
are often solved using discretized approaches. What’s more, two different families of numerical methods are
often used, where a Finite-Volume formulation is used for the fluid, and a Finite Element one for the solid.
Thus, different grids are used between the two, where the fluid mesh is often finer. This will also be the case
for the study herein. Hence, the non-matching, independent meshes lead to two specific problems: the or-
der in which the two solvers are executed at a given timestep, and the transfer of information between the
discretized fluid and structure representations. These two aspects will be discussed in the following.

From an FSI perspective, it is required that the solvers are run such that at the end of a given timestep, the
conditions (2.1)-(2.3) are all met simultaneously for both solvers. This would ideally be obtained by solving
the unified system of equations that is formed by combining the structural and the fluid unknowns. This
approach is known as monolithic, and it represents a stable and accurate solution to the FSI problem. How-
ever, this is hindered by the different requirements that are specific to solving each of the two media. For
one, as already mentioned, the discretization techniques are different for the two. Thus, due to the specific
techniques required to solve each domain, separate, standalone codes are developed for each, and what is
commonly preferred over a monolithic approach is a partitioned one. This enables the use of separate, pre-
existing solvers for the fluid and the structure, and the exchange of information that is required to satisfy
conditions (2.1)-(2.3) is executed before a standalone solver is run. Based on how the information is trans-
ferred between the two solvers, parallel and serial partitioned schemes can be distinguished, as visualized in
Figure 2.1. For the former, the exchange of information occurs once, at the beginning of each timestep, in a
bidirectional manner, before the fluid and the structural solvers are run at the same time. For the latter type of
partitioning schemes, at the beginning of timestep n, solver A transfers its coupling information to solver B.
Subsequently, solver B advances to time instance # + 1, and it subsequently sends the predictor information
from timestep n + 1 back to the solver A. This predictor information is then used as input to march the solver
A from timestep nto n+ 1.
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Figure 2.1: Visual representation of the parallel (left) and the serial (right) partitioned coupling schemes; taken from [66]
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For any of these two approaches, a partitioning error is introduced, that wouldn'’t exist if one used a mono-
lithic formulation. This is caused by the time-lagged transfer of information between the domains, and thus
the mere approximate satisfaction of conditions (2.1)-(2.3). For example, if one used the serial scheme on
the right of Figure 2.1, the fluid solution obtained for timestep n + 1 would be computed by considering the
structural state at timestep n. However, the conditions (2.1)-(2.3) ought to be fulfilled at every instance in
time, that is, they would be rigorously fulfilled if the structural solution at timestep n + 1 were taken into con-
sideration. An error therefore ensues, since for the kinematic interface conditions the displacements at the
previous timestep are used.

To mitigate the partitioning error, different approaches can be taken. One of them is to reduce the timestep
that is used to advance the solution, and thus to decrease the differences that occur between the states at
timestep n and n + 1. For the considered application this can lead to a very rapid increase in the compu-
tational cost. Another option is to use high-order time integration schemes that are specifically designed to
reduce partitioning error [68]. However, for strong coupling, this method also reduces the computational effi-
ciency significantly, since the number of timesteps that is required can quickly increase. The other alternative
is to execute the partitioned scheme multiple times at each timestep. This is known as an implicit partition-
ing scheme, or a subiteration coupling algorithm. For this thesis, this approach is preferred to ensure the
coupling between the two domains. Hence, different subiteration schemes will be presented in Subsection
2.1.3.

The second aspect that needs to be considered by discretized FSI workflows is the mapping of information
between the grids. Given the numerical methods used to solve the solid and fluid problems, the stresses and
the displacements present in (2.1)-(2.3) are only known at the elements’ boundary nodes or cell face centers.
However, as already mentioned, it is often the case that the structural and the fluid grids are non-conformal
on the FSI boundary. Thus, to enforce the interface conditions, at least one of the displacements or stress
fields needs to be interpolated to the other grid. The exchange of information is said to be consistent if a
uniform field is correctly transferred to the other grid, or conservative, if the work done on the FSI boundary
by the solution mapped onto the target mesh is equal to the work done on the source one. Multiple interpo-
lation techniques have been established in literature, such as nearest neighbour, weighted residual methods,
or Radial-Basis Function Interpolation (RBFI) [69]. All of these represent general approaches for mapping the
information between two arbitrary grids. For this thesis, mapping routines specific to a 1D structural solver
will be used, and they will be elaborated upon in Subsections 3.4.1 (for transferring the fluid stresses to the
structural nodes) and 3.4.4 (for mapping the structural displacements to the fluid grid), respectively. Those
are suitable for the main structural model that will be used for this thesis, and which will be elaborated in
Section 2.3.

2.1.3. Implicit partitioned coupling schemes

For PWR reactors, the water flow over the fuel elements is characterized by a structure-to-fluid density ra-
tio % equal to approximately 8. This low value is conducive to strong coupling, and it justifies the need to
implement a subiteration algorithm. In this Subsection, it is assumed that the structural displacements are
updated at each subiteration, since this corresponds to the choice made for the subiterator module devel-
oped in this thesis, as will be later presented in Subsection 3.4.3. Nevertheless, the same principles would
apply if one updated the stresses on the FSI boundary.

Updating the FSI boundary displacements at an arbitrary i'" subiteration consists of taking as input the pre-
viously obtained displacements on the FSI boundary, d', and using these to successively compute the new

=1

fluid loads, and the new prediction of the displacements on the FSI boundary, d :

d =SoF(d), 2.4)

where the S and F operators signify the structural and the fluid solvers, respectively. The goal of the subitera-
tion process can be summarized as:

At each timestep, continue implicit coupling algorithm until d=d.

When this condition is reached, the monolithic solution is obtained. This formulation of the subiteration
problem is known as the fixed-point equation. On the other hand, if one defines the residual between the

13



2.1. FSI 2. Theoretical background

new prediction and the provided input, r;, as:
ri=d -d, (2.5)
then the objective of the subiteration algorithm becomes:
At each timestep, continue implicit coupling algorithm until r; = 0,

which represents a minimization problem. The most straightforward way to update the fluid loads on the FSI
boundary is to use the fixed-point iteration update, that is, to simply update the load inputs with the residuals
obtained:

Fixed-point iteration: d'*! = d' + r;. (2.6)

However, this is a sound approach only if the composite S oF operator in (2.4) is a contraction [58], which is
not always the case. If the operator is a dilatation, then the fixed-point iteration can become unstable. Alter-
natively, a faster convergence could also be obtained compared to the fixed-point iteration approach (2.6) in
the cases where the operator is a strong contraction. Thus, what is often done in practice, is to generalize the
fixed-point iteration by multiplying the residual with a scalar wyg ; before updating the solution:

dl'=d + WUR,iTi- 2.7

This approach enables stability for the cases where the operator SoF is a dilatation by using a value of wyg
that is smaller than one. For strong contracting behaviour, the value of wyg; can be increased to values above
unity. The scalar wyg; will also be called the Under-Relaxation Factor (URF) in the remainder of this thesis.

Having introduced the concept of the URE the simplest implicit scheme that can be used is one where a fixed
value is used for all subiterations:

Fixed URF: d'*! = d' + wygori. (2.8)

Though the update in (2.8) is very easy to implement, it presents specific disadvantages. For one, the value of
the URF must be set at the beginning of the FSI simulation, when the behaviour of the SoF operator cannot
be accurately predicted, and thus the optimal value of wyr ¢ cannot be easily determined. Furthermore, the
value of wyg,p is usually kept constant for all timesteps, though the change in the residual r; with respect to the
displacements’ updates d' may vary during the transient. To combat these limitations, alternative methods
have been put forward. These use the values of the residuals at the previous iterations to try and estimate
the changes in the current residuals r; with respect to the structural displacements d'. Subsequently, the
displacements are updated by considering the approximated search direction along which the residual is
minimized. The Aitken method does so by using the residuals at the two latest subiterations, r;.; and r; [70]:

Aitken: d'=d"! + WUR,i-1Ti-15

T
ri(ri—rii1) |

prescribe value of wyr,0, WURi = —WUR,i-1 i=1. (2.9

Ilri—rial3
Apart from the Aitken method, the Inverse Quasi-Newton - Inverse Least-Squares (IQN-ILS) method is also
based on the idea of using the previous values of the residuals and the fluid loads to obtain an estimation of
the direction along which the residual is minimized. To this end, the difference between the current solution
after the i subiteration, and all of the previous ones at the current timestep are used. For example, the
difference in residuals between the current subiteration and the previous one is given by [58]:

=i i1

Ariy=ri—ri1, (2.10) Adii=d -d . 2.11)

These are then gathered into two matrices, Ws and Vis, along whose columns the values of Ar and Ad are
stored for all previous subiterations at the current timestep:
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Wis = (Arg Ary ... Ari), (2.12) Vis = (Ady Ad, ... Adiy). (2.13)

Using the information stored in Wig, the objective is to find the linear combination of the Ar values that is
closest to the value of —r; in a least-square sense:

determine ajs s.t. s = argmin || Wisp + ri||2. (2.14)
PeRi

The update of the fluid loads is then done using:
IQN-ILS: di*! = d' + Vas. (2.15)

Other variations of the IQN-ILS method were also presented in the literature, for example, by Haelterman
et al. [71], who used residuals from the previous timesteps, and an adequate filtering technique to prevent
ill-conditioning, obtaining improved performance over the version of IQN-ILS that is presented herein.

The IQN-ILS method is known to be the best performing subiteration algorithm of all methods presented
in this Subsection [58], and it is also the implicit coupling scheme that NRG-FSIFOAM uses. Nevertheless,
it is also the most complicated, as it requires the storage and continuous update of the matrices Vis and
Wis. By contrast, the Aitken method only demands that the values of r;.; and wygr,i-1 are stored from the
previous subiteration. Since this thesis represents the first instance where an implicit partitioning scheme
is implemented for the proposed NRG-beamFoam methodology, it was decided to use the simpler Aitken
method. Nevertheless, it is recommended that in the future an IQN-ILS algorithm is also attempted, to further
increase the computational efficiency of the workflow.

2.2.CFD

Computational Fluid Dynamics (CFD) refers to the field of research that uses computational methods to an-
alyze fluid flows. In this Section, the CFD theory will only be presented for the general forms of the Navier-
Stokes equations when using a Finite-Volume approach, Subsection 2.2.1, the turbulence model used for this
thesis, Subsection 2.2.2, and the novel AniPFM fluid model that will be used for the thesis, Subsection 2.2.3.

2.2.1. Governing equations

For this thesis, only the conservation of mass and momentum are built into the model. In other words, the
effect of the energy exchange is neglected. The fluid flow is thus governed by the Navier-Stokes equations for
mass and momentum, which can be written in block form as [72]:

oW OE OF 0G _

=+ —= J  ,where (2.16)
0t O0x 0y Oz ——
“———  source terms
convection
0 us 123 wt
wi+ - L, Uglp— + Ty UpWE — ~Tiyy
W= us E= f pr lpf g — s p Pfl Xy — !if ’ (2.17)
vt urvr— 5 Tixy Vbt o~ o Thyy Ugr = - Tryy
1 1 2 P 1
w 1 _ 1 r_ 1
f Ug Wy o Tixz UsWs pf‘rf,yz we + ot prf,zz

In equations (2.16) and (2.17), uy, vy, and wy refer to the fluid velocity components in the x, y, and z directions,
p and ps to the fluid pressure and density, and 7 to the viscous stress tensor. The term on the right-hand side
of (2.16), J, refers to the source terms added to each of these equations. For this particular case, no source
terms are considered, that is, J7 = [0 0 0 0]. For simplicity, in the following, the right-hand side of (2.16) will
be considered equal to 0. Equation (2.16) assumes an Eulerian frame of reference, and it therefore shows that
at each fixed point within the fluid domain, the balance of the mass and momentum is modified by the locally
occurring convection, and by the local generation of mass or momentum.

Equation (2.16) is formulated for a continuum. In practice, the fluid solution is subdivided into multiple
finite volumes, whose unification forms the exact fluid control volume at all time instances. It is therefore of
interest to obtain a spatially discretized system starting from (2.16), such that the fluid state at a given time
instance can be fully described by a finite number of degrees of freedom. This is done by applying the Gauss
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theorem for every element of the fluid discretization. For simplicity, it is first assumed that the mesh is static
throughout the analysis, such that for the ith finite volume (2.16) becomes:

0
— wav + [E,F,G]-ndS=0, (2.18)
0t Jv; Stix, i

where Vgyj and Sgy refer to the volume and the outer surface of the it element, and n represents the lo-
cal normal of the bounding cell faces. Equation (2.18) shows that the time variation of the total momentum
within a fluid cell is equal to the flux of momentum that goes inside each finite volume through its boundary
faces.

Having presented the general finite volume philosophy for fixed grids, moving meshes are now discussed, as
this will be used for the two-way coupling functionality of NRG-beamFoam. In contrast to (2.18), when one is
deforming the mesh, the momentum balance also depends on the relative change in the finite volume cells
themselves. One can assimilate the effect in the changing finite volumes with an additional convective term
caused by the local movement of the grid relative to the local flowfield. This additional flux due to the mesh
movement is proportional to the average local mesh velocity computed between consecutive timesteps, Vin.
Thus, by including the mesh motion, one obtains the Arbitrary-Lagrange Eulerian (ALE) formulation of the
Navier-Stokes equations [73]:

%f WdV+f ([E,F,Gl-n—WVy-n)dS=0. (2.19)
Vmov,i

Smov, i

The ALE nomenclature stems from the fact that the convective term of the mesh motion is computed by
considering a Lagrangian approach, while the fluid solution is computed using a finite-volume methodology,
and hence an inherently Eulerian approach. To compute the average mesh motion velocity Vy,, one uses
the Geometrical Conservation Law (GCL), which relates the change in the volume of the cells to the volume
"swept" by its boundaries [73]:

d
—f dV:f Vin - 1dS. (2.20)
dt Vmov,i Smov,i

Having presented the application of the Gauss’ theorem for moving meshes, the resulting system of equa-
tions is discussed. In the Finite-Volume Method (FVM), the quantities in W are assumed to be the unknowns,
and their solution is stored at the cell center. Furthermore, it hypothesized that the unknowns are constant
throughout each finite volume, such that the ALE formulation of the Navier-Stokes equations, (2.19), be-
comes:

d
- iWi) + @ (W, Vm) =0, 2.21)

where V; represents the volume of the currently considered cell, and ® the convective terms obtained using
the information from the neighbouring cells, and the deformation of the cell itself. It is worth noting that in
equation (2.21) j is the index used for the neighbouring cells. Thus, (2.21) represents the semi-discretized fluid
equations that need to be solved to obtain the unknown values of the velocity components. Due to the flux
between neighbouring cells, the values obtained for the different finite volumes are coupled, and therefore a
system containing all fluid unknowns needs to be solved at a given timestep. To obtain a fully discretized sys-
tem, a time discretization scheme should also be applied for the velocity terms. This aspect is not presented
in this report, but the interested reader is referred to, for example, [74], where specific information about the
schemes used in OpenFOAM is offered.

2.2.2, Turbulence modelling

A particular challenge that is posed by the Navier-Stokes equations (2.16) is the non-linear velocity terms,
which lead to the generation of turbulence. This requires that the effect of the turbulent scales be accounted
for in the fluid model. As already mentioned in Chapter 1, this can be done using formulations of different
complexities (DNS, LES, RANS). For this work, similar to the previous research using the AniPFM, a URANS
approach is chosen. In this Subsection, only the specific model that is directly used for the outcome of the
thesis are discussed. More ample reviews were presented by, for example, van den Bos [38]. For conciseness,
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Einstein notation is used. Thus, in particular for this Subsection, u; refers to the different velocity compo-
nents.

The RANS methods are based on the principle of the Reynolds decomposition, where the instantaneous val-
ues of the velocity and of the pressure in (2.16) are decomposed into their mean and their instantly fluctuating
component:

ui=1ti+u,p=p+p, where (2.22)

u—Nl[Enoo—Zu, and p = llm —Zp

represent the velocity and pressure averages. Replacing (2.22) in (2.16), and using the different statistical
properties of the mean and fluctuating fields, one obtains [38]:

aL_li_

PP
o 19 10 o) .
ot  0x; pr0xj  pr0x; Bij | PTG

The equations in (2.23) are written only with respect to the mean components. Thus, it can be deduced that
for a RANS approach, only the mean values of the fluid fields are calculated. Comparing the momentum
equations in (2.23) to the ones in (2.16), it can be observed that for the former formulation an additional term
appears. This term is boxed at the bottom of (2.23), and it is called the Reynolds stress tensor, R. Within R,
6 independent terms are found, which constitute additional unknowns to the fluid problem. Thus, to model
them, additional conditions need to be added to the problem. These new mathematical equations form the
turbulence model that is used for the RANS approach.

For this thesis, the SST k — w turbulence model is used [75], based on the recommendations of van den Bos
[38]. This is a member of the larger family of eddy viscosity models, which are based on the Boussinesq hy-
pothesis, that is, modelling the Reynolds stress tensor using a similar approach to that of the viscous stresses:

2
—pfu u = 2[.1[3,']' - §6ijpfk’ (2.24)
. . T o
where p represents the scalar fictitious eddy viscosity, S;; = (g;‘j‘ + 652 ) 5l i ‘;;k is the strain rate, k is the

turbulent kinetic energy, and §; j is the Kronecker delta operator. To obtain the unknowns k and y; in (2.24),
two additional transport equations are solved by the SST k —w model, as presented in (2.25) and (2.26). Using
the additional relation (2.27), both k and y can be determined. For clarity, the constants in (2.25)-(2.27) are
also discussed. C,, 0y, ay, By, 01, 02, and a; represent model constants, that are not dependent on the spatial
location of the cell that is considered in the fluid domain. F; and F, represent blending functions that are
dependent, amongst others, on the wall distance [75]. In particular for F;, near the wall, its value is equal to
1, such that (2.26) corresponds to the k —w turbulence model [76]. Far from the wall, however, F; =0, and the
formulation of the transport equation becomes analogous to that of the k —e model [77].

Ok 1 e 2 — o 25 ok + 2 ( +”t)ak (2.25)
Prgr F Pty = P oy, ~ PGk G [V o) o '
ow ow — w0 0 ow P02 0w Ok
—— + Pplli— = — - ket — | (u+ +2(1-F —— 2.26
3 * Py, = ~Priian g ek 5o (n o) 5o 42 vE oy ox; 2%
k
e = a pg (2.27)

max (a1, S;j F»)
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2.2.3. AniPFM

Given the limitations of a URANS fluid model in accurately simulating TIV phenomena, the AniPFM syn-
thetic turbulence model was developed by NRG. This was created such that it maintains the properties of
turbulence (chaotic, multiple-scale phenomenon, that is statistically stable, and which is characterized by
rotationality and tridimensionality, but also by its dissipative and diffusive nature) [38]. The method consists
of multiple steps: generating the non-dimensional velocity fluctuations, correlating them with the previous
fluctuations, and finally modifying the outcome to obtain the anisotropic velocity fluctuations. These are
presented separately in Subsections 2.2.3.1-2.2.3.3. Once the velocity fluctuations are known, they can be
used to compute the pressure fluctuations using a Poisson equation [38].

In this Subsection, a brief overview of the mathematical model of AniPFM is offered, without presenting all
of the justifications regarding the choice made for the empirical relations presented. The reader interested in
such details is referred to the works of van den Bos [38], and of Freitas [41].

2.2.3.1. Generation of the isotropic non-dimensional velocity fluctuations

The first step of the AniPFM model is to generate the non-dimensional velocity fluctuations, wy, for the cur-
rent time instance. Starting from the turbulence spectrum that is assumed for the flow, the fluctuations are
generated by using a Fourier decomposition, that is, the turbulent perturbations are modelled as a superpo-
sition of sinusoids along random directions inside the domain. Thus, the non-dimensional velocity fluctua-
tions can be written as [38]:

Nimodes

wex) =v6 Y. \/Gon [Ftncos(ken- X+ Pen)], (2.28)
n

where x is a random location inside the fluid domain, g represents the scaled energy that is allocated to the
n'? wavenumber inside the turbulence spectrum, o is the direction vector along which the perturbation is
generated, k is the wavenumber vector, and ¢ a uniformly sampled random value of the phase angle with
values between 0 and 27. At this point, to fully define how wy is computed, it is required to describe how
Gin, O, and ke are computed. This is done in the remainder of this Subsection.

To obtain the wavenumber vectors k;, one must first understand how the wavenumbers are obtained, and
how they are subsequently transformed into vectors. First, the generation of the wavenumber interval is
presented. The smallest considered wavenumber, ki siart, cOrresponds to the largest scale in the flow. It is
obtained by taking three parameters into account: a conservative estimation of the largest eddy length scales
based on the turbulent dissipation rate ¢; and the largest velocity component, equation (2.29), the require-
ment that the peak of the energy spectrum ki is higher than ks, and a user-inputted length-scale ey
that is a consequence of the flow geometry. Based on these, ki start is computed using equation (2.30). The
largest wavenumber value, k¢ ¢nd, could be immediately associated with the Kolmogorov length scales. How-
ever, in practice, given the low resolution of the mesh and the ensuing risk of aliasing for high values of the
wavenumber [38], kieng is obtained by considering a lower cut-off wavenumber, ki cy, where the latter is
defined in (2.31), and the relation between the two is given in (2.32). For computing k; cy: using (2.31), the
AniPFM user can choose to compute the cut-off length /; ¢ using either the Shur criterion, (2.33), or the cu-
bic one, (2.34) [41]. In (2.33), hj and h; refer to the coordinates of the cell in the transverse directions of the
flow, hpax to the maximum height of the channel flow, and d,, to the smallest distance to a wall. In (2.34),
Veenl corresponds to the volume of the discretization cell for which the cut-off length is calculated.

kistare = LS’ (2.29) Kt start = Max [ min | kg start 1kt e 2_7-[ (2.30)
max(ll Us|l ) ’ ’ 2 Luser

21 3
ktcut=+—— (2.31) Ktend = = k,cut- (2.32)

It cut 2
Shur cut-off: I ¢y = 2min{[max (hy, hz,0.3hmax) +0.1dw ], Amax} (2.33)

1

Cubic cut-off: Iy ¢y =2V 3 (2.34)

cell
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Starting from the definitions of ki start and ki ena, the ensuing interval is split using N + 1 logarithmically dis-
tributed edge-wavenumbers. Those represent the ends of the discretized wavenumber bands being consid-
ered. The wavenumber associated with k¢, in equation (2.28) is equal to the mean of the said n—1 and n
edge-wavenumbers. To obtain the wavenumber vector, equation (2.35) is used, where random values of the
direction angles 8, and v, are used, with probabilities defined in (2.36). It is worth noting that the same se-
quence of random numbers that are generated at different timesteps can be reproduced if one uses the same
settings for the numerical model, including a random seed number within the AniPFM model.

k¢ n = kin [SinOn cos Yy, sin Oy sinyy, cos Oy | r (2.35)

1 1
P(yn) = — P(0n) =3 sin(On). (2.36)

The value of the scaled energy g;, associated with the wavenumber k; , is obtained by using a scaled Von-
Kérmadn spectrum:

Eyp (Ken) Ak kikeeo)
= Nk(tY;)m’ where E(k) = GLY) (7/6) EXP (_(
X Ex(ken) Akin [1+2.4 (ke i)

k 2
Gin 12k—) ) Fout (K. 2.37)

gl

In (2.37), Ak:n is equal to the length of the wavenumber bands defined by the logarithmically distributed
edge-wavenumbers, and it is therefore already known. Thus, to compute gy, it is required to determine the
peak wavenumber ke, the Kolmogorov wavenumber k;, and the cut-off frequency fcyt. The Kolmogorov
wavenumber is calculated using dimensional analysis and the assumption that the size of the smallest eddies
is dependent on only the turbulent dissipation &, and the fluid’s kinematic viscosity, v ¢, thus obtaining (2.38).
The computation of the cut-off frequency f. is based on the local value of the cut-off wavenumber ki ¢yt
and the considered wavenumber, where the link between the two is provided in (2.39). ki is computed using
an empirical relationship that is based on multiplying the local turbulent lengthscale i with a constant Cj,
equation (2.40). Though initial studies proposed that the value of C is equal to 3.0 [38], Freitas [41] found
that if one uses a Shur cut-off length, (2.33), better accuracy is obtained for the brass beam case if using
C; = 2.0, and Cj = 0.6 for the cubic cut- off length given in (2.34).

1 3
1 4max (k—0.9k; cut, 0
kn=2n(£—;) : (2.38) fcut(k):exp(—[ ( P— )] ) (2.39)
vV t,cut
7
o 2
ko= X =1 (2.40)
’ le Gk

Finally, the direction vector o, is discussed. To ensure a divergence-free velocity fluctuation field, it is re-
quired that ky - o, = 0, for all modes considered for the velocity fluctuations. To satisfy this condition, o,
is obtained as the cross product between ky, as given by (2.35), and a random direction &, as defined in
(2.41), where the angles 0; and v, represent independent realizations of the same probability distributions
that were also used for ¥ and 6 in (2.36).

. . . T
Cn= [sm@; cosyy,sinfy smw{,cosﬂc] , (2.41) Ten = ¢, x kn . (2.42)
|Cn x kn|

2.2.3.2. Time correlation

The information presented in Subsection 2.2.3.1 fully defines the computation of the non-dimensional veloc-
ity fluctuations wy. These are generated at each timestep, and they encapsulate most of the physical charac-
teristics associated with turbulence. Nevertheless, there is also a dynamic component associated with turbu-
lent phenomena, that cannot be captured by only considering the fluctuations as independent occurences at
given time instances. More specifically, the turbulent behaviour is influenced by both the transport of eddies
inside the fluid, and by the continuous dissipation and production of turbulent kinetic energy [38]. To model
the influence of these factors, four different time propagation methods were put forward by Freitas [41] and
by van den Bos [38]. For this thesis, only the Convection & Exponential Correlation (C&EC) method was used,
since this was found by Freitas [41] to offer a vibratory behaviour that is closer to experimental observed.
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More specifically, he found that when using C&EC, similar amplitudes of the vibrations in both bending di-
rections were predicted when considering the NRG-FSIFOAM workflow.

The C&EC method consists of two steps. First, the convection of the velocity fluctuations obtained at the
previous timestep, vi""!, is computed using equation (2.43), where Uy, Uy, U, refer to the local mean-velocity
components that were computed using URANS. The second step is to linearly combine the convected values
of v{“‘l with the newly generated non-dimensional velocity fluctuations, as is done in equation (2.44). The
scalar constants a and b in (2.44) are computed using (2.45) and (2.46), where At is equal to the fluid timestep,
7 represents the characteristic timescale of the flow, and f7, is a user-inputted coefficient.

M, 2 2 (2.43)
+ + + = .
ot Y ox Yooy “ 0z
v(x, 1) = av™ ! (x) + b (x) (2.44)
ay = e frAtm (2.45) by=1/1-a? (2.46)

2.2.3.3. Generation of the anisotropic velocity fluctuations

Using the information presented in Subsection 2.2.3.3, one can obtain the isotropic velocity fluctuations at
a given time instance. However, this assumption is not valid for regions that are adjacent to solid walls, and
which are actually responsible for the excitation of the structures in TIV applications [38]. Thus, it was pro-
posed by van den Bos [38] to consider anisotropy for the velocity fluctuations by using the Reynolds stress
tensor R. More specifically, the Cholesky decomposition of R, defined in (2.47), is used. Thus, the anisotropic
velocity fluctuations, u¢, are computed using (2.48).

v R11 0 0
atTat =R—a,=| Ralayu \/Raz — aiﬂ 0 (2.47)
Rsi/ay  (Rs2—azags)/agz, /Rsz—agy, —ags,
ue(x, 1) = agve(x, 1) (2.48)

2.3. FEM

Before summarizing the general approach behind FEM, an introduction to the general problem is presented.
First, in this paragraph, a simplistic representation is given of the structural problem that is desired to be
modelled. In broad terms, the developed structural model is going to be used for the study of flow-induced
vibrations in axial flow of nuclear fuel rods in PWR nuclear reactors. These components are characterized by
their slenderness, having lengths of about 4 meters, and a diameter of approximately 1 centimeter [78], and
are subjected to dynamic excitation by the water flow which absorbs the energy released by the nuclear reac-
tion. In terms of support, the nuclear rods are fixed at both their ends [79]. Along their length, they present
multiple pinned supports, in the form of spacer grids [79]. Under these assumptions, a simplified represen-
tation of the mechanical system to be studied is presented at the top of Figure 2.2.

Apart from the support conditions and the shape of the structure, to uniquely solve the structural problem
one should know the loads applied onto the structure, its constitutive equation, as well as the initial condi-
tions. In terms of the applied forces, as pointed out in Section 2.1, for the considered problem the external
forcing is represented by the fluid’s distributed loads. In the following, these are denoted as fg, having a
unit equal to force per area. At the same time, volumetric body forces fg should also be included. Since
the timescales of the turbulence developed by the water are similar to those of the structure’s vibrations, one
must consider inertial effects for the structural analysis. In fact, the inertial forces represent the only relevant
body forces for the considered application, and their mathematical model will be introduced in Subsection
2.3.1. For now, a schematic representation of the surface and body forces within the context of the general
solid continuum problem is presented on the bottom left of Figure 2.2. Finally, the constitutive equation rep-
resents the relation between the tensions o and the strains €5, where the two are defined locally. The strains
are defined by differentiating the considered displacements with respect to the chosen set of coordinates [80].
Given the small relative amplitude of the vibrations, the strain-stress relation can be assumed to be linear [81].

20



2.3.FEM 2. Theoretical background

| Coolant Flow >

Figure 2.2: Top: Simplified structural model for an isolated nuclear fuel rod (taken from [33]); Bottom: schematic representation of the
solid continuum problem (left), and of the corresponding FEM methodology (right) (taken from [80])

Having described the above properties of the structural problem being analyzed, the objective of the struc-
tural model can be reduced to [81]: given the solid’s external forcing, geometry, support conditions, stress-
strain law, and initial state, determine the corresponding structural displacement field throughout the solid
continuum, #s cont. The FEM approach to this problem will be presented in detail in the following Subsection.

2.3.1. General approach
Starting from the problem formulated at the end of the introduction to Section 2.3, the FEM approach divides
the solid continuum into a given number of elements, as seen on the bottom right of Figure 2.2. Subsequently,
based on the expected load characteristics, the deformation of the nodes is described using a predefined set
of displacements that is purported to accurately describe the deformed state (for example, on the bottom
right of Figure 2.2, the vertical and horizontal translations are used). The solid continuum problem is then
solved only for the combined displacements at all of the nodes, u. To interpolate the nodal solution at any
location (x;j, y;, z;) inside the ith element, denoted in the following as us cont, i, shape functions are defined for
each element [81]:

Us,cont, i (Xi, Vis 21) = Ni(xi, yi, zi) Us, (2.49)

where N; € R¥*™s and u, € RS, with Ny representing the number of degrees of freedom used to describe the
problem. Based on the choice of shape functions in (2.49), one can also redefine the strains. For a solid con-
tinuum, the strains are obtained by applying differentiation operators to the displacements [80]. The same
differentiation operators can be applied to the shape functions in (2.49). In doing so, a discrete differentia-
tion matrix Bj(x;, yi, zi) € RNs*Ns i5 obtained [81]. Hence, the shape functions lead to a discretized form of the
strain vector as [81]:

€s,cont,i (Xi, Vi» Zi) = Bi(xi, yi, zi) Us, (2.50)

where € cont,i € RMs. Next, the FEM makes use of the principle of virtual displacements. This represents a
necessary condition for any structural equilibrium solution, and it stipulates that the virtual external work
done by any arbitrary small displacement field that is zero at the location of the nodal points is equal to the
virtual internal work done by the structure [81]:

f selog;dv= f Sul . fsdvV+ f Sul . fsdS, (2.51)
Vs Vs Vs

where the left side of (2.51) represents the internal work, while the right the external one. Further, the
notation is used for virtual quantities. Since the FEM discretization covers the entire solid volume, the integral
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identity (2.51) can be written by considering the integration for every finite element [81]:

)y fv SeliosidV=Y fv Sul B dV+Y. fa ; ulonfs;i dS (2.52)
! s i si i s,i

Further, similar to (2.49) and (2.50), one can use the chosen set of shape functions to rewrite the virtual strain
and displacements fields in (2.52), as can be seen in (2.53) and (2.54). Finally, since only linear, initially non-
deformed states are used for the structural modelling in this work, the tensions within each element can be
considered linear with respect to the strains, and equal to 0 when €5 = 0, leading to equation (2.55).

Us, cont,i (Xi, Vi, zi) = Ni(xi, yi, zi) O Us, (2.53) O€si = Bi(xi, i, zi)O us, (2.54)

05 = Ci€s i (2.55)
Replacing (2.53)-(2.55) into (2.52), one obtains [81]:

T
Oug

us=oul (2.56)

Y f B/ CB;dv
i s,i

va N{ fg; dV+Zf6V Nl fs:ds
1 8,1 i 8,1

At this point, it is worth remembering that the body forces are given only by the inertial forces of the structure.
Consequently, according to d’Alembert’s principle, ) ; sti NiT fBidV=-%; sti NiT (pS,iNiu's) dV, such that
(2.56) becomes [81]: ' '

T - T _suT
Oug lis+O0ug us =0ug

Zf ps,iN Ny dv
i JVsi

Zf BICB;dv
i JVsi

; fa " Nl fs; dS] : (2.57)

If one successively uses the unit vector for each entry of §ug in (2.57), then the familiar system (2.58) is ob-
tained [81]:

Mgiis + Ksus = f (1), (2.58)

where

M=) ; ps,i NI N; av, (2.59) and Ks =) fv B/ CiBidV (2.60)
i s,i i s,i

represent the global mass and stiffness matrices, respectively. In practice, though the formal definition of K
is used to compute the global stiffness matrix, for the mass matrix, a lumped approach is often preferred. The
lumped approach consists of distributing the total inertia among a subset of the degrees of freedom, instead
of rigorously computing the integrals in (2.59), and it leads to an easily invertible form of Ms. Though this last
characteristic is useful for the computational efficiency of the time marching of the structural problem [81],
it also leads to a worse prediction of the eigenfrequencies of the structure for a given number of elements
[82]. For this study, a high accuracy in determining the eigenfrequencies are important both for the transfer
of energy through TIV [83], as well as for the ROM methods presented in Section 2.4. Within the literature, a
mass matrix calculated using (2.59) is known as consistent, since the same shape functions are used to define
it as for the stiffness matrix. Hence, a consistent mass matrix approach will be used in this thesis.

It is also worth noting that in (2.58) no damping matrix is present. This is because for this research the struc-
tural damping is purposefully neglected. It is expected that for axial flow TIV in nuclear applications the fluid
damping would be much larger than the structural one [38]. This assumption is also consistent with previous
work within NRG on the topic of axial-flow TIV [38, 41].

Finally, throughout this Subsection, according to (2.49) and (2.50), it was assumed that the displacement
and strain fields are obtained by considering the entire sets of displacements ug and strains €, respectively.
However, in reality, the fields within the i element are written only with respect to the local nodes on the
boundary of that particular element, resulting in a smaller size of the N and B vectors. Consequently, mass
and stiffness matrices are obtained for each element, their dimensions equal to the total number of degrees
of freedom that the bounding nodes possess. However, to obtain the global system in (2.58), it is required that
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the local matrices are aligned with the global reference system, and that each local node is assigned a unique
global numbering through a connectivity matrix [81]. In doing so, procedures can be formulated that allow
each local degree of freedom’s inertia and stiffness to be associated with the correct global degree of freedom.
The technique chosen for the formation of the global system is briefly described in Subsection 3.4.2.

Figure 2.3: The different deformation assumptions for the Bernoulli (left) and the Timoshenko (right) beam elements, in terms of the
relative movement of the cross-sections with respect to the neutral axis during bending; for this study, the Bernoulli model is considered;
taken from [80]

qy

Yo

0, (x + dx)
A — x

xl‘d,\' L

(x,10,)

Figure 2.4: The infinitesimal model used to build the kinematic (left) and the equilibrium (right) conditions for the Euler beam model;
taken from [80]

2.3.2. Beam elements

Beam elements represent a particular type of finite elements that can be used to construct the discretized sys-
tem (2.58). They are particularly suitable for applications where the structure is slender and quasi-cylindrical,
that is, where the variation of the cross-sectional shape and area in the axial direction is relatively small [84].
Furthermore, the beam element framework assumes that the solid is predominantly subjected to bending.
All of these conditions are fulfilled by nuclear fuel rods, which have an aspect ratio % =~ 400, and which have a
non-varying, circular cross-section at any axial position. Based on the assumed deformation behaviour of the
structure during bending, within literature two types of bending elements can be identified: Bernoulli and
Timoshenko, whose defining modelling assumptions can be visualised in Figure 2.3. More specifically, the
two are distinguished based on whether the cross-section remains perpendicular to the neutral axis during
bending: the Bernoulli element (left in Figure 2.3) does, while the Timoshenko one (right in Figure 2.3) doesn’t
[84]. The two are also known within the literature as the shear rigid and the shear flexible elements, respec-
tively [80]. For the topic of this research, Bernoulli elements will be used. This is because nuclear fuel rods
can be safely considered shear rigid, given the fact that they are thick-walled beams made out of rigid steel
[79]. Though in principle one could have also used the Timoshenko elements to model the bending of the fuel
elements, using a Bernoulli element approach is justified by the fact that no shear degrees of freedom need
to be allocated. This leads to a reduction in the number of degrees of freedom considered for each node, and
therefore to a reduction in the size of the structural problem (2.58) that needs to be solved for a given level of
discretization. Hence, for the remainder of this work, only the Bernoulli beam model will be developed, along
with the corresponding element theory. Though in determining the solution of a structural problem one is
generally interested in both the displacements and the stresses, in the following, only the ways to determine
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the latter are explained: for GTRE one is particularly worried by the amplitudes of vibration [85], rather than
the high stresses that could be found locally within the structure.

2.3.3. The Bernoulli beam model

Before the FEM model that is used to actually construct the global problem (2.58) is presented, the underlying
deformation model for a single, continuous bending beam according to the Bernoulli model is presented. The
assumptions of the Bernoulli beam model are:

1. The structure exhibits a linear-elastic behaviour, that is, the structural response is directly proportional
to the applied stresses; this implies relatively small lateral displacements of the structures when com-
pared to the cross-sectional area (or the length of the structure)

2. The cross-sections of the structure remain perpendicular to the neutral axis of the rod at all time in-
stances at which the structure is deformed, as seen on the left of Figure 2.3

3. Throughout the deformation, the cross-sections remain plane and they maintain their cross-sectional
contour (no warping) [80]

Under these assumptions, one can also conclude that the deformed state of the tridimensional structure can
be described using the deformation of its unidimensional neutral axis, along with the normal cross-sections
whose shape remains constant at all times. Throughout the deformation, the cross-sections move rigidly
based on the translations and the rotations calculated at their corresponding axial position.

The end goal of the Bernoulli beam model is to determine the dependency between the external bending
loads applied onto the solid, and the internal structural displacements of the rod. To this end, using the
Bernoulli beam assumptions, one can determine the kinematics and equilibrium conditions of the model.
In combination with the constitutive equation, the differential equation modelling fulfilling the purpose of
the method is obtained. In the following, it is assumed that the x— direction of the Cartesian system corre-
sponds to the axial direction of the rod, and that the transverse translations due to the bending are in the
y— direction, and are denoted as us . Consequently, the local bending rotations are around the z— axis, and
are written ¢; ;. This one-plane bending model will be further extended to the z— transverse translation in
Subsection 2.3.5.

In terms of the kinematics, it is of interest to relate the axial strain of the beam, €y, to the local transverse
displacement us y, that is, find a dependency €5 = €5 x(us,),). This will be used directly within the constitutive
equation (2.64). It is also important to link the bending rotations to the local bending translation, that is, to
find a relation ¢ . = @5 2 (us,y). To do so, one can isolate a portion of the beam that is subjected only to pure
bending. This is consistent with the assumption of a shear rigid element. The kinematic model can be seen
on the left of Figure 2.4. By assuming small relative bending displacements and rotations (us y < L, tan; ; ~
@s,z), it can be shown that [80]:

d?us ,(x) dus,y(x)
€51 = y%, (2.61) Poz=—a—. (2.62)

Next, the equilibrium of the rod is computed, that is, the link between the externally applied transverse loads
and the internal reactions generated inside the structure. For this, an infinitesimal element of the Bernoulli
beam is analyzed while under a constant distributed load, gs . The internal reactions take the form of a
shear force, Qs y, and a bending moment, M; ., on each side of the infinitesimal element, that is, on both
the positive and the negative face. For equilibrium, the internal reactions on the positive and negative face
have opposite signs. The equilibrium model can be visualized on the right of Figure 2.4. By using a first-

dst(x) dx, Mg z(x +dx) =

M (x)+ % dx, and by neglecting the second-order terms in dx), the internal reactlons are given by [80]:

order model (approximating the internal reaction loads as Qs y(x +dx) = Qs y(x) + —3—

dzMs,z(x) _ dQs,y(x) _
. dx B

(2.63)
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Having determined the connection between the external loads and the internal reaction forces in equation
(2.63), the constitutive equations, linking the local axial stresses o , with the axial strains € ,, will be used in
combination with the kinematics to obtain the Bernoulli beam differential equation, that is, the link between
the external loads and the structural displacements. Given that the Bernoulli beam model assumes small
displacements, one can use Hooke’s law as a constitutive law. In particular for this study, the structure is
assumed to be isotropic, and one can write Hooke’s law [80]:

O x(x) = E €5 x(x), (2.64)

where o , represents the axial tension inside the rod, and E is a scalar equal to the structure’s Young modulus.
By replacing (2.64) in (2.61), one obtains [80]:

d?us  (x)

dx?
Relation (2.65) describes the local tension at a given vertical distance from the neutral fiber of the beam during
bending at the axial position x. If multiplied by the local distance from the rod’s midline and integrated over
the entire cross-section, one obtains the internal reaction moment of the entire section, Mg ;= — [ 4Y0sx dA.
Using this observation and (2.65), one obtains [80]:

o5 x(x,y) =—Ey (2.65)

d?ug,y
M, = —f YO x dA= f yEy dA, or (2.66)
» A ) A dxz
dus,y
M, =EI, —dx2 , (2.67)

where I, = [, y? dA is called the bending moment of inertia around the z— axis. This is a characteristic of

the cross-section of the structure, and for a circular rod, it is equal to I, = ”G—T. By using (2.67) in (2.63), one
obtains the Bernoulli differential equation [80]:

d? d?us,y
@ | Bl | = 9 (2.68)

In the case of this research, that is, for an isotropic beam of constant cross-section, E and I, are constant,
such that the Bernoulli beam equation becomes [80]:

= sy | (2.69)

To solve (2.69), one must also impose the boundary conditions that need to be applied at the ends of the rod.
These will be explained in Subsection 2.3.4, once the concept of Bernoulli beam elements is introduced. Once
(2.69) is solved for us y, one can also obtain the bending rotation ¢; ., by using the kinematic relation (2.62).

2.3.4. Bernoulli beam FEM elements

Subsection 2.3.3 presented the mathematical model that one would use to determine the structural transla-
tions and rotations us y(x) and ¢ . (x), for an entire isolated rod whose mechanical properties E and I, are
known. The idea can be further extrapolated: instead of using (2.69) once for the entire structure, discretize
it using multiple Bernoulli beams, determine the adequate compatibility conditions at the interfaces of the
elements, and solve the resulting system of unknowns, consisting of the displacements at the said interfaces.
This corresponds to a FEM approach. Hence, starting from the Bernoulli beam theory, one needs to create a
FEM element whose assumed variation of us , fulfills the following conditions:

* assumes a spatial variation of uy rgm inside the element that satisfies (2.69) if only nodal loads are im-
posed, that is, if g5, = 0; this is because within an FEM model the loads can only be applied at the
locations where the structural solution is solved for

e satisfies the adequate compatibility conditions at the interface of all adjacent elements, and the bound-
ary conditions at the ends of the rod
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In satisfying these two conditions, one needs to solve the structural problem only at the interface between
the rods, while inside the elements the problem is weakly satisfied. Having built a suitable FEM model, the
shape functions will have also been obtained. With these, according to (2.59) and (2.60), the element stiffness
and mass matrices can be obtained.

Yel

@lz

Figure 2.5: The Bernoulli beam element considered in this study for bending translation displacements in the y— direction; image taken
from (80]

Regarding the second requirement, if the considered element is not found at the ends of the rod, then one
should satisfy the continuity of the bending translations and rotations us , and ¢ ; at the interface between
adjacent elements. What’s more, for the considered applications, that is, nuclear fuel elements in axial flow,
the boundary conditions consist of the clamped ends. Hence, locally, for the node at the ends of the structure,
it should be imposed that us , = ¢; . = 0.

Under these requirements, one can use multiple types of beam elements. However, the one that is most
commonly presented within the literature, is presented in Figure 2.5. It consists of two nodes, found at the
ends of the element, and of two degrees of freedom for each node, a translation and a rotation, denoted as
U1y, P12, and as upy and @2, respectively. Within the element, the bending translation is assumed to vary as
a third-order polynomial with respect to the local axial position, xe:

2 3
uy,FEM(xel) = Clel T C2el - Xel T C3,el - X T C4el * X (2.70)

In terms of the previously mentioned requirements for a Bernoulli beam element, it can be immediately

observed that (2.70) can satisfy the homogeneous Bernoulli differential equation (2.69). For the second stip-

. . . d d
ulated requirement, in imposing that uy,rem (0) = 1y, udy‘—xF]iM(O) = @1z, and uyrem(Lel) = Uzy, ”g;‘j“ 0) = @2z,
e el

one can rewrite uy,rgym as [80]:

uly

uyrmCee) = NG | 315 @.71)
y
P2z

where NXY contains the shape functions of the considered Bernoulli beam element. More specifically, the
spatially varying row vector NXY is equal to:

N (o) = | Ny ) NI (e)  Njy (xet) N (xe) |, (2.72)
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where [80]:
2 3
X X
NYY () = 1—3(—el) +2(—e‘) . (273 100
Lel Lel NG
le 3l 0.50
N7 (Xel) = Xo1 =25 + —, 2.74) — 025
Le Ly 000
2 3 Z —0.25
XY Xel Xel 0.25
N2u (xe1) =3 L_ -2 L_ ) (2.75) —0.50 NYY NXY
Zel 3 ol —0.751 Li ‘\rl.\’)' — 1% :\v;\')'
X X L o 2p
XY _ el el —1.00
Nayp (Xel) = I to (2.76) 0.0 0.2 0.4 0.6 0.8 1.0
el Lel T [_]
Lo

In analyzing equations (2.71) - (2.76), it can be observed that to each degree of freedom within the FEM
problem a third-order polynomial with respect to the axial position is associated. On the other hand, the
stiffness matrix can be computed using [80]:

[ PN () ]
dxZ
d® N (xer)
Le dx? 2 XY d2NXY 2 NXY A2 NXY
XY _ el d® N} (xer) 19 (Xel)  d®NJY (xe) 2 (Xel)
Kel h EIZ_[ AN (xer) dxg1 dxg1 dxgl dxgl dxel- 2.77)
dx?
d® N3 (xer)
] dxﬁl
Using (2.77) and by doubly differentiating (2.73), one obtains [84]:
12 6Ly -12 6Ly
2 2
xt_EL | 6Lg 413 —6Ly 212 2.78)
o T3 | 12 6Ly 12 —6Lg
6Ly 213 —6Ly 4L2
Similarly, for the mass matrix [80]:
NXY (xe1)
XY Le Nﬁ(-xel) XY XY Xy <y
MY = p, fo N || VG M) M) NBG) | dxaon (279
u €.
NG (el
156 22 Lg 54 —13 Lg
ps ™ Ly | 221 412 13Lyq -3 12
MY ="t el el el el (2.80)
420 54 13 Ly 156 —22 Ly
—13Lg —3L% -22Lg 412

2.3.5. Two-plane bending

In Subsection 2.3.4, the considered Bernoulli model has been described for the situation where the transla-
tions due to bending occur in the y— direction. In its current form, the model is complex enough to estimate
the structural response for the nuclear fuel elements if the flow is assumed to be axisymmetric around the
rod. However, for bundled configurations, this will not be the case. Analyzing the components on the right
of Figure 1.1, the flow can be expected to be particularly tridimensional near the bounding walls, as well as
near the spacer grid. This assumption is further supported by the fact that the supports of the spacer grids
are not axisymmetric themselves [86]. Hence, it was considered a requirement that the beam model can esti-
mate the deformations in multiple transverse planes of a given fuel element. In practice, this is done by also
modelling the transverse translations in the z— direction of the Cartesian reference system seen in Figure 2.5.
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Zel

wl_,v

Figure 2.6: The Bernoulli beam element considered in this study for bending translation displacements in the z— direction; image taken
from (80]

In the remainder of this report, XY plane bending will refer to the component of the beam model presented
in Subsection 2.3.4, while XZ plane bending to the one developed herein.

Analogous to Subsection 2.3.4, the beam element FEM model proposed for the XZ plane bending can be vi-
sualised in Figure 2.6. The main difference compared to Figure 2.5 is the clockwise orientation of the positive

bending rotations for the two nodes. This leads to slightly different kinematics for the XZ bending plane, that

is, g5y = — dufi;(X) . Though not visible in Figure 2.6, analogous to the XY bending plane case, the loads’ posi-

tive orientation coincides with that of the nodal degrees of freedom, thatis, F1, and F») are positive if pointing
upwards, while M, and M), if rotating clockwise. This change in orientation convention leads to slight sign
differences in the kinematics and equilibrium relations, though the relations fundamentally remain the same
[80]:

d? dus ,(x)
€s,x = —y%m, (2.81) Psy = —%, (2.82)

d* M; )’(x) dQs,z(x)
- = - =—(s 2. 2.83
dx? dx qs,z ( )
For the XZ bending plane, the assumed variation of the bending translations remains a third-order polyno-
mial, as in equation (2.70). Due to the different sign convention, the following relations between the XY and

the XZ bending shape functions are found:

N (xe1) = Ny (xep), (2.84) NXY (xe1) = Ny (Xep), (2.86)
Nip (xel) = =Niy (el), (2.85) Nip (%el) = = N7y (xe1)- (2.87)

Compared to the XY bending plane, the modification of the shape functions (2.84) - (2.87) leads to slightly
different stiffness and mass matrices, where individual entries may differ in sign [80]:

12 —6Lg -12 —6Lg
Ely | —6Lg 4L% 6Ly 2L°
XZ _ 4 el el el el
T3 | —12 6Ly 12 6Ly |’ 90d (2.88)
el

| 6Lq 213 6Ly 4L%
[ 156 —22Ly 54 13 Lg

D2
z P L | —22Lg 413 -13Lg -3 2.89)
el 420 54  —13Lg 156 22Lg |’ :
| 18Lg -3L% 22Lg 4L%

where I, represents the bending moment of inertia around the y— axis. Having obtained the stiffness and
mass properties for the two bending planes, they are combined within an 8 x 8 matrix for the entire beam
element that will be multiplied with the displacement vector ”Zl = [ Uly Uiz P1y P1z Uzy Us2z Ps2y P2 ],
as this is more convenient for the considered method of assembling the global system [87]. To build the
combined matrices starting from (2.78), (2.80), (2.88) and (2.89), it is assumed that there is no cross-coupling
between the two bending planes, that is, the translations and rotations associated with the bending in the
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XY plane do not influence the displacements in the XZ one, and vice versa. This assumption is valid for
shear rigid beams, and linear displacements [88]. Thus, to obtain the matrices for the two-plane bending
structural model, one simply needs to use the entries in the matrices for each bending plane, and rearrange
them correctly according to the degrees of freedom it corresponds to. In doing so, one obtains, for example,

the following stiffness matrix for the element:

Uly Ulz P1y Pz Uzy U2z P2y P2z
uy [ 121, 0 0 6I,Lq  —12I, 0 0 61, Le|
uiz| o 12,  -61I,Lg 0 0 -12I, -61I,Ly 0
¢p1y| 0 —6I,Lq 41,12 0 0 61 La 21,05 0
Q126 I;Lg 0 0 41,15  —61Lg 0 0 2115 E_ 2.90)
upy | —121I, 0 0 -61,Lq 121, 0 0 =6 ILel | I3, el :
;| 0 —-12I, 61I,Lg 0 0 12, 61y 0
@2y O —6ILg 21,12 0 0 6IyLe 41,15 0
®22|6 I Loy 0 0 2IL% —6ILg 0 0 4112

In this Subsection, only the stiffness matrix is presented, but one can apply the same logic for forming the
mass matrix. This is presented in Section A.1, Appendix A.

2.3.6. Equivalent nodal loads

Using the information presented in Subsection 2.3.5, one can now obtain the mass and stiffness matrices for
a given beam element, where two bending planes are considered. Using an adequate assembly technique,
the left-hand side of (2.58) can be obtained. However, the topic of how to obtain the nodal forces, that is, the
right-hand side of (2.58), has not yet been discussed. As can be seen in Figure 2.4, the Bernoulli beam model
takes as input the distributed loads gs,, and gs, . over the element. However, the FEM model only accepts
concentrated loads at the nodes of the grid, that is, at the ends of each beam element. A link between the
two needs to be formulated in order to use the FEM approach for solving the structural problem. This was
implicitly done when going from the general formulation of the principle of virtual displacements (2.57) to
the final form of the FEM system to be solved, (2.58). There, it was implied that the nodal forces f are equal
to [81]:

fo= Zf N[ f,,ds. (2.91)
i JOVsi

Hence, one obtains the nodal loads by weighing the local values of the shape functions with the distributed
surface loads across the boundary, and by performing an integration of this quantity over all elements. Sim-
ilar to the global mass matrix Ms, both lumped and consistent approaches can be used to obtain fg. As
mentioned in Subsection 2.3.1, in this work, a consistent approach is used for the My to best represent the
dynamic characteristics of the structure. The same should also be done for f, as the accuracy of using a
consistent mass matrix may be lost if one uses a lumped formulation of the nodal forces [81]. In particular
for this study, where beam FEM elements are used, (2.91) reduces to:

Lg Lel
= fo N (xe1) G5,y dxel, (2.92) Xz - fo N*(xe1) g5,z dxel. (2.93)

2.3.7. Numerical time integration

The FEM system of equations (2.58) represents a dynamic system. The solution of the structural problem
is obtained using specific techniques. These are traditionally separated into two categories [81]: direct in-
tegration, where the solution at different time instances is obtained successively by working directly onto
the structural problem as defined in (2.58), or Mode Superposition, where first the problem is transformed
into modal coordinates and a different formulation is used to obtain the (unique) structural solution. In the
following, only the former is explained. In this work, the Mode Superposition technique is only used for com-
parison purposes and is therefore only briefly discussed in Section A.2, Appendix A. For more information on
the technique, Bathe’s book [81] is recommended.

The direct integration technique consists of two steps [81]. First, the equation (2.58) is only fulfilled at discrete
time instances ¢;, where for simplicity of notation it is assumed that the timestep At is constant throughout
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the transient. Secondly, by making assumptions on how the structural acceleration, velocity, and displace-
ments vary between the calculated time instances, and by using previously obtained solutions, the time in-
tegration algorithm can be used to propagate the structural solution in time. Based on the hypotheses made
for the variation of these structural response properties, various methods can be obtained.

In particular for this research, the standard Newmark algorithm is chosen [81]. This represents an implicit
method, that is, the dynamic solution is obtained starting from the formulation of the FEM problem (2.58) at
the timestep for which the structural solution is desired to be solved, t;41:

M, li+1 iis + Cs li+1 its+ K li+1 ug = li+1 fs. (2.94)

Next to this, the Newmark method assumes the following dependencies for the structural velocities and ac-
celerations:

livd gy = li g + [(1 -7 -l +y - Tinl u‘s] At

. . .. e ) 2.95

tl“us:tus+tusAt+[(%—a)~tus+a-t”1us]At2 (2.95)
where y and « represent constant scalars. Thus, the Newmark algorithm assumes that the structural veloc-
ities and displacements can be obtained using a linear combination of their respective derivatives for the
current timestep, i + 1, and the previous one, i. By using the assumptions in equation (2.95), the terms in
the dynamic system (2.94) can be rearranged so that the accelerations ‘i+! iis are determined. Subsequently,
by knowing the solution of the displacement, velocity and acceleration at the previous timestep, the current
velocity '+l its and displacement ’i*+! ug can be obtained.

Having presented the definition and solution process of the Newmark method, its main advantage can be
explained: versatility. Based on the combination of values of y and of a, numerical time integration schemes
with different advantageous properties can be obtained, such as unconditional stability (if 2a =y = %), or
numerical damping (if y > 1) [89]. For the Newmark parameters used in this, it was chosen that a = 1, y = 3.
This corresponds to a trapezoidal scheme, for which the acceleration is assumed to vary linearly between
two different timesteps. The motivation for this choice is twofold. For one, this particular Newmark scheme
does not introduce any numerical damping [89], which is a desirable property given the potential interest
in the added damping effect of the fluid for TIV. What's more, the trapezoidal scheme was also used within
NRG-FSIFOAM by van den Bos [38] and by Freitas [41]. Hence, the choice of the time integration scheme also

allows for a more reliable comparison between NRG-beamFoam and the workflow it is supposed to replace.

2.4. ROM

The motivation of this research is to determine computationally efficient structural models that can be used
to study the FSI occurring in axial water flow within PWR nuclear reactors. To this end, the theory behind
a simplified 1D beam element FEM solver was already presented in Section 2.3. However, Reduced Order
Models (ROMs) are analyzed as a potential method to further reduce the costs associated with the structural
computation, as it previously showed potential in similar studies dealing with the topic of simulation axial
flow TIV in nuclear reactors [36, 62, 90].

This Section begins by describing the general concept behind the ROM, and by offering a categorization of
the different techniques that were analyzed for this research. The two are presented in Subsections 2.4.1 and
2.4.2. Subsequently, a dedication discussion is carried for each separate family of ROM methods that was
identified in literature. This is done in Subsections 2.4.3 - 2.4.5. Finally, the conclusions of the analysis of the
different ROM methods, including the methods that will be further pursued in this thesis, are presented in
Subsection 2.4.6.

2.4.1. General idea of ROM

As shown in Subsection 2.3.1, using an FEM approach the structural problem reduces to:

Mg + Ksus = f (1), (2.58)

where Mg and K represent the mass and stiffness matrices resulting from the discretization. The size of the
system when all degrees of freedom are considered, denoted in this Section as Nggy, is generally of order
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0(10*) for a single beam when using the 3D Lagrange-element FEM approach of deal.Il in NRG-FSIFOAM
[38], and is expected to be of order ©0(10% - 10%) for NRG-beamFoam. The computational costs increase expo-
nentially with the size of the grid [81], which means that it will become increasingly challenging to simulate
complex structures. The general objective of ROM methods is to represent the initial set of displacements u,
of size RVeEM | in terms of a new set of coordinates, z, of size RNROM | which is significantly lower than the initial
FEM basis [91]. This inevitably leads to representation errors of the initial FEM displacements, which will
be denoted as yroym. The most fundamental objectives of a ROM method are to minimize the errors in the
representation of the original field, while also doing so in a computationally efficient manner [92]. Though
the error that is desired to be minimized is dependent on ygoMm, the two are not necessarily coincident. This
is particularly clear in frequency weighted methods, such as the frequency-weighted Balanced Truncation, as
presented in Subsection 2.4.4.1.

Mathematically, the process of representing the initial displacements using the reduced basis is called pro-
jection, and the ROM process described in the above paragraph can be summarized as:

us = VrRomZz + Xrom» (2.96)

where Vgom € RVFEM*NroM g called the projection matrix. Starting from these simple observations, a mul-
titude of ROM methods have been developed independently, in three main fields: numerical mathematics,
controls, and structural analysis [93]. As will be seen in the following sections, though some methods were
born in different engineering areas, they can still be considered for mechanical applications.

2.4.2. Classification of ROM methods

Although one can classify the families of methods in multiple ways, based on their origin, properties, or com-
putational cost (see, for example, [93]), in this Section a classification similar to that given by Antoulas, who
studied general applications of ROM, is used [92]. In his work, the author subdivided the available methods
into two families: Singular Value Decomposition (SVD) and Krylov. Apart from those, in this work modal
methods are introduced as an additional third category, that has been particularly useful in mechanical en-
gineering. For the SVD methods, only two of the four initial families were considered: Balanced Truncation
(BT) and Proper Orthogonal Decomposition (POD). This is because for Empirical Gramians and Hankel Ap-
proximators no applications were found for second-order mechanical systems, and hence their feasibility
for this study is difficult to assess. Furthermore, for the Krylov methods, only a brief study was undertaken,
as they did not seem to bring significant advantages over their counterparts, as will be explained in Subsec-
tion 2.4.5. Particular interest was offered to studying modal methods families: mode displacement (MD),
Mode Acceleration (MA), Modal Truncation Augmentation (MTA), and Load Dependent Ritz Vectors (LDRV).
Though harmonic modal methods have also been published [94-97], they are not detailed due to their in-
capacity to effectively simulate broadband excitation, as that generated by the turbulent fluid flow for this
research. Under these observations, the main families of ROM methods that were considered in this study
can be seen in Figure 2.7.

ROM

Modal

methods

(o] [ | [ | [ ow |

Figure 2.7: Classification of the ROM families considered for this research
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2.4.3. Modal methods

The modal methods have historically been the main reduction model used in structural dynamics, and are
focused on accurately representing the characteristic intrinsic behaviour of structures, rather than the link
between the loads and the displacements, as methods in Sections 2.4.4 and 2.4.5 are.

The idea behind the initial FEM discretization, (2.58), is that one can divide a domain into a set of control
volumes, inside of which a simple variation law of the unknowns can be accurately assumed, such as linear
or quadratic. Based on this, one can deduce that the FEM method is inherently spatial, and is based on
being able to assume simple variations (linear, quadratic) of the unknowns within a small subdomain of the
structure. As a consequence, the FEM approach is also able to accurately describe the localized fields of
stresses and displacements, which is important in static analyses. However, it does not take into account
the intrinsic properties of the entire structure, that characterize its dynamic behaviour. For example, it has
been observed experimentally (for example, by Paidoussis [83] for a TIV case) that the energy transfer from
the fluid to the structure occurs at frequencies in a narrow band around the characteristic eigenfrequencies
of the system, that can only be obtained through an eigenanalysis if one considers the structure as a whole.
Even more important, the spatial response of the rods in axial flow for nuclear applications is dependent on
the eigenmodes, where especially the first mode is visible [38]. Apart from the intuitive justification of using
the eigenmodes and the eigenfrequencies as a basis to describe the structural problem, they also present
an additional useful property as a candidate for a ROM projection basis: orthogonality. The eigenmodes and
eigenfrequencies are obtained from solving the free, undamped vibration problem associated with a structure
[98]:

Mg + Ksus =0, (2.97)

which based on a harmonic formulation, ug = ([)sei“'st, can be written as:
(Ks — wi M) ¢ =0, 2.98)

where ¢, and w; represent the structural eigenmodes and (circular) eigenfrequencies. By solving (2.98) suc-
cessively, one obtains both the eigenfrequencies and the associated spatial eigenmodes of the mechanical
system. Hence, the eigenvalue problem can be solved multiple times to obtain multiple eigenpairs. For a
problem with Nggy unknown displacements, one can find up to Nggv eigenpairs that satisfy (2.98). In prac-
tice, Ngom eigenmodes are used, where the number of selected eigenmodes is much lower than the size of
the initial displacement field, Nrom << Nrpm- The solution to the eigenvalue problem is not uniquely deter-
mined, as for each eigenfrequency the eigenmodes are unique up to a scaling factor. To make the eigensolu-
tion unique, as will be seen in (2.101), it is convenient to scale each eigenmode such that they are orthogonal
with respect to the original mass and stiffness matrices:

bgiMshgi =0k, PgiKsthi = w30k, Vi, k< Neem (2.99)

where 6 jk represents the Kronecker delta operator. With the newly formed eigenbasis, bsir withi=1,..., NroMm,
one can approximate the displacement field as:

Nrom
us= ) asi(DPg;+ Xrom = Psas(?) + Xrom» (2.100)
i=1

where ag(t) are called the generalized modal coordinates of the eigendecomposition. Comparing the general
ROM projection law, (2.96), with (2.100), one can deduce that for modal methods the projection matrix Vrom
is the eigenbasis matrix ®g. In principle, if one solved the eigenvalue problem (2.98) Nrom times, the exact
solution could be retrieved, such that in (2.100) xgom becomes 0. In such a case, the technique would be
called Mode Superposition. This will be used in Chapter 4 for verification purposes. However, this would
lead to no reduction in the number of coordinates used to describe the problem. It is also important to
note that for the assumed decomposition in (2.100), the eigenmodes are space-dependent only, while each
generalized coordinate is a scalar that only corresponds to time. This means that in using a modal analysis
one assumes that for all time instances the displacements can be obtained as a summation of the same spatial
eigenmodes, by simply scaling each of them in time. This is in contrast to damped modes, whose spatial
distribution of the eigenmodes may vary in time. In this regard, the mode superposition corresponds to the
general separation of variables technique to solve partial differential equations. For simplicity of notation, in
the following, it is assumed that the error vector xrop is negligible, however keeping in mind that the modal
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transformation is an approximation. As the eigenmodes in (2.100) are known, the problem of determining the
displacements reduces to that of finding the generalized coordinates as;. These can be obtained by replacing
the eigendecomposition (2.100) in the original FEM system, (2.97), and projecting back onto the reduced dual
space of the original formulation by multiplying with the transpose of the original projection matrix:

®! M®giis + ®! Ks®sas = o] f (1. (2.101)
Based on (2.99), one can write (2.101) as:

ds+QZas = ®! f (1), where (2.102)

2

ws,l

Q=

s

2

ws,n

Equation (2.102) represents an uncoupled system of Ordinary Differential Equations (ODEs). Indeed, this
represents a consequence of the orthogonality of the eigenmodes. Starting from the original problem (2.58),
of size NrgMm, by using the modal method approximation (2.100) a system of ODEs is obtained, where the size
is given by Nrom. Hence, the system is reduced, and one can apply traditional ODE solving techniques to
obtain the values of the generalized coordinates. Once these are known, the displacements can be retrieved
by simply replacing as in the original transformation (2.100). It is also worth noting that in using a modal
decomposition ROM, the system of equations (2.102) preserves the order of the original FEM system (2.58).
Thanks to this, the same numerical time integration scheme can be used for both the original FEM system
(2.58) and the reduced system (2.102). Thus, in this work, the Newmark integration scheme presented in
Subsection 2.3.7 is used for both the FEM and the ROM solver.

2.4.3.1. Assumptions and limitations

Based on the very definition of the original problem, (2.58), written for the undeflected shape of the structure,
it is supposed that the displacements are small, and that they vary linearly with respect the internal stresses.
For non-linear deformations, a new, thin-walled structure formulation is written instead of (2.58) (see, for
example, [98]). Nevertheless, the discussion of modal methods (and of all ROM methods) in this thesis is only
made for linear cases.

By using traditional modal methods, it is assumed that the eigenmodes and the eigenfrequencies are pro-
vided as input. In practice, the eigenmodes are obtained either experimentally or numerically. The latter is
much more common, especially during the design phase of a product. The numerical computation of the
eigenmodes consists of solving (2.98). Since the system is of size Nggy, for complex geometries the compu-
tations can become expensive, even if efficient iterative methods such as Lanczos or subspace iteration are
used to gradually increase the considered eigenbasis [99]. In principle, this can hinder the computation of
eigenmodes for entire bundles, as the computational cost could be too high. This drawback is addressed by
Load-Dependent Ritz Vectors (LDRV), as will be presented in Subsection 2.4.3.5.

When the modal methods were introduced in Subsection 2.4.3, their working was explained based on the
intrinsic behaviour of structures subjected to arbitrary loading. However, this is completely independent of
the applied loads for a given problem. In the generalized coordinates decoupled system of ODEs (2.102),
which represents the reduced problem that needs to be solved, the excitation on the right-hand side for a
given eigenmode is obtained by computing the dot product between the initial load distribution and that
particular mode shape. The result of this dot product represents the reduced excitation that actually acti-
vates a given eigenmode in the reduced system. The relative impact of the external forces within the ROM is
hence given not only by their absolute value, but also by their alignment with particular modes. For exam-
ple, a pure torsion eigenmode will not be excited by a strictly axial loading, which means that its associated
generalized coordinate will be equal to 0 at all times. This example implies that the inclusion of the pure
torsion eigenmode in the reduction basis of a purely axial problem would be useless. This suggests that the
basic modal approach can be inefficient and slowly converging [100]. Even if one used a criterion to only
consider the highly activated eigenmodes within the final reduced eigenbasis, the computation of the ne-
glected eigenmodes can be expensive. Again, LDRV methods improve this limitation. Furthermore, it could
be that the force distribution on the initial domain f(f) contains spectral components above the highest
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eigenfrequency ws, considered in the modal approximation (2.100). In such a situation, the high-frequency
components are not included in the reduced problem. Of course, a force misrepresentation leads to an error
in the displacements of the problem within the reduced system. In fact, the solution of the generalized co-
ordinates within (2.102) is exact, and the inaccuracies of the modal approximation can only originate in the
misrepresentation of the reduced excitations, that is, of the RHS forcing term in (2.102) [101], or in the gen-
eration of a non-orthogonal reduced basis [102]. In practice, it is recommended that if the highest frequency
component of the excitation is known, one should take an eigenbasis that has a bandwidth that is 1.5-2 times
larger [99, 103]. Based on these limiting observations, the Mode Acceleration (MA) and Modal Truncation
Augmentation (MTA) methods have been developed, as will be presented in Subsections 2.4.3.3 and 2.4.3.4,
respectively, to account for higher-frequency contributions.

Furthermore, when the modal approximation was presented in (2.100), it was pointed out that if the number
of the modes being considered is smaller than the initial size of the problem, Nrom << NrgMm, an error Yrom
is added to the displacement representation. Since one does not always know the excitation associated with
the higher eigenmodes (psT, i Js(2), for Nrom < j < Nrgm, it is not possible to determine a priori the error in
representing the exact solution due to the truncated set of higher-mode excitations. In literature, it is said
that the modal methods do not have an error bound. This is in contrast with other families of methods, such
as Balanced Truncation. This is relevant in practice because the use of modal methods requires user input
to assess the quality of the reduced model, thereby increasing the difficulty of using a highly efficient, auto-
mated workflow.

Finally, the full potential of modal methods cannot be used for TIV applications. Although not explicitly
stated in Subsection 2.4.3, modal methods are best used for static or periodic loads [104]. In this situation, the
system (2.102) only needs to be solved once for all of timesteps. Due to the chaotic and broadband properties
of the turbulent excitation [41], this is not applicable for this FSI application. Instead, the benefit of using the
ROM is that at each timestep a system of reduced size Ngoy needs to be solved, (2.102), instead of one of size
NrpwM, (2.58).

2.4.3.2. Mode Displacement (MD)

The mode displacement (MD) method implies the use of the methodology that led to (2.102), without any
additional changes. In doing so, it is hence assumed that the Nrom selected eigenmodes cover all the rele-
vant excitation frequencies. The main advantage of MD is that it is the easiest method to implement among
all other modal methods that will be presented in the remainder of Subsection 2.4.3. Thanks to the fact that
the method models the internal behaviour of the structure, rather than focusing on an accurate depiction of
a particular input-output behaviour of the structure, MD was found to be more robust than control-based
methods such as Balanced Truncation or Krylov approaches by Besselink et al. [93]. In particular, it was
found that the performance of the ROM is less dependent on the choice of the input (nodal loads) and output
(nodal displacements) for the ROM. However, the relatively simplistic method leads to inheriting all of the
disadvantages presented in Subsection 2.4.3.1: the prerequisite of knowing the solution to the eigenanalysis,
the possibility of including unimportant eigenmodes, and the risks of misrepresenting the forces. In partic-
ular, the third one is found to be the major disadvantage of MD over the other types of modal methods. In
literature, studies mostly compare the performance of MD with that of MA, presented in Subsection 2.4.3.3,
and it is found that for the same number of considered eigenmodes the latter method is more accurate [97, 99,
105, 106]. It is important to point out that the neglect of the high-frequency excitation components doesn’t
lead only to a misrepresentation in the total energy and in the amplitude of forcing due to the time variation
of the high-frequency loads, but also to the corresponding modification of the spatial loading [99, 107]. As a
consequence, both acceleration (due to the lack of representation in time) and displacements (due to the ne-
glect of their spatial distribution at a given time instance) are erroneous. Because of the high spatial variation
of the high-frequency excitation components, their effect on the displacement can be seen as quasi-static. As
a consequence, their local effects are modulated, and the mean amplitude of each excitation becomes most
important.
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2.4.3.3. Mode Acceleration (MA)

As was explained in Subsection 2.4.3.2, the neglect of high-frequency components at a given timestep leads
to the effect of not taking into account the forcing of the highly fluctuating spatial components at a given time
instance. Though explanations for the concept behind MA are offered in other works (see for example [108]),
the explanation by Maddox [98] is provided in the following.

The solution to the uncoupled system (2.102) should satisfy the original problem (2.58) as accurately as pos-
sible. Based on this requirement, the MA displacements #sma should therefore ideally verify exactly that:

Ksus,MA(t)zfs(t)—MsiiMA(f)- (2.103)

Next, the MA assumes that the modal approximation is able to completely represent the dynamics of the
structure within the reduced system, that is, the effect of the corresponding accelerations. Under this as-
sumption, the acceleration term can be written as iis ma () = Zil\:leOM ds (1) ; (notice the =, instead of = or
the addition of an error vector xpgp), such that (2.103) becomes:

Nrom idsi (1)
uoma () =K' fo(— ) (Ps% (2.104)

i=1 ws,i

Rearranging (2.102), and substituting the general acceleration term, ds; = (,bsT ; [ — a)giasyi, one obtains:

Nrom ) Nrom (Ps,i(pgi
usma() = ) giasi(D+ K= Y —5=| f(0). (2.105)
i=1 i

i=1 s,i

quasi-static correction

Starting from the mode displacement approach, the additional assumption that the acceleration term is fully
represented by the initial modal approximation was added. The assumption is analogous to assuming that
the higher frequency modes that are truncated in the reduced system only contribute statically to the solu-
tion, through the mean of the amplitude of their excitation, while the instantaneous variations are not signif-
icant. This is why in literature the MA is categorized as a quasi-static correction. Comparing (2.96) to (2.105),
it can indeed be seen that the MA consists of adding a correction vector to the initial MD formulation. As
the MA only corrects the static displacements, it can also be interpreted as a way of accurately representing
the effect of the stiffness of the original problem in the reduced system [109]. The changes in the implemen-
tation, when compared to MD, are minimal. The quasi-static correction in (2.105) is fully computed using
the already known eigenmodes, without increasing the size of the eigenbasis. The additional cost is then to
compute the right term of (2.105), a matrix-to-vector product of size Nggy, that can be readily computed if
the eigenmodes are known.

Over time, the original MA method was used as a basis for other approaches. The most important is that of
higher-order MA corrections. With the approach initially proposed by Rixen [99, 110] an arbitrary accuracy
can be theoretically obtained, while still using the same eigenbasis. On the other hand, an improvement to
the method of Rixen was presented by Paola and Failla [111], where fewer eigenmodes were used to apply the
quasi-static corrections, but this was shown to perform worse than the original approach for low-frequency
excitation, as is relevant for this study. Nevertheless, none of these higher-order corrections can be applied,
as they are formulated by assuming a harmonic load over the structure, as opposed to a turbulent broadband
excitation.

Next, the characteristics of the MA method are discussed. Due to the correction term (2.105), the method can
reproduce the static displacements of the structure when solving the reduced system. At the same time, its

dependency on w% means that convergence is achieved faster than with MD when increasing the number

s,i

of considered eigenmodes within the reduction basis [105]. The method also does not add significant com-
putational cost when compared to MD, but is generally found to deliver significant improvements, especially
in the low-frequency range of the excitations, which is of particular interest for TIV. On the other hand, the
improvement of the MA in the low-frequency range excitation is found to also lead to a reduction in perfor-
mance at higher ones [109, 111]. At the same time, the omission of the effect of the truncated modes over
the velocity and the acceleration of the structural degrees of freedom can lead to slower convergence when
compared to the Modal Truncation Augmentation approach described in Subsection 2.4.3.4.
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2.4.3.4. Modal Truncation Augmentation (MTA)

The Modal Truncation Augmentation (MTA) method represents a natural evolution to the Mode Acceleration
methods, where the effects of the high-frequency truncated modes within the excitation spectral decompo-
sition are assumed to be not only static, but also dynamic. This has stronger consequences over the original
workflow of MD than the MA family did, as will be explained below.

Similar to the Mode Acceleration method, the MTA starts from the observation that the forces are misrepre-
sented within the reduced space due to the truncation of high-frequency modes. For the MTA approach, it is
again assumed that the corrections applied need to be essentially quasi-static, since the excitation frequency
range is assumed to be contained within the eigenfrequency band of the reduced space [103]. However, in-
stead of correcting the preexisting eigenmodes obtained from MD, the idea is now to add new vectors to the
reduction basis to improve the effect of the truncated modes over the spatial distributions of the displace-
ments [103].

The MTA first considers the difference between the initial spatial loads that were introduced into the problem,
fs(0) in (2.58), and the spatial loads that are contained within the reduced system, f gom(#). Assuming that
this residual is applied statically, the residual displacement vector us, can be computed using:

Ksutse (1) = fo(1) = fopom(D) = F(£) - Ms®® £ (). (2.106)

The vector in (2.106), which can be interpreted as a Ritz vector [98], is subsequently used to reduce the original
system, and to obtain reduced mass and stiffness matrices, M = ug, rMs Us,r, K= ug, rK sUs,r. The Ritz vector
is then transformed into the first eigenmode of the reduced dynamic problem:

(Ks— @2 Ms) g = 0. (2.107)

The steps (2.106) and (2.107) can be undertaken before any of the static displacements are obtained, that
is, before either the original problem (2.58) or the reduced system (2.102) is solved. Hence, one can simply
extend the eigenbasis ®, used for the MD method with the newly acquired Ritz orthogonal vector, ¢ from
(2.107), to obtain ®g pTa:

D\ = (@ D] (2.108)

Due to (2.108), it can be inferred that when using the MTA method the number of ODE’s solved in step (2.102)
increases with 1 when compared to the MD or the MA approach. This implies that an additional ODE is solved
for the modal coordinate associated with the MTA correction. When compared to the MA method, this im-
plies that the appended vector contributes dynamically to the solution [103]. This is expected to increase the
performance of the ROM when subjected to high-frequency excitations that are outside of the eigenfrequency
range of the method. Though higher-order MTA methods have been proposed [99, 110], they are not detailed
here due to their application only to harmonic excitations.

On the other hand, the feasibility of the method for the considered application is unclear. Historically, it has
only been used by first decomposing the nodal forcing f(f) as a superposition of multiple d time-varying
load shapes, where d > 1:

d
Fo(0) = 8i(0fs;(x) = Fo(x)g(1). (2.109)
i=1
However, the methodology (2.106)-(2.108) was presented by assuming that d = 1. Due to the broadband and
chaotic behavior of turbulence, the decomposition (2.109) is not easily obtained for this study. At the same
time, it is not certain what the performance of the MTA when using a single load vector would be. What's
more, since the external forcing f¢(f) changes at every timestep, the computations in equations (2.106)-
(2.107) would have to be undertaken at every timestep. Consequently, the eigenbasis would also change,
leading to a different form of the reduced system (2.102) at each time instance. By contrast, for the MD and
MA methods, the reduced system remains the same, except for the excitation computed on the right-hand
side of the equation. In practice, this means that using the MD and the MA reduces the number of operations
that has to be executed at each timestep.
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2.4.3.5. Load Dependent Ritz Vectors (LDRV)

The Load Dependent Ritz Vectors (LDRV) methods represent the main alternative to the eigenmode-based
methods presented up to this point in Subsection 2.4.3. The improvement of LDRV over the standard MD is
that for the former the loads applied onto the structure are used to form a reduction basis. By contrast, the
previous modal methods started from the eigenmodes and used them to estimate the loads [99]. It can be
used both by starting from the original excitation f¢(¢) from (2.58), or by using a load decomposition as in
(2.109). In the following, only the former option is presented, as this is the only one relevant for the topic of
this thesis. The original method of Wilson [112] is described, with subsequent variations being mentioned.

At the beginning of Subsection 2.4.3, it was argued that since the eigenmodes and eigenfrequencies charac-
terize the response of the structure to external loads, they are good building blocks for approximating the
dynamic response. However, in the same Subsection it was later pointed out that the activation of each mode
is given by the reduced excitation, obtained by the inner product between the corresponding eigenmode and
the force distribution, and hence eigenmodes that are orthogonal to the loads have no contribution to the
solution. This can make the potentially expensive step of computing the eigenanalysis (2.98) unjustified. As
pointed out by Wilson [112], the only stringent requirements for the considered reduced basis are that the
considered modes are orthogonal, due to the projection on the dual space that must be done to obtain the
uncoupled system (2.101), and that the eigenbasis is Ks— and Ms— orthonormal. Although the eigensolution
does fulfill these criteria, it is not the only suitable candidate. To ensure that the modes within the reduced
basis would actually contribute to the solution, one can generate a first eigenmode guess, x; ;, starting from
the inputted spatial distributions of the loads:

Ksxg, = f(1), (2.110)

where the * notation is used for a guess value. Once a guess is offered, the vector is Mg— normalized, such
that xST, 1 Msxs 1 = 1. At this point, the reduced basis only takes into account the static effects of the loads. To
account for the dynamic effects, one could equate the displacements of a second mode to an inertial force
depending on xs;. This force would be equal to —wilMsxsyl. However, since for this method one does not
know the eigenfrequencies a priori, the guess is made as:

Ksxg, = MsXs1. (2.111)

*

After the step in (2.111), x:,z is Mg normalized as x5 = x;"z _xslesxS,lr and added to the basis. However, one
now has to correct also for the dynamic effects associated with xs ». This leads to the iterative algorithm of the
LDRYV, where the current step dynamically corrects the previous one, and is subsequently Ms— normalized.
This loop is executed for a predefined number of times, such that in total Ngonm Ritz vectors are obtained.

At this point of the problem, a predefined number of Ritz vectors Npoy is obtained, and the basis they span
is Ms— orthonormal. It is assumed that the current Ritz vectors are stored column-wise in the matrix X itz €
RNreM*NroM | To also make them Kg— orthonormal, based on (2.99), one needs to obtain the eigenfrequencies
ws,i. This is done in the reduced space of the problem, of size RNroM | rather than in the original one of size

RNFEM | by projecting the original matrices using X, Ritz, and obtaining M Ritz = XST,Ritz
XT

s,Ritz

M X Ritz, Ks,Ritz =
KX Rritz, and subsequently solving the reduced eigenproblem:

(K, Ritz — Ws Ritz,i Mis,Ritz) ZRitz,i =0, i = 1,..., Nrom (2.112)
Once all eigenvectors in (2.112) are computed, the final Ritz vectors can be obtained as:
Xs,LDRV = X5 RitzZ Ritz (2.113)

where Zgitz = [ZRitz,1 ZRitz,2 - - - ZRitz,NROM | - DUe to the fact that a projected eigenvalue problem (2.112) is used
instead of the original one (2.98), the eigenpairs represent approximations, and their accuracy is dependent
on the size of the initial Ritz basis.

The first improvement of the Wilson algorithm came from Nour-Omid [113], who observed the similarities
with the Lanczos algorithm for a Krylov subspace, thereby reducing the costs associated with the iterative
orthogonalization process. Léger [114] also proposed a different orthogonalization process that improves
stability by using a different iterative process. Gu et al. [115] proposed a Quasi-Static Ritz Vectors variant,
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which focused on increasing the accuracy of the ROM force representation around multiple user-imposed
excitation frequencies. For the considered application, a possible candidate could be the eigenfrequencies of
the structure that are known to be activated the most by the turbulent flow.

The main advantage of the method is that it does not require the eigenanalysis as a prerequisite anymore.
Furthermore, the construction of the reduction basis starting from the loads implies that all basis vectors
contribute to the approximation within the ROM dual space. This ought to eliminate the inclusion of unused
eigenmodes that MD, MA, and MTA methods may be subjected to. An implication of this is that for a given
required accuracy the basis that one needs to use is smaller when compared to standard eigenmode-based
approaches. Another advantage of the method is that one can define different error norms to a priori esti-
mate the accuracy of the method. In the initial article of Wilson [112], he proposed a force representation
error, equal to the difference between an initial load spatial distribution and that obtained by combining the
Ritz vectors. Another often used criterion is that of the modal mass participation [116]. Others have been pro-
posed, such as the included forcing function percentage, based on the ratio between the total sum of Power
Spectral Density of the included frequencies and the total one, which requires the use of a Fourier Transform
[117]. In principle, as the Ritz vectors are added iteratively to the basis, at each successive step these errors
can be used to ascertain whether the basis is large enough, and this could be used to automate the work-
flow. The available variations of the original LDRV method also brought their specific advantages, such as
improved computational cost and convergence.

In terms of disadvantages, the LDRV method presents similar limitations as the MTA method. The LDRV
method has only been used in combination with aload decomposition (2.109). As was previously mentioned,
due to the broadband energy content of turbulence, this approach is not feasible for the topic treated in
this thesis. Furthermore, since the external forcing f() is continuously changing throughout the transient
computations, it is required that the basis of Ritz vectors is recomputed at each subiteration, and that the
reduced system (2.102) is changed continuously. By contrast, the rest of the modal methods only require the
computation of the eigenbasis once, at the beginning of the transient simulation.

2.4.4. SVD methods

The Singular Value Decomposition (SVD) methods try to accurately contain the relation between the input
and the output of a given physical system. For a first-order system, this can be written as a single transfer
matrix [92], which in the following will be called H, of size H € RNrEM*Nout where Nppy is the original size of
the system and Ny, is the number of outputs. Since for most applications Nrgm # Nout, the system matrix H
is rectangular, and the concept of its eigendecomposition does not hold. A similar idea is the Singular Value
Decomposition, wherein the matrix H is factorized as a product between a set of orthonormal vectors, each
of which has an associated scaling factor, called a singular value, which are stored in a diagonal matrix Zgyp.
However, due to its rectangular layout, H is written as a product between a left- and a right- orthonormal
base, denoted as Fsyp and as Gsyp, respectively. Hence, the SVD factorization has the form:

H = FsypZsvp Gayp» (2.114)

where Fgyp € RNVFEM*NFEM - Ggypy € RNouNout - 316 my € RNFEM*Noue | Equation (2.114) represents the SVD of the
modified full system (2.58). The SVD ROM methods, use only a few of the left- and right- singular vectors,
Ngowm, that are contained along the columns of Fgyp and Ggyp, denoted as Freq and Gyeq , to represent the
system in an approximated form as:

H = FreqZredGL (2.115)

red’

where Fpeq € RNiEM*NRom 3 0 € RVRoM*Neom | G4 € RNout*NROM | Starting from (2.115), the SVD ROM methods
aim to make the best choice of the Nyom reduced left- and right- singular vectors, as well as to accurately and
efficiently compute their associated singular values, Z eq-

2.4.4.1. Balanced Truncation

The trend of automating the functioning of most devices and processes within the last few decades has in-
evitably led to the development of numerous control applications. In practice, such systems can have a large
number of degrees of freedom, which makes the real-time response prohibitive due to computational com-
plexity. To achieve feasible computational costs, model reduction is often employed by starting from the
linear state-space formulation of the system. State-space model reduction techniques could also be applied
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to the current problem, as the original second-order dynamic FEM problem (2.58) can be cast into this form
[118]. In particular, Balanced Truncation (BT) is a ROM method that is based on transforming the initial
state variables into a convenient coordinate system such that it allows for only the effect of the Nroym most
important states to be used within the simulation. The method presents distinct advantages over any other
ROM family considered herein, in particular, that of offering an error bound, which is why it is analyzed in
the following. In this Subsection, only a brief summary of a part of the vast literature within the field of BT is
provided. The focus is on techniques that are more closely related to mechanical engineering applications.

The BT method was formulated for a state space representation of the full system. For our problem, the inputs
are the loads applied onto the structure, the state variables are the displacements, and the output represents
a subset of the displacements that are of interest. As an example of a particular choice of displacements that
might be of interest, if GTRF is studied, the deformations of the beam elements near the supports may be se-
lected. In control theory, two important characteristics of the different states of a first-order system are their
observability and controllability. The first refers to how well the change in the characterized state is reflected
in the outputs of the system, while the latter to the extent to which an initial state can be brought to a desired
one in a finite amount of time [93]. The controllability and observability of a given system can be expressed
by using the Gramian matrices. Doing so is convenient because the eigenanalysis of the Gramians leads to
both an ordering of the directions that are most controllable or observable within the system through the
eigenvectors, as well as their respective quantitative impact over observability and controllability based on
the corresponding eigenvalues. The Gramians are obtained by solving the coupled Lyapunov equations [93].

Starting from the definition and properties of the Gramians, the Balanced Truncation is built on the idea that
the input-output behaviour is the most important property of the original system that needs to be preserved
when it is reduced. In this regard, it is desired that states which are both controllable (as they require the least
amount of force to be displaced, therefore best characterizing the input-state) and observable (least energy
needed to produce the displacements of interest for the system) are those retained. Based on this observa-
tion, Moore [119] found that there exists a unique linear transformation of the original system, after which the
states of the system are ordered by taking into account their observability and controllability with equal im-
portance. Once this transformation is undertaken, one can simply retain the first Nrom transformed states,
associated with the first Nropm Hankel values, as those have the greatest impact over the controllability and
observability, and hence best conserve the input-output behavior of the system.

The most expensive part of the Balanced Truncation algorithm is the determination of the Gramians. This is
done by solving the Lyapunov equations. For systems where the number of state variables is small or medium
(order smaller than @(10%) ), standard methods can be used. However, these are not suitable for larger sys-
tems [93], as the number of associated operations is of order & (NSEM), and even more limiting, the storage
requirements are of order @(NéEM) [120]. Though it is not clear at this moment what the required discretiza-
tion of the rods using beam elements is, since the number of rods within a bundle is in the order of hundreds,
and to fully capture the physics multiple bundles may have to be measured [29], it is likely that in the future
the workflow will have a structural discretization of order @ (10%). If traditional methods were used to obtain
the Gramians, the Balanced Truncation would become the most expensive ROM method presented in this
work [93]. Though more efficient computation methods to solve the Lyapunov equations have been put for-
ward, by, for example, Gugercin and Li [120], they are not feasible for methods that have a large number of
inputs and outputs, as is the case for this study. This makes the BT ROM method unfeasible for this project,
despite its specific advantages, such as its stability and error bound.

2.4.4.2. Proper Orthogonal Decomposition (POD)

The POD method, introduced by Lumley [121] at the end of the 1960s, is based on using a reliable sample
dataset acquired at different spatial locations and at different timesteps, and subsequently trying to deter-
mine a set of spatially-distributed shape functions called Proper Orthogonal Modes (POMs) that best approx-
imate the observed distributions at all time instances. The starting point of the POD method is a set of sample
results at different spatial locations and time instances that are connected to the unknowns of the problem
that is desired to be reduced. Subsequently, the input is written as a linear superposition of the POMs. From
the requirement that the POMs should satisfy the lowest Frobenius norm of the difference between them and
the reference data, the POMs can be obtained [122]. The POD ROM has the advantage of capturing the high-
est level of energy for a given dimension of the reduction basis [123]. Nevertheless, for our applications, the
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obtaining of the required input sampled data is not possible. In the case when an entire bundle is considered,
there are no experimental facilities, nor enough available computational power to do a high-fidelity bench-
mark simulation within NRG. Furthermore, the step of generating high-fidelity data for the POD would likely
be cumbersome if multiple different cases need to be run. As a consequence, the POD method is not feasible.

2.4.5. Krylov

Similar to the Balanced Truncation method, Krylov approaches are based on preserving the input-behaviour
during the ROM simplification. However, instead of ordering the states based on their impact and maintain-
ing only the most important ones, the Krylov method sets out to approximate the general transfer function of
the system altogether, by using a Taylor polynomial expansion around a main frequency, and trying to pre-
serve as many coefficients of the expansion as possible. In literature, these polynomial coefficients are also
called moments. As a consequence of this, in some works the Krylov-based ROM methods are also known
as moment matching methods. Similar to the BT ROM method, the starting point of the Krylov method is
the state-space formulation of a system. It was proven that the projection matrix Vrom from equation (2.96)
that can fulfill the moment matching property can be obtained by determining the Krylov subspace of matrix
products depending on the state space matrices and their inverses [93]. For conciseness, the mathematical
model of the Krylov is not presented here, but the interested reader is referred to the recent review article of
Rafiq and Bazaz [124].

Multiple methods to determine the said Krylov subspace have been put forward, such as Padé via Lanczos
[125], or Arnoldi [126]. The main advantage of the Krylov method, especially when compared to BT, is that
the computational resources required for the reduction are lower. This is because all variations of the Krylov
algorithms are based on matrix-vector multiplications of sparse matrices [92], leading to less storage require-
ments and to fewer operations undertaken within the algorithm. It was also found that the Krylov method
can be more robust than the BT. Witteveen [127, 128] and Besselink et al. [93] concluded that regardless of the
inputs and outputs chosen to represent the system within the ROM, when compared to BT, moment match-
ing methods can more readily identify all excitation modes being activated.

Nevertheless, despite numerous potential benefits, there are also disadvantages to the Krylov approaches,
which make them unsuitable for this study. Most notably, the method is formulated in the frequency do-
main, making it impractical for broadband TIV excitations. What’s more, due to the fact that the loads are
distributed along the entirety of the rods, multiple inputs have to be taken into account. This makes the
particular studied application a Multiple Input Multiple Output (MIMO) system. For MIMO configurations,
no method to preserve the stability of the system was proven [124]. The lack of guarantee regarding stability
means that the Krylov methods are comparable to the modal methods in terms of the useful properties that
they possess. However, the modal methods have been found to perform better in terms of estimating the
eigenfrequencies of the system in the two studies of Witteveen that were previously mentioned in this sub-
section [127, 128], as well as in the overall estimation of the transfer function of Besselink when the inputs
and outputs of the reduction are misaligned with those of interest [93].

One last disadvantage of the methods is the complexity of implementation. Because we are dealing with a
MIMO system, either the block Arnoldi or the block Lanczos algorithm has to be implemented. Apart from
the determination of the columns themselves, one needs to add additional steps to mitigate the risk of linear
dependency between the different columns. For example, in the Matrix-Padé via Lanczos method one elim-
inates previous vectors that are observed to be linearly dependent [129]. At the same time, the number of
vectors required for the reduced basis has never been researched for nuclear fuel column applications, and
it could not be accurately estimated during the literature study phase of this thesis. Nevertheless, the block
Arnoldi and the block Lanczos methods are known to become unstable if large bases are used [124]. In prac-
tice, due to their complexity, the implementation of such methods in the allocated time for the project would
be ill-advised.
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2.4.6. Conclusions

Throughout this Section, different potential ROM methods from different families has been presented. It was
assumed that the full system that is desired to be reduced is represented for the structural side by 1D FEM
beam elements, whose inputs are given by all the loads across the length of the beam, while the outputs are
a selected subset of the local displacements. Under these assumptions, the main advantages and disadvan-
tages of the considered ROM methods are presented in Table 2.1. It is found that only modal methods may be
feasible for reducing the dimensionality of the problem within this study. Despite numerous advantages,
the other methods present at least one major disadvantage for the considered application. Those are marked
with red in Table 2.1. Conversely, the ROM methods written in green, and whose names have been boxed,
are the ones that will be implemented for this thesis. Though BT offers stability and an error bound, for the
current application the computation of the Gramians, a step necessary for any of its variants, is prohibitively
expensive, since no "cheap" iterative method that has been published applies to a large MIMO system as the
one analyzed here. Although POD may offer the possibility of an efficient reduction for a small size of the ba-
sis, its use here is not possible since it requires high-fidelity data to be provided for the case that is desired to
be reduced. At the moment, nor the available computational power or the experimental facilities within NRG
allow this dataset to be obtained. Finally, even though the Krylov methods are relatively inexpensive from a
computational point of view, while also allowing for accurate reductions at given excitation frequencies, they
are still fundamentally frequency-based methods. This implies that one would have to transform the fluid
loads into the Fourier domain. The feasibility of doing so for the broadband turbulent forcing is dubious.
Hence, the use of Krylov appears to over-complicate the desired reduction process.

On the other hand, the implementation of the eigenmode-based modal methods is relatively simple, because
a dedicated eigensolver can be easily integrated within NRG-beamFoam, since the global mass and stiffness
matrices Mg and Kj are already computed for the FEM solver presented in Section 2.3, and the eigenproblem
(2.98) can be readily computed. Though the original Mode Displacement method presents a few limitations,
it is the modal approach that is easiest to implement, and it therefore represents a good starting point for
the ROM solver developed for this thesis. Some of the limitations of the MD method are partially solved by
more sophisticated models, such as Mode Acceleration (MA), Mode Truncation Augmentation (MTA), and
Load-Dependent Ritz Vector (LDRV). However, the last two bring decisive disadvantages. Given the random
forcing pattern of turbulence, the reduced system (2.102) would have to change at every timestep, making
the computation of the dynamic solution more complicated. By contrast, for the MD and the MA methods
the left side of the reduced system remains constant, making the implementation simpler. What’s more, both
the MTA and the LDRV methods were proposed based on a decomposition into multiple spatially-varying
components. However, given the random and broadband behaviour of the turbulent forcing, it is not clear
how this decomposition would be conducted for this thesis. Hence, one would have to resort to a single
load vector, that is changed with every new timestep. Hence, the MA method is also found to be a suitable
ROM candidate, thanks to its balance between accuracy, flexibility, and implementation effort. Though
the GMA represents an improved, higher-order correction of the MA method, it is not feasible for this study,
since it can only be used for harmonic load analyses.
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ROM method

Advantages

Disadvantages

« Ease of implementation

« Inefficient and slow converging

« Does not reproduce the static solution

« Superfluous eigenmodes may be computed
« Eigenanlysis required a priori

¢ No error bound

» Convergence improvement over MD
» Low additional cost over MD

» Good performance for low-frequency
forcing

 Only applies linear correction to MD

« Inertial effects of high-frequency
excitations neglected

« Superfluous eigenmodes may be computed
« Eigenanlysis required a priori

» No error bound

« Improved accuracy for low-frequency

¢ Requires load decomposition, (2.109)
« Number of corrections limited by

GMA loads compared to MA numerical errors
« Superfluous eigenmodes may be computed
» Nonlinear iterative corrections « Eigenanlysis required a priori
* No error bound
» Requires recomputation of the reduced system
« Inertial effects of high-frequency (2.102) at each subiteration
excitations included « Traditionally used with a load decomposition,
MTA (2.109) . .
« Computationally expensive
» Improved behaviour for « Superfluous eigenmodes may be computed
small reduction eigenbasis « Eigenanlysis required a priori
» No error bound
» NO eigenanlysis required a priori » Requires recomputation of the reduced system
« Better convergence than conventional (2.102) at each subiteration
LDRV modal methods o Traditionally used with a load decomposition,
« Error estimators can be used a priori (2.109)
« Can become unstable for complex loads
» Cheaper and more robust than BT » Requires Fourier decomposition of the loads
Krylov « High accuracy obtained around « Difficult to implement
user-inputted frequencies
» Expensive and unstable for MIMO systems
BT » Well-defined error bound ¢ Accuracy dependent on the chosen inputs
« Preserves stability and outputs
« Difficult to implement
POD » Low order of basis required for good » Requires high-fidelity simulations

accuracy

or experiments as input

Table 2.1: Advantages and disadvantages of the considered ROM methods
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In Chapter 1, it was pointed out that given the potential two-way coupled phenomena that may occur for
axial water flow over fuel elements in nuclear reactors, a two-way coupled workflow is required between the
fluid and the structure. The main topic of this research is to propose an efficient structural solver that should
replace the current 3D FEM approach used by NRG for the modelling of axial-flow TIV in nuclear reactors.
In Chapter 2, potential FEM and ROM models were presented as candidates for the solution of the structural
problem. However, determining the displacements of the structural nodes represents only part of the steps
taken when considering the entire workflow developed for the FSI problem. A conceptual flowchart of the
steps taken in the FSI problem is described in Section 3.1. Section 3.2 presents the structure of the PIMPLE
algorithm that is used for the fluid computations in the AniPFM model. This information is relevant since the
ultimate goal of NRG-beamFoam workflow is to work with the AniPFM model. The proposed data structure
for integrating the FSI solver with the PIMPLE is presented in Section 3.3. Section 3.4 offers an extensive
description of each of the components in the FSI workflow. As will be detailed in this Chapter, apart from
the structural solver itself, other parts of the FSI workflow that had been previously dealt with by the coupling
software preCICE [130] were newly implemented for this work. Each newly added component to the workflow
had to be independently verified before continuing the development of the methodology. Subsequently, the
entire FSI workflow was tested using laminar, URANS, and AniPFM models. The individual and combined
test cases are presented in Section 3.5.

3.1. General guidelines

To numerically simulate the fluid and the structural behaviour, one often uses two different frameworks for
solving the mathematical models associated with each. First, the fluid model is described. Within NRG,
different finite-volume approaches are used [38]. The most complex fluid model that is used for axial-flow
TIV is the URANS-based AniPFM. The ultimate goal of the work in this thesis is thus to be coupled with the
AniPFM. In Subsection 6.2.1, it is shown that when coupled with NRG-beamFoam, the computation of the
pressure and velocity fluctuations by AniPFM can be done once per timestep, at the first FSI subiteration that
is executed for the current timestep, Nqop = 1. Apart from the AniPFM, NRG-beamFoam should also be capa-
ble of accurate coupling with simpler fluid models, such as URANS, for verification and validation purposes
[38].

Next, the structural solver is discussed. The model proposed herein is essentially FEM-based: as was al-
ready mentioned in Chapter 2, even if one uses one of the ROM approaches to reduce the dimension of the
problem, the results are still projected back to the previously generated FEM grid. In this context, specific
challenges arise, as was pointed out in Section 2.1, namely those of transferring the information from one
grid to the other, as well as that of minimizing the partitioning error between the solvers. For the former de-
mand, mapping routines need to established between the fluid and the structural meshes, while for the latter,
a subiteration algorithm must be implemented. Thus, apart from the structural solver itself, this thesis will
also treat the mapping between the domains, as well as the subiteration algorithm between the two. Based
on these observations, the conceptual workflow proposed in this thesis can be seen in Figure 3.1.
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Figure 3.1: Methodology of the thesis

The outcome of this research is going to be used by NRG within its axial FSI workflow, which has been val-
idated for TIV of single rods [38, 41]. In this context, the work herein would ideally be integrated seam-
lessly with the preexisting components of the workflow that will interface with the newly implemented NRG-
beamFoam features. Namely, the components that would like to be reused are the fluid and the mesh motion
solver, as can be seen in Figure 3.1. The state-of-the-art for the two within NRG are the AniPFM model for the
fluid, and a Laplace-equation based motion solver for the mesh motion displacement [41]. Both of these are
implemented in OpenFOAM [42], an open-source object-oriented C++ library that is used especially for CFD
simulations. More specifically, the AniPFM and the mesh motion solver have been used in OpenFOAM 8.
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Though any version of OpenFOAM can be coupled with an external library to obtain the inputs it needs for
the mesh motion solver and the fluid solver (indeed, this is exactly what was done before the start of this
thesis within NRG, by using deal.Il and preCICE inside the NRG-FSIFOAM [38]), this approach leads to a
computational overhead when compared to using modules of OpenFOAM, due to the additional memory
and data transfer routines that an OpenFOAM adapter requires [131]. Furthermore, it is important to note
that the AniPFM and the mesh motion solver have only been validated using the PIMPLE algorithm for the
solution of the fluid fields. Hence, to avoid additional verification work, it is also preferable to encapsulate
the steps in Figure 3.1 within the PIMPLE algorithm. In conclusion, it is then desirable, if possible, to also
implement the new components of the FSI workflow directly within the PIMPLE algorithm in OpenFOAM 8.
The feasibility of doing so will be presented in the following Section.

3.2. PIMPLE algorithm and mesh motion solver

The PIMPLE algorithm represents a combination between the Semi-Implicit-Method-Of-Pressure-Linked-
Equations (SIMPLE) and the Pressure-Implicit-of-Split-Operations (PISO) algorithm. Both of these are pressure-
based coupled solvers, which are generally used for incompressible flows. The pressure-based coupled solvers
are based on the sequential solution of the velocity and then of the pressure equations [132]. Once these are
solved, one computes the additional turbulent and temperature fields. For this work, only the turbulence will
be computed, as the exchange of thermal energy is not yet part of the modelling objectives of this research.

To better explain the working of the PIMPLE algorithm, the technique of solving for the velocity field and the
pressure is detailed. For both SIMPLE and PISO, the first step is to compute a first guess for the momentum
predictor for the velocity field, by discretizing the momentum equation:

U VU=V (viVUp) = -Vp — MU= -Vp, 3.1)

where v¢ represents the dynamic viscosity of the fluid, and .# is a known matrix dependent on the discretiza-
tion scheme and the mesh configuration. By computing (3.1), the velocity field satisfies the conservation of
momentum inside the fluid domain. However, the continuity constraint is not yet satisfied. The fulfillment of
the mass conservation is therefore done by calculating the pressure from the continuity equation, equation
(3.3), and then correcting the velocity field accordingly, equation (3.4). To do so efficiently, however, the left-
hand side of the momentum equations .4 Uy is first split into a diagonal, easily invertible part, «/ U, and A,
which can be interpreted as the matrix containing the effects of the velocity field’s non-linearity. The decom-
position of the matrix .4 is given in equation (3.2). The use of the decomposition (3.2) becomes apparent in
(3.3), where one now needs to invert only </ instead of the entire .4, thereby making this step cheaper. It is
also worth noting that within literature the step in (3.1) is known as the momentum predictor, while that in
(3.4) as the momentum corrector.

MU= -Vp— AdUs—H =-VNp—>Up=od 74 1Vp. 3.2)
VU=0C2 V. [\ #— et Vp| =0 = V- [ 'Vp| =V [ 7] (3.3)
Up=of -4 Vp. (3.4)

Though it might appear as if by executing the steps (3.1)-(3.4) once the velocity and the pressure fields satisfy
both the continuity and the momentum equations, this is not so: the /# matrix is dependent on the velocity
solution Uy, as can be seen in (3.2), and therefore one needs to update / by using the latest version of the
velocity field Uy, obtained using (3.4). Of course, the procedure of reupdating /£ based on the solution of
the momentum corrector should be done iteratively until convergence. The SIMPLE algorithm does so by re-
computing equations (3.1)-(3.4) at all iterations, into what is known as the outer corrector loop. On the other
hand, the PISO algorithm only recomputes equations (3.2)-(3.4), computing the momentum predictor (3.1)
only once per timestep, at the first iteration of the pressure-velocity coupled solution algorithm. The PISO
iteration procedure is known as the inner loop. The SIMPLE algorithm has been historically used for steady
state cases, while the PISO represents a newer proposal, developed in the context of transient simulations.

Starting from the general philosophies of the SIMPLE and of the PISO algorithm, the PIMPLE algorithm com-
bines the two. First of all, for each timestep, the user can impose a given number of outer correctors applied
at each timestep. However, for each outer corrector loop the user can also impose the number of inner (PISO)
loops (3.2)-(3.4) to be executed. The merging of the SIMPLE and of the PISO algorithm in this manner leads
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to specific advantages, such as for example that of allowing for the use of a large timestep, higher than that
imposed by having a Courant number of one [74]. Furthermore, it is important to note that within the PIM-
PLE algorithm, one can impose the number of non-orthogonal correctors that are desired be executed. This
consists of recomputing the equation (3.3) for a given number of times, before moving on to the momentum
corrector (3.4) at a given inner loop. This is done so as to increase the accuracy of computing the diffusion
term within the momentum equation [132].

Outside of the solution for the velocity-pressure coupling, the PIMPLE algorithm also includes the solution
of other fields. For example, as mentioned in the previous Section, the turbulent fields are obtained after the
pressure and the velocity have been computed. This can be done either within each outer corrector loop,
or at the end of the lastly executed outer loop of each timestep. Furthermore, the PIMPLE algorithm is also
compatible with built-in mesh deformation techniques within OpenFOAM. Similar to the turbulent fields,
the mesh can be deformed either once per timestep, or at every outer corrector of the computation. How-
ever, it is important to note that the mesh is deformed before the pressure-velocity coupling is solved.

In this context, it is important to understand whether and how the workflow developed herein can be inter-
faced with the PIMPLE algorithm. Analyzing Figure 3.1, it can be seen that the communication between the
preexisting fluid and mesh motion solver and the newly implemented routines of NRG-beamFoam is done
through two sets of data. First, at the top right, one needs to input the loads on the cell faces of the fluid
on the FSI interface. Second, on the bottom left, once the displacements on the FSI interface correspond-
ing to the fluid loads are computed, they need to be transferred back to the fluid domain. More specifically,
the structural displacements should serve as Boundary Conditions (BCs) to the mesh motion solver, which
is called before the fluid fields are computed, as also mentioned above. The transfer of the fluid loads inside
the workflow is achievable. Indeed, to compute the loads on the FSI surface, one needs to retrieve the local
values of the pressure and of the viscous and turbulent forces. Within the OpenFOAM architecture, both are
easily attainable, as they are attributes of the fvMesh class, containing the mesh topological information, as
well as the corresponding values of the fluid fields. How one could impose the displacements as boundary
conditions for the boundary is more involved, and is presented in the following paragraph.

128 void Foam::waveDisplacementPointPatchVectorField: :updateCoeffs()

129 {
130 if (this->updated())
131 {
132 return;
223 void Foam::displacementLaplacianFvMotionSolver::solve() 133 b
224 { 134
225 // The points have moved so before interpolation update 135 const polyMesh& mesh = this->internalField().mesh()();
226 // the motionSolver accordingly 136 const Time& t = mesh.time();
227 movePoints (fvMesh_.points()); 137
228 138 const scalarField points(waveNumber_ & patch().localPoints());
229 diffusivity().correct(); 139
230 pointDisplacement_.boundaryFieldRef().updateCoeffs(); 140 const scalar timeRamp = timeRamp_->value(t.value());
231 141
232 Foam: :solve 142 const scalarField startRamp(startRamp_->value(points));
233 ( 143
234 fvm: :laplacian 144 const scalarField endRamp
235 ( 145 (
236 diffusivity().operator()(), 146 endRamp_->value(points[points.size() - 1] - points)
237 cellDisplacement_, 147 )3
238 "laplacian(diffusivity,cellDisplacement)"” 148
239 ) 149 Field<vector>::operator=
240 ) 1se (
241 } 151 timeRamp*startRamp*endRamp*amplitude_*cos(omega_*t.value() - points)
152 );
153
154 fixedValuePointPatchField<vector>: :updateCoeffs();
155}

Figure 3.2: Code snippets for calling the execution of the PDE associated with the mesh motion solver (left), as well as for a typical
implementation of the updateCoeffs () routine that updates the shape its associated BCs (right)

To understand how to impose the displacements of the FSI boundary for the mesh motion solver, one needs
to look at the specific class implementation of the mesh motion solver used for the computation. Based on
the considerations that will be presented in Subsection 3.4.5, for this study this corresponds to

Foam: :displacementLaplacianFvMotionSolver. The solution of the PDE associated with the mesh mo-
tion displacements is called using the displacementLaplacianFvMotionSolver: :solve() method, as
can be visualised on the left of Figure 3.2. There, before the solution of the Laplace equation is solved (lines
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232-239), the reconfiguration of the mesh is called by using the updateCoeffs () method of the
pointDisplacement_ attribute (line 230). The pointDisplacement class has specific boundary conditions,
imposed by the user in the 0/pointDisplacement dictionary of OpenFOAM, such as waveDisplacement
(which imposes a time-dependent sinusoidal shape of the boundary), or surfaceDisplacement (maps the
local displacements of the fluid mesh onto a user-imposed surface). Each of these BC classes contains its own
implementation of the updateCoeffs () method. As an example, the implementation for the
waveDisplacement class is given on the right of Figure 3.2. It is important to note that for each implemen-
tation of updateCoeffs () within the different mesh motion BC class, a Field<vector> attribute is passed,
equal to the displacement of each fluid node with respect to the initial mesh configuration.

3.3. Proposed OpenFOAM architecture

Based on the discussion in Subsection 3.2, a possible connection between the displacement interpolator and
the mesh motion solver, as visible in Figure 3.1, is to create a new BC class for the mesh motion solver, that
can compute the structural response for each of the fluid nodes on the FSI interface, and to pass those values
to the mesh motion solver using its specific updateCoeffs () method. This ensures the required connec-
tion of the proposed workflow with the mesh motion solver, while the one between the fluid solver and the
load interpolator is facilitated by the properties of the fvMesh class, as mentioned in the previous Subsection.

Mesh motion ‘

displacementLaplacianFvMotionSolver ‘
solver class

FSI boundary
displacements

Mesh motion
solver BC class

Inputs 0/pointDisplacement

‘ BeamFoamDisplacement ‘ P
ic

MainSolver

Member attributes
of the mesh motion ‘ LoadInterpolator ‘ ‘ FEMsolver ‘ ‘ DisplacementInterpolator
solver BC class

beamFoam namespace ROMsolver

Figure 3.3: The proposed OpenFOAM architecture

A class that satisfies these conditions was created for this thesis, and it was called BeamFoamDisplacement.
To provide the nodal displacements, one has to successively execute the different blocks presented in Fig-
ure 3.1, that is, the load interpolator, the structural solver, the underrelaxation of the displacements, and the
displacement interpolator. For each of these, a standalone class was created, with the exception of the subit-
erator, whose implementation is straightforward, see equation (2.9), and will be integrated inside the FEM
solver module. To facilitate the transfer of information between the classes (that is, the connecting arrows
in Figure 3.1), and to eliminate the need to store redundant information for the problem in multiple classes,
aMainSolver object was created, such that each of the three main components of the FSI workflow is con-
structed from MainSolver, and any can both receive and send information from and to it. Given that the
FEM and the ROM solvers only differ in the size of the dynamic system that needs to be solved, with the same
discretization and time integration scheme ultimately being used for both, the ROM solver class is built as a
subclass of the FEM solver. The inputs to the problem are offered through the 0/pointDisplacement dic-
tionary which is used to construct the class. An example of the inputs for the problem is given in Section B.1,
Appendix B. A visual representation of the proposed OpenFOAM architecture can be seen in Figure 3.3, for a
patch called inner. For all of the subclasses implemented in this work, and especially for the FEMsolver, use
was made of the Eigen C++ open-source library [133], thanks to its extensive linear algebra library that could
be readily used.
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Another important aspect of the problem was that of the parallelization requirement of the workflow. The
AniPFM fluid model is designed to be run on multiple cores, where the fluid domain is decomposed into
multiple volumes that are independently computed by each solver, and the boundary information is sub-
sequently communicated between the different processors where needed. In this context, it was important
to ensure that NRG-beamFoam is capable of working on multiple cores. Furthermore, due to the decompo-
sition method of the fluid domain, the inputs to the NRG-beamFoam workflow, that is, the fluid boundary
faces loads, are stored inside separate memory partitions that are allocated for each core. Thus, a first com-
munication routine between the different processors is necessary to gather all of the necessary inputs for the
problem. After this, the parallel integration of NRG-beamFoam could be done in two ways. One solution
was to compute all of the steps of the NRG-beamFoam methodology in Figure 3.1 on a single core. Subse-
quently, once the displacements are obtained for all of the fluid nodes on the FSI boundary, they are then
scattered back to the different processors whose associated subdomains contain nodes on the FSI boundary.
However, this approach has the disadvantage of requiring an additional communication call between the
processors, on top of the computation of the NRG-beamFoam loop itself. Instead, it was preferred to com-
municate the global inputs of the NRG-beamFoam workflow to all processors within the parallel run, and to
subsequently compute the NRG-beamFoam loop on each core. Thus, each processor already has in its mem-
ory the nodal solution of the structural problem, and the location of their associated fluid nodes on the FSI
boundary. As will be explained in Subsection 3.4.4, this is enough information to compute the outputs of the
NRG-beamFoam workflow.

3.4. Individual FSI workflow components modelling

Having presented what the conceptual steps in the FSI workflow are in Subsection 3.1, as well as their cor-
responding OpenFOAM data structures in Subsection 3.3, it is time to present the characteristics for each
component in the FSI workflow in Figure 3.1: the load interpolator (Subsection 3.4.1), the structural solvers
(Subsection 3.4.2), the subiterator (Subsection 3.4.3), and the displacement interpolator (Subsection 3.4.4).
Next to these, a description of the Fluid solver (Subsection 3.4.6), and of the mesh motion solver (Subsection
3.4.5) is provided.

3.4.1. Load interpolator

As can be seen in Figure 3.1, the role of the load interpolator module is to map the local loads obtained at
the fluid faces on the FSI interface to the nodal FEM loads. The general mathematical model to do so is given
by equation (2.91). In particular for the considered beam FEM model, one applies the formula to obtain the
concentrated lateral forces and moments for the left and the right nodes of any element, using the convention
on the right of Figure 2.5 for the XY bending plane. For the XZ bending plane, the convention sign is applied
using the orientation as presented for the displacements in Figure 2.6. In rewriting (2.91) for each of these
concentrated loads, the following relations are obtained for the XY bending plane of an arbitrary i element:

Lel Lel
Fiyi= | Gs,yi(Xe) N7y (Xe) dxer,  (3.5) Fayi = | Gs,y,i (Xe) Ny (Xe1) dxel,  (3.7)

Le Le
Mizi= | Gs,yi (Xe) Nip (Xe) dXet,  (3.6) Mizi= | Gs,yi (Xe) Noy (Xe) dXet,  (3.8)

and similarly for the XZ bending plane:

Lg Le
Fiai= fo o Ca) N () Aty (3.9) Frai= fo o i) N (o) dxet, (3111

Lg Lei
Myyi= | Gszi(xe) Ny (Xe)) dxel, (3.10) Myyi= | Gszi(xe) Noy (Xe)) dxel. (3.12)
0 0

Within equations (3.5)-(3.12), one knows the values for the shape functions, as presented in (2.73)-(2.76), and
in (2.84)-(2.87). However, the other members of the equations, gs yi and gs . i, are unknown. They repre-
sent the distributed 1D lateral load in the y— and the z— direction, respectively. Furthermore, a numerical
technique to compute the integrals over the elements needs to be chosen to obtain the nodal loads. Finally,
another challenge is posed by the fact that the inputs to the load interpolator, that is, the fluid information on
the finite-volume cell faces at the FSI boundary, are provided within the coordinate system of OpenFOAM.
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On the other hand, equations (3.5)-(3.12) are written in the local reference of the beam elements, where it is
possible that the two coordinate systems do not coincide. Hence, in using the load interpolator, three aspects
need to be considered: the determination of the 1D distributed loads gs,y,; and gs ;i in the OpenFOAM refer-
ence system, their transformation into the beam element reference system, and the technique for computing
the integrals in equations (3.5)-(3.12). Each of these is treated individually in Subsections 3.4.1.1-3.4.1.3.

3.4.1.1. Computation of the 1D distributed loads

To compute the values of gsy; and ¢s .,i, other studies that use beam-element FEM solvers for FSI studies
of TIV employ a simplified approach, where the 1D distributed loads are assumed to be uniform over each
element. This is used, for example, by Liu et al. [64, 65], paired with an LES model. Vivaldi and Ricciardi
[63] coupled the beam element only to a URANS fluid model for validation purposes, but their end goal is
to use it for a final workflow containing an LES model. These studies suggest that one could in principle use
constant distributed loads over a beam element for TIV simulations. However, at the beginning of the thesis,
this was thought to be an assumption that is too limiting. This is because the use of a constant load distribu-
tion over the entire beam element is equivalent to computing an average of all of the flowfield variations over
it. Since the ratio between the number of fluid and structural nodes on the FSI interface was expected to be
quite large, the averaging would be done over a significant number of fluid elements, which could reduce the
benefits associated with the high spatial resolution of the fluid solver. Consequently, for a uniform load dis-
tribution assumption, using a coarse structural discretization could be detrimental to the FSI accuracy and
convergence. Even more importantly, it was believed that in using a different assumption for the variation
of gs,y and gs , over a given element, one could use a coarser structural grid, hence improving the computa-
tional costs of the workflow. Nevertheless, for redundancy and comparison purposes, a load mapping model
where the forces are assumed to be constant over the element was also implemented, as a particular case of
the method that is proposed in the following.

FEM Nodes

Segments’ Nodes, 5.4

Figure 3.4: A visual representation of the subdivision of each beam element into segments, where for each segment a constant 1D load
distribution is assumed for each of the two bending planes

Hence, to optimize the number of unknowns within the structural solver, for this thesis, it is assumed that
the 1D distributed loads g5, and g5 ., are piecewise continuous over a given beam element. This leads to
an additional subdivision of all beam elements, that is only formalized within the load interpolator. In the
remainder of this work, those will be called segments, and they are assumed to be of equal length. The total
number of segments for each of the elements is imposed by the user as an input to the problem. A represen-
tation of the segments’ model is presented in Figure 3.4, where one can observe the addition of the segments’
nodes to the main axis of the beam elements. For clarity, the load distributions are already represented in the
beam reference system, though the method of how to do so is presented in Subsection 3.4.1.2.
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Having presented the assumed variation of the distributed loads ¢gs , and gs , over an element, it is explained
how these are obtained starting from the fluid information onto the FSI interface. In doing so, one can resort
to one of two options. The first is to project the pressures of the fluid onto the imaginary external surface of
the segments, and use this 3D field to obtain the distributed loads. This is consistent with satisfying the stress
equilibrium conditions on the entire FSI boundary, for the maximum level of discretization that the solution
formulation allows. On the other hand, one could also transfer a smaller number of concentrated forces to the
1D structure, hence only satisfying the stress condition at the points where the loads are applied. While the
former is the rigorous approach, the latter is significantly cheaper, and it represents a reasonable approach
for as long as the size of the cell faces is significantly smaller than that of the outer surface of a segment.
Hence, the transfer of concentrated forces from the fluid to the structure is preferred in this study.

To assign the fluid forces to their corresponding segment, when the numerical problem is initialized, a con-
nectivity matrix is computed between the fluid cell face centers and all of the segments used in the discretiza-
tion of the structural problem. The entries within this connectivity matrix are simply based on computing the
position of a given cell face center relative to the axial location of the segments’ nodes, for the initial (unde-
formed) shape of the fluid mesh, using the beam coordinate system. Thus, if the fluid cell face center has an
axial position that is smaller or equal to that of the node of a given segment that is farthest from the beam
origin, the entire force associated with that cell is transferred to the said segment. Furthermore, if the entries
within the connectivity matrix correspond to the situation where no fluid cell face centers are assigned to
any of the segments, that is, the segments are locally smaller than the cell faces, an error is thrown by the
solver. This is done to mitigate the effect of only considering the FSI stress equilibrium condition in a point-
wise manner, as mentioned in the paragraph above. After the initialization, each time the load interpolator
module is called, the connectivity matrix is reused, such that the current cell face forces are incremented to
the corresponding segment.

Once the total forces applied onto each segment are computed, one needs to transform these into 1D dis-
tributed loads. This is done by assuming that the segment is rigid throughout the deformation, and that the
forces are evenly distributed over its theoretical outer surface. For the considered application, the former is a
reasonable assumption: the amplitudes of the vibrations due to TIV are never expected to be larger than 1%
of the rod’s diameter. The latter hypothesis is consistent with the unidimensionality of the beam model, when
combined with the above hypothesis that in each bending plane the segments are uniformly loaded. Under
these assumptions, for an arbitrary j segment, the average distributed loads in each coordinate direction of
the OpenFOAM reference system, g g, j, can be obtained by computing the average pressure force over the
segment, and subsequently multiplying this by the circumference of the undeformed rod:

total cell face forces assigned to segment j

Z Afaces, j (Pﬂ + Teik- n) faces,j
faces, j

qds,0F,j =
) Z Afaces,j

faces, j

-nD, (3.13)

total cell face area assigned to segment j

where faces, j denotes the fluid cell faces on the FSI boundary associated with the j* segment, p represents
the fluid pressure value stored at each cell face, Ty, i the effective stress tensor (combining both the turbulent
and the viscous effects), n the cell face normal, and D the undeformed rod diameter. It is worth noting that in
(3.13) p refers to the mean pressure for laminar and URANS fluid models, and to the instantaneous pressure
when used with AniPFM, where on top of the URANS average pressure, one adds the pressure fluctuations.
The fluid models were detailed in Section 2.2.

Finally, the main sources of modelling errors as seen by the author for the chosen approach for computing the
1D distributed loads are presented, along with recommendations to mitigate them. Apart from the previously
mentioned issue of transferring loads instead of stresses, equation (3.13) assumes that the external surface
of the FSI boundary is perfectly cylindrical. In practice, this is in fact discretized using finite volumes of the
fluid mesh, and can therefore be seen as a combination of straight cell faces trying to emulate the circular
surface. Thus, the error that is introduced by this assumption increases the coarser the fluid discretization
is. Nevertheless, it was expected that for the fluid discretization that is required for AniPFM simulations, the
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error introduced would be negligible, especially compared to the other current uncertainties of the mode
[41]. What’s more, in using the segments, one equivalates the total forces applied onto a potentially irregular
surface formed by the fluid cell faces onto a cylindrical domain associated with a segment, leading to a redis-
tribution of the fluid forces applied onto the structure. This issue is especially relevant for unstructured grids,
and it is mitigated by having the cell faces be relatively small compared to the segment. If this condition is
achieved, then the surface formed by the fluid cell faces associated with a given segment will closely resem-
ble its hypothetical cylindrical shape. On the other hand, using a small number of segments is not desirable
either, since one risks aliasing important fluid features. Hence, in principle, there should exist an optimum
number of segments that one would use within the fluid simulation.

3.4.1.2. Coordinate transformation between the OpenFOAM and the beam coordinate system

Using equation (3.13), the average distributed loads for a given segment are obtained in the OpenFOAM refer-
ence system. However, the structural solvers used herein are constructed by assuming that the axial direction
corresponds to the x— axis of the reference system. Such a choice of coordinates is denoted in this study as
a beam reference system, and an example is visible in Figure 3.4. To describe the transformation between
the two frames of reference, the terminology xor, yor, and zor will be used to describe the OpenFOAM axes,
while x, y and z refer to the beam reference system. The one user input required by the transformation is
the normalized direction vector of the main axis of the beam in the OpenFOAM reference system, called Log.
The normalized direction of the rod’s main axis in the beam reference system, Lpeam, is hence equal to (1,0, 0).
The purpose of this Subsection is to determine the rotation matrix, Ryet, Such that:

X XOF
Y | =Ryot | YoF |- (3.14)
Z Z20F

The transformation between the OpenFOAM reference system is obtained as a counterclockwise rotation
around the axis perpendicular to both Lor and Lyeam, by an angle 0,4;. The direction vector of the normal,
erot, is obtained by normalizing the cross product between Lor and Lpeam, equation (3.15). The angle 0y is
obtained based on the cross-product and the scalar product of Log and Lpeam- Since the former is propor-
tional to the sine of 8, and the latter to the cosine of 0,4, the arctangent function can be applied to the ratio
between the two to obtain 0;.¢, as is done in equation (3.16).

LoF % Lpeam

=, (3.16)
|Lof * Lpeam|

€rot

Log x L
(3.15) Oror = tan! (M)

LoF - Lveam

Having determined eyo; and 0;4¢, 0ne can obtain the rotation matrix Rye¢ as [134]:

c0s 0ot + ef (1 —cosbrot) e1e2(1 —cosB;ot) —e3sinBro;  e1e3(1 —cosbror) + e28in 0Ot
Riot = | e2e1(1 —cosbior) + e38inOrot c0SBot + e% (1 —cosbiot) e2e3(1 —cosbrot) — €1 sinOrot (3.17)
eze1 (1 —cosbiot) —e28inbror  e3ex(1 —cosbpor) + e sinbyor cosbOrot + eg(l —c0S6rot),
where e}, e2, and e3 represent the components of the normalized rotation vector, erTot = (e e2 e3). Using (3.14)
and (3.17), the displacements, coordinate vectors, and distributed loads can be transformed from the Open-
FOAM to the beam reference system. For example, the distributed loads in the beam reference system, ¢ j»
are obtained as:

qs,j = Rl‘ths, OF,j' (3.18)

Based on (3.18), the constant values of the distributed loads ¢gs , and g . over a segment, as integrated in
(3.5)-(3.12), are obtained as the second and third components of qs ;-

3.4.1.3. Choice of integration technique

Using the techniques presented in Subsections 3.4.1.1 and 3.4.1.2, one can compute the pointwise values of
the integrands in (3.5)-(3.12) at all axial locations. The only thing that needs to be done before the concen-
trated nodal forces are obtained is to determine the integration technique with respect to the axial position
in the said equations.
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In this thesis, a Simpson 3/8 integration rule is used [135]. This belongs to the family of Newton-Cotes in-
tegration formulas, where the integrands are approximated as simple functions, for which the integration
value is known analytically. For example, the trapezoidal method approximates the function being integrated
as a linear polynomial, while the Simpson 1/3 rule as second-order one. However, the Simpson 3/8 rule was
chosen because for this quadrature rule the integrand is approximated by a third-order Lagrange polynomial
[135]. This choice of the approximation is consistent with the shape functions used for the displacements,
which are of third order for the translational, and second-order for the rotational degrees of freedom, as can
be seen from equations (2.73)-(2.76), and (2.84)-(2.87). Given the order of the shape functions, it was therefore
considered as the most adequate approach for numerical integration. Consequently, in using the Simpson
3/8 rule, if uniform load distributions gs , or gs . are imposed over the entire element, the exact nodal forces
and moments are obtained, according to equations (3.5)-(3.12). The general formula for the Simpson 3/8 rule
stipulates that the integral Iseg of the integrand fseg from 0 to L is [135]:

Ngeg—1 Nseg/3—1
3 seg seg
Lseg = 3 Le fseg(xseg,o) +3 Z fseg (xseg,i) +2 Z fseg (xseg,3i) + fseg(xseg,Nseg) . (3.19)

i=1,3fi i=1

fse_q(xseg,l)

fse_q(wseg,o) fb‘e.t;’(msf’«!],i)

fse.q(xseg,Nseg)

I . FEM nodes

@ Scgments’ nodes

Tseg, 0 Tseg,1 A Tseg,i - Tseg,Nseg

Figure 3.5: Visual representation of the terms in equation (3.19)

For a better understanding of (3.19), the different terms are visually represented in Figure 3.5. Xseg, i refers
to the axial location of the segments’ nodes. For each element, the first and the last nodes of the segments’
correspond to the nodes of the FEM grid. To compute the integrals in (3.5)-(3.12), one simply needs to use
(3.19), replacing Iseg with the concentrated nodal loads on the left-hand side, and fseg with the corresponding
integrands on the right-hand side. While the values of the shape functions are known from their analytical
definitions, the values of the 1D distributed loads at the nodes of the segments gs y(Xseg) and gs ; (Xseg) are
obtained by computing the mean between the constant values of the distributed loads stored in adjacent
segments. This is visualised using black crosses at the inner segments’ interface in Figure 3.4. It is also worth
noting that as a consequence of the use of the Simpson 3/8 rule, the number of segments for each element
needs to be amultiple of 3 [135]. If this is not the case, the solver is stopped prematurely, and the user notified.

3.4.2. FEM and ROM solver

Using the approach presented in Subsection 3.4.1, the nodal loads can be computed in the local frame of
reference of each beam element. Indeed, the theory presented in Subsections 2.3.4 and 2.3.6 only refers to a
single element, isolated from the rest of the structural discretization. Nevertheless, for a unique solution of
the displacements, the solid equilibrium can only be solved using a global formulation [81]. First, to compute
the element stiffness and mass matrices, equations (2.90) and (A.1), the FEM solver takes as input the geo-
metrical and physical properties of the rod from the BeamFoamDisplacement subdictionary, as visualised in
Figure 3.3. Similarly, the method also reads the values of y and of « for the Newmark algorithm, and of the
initial value of the underrelaxation factor wyg o for the subiteration scheme. Subsequently, starting from the
local matrices and concentrated loads, the technique presented by Khennane [87] is used to form the global
system. It is worth mentioning that although usually a rotation transformation between the local and global
frame of reference is required at this stage for general FEM solvers, this is not the case for the work herein,
since the two stretch along the same axis, given the straight and cylindrical shape of the structural domain.
The process of forming the global system requires building two matrices. First, a connectivity matrix is built,
where for each of the two nodes of an element a global node number is assigned. Next, the active degrees
of freedom for each global node are numbered, and the data is stored into a nodal freedom matrix. Using
the two, one can iterate over the element matrices, and add the corresponding inertia and stiffness for each
degree of freedom to the global mass and inertia matrices.
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The ROM solver is constructed as a subclass of the FEM solver. The user can impose both the number of
modes used to reduce the structure, as well as whether a Mode Displacement or a Mode Acceleration ROM is
preferred. It is important to note that an even number of modes needs to be used if both bending planes are
active inside the structural solver to accurately reconstruct the structural solution. When constructed, the
ROM solver computes and stores the eigenmodes and eigenvalues resulting from (2.98), and subsequently
obtains (2.102). Once this is solved for the modal coordinates boldsymbolas, those are transferred back to
the nodal FEM using (2.100) for the MD, and (2.105) for the MA approach.

3.4.3. Subiterator

It is important to remember that the desired FSI workflow is two-way coupled, that is, the loop in Figure 3.1
may need to be computed multiple times at each timestep before an acceptable similarity between the fluid
loads and the corresponding structural displacements is obtained at the FSI interface. As was explained in
Subsection 2.1, this is done within the field of FSI using an underrelaxation approach based on a fixed-point
iteration scheme.

Given the inclusion of the FSI loop inside the PIMPLE algorithm, as described in Subsection 3.2, the struc-
tural solution is obtained before that of the fluid at a given FSI subiteration. Consequently, the proposed FSI
methodology is a serial, Fluid-Structure (F-S) workflow. Furthermore, the Aitken method will be used, equa-
tion (2.9). This choice is based on a good balance between speed of convergence and ease of implementation
[136]. At each timestep, the same initial value of the underrelaxation factor wyr is used. The vector used
in (2.9) is that of the smallest set of degrees of freedom that uniquely describe the structural displacements.
More specifically, if the user chooses the FEM solver, this is equal to the nodal displacements vector, ug in
equation (2.58), or to the generalized modal coordinate ag from the decomposition (2.100) for a ROM solver.
The choice of using the displacements, rather than the loads, for the underrelaxation, is arbitrary, and it is
based on the fact that when using the underrelaxation of the displacements for the NRG-FSIFOAM workflow,
good convergence is obtained. Finally, the number of FSI subiterations that one can use for a given timestep
is constant throughout the transient, and it can be imposed by setting the desired number of Outer Correctors
(OC) for the PIMPLE algorithm.

Having presented the current characteristics of the subiteration module within the proposed FSI workflow,
a comparison is drawn with the previous NRG-FSIFOAM workflow, and some of the current limitations are
pointed out. For the NRG-FSIFOAM workflow used previously by van den Bos [38] or Freitas [41], an IQN-ILS
algorithm available within preCICE was used, for a parallel coupling scheme. A slight loss of computational
efficiency currently occurs when compared to the NRG-FSIFOAM approach, as the IQN-ILS iteration method
is known to converge faster than the Aitken method [58]. Furthermore, the old FSI workflow was able to
control the number of iterations executed at each timestep based on the value of the FSI residual obtained at
two consecutive subiterations. This cannot be replicated within the PIMPLE algorithm, unless one modifies
the pimpleControl class in OpenFOAM, responsible for checking the convergence of the outer loop of the
PIMPLE algorithm. The current use of a fixed number of FSI subiterations at each timestep not only leads
to an increase in the computational expenses, but also to the necessity of conducting a manual study by the
user of the number of OC required for each FSI subiteration. Hence, both the fixed-point scheme and the
control of the number of FSI subiterations at a given timestep are points where the current approach can be
improved.

3.4.4. Displacement interpolator

The purpose of the displacement interpolator module, as visible from Figure 3.1, is to map the structural
displacements at the nodes of the structure to the fluid nodes on the FSI boundary. Those displacements
consist of both translations and rotations, as explained in Subsection 2.3.4. It is important to point out that in
using a 1D beam element FEM discretization at the FSI interface one can choose to not deal with transferring
information from one non-conformal grid to another, but rather with doing so between an idealized contin-
uous solid surface, as given by the Bernoulli beam element model, and the discrete finite volume grid of the
fluid solver. Consequently, in imposing the fluid nodes’ displacements on the FSI boundary, one can assume
that these belong to the idealized beam surface, without having to use the information from the neighbouring
structural nodes, as is done, for example, using a compactly supported Radial-Basis Function (RBF) approach
[137].
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To construct the said idealized outer surface of the structure starting from the nodal solution inside the FEM
solver, it is reminded that in building the FEM problem, one assumed in equation (2.49) that the displace-
ments inside a given element i can be fully described by using the shape functions and the nodal displace-
ments. Rewriting the same equation for the Bernoulli beam element model, using only the nodal displace-
ments associated with the i element, and for the XY bending plane, one obtains equation (2.71). For a given
i element, and for both of the bending planes, the lateral translations us, yi and us ;i at a given axial position
within the element, xj ;, are given by:

Uly,i Ulzi

_ AXY P1z,i _ AXZ P1y,i
Us,y,i(Xel, 1) = N~ (Xel,i) ) (3.20) Us,z,i(Xel, i) = N7~ (Xel, 1) . (3.21)

Uy, U2z,

P2z, P2y,i

Equations (3.20) and (3.21) describe the deformation of a cross-section located at the axial position x within
the local coordinate system of the i element, regardless of the circumferential position. At the same time,
based on the kinematics of the Bernoulli beam model presented in equations (2.62) and (2.82), the corre-
sponding rotations at the same axial position can be computed as:

d XY Uiyi d X7 Ulzi
N (Xel,i) P1zi N “(Xe,1) P1y,i
i(Xel, i) = ——— L (3.22) (el i) = —————— w (3.23)
Pz,ilXel, i el gy, @y,iXel, i el Uy
P2z P2y,

Equations (3.20)-(3.23) fully describe the deformation of the cross section at axial location xg ; for the beam
model considered in this work, where the continuity of the shape functions and their first derivatives ensure
a smooth displacement field. To link the beam deformations to the displacements of the fluid nodes, an ab-
solute formulation of the mesh deformation is preferred, given the large simulation times required for TIV
numerical simulations, and the predisposition of relative formulations to accumulate errors throughout the
transient [73]. Furthermore, it is assumed that the deformations of the rod are small enough that the axial
position x., ; remains constant throughout the transient. Starting from this, to compute the corresponding
displacements of a given fluid node, one simply needs to assign to it a beam element that it belongs to, as well
as the value of x, ;. Using these and the current nodal solution, that is, the column vectors in (3.20)-(3.23),
one can compute the displacements for each node.

Finally, it is worth remembering that as pointed out in Subsection 3.2, theDisplacementInterpolator class
needs to give as output the total translations of each fluid node with respect to the initial position, though the
beam element nodal solution consists of both bending translations and rotations. To this end, the lateral
deformations corresponding to the rotations are computed using the rotation matrices around the y— and
the z— axis, Ryot,y and Ryot,z, and the current and initial position vector of the fluid node with respect to the
beam axis, 7"peam, and I'beam,o:

cos@s, —sings, 0 0 0
Us,p, . = Rrot,zbeam — I'beam,0 = | SiNQsz Ccosps; 0 Tbeam,y ] i [ Ty0
0 0 1 Tbeam,z Tz,0 (3.24)
cosgsy 0 singgy 0 0 ’ ’
Us,ps,y = Rrot,y"beam — I'beam,0 = 0 1 0 Tbeam,y ‘ - [ Ty0
—singg, 0 cosgsy T'beam, z T'z,0

where the convention for the determination of rpeam is presented in Figure 3.6 for a fluid node P. By summing
up the contributions in (3.20), (3.21), and in (3.24), the total lateral displacements corresponding to the nodal
FEM solution is obtained for a given fluid node at an axial position x, ;. However, those have been obtained
in the beam reference system. To determine the inputs to be passed to the mesh motion solver, these need
to be mapped back to the OpenFOAM reference system. This is done by inverting the transformation matrix
Ryot in (3.14):
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Figure 3.6: Visual representation of the terms in equation (3.24)

3.4.5. Mesh motion solver

The mesh motion solver is outside the main implementation objective of this thesis, but key characteristics
are nevertheless presented, along with additional references for the interested reader.

For this application, a Laplacian smoothing approach is used to obtain the deformations of the fluid nodes of
the mesh [138]. As implied in Section 3.2, the provided boundary conditions are in the form of displacements
of the boundaries of the fluid domain. In practice, all of the surfaces are fixed throughout the transient sim-
ulation, except for the FSI interface, onto which the NRG-beamFoam methodology presented in this thesis
is applied. Within the Laplace equation, a diffusivity parameter that is inversely proportional to the distance
between a fluid node and the FSI interface is added. This has the effect of limiting the propagation of the
deformations associated with the dynamic movement of the FSI boundary into the fluid domain. Once the
Laplace equation is solved for the displacements, the new deformation is applied onto the fvMesh class in
OpenFOAM. It is also important to note that although the user only provides as input the structural displace-
ments at the FSI interface, once these are known for all of the boundaries, the velocity boundary condition at
the FSI interface are updated accordingly. In turn, this implies that the dynamic FSI boundary condition is
fulfilled.

Though the method is known to have certain disadvantages, such as the relatively high computational cost,
and the lack of control over the distance between the fluid nodes along the normal of the FSI boundary [138],
this is the same mesh motion solver that was also used by van den Bos [38], or by Freitas [41], for the NRG-
FSIFOAM that is desired to be replaced. Hence, for the reason of reproductibility and to be able to better
explain the differences observed between the two workflows, the exact same motion solver settings were
used.

3.4.6. Fluid solver

The equations associated with the fluid solver was presented in Section 2.2. For this thesis, they are solved
using the OpenFOAM [42] library. In Section 2.2.1, it was shown that an integral formulation of the Navier-
Stokes can be used to discretize the fluid domain into multiple Finite-Volume cells. Numerically, this integral
equation, (2.19), is solved using Gauss quadratures, and to compute the fluxes between the neighbouring
cells it is required that different quantities are obtained at the cell faces. This is done by utilizing interpo-
lation, starting from the known solution computed at the finite volume cell centers. It is thus required that
the user imposes how the interpolation is executed for the different terms. Apart from these settings, which
mathematically define the fluid computations at a given time instance, a time integration scheme to advance
the flow must also be specified.

Within the OpenFOAM framework, all of the settings for the inputs described in the previous paragraph are
provided through the fvSchemes dictionary, where an example used for laminar simulations is provided in
Appendix D, Subsection D.1.1. Within fvSchemes, the user provides different subdictionaries indicating the
interpolation settings desired for the Gauss quadratures of the different terms in the Navier-Stokes equa-
tions (gradient, divergence, and Laplacian, using the gradSchemes, divSchemes, and laplacianSchemes
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subdictionaries, respectively). Furthermore, the interpolation settings for obtaining the flux at the cell faces
for the convective terms are specified to the fluid solver using interpolationSchemes, the dot product be-
tween the gradient of a quantity and the cell face surface normal for non-orthogonal meshes is interpolated
based on snGradSchemes, and the time marching scheme is imposed using ddtSchemes. The last entry of
the fvSchemes dictionary, wallDist, is associated with the technique to compute the distance between the
fluid centers and boundary faces to the closest wall. This is relevant, for example, for calculating wall-normal
gradients. Further, when using the SST k-w [75] turbulence model, new scalar fields are generated for the
turbulent kinetic energy k and the specific dissipation rate w, and separate transport equations are solved for
each, as presented in equations (2.25)-(2.26). Thus, additional entries in fvSchemes must be provided for k
and w.

The use of the AniPFM fluid model implies that new fields need to be computed for the fluid domain, that
is, the pressure and the velocity fluctuations, p’ and u,. What'’s more, the convection of the non-dimensional
velocity fluctuations vy within the AniPFM model, (2.43), leads to the need to solve additional transport equa-
tions within the fluid domain. By using the AniPFM, the Reynolds stress tensor R is also required at the cell
faces to transform the values of v; to those of u;. Hence, the AniPFM framework requires imposing new dis-
cretization schemes for the interpolation of quantities depending on not only u; and v¢ at the cell faces, but
also on R. Because of this, compared to the URANS FSI cases, additional entries need to be added to the
fvSchemes dictionary.

Using the imposed discretization schemes for solving the Navier-Stokes, linearized systems are obtained for
the unknown fluid fields. Additionally, since a mesh motion solver is used, an additional equation must be
solved for the mesh deformations in each direction of the reference system. Once this is done, pressure cor-
rections associated with the mesh motion movement are computed. Given the high dimensionality of each of
these systems, the solution for each is computed iteratively, rather than directly, until the residuals obtained
between consecutive iterations are considered small enough to assume convergence. Consequently, settings
corresponding to the approximate solution of the fluid equations need to be provided.

In OpenFOAM, the solver settings for each of the fields that need to be computed to obtain the solution are
provided through the fvSolution dictionary. In the same file, specific settings associated with the PIMPLE
algorithm are also passed. For the PIMPLE algorithm, the user can impose residual criteria for the last outer
corrector at a given timestep that are different from the ones that were used for all previous outer correctors
at the said timestep. This is done, for example, for the pressure field p, through a corresponding pFinal
subdictionary entry within fvSolution. The values imposed in the p subdictionary will therefore serve as
residuals for the initial outer corrector loops, while those in pFinal only for the last outer corrector at each
timestep. As an example, solver settings used for the laminar FSI cases in this work are presented in Appendix
D, Subsection D.1.2. Similarly to the discretization schemes, the use of more complex fluid models, such as
URANS or AniPFM, leads to additional PDE’s that need to be solved, and thus, to the requirement of imposing
additional solver settings in fvSolution.

When using the AniPFM, special attention must be paid to the prescription of the boundary conditions for
the inlet and the outlet. Dirichlet boundary conditions are used for both the pressure and the velocity fluc-
tuations, as this was argued to be more reliable than using Neumann boundary conditions by van den Bos
[38], given a potential risk of obtaining a spurious linear or a parabolic pressure profile inside the domain.
What’s more, if one used the same uniform inflow velocity profile as for the URANS case, then the flow would
decay to turbulence only downstream of the inlet [38]. In reality, for the original experiment, the turbulence
was already well developed at the inlet of the numerical domain considered for this simulation. To avoid this
modelling error, the non-uniform velocity fluctuations for the inlet and the outlet are obtained by mapping
the values of the fluctuation fields from axial locations inside the brass beam domain. This is done using the
mapped BC in OpenFOAM, where a mean value of 0 for the fluctuations in all directions is imposed for the
inlet and the outlet, according to the Reynolds decomposition principle. The surface from which the velocity
fluctuation boundary values are obtained is imposed using the constant/polyMesh/boundary dictionary.
Both the BC subdictionaries imposed for the inlet and the outlet for the Uf 1uct field, as well as the associated
mapping settings in constant/polyMesh/boundary, can be analyzed in Section E.3, Appendix E. There, it
can be seen that for the inlet the velocity fluctuations are mapped based on the values found 0.1 m down-
stream of the inlet, and for the outlet based on those 0.1 m upstream. Starting from the velocity fluctuation
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fields imposed at the inlet and the outlet of the domains, the zero-average pressure fluctuations are obtained
as [38, 41]:

ou?
a2 B (3.26)
3.5. Test cases
For the verification and validation of the methodology proposed in this thesis, it is preferable to use an ex-
perimental study of TIV that is relevant for axial flow FSI in nuclear reactor applications, such that the main
physics for which the model is built are present. It is also desirable that it represents a numerically inex-
pensive case, to speed up the verification and validation process, and that the benchmark is well-established
and has been simulated numerically by other researchers in the past, to be able to contextualize the results
obtained herein. In particular, it is best if the NRG-FSIFOAM workflow was already used on the said bench-
mark case, as this would save time in setting up the numerical simulation. Being the only case satisfying all
of these criteria, the experiment of Chen and Wambsganss [1] was chosen. Though other established bench-
mark cases exist, such as the experimental study of Lillberg et al. [139] for an instrumentation guide tube,
the computational costs associated with the Chen and Wambsganss study are significantly lower, since the
used grid is approximately five times smaller [38, 50]. It is also the main case that has been used in the re-
cent development of the AniPFM model, both by van den Bos [38], and more recently by Freitas [41]. This
allows for a direct comparison between the newly implemented NRG-beamFoam methodology, and the lat-
est, most optimal iteration of NRG-FSIFOAM. Apart from the experiment of Chen and Wambsganss [1], which
is predominantly used for the verfication of this thesis, a typical fuel element geometry was also used at the
beginning of this thesis. Thus, the two geometries are described in Subsections 3.5.1 and 3.5.2.

3.5.1. Brass beam in turbulent flow

The research findings of Chen and Wambsganss [1] were published in 1972. They presented a particular study
of a series of annular flows. The experiments measured the dynamic response of a clamped brass beam to
axial water flow excitation at different velocities. At the time, the main objective was to measure the effects
of added mass and of added damping of water flow over fuel pins in nuclear reactors. The experiment was
done using a brass rod of length of 1.19 m, and a diameter D of 1.27 cm. Hence, the rod is characterized by
% =93.7. The outer diameter Dg of the experimental channel is equal to 2.54 cm, such that % =2. The brass
was fixed at both of its ends, as is also the case for the application considered herein. The extensive properties
of the fluid and of the brass beam are presented in Table 3.1. In the remainder of this work, the experiment
Chen and Wambsganss will also be referred to as the brass beam case.

Fluid Properties (Water)

Inlet Density (pf) 1000 kg/m3
Outlet Kinematic Viscosity (vf) 1x107%m?/s
Structural Properties (Brass)
Density (p;) 8400 kg/m3
Elasticity Modulus (E) 107 GPa
Poisson Ratio 0.331
Figure 3.7: Visual representation of the experimental setup of Chen Table 3.1: Structural and fluid properties for the Chen and Wamb-
and Wambsganss [1] sganss case [1]; taken from [50]

In terms of flow conditions, the test was conducted at 13 velocities between 0 and 36.58 m/s, where for each
of these the rod is initially assumed to be still. From the experiment, data such as the natural frequencies, the
damping ratios, and the RMS amplitudes of the vibrations are provided. Within literature, results are usually
provided at 10, 20, and 30 m/s, which corresponds to a Reynolds range of Re = U%:Dh between 1.2 —3.7-108,
where Dy, = D — D, represents the hydraulic diameter of the rod. Apart from van den Bos [38], this bench-
mark case was used by de Ridder et al. [140], Nazari et al. [141], and Kottapalli [39], using different modelling
approaches. De Ridder et al. [140] use a URANS approach and an IQN-ILS coupling scheme to compute
the modal response of the brass beam case. Nazari et al. [141] used an LES fluid model, and coupled it to a
structural solver. All of this was done in Ansys, where the "System coupling" functionality was used to trans-
fer information between the domains (no further information on the coupling algorithm was provided in the
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study). Finally, Kottapalli [39] also used an earlier, isotropic version of the AniPFM. For his research, similar
to the later studies of van den Bos [38] and Freitas [41], the AniPFM was linked to the deal.Il structural solver,
where the subiteration between the two was executed using the IQN-ILS algorithm. A comparison between
the results of Kottapalli [39] and of van den Bos [38] in terms of eigenfrequencies, damping, and RMS ampli-
tude can be seen in Figure 3.8. Due to time constraints, within this work, FSI simulations were only conducted
at10 m/s.
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Figure 3.8: Comparison between numerical for different approaches applied to the Chen and Wambsganss case [1], in terms of eigenfre-
quencies (left), damping ratios (middle), and amplitude RMS due to TIV (right); taken from [38]

3.5.2. Fuel element geometry

In contrast to the rest of this work, rather than the geometry of the brass beam, the structural domain used
to validate the FEM solver corresponds to a geometry that is typical for a nuclear fuel element. The structure
is clamped at its ends, has a circular cross-section of a diameter equal to 1 cm, a length of four meters, and
it is made out of steel assumed to have a density equal to 7850 kg/m3, with a Young’s modulus equal to 200
GPa. A 1D schematic of the structure used is presented in Figure 3.9. For the FEM verification, the structure
is always discretized using 10 beam elements, and hence in the same Figure the corresponding FEM nodes
are represented.

FEM nodes

A-A

D=1cm

Figure 3.9: 1D schematic representation of the structure used for the FEM solver validation
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Aswas established in Chapter 3, this work proposes significant changes to the previous NRG-FSIFOAM work-
flow. With the new structural solvers being implemented directly into OpenFOAW, it is also necessary that
the transfer of information is correctly handled between the fluid and the structural solver. This led to the
implementation of the load interpolator and displacement interpolator modules. Further, to handle strong
coupling between the two domains, an efficient Aitken subiteration algorithm was proposed. Hence, within
the work of this thesis, numerous modules of the FSI workflow had to be programmed in OpenFOAM, as can
also be seen in the methodology diagram in Figure 3.1. A specific challenge is posed by the fact that all of
the different components need to work together seamlessly to obtain reliable results for the FSI behaviour.
However, testing the combined working of all of the modules is risky, as the bugs and modelling errors can
become significantly more difficult to localize. To pinpoint the potential sources of error more easily, tests
were devised for the main components of the newly implemented methodology. Within this Chapter, for
each of the different modules, the verification procedure is presented along with the corresponding results.
The tests have been undertaken starting from the new FEM solver, the most important modification brought
to the previous workflow. This is presented in Section 4.1. Once the working of this module was proven, the
verification of the mapping routines is presented in Sections 4.2 and 4.3, for the load interpolator and the
displacement interpolator, respectively. The verification of the subiterator and the ROM solver will be treated
later in this report, in Chapters 5 and 7, respectively.

4.1. FEM solver

The FEM solver represents the most important module of this work, as it intrinsically defines the structural
response within the FSI problem. It was also built "from scratch" for this thesis, and it is therefore crucial that
it is thoroughly verified before moving on to the other steps of the research.

The working of the FEM solver follows the general steps of solving a structural problem using the FEM [87]:
defining the inputs to the problem (the geometrical and mechanical properties of the structure, the dis-
cretization settings, the time integration scheme settings, the loads applied at the structural nodes), defining
the local stiffness and mass matrices, assembling the global matrices and vectors in (2.58), and implement-
ing the time integration algorithm based on the assumptions (2.95). Starting from this well-established set of
procedures, the FEM solver was verified sequentially, in three steps. The passing of all three tests is therefore
intended to certify the working of the FEM solver. Before each test is described, it is worth remembering that
in contrast to the other modules presented in this Chapter, the verification of the FEM solver is conducted
using the fuel element geometry presented in Subsection 3.5.2.

4.1.1. Tests description

The purpose of the first test is to verify the assembling of the global stiffness matrix and the global forcing
vector by comparing the output of the NRG-beamFoam FEM solver to that of a commercial Finite Element
Analysis software for a simple static case, where concentrated nodal loads are applied in each bending plane
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of the beam, close to its fixed ends. A sketch of the applied loads can be seen in Figure 4.1, where it was con-
sidered that F,, = 10 N, and F, = 8 N. Though the choice of the values of the loads is arbitrary as long as the
response of the structure remains linear, these values were picked to match the amplitude of vibration for the
URANS-FSI results of van den Bos [38] for the brass beam case.

As areference for the static results that ought to be obtained for the first test, the FEM solver Abaqus was used.
To ensure similarity between NRG-beamFoam and Abaqus, the same geometric and physical properties of
the fuel element structure proposed in Subsection 3.5.2 were imposed for both (length, circular cross-section
shape, density, Young’s modulus). Furthermore, the same type of Bernoulli elements used to discretize the
problems were used, that is, the ones presented in Subsection 2.3.4. Within Abaqus, this consisted of using
a B33 linear beam element, which assumes a cubic shape function, and a linear treatment of the structural
problem [142].

Figure 4.1: 1D schematic representation of the concentrated loads Fy and F applied for the verification of the global stiffness and forcing
vector

Once the global stiffness matrix and external forcing vector have been checked, in the second verification
step the global mass matrix is verified. Since Kg is now known to be correct, the mass matrix My can be
verified based on the eigensolution that one obtains for the rod. This is because on one hand, the eigenmodes
¢, and the circular eigenfrequencies ws of the fuel element can be obtained numerically starting from the
eigenproblem (2.98):

(Ks— M) ¢ =0, (2.98)

but at the same time, for the simplified fuel element rod geometry, according to the Bernoulli beam model,
the q circular eigenfrequency and normalized eigenmode can be obtained as [143]:

EI
wsq =By |~ @.1)
sTx
sinh BqL—sin BqL
Py q(0) = (sinh Bqx — sin Bqx) + Pq Pq - (cosh Bqx — cos Bqx), 4.2)

cos fqL —cosh B4 L

where E, I, ps, D, L refer to the physical and geometrical properties of the fuel element geometry, and §, can
be obtained as the q* solution of cos BqL-cosh fqL = 1. Hence, one can use the analytical solutions in equa-
tions (4.1) and (4.2) to verify the results obtained when computing (2.98) with the NRG-beamFoam FEM
solver. The matching between the two approaches therefore implies that a correct form of the global mass
matrix is obtained.

With Mg, K, and f known to be correct, only the numerical time integration scheme needs to be verified.
Similar to the second verification step of the FEM solver, this is done by comparing the results of the devel-
oped FEM solver to a (dynamic) analytical solution. For this verification test, one can obtain such a reference
solution using the Mode Superposition technique. A short background of the approach is provided in Sub-
section A.2. This method is similar to the modal ROMs proposed in Subsections 2.4.3.2 to 2.4.3.4, in the sense
that it is based on projecting the nodal displacements ug using the eigenmodes of the structure, and solving
for the modal coordinates, asms. However, the Mode Superposition uses all the eigenmodes of a structure to
redefine the problem, and it therefore offers an exact solution. However, instead of using a numerical inte-
gration technique, the values of the modal coordinates are obtained analytically, using the Duhamel integral
formulation, equation (A.6). Since the correct values of the eigenmodes have been proven in the second test

60



4.1. FEM solver 4. Verification of the main individual components of NRG-beamFoam

of the FEM solver, they can be readily used within the Mode Superposition benchmark case.

To increase the dynamics of the rod’s vibration, and also to simplify the analytical solution, two additional as-
sumptions are made within the third verification test. First, contrary to the rest of this thesis, modal damping
is added to the rod’s vibration. Second, it is assumed that no external forcing is applied to the fuel element.
These two decisions are explained in the following two paragraphs.

The addition of modal damping is justified by the fact that if one doesn’t use any structural damping, for the
third verification test there would be no source of dissipation of the vibration energy of the rod, since there is
no external forcing, and the chosen structural numerical integration scheme conserves the energy of the sys-
tem, as was already pointed out in Subsection 2.3.7. However, it is of interest for this thesis to ensure that the
numerical integration scheme does not influence the total energy received by the structure, as this influences
the total vibration amplitudes due to TIV, which is ultimately the main research interest of the FSI simulations.

The choice of not adding external forcing is made to avoid the need to solve the Duhamel integral, equation
(A.7), with respect to time. Thus, by using this hypothesis, the analytical solution for the third verification
test is greatly simplified. To trigger the vibration of the rod, an initial displacement is applied to the fuel
element, after which it is allowed to vibrate freely. For simplicity, the spatial distribution of the displacement
corresponds to the first eigenmode of the structure. Under these assumptions, the analytical solution for the
nodal displacements ug according to the Mode Superposition method is computed using:

Nrgm

usms(t) = Y asms,i(D)g; = Psasms(t), where (4.3)
i=1

asmis,i(1) = €451 ({g i sin@g it + 175, COS s, ), (4.4)

and {s; and 7,; can be determined from the initial conditions, stipulating a first eigenmode displacement,
and no velocity:

1,i=1 . .
asi(0) ={ L asi(0) =0,Vi. (4.5)

By replacing (4.4) in (4.5), one obtains the transient analytical solution for the third verification test of the
FEM solver as:
usms (1) = ([)syle*fl“’s'lt COSWs 411, (4.6)

where ws g1 =ws11/1-¢ 5,1' and ¢ 1 represents the modal damping associated with the first eigenmode [81].
For this test, it was assumed that {s; = 0.013, arbitrarily taken as approximately equal to the value of the
modal damping obtained experimentally by Chen and Wambsganss [1]. Hence, for the third test associated
with the FEM solver, it is desired that the Newmark numerical integration scheme can match the analytical
solution given by (4.6), at each node of the rod’s discretization, and at every considered timestep. To conduct
the test, 5 and 20 beam elements were used. Similar to the rest of the thesis, a Newmark time integration
scheme with @ = i, Y= % was imposed.

4.1.2. Results

The results for the first verification test can be visualized in Figure 4.2, where an exact matching is obtained
between Abaqus and the developed FEM solver when the same inputs and types of elements are used. This
ensured that the assembling of the global stiffness and forcing vectors when both bending planes are included
is correct.

Next, the outcome of the second verification test of the FEM solver is presented. For this, the first four eigen-
modes of the structure are used as input. This choice is justified by the fact that the FSI simulations in this
work are run at 10 m/s, and under these flow conditions, the first four modes of the brass beam are the most
excited [38, 41]. For the test, between 5 and 30 beam elements were employed, because based on the avail-
able literature this was expected to be the general range of beam elements that one should use for axial flow
TIV FSI simulations [29, 63]. To determine the convergence of the eigenfrequencies obtained using the FEM
solver module towards the analytical solutions, the relative error yr,,,, is used:
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|ws, ,num — Ws, |
Ty = ————, 4.7)
Wsq
where w; q is computed using (4.1), and ws g num is the circular eigenfrequency obtained using NRG-beamFoam
to compute the generalized eigenproblem (2.98). Based on this monitor, the errors obtained for the first four
eigenmodes when considering different levels of structural discretization are presented in Figure 4.3.
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Figure 4.2: Static lateral displacements obtained for the y— (left) and the z— (right) direction, for the first verification test of the FEM
solver

Analyzing Figure 4.3, a good match with the expected circular frequencies is visible. If using five elements to
discretize the fuel element geometry, then an error of 2% can be expected for the fourth eigenfrequency, based
on the black marker at the top right of Figure 4.3. On the other hand, for the same number of elements, if
considering the first eigenfrequency, a relative error of less than 0.1% is found. Furthermore, another pointer
that the FEM solver works correctly is that the prediction of each eigenfrequency is convergent with respect
to the number of elements: looking at the errors for each of the four eigenfrequencies, the error is reduced
when considering a higher number of elements. For each individual mode, the order of convergence seems
to be constant, that is, the reduction in the order of the error is similar when going from 5 to 10 elements, or
when going from 10 to 20. Finally, it is important to note that although Figure 4.3 can serve as an indicator of
the eigenfrequency errors that can generally be expected from the NRG-beamFoam workflow, it is not clear
what the dependence of the results are with regards to the different properties of the fuel element geometry
considered, such as, for example, its slenderness ratio, which is significantly larger than that of the brass
beam geometry that will be used in the remainder of this work. Hence, it cannot be readily concluded that
one might expect the same number of errors as those in Figure 4.3 when considering the brass beam case,
which will be used exclusively in the remainder of this thesis, but it is an indication that the global mass
matrix is correctly implemented for the workflow.
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Figure 4.3: The variation in relative error of the first four eigenfrequencies between the beamFoam: : FEMsolver module and the analyt-
ical solution, for different numbers of elements used to discretize the fuel element geometry, when considering one-plane bending
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Apart from the results associated with the eigenfrequencies, another set of outputs of the second verification
test of the FEM solver module is the eigenmode shapes obtained. It is of interest to observe whether these
match the analytical solutions (4.2). This comparison is visually represented in Figure 4.4, where the eigen-
modes were rescaled using the amplitude of the eigenmode, A(¢p4. There, it can be observed that when using
30 elements, the computed eigenmode virtually coincides with the analytical solution. The eigenmodes ob-
tained for coarser discretizations are shown in Figure C.2, Appendix C.1. There, it can be seen that even for
a low number of elements the expected eigenmode shapes are obtained, and that a clear convergence to the

analytical solutions can be observed. These again indicate that the second verification test is passed.
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Figure 4.4: The comparison between the unitary amplitude vectors obtained analytically, and the discrete values obtained by the

beamFoam: : FEMsolver module, for 30 elements used to discretize the fuel element geometry

—— Mode superposition

—— Newmark (ﬁ—f =5)

—e— Newmark (ﬁ—f =10)

—— Newmark (?—f =40)

Figure 4.5: Comparison of the transient lateral midpoint displacements of the middle of the rod when using the Mode Superposition and
the Newmark method for different numbers of timesteps used per period
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Lastly, the results of the third verification test are presented. The transient midpoint displacement following
a first eigenmode initial displacement is presented in Figure 4.5, where different numbers of timestep per pe-
riod are used. For this Figure, the displacements are adimensionalized using the initial displacement, A(us,y),
and the time with the damped first period of the structure, 7;. It can be seen that with decreasing timestep
size, the displacements obtained get increasingly closer to the Mode Superposition solution. Even if a small
number of timesteps is used, the amplitude of the motion appears to be preserved throughout the transient.
In this sense, it can be concluded that the time integration scheme used herein does not modify the energy of
the vibration based on the timestep size, but only its phase shift. Indeed, this behaviour is supported by the
literature [89], where it is shown that the dissipation of the vibration energy is only dependent on the value of
7y in the Newmark time integration scheme, (2.95), while the phase shift depends on the chosen timestep size.
Hence, the results obtained for the third verification test indicate a correct implementation of the Newmark
time integration scheme.

Up to this point, the discussion of the FEM solver was only made by considering the XY bending plane. Given
the cross-circular section of the fuel element geometry presents the same bending properties in all radial di-
rections, the results for the XZ bending plane are expected to be the same as for the XY one. This is supported
by the information in Appendix C.1: Figures C.1 - C.3 show that the same eigensolution is obtained for all
discretization levels considered.

4.2. Load interpolator

Before describing the test cases, some preliminary observations are made. In contrast to the FEM solver, the
load interpolator module directly communicates with the Fluid Solver in OpenFOAM to obtain its inputs.
This implies that the individual testing of the load interpolator must be undertaken within a (pseudo-)fluid
simulation. On the other hand, it is desired that the tests be kept cheap and simple, making use of only the
load interpolator module, instead of the entire FSI workflow. As a consequence of these observations, the
load interpolator tests consist of a single-timestep, single-iteration fluid simulation, where the structure is
considered rigid, and the fluid equations are not solved. To this end, a modified version of the PIMPLE algo-
rithm is used, where the fluid equations are not computed, and the displacements sent to the mesh motion
solver for the FSI boundary are equal to 0. As was also pointed out in Section 3.5, the geometry used for the
verification is that of the brass beam case.

Having presented the general framework of the verification of the load interpolator, the method of imposing
the inputs for the load interpolator is presented. As can be seen in the Methodology flowchart, Figure 3.1,
these consist of loads associated with the fluid mesh’s boundary faces on the FSI boundary. Although the
load interpolator testing should be conducted inside OpenFOAM, an exact forcing distribution on a given
boundary is difficult to achieve by imposing a certain type of flow within the annular fluid volume of the
brass beam case. One must therefore resort to the boundary conditions applied directly onto the surface of
the brass beam. The loads obtained at the wall stem either from the local pressure forces or from the effective
stresses that result from the modeled viscous and turbulent loads. The latter contributions are directly de-
pendent on the initial configuration of the flow, making them difficult to manipulate reliably, as was already
mentioned. Hence, the forcing applied onto the rod is best controlled by imposing a convenient pressure
boundary condition on the outer surface of the brass beam. In practice, to avoid the uncertainties intro-
duced by the flow, imposing a fixed value of the pressure as a Dirichlet boundary condition is most desirable.
Within the OpenFOAM framework, a fixed pressure can be defined separately for each patch that the user
defines in the preprocessing phase of the simulation before the mesh is generated.

Next, the characteristics required for the forcing inputs are discussed. One of the key qualitative characteris-
tics of axial-flow TIV is that the forcing field imposed onto the structure is non-uniform in the axial direction.
On the other hand, it was established that the forcing is imposed by prescribing the pressure values on the
patches of the FSI boundary. Furthermore, the load interpolator has the role of reducing the 3D loads over
the FSI boundary into a set of 1D distributed loads, by summing the forcing over the structure’s cross-section
at a given axial location. Given the circular cross-section of the brass beam case, imposing the same pressure
value on the entire circumference would lead to a zero net load when mapping to the 1D structural domain.
It is therefore important for verification purposes that the pressure field is not constant in the circumferential
direction of FSI boundary. In this context, to impose an axially varying pressure field over the rod, one would
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therefore have to simultaneously split its surface into multiple patches at different axial and circumferential
positions. This would generate a large number of patches, and hence a more complicated setup of the prob-
lem, given that for each patch, all of the other boundary conditions of the problem will have to be imposed.
A workaround to this approach is found, and it is presented in the following Subsection.

4.2.1. Tests description

In Chapter 3, it was pointed out that the working of the load interpolator can be conceptualized into three
separate tasks: the computation of the 1D distributed loads for each segment, the coordinate transformation
between the OpenFOAM and the beam reference system, and the integration of the 1D distributed loads over
each beam element to obtain the associated nodal forces. It is therefore desired that in doing the individual
verification of the load interpolator, all three of these features are shown to work correctly. In the previous
Subsection, it was remarked that this is preferably done for an axially- and circumferentially- varying pres-
sure field, and that within the framework of CFD simulations in OpenFOAM, defining such a varying pressure
field using the boundary conditions is cumbersome. In this context, it is proposed that the verification of
the load interpolator be undertaken in two separate tests, as will be described below. The two can be seen as
complementary, and hence their requirements are satisfactory for proving the basic functioning of the load
interpolator module.

The first test consists of imposing a non-zero pressure field over only a portion of the brass beam’s circum-
ference, while keeping it constant in the axial direction for the entire rod. In doing so, a nonzero distributed
load is obtained at all axial positions of the rod. For simplicity, it is assumed that the non-zero load is applied
over a quarter of the rod’s circumference, such that at any point where the non-zero pressure is imposed the
the generated stresses point in the positive direction of the lateral directions of the beam reference system. A
visualization of the pressure field imposed onto the rod can be seen on the left of Figure 4.6. In the following,
the constant, nonzero pressure force applied onto the rod will be denoted p 1,as used in the right of the same
Figure.

T % Rod cross section

‘b g

y2s

4

Figure 4.6: Visual representation of the first load interpolator verification case proposed; left: the pressure field imposed onto the rod;
right: the equivalent distributed loads for each bending plane, a1, and q,1 ,
5T )4

Compared to the unified approach initially proposed, this setup offers some advantages. For one, only two
patches need to be defined for the brass beam’s outer surface, one where the pressure is zero, and one where
itisn't. Furthermore, one knows the analytical values of the distributed loads that are expected to be obtained
for each segment, and each of the two bending planes. Using the notations on the right of Figure 4.6, it can be
seen that based on the defined azimuthal angle 6 1 the local y— and z— components of the stresses are equal
to:

p%,y:p%sinei, (4.8) p%'zzplcosei, 4.9
and thus the average stresses in each direction can be obtained through using:
_— J¢’ pysind) do, 1, w10 _ J¢* pycosd) do, 1, i
o 7o, 2n s ' o 2n’ s '
i

2.
5" do,
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In equations (4.10) and (4.11), p 1y and p 1, represent stresses, and therefore have units % To obtain the

distributed loads in each plane, measured in %, use is made of a load interpolator assumption made in Sub-
section 3.4.1.1, namely that the stresses are evenly distributed around the rod’s circumference. Doing so, the
distributed loads in each plane are obtained by multiplying the average stresses with the rod’s circumference:

_ D _ D
qs’i'y_p%'y.nD_Ep%’ (4.12) qs,%,z_p%,z'”D_Epi’ (4.13)

and therefore:

D
2

o1y =1 .= 2P (4.14)

1
i

Hence, the objective of this first test is to observe whether in computing equation (3.13), the load interpolator
module obtains the analytical solution (4.14). Should this test be passed, two key capabilities are proven: the
capacity to correctly obtain the localized fluid forcing for each finite volume cell face on the FSI boundary,
as well as the correct distribution of the fluid faces to each segment using the associated connectivity matrix.
Additionally, since for the brass beam case, the x— direction of the OpenFOAM reference system does not cor-
respond to the axial direction of the rod, the coordinate transformation (3.18) is also verified. It is, however,
important to point out a limiting additional assumption of the test: since it is difficult to prescribe stresses
due to viscosity and turbulence, the contribution of ¢ to (3.13) is momentarily neglected, and will be tested
in Section 5.4, in the context of a transient FSI simulation.

Based on the above observations regarding the first test, it can be deduced that it proves the first two of the
three main functionalities of load interpolator, that is, the computation of the distributed loads for each seg-
ment, as well as their transformation to the beam reference system. However, it is also important to assess
whether given a set of distributed loads, the correct nodal forces are obtained using the integration formula
(3.19). If one simply uses the first verification test to compute the distributed loads, the correct nodal equiva-
lence would only be tested for uniform load distributions, which as already mentioned is not representative of
axial-flow TIV. To improve trust in the module and to avoid over-complication in setting up the case, it is pro-
posed that non-uniform 1D load distributions are prescribed for each of the segments, rather than transferred
from the first test case. This approach is justified by the following: after passing the first verification test, it
can be assumed that the load interpolator is capable of obtaining the correct values of the 1D distributed
loads at its different axial locations. Hence, one can test the rest of the load interpolator’s functionalities in-
dependently, using artificial intermediate inputs.

Next, the choice of distributed loads prescribed at the segments’ nodes is discussed. Similar to the first
verification test, these are chosen such that analytical solutions are known, and can be used to assess the
model’s accuracy. In the literature, the statically equivalent nodal loads can be found for simple internal load
cases, such as for a concentrated load applied at the midpoint of the structure, or for a triangular distributed
load [80, 84]. Part of these analytical solutions can be found in tabulated form in Figure C.4, Appendix C.
Such results can be easily retrieved for the nodal loads in both the XY (Fy,y, F2,y, M1 2z, M2 ;), as well as the XZ
(F1,y, F2,y, M1 7, M3 ;) bending plane.

For the verification test herein, uniform, linear, and parabolic distributed loads are imposed onto the seg-
ments’ nodes. The shape of the distributed loads, along with the expected nodal loads in the XY bending
plane, are given in Table 4.1. For the XZ bending plane, one considers the same value of the nodal forces, and
the same absolute values of the moments, but with a negative sign, given the different conventions for the two
bending planes, as was already described in Subsection 2.3.5. The verification test is undertaken separately
for each beam element, as visualized for a parabolic load in Figure 4.7. For the simple load distributions being
considered here, the local values for each node of the segments can be easily obtained based on their known
positions within the local frame of reference of each element. For example, for a parabolic load, the local
value of the 1D distributed load at a normalized position Liel of an arbitrary segment node inside the element
is:

2
A T = @.15)



4.2. Load interpolator 4. Verification of the main individual components of NRG-beamFoam

/

FEM node Segments'nodes

Figure 4.7: A visual representation of the second verification test for the load interpolator, where as an example a parabolic load distri-
bution over the element is sketched

Considered distribution Fiy Fy M, ; M, .
w wla | wla wly | _wly
2 2 2 2
Lel
S~
w 7wLe 3wLe wi?; _ wi?
20 20 20 30
Lel
Whe WLe wLZ, _wiy
3 3 15 15

Table 4.1: The load distributions considered for the second verificaton test of the load interpolator

where w represents the maximum value of the parabola, see Figure 4.7. Similarly, the values of the shape
functions required to numerically compute equations (3.5)-(3.12) are also known for a given axial position in
the local frame of reference of the system, see equations (2.73)-(2.76), and (2.84)-(2.87). The objective of the
test is therefore to see whether the nodal forces and moments obtained by the load interpolator replicate the
values seen in Table 4.1 for the different distributed loads considered, for both of the bending planes in which
the structural displacements are computed.

4.2.2. Results

The results for the first verification test are presented. This was conducted at multiple levels of discretization
for the fluid and the structure, to quantify the impact of both discretizations on the module’s behavior. Within
equation (4.14), the rod diameter of the brass beam was used, along with an arbitrarily chosen pressure force
p1= 10° %, obtaining:

N
qq,1 =635 —. (4.16)

As previously mentioned, it is of interest to determine how close the predictions of the load interpolator

module are to this result. In the following, these will be denoted as g 1 4p. A unique distributed load is used
'3

as the module’s output, since it was found to offer the same distributed load values in both bending planes,

thatis, g 1 0F = 51,08,y = 9,1 OF, For quantifying the accuracy, the relative error y ., 1 will be used:
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17451 oF
Xpep 1 [%] = ———3 100 4.17)
4 dy1

The values of y,, 1 for the different considered discretizations of the brass beam case are presented in Table
4.2, where the number of fluid elements for each case is successively provided in the radial, circumferential,
and axial direction. Since the verification test occurs at the outer surface of the brass beam, and the fluid
equations are not solved within the test, the circumferential and axial discretizations are of most interest. For
all cells on the rod’s boundary, all elements have the same sizes, that is, the considered fluid meshes are lo-
cally uniform. It is worth noting that for any given configuration in Table 4.2, the same value of the distributed
load was obtained for all of the segments. Additionally, the finest mesh discretization corresponds to the one
used by van den Bos [38] in his simulations of the brass beam case using AniPFM. This is relevant for this work
because the ultimate goal for the model developed herein is to function in combination with the AniPFM for
axial-flow TIV-FSI simulations.

Fluid Discretization Structural Discretization
# of fluid nodes #of elements | # of segments | ¥ 1 [%]
(10x 8 x120) 20 Z
10 3 0.647
(20 x 8 x 160) 6
5 3
5 3
(50 x 40 x 400) 10 3 0.105
20 3

Table 4.2: The results for the first load interpolator test, conducted for different fluid and structural discretizations; for the first five tests,
the same value of y_, 1 is obtained; the only parameter that remains constant for all five is the number of circumferential elements,
1

bolded in blue; this suggests a link between Xpep 1 and the circumferential discretization of the fluid mesh
!

Based on the obtained results, a few observations can be made. Firstly, the relative error does not depend on
the number of beam elements, nor the number of segments considered for each. This result can be explained
by the fact that the distributed loads are obtained as a summation of the cell forces assigned to each segment,
that are subsequently weighed with the corresponding summation of the cell face areas, as stipulated in equa-
tion (3.13). This approach ensures that the load mapping is consistent for each segment.

Secondly, the accuracy in mapping the imposed uniform loads is within 1%, even when just eight fluid el-
ements are used to discretize the circumference of the rod. In practice, this would be too coarse for any
high-fidelity fluid simulation. More relevant in this regard is the finest computational grid, which was previ-
ously used for AniPFM simulations. There, it can be seen that the obtained error is approximately 0.1%. This
is significantly smaller than the current uncertainty of the AniPFM module [41], therefore suggesting that the
execution of the first two tasks of the load interpolation technique is not going to significantly reduce the
accuracy of the proposed FSI workflow. In fact, it appears as if the small difference may be caused by the
difference between the discretized surface over which the pressure p 1 is applied within OpenFOAM, and the
idealized circular surface that was used to compute (4.14). In reality, in OpenFOAM, this circular surface is
obtained using straight cell faces onto which the constant value of p 1 is applied. This hypothesis is addi-
tionally supported by the fact that for the first five tests in Table 4.2, all of which gave the same relative error,
the only discretization parameter that remained constant was the number of fluid cells in the circumferential
direction, as illustrated in bold blue. Additionally, the number of circumferential elements is also the main
parameter that changes between the first five and the last three tests, the two blocks presenting different
relative errors amongst each other, but constant within each of them. As expected based on this proposed
argument, the relative error reduces as the circumferential discretization becomes finer.
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Next, the results for the second verification case of the load interpolator are discussed. Those consisted of
applying uniform, linear, and parabolic loads, using varying numbers of segments (between 3 and 24), to ob-
serve the convergence rate of the obtained nodal loads with respect to the load interpolator discretization. As
a monitor, similar to the first load interpolator test, a relative error between the analytical values in Table 4.1
and those obtained in OpenFOAM are used. However, those will not be graphically presented using percent-
ages, to avoid overcomplicating the interpretation of the logarithmic scale results.

First, the performance observed for the uniform load distribution is described. For all levels of discretiza-
tions considered, the load interpolator obtained the exact values of the nodal forces and moments asso-
ciated with the uniform load, as seen in Table 4.1. This result was expected: if the load applied onto the
element is uniform, then according to the static equivalence principle the nodal forces and moments are
obtained by integrating a second- (for the moments), or a third- (for the forces) order polynomial over the
element’s length, as seen in equations (3.5)-(3.12). On the other hand, the Simpson 3/8 rule is based on ap-
proximating the integrand as a third-order polynomial, and using this to obtain a simplified quadrature rule.
Hence, it can be expected that the Simpson 3/8 can integrate exactly a polynomial of the third order or lower.

Linear Parabolic
— slope F1,, = 4.0 —— slope M, = 4.0
—— slope M;,, =4.0
—— slope F3,, = 4.0
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Figure 4.8: The logarithmic relative error obtained for the second verification test of the load interpolator, when considering a linear
(left), and a parabolic (right) distributed load over the beam element

Next, the relative errors obtained when considering the linear and the parabolic distributed loads are pre-
sented in Figure 4.8. In particular for the parabolic load, given the symmetry with respect to the element’s
midpoint, the absolute values of the forces and moments are equal for the two nodes, as can also be seen in
the last row of Table 4.1, Fy,y = F» y = Fy, and M ; = —M> ; = M. This qualitative result is also maintained
by the numerical computations of the load interpolator module, and hence in the following the discussion of
the forces and moments for the parabolic load is made common for the two nodes.

Analyzing Figure 4.8, it can be seen that for all of the concentrated loads considered, the slope is constant,
and equal to 4. This result is expected: the Simpson 3/8 rule has this exact convergence rate [135]. Further-
more, for all cases, when considering three segments, a relative error between 2% and 10% is obtained. This
is one order of magnitude larger than the errors obtained within the first verification test, Table 4.2. When
using six and twelve elements, however, this already reduces to below 1% and 0.1%, respectively, for all of the
concentrated loads. Thus, it can be concluded that based on the requirement of obtaining nodal forces and
moments that wouldn’t increase the uncertainty of the FSI computations, one should use between six and
twelve segments. Based on the left plot of Figure 4.8, if one compares Fy,, to M ;, as well as I, , to My g,
the accuracy of the load interpolator appears to be better when considering the lateral forces, rather than
when computing the bending moments. This result is encouraging, since for the considered application it is
expected that the deformations due to the lateral forces are significantly larger than those due to the bending
rotation, given the high bending stiffness of nuclear fuel elements.
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On the right of Figure 4.8, only the convergence of the moments is presented because similar to the uni-
form distribution, exact values of the nodal forces were also obtained for the parabolic distribution when
considering six elements or more. Though this result is somewhat unexpected, it can be explained by the
fact that the truncation error of the Simpson 3/8 rule is directly proportional to the fourth derivative of a
point within the integration domain [135]. It can be shown that the fourth derivative of the integrand for the
nodal forces when using a parabolic load reaches 0 for ’LC—: = %, hence suggesting that the result is theoretically
possible.

4.3. Displacement interpolator

The role of the displacement interpolator module is to map the underrelaxed displacements of the structural
nodes to the fluid cells on the FSI boundary. To do so, the displacement interpolator makes use of equations
(3.20)-(3.25), as presented in the Methodology part of this report. In practice, this requires the computation
of different specific intermediate variables for the fluid nodes on the FSI boundary, such as their connec-
tivity matrix with the structural elements, as well as their current and initial positions with respect to the
beam axis, rpeam and rpeam,0- Their correct calculation must be verified before any complete transient FSI
simulation is run. At the same time, the displacement interpolator module is also the outer interface of the
NRG-beamFoam workflow with the rest of the OpenFOAM architecture. It is therefore of interest to also see
whether the correct displacements of the FSI boundary are sent to the mesh motion solver. Finally, provided
that the module functions as expected, another objective of this Section is to determine the accuracy that
one might expect from the displacement interpolator, for different numbers of structural elements relative
to the fluid grid. This information can then be used by future users of the NRG-beamFoam workflow to ob-
tain the desired level of accuracy within their simulations. In contrast to the other two main modules of the
NRG-beamFoam workflow (the FEM solver and the load interpolator), the verification of the displacement
interpolator is conducted using only one quantitative test. This is described in the following Subsection.

4.3.1. Test description

Similar to the tests proposed for the FEM solver and the load interpolator, it is desired that verification of
the displacement interpolator occurs as the module is isolated from the rest of the FSI workflow. Because of
this, the computation of the fluid equations was temporarily deactivated. Furthermore, to avoid any other
potential biases, no methods of the LoadInterpolator or the FEMsolver classes were called during the
mesh deformation. Since part of the displacement interpolator’s functioning is tied to its correct link with the
rest of the OpenFOAM framework, it is required that the verification is undertaken within OpenFOAM. Based
on these assumptions, there can be no dynamic coupling between the fluid and the structure, and thus only
one timestep can be computed. In summary, the verification test consists of a single-timestep simulation in
OpenFOAM, where within the PIMPLE algorithm only the DisplacementInterpolator class will be called.
Next, the data used within the verification case is discussed. Similar to the load interpolator verification, an
artificial set of inputs is fed to the displacement interpolator, for which the analytical solutions of the outputs
can be obtained and used as a benchmark. Given that most of the energy is expected to be transferred in nar-
row frequency bands around the eigenfrequencies of the structure [83], it can be supposed that the structural
displacement can be reasonably described using a linear combination of the eigenmodes of the structure.
Indeed, this is also the philosophy that led to the eigenmode-based ROMs presented in Subsections 2.4.3.2-
2.4.3.4. Some of these ROM methods will be used later in this thesis, and it is therefore of additional interest to
see the performance of the displacement interpolator in mapping the eigenmodes of the structure. Hence, as
inputs to the verification test of the displacement interpolator, the eigenmodes obtained for the coarse struc-
tural grid consisting of beam elements will be used. The role of the displacement interpolator is to then map
the said eigenmodes to each of the fluid nodes on the FSI boundary, where the fluid discretization is expected
to generally be significantly finer, given the different numerical methodologies used to solve the two domains.

To conduct the verification case, the brass beam geometry is used. Given the practical objective of determin-
ing the accuracy of the displacement interpolator for future reference, the AniPFM discretization of van den
Bos [38] is used, with 400 elements used in the axial, 50 in the radial, and 40 in the circumferential directions.
This mesh was also employed in the first verification test of the load interpolator case, for similar practical
purposes. To obtain the expected analytical solution at the fluid nodes, the eigenmodes were obtained with
a matching structural grid. For the fluid mesh used herein, the considered cells have constant lengths in the
axial direction, and since this assumption is also used by the structural elements, to obtain a matching struc-
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tural grid for the analytical solution, the only requirement is to also use 400 beam elements. For this test,
both bending planes are active, to observe the displacement interpolator’s performance in both considered

directions.
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Figure 4.9: The axial distributions of the unitary amplitude us, y (top) and s, ; (bottom) degrees of freedom obtained for the first (left)
and the fourth (right) eigenmode, at different levels of structural discretizations, compared with the analytical solution

4.3.2. Results

To verify the displacement interpolator’s behaviour, the first four eigenmodes of the structure are used as
input. For this, the same motivation as provided for the second verification test of the FEM solver stands:
for the FSI simulations that will be considered later in this work, these are the most excited modes. For the
structural discretization, between five and 20 elements will be used. The results presented herein were ob-
tained starting with the displacements imposed onto all of the fluid nodes on the FSI boundary, along with
their corresponding axial position in the global beam reference system. Based on the proposed beam element
structural model, it was expected that all fluid nodes located at a certain axial position would have the same
values of the displacements and rotations. This was indeed confirmed by processing the data from the entire
outer surface of the rod. Consequently, the fluid node deformations can be uniquely represented along the
1D beam axis. Hence, for the plots in this Subsection, axial distributions are presented, where the duplicates
at the same axial position have been already filtered out.

First, a visual representation of the displacements of the fluid nodes is provided. For illustration purposes,
the obtained us y and ¢; ; displacements for the first and the fourth eigenmode are presented in Figure 4.9.
There, good matching between the expected solution and the one obtained using a limited number of ele-
ments is seen. Furthermore, for both translations and rotations, the fidelity of the displacement interpolator
appears to be better for the first eigenmode than for the last. This result is expected, given that the higher
the eigenmode is, the less satisfying the second (for the rotations) and third (for the displacements) order
polynomial approximations (3.20) and (3.22) within an element are for the large local variations of the actual
eigenmode computed on the matching structural grid. In Appendix C.3, Figures C.5-C.8, one can further an-
alyze the spatial distributions of the first four eigenmodes obtained for all degrees of freedom considered by
the structural model, that is, us y, us z, ¢s,y, and @s .. The results there support the two claims made in this
paragraph, while at the same time proving that the behaviour of the displacement interpolator is the same
in both bending planes, including the difference in sign between ¢ ,, and ¢; . for similar distributions in
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us,y and us z, as suggested by the kinematic relations (2.62) and (2.82) of the proposed beam element model.

Having qualitatively verified that reasonable fluid node displacements are prescribed to the FSI boundary, it
is desired to quantify the module’s accuracy. At this point of the NRG-beamFoam’s workflow development,
it is of interest to see the general accuracy across the entire FSI boundary. Thus, to assess the convergence,
the relative error is computed using the norms of the eigenmode displacements obtained for the matching
grid solution, ¢ maech, and the (axially unique) output of the displacement interpolator based on the inputs
generated by the eigenmodes sampled for a coarse structural grid, ¢ coarse:

_ ” (Ps,match - (Ps.coarse ”

Xrel = ) (4.18)

” (ps,match ”

where the vectors ¢)s can refer to any of the nodal displacements us y, Us z, Ps,y, Ps, 2, for any of the first four
eigenmodes. Based on this criterion, the convergence of the displacement interpolator module is shown for
the first four eigenmodes of us , and of ¢s ., on the left and the right of Figure 4.10. For extrapolation pur-
poses, the results are presented with respect to the ratio between the number of structural and fluid nodes.
The analogous results for the us ; and the ¢ , degrees of freedom are presented in Appendix C.3, Figure C.9,
where it can be observed that the results are identical to those obtained for us ), and ¢ ., respectively. This
indicates that the displacement interpolator works equivalently for the XZ bending plane and that the obser-
vations made in the following apply to both bending directions.
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Figure 4.10: The logarithmic convergence of the displacement interpolator relative error defined in (4.18) for the us,y (left) and the ¢s, 2
(right) degrees of freedom, at varying levels of structural discretization

Based on Figure 4.10, a few conclusions can be drawn. First, for a given eigenmode number, the translations
are more accurately mapped than the rotations are. What's more, the order of convergence for us ), is approx-
imately equal to 4, while for ¢ ; it is roughly 3. This difference in the order of accuracy can be attributed to
the fact that the translations are interpolated to the inner locations of the beam elements using a third-order
polynomial, as shown in (3.20), while the rotations using a second-order one, (3.22). Secondly, as expected
based on the comments made regarding Figure 4.9, for a given discretization level the error monotonously
increases with the eigenmode number being considered.

Next, the different convergence rates obtained for each eigenmode mapped by the displacement interpolator
are discussed. In contrast to the load interpolator test in Figure 4.8, the slopes obtained for the displacement
interpolator are not constant. Furthermore, the variations in the slope values are larger for the translations
than for the rotations. In particular, the displacement interpolation of us ) appears to converge faster for
even eigenmodes. A possible explanation for these differences can be the changing sampling locations of the
eigenmodes when considering different numbers of structural nodes. As a simple example, if one uses an odd
number of elements, the midpoint of the rod is not included among the structural nodes, and the peak of the
first eigenmode for the translations us , or us ; is not captured. This is visible, for example, by considering the
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displacements obtained for the first eigenmode of us , with 5 elements, on the top left of Figure C.3. Hence,
based on equation (3.20), the displacement interpolator wouldn’t be able to reconstruct the peak, leading to
a higher value of y ¢ according to (4.18). A similar argument could also be made for the higher eigenmodes,
where the coarse structural grid samples the location on the left and the right of the local peaks of each eigen-
mode, without being able to reproduce the local amplitude.

The accuracy that one might expect from the displacement interpolator module is discussed next. The per-
formance in terms of the translations us ), is analyzed first, given that these are more relevant for fuel elements
in axial-flow TIV. The results in Figure 4.10 show that when considering 80 times fewer structural elements
than fluid ones, an average error of less than 0.1% can be expected for the translations mapped at the fluid
nodes. For the displacements of the fourth eigenmode, this increases to approximately 2%. On the other
hand, when increasing the discretization ratio to one structural element for every 20" fluid one, this error
for the fourth eigenmode translations already reduces to an average of below 0.1%. For the AniPFM dis-
cretization used by van den Bos [38], the two example cases correspond to using 5 and 20 beam elements,
respectively. In practice, the computational difference in using the latter over the former is quite small. It
can therefore be concluded that the displacement interpolator is generally able to accurately map all of the
relevant eigenmodes of the structure to the fluid nodes while maintaining a reasonable computational cost.
Of course, apart from a low average value of the error, it is also required that the mapping is locally accurate,
that is, the module shouldn’t predict large variations from the analytical solution at any of the fluid nodes.
Due to time constraints, and the fact that the pointwise convergence is better assessed within the context of
displacements generated by TIV forcing, this aspect was not quantified within this verification test.

Finally, the accuracy in determining the rotations ¢s ; is briefly discussed. For the considered application,
those are of secondary importance, given their relatively small effect on the translations imposed onto the
fluid nodes, and the subsequent low amplitude of the TIV. Nevertheless, their accuracy is important to ensure
the smoothness of the FSI boundary displacements, which can influence the stability of the numerical prob-
lem. For the coarsest considered structural discretization, the average relative errors are between 0.28% and
3.3%, for the mapping of the first and the fourth eigenmode, respectively. For the highest number of beam
elements, the average error drops to below 0.1%. Though these variations appear to be quite small, whether
this level of accuracy of the rotations is satisfying is best understood when analyzing the performance and
the stability of the workflow for complete FSI simulations.
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Verification of NRG-beamFoam using FSI
simulations

The results in Chapter 4 attest to the correct basic functioning of the main modules within the proposed work-
flow. However, all of the tests presented therein present a major limitation: they have only been conducted
for the isolated modules, and most have also only been verified statically. Hence, it is still not clear whether
the transfer of information between the different modules is correctly carried out dynamically. Furthermore,
in Chapter 4 only the main structural solver and the mapping routines between the fluid and the structure
have been tested. However, to efficiently solve the coupling between the two domains at each timestep the
proposed subiteration algorithm must also be implemented and tested.

Once the subiteration algorithm is implemented, a functional FSI workflow is obtained. It is then the tar-
get for the remainder of this Chapter to assess its accuracy and computational costs when compared to the
previous NRG-FSIFOAM workflow. Both of these objectives require that fluid and structural simulations be
run in a coupled manner. Given that NRG-beamFoam is still in its testing phase, the simulations should be
made as computationally cheap as possible, to enable quick analyses and debugging. Since the computation
of the fluid solution was found to be the biggest contributor to the computational costs of van den Bos’ FSI
simulations using AniPFM [38], the cheapest fluid model available is initially used for coupled simulations by
assuming a laminar flow. Doing so not only eliminates the need to solve the additional transport equations
for the turbulent quantities, but it also permits the use of a coarser fluid grid, and therefore a smaller di-
mension of the fluid systems of equations that need to be solved for each FSI loop. Once the behavior of the
workflow for laminar simulations was found to be satisfying, URANS simulations were also run to observe
whether the workflow could correctly include the stresses associated with turbulence. Given that both of
these fluid models underestimate the amplitudes of TIV [35], an initial deformation is applied to the beam to
give rise to dynamic FSI coupling. For comparison purposes, the FSI simulations are run using both the newly
implemented NRG-beamFoam workflow and the NRG-FSIFOAM one that it desires to replace. In Section 5.1,
a comprehensive description of the fluid and structural settings used for the laminar FSI cases is provided.
Section 5.2 presents the results that confirm the correct functioning of the subiteration algorithm of the NRG-
beamFoam workflow, while Section 5.3 presents the results that are obtained for the two methodologies for a
laminar fluid model. Section 5.4 is dedicated to the URANS FSI cases.

5.1. Laminar FSI case setup

As mentioned at the start of this Chapter, the FSI simulations will first be run using a laminar fluid model.
Though this was generally done by preserving the setup that was already laid out within the NRG-FSIFOAM
workflow, a new, coarser fluid mesh could be created, thanks to the less demanding fluid model. The topic of
this Section is hence to present the fluid discretization for the laminar simulation, as well as an overview of the
numerical settings, since this is the first instance in this research where the fluid solver is actively used. This
will be done in Subsection 5.1.1. On the other hand, this is also the first occasion when the NRG-beamFoam
algorithm is used in its entirety, and hence its inputs must be defined. The inputs are presented by taking into
account the earlier modelling choices, as well as the verification results obtained in Chapter 4. The settings
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for the NRG-beamFoam structural solver, as well as for the deal.Il used within NRG-FSIFOAM, are presented
in Subsection 5.1.2. Unless specified otherwise, the same setup was used for both the NRG-beamFoam and
the NRG-FSIFOAM workflows.

5.1.1. Fluid domain

First, the new fluid mesh is described. For its generation, 20 elements were used in the radial direction of the
annulus, 24 around its circumference, and 120 in its axial direction. This configuration was obtained starting
from the discretization grid of van den Bos [38] that he used for a URANS fluid model. Subsequently, the
number of cells in all three directions was reduced such that the curvature of the surfaces is still well repre-
sented. The final grid uses 56 thousand fluid cells, reducing the count by approximately 14 times compared
to the original mesh of van den Bos. A visual representation is given in Figure 5.1.

Figure 5.1: The fluid mesh used for the laminar FSI simulations in this Chapter

For the laminar FSI simulations, the discretization schemes were the same as the ones used by van den Bos
[38] for URANS and PFM FSI simulations. More specifically, a second-order implicit time integration was
used for the time derivatives, while for the gradient, the divergence, the Laplacian, and the cell face interpo-
lation, linear schemes were chosen. For the wall distance, the meshWave method is used, wherein for each
boundary and cell center, the distances to each wall are calculated, and only the minimum value is consid-
ered. The fvSchemes dictionary used for laminar FSI simulations can be analyzed in Appendix D, Subsection
D.1.1.

The solver settings for the laminar FSI case are presented in Appendix D, Subsection D.1.2. Those were also
taken from the setup of van den Bos [38] for an AniPFM fluid model, and they were found to work well also for
laminar cases herein, when using both NRG-beamFoam and NRG-FSIFOAM. However, three differences in
the fvSolution files used for the two different methodologies exist. First, for the NRG-beamFoam workflow
to work in a subiterative manner, the moveMeshOuterCorrectors setting in the PIMPLE subdictionary must
be set to true. This signals the solver that the mesh motion must be executed at each PIMPLE outer cor-
rector, which is the essence of the strongly coupled algorithm proposed in Subsection 3.2. Furthermore, for
NRG-beamFoam the number of subiterations at each timestep is controlled using the nOuterCorrectors
entry in the same PIMPLE subdictionary, as opposed to the dedicated preCICE configuration file for the
NRG-FSIFOAM workflow. Finally, to impose the same target residuals for both NRG-FSIFOAM and for NRG-
beamFoam, one should consider that all NRG-FSIFOAM runs by van den Bos [38] were executed by using a
single outer corrector for the PIMPLE algorithm. As a consequence, for the residual convergence only the
final constraints, associated with the last outer corrector loop, were active. By contrast, NRG-beamFoam
uses multiple outer corrector loops, which are controlled by both the conventional and the final subdic-
tionary entries. Hence, to impose the same residuals for an arbitrary subiteration of NRG-beamFoam as
those for NRG-FSIFOAM, one should use the final settings of NRG-FSIFOAM for the conventional entries in
NRG-beamFoam. Indeed, this is what was also done for the fvSolution dictionary in Subsection D.1.2.
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Next, the fluid properties are discussed. The benchmark experiment of Chen and Wambsganss [1] was con-
ducted using water at atmospheric conditions. To obtain a laminar flow using water as a working fluid for the
brass beam geometry, the velocity used would have to be equal to approximately 0.18 m/s. The use of this
velocity is not desirable for two reasons. For one, it is not representative of axial flows in nuclear reactor cores,
where velocities are usually one to two orders of magnitude higher [144]. As a consequence of this, the forces
generated by the dynamic pressure of the flow over the rod would be much smaller, leading to the prevalence
of the added mass effect for the FSI. This leads to the second reason for not choosing such a low velocity: the
difficulty in converging simulations where the added mass effect is dominant, due to the large fluctuations
induced in the fluid fields by the need to balance the mass contained within the system for incompressible
solvers. To avoid the disadvantages of using water at a low velocity, it was decided to use it at 10 m/s, but
keep the fluid model laminar, and thus not resolve the turbulence that naturally occurs at this axial velocity.
Although this computational model is not representative of the real-life physics, this approach can be used
for verification purposes, with the caveat that the effect of the turbulent stresses is not well captured. Alterna-
tively, one could have also used a liquid that is much more viscous than water, but has a similar density, such
that its flow at 10 m/s would remain laminar. However, it was feared that this would lead to a quick damping
of the rod’s movement, thereby hindering a long enough simulation time of the FSI phenomenon. Hence,

the working fluid for the laminar FSI cases is water, with a kinematic viscosity v = 107° mTz, and a density
kg
pi=1000 5.

In the following paragraph, the boundary conditions imposed for the fluid are described. For clarity, a sum-
mary of the chosen boundary conditions can be seen in Table 5.1. For this work, the boundary of the brass
beam case is split into four: the annular inlet and the outlet of the domain (called inlet and outlet), the
surface of the rod (inner), and the rigid outer rod (outer). Typical BCs are imposed for the inlet and the
outlet patches in terms of the velocity and the pressure. For the former field, a prescribed fixed value of the
inflow is provided to the inlet, while at the outlet a zero-gradient BC is imposed. At the inlet, the velocity
profile is assumed to be uniform across the annulus, similar to the choice of van de Bos [38] and of Freitas
[41] for AniPFM simulations. In terms of the pressure, a zero operating value is prescribed at the outlet, with
a zero Neumann boundary condition for the inlet. The inner and the outer patches represent solid walls,
and are therefore also modeled using a zero gradient boundary condition for the pressure. For the velocity,
the outer wall is assumed stationary, while for the inner patch the movingWallVelocity boundary condi-
tion is applied. This essentially represents a no-slip condition for the deforming solid wall, where the velocity
is computed such that the fluxes normal to the moving wall are zero, and the tangential component of the
velocity at the wall is 0. Apart from the boundary conditions for the pressure and velocity, one must also
impose boundary conditions for the mesh motion solver. Here, it is assumed that for the inlet, outlet and
outer surface of the annulus, the displacements are fixed and equal to 0. This is justified by the assumption
that the outer rod is perfectly rigid and that the brass beam is clamped at its ends. For the lateral surface of
the brass beam, it is assumed that the rod is initially stationary. However, the exact boundary condition that
is imposed depends on the workflow being used: for NRG-FSIFOAM, a fixedValue BC is provided, similar
to the rest of the boundary patches. On the other hand, for the NRG-beamFoam workflow, the newly imple-
mented BeamFoamDisplacement BC must be provided, as was explained in Sections 3.2-3.3.

patch U P pointDisplacement
value value value
type mp | type m? type
[ S ] 52 [m]
inlet fixedValue (0010) | zeroGradient - | fixedValue 000
outlet | zeroGradient - | fixedValue 0 | fixedValue 000
BeamFoamDisplacement
. for NRG-beamF i
inner movingWallVelocity (000) | zeroGradient - ( 9r eamFoam)
fixedValue 000)
(for NRG-FSIFOAM)
outer noSlip - | zeroGradient - | fixedValue 000

Table 5.1: The boundary conditions imposed for the fluid domain for the laminar FSI simulations
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Next, the initial conditions for the fluid domain are discussed. Those were obtained by simulating only the
fluid flow inside the brass beam geometry, and assuming that the structure is rigid. Hence, the mesh mo-
tion solver is also deactivated. The simulation time was one second, until the residuals of the fluid equations
reached low enough values that the latest solution could be considered steady state. Although this is not a
necessary step for the FSI computation, thatis, one can simply assume uniform pressure and velocity fields as
initial conditions for the FSI problem, running a fluid-only simulation before activating the structural solver
and subiterating is recommended as it leads to the convergence of the FSI coupling in a small number of
subiterations from the beginning of the simulation. As for the initial conditions of the mesh motion solver,
since the flow solution was obtained for a fixed mesh, no displacements are initially imposed. For compari-
son purposes, the same initial fields were used for both workflows.

As was mentioned at the beginning of this Chapter, a disadvantage of using a laminar or a URANS fluid model
is that the TIV amplitudes are largely underestimated, and therefore to obtain a large enough forcing over the
rod an initial displacement must be imposed onto the structure, after which the system is allowed to vi-
brate freely. For both FSI workflows considered, this is done by applying an initial uniform mechanical force
over the entire span of the rod in its lateral directions, and then suddenly halting its action. For the NRG-
FSIFOAM workflow, this is done using a deal.Il built-in option that enables the user to apply body forces to
the structure. In NRG-beamFoam, a similar functionality is controlled by the user based on the inputs to
the BeamFoamDisplacement boundary condition. However, using NRG-beamFoam the input of the user is
the force that is applied at each of the structural nodes. Given the different working principles of deal.Il and
NRG-beamFoam, the same exact value of the amplitude of the deformation was not immediately obtained.
However, two close amplitudes were quickly imposed using the manual modification of the inputs to each
models. Both displacements are small enough compared to the diameter of the annulus to assume that no
additional coupling effects between the fluid and the structure arose because of the difference in initial de-
formation amplitude. What is more important for the numerical experiment developed herein is to observe
whether the two workflows exhibit similar damping ratios and vibration frequencies. The comparison be-
tween the deformations for each methodology can be seen in Figure D.1, Appendix D.

5.1.2. Structural domain

First, the discretization for the two workflows is discussed. For NRG-FSIFOAM, the same structural grid used
by van den Bos [38] was maintained, since this was already obtained at the end of an FSI mesh convergence
study using a URANS fluid model with the same fluid grid as that used for this study. His findings therefore
eliminate the need to conduct a standalone structural grid study for the NRG-FSIFOAM methodology as part
of this research. The structural mesh used by van den Bos within NRG-FSIFOAM consists of 3D Lagrange Q
FEM elements [145], where two nodes are used for each element in every direction of the Cartesian frame
of reference. In terms of element count, 50 elements are used in the axial direction, and 25 in the transverse
plane of the rod. On the other hand, for NRG-beamFoam, a 1D FEM element approach is used, where the user
has to define the number of elements used in the axial direction of the structure and the number of segments
used to map the loads from the fluid mesh to the FEM nodes. For the FSI test that is going to be conducted,
where the rod is initially deformed and allowed to vibrate freely, it is expected that the rod will quickly start to
vibrate in its first eigenmode, with the higher frequency excitations quickly damped by the fluid. This is also
visible when considering the results of van den Bos [38] for a URANS FSI case, where a clear vibration pattern
in the first eigenmode is seen. Hence, the number of beam elements and segments should be chosen so that
the first eigenmode is accurately handled by the worfklow, while remaining stable during the short transient
in which higher eigenmodes are also active. As was presented in Chapter 4, the accuracy in determining the
deformation pattern of the rod, as well as the resulting mesh deformation of the fluid domain, is dependent
on the number of elements that one uses. On the other hand, the accuracy of the concentrated loads at the
FEM nodes is impacted by the number of segments being considered. Based on these criteria, a choice for
the two is made in the following paragraphs.

The number of elements required is first discussed. As far as the deformation resolution of the FEM solver
is concerned, the first eigenmode deformations are essentially converged when reaching 20 elements, as can
be seen at the top left of Figure C.3. For the fluid grid in this laminar FSI test, using 20 beam elements leads to
aratio between the structural elements and the fluid ones that is approximately equal to 0.17. In Figure 4.10,
it was shown that already for a value of 0.05, the fluid nodes’ displacements imposed by the displacement in-
terpolator are very close to the solution obtained when having a structural grid that is matching with the fluid
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one. Thus, using 20 elements appears to be satisfying in terms of the requirements of both the FEM solver
and the displacement interpolator modules, and will be used in the following for the laminar FSI simulation.

Next, the number of segments chosen for the laminar FSI simulations is motivated. Given the large num-
ber of elements chosen to represent the quasi-first eigenmode structural response, the variation of the loads
over the elements can be modeled as linearly varying between the nodes of each element. In this context,
the closest load interpolator verification case that was done is a linear variation of the distributed loads. The
difference between the test and the load case in the FSI simulation is that within the verification test, the
value of the distributed loads at the leftmost nodes was zero, while for the FSI verification, this will only be
the case for the nodes at the clamped ends of the rod. Nevertheless, the results for the previous verification
test, presented in Figure 4.8, can be used as an indicator. Hence, for a linearly varying axial load, errors of be-
low 1% were obtained for all concentrated nodal loads when using 6 segments. The difference is particularly
small for the lateral forces. This was considered a satisfying accuracy, and hence 6 segments will be used for
laminar FSI simulations.

Finally, the settings regarding the time marching are presented. The two methodologies use an implicit
trapezoidal scheme to advance the structural solution. For NRG-beamFoam, this corresponds to setting
a= i, Y = % in (2.95). Within NRG-FSIFOAM, deal.Il uses a 8 scheme [43], where to obtain the trapezoidal
scheme one must use 6 = 0.5. In terms of the timestep, for NRG-beamFoam, as a consequence of the chosen
FSI subiteration scheme, the same value must be used for both the structure and the fluid. Hence, the value
of the timestepping At needs to be chosen so that the dynamic accuracy obtained for both domains is satisfy-
ing. For the fluid domain, this was considered to be the case if the maximum Courant number is below 1. This
requirement is mainly used as a stability criterion for time integration schemes, but for the backward implicit
scheme used herein the Courant number criterion doesn'’t strictly apply. Nevertheless, it was still considered
an indicator of the accuracy of the problem, given the linear discretization schemes used throughout, which
interpolate the information on the mesh faces by only using information on the adjacent fluid cells. Fur-
thermore, for the structural accuracy, as shown in the third FEM verification test, Figure 4.5, the number of
timesteps per main period of the vibration has a clear influence on the accuracy of the displacements. Based
on the findings in the third verification test of the FEM solver, it was also decided to use 100 timesteps per
main period of the rod’s vibration. Based on these criteria, a constant timestep At = 3-107* s is used for the
laminar FSI simulations. The same timestep is also used for the NRG-FSIFOAM, for both the structural and
the fluid domain, for comparison purposes.

5.2. Verification of the subiterator

Having described the settings for the laminar FSI simulation in Section 5.1, the verification of the subiteration
algorithm is now presented. This constitutes the last module of NRG-beamFoam that needs to be verified be-
fore FSI simulations can be run using the beam-element FEM solver. In this context, it is of interest to see
whether the module works as expected. Once this is established, it is also worthwhile to determine the ap-
proximate number of subiterations that the workflow needs, as well as the improvements of using the Aitken
subiteration algorithm over using a fixed subiteration value. For all of the FSI cases in this Section, the settings
in Section 5.1 are used, for a total simulation time of approximately 0.2 seconds. For the brass beam geometry,
this represents between four and five vibration periods. In this Section, the transient lateral displacements
are represented in adimensionalized form, where the rod diameter and the period of the vibration are used
as characteristic lengths and timescales, respectively.

As was concluded in Section 2.1, given its good balance between efficiency and computational cost, for this
thesis an Aitken subiteration algorithm is implemented. However, since simple benchmark tests for the
Aitken algorithm were not readily found, it was decided to create one for this thesis. To this end, FSI sim-
ulations were first run using fixed values of the URE For this subiteration method, the implementation is
more straightforward than for Aitken, thereby enabling a quick implementation. What’s more, for converged
FSI residuals, for the same sets of settings used for the structural and the fluid solver, one should reach the
same results using both subiteration methods. Thus, the results obtained with the fixed URF subiterations
can be used as a benchmark for the Aitken algorithm.
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Figure 5.2: The y component of the lateral midpoint displacement of the rod for the laminar FSI case for the fixed URF verification test,
equation (2.8), where different values of wyg o are used for 2500 OC at each timestep for the NRG-beamFoam workflow, in combination
with a laminar fluid model

To verify that the fixed URF subiteration was correctly implemented, FSI simulations with 2500 OC at each
timestep were run. This number of FSI subiterations is exceedingly high, and should ensure that a converged
solution is obtained for all values of the URE To certify the convergence of the fixed URF algorithm, the y—
component of the rod’s displacement in the beam reference system was used as a monitor, and results are
presented in Figure 5.2. Indeed, for the two cases, the exact same results are obtained at each timestep.

Since the fixed URF approach was found to work correctly in solving the coupling, the results in Figure 5.2
can be further used as a benchmark for the Aitken implementation. Initially, it was desired to use the same
number of OC also for the verification of the Aitken subiteration algorithm. In practice, however, this led to
crashes of the FSI simulations, since the residuals determined for two consecutive subiterations were even-
tually found to be zero. Hence, based on (2.9), the value of wyg; was obtained by diving by 0, leading to a
solver error. Through trial and error, the highest number of subiterations for which the Aitken simulations
remained stable was 10. This is the OC value used for the results in Figure 5.3, where the outputs of the Aitken
method for the midpoint displacement are compared with the reference values in Figure 5.2. It can be seen
that the same results are obtained, thereby showing that the implementation of the Aitken algorithm is also
correct.
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Figure 5.3: The y component of the lateral midpoint displacement of the rod for the laminar FSI case for the Aitken subiteration algorithm
verification test, where two different values of the intial URF is used for 10 OC at each timestep for the NRG-beamFoam workflow, in
combination with a laminar fluid model
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Figure 5.4: Convergence study for the number of FSI subiterations when using the fixed URF (left) and the Aitken (right) subiteration
algorithms, with an initial URF wyg o = 0.4, using the y component of the lateral midpoint displacement of the rod, where two different
values of the intial URF is used for 10 OC at each timestep for the NRG-beamFoam workflow, in combination with a laminar fluid model

Having demonstrated the convergence of both the fixed URF and the Aitken subiteration algorithm, it is now
of interest to determine the actual number of FSI loops that each method needs to reach convergence. This is
dependent on the initial value of the URE For the fixed URF method, wyg, remains constant throughout the
subiterations, while for the Aitken method, it will adapt based on the residuals obtained throughout the subit-
eration process. Hence, the value chosen for the URF particularly impacts the number of subiterations of the
fixed URF approach, which cannot adapt itself as the Aitken method does. Having made these preliminary
observations, for this example, a value of wyg ¢ = 0.4 is considered. In practice, this represents a conservative
value that a user would choose for unstable computations. For this value of the URE the values are repre-
sented in Figure 5.4. There, it can be seen that the fixed URF needs 19 subiterations to reach converge, while
the Aitken algorithm only 8. This implies that under the conditions considered in this test, using the Aitken
algorithm reduces the computational cost to approximately half. Of course, this benefit would decrease if a
higher value of the initial URF were used. The test nevertheless indicates that the use of the Aitken algorithm
brings noticeable computational benefits, and those are expected to be particularly visible for strongly cou-
pled FSI scenarios in which NRG-beamFoam will be used. Of course, one might improve the computational
benefits further by implementing a more efficient subiteration algorithm, such as IQN-ILS.

Throughout this Section, only the y— components of the lateral displacements have been presented. How-
ever, it is worth noting that an analogous behaviour of the subiterator was also found for the z— component
of the lateral displacements. To show this, the same verification tests as shown in Figures 5.2 and 5.3 are
presented for the z— component in Figures D.2 and D.3, Appendix D, where one can observe that identical
results are obtained. This is expected, since the same initial forcing is applied to both bending planes of
the rod. Hence, both the fixed URF and the Aitken subiterators can accomodate for the two bending plane
structural model used for this thesis.
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Figure 5.5: The midpoint lateral displacement obtained by the NRG-FSIFOAM workflow for different values of the relative convergence
parameter AK, defined in equation (5.1)
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5.3. Laminar FSI results

The results presented in Section 5.2 indicate that the subiterator is working as expected, and therefore in
combination with the findings in Chapter 4 all components of NRG-beamFoam appear to be functional. This
means that FSI simulations can now be run using the newly proposed workflow. This Section presents a com-
parison of the results obtained with NRG-FSIFOAM and with NRG-beamFoam for a laminar FSI case of the
brass beam geometry at a flow velocity of 10 m/s.

First, itis mentioned that although no visualisation of the flowfield is offered for the laminar FSI case, the pres-
sure field qualitatively resembles that observed for the mean pressure in Figure 6.1 when using an AniPFM
fluid model. Of course, due to the laminar flow, the skin friction is reduced, and thus one can expect a lower
pressure gradient than the one that is observed there.

The setup of the case was already presented in Section 5.1, where the settings for the fluid and the structural
domain were presented in detail. However, the final option that the user needs to pick is the convergence
criterion for the FSI loop at a given timestep. For NRG-beamFoam, no criterion can be used for the FSI con-
vergence, except for the fixed number of FSI subiterations at each timestep, for reasons explained in Subsec-
tion 3.4.3. Based on the results in Section 5.2, for a representative case of the NRG-beamFoam workflow, 8 FSI
subiterations are used in combination with the Aitken subiteration algorithm, with a starting URF wygo = 0.4.
On the other hand, within NRG-FSIFOAM, the number of subiterations at each timestep can be controlled by
computing the following A criterion at each k™ FSI loop:

Ak = M’ (5.1)

|ser ()]

where d represent the displacements on the FSI boundary, and S and F the structural and the fluid solver
operators. To control the FSI loop, both van den Bos [38] and Freitas [41] used a value of A¥ = 0.005, with an
initial URF wyg o = 0.2. However, this was never explicitly shown to be a value that ensures FSI convergence.
Hence, it was decided to study the dependency between the results of the NRG-FSIFOAM workflow and the
value of Ak imposed in (5.1) in a laminar FSI setting. Results are shown in Figure 5.5, which indeed confirm
the validity of the value of AX that was previously used. Hence, the same value will also be used for this study.
On top of this, a second convergence criterion is imposed: if the desired value of the criterion (5.1) is not
reached in 10 subiterations, then the solver moves to the next timestep.

Using the FSI convergence criteria defined above, the comparison between the NRG-FSIFOAM and the NRG-
beamFoam results is made using the lateral midpoint displacement. Since the initial amplitude varies be-
tween the two workflows due to the different amplitudes of the initial forces applied onto the rod, as was
explained at the end of Subsection 5.1.1, for the remainder of this thesis the analysis is made by adimension-
alizing the lateral displacements for each of the two setups with their respective initial amplitude value. Since
both describe a decaying vibration starting from an initial deformation, their output can be reduced to the
vibration frequency and the damping ratio for each case. Hence, these monitors are mainly used to com-
pare the workflows. To determine the vibration frequency and damping ratio, a fit function u g is applied
to each signal, as defined in equation (5.2). Using the midpoint displacements at different timesteps for the
two methodologies, the values of the fitting constants Ags, yht, wge, and ¢g; in (5.2) can be determined. Based
on these, the frequencies and damping ratios can be computed using equations (5.3) and (5.4). For the curve
fitting, only the displacements after the application of the initial force are used, given that the sinusoidal de-
cay assumption of equation (5.2) does not necessarily correspond to the forced excitation that initially occurs
within the system.

us fie (1) = Agee” 1t sin(wge t — Pie) (5.2)

Wfit

fiu= 52 (5.3) Fpp—

2 2
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Having described the monitors used for comparing the two workflows, the transient midpoint displacement
is presented in Figure 5.6, and the corresponding frequency and damping in Table 5.2. It is worth mentioning

(5.4)
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that the uncertainty of the results was not quantified, and therefore the differences may also stem from here.
Nevertheless, a good matching between the two methods can generally be observed: for both the frequency
and the damping ratio the relative differences between the NRG-FSIFOAM and the NRG-beamFoam outputs

are within 1.5% of each other.
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Figure 5.6: The y component of the lateral midpoint displacement of the rod for the lami-
nar FSI case, for the proposed NRG-beamFoam workflow, compared with the current NRG-
FSIFOAM one

fii (Hz]

és, ﬁt[']

FSIFOAM

25.645

0.00509

beamFoam

25.806

0.00516

Table 5.2: Comparison between the fre-
quency and the damping ratio obtained
for the two FSI methodologies for a lam-

inar fluid model

In Figure 5.6, the difference in the frequency between the two methodologies is more visible, since a phase
shift can be observed between the outputs for high values of % This can be caused by multiple differences
between the two workflows, such as the mapping routines. A particular cause of the change in vibration fre-
quency could also be inherently related to the different structural solvers used within NRG-FSIFOAM and
NRG-beamFoam. The former uses a Lagrange Q Finite Element approach, where each cell has two nodes
in every direction of the Cartesian frame of reference, and where Lagrange polynomials are used as shape
functions. The local stiffness matrix of each element is obtained based on the said Lagrange polynomials.
To compute the mass matrix, a Gauss quadrature rule is used, based on the same Lagrange shape functions
as used to build the stiffness matrix [146]. In this regard, the mass matrix is consistent. By contrast, NRG-
beamFoam uses the Hermitian shape functions (2.71)-(2.76) and (2.84)-(2.87), by assuming that the bending
planes are independent of one another, and by computing the stiffness and mass matrices for each bending
plane using a consistent approach. Since the shape functions and the quadrature rules for the two struc-
tural solvers are completely different, one could also expect that the stiffness and mass matrices would vary.
Hence, the eigenfrequencies and eigenmodes computed with each of the two solvers should also be slightly
different, given that they form the eigensolution to the generalized eigenproblem formed by the mass and
the stiffness matrix, equation (2.98). This hypothesis can be quantified by using the NRG-FSIFOAM and the
NRG-beamFoam workflows in a similar FSI setting, but with air as a working fluid. For such a situation, the
FSI coupling would be non-existent given the low ratio of density between the air and the rod, and the poten-
tial differences in the frequency obtained could only originate from the inherent behaviour of the structural
solvers within the two methodologies.

In conclusion, the newly implemented NRG-beamFoam workflow offers very similar results to the NRG-
FSIFOAM methodology for a short-period laminar FSI case of the brass beam. The differences in frequency
and damping of the rod’s motion are small and can be attributed to, for example, the different structural
solvers employed within the two methodologies.

5.4. URANS FSI

The previous Section proved that NRG-beamFoam works well when using a laminar fluid model. It is of more
engineering interest, however, to determine its performance when using a turbulent fluid model, since this
is the regime that is almost exclusively found in nuclear reactors’ core axial flow. For the NRG-beamFoam
methodology, the only change compared to the laminar case is the nature of the inputs to the load interpola-
tor: now, the turbulent stresses are also included. In practice, the use of a turbulent fluid model also required
other modifications to the setup of the case, as will be detailed in Subsection 5.4.1. Similar to the laminar
FSI case, it is of interest to not only present the numerical settings, but also to investigate the reduction of
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the numerical errors, as well as to compare the results obtained with the two workflows. This is presented in
Subsection 5.4.3. Since the URANS case is also of practical interest for axial flow TIV investigations, in Subsec-
tions 5.4.2 and 5.4.4 the method and the associated results obtained by comparing the computational costs
of NRG-beamFoam and NRG-FSIFOAM are presented.

5.4.1. Case setup

Given that both workflows performed well for a laminar FSI case, the same settings presented in Section 5.1
are maintained for the URANS case wherever possible. However, for the turbulence modelling, the k and the
o fields need to be additionally computed, and thus, new discretization schemes and solver settings are pro-
vided in Appendix D, Subsections D.2.1 and D.2.2, respectively. These are the same as used by van den Bos
[38]. Furthermore, the new boundary conditions are presented in Table 5.3. At the inlet, the values of both
are provided as constant for the entire patch. The values were calculated by assuming a turbulent intensity
of 5% and a turbulent length scale of 0.1 cm [38]. For the outlet, zero Neumann boundary conditions are pre-
scribed. Though the value of k exactly at the solid inner and outer walls is 0, a slightly higher value of 1e-12
is imposed for stability. For the specific dissipation rate w, a specific omegaWallFunction BC is provided,
which computes its values at the center of the fluid cells adjacent to the wall based on the local value of y*.
The initial conditions for the problem are obtained similarly to the laminar case, that is, a fluid-only simu-
lation is run until convergence, before the coupling between the fluid and the structure is switched on. Of
course, the difference with the laminar case is that now for the fluid-only case a URANS fluid model is used.
For all pure URANS FSI simulations in this thesis, the same fluid model and the same initial forcing are used
as for the laminar case.

The discretization settings for the structure in the two workflows also remain the same as they were for the
laminar case: since only the turbulent loads are added to the laminar case, it is expected that the load pattern
in the axial direction of the rod will not change significantly compared to the laminar case. Hence, the same
number of elements and segments can be used for the NRG-beamFoam workflow, and the same structural
grid for the NRG-FSIFOAM methodology. Another consequence of the similar fluid conditions is also that
the same timestep can be used, since neither the Courant number nor the rod dynamics are expected to be
significantly affected by the turbulent stresses.

k w
patch o I
type value [1;1_2] type value [g]
inlet fixedValue 0.375 | fixedValue 612
outlet | zeroGradient - | zeroGradient -
inner | fixedValue le-12 | omegaWallFunction -
outer | fixedValue le-12 | omegaWallFunction -

Table 5.3: The additional boundary conditions imposed for the fluid domain for the URANS FSI simulations
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Figure 5.7: The fluid mesh used for the URANS FSI simulations in this Chapter
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However, three differences compared to the laminar FSI case need to be pointed out. First, given the need
to now model the turbulence, the resolution of the mesh had to be increased. The fluid mesh of van den
Bos [38], which he generated for both pure URANS and for URANS-AniPFM FSI simulations, was obtained
at the end of a mesh convergence study using the same settings for the URANS fluid model as the ones in
this study. Hence, the same fluid grid is used for the study herein. This consists of a discretization where 400
uniform axial elements are used, along with 50 in the radial and 40 in the circumferential direction. A visual
representation of the mesh is given in Figure 5.7. Additionally, for the NRG-beamFoam methodology, stability
issues were observed if the turbulent transport equations for k and w were not solved at all subiterations. No
explanation for this could be formulated. Nevertheless, to ensure that the turbulent fields are recomputed
for each outer corrector of the PIMPLE loop, when using the NRG-beamFoam workflow with a URANS fluid
model, turbOnFinalIterOnly must be set to false in the PIMPLE subdictionary of fvSolution. Finally,
since the URANS case is closer to the phenomena encountered in real-life applications in nuclear reactors, a
longer simulation time was used than for the previous laminar case, that is, 0.5 seconds instead of 0.2. This
corresponds to approximately 12 periods of the rod’s vibration.

5.4.2. Determination of the computational times for the two workflows

Given that the main practical objective of the NRG-beamFoam workflow is to reduce the computational cost
of NRG-FSIFOAM while keeping the same level of accuracy, this thesis’ outcome should contain a comparison
of the computational costs of the two methodologies. How the CPU time data is collected for the comparison
between NRG-FSIFOAM and NRG-beamFoam is presented in this Subsection. It is worth reminding that the
NRG-beamFoam workflow is intended to replace all steps of the FSI loop, except for the computation of the
fluid solution and the mesh motion solver, as can be seen in Figure 3.1. Thus, for a fair comparison of the two
workflows, one should use the entire computational time spent inside the NRG-beamFoam workflow with
the time that is spent outside of the fluid solver and the mesh motion solver within NRG-FSIFOAM.

For the NRG-FSIFOAM workflow, use was made of the performance analysis features of preCICE. The software
creates a standalone . json file for both the fluid and the solid domains, based on which the user can visualize
atimeline of the different operations that take place for each solver from the coupling algorithm’s perspective:
the communication of raw information between the fluid and the structural solvers, the associated compu-
tation of the mapping between the two grids, and the actual computation of the solution for each of the two
domains. Starting from this, at the end of the simulation, a summary file is generated for each solver, where
one can find statistics about the number of occurrences and the total computational time associated with the
solver solution at each subiteration, as well as the associated mapping and communication with the other
mesh. It is worth mentioning that different timelines are obtained for each of the processors participating in
the parallel solution of the structural or fluid problem. The summary file is obtained based on the CPU time
of the master processor of the simulation. An example of both outputs can be seen in Figure D.4, Appendix
D. Based on the entries in the summary file, the total time spent throughout the transient computations can
be split into two categories: the total time spent within OpenFOAM, contained in the solver.advance entry,
and the CPU time spent advancing the FSI coupling, advance. Since both the computation of the fluid fields
and the mesh motion are executed in OpenFOAM, the entry advance represents the CPU time that is directly
comparable to the set of routines that are desired to be optimized using NRG-beamFoam, for the master pro-
cessor of the OpenFOAM computation.

For the NRG-beamFoam workflow, the CPU time is obtained by using an instance of the clockTime Open-
FOAM class, which has a precision of 2-107% s for timing the execution of given routines within the developed
code. Four different entries are created for the CPU times: fluid solver, load interpolator, FEM solver, and dis-
placement interpolator. To keep the results comparable with NRG-FSIFOAM, all of these are only computed
on the master processor within the OpenFOAM parallel run. Throughout the transient, time is added to each
of these entries by using the timeIncrement () method of the clockTime class after the routines associated
with the load interpolator, the FEM solver, and the displacement interpolator have been executed inside the
BeamFoamDisplacement .updateCoeffs () method. In particular, the timing of the fluid solver time starts at
the end of the BeamFoamDisplacement .updateCoeffs (), and it ends once a new call of the same function
is made. In this regard, similar to the outputs of preCICE, inside the fluid solver entry of NRG-beamFoam’s
CPU time both the mesh motion and the computation of the fluid domains are computed. Thus, to compare
NRG-beamFoam to its predecessor, the summation of the CPU times spent inside the load interpolator, the
FEM solver, and the displacement interpolator will be used.
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5.4.3. Frequency and damping ratio comparison

For the main URANS results, the same monitors as for the laminar case will be used. However, to offer a
fair comparison between the two workflows, the FSI convergence is first analyzed for each. Given the small
variation found for the NRG-FSIFOAM results, Figure 5.5, a similar study was not conducted for the current
URANS case. Instead, the same convergence criteria were used for the NRG-FSIFOAM workflow as for the
laminar case (wygo = 0.2, AX = 0.005, and no more than 10 subiterations for each timestep). However, for
NRG-beamFoam, a similar study of the convergence of the results was conducted, for varying numbers of
OC for the PIMPLE algorithm. Results will be presented for 10 to 40 subiterations at each timestep, where
an initial URF wyg = 0.4 is used. Though a simulation with 5 outer correctors was also attempted, it led to
a premature crash of the simulations and is therefore not presented here. To better quantify the differences
between the NRG-beamFoam results with different numbers of OCs, the relative difference in the Root-Mean
Square (RMS) of the damped signal compared to the case when 40 OCs is used:

RMS — RMSy90c

ARMS = ——@M@M88. (5.5)
RMS400c
0.10
0.08 — 100C — 40 0C
0.06 — 300C
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Figure 5.8: Convergence study for the number of FSI subiterations when using the Aitken subiteration algo- Table 5.4: The RMS am-
rithm, with an initial URF wyg o = 0.4, using the y component of the lateral midpoint displacement of the plitude variation for the
rod, for the NRG-beamFoam workflow, in combination with a URANS fluid model URANS OC convergence

test

The OC convergence study for NRG-beamFoam is presented in Figure 5.8, with the variation in the RMS of the
damped signal in Table 5.4. A small variation between using 10 and 40 OC is seen in the results, namely, a 0.3%
variation in the RMS of the signal. This marginal improvement is obtained by increasing the computational
cost approximately fourfold. Hence, in the following, 10 OCs are used for the NRG-beamFoam workflow, as a
good balance between accuracy and computational efficiency.
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- 02 FSIFOAM | 25.676 | 0.01937
N
4 0.0 beamFoam | 25.808 | 0.01928
< -0.2
-0.4
~0-65 2 4 6 8 10
t
7 [-]
Figure 5.9: The y component of the lateral midpoint displacement of the rod for the URANS Table 5.5: Comparisor} beth':en the' fre-
FSI case, for the proposed NRG-beamFoam workflow, compared with the current NRG- quency and the damping ratio obtained
FSIFOAM one for the two FSI methodologies for a

URANS fluid model

86



5.4. URANS FSI 5. Verification of NRG-beamFoam using FSI simulations

Having performed the FSI convergence study, the comparative results between NRG-FSIFOAM and the NRG-
beamFoam workflows are presented in Figure 5.9 and Table 5.5. Compared to the laminar case, the changes
in frequency are minor, approximately 0.02 Hz for NRG-FSIFOAM and 0.002 for NRG-beamFoam. This is
expected, given that the frequency is mainly influenced by the eigenfrequencies that are inherent to each
structural solver of the two methodologies, and by the added mass effect of the fluid that is obtained through
the coupling. Neither of these was expected to be influenced by the effects of turbulence developed within
the fluid flow. On the other hand, the damping ratio is almost quadrupled when going from a laminar to a
URANS fluid model. This can be attributed to the larger force components that are developed by the turbu-
lent structures normal to the wall [140], and hence to the larger energy transfer between the two media. For
the URANS FSI case, the damping ratios for the two considered methodologies remain similar to one another,
with a relative difference of less than 0.5%. In contrast to the laminar FSI case, however, the damping ratio
obtained for NRG-FSIFOAM is larger than the one for the NRG-beamFoam. These differences could be at-
tributed, for example, to the changes in total energy within each FSI system due to the mapping of stresses
and displacements on the FSI boundary. At the same time, the slightly different results may be a consequence
of the uncertainty of using the fit function (5.2).

5.4.4. Computational comparison

First, an analysis of the computational time within the NRG-FSIFOAM workflow is given. This is presented in
Figure 5.10, where the outputs of preCICE for the Fluid solver are presented. First, the left chart of Figure 5.10
is commented. The entries "Fluid solver" and "FSI advance" correspond to advance and solver.advance
in the preCICE summary files of the fluid domain, as introduced in Subsection 5.4.2. Hence, the chart on the
left of Figure 5.10 shows that the fluid solver of NRG-FSIFOAM spends approximately half of the time (51.1%)
computing the solution for the mesh motion and the fluid fields. The rest of the time (48.89%) is spent on
waiting for preCICE to communicate the boundary displacements based on the outputs of the structural
solver that are required for the next subiteration. Although the fluid grid is significantly larger than that of the
structure, as was described in Subsection 5.4.1, the former domain was computed using 60 cores, and the lat-
ter using only 1. It was therefore expected that the simulation time for the two domains would be comparable,
with the initial mapping of the displacements from the structure taking up a small portion of the processing
power. Upon inspecting the timeline of the different routines executed by the fluid solver in contrast with
those of the structural solver inside NRG-FSIFOAM, it was found that the computation of the structural so-
lution is longer than that of the fluid. This is visible in Figure D.5, Appendix D, for a random subiteration of
the FSI transient. Hence, most of the time associated with the "FSI advance" entry on the left of Figure 5.10
consists of the fluid solver waiting for the structural displacements on the FSI boundary to be computed.

I Fluid solver 51.11% B Fluid solver 93.31%
I FSI advance 48.89% W Solid-to-Fluid mapping 6.69%

W

Figure 5.10: Left: the CPU time spent within the NRG-FSIFOAM workflow on the fluid and the rest of the FSI routines; right: comparison
between the CPU time spent on obtaining the fluid solution, and that on mapping its necessary inputs
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The practical implications of the high computational costs for the structure in NRG-FSIFOAM are now given.
It is important to note that the deal.Il solver used for the NRG-FSIFOAM methodology can only be run in
serial. Thus, the structural solver in deal.Il represents a bottleneck of the entire worfklow: if one wanted to
speed up the computations by increasing the number of cores with which the fluid domain is decomposed,
then each of these would have to wait for the structural solution to be computed by the single core allocated
to the structural solution first, before moving on to the next subiteration. Hence, for the current setup, if
the number of allocated processors were increased, the total computational time would remain the same.
Despite this, to be able to compare the general performance of a 3D Lagrange element FEM solver, as used
by deal.Il within NRG-FSIFOAM, to the 1D beam element FEM used by NRG-beamFoam, it is assumed that
the Lagrange-element structural solver within NRG-FSIFOAM is executed faster than the fluid solver for the
considered problem. In such a situation, the "FSI advance" entry on the left of Figure 5.10 would be ap-
proximately equal to the time that is spent on mapping the solution from the structural domain. Within the
preCICE summary files, the total time specifically spent on transferring this coupling information is also pro-
vided. Hence, this hypothetical situation is presented in Figure 5.10, where for the considered simulation
a faster structural solver would imply that approximately 6.7% of the computational time would be spent
on mapping the solution from the brass bream to the fluid domain surrounding it. This will be used in the
following for a comparison with the NRG-beamFoam workflow.

I |oad Interpolator 39.87%
I Fluid solver 99.44% B FEM solver 12.34%

W beamFoam 0.56% B Displacement Interpolator 47.79%

X

Figure 5.11: Left: the CPU time spent within the NRG-beamFoam workflow on the fluid and the beamFoam routines; right: the break-
down of the CPU time spent for the different classes inside beamFoam

Having discussed the NRG-FSIFOAM performance for a URANS FSI case, the same is done for the NRG-
beamFoam workflow, where the associated results can be visualized in Figure 5.11. On the left chart of Figure
5.11, it can be seen that all of the routines within NRG-beamFoam only take up 0.55% of the computational
time. This implies a speed-up of more than 48% compared to the nominal NRG-FSIFOAM settings provided
by van den Bos [38], provided that the same number of FSI subiterations are executed. Assuming that the
structural solver were faster than the fluid one, it can be observed that the use of NRG-beamFoam still re-
duces the computational costs by approximately 6% for a URANS FSI case, while offering very similar results
of the rod’s vibration, as seen in Figure 5.9 and Table 5.5.

In light of the newly discovered bottleneck of the NRG-FSIFOAM workflow, it is of interest to also understand
whether the same could occur for the NRG-beamFoam workflow. As was already mentioned in Subsection
3.3, the beamFoam part of the methodology works in parallel on each core that is used to decompose the
fluid domain, and the same operations are executed by each core. In principle, this implies a similar sit-
uation as for the NRG-FSIFOAM workflow, where the fluid solver is stopped until the structural solution is
computed. However, given the small number of unknowns for the structural problem, the computational
overhead should remain reduced, even once more complex configurations are tested.
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It is also of practical interest to observe the relative computational cost of each of the three main modules
of NRG-beamFoam, as seen on the right of Figure 5.11. For the current case, the FEM solver only accounts
for 12% of the computational costs, while the rest of the processing power is spent on the mapping routines.
This implies that the ROM solver, which is intended to reduce the computational costs of the FEM solver, will
have a very marginal impact on the total computational cost of the FSI simulations using NRG-beamFoam.
It is then important to observe how the shares between the different modules, as seen on the right of Figure
5.11, will vary when using more complex configurations to compute axial-flow TIV behaviour.

As an ending to this Chapter, it is important to point out the current limitations of the NRG-beamFoam work-
flow. In comparing the two workflows, it was assumed that the same fluid solver costs are present on the
right of Figure 5.10 and on the left of Figure 5.11, that is, the same fluid solver costs are incurred in both
the NRG-FSIFOAM and the NRG-beamFoam methodologies. However, this is not currently true. Although
the same settings are essentially used for the fluid models within both workflows, the FSI convergence cri-
teria for the two are different, where NRG-beamFoam always used 10 OC, while NRG-FSIFOAM adapted its
number of subiterations for each timestep based on the criterion (5.1). In practice, this led to an average of
between 7 and 8 subiterations. The computational benefits of NRG-beamFoam presented in this Chapter
are valid under the condition that the same number of subiterations would be executed using the two work-
flows. This is possible if a similar criterion (5.1) is used for the control of the PIMPLE algorithm within the
NRG-beamFoam workflow, and if no difference in the FSI convergence occurs because of the different vectors
that are used for the displacement convergence. More specifically, NRG-FSIFOAM uses the displacements for
the Lagrange-element grid as d* in (5.1), while NRG-beamFoam uses either the nodal displacements (for the
FEM element solver), or the generalized modal coordinates (for the ROM solver). On top of this, differences
in the number of subiterations may appear due to difference in performance between the IQN-ILS (used by
NRG-FSIFOAM), and the Aitken algorithm (implemented in NRG-beamFoam), where the former is known to
be better performing. Nevertheless, the results in this Subsection show that the mapping routines and the
structural solver within NRG-beamFoam present inherent advantages over those in NRG-FSIFOAM thanks to
formulating the structural problem using a small number of unknowns.
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Chapter 5 showed that the proposed NRG-beamFoam workflow can be reliably used for a URANS fluid model,
and that it can potentially reduce the computational cost of the currently used NRG-FSIFOAM workflow.
However, using a URANS fluid model is generally not satisfying for simulating TIV phenomena, since this
leads to an underestimation of the amplitude of the structural vibrations [35]. Because of this, within NRG a
novel AniPFM fluid model was developed, whose mathematical model was described in Subsection 2.2.3. In
the current Chapter, a description is offered of the attempts that were made in this thesis to combine the most
recent iteration of the AniPFM solver with NRG-beamFoam. In Section 6.1, a description of the settings used
to run FSI simulations with the AniPFM model is offered for both the NRG-FSIFOAM and the NRG-beamFoam
workflows, with the associated results reported in Section 6.2.

6.1. Case setup

Similar to all previous FSI results presented in this work, the brass beam geometry is used, for an axial flow
velocity at 10 m/s. What's more, the transport properties for the fluid remain the same as for the rest of the FSI
cases in this work. For this Chapter, it is generally attempted to use the same settings as those of Freitas [41],
who presented the most recent advancements of the AniPFM model. Thus, for the fluid discretization, the
mesh that was most recently employed for NRG-FSIFOAM cases is also used here. This specific discretization
uses the same radial and circumferential discretization as the mesh used in Chapter 5 for the URANS cases,
but with 300 uniform axial elements instead of 400. This reduces the computational costs, and it was shown
to cause a small change in the uncertainty of the results for the specific settings of the AniPFM model that
will be used in this Chapter [41]. More specifically, 256 modes are used for the Fourier decomposition of the
non-dimensional velocity fluctuations. Unless specified otherwise, the random seed used to generate the
wavenumber vectors for each of these modes is equal to the default value, 0. As was already mentioned in
Subsection 2.2.3.2, the C&EC time correlation method is used for the computation of the non-dimensional
velocity fluctuations at the current timestep, with a value of the control parameter f; = 25, as for higher val-
ues the two point-correlation of the velocity fluctuations doesn’t significantly change for a turbulent channel
flow geometry, thereby suggesting a similar decorrelation for the brass beam case [41]. To model the TKE
spectrum, the wavenumber space was discretized using 128 intervals, and the maximum wavelength [ger
was taken as equal to the hydraulic radius of the geometry. The wavelength at which the TKE is highest, &, is
computed using the cubic cut-off formulation, (2.34), with C; = 3.

The additional discretization schemes and solver settings associated with the AniPFM model are presented
in Appendix E, Subsections E.1 and E.2. For the former, the same settings as used by Freitas [41] are also
imposed for this work. For the latter, slightly more stringent residual criteria are imposed for the fluctuating
fields, in the attempt of stabilizing the computations.
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Ufluct pfluct
patch o -
type value ] | type value [“S“—Z]
inlet d 000 -
e mappe ¢ ) fluctuatingPressure
tlet d 000 -
oute mappe ¢ ) fluctuatingPressure
inner | noSlip - | zeroGradient -
outer | noSlip - | zeroGradient -

Table 6.1: The additional boundary conditions imposed for the fluid domain for the URANS AniPFM simulations

The use of the fluctuating pressure and velocity fields within the AniPFM model also leads to the requirement
of prescribing boundary conditions for both. For the current setup, these are presented in Table 6.1. At the
walls, both fluctuating fields should satisfy the same boundary conditions as for the mean fields computed
for URANS simulations, that is, a zero Neumann boundary condition for the pressure fluctuations (corre-

sponding to %—’: =0), and a no-slip condition for the velocity fluctuations (u; = 0). This is in agreement with
the results that one obtains, using, for example, the Reynolds decomposition [34]. For the inlet and the out-
let, the velocity fluctuations are obtained by mapping fluctuations that already exist inside the domain, as
explained in Subsection 3.4.6. For the pressure flucutations, the fluctuatingPressure BC is used. This
uses equation (3.26) to obtain the pressure fluctuations on the patch starting from the mapped velocity fluc-
tuations.

The strategy for obtaining the initial conditions is similar to the previous URANS and laminar FSI cases,
namely, a fluid-only simulation is run before the FSI coupling is activated. For this preliminary simulation,
first, a URANS simulation is run until acceptable convergence is achieved. Subsequently, the latest URANS
results are used as initial conditions for an AniPFM fluid-only calculation. This is simulated for approximately
5 seconds, that is, approximately 40 flow passes, until the pressure fluctuation RMS field has stabilized. Once
the FSI coupling is switched on, in contrast to the laminar and URANS cases, no initial forcing is applied to
the rod. Instead, the pressure fluctuations on the FSI boundary are mapped to the structural domain and
produce the dynamic response of the rod, giving rise to FSI.

Next, the settings for the structural domains are discussed. The same structural grid was used for the AniPFM
simulations using the NRG-FSIFOAM methodology as those for the URANS case. This corresponds to the
same FEM mesh used by van den Bos [38] and by Freitas [41] for their AniPFM FSI results using NRG-FSIFOAM.
Similarly, for the NRG-beamFoam workflow, the same discretization as for the laminar and the URANS cases
is initially used, given its satisfying previous accuracy. Hence, unless specified otherwise, for the results pre-
sented in this Chapter using the NRG-beamFoam methodology, 20 beam elements are used, along with 6
segments for each of these to map the fluid loads to the structural solver. For the time marching of the prob-
lem, a timestep At = 2-107* is used for both the structural and the fluid solvers. This corresponds to the
settings used by Freitas [41], and is motivated by the stability requirements of the C&EC method of the non-
dimensional velocity fluctuations.

6.2. Results

To correctly run the NRG-beamFoam workflow with the AniPFM model, it was required to determine the
number of FSI subiterations, as well as how the AniPFM should be run. Apart from these, an unexpected offset
in one bending plane that was initially observed for the NRG-beamFoam methodology is analyzed. These
outcomes are presented in Subsection 6.2.1. Once these are established, simulation results to determine
the amplitude of the vibrations due to TIV are shown in Subsection 6.2.2 for both NRG-FSIFOAM and NRG-
beamFoam.

6.2.1. Preliminary NRG-beamFoam study

First, for visualisation purposes, the mean and fluctuating pressure fields that are imposed as initial condi-
tions for the FSI simulations are presented in Figure 6.1. There, the scales of the generated fluctuations can be
observed in the axial and the radial direction. What’s more, for the mean pressure distribution, as expected,
the adverse pressure gradient caused by the skin friction only develops in the axial direction. In other words,
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at each axial location of the beam, a uniform pressure distribution can be found.

Fluctuating pressure field
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Figure 6.1: The fluctuating and mean pressure fields at ﬁ =0

Next, before any reference results were obtained, it was of interest to ensure that FSI convergence is satis-
fied for both workflows. For NRG-FSIFOAM, the same convergence criterion as for the URANS case was used
(wyr,0 =0.2, AKX =0.005, no more than 10 subiterations for each timestep), given the small variations seen with
the value of AX for the laminar FSI case in Figure 5.5. For NRG-beamFoam, a shorter study of the number of
required OC is undertaken than for the previous FSI cases, by conservatively assuming that the number of OC
required for FSI simulations with the AniPFM fluid model is equal to or higher than the 10 subiterations used
for the URANS case. Though this assumption is simplistic, and potentially not optimal from a computational
perspective, it enabled a quick FSI convergence study. Hence, simulations with 10 and 20 OC are run using
the NRG-beamFoam workflow, for 0.4 seconds, using an initial URF wygr = 0.4. As a convergence monitor,
the midpoint lateral displacements are again used. The results are presented in Figure 6.2, where the time is
adimensionalized using the average flow pass time through the domain, Tpass = ﬁ =0.119 s. There, it can
be observed that the differences between the two different numbers of FSI subiterations are marginal, and
hence in the following 10 OC will be used for the NRG-beamFoam workflow.

Apart from the number of FSI subiterations that should be executed at each timestep, another important set-
ting for NRG-beamFoam is whether for the AniPFM fluid model the anisotropic velocity fluctuations should
be computed once per timestep, or at every subiteration. Within the NRG-FSIFOAM workflow, based on how
preCICE communicates with OpenFOAM, only the latter is possible. However, this is computationally expen-
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sive, without bringing significant modelling benefits. Indeed, at a given timestep, the velocity fluctuations
are expected to be a consequence of the newly generated non-dimensional random velocity fluctuations,
and the convection of the perturbations that were already existing inside the domain. On the other hand, the
FSI subiteration algorithm is necessary to ensure the equilibrium between the fluid loads and the structural
displacements at the FSI interface. Hence, apart from the change in turbulence caused by the movement of
the FSI boundary, the generation of synthetic turbulence and the FSI convergence can be seen as virtually
independent of one another, thus implying that a single computation of the AniPFM routines per timestep
would be required. To confirm this hypothesis, a comparison of the midpoint displacements for the case
when the AniPFM is run once per timestep and at every subiteration, respectively, is conducted, for 0.2 sec-
onds using NRG-beamFoam, and is presented in Figure 6.3. Indeed, the differences obtained between the
two are not significant, suggesting that in the following the AniPFM model can be run only once per timestep.
This represents an important practical advantage of the NRG-beamFoam workflow, since van den Bos [38]
found that when using NRG-FSIFOAM with the AniPFM fluid model, 44.5% of the total computational time
is spent on determining the velocity and the pressure fluctuations. Since up to 10 subiterations were used at
each timestep for the NRG-FSIFOAM methodology, reducing the number of AniPFM computations to a single
one for a timestep could drastically reduce the overhead of using the AniPFM model for FSI computations.
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Figure 6.2: Convergence study for the number of FSI subiterations when using the Aitken subiteration algorithm, with an initial URF
wyR,0 = 0.4, using the lateral displacement components of the midpoint of the rod, for the NRG-beamFoam workflow, in combination
with the AniPFM fluid model
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Figure 6.3: Comparison of the results obtained using the NRG-beamFoam workflow for the midpoint lateral displacements, when com-
puting the velocity fluctuations of the AniPFM model once for each timestep, and at each subiteration
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Having determined the number of subiterations and the correct call of the AniPFM routines within the NRG-
beamFoam methodology, a peculiar behaviour of the outputs of the workflow when using the AniPFM is
discussed. More specifically, in both Figures 6.2 and 6.3, one can observe that the midpoint vibrations in the
y— direction that are computed by the model are not centered around 0, that is, the oscillations are not com-
puted around the undeformed configuration of the rod. On the other hand, as expected, the vibrations in the
z— direction do exhibit the expected behaviour. At first glance, this may appear to be caused by a difference
between how the proposed methodology computes the loads or the displacements within the two bending
planes. However, the equivalence between the two was shown for all modules of NRG-beamFoam, and is
presented in Appendices C.1 and C.3 for the FEM solver and the displacement interpolator, and in D.1.4 for
the subiterator.
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Figure 6.4: The changes in the midpoint displacements of the rod when using two times more structural elements (left), and a different
random seed (right), compared to the initial configuration described in Section 6.1, for the NRG-beamFoam workflow, when using the
AniPFM fluid model

To try and identify the source of this behaviour, firstly, it was supposed that it may be a consequence of an
aliasing error, that is, too few beam elements were used. This was examined for a transient of 0.6 s, using
40 beam elements instead of 20, while still using 6 segments to divide each beam element within the load
interpolator for both structural discretizations. The outcome can be analyzed on the left of Figure 6.4, where:

# of structural elements
Kel =

4 of fluid clements (on the FSI boundary). (6.1)

Analyzing the left side of Figure 6.4, for the finer discretization, the vibrations in the z— direction are still
observed around the equilibrium position, while for the y— direction, oscillations occur around a mean that
is even farther from the zero position. Hence, it can be concluded that the offset is not a consequence of a
coarse structural discretization and that it is potentially made worse by increasing the number of FEM ele-
ments.

Next, it was hypothesized that the offset could be a consequence of the sensitivity of the NRG-beamFoam
methodology to the initial conditions of the problem. To this end, a simulation was run using the initial
structural discretization of 20 beam elements and 6 segments, this time using, however, a random seed for
the AniPFM equal to 1. For this case, results are presented on the right of Figure 6.4. For this configuration,
similar values for the vibration means in the y— and the z— directions as for the initial case are seen. Thus,
the error also appears to be independent of the seeding of the problem.

The problematic behaviour was finally improved when the number of segments was reduced for each ele-
ment. In Figure 6.5, results are presented using the parameter:

# of segments

(on the FSI boundary). (6.2)

K =
%8 ™ # of fluid elements

The initial, problematic configuration used 6 segments, Kseg = %, while the one for which improved results

used 3 segments, Kseg = % The total number of beam elements remained the same. For xseg = %, the non-
zero vibration mean in the y— direction has now disappeared.
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Figure 6.5: The changes in the midpoint displacements of the rod when using 3 segments instead of 6 for the load interpolator, compared
to the initial configuration described in Section 6.1, for the NRG-beamFoam workflow, when using an AniPFM model

The two cases presented in Figure 6.5, one for which the offset can be observed, and one for which it cannot,
differ based on a key qualitative aspect, as also hinted by the legend in Figure 6.5. For the initial case that pro-
duced the offset, 6 segments were used for each beam element, and as a consequence, there were 2 segments
used for each 5 fluid elements on the FSI boundary. Since both the segments and the elements are uniform,
this implies that the segments’ nodes are non-matching with those of the fluid grid. On the other hand, when
using 3 segments, a single segment exists for each 5 fluid cells. Thus, the segments are conformal with the
fluid grid. The cause of the difference in the displacements obtained for the two cases is not clear. However, it
is found that when the axial position of the segments’ nodes theoretically corresponds to that of the fluid cell
faces’ centers, the distribution of the fluid cell faces between the adjacent segments is random. This issue is
illustrated in Figure 6.6. This can be attributed to how the connectivity matrix between the fluid faces on the
FSI boundary and the segments is obtained. As explained in Subsection 3.4.1.1, this is done by computing
the axial position of the fluid cell face’s center, and comparing it with that of the segments’ nodes. However,
based on the round-off error, for the same theoretical axial position, the fluid cell face center may be (slightly)
upstream or downstream of the segment node. This hypothesis is confirmed by the results in Tables E.1 and
E.2, Appendix E.4, where it can be observed that the number of fluid cell faces assigned to each segment for
Kseg = 1 is exactly to equal to 5 times Ny, the number of fluid faces in the circumferential direction, while
for Kseg = g it is a varying result that is not necessarily an integer multiple of Ngjc.
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Figure 6.6: The round-off error dependent assignment of the fluid cell face between adjacent segments of the load interpolator for axially
matching segments’ nodes and fluid cell face centers
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Based on the observations made in the last paragraph, it can be concluded that the current implementation
of the load interpolator is dependent on the round-off errors of the computation. To mitigate this, in the
remainder of this thesis, only discretizations where the segments’ nodes are matching with those of the fluid
grid will be used. In doing so, the connectivity matrix is uniquely computed, and the area over which a total
force is applied is kept equal to that of the segments onto which it is mapped. On the other hand, in the
future, as the methodology will be used for more complex configurations, likely, it will also be applied to un-
structured fluid grids. There, the matching between the segments’ and the fluid nodes would be impossible,
making the temporary solution used for the rest of this Chapter inadequate. A better solution could be to
map the fluid forces to the segments based on the relative area of their intersection. In the non-matching
case presented in Figure 6.5, this would have led to an equal distribution of the loads to both adjacent seg-
ments, and hence to a more realistic value of the nodal forces. Due to time constraints, however, this was not
explored in this thesis.

It is interesting to note that despite the limitations of the current version of the load interpolator, the workflow
was nevertheless accurate for the URANS FSI case. This can be attributed to the URANS test design presented
in Subsection 5.4.1, where an initial displacement is applied to the rod. Consequently, throughout the tran-
sient of the motion, a large part of the loads is caused by the inertia and the stiffness of the structure, rather
than by the fluid load mapping, as is the case for the current Chapter. Despite the limitations of the load
interpolator presented in this Subsection, it appears as if the current iteration of NRG-beamFoam is generally
accurate in determining the added damping effect.
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Figure 6.7: The total adimensionalized URANS forces applied on the FSI boundary by the pressure and the viscous stresses of the fluid
domain in the y— (top) and the z— (bottom) directions of the beam reference system

To better understand the differences between the two cases in Figure 6.5, the total force received as input by
the load interpolator, Finpu, is calculated by summing up the cell face forces of the fluid domain on the FSI
boundary:

Finput = Z [A (prneann +Tgik D+ Pln (6.3)

faces, FSI —_— v)]faCeS,FSI ’
’ URANS PFM
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where "faces, FSI" refers to the summation over the fluid cell faces on the FSI boundary, A to their area,
Pmean and p’ to the mean and the fluctuating pressure components, and 7y i to the effective stresses. Based
on the different terms in equation (6.3), according to the origin of the fluid model with which they are com-
puted, URANS-based and PFM-based terms can be discerned. For clarity, the two terms of Finpue will be
presented separately. The y— and the z— components of Fipput generated by the URANS model can be seen
in Figure 6.7 for a transient FSI simulation of 0.5 seconds. There, it can be observed that the mean of the
forcing imposed by the URANS model in the y— direction is well above zero relative to the amplitude of the
forcing, while for the z— direction it is very close to it. The cause of this behaviour is not clear. On the other
hand, the AniPFM model gives to the NRG-beamFoam workflow input forces that are close to a zero mean for
both directions, as can be seen in Figure E.1, Appendix E.

Having established that the average total forcing received by the NRG-beamFoam model is higher for the y—
component for the considered case due to the URANS contributions, it is of interest to observe how these in-
puts are processed into concentrated nodal forces for the FEM solver by the load interpolator module. To de-
termine this, the total forcing received by the FEM grid, Fggm, is obtained by summing all of the different com-
ponents obtained at the structural grid’s nodes. The difference between the total forces received by the FEM
solver, and those received as input by the load interpolator is subsequently computed, AF = Fggm — Finput,
where for Fipput both the URANS and the PFM components in (6.3) are considered. The adimensionalized val-
ues of the lateral components of AF are presented in Figure 6.8. Compared with Figure 6.7, it can be observed
that by using a non-matching grid, the net forcing in the y— direction is amplified five times. By contrast, for
the same number of beam elements, the matching case produces only slight changes to the total forcing in
the y— direction, despite the lower number of segments used to map the loads. What’s more, for both lateral
components, a smaller variance of the transient values of AF can be seen when matching segments are used.
It can therefore be concluded that compared to a matching segments’ discretization, a non-matching one
leads to larger instantaneous changes of the total lateral forcing between the structural and the fluid grid, as
well as to a higher time-averaged difference between the two.

0.20
0.15
0.10 il " ‘
PO 0 g D G IS 1 iy
0.05
0.10
0.15 —— non-matching, mean = 0.05157 —— matching, mean = -0.00895

0.20;
0

[-]

AFy,
pU?D?
|

1
2

1 2 3 4
t
TDass

-0.15 —— non-matching, mean = -0.00147 —— matching, mean = 9e-05

0 1 2 3 4
L[]

Tpass

Figure 6.8: The adimensionalized difference in total forcing received by the structural grid, and that imposed by the fluid grid, for the y—
and the z— components of the beam reference system

In this Subsection, limitations of the current version of the load interpolator were presented. To isolate the
potentially undesirable effect of transforming the loads received by the structure and those applied by the
fluid on the FSI boundary, two additional versions of the load interpolator were also implemented for the
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remainder of this Chapter. The first could only be used for matching fluid and structural grids on the FSI
boundary. The lateral force at each axial location where fluid cell face centers are located, F¢¢, is computed
by adding the total forces around the circumference of the FSI boundary:

Feg=) [A-(Pmeann+ Tgic-n+p'n)] . (6.4)
circ
where "circ" represents the summation over the different circumferential positions at the same axial location.
Subsequently, the nodal structural forces are computed by splitting the total force equally for the two neigh-
boring nodes, and the moments are computed by assuming that the force is applied in the middle of the fluid
cell face. Based on this, the following equations can be written:

matching grid load interpolator:

1 1
Fiy = EFcf' ey, (6.5) Fiz=F;= EFcf' ez (6.7)

Le) Le
My, =—-Mp; = Ft- ey - 76, (6.6) Mly = _MZy =—Fc-ez- Te, (6.8)

where e), and e, represent the direction vectors of the y— and the z— axes in the beam reference system,
eyT =(010),e,” = (001). Using the matching grid interpolator, the load mapping is expected to become
consistent. This was confirmed by the results presented in Figure E.2, Appendix E, where one can observe the
qualitative difference compared to Figure 6.8. The second alternative to the load interpolator was that where
the loads are assumed to be uniform over the entire beam element for each bending plane. This corresponds
to the particular situation where one segment is used for each beam element, and in the following it will be
referred to as the uniform load interpolator. For this case, the statically equivalent nodal loads are given by:

uniform load interpolator:

Je vi- L ds.zi L
Fiy=Fpy =220, 6.9) Fio= By = 2209, (6.11)
= 2 p3 2
qs,y,i -L As,z,i" L
Miz = ~Mpe = ———5, (6.10) Miy = =My = ————, (6.12)

where gs,y,; and gs . ; represent the average distributed loads obtained over the beam element for each lateral
direction. The values for the two are obtained by computing a connectivity matrix between the fluid faces and
the beam elements using similar rules as for that originally used for the segments, and subsequently using
relation (3.13).

6.2.2. Prediction of the vibrations RMS

While the results presented in the last Subsection were intended to ensure that the FSI convergence and a
reasonable output are obtained by using NRG-beamFoam, this Subsection intends to determine the accu-
racy of the newly proposed methodology in determining the amplitudes of the brass beam geometry due to
TIV. For this, simulated times in the order of 3-10 seconds are required [38, 41], such that the effects of the
initial conditions over the output become negligible, and the RMS value of the vibrations becomes statis-
tically independent. Similar to the previous FSI simulations in this work, it was desired to first generate a
reference case for the NRG-beamFoam workflow using the already validated NRG-FSIFOAM workflow. For
this, the case of Freitas [41] corresponding to the NRG-FSIFOAM settings presented in Section 6.1 was rerun.
However, the same results could not be reproduced. Instead, a significantly lower vibration amplitude was
obtained. The comparison between the original results of Freitas [41] and those obtained for this thesis can
be seen in Figure E.3, Appendix E. It is not clear what caused this discrepancy, but it is likely an error in how
the NRG-FSIFOAM workflow was run for this thesis, since the results of Freitas [41] could be reproduced by
other researchers within NRG in the past.

The disagreement between the results of Freitas [41] and those obtained for this thesis imply that the NRG-
FSIFOAM workflow cannot be used as a reference for the current Chapter. To circumvent this, a reference
case was attempted to be created using the matching grid load interpolator described at the end of Subsec-
tion 6.2.1. This should ensure that no potential errors are made when using the load interpolator module,
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6.2. Results 6. Towards a robust integration of AniPFM with NRG-beamFoam

and that those associated with the displacement interpolator are minimized. Though the matching grid case
could be run, a crash occurred after approximately 1.8 seconds of simulated time, as the solution of the non-
dimensional velocity fluctuations’ transport diverged. To further investigate this behaviour, an additional
simulation was launched with the same numerical settings, including the same number of beam elements,
but with the uniform version of the load interpolator that was presented at the end of Subsection 6.2.1. Based
on the identical computations of the lateral forces for both simulation runs, it was expected that the stability
of the FSI solvers would be the same. The midpoint displacements that were obtained for the comparison are
presented in Figure 6.9, where it can be observed that although the midpoint displacements are essentially
the same, the crash occurred at two slightly different time instances for the two.
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Figure 6.9: The changes in the midpoint displacements of the rod when using the matching and the uniform load interpolators with
matching grids on the FSI boundary, for the NRG-beamFoam workflow, when using the AniPFM fluid model

Next, two possible explanations are offered for the crashes at different timesteps for the two similar load in-
terpolator schemes: the crash of the AniPFM model may occur randomly for a given setup, potentially due to
the generation of the non-dimensional velocity, or the different moments obtained for the two types of load
interpolators play a role in the stability of the workflow. The dependency of the stability of the FSI workflow
on the random component of the AniPFM model can be investigated, for example, by using matching grids
with different random seed numbers for longer transients, and observing whether significant changes occur
for the different considered values. Alternatively, after the solver’s divergence, one could also restart the prob-
lem from the last written solution using the same random seed, and observe whether the crash occurs at the
same time instance. On the other hand, the nodal moments obtained for the structural solver can influence,
for example, the smoothness of the FSI boundary, which could in turn affect the stability of the transport
equations inside the AniPFM solver due to badly imposed boundary conditions. To observe the curvature of
the deformations, the axial distribution of the deformations in the lateral directions that are imposed by the
displacement interpolator are presented in Figure 6.10, along with the corresponding distributions of ¢, and
@s,z, after 0.8 seconds of the simulation. Although the rotations cannot be computed directly since as men-
tioned in Section 3.2 only the fluid node displacements are passed to the mesh motion solver, the values of
the rotations were postprocessed using the kinematic relations (2.62) and (2.82) and the discretized values of
the lateral displacements plotted at the top of Figure 6.10. In analyzing this Figure, it can be observed that the
distributions of the two methods coincide. Though it is not clear whether this is physically reasonable or not,
a potentially non-physical stairstepping aspect of the rotation distributions is observed. Further research is
therefore needed to understand whether the rotations of the structure are correctly computed and integrated
into the displacement interpolator. Nevertheless, the matching of the fields in Figure 6.10, in combination
with the transient information for the midpoint in Figure 6.9, could suggest that the lateral deformations may
be the same throughout the transient for both load interpolator methods. However, this is not a conclusion
that could already be drawn based on the available information. For this, the lateral displacements must be
compared for a time instance that is as close as possible to the crash. Finally, separate from investigating
the causes that led to the stopping of the FSI computations, a possible measure to improve the stability is to
consider modifying the numerical schemes that are used for the terms associated with the AniPFM model.
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Figure 6.10: Axial distribution of the lateral displacements imposed by the displacement interpolator onto the fluid grid’s nodes on the
FSI boundary (top), along with the corresponding rotations (bottom), for ﬁ =6.72

Having offered some potential hypotheses and research recommendations for the crashes occurring when
using the matching grid simulations, the behaviour of the NRG-beamFoam workflow when using an AniPFM
fluid model was further investigated by running transient simulations using the uniform and the segments-
based load interpolators using different numbers of beam elements. The results are presented in Figure 6.11
and 6.12, respectively. It is generally observed that the stability is better for the segments’ based load inter-
polator. However, for the segments’ based load interpolator, there is no correlation between the the number
of elements and the stability: the longest simulated time is obtained for 50 elements (k¢ = 0.1667), while for
100 elements (k¢ = 0.33) it is reduced by approximately a third.
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Figure 6.11: The lateral midpoint displacements for the z— (top) and the y— (bottom) directions, when using the uniform implementa-
tion of the load interpolator, equations (6.9)-(6.12), for different values of the «k ratio, equation (6.1)
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Figure 6.12: The lateral midpoint displacements for the z— (top) and the y— (bottom) directions, when using the the segments’ based
implementation of the load interpolator presented in Subsection 3.4.1.1, for different values of the x| ratio, equation (6.1)
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Verification of the ROM solver used in
NRG-beamFoam

The outcome presented in Chapters 4-6 serves as proof of the functioning of the NRG-beamFoam workflow
in its most basic form, where a beam-element FEM structural solver is used. However, the ROM literature
presented in Section 2.4 suggests that the structural response could potentially be described with an even
smaller number of degrees of freedom than those used for the beam-element FEM solver, by using methods
such as the Mode Displacement (MD), and the Mode Acceleration (MA), as presented in Subsections 2.4.3.2
and 2.4.3.3, respectively. The main purpose of this Chapter is thus to test this hypothesis for the case when
the ROM solver is coupled with the AniPFM fluid solver. Based on the results presented in Subsection 5.4.4,
where the FEM solver is observed to have alow computational cost, it is expected that the added benefit of us-
ing the ROM solver is not going to be significant for the single-rod test case used for this thesis. Nevertheless,
the potential benefits of using a ROM solver can become visible once multiple rod configurations are tested.
This small impact on the short-term development of the research is also why the ROM solver is treated in the
last part of the project.

Although the main objective of the Chapter is to use the ROM solver in combination with the AniPFM, since
the ROM solver needs to be fully implemented in OpenFOAM, it was decided it was necessary to first test it
using a simpler, less expensive setup, that is, a laminar FSI case. The settings used and the results obtained
when using the ROM solver in a laminar FSI framework are therefore presented in Section 7.1. In Section 7.2,
the same is done for the AniPFM solver.

7.1. Initial verification of the ROM solver

This Section is intended to verify the MD and the MA ROM methods in a computationally cheap and simple
context. Since the MA essentially represents a correction to the MD ROM, the development of the two meth-
ods is done by first ensuring that the MD is correctly implemented, and subsequently using its output as a
reference for the MA method. First, the used settings are discussed in Subsection 7.1.1, with corresponding
results presented in Subsection 7.1.2.

7.1.1. Case setup and tests description

All of the tests presented in this Section were conducted once all modules of the OpenFOAM architecture in
Figure 3.3 were already implemented, except for the ROMsolver. As a consequence, for the developed Open-
FOAM code, the addition of the ROM structural solver consisted of simply switching off the FEM solver, acti-
vating the ROM one, and reusing the same implementation for the rest of the modules. The change between
the two structural solvers is done based on the user entries in the BeamFoamDisplacement subdictionary in
0/pointDisplacement, as can also be seen in the example provided in Section B.1, Appendix B.

To be able to present a fair comparison between the two structural solvers, the same settings for the fluid

solver were used for both. The same settings as those in Section 5.1 were imposed, along with similar dis-
cretization settings for the structure (20 beam elements, 6 segments, trapezoidal time integration scheme).
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However, apart from these, to run the ROM solver, it is also necessary to provide the total number of modes
that should be used to reduce the structural problem. The number of modes used for each of the tests differs,
and will be mentioned in the following for each particular case. For all of these, external nodal forces fg are
applied for different durations, independent of the forcing received from the laminar flow, to generate FSI
phenomena.

The first test that was used to verify the ROM solver module is to simply run a laminar FSI case for different
sizes of the reduced system, and use the FEM solution as a reference. Thus, the same uniform external force
was used as for the FEM case, equation (7.1).

fextr % <0.385

, (7.1)
0,7 >0.385
1

x t x t
For the first ROM test: - == - ==
fB'Y(L Tl) fB'Z(L Tl) {
where the initial application time is the same as for the URANS FSI simulations of van den Bos [38], and
fext = 0.654 N represents a constant value that was manually chosen to match the amplitudes presented in
the same study.

For the first verification test, only the MD ROM solver is used. Hence, the purpose of this first study is to
prove the basic functioning of the MD ROM solver method. In terms of the number of modes used, 1, 6, and
39 were considered for each bending plane. Since both bending planes were active during the laminar FSI
simulations, the actual number of total modal coordinates as in (2.102) is double those, leading to ratios be-
tween the reduced number of degrees of freedom, Nrom, and those of the initial FEM problem, Npgym, equal to
% =~ 0.03,0.16 and 1, respectively. While the first two number of modes simply represent the ranges of the
number of eigenmodes expected to be active during the laminar FSI phenomenon, the last choice represents
the particular case where the reduction contains the same number of elements as the initial FEM problem.
As a consequence, the MD ROM becomes the Mode Superposition approach, and it is expected that the same

structural solution would be obtained as for the FEM solution [81].

The second verification test has the purpose of testing the implementation of the MA ROM method, and at the
same time observing the spatial reconstruction capability that the ROM methods have. Though still executed
in a laminar FSI setting, this test uses a different deformation mechanism of the rod, as can be deduced from
equation (7.2).

X X t t
For the second ROM test: fg,; (Z, —) = fa.z ( ) - ﬂ — < 0.385. (7.2)

t X

T, L'Ty) 2A@g ) '¢S'5(L)’ T,
Thus, the initial load is applied so that only the fifth eigenmode of the structure is activated. By contrast, for
the uniform load, all eigenmodes were active during the initial application of the force, with some of them
damped quickly after the force stops being applied. To reconstruct the solution, only four eigenmodes are
used, that is, one less than the actual excitation force. It is therefore of interest to observe what the capacity
of the ROM solvers is in obtaining the deformations produced by excitation forces outside of the considered
eigenspectrum. For the application considered in this thesis, this capability is of interest because although
the turbulent excitation has a relatively large bandwidth, a large portion of the energy is stored at the lower
frequencies. Thus, it is of interest to observe whether only the eigenmodes that are mostly activated can be
used for the reconstruction, and the last bit of energy accounted for by the MA approximation, without hav-
ing to fully include within the eigenspectrum of the reduced basis.

The third test is intended to verify the ROM’s performance in terms of dynamic reconstruction, equation (7.3),
where the same force is applied in both bending planes, fz = fg , = f ;. Both the MD and the MA ROM are
active, and the exact same size of the reduction eigenbases is used as for the second test. The spatial shape of
the initial load is also unchanged. However, the amplitude of the excitation is now varying in time, where a
ratio of 0.3 between the dynamic and the static components is used. Given that a laminar fluid model is used,
based on the results presented in Chapter 5, it was expected that little damping would be produced by the FSI
physics. Thus, to avoid unstable resonant behaviour, the frequency of the excitation is not equal to the fifth
eigenfrequency of the structure, ws 5, but rather to the arithmetic mean between the fifth and the sixth, wgg.
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. fext
2A(¢s, 5)

For the third ROM test: f3 ( ) = [1 +0.3cos (ws,s ;ws,s t)] P, 5 (%), il <1.15. (7.3)

X t

L'T T
7.1.2. Results

For the monitors in these three tests, it was decided to use the differences in displacements between the FEM
and the ROM solvers that is observed at different time instances. Although in other studies (for example,
that of Wilson et al. [112]), the error in the force representation inside the reduced space is used, this met-
ric wouldn't be necessarily relevant for the FSI case considered here, given that the excitations of the higher
eigenmodes are damped by the fluid. In other words, for the method considered herein the force representa-
tion error is only relevant for the active eigenmodes, instead of the entire band of the excitation forces.
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Figure 7.1: Comparison of the axial distributions of lateral displacements in the y— direction obtained within the ROM and the FEM
structural solvers for the first ROM verification test, equation (7.1), at Ttl ~1.28 (top) and TLI = 3.42 (bottom), considering four modes in
each bending plane for the ROM methods, and the full FEM solution

For the first verification test, the results are presented in Figure 7.1, where the instantaneous lateral displace-
ments in the y— direction are presented for the entire brass beam rod at time instances after the initial de-
formation was applied. For all numbers of considered eigenmodes, a good matching between the FEM and
the ROM solution is obtained. This shows that the implementation of the MD ROM is fundamentally cor-
rect. It is also interesting to note that already for %}:(::\\44 = 0.03, that is, for a single eigenmode used for each
bending eigenmode to reduce the initial structural problem, a very good matching is obtained with the FEM
solution. This can be explained by the inactivity of all modes of the rod during the FSI free vibration, except

for the first one. Although the uniform initial external load fg in (7.1), activates all eigenmodes of the struc-
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ture, those are quickly damped out by the fluid once the force stops being applied. Thus, a single degree of
freedom is enough to describe the structural response of the rod within the laminar FSI case if using the ROM.

In Figure 7.1, only the results for the XY bending plane are presented. However, it is worth noting that the
same behaviour is also observed for the XZ bending plane, as presented in Figure E1, Appendix F. This shows
that the ROM solver is correctly integrated within the two-plane bending formulation of the structural solvers.
Consequently, in the remainder of this Chapter results will be presented only for the XY bending plane, keep-
ing in mind, however, that the same also applies to the XZ bending plane.
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Figure 7.2: Axial distributions of lateral displacements in the y— direction for the second ROM verification test, equation (7.2), at T[I =
0.13 (during the application of the constant-amplitude force)

The results obtained for the second verification test are presented in Figure 7.2, where the same monitor as
for the first verification test is used. However, in contrast to the first test, the instantaneous deformations are
observed at Til ~ 0.13, a time instance where the initial force is still being applied, since based on the outcome
in Figure 7.1 it was expected that the fifth eigenmode would be quickly damped after the force stopped being
applied. Itis worth noting that the FEM solution presents the expected deformation pattern, where four zeros
can be observed in the axial direction. This indicates that the initial load is correctly applied to only excite the
fifth eigenmode. What'’s more, it can be seen that the MD ROM is incapable of reconstructing the excitation
of the fifth eigenmode when only four eigenmodes are used for each bending plane to reduce the original
structural problem. On the other hand, the added quasi-static correction of the MA ROM method enables a
correct qualitative estimation of the higher-eigenmode excitation. However, the MA ROM underestimates the
amplitude of the deformation of the structural displacements. This can be explained by the fact that within
the MA ROM, a quasi-static correction is applied, and the inertial effects of the truncated modes during the
application of the initial external force are neglected [103]. On the other hand, the FEM solution does model
the inertial effects, leading in this case to a higher amplitude of the deformations. Those findings about the
MA ROM are consistent with what was expected based on the literature, and they show that the method was
correctly implemented. More broadly, for the context of this work, this second verification test shows that the
excitation forces that are outside of the eigenspectrum of the reduced basis, but close to it, can be reproduced
spatially.

Apart from the results in Figure 7.2, a further proof of the correct implementation of both the MD and the MA
ROM methods is that if 10 modes are used for each bending plane to obtain the decomposition, the same so-
lution as for the FEM is obtained for the fifth eigenmode excitation. This can be seen in Figure E2, Appendix
F. It is also important to note that although this is not visible in Figure 7.1, the MA ROM method has the dis-
advantage of being less stable than the MD ROM. If fewer than 4 modes were used for the second verification
test, it was found that the structural solver immediately crashed. On the other hand, for the MD ROM, sta-
bility issues were never encountered. This shows that although the MA is capable of partially reconstructing
the higher eigenmode excitation, it still is a linear approximation [99], that is valid only if the eigenbasis that
is used for the reduction is close enough to the actual excitations.
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In Figure 7.3, the results for the third verification test of the ROM solver are presented. In contrast to the pre-
vious two, this time only the displacement of the midpoint is considered, for different time instances. Similar
to the previously presented results, the MD ROM is not able to include any of the excitation energy outside
of the considered eigenspectrum. The MA, although using the same number of modes as MD, is capable of
determining the mean amplitude of the displacements throughout the transient. This can again be expected,
since the MA method was introduced as a quasi-static correction for the reduced space of the structural prob-
lem [108]. It is also worth noting that the same behaviour that was observed at a particular time instance for
the second verification test, that is, the inaccuracy in computing the amplitude of the displacement at a given
time instance, can be observed throughout the transient. For the main application considered in this work,
this test shows that in the vicinity of the reduction eigenspectrum, apart from the correct deformation shape
of the truncated modes at a given time instance, as seen in Figure 7.2, the MA ROM method also reproduces
the transient mean of the displacements.

Finally, for the verification conditions of the third test, similar to the second one, it was of interest to de-
termine whether the two considered ROM methods are consistent, that is, provided the excitation is fully
contained within the eigenspectrum of the reduced space, the deformations obtained are the same as for the
FEM. To verify this, the third verification test was run using 5 eigenmodes for both the MA and the ROM. The
results can be seen in Figure E3, Appendix F, where it can indeed be observed that for both the structural
solution converges to that of the FEM problem.
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Figure 7.3: Midpoint lateral displacements in the y— direction for the third ROM verification test, equation (7.3), when considering four
modes in each bending plane for the ROM method, and the full FEM solution, during the application of the varying-amplitude force

7.2. Verifications using AniPFM-FSI simulations

The results presented in Section 7.1 showed that the MD and the MA ROM behave as expected, and that the
ROM solver module is correctly integrated within the NRG-beamFoam workflow. It was therefore decided that
it is not necessary to also conduct a URANS FSI case using the ROM, since the only difference compared to
the laminar FSI case is the nature of the inputs to the entire workflow, which is independent of the behaviour
of the ROM. Instead, for the remainder of this Chapter AniPFM cases will be run, to observe the performance
when coupled with the most complex fluid model that is currently intended to be used for axial flow FSI by
NRG. Thus, in Subsection 7.2.1, the ROM solver verification tests undertaken with the AniPFM model are
presented, with the associated results outlined in Subsection 7.2.2.

7.2.1. Case setup

The results in Section 7.2 indicate that the MA ROM can accurately estimate the mean of the displacements
generated by the excitation components whose frequencies are slightly higher than the eigenmodes included
in the reduction basis. Thus, compared to the MD ROV, it is expected that an additional benefit of the MA
ROM is that the total energy contained within the reduced system is closer to the full FEM system for the
same number of modes. Hence, unless specified otherwise, only the MA ROM is used with the AniPFM fluid
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model. For consistency, the same settings presented in Section 6.1 are used. For the structural discretization,
100 beam elements and 3 segments are chosen.
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Figure 7.4: The spectral decomposition of the pressure fluctuations and the structural displacements obtained by Freitas [41] using the
AniPFM fluid model with the settings considered in this Section; taken from [41]

Next, the number of modes to be used for the ROM is discussed. The modes that are expected to be active
during the AniPFM FSI simulation can be seen based on the results of Freitas [41], who for the same fluid
and AniPFM settings used in this Section, but using the NRG-FSIFOAM methodology, obtained the spectral
decomposition of the structural displacements seen in green in Figure 7.4. Given the quick reduction in

vibration amplitude beyond the 51" eigenmode of the structure, this represents the smallest size of the ROM
basis considered, corresponding to a fraction % = 0.025 of the original degrees of freedom being contained

within the reduced space. To ensure that a significant portion of the entire excitation energy is obtained in
the ROM when using 5 modes, the solution was compared to that obtained when using 8 and 15 modes
per bending plane (% =~ 0.04 and %‘;ﬁ = 0.08, respectively). Finally, to check whether the ROM results are
consistent with the FEM solver when the same number of degrees of freedom is used, simulations were also

undertaken with 198 modes for each bending plane, that is, %IR:‘;\“: = 1. For this third reduction basis choice, it

is expected that the same solution as for the FEM solver would be obtained, and this hypothesis serves as a
verification of the implementation.

7.2.2. Results

Similar to the outcome presented in Chapter 6, the lateral displacements of the rod’s midpoint are first used
to assess the performance of the ROM within the FSI workflow. Thus, the lateral displacements obtained in
the lateral directions of the structural solver are seen in Figure 7.5 for the different numbers of modes con-
sidered. It is worth noting that the simulation using 5 modes for each bending plane is not plotted, because
it led to a crash within a few timesteps. This can be simply attributed to using the MA ROM with an eigen-
spectrum that is too narrow compared to the band of the excitation forces. Nevertheless, already for 8 modes
per bending plane, %‘;‘;&" =~ 0.04, a close matching with the FEM solution can be observed for the transient.
What's more, the increase in the number of modes does not appear to significantly modify the midpoint dis-
placements that are obtained. This shows that when using 8 modes, the reduced solution is already close to
the FEM output. A difference with respect to the size of the reduced basis can be seen, however, in the sta-
bility of the computations, as summarized in Table 7.1. It can therefore be observed that when using the MA
ROM, the stability of the FSI computations decreases compared to the FEM structural solver. However, no
correlation between the size of the reduced basis and the computational stability could be made, since when
using the highest number of modes for the ROM the crash occurs the quickest. The cause of the crash is the
same that was also reported in Chapter 6: the divergence of the transport of the AniPFM non-dimensional
velocity fluctuations. Thus, the suggestions in Subsection 6.2.2 for better integrating the AniPFM with NRG-
beamFoam also apply to the case when the ROM solver is used. It is also important to note that for all of the
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numbers of modes considered, the ROM solver slightly underpredicts the amplitude of the vibrations. For
% =0.04 and %“—‘"M = 0.08 this can be attributed to a small quantity of the excitation energy being stored
at high frequencies. However, this does not explain the underprediction when the same number of modes
are used as the degrees of freedom of the initial FEM problem, since for this it should theoretically be that the

same exact solution is obtained [81].
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Figure 7.5: Midpoint lateral displacements in the y— (top) and the z— (bottom) directions of the beam reference system that are obtained

inside the ROM solver, when using 8, 15, and 198 modes in each bending plane, 11\\7,R0M
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Table 7.1: The crash times obtained for the AniPFM FSI simulations for the different numbers of modes considered for the ROM solver

Having shown the good matching between the ROM and the FEM solvers for AniPFM FSI simulations when
considering the brass beam’s midpoint, the discussion is extrapolated by considering the displacements of
the entire rod. This is done for three different time instances in Figure 7.6. There, it can be observed that the
ROM solver is capable of reproducing relatively complex deformation patterns, even when a small number
of modes is used. What’s more, a convergent behaviour towards the FEM solution is observed with respect to
the number of modes considered, showing the correct working of the ROM implementation. Nevertheless,
slight differences in the amplitude of the displacements can be observed, even when all of the modes are
used, and when the FEM and the ROM solutions should theoretically overlap. Although the results in this
Section only used the MA ROM, the same underestimation of the amplitude of the displacements was also
observed when using the MD ROM, Figure E4, Appendix F. Based on the similar deformation pattern but the
different amplitudes obtained when using the ROM solver, a possible explanation for the underprediction of
the MA method could be the incorrect scaling of the eigenmodes that are used to reconstruct the solution,
especially for the higher eigenmodes. This would not be visible in Section 7.1 since only a small number of
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the eigenmodes actively contributed to the solution obtained for each laminar verification case.
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Conclusions

This last Chapter presents a summary of all of the results obtained in this study (Section 8.1), their corre-
spondence with the research questions (Section 8.2), and the recommendations for continuing the research
(Section 8.3).

8.1. Thesis summary

In this thesis, a Mode-Acceleration ROM that simplifies a 1D beam-element FEM solver is proposed as a
simple and computationally efficient alternative to the 3D second-order Lagrange FEM solver that was used
within the NRG-FSIFOAM workflow for axial-flow FSI inside nuclear reactors. This novel structural solver is
used in combination with an AniPFM synthetic turbulence fluid model that was developed by NRG in Open-
FOAM. The new structural solver is directly integrated into OpenFOAM, thereby simplifying the complex
architecture of the NRG-FSIFOAM workflow, where the structural solution was computed using deal.II, and
the coupling with OpenFOAM was ensured by using preCICE. To account for the three-dimensional flow of
the fluid over the fuel elements, the structural solver computes the displacements in two separate bending
planes of the structure.

To replace both the structural solver and the coupling software, apart from the newly developed structural
solver, it was also necessary to implement new mapping routines between the structural grids, as well as a
subiteration algorithm for the strong coupling between the two domains. To this end, a load interpolator
(mapping the loads from the fluid cell face centers on the FSI boundary to the structural nodes), a displace-
ment interpolator (transferring the nodal structural displacements to the nodes of the fluid mesh on the FSI
boundary), and a subiterator module were developed. The combination of the newly developed structural
solver, mapping routines, and subiterator, was called NRG-beamFoam.

The load interpolator implementation is based on two steps. First, to compute the 1D distributed loads in
each of the two bending directions considered by the structural model, the load interpolator divides each
structural element into multiple segments, where for each segment the applied loads are assumed to be uni-
form. The fluid cell face forces are allocated to each segment based on the axial position of the cell face
centers. Secondly, once the distributed loads are known for each bending plane, they are transformed into
statically equivalent nodal loads, a mapping approach that is based on preserving the total work done by the
external forcing over the structure. Under this methodology, the first step of the load interpolator is consis-
tent, while the second step is inherently conservative.

The displacement interpolator is based on an absolute formulation, where the deformations of the FSI bound-
ary are computed starting from the undeformed configuration of the rod. Its implementation is more straight-
forward than that of the load interpolator, since the 1D beam-element formulation already assumes the local
deformations on the outer boundary of the structure based on the nodal solution and the axial position of
the point of interest. The subiterator that is used for the thesis is based on the underrelaxation of the struc-
tural displacements, and it uses the Aitken algorithm to solve the fixed-point iteration problem of the FSI
convergence.

111



8.1. Thesis summary 8. Conclusions

In terms of implementation, all of these different modules of the workflow are integrated in the PIMPLE algo-
rithm in OpenFOAM. More specifically, all of the NRG-beamFoam routines are contained within a boundary
condition for a Laplacian mesh motion solver, and which is prescribed to the patch of the fluid domain that
corresponds to the FSI boundary. Thus, to control the number of FSI subiterations, the number of outer cor-
rectors for the PIMPLE algorithm needs to be modified. All of the routines are called before the fluid solution
at the current subiteration is computed, thereby leading to a F o S serial FSI scheme.

Under this general methodology, the thesis essentially consisted of verifying and partially validating the func-
tioning of the different components of the NRG-beamFoam workflow, as well as the combined working within
FSInumerical simulations with varying fluid modelling complexity (laminar, URANS, and AniPFM). The large
majority of these tests were conducted using the experimental setup of Chen and Wambsganss [1], consisting
of a flexible single brass beam subjected to turbulent axial water flow in an annular channel.

First, the beam-element FEM solver, the load interpolator, and the displacement interpolator were individ-
ually tested in Chapter 4. For the FEM solver, the assembling of the global matrices and the time marching
of the structural algorithm were proven using three separate tests, which showed that the output of the mod-
ule converges to the expected analytical behaviour if the spatial and time discretizations are refined. What's
more, it was shown that the accuracy in obtaining the nodal loads quickly converges with respect to the num-
ber of segments considered. The accuracy in deforming the fluid mesh is also found to be convergent with
the number of beam elements considered for the discretization. The errors introduced by the mapping rou-
tines are hence expected to be significantly lower than those associated with the AniPFM model, thereby not
decisively affecting the accuracy of the FSI computations.

In Chapter 5, the last essential module of the newly implemented FSI loop, the subiterator, was tested. It is
found that the Aitken implementation gives the same results as a fixed URF subiteration scheme, but it signif-
icantly reduces the number of solver calls that need to be executed. Thus, the Aitken algorithm is conducive
to efficient computations of FSI problems by the NRG-beamFoam workflow. With all of the modules now
verified, FSI simulations using laminar and URANS fluid models were run for the brass beam case, where
an initial deformation is applied to the structure, after which the rod is allowed to vibrate freely inside the
10 m/s water flow. It was found that the NRG-FSIFOAM and the NRG-beamFoam present similar frequency
and damping ratios for the beam’s vibration, where the relative difference between the two methodologies is
within 1.5% for both monitors. What’s more, the newly implemented structural solver and mapping routines
reduce the computational costs of URANS simulations per FSI subiteration by 48% compared to the latest
structural settings recommended when using NRG-FSIFOAM [38]. If one assumed that the structural solver
were faster than the fluid one for the NRG-FSIFOAM methodology, the NRG-beamFoam approach would
nevertheless lead to a 6% in computational cost savings per FSI subiteration, given the small dimensional-
ity and the simplified mapping routines. Nevertheless, the current implementation of NRG-beamFoam uses
a less efficient subiteration algorithm and FSI convergence criterion than NRG-FSIFOAM, leading to a total
number of FSI subiterations that is approximately a third higher than its counterpart.

Chapter 6 presents the NRG-beamFoam FSI simulations that were attempted to be run in combination with
the AniPFM fluid model. It is found that the AniPFM routines can be called only once per timestep, without
incurring losses in output accuracy. This represents an advantage over the current NRG-FSIFOAM workflow,
where the AniPFM had to be called at every subiteration, and was one of the main contributors to the com-
putational cost of the method [38]. Furthermore, it is shown that for TIV simulations, the current version
of the load interpolator may present non-physical results if the nodes of the segments’ discretization do not
match with those of the fluid grid. To mitigate this, FSI simulations with matching fluid and structural solver
grids were run. However, it is found that those inevitably led to premature crashes. What's more, no clear
link between the structural discretization and the stability of the FSI computations could be formulated. It is
therefore not yet clear whether this is caused by the AniPFM model, or by the NRG-beamFoam workflow.

Finally, in Chapter 7, the ROM solver was individually verified, and subsequently used to compute AniPFM
FSI simulations. It is found that the behaviour of the ROM solver is congruent with that of the FEM solver for
both laminar and AniPFM FSI cases. For the former, only one mode per bending plane is required to compute
the free vibration of the rod, while for the latter, approximately 8 modes are needed for each bending plane.
Despite these positive outcomes, and the qualitative similarity between the FEM and the ROM solver, it is

112



8.2. Answering the research questions 8. Conclusions

observed that the amplitude of the vibrations is currently slightly underestimated when using the ROM, even
if the same number of degrees of freedom as for the full FEM system is used. What'’s more, the same stability
issues are observed when using the ROM solver in combination with the AniPFM as those found in Chapter
6.

8.2. Answering the research questions
In Chapter 1, a series of questions was posed to guide this research. These are reproduced and answered here:

1. Can the newly implemented structural solvers be used along with the newly developed mapping rou-
tines and subiteration algorithm for two-way FSI simulations? What is the accuracy of the ensuing
workflow, compared to NRG-FSIFOAM for such a scenario?

The outcome of Chapter 5 offers clear answers to these questions. There, it is shown that when running FSI
simulations using a laminar fluid model, a very similar performance to that of the previously validated NRG-
FSIFOAM workflow is obtained. More specifically, the relative differences in the frequency and damping ratio
for the laminar case are 0.6% and 1.3%. This shows that the general architecture of the NRG-beamFoam
workflow is sound, and it proved at the time that the methodology could be used for more complex fluid
models, thereby leading to the second research subquestion:

2. What is the accuracy of the new FSI solver in computing axial-flow FSI when using a URANS fluid
model? Are there any computational benefits compared to the NRG-FSIFOAM workflow?

Here, the results presented in Chapter 5 can again be used. There, by running similar URANS cases for NRG-
FSIFOAM and NRG-beamFoam, good similarity is found between the frequency and the damping ratios that
are obtained, with a relative difference equal to 0.5% for both monitors. However, since the NRG-beamFoam
uses both a significantly smaller number of degrees of freedom to describe the structural response, and also
mapping routines specialized for 1D structural solvers, it is found that only 0.55% of the total computational
time is spent on obtaining the structural solution and coupling the FEM solver to the fluid one. By contrast,
the fluid solver in NRG-FSIFOAM spends 48.9% of the total time waiting for the structural solution to be com-
puted and mapped. If the structural solution were computed quicker than the fluid within NRG-FSIFOAM,
given its use of a parallel subiteration scheme, then for the comparison with the total time spent on NRG-
beamFoam, one would need to consider only the time that it takes to map the structural solution to the fluid
domain. In doing so, it is found that 6.7% of the processing time is spent on mapping the structural solution
to the fluid solver. This is a share that is still significantly larger than that associated with NRG-beamFoam.
This finding proves the computational benefit that the NRG-beamFoam workflow can bring, apart from the
advantage of simplifying the entire workflow by using an approach that is fully integrated in OpenFOAM, in-
stead of the three separate pieces of software used for the NRG-FSIFOAM (OpenFOAM, deal.ll, and preCICE).
The good performance of the NRG-beamFoam workflow for URANS fluid models meant that the next step
in the verification could be taken, namely, the determination of the FSI performance when used with the
AniPFM. This led to the answer of the third question:

3. What are the preferential settings that should be used for the novel FSI solver when combined with
the AniPFM model?

The FSI study of the NRG-beamFoam in combination with the AniPFM model was hampered by stability
issues, as was already pointed out in Chapters 6 and 7. Nevertheless, valuable conclusions for future research
regarding the setup could still be drawn. First, in Chapter 6, it was found that the AniPFM fluid model can be
used only once per timestep, without any significant loss in accuracy, thereby reducing a significant portion of
the computational time that would be spent on computing the fluid solution. What'’s more, when using NRG-
beamFoam in the immediate future, it is recommended that the segments’ discretization being used for the
load interpolator is made matching with the fluid grid to avoid the local reordering of the distributed loads.
Even better, it is suggested that matching grid simulations be run, to avoid any potential errors introduced by
the load interpolator, until the other issues identified are solved. As for the ROM solver, in Chapter 7, using
8 modes per bending plane appears to give a very good accuracy of both the amplitude of the vibrations, as
proven by the midpoint of the clamped rod, and of the general deformation pattern of the structure at a given
timestep. This is observed for time instances where the perturbation of the initial conditions over the FSI
problem has faded away.
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8.3. Further research

Although the NRG-beamFoam methodology has shown promising results, it is also clear that its development
is far from complete. The recommendations for the future development of the NRG-beamFoam can be split
into four categories: verification, optimization, validation, and extrapolation. Those will be discussed sepa-
rately in the following.

First of all, the verification steps that need to be taken in the future can be mostly tied to the issues observed
in Chapters 6 and 7: the instability of the AniPFM when coupled with the NRG-beamFoam workflow, the re-
duction in accuracy of the load interpolator when the segments’ nodes are non-matching with the structural
ones, the inability to reproduce the previous AniPFM results obtained by Freitas [41], and the underestima-
tion of the vibration’s amplitudes when using the ROM solver with the AniPFM. It is believed by the author
that ensuring stability when running the AniPFM with NRG-beamFoam is of paramount importance, and
therefore specific solutions to tackle this problem are discussed, as also mentioned in Chapter 6:

¢ studying the influence of the random generator of non-dimensional velocity fluctuations over the sta-
bility of the AniPFM when coupled with NRG-beamFoam by using multiple random seeds and restart-
ing the computations after the crash has occurred; this is justified because the crashes appeared to be
somewhat arbitrary, not depending, for example, on the level of structural discretization used for the
beam element FEM solver

e analyzing the accuracy of the structural rotations imposed onto the FSI boundary by the NRG-beamFoam
workflow, and their impact on the stability of the problem; this is beacause a slightly different stability
was observed when using the matching grid interpolator, equations (6.5)-(6.8), and the uniform load
interpolator, (6.9)-(6.12); the two only differ based on how the nodal moments are computed

e using different discretization schemes for the transport equations of the AniPFM, given that the crashes
always occurred when the convection of the non-dimensional velocity fluctuations was computed

If none of these options are found to work, then the NRG-beamFoam could be coupled with a coarse LES
fluid model, that provides a similar highly-fluctuating fluid forcing on the FSI boundary, but is better vali-
dated than the AniPFM. A coarse LES FSI test could therefore reveal underlying problems of NRG-beamFoam
that are leading to the instability of the AniPFM.

Apart from the topic of coupling the AniPFM with NRG-beamFoam, the results in Chapter 6 clearly showed
the current intrinsic limitations of the proposed load interpolator, where the load mapping may give non-
physical results if the fluid forcing is randomly distributed between the different segments. To mitigate this,
it is recommended that a load interpolator where the fluid forces assigned to each segment are dependent
on the intersection area between the fluid solver and the hypothetical outer surface of the segment. Alter-
natively, one could also use a uniform load interpolator, as presented in equations (6.9)-(6.12), to map the
fluid loads to the structural nodes, although this may incur a slight increase in the number of elements re-
quired for the NRG-beamFoam methodology, and similar behaviour as presented in Figure 6.6 if the FEM
nodes and the fluid cell face centers coincide. In its current form, the potentially negative effects of the load
interpolator appear to be neutralized if axially matching grids are used for the fluid and the structure on their
boundary, though this temporary fix wouldn't work for unstructured grids, which are expected to be used
when the NRG-beamFoam methodology is used for more complex configurations. Finally, for the identified
ROM solver issues, it is recommended that the scaling and the orthogonality of the eigenmodes be verified.

Next, the measures that could be taken to optimize the NRG-beamFoam workflow are discussed. First, it is
expected that a significant computational benefit would be obtained if the FSI subiterations were controlled
by using a convergence criterion that is based on the residuals of the nodal displacements that are obtained
at consecutive subiterations. At the moment, only a fixed number of subiterations can be used, equal to the
number of outer correctors imposed for the PIMPLE loop. To implement this criterion, it is likely required that
the pimpleControl class in OpenFOAM is modified. Additionally, the FSI convergence may be improved by
implementing an IQN-ILS subiteration algorithm, as used by NRG-FSIFOAM. Currently, a potentially less ef-
ficient Aitken algorithm is implemented. An interesting direction of the research could also be to attempt to
use a subiteration algorithm that is based on the underrelaxation of the fluid loads at the FSI boundary, rather
than that of the structural displacements, as it is currently being done. This measure is proposed because an
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underrelaxation of the loads may bring faster convergence than using the displacements.

Additional validation work is also required before NRG-beamFoam becomes an established FSI solver for
modelling axial flow in nuclear reactors. The tests in this thesis were only conducted using the brass beam
geometry, at 10 m/s. The next step in the validation process could be to analyze the results obtained at other
axial flow velocities for the same experiment, and subsequently to observe the performance when using more
complex configurations, containing multiple rods.

Finally, the NRG-beamFoam workflow could also potentially be extrapolated for other FSI applications. An
immediate example is the use of a more complex physical model of the rod, where the physical properties of
the rod vary in the axial direction based on the local content of nuclear fuel. The structural damping could
also be included, to observe the effects over the rod’s vibrations. In principle, the NRG-beamFoam workflow
can also be used for other, more distinct applications. In this regard, the only constraints for using NRG-
beamFoam are the use of the PIMPLE algorithm, and the assumption that the structure is predominantly
subjected to lateral bending for which the corresponding lateral displacements are small. Immediate poten-
tial modifications could refer to the support conditions of the rod: at the moment, the workflow only supports
the modelling of clamped-clamped beams, but quick modifications could lead to the use of the methodology
for other end conditions. Finally, the same workflow could in principle be used for thin-walled beams, if,
for example, a Timoshenko beam formulation is used for the structural solver module, with the rest of the
workflow remaining the same.
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FEM supporting information

A.1. Combined element mass matrix for two-plane bending beam FE

Uy Uiz Py P1z Uzy Uzz P2y P2z
uy[ 156 0 0 22 Ly 54 0 0 —13Lg]
.| 0 156 —22Lg 0O 0 54 13 L 0
p1y| 0 —22Lg 414 0 0 -13Lg -3L% 0 ,
@12| 22 Ly 0 0 412 13 Ly 0 0 31 |ps" - La _
| 54 0 0 13Ly 156 0 0 -220y| az0 Ma A1)
u,| 0 54  —-13Lyg O 0 156 22 Ly 0
@2y| O 13Lg  —-31% 0 0 22Lg 414 0
¢2z[-13La O 0  -3134 -22Lg O 0 412 |

A.2. The Mode Superposition technique

The Mode Superposition technique represents an alternative to the conventional numerical time integration
techniques that are routinely used in structural analysis. As opposed to trying to satisfy the dynamic equilib-
rium at discrete time instances and modelling the variation of the structural displacements, velocities, and
accelerations in between, the Mode Superposition technique is based on redefining the number of degrees of
freedom of the problem through a projection of the original set of unknowns [81]. This is the same underlying
concept that is also used for the ROMs presented in Section 2.4. In fact, it is most common that the reduction
basis used to transform the initial FEM coordinates is the eigenbasis of the structure, the same approach as
that used for the ROMs implemented in this thesis. Once the reduced system is obtained, an analytical solu-
tion can be used to determine the structural displacements.

Based on the observations made in the paragraph above, the Mode Superposition technique starts from the
same projection as the modal methods presented in Subsections 2.4.3.2 to 2.4.3.4:
Nrgm
usms(t) = Y asi(t)pg; = Psasms 1), (A.2)
i=1

with the important difference that here all of the Npgy eigenmodes of the structure are used. In doing so, the
solution us ms obtained by computing asms and replacing it in (A.2) is exact, and not merely an approxima-
tion of the problem, as was the case in (2.100). Thus, a now-familiar reduced system is obtained:

asms + Q2 asys = ®! (1), (A.3)

where the NpgMm equations are uncoupled from one another. Each of these can be individually written as:

(1) + w2 a5 (1) = g, f(1), i =1,2,... Npem, (A4)
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A.2. The Mode Superposition technique A. FEM supporting information

for which the projected initial conditions can be written as:

{ as,i’t:() = ¢ST,iMsus(0), (A.5)

as,i] ;=g = P Misits (0).

Based on (A.4) and (A.5), each of the modal coordinates as; can be solved for using a numerical integration
technique, but one could also make use of the analytical solution of the Duhamel integral [81]:

1 t
asi()=— | @l f(t)sinwg;(t—t)dt' +{sisinwsit +nsicosws;t, (A.6)
s,i JO !

where (i and 75 ; are obtained based on the initial conditions (A.5). If one also considers structural damping,
equation (A.6) becomes [81]:

1 t CE (gl . LE s .
asi(t) = — f L f(t) e si%si= D sinayg 41t~ t)dt' + e i ({g sinwg g it +1sicoswsait), (A7)
ws,d,i Jo g

where ¢ j represents the damping of the i'" mode, and Wedi=Wsi\/1- Eg i
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Supporting information, Chapter 3

B.1. Example of the BeamFoamDisplacement subdictionary

inner

{

type BeamFoamDisplacement ;
value $internalField;

// fluid model entries
// density of the fluid (NEEDS TO BE SET INDEPENDENTLY FROM THE
// transportProperties ENTRY, BUT THEY SHOULD BE EQUAL)
rhoInf 1000;

// structural model entries

// I. CHARACTERISTICS OF THE SPATIAL STRUCTURAL DISCRETIZATION

// number of beam FEM elements used to model the structure
NBeamElements 20;

// the number of segments into which each FEM element %is subdivided
NSegmentsPerElement ®8

// II. CHARACTERISTICS OF THE TIME INTEGRATION SCHEME OF THE
// STRUCTURAL PROBLEM

// structural velocity integration parameter for the Newmark
// method
alphaNewmark 0.25;

// structural displacement integration parameter for the Newmark
// method
deltaNewmark 0.5;

// III. ROD GEOMETRICAL AND MECHANICAL PROPERTIES location of the
// origin of the beam in the OpenFO0AM frame of reference
BeamOrigin (00 0);

// length of the beam [m]
BeamLength il ile)g

// radius of the beam [m]
BeamRadius 0.00635;

// density of the beam [kg / m~3]
rhoBeam 8400;

// Young's Modulus of the beam [N/m~2]
EBeam 1070000000003

// azial direction of the beam, as a normalized vector
AxialDirection (0 0 1);
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// IV. SETTINGS FOR THE STRUCTURAL SOLVER

// Should a non-fluid load be initially applied to the structure?
// (relevant if dynamic response is of interest for a URANS

// simulation); 1 for yes (URANS), 0 for no (PFM)
ApplyInitialDistributedLoadBool 0;

// note: the rest of the wariables in IV are only relevant if
// ApplyInitialDistributedloadBool is set to 1

// total duration for which the initial uniform load should be
// applied [s]
tApplicationInitialDistributedLoad 0;

// amplitude of the initial load applied at each structural node [N]
InitialLoadAmplitudeValue 0.654;

// Eigenmode number that is desired to be imposed as forcing onto
// structure (must be an integer greater or equal to 0; for 0, a
// uniform load %s applied in the azial direction of the rod)
InitialLoadEigenmodeShapeNumber O0;

// boolean which sets whether the initially applied load should be
// static or dynamic
DynamicInitialLoadBool 0;

// relative amplitude of the dynamic component with respect to the
// static one for the initial component
DynamicInitialLoadRelAmplitude O;

// subiteration algorithm entries

// the initial guess value of the Under Relazation Factor (URF),
// also called omega; this walue is set at the first subiteration
// of each timestep

InitialUnderRelaxation 0.4;

// ROM entries

// should the structural solver be the ROM (either Mode
// Displacement, MD, or Mode Acceleration, MA)? 1 for Yes, 0 for No
UseR0OMbool 0;

// note: the following 2 entries are only relevant if UseROMbool is
// set to 1

// should the ROM structural solver use the MA or the MD method? 1
// for MA, 0 for MD
UseModeAccelerationROMbool 0;

// the number of modes to be used within the ROM (either for MA or
// for MD); should be an integer with value greater than 0, and

// smaller than the number of dof's within the FEM system
NModesROM 10;

// (Optional) Field names

// those string inputs are used for the solver to be able to

// identify what the name of the pressure, velocity, and density
// fields is

pName P;

rhoName rhoInf;

// Optional entries
// field names

// those string inputs are used for the solver to be able to
// identify what the name of the pressure, and density

// fields is

pName P;

rhoName rhoInf;

// I. CHARACTERISTICS OF THE SPATIAL STRUCTURAL DISCRETIZATION

//

// number of degrees of freedom allocated to each node (4 is

// recommended; other valid option %is 2, but it hasn't been fully
// tested)

nDofPerNode 4

// the number of structural nodes for each element
nNodesPerElement 28

IV. SETTINGS FOR THE STRUCTURAL SOLVER

// Are the structural elements uniform (not constant in length)?
// Possible inputs are 1 for Yes (fully implemented), 0 for No
// (partially implemented, not verified)
UniformLengthElementsBool 1;
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// Are the structural elements homogeneous (same material and

// geometrical properties for all azial positions)? Possible inputs
// are 1 for Yes (fully implemented), 0 for No (partially

// implemented)

HomogeneousElementsBool 1;
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C.1. FEM solver

XY bending plane XZ bending plane
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Figure C.1: The variation in relative error of the first four eigenfrequencies between the beamFoam: : FEMsolver module and the analyt-
ical solution, for different numbers of elements used to discretize the fuel element geometry, when considering two-plane bending, for

the XY (left) and the XZ (right) bending planes
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Figure C.2: The variation in the prediction of the first four eigenmodes for the beamFoam: : FEMsolver module, when considering dif-
ferent numbers of beam elements to discretize the fuel element geometry, for one-plane bending FEM
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Figure C.3: The variation in the prediction of the first four eigenmodes for the beamFoam: : FEMsolver module, when considering dif-
ferent numbers of beam elements to discretize the fuel element geometry, for two-plane bending FEM
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C.2. Load Interpolator
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Figure C.4: Static equivalent nodal loads for loads applied inside the structural domain; taken from [84]
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C.3. Displacement Interpolator
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Supporting information,

D.1. Laminar FSI simulations

D.1.1. Numerical schemes used (fvSchemes dictionary)

Chapter 5

ddtSchemes
{
default backward;
}
gradSchemes
{
default Gauss linear;
}
divSchemes
{
default none;
div(phi,U) Gauss linearUpwind linear;
div((nuEff*dev2(T(grad(U))))) Gauss linear;
}
laplacianSchemes
{
default Gauss linear uncorrected;
}
interpolationSchemes
{
default linear;
}
snGradSchemes
{
default uncorrected;
}
wallDist
{
method meshWave;
nRequired true;
}
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D.1.2. Solver settings used (fvSolutions dictionary)

solvers
{
P
{
solver PCG;
preconditioner DIC;
tolerance 1e-06;
relTol 0;
maxIter 2000;
}
pcorr
{
$p;
}
pFinal
{
$p;
}
pcorrFinal
{
$pFinal;
}
"(U|cellDisplacement)"
{
solver smoothSolver;
smoother symGaussSeidel;
tolerance 1e-07;
relTol 0;
}
"(U|lcellDisplacement)Final"
{
$U;
}
}
PIMPLE
{
// for NRG-beamFoam entry of nluterCorrectors controls
// the number of FSI subiterations for each timestep
nOuterCorrectors 1;
nCorrectors 28
nNonOrthogonalCorrectors 0;
pRefCell 0;
pRefValue g
// SETTING ONLY USED WITH NRG-beamFoam
moveMeshOuterCorrectors true;
}
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D.1.3. Initial displacements, NRG-beamFoam vs NRG-FSIFOAM
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Figure D.1: The difference between the NRG-beamFoam and the NRG-FSIFOAM workflows for the transient lateral displacement ob-
tained at the midpoint of the brass beam geometry; this difference in amplitude is caused by the the different methods of applying the
initial forcing
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D.1.4. Additional results, subiterator verification
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Figure D.2: The z component of the lateral midpoint displacement of the rod for the laminar FSI case for the fixed URF verification test,
where different values of the URF is used for 2500 OC at each timestep
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Figure D.3: The z component of the lateral midpoint displacement of the rod for the laminar FSI case for the Aitken URF verification test,
where two different values of the intial URF is used for 10 OC at each timestep
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D.2. URANS FSI simulations

D.2.1. Additional numerical schemes used in fvSchemes dictionary

divSchemes
{
div(phi,omega) Gauss linearUpwind linear;
div(phi,k) Gauss linearUpwind linear;
}

D.2.2. Additional solver settings used in fvSolutions dictionary

solvers
{
" (omega|k)"
{
solver smoothSolver;
smoother symGaussSeidel;
tolerance 1e-07;
relTol 0;
}
" (omega|k)Final"
{
$omega;
}
¥
PIMPLE
{
// SETTING ONLY USED WITH NRG-beamFoam
turbOnFinalIlterOnly false;
}
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D.3. preCICE outputs example

Time values

advance/map.pet.mapData.FromSolid_meshToFluid-Mesh-Nodes solver...

advance/map.pet.solveConsistent.FromSolid_meshToFluid-Mesh-N... advance/map.pet.solveConsistent.F... advance/map.pet.sol...

Fluid Solver Timeline
L e

F solver.advance

A '\Solid Solver Timeline

Event

_GLOBAL
advance
advance/m2n.r eData
.sendData
advance/map.
advance/map.
advance/map.

advance/

advance/map .
advance/query.

configure/com.initializel

/m2n. createCommunications
changeVertexDistribution

initialize/partition.

Figure D.4: Examples of the outputs of preCICE for the performance analysis of the workflow; top: timeline of the different routines
executed for the two solvers; bottom: summary of the different types of events in the timeline, along with their statistics for the entire
simulation
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Figure D.5: Visualisation of the longer duration of computing the structural solution within the NRG-FSIFOAM workflow, for a random
subiteration of the FSI transient
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E.1. Additional numerical schemes used in fvSchemes dictionary

divSchemes

{
div(interpolate(Ufluct),Ufluct) Gauss linear;
div(convection(interpolate(Ufluct),Ufluct)) Gauss linear;

div(phi,Ufluct) Gauss linear;
div(phif,U) Gauss linear;
div(phif,Ufluct) Gauss linear;
div(phic,Vf) Gauss linear;
div(R) Gauss linear;
div(div(R)) Gauss linear;

div(div(phi,Ufluct)) Gauss linear;
div(div(phif,U)) Gauss linear;
div(div(phif,Ufluct)) Gauss linear;
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E.2. Additional solver settings used in fvSolutions dictionary

solvers
{
pfluct
{
solver PCG;
preconditioner DIC;
tolerance 1e-09;
relTol 0;
maxIter 3000;
}
pfluctFinal
{
$pfluct;
}
VE
{
solver smoothSolver;
smoother symGaussSeidel;
tolerance 1e-09;
relTol 0;
}
VfFinal
{
$VE;
}
}
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E.3. The prescription of the Uf1uct BC for the inlet and the outlet of the

domain
In 0/Ufluct:
boundaryField
{
inner
{
type noSlip;
}
outer
{
type noSlip;
}
outlet
{
type mapped ;
field Ufluct;
setAverage 0;
average (0 0 0);
interpolationScheme cellPointFace;
}
inlet
{
type mapped;
field Ufluct;
setAverage 0;
average (0 0 0);
interpolationScheme cellPointFace;
}
}

In constant/polyMesh/boundary:

outlet

{
type
inGroups
nFaces
startFace
sampleMode
sampleRegion
offsetMode
offset

}

inlet

{
type
inGroups
nFaces
startFace
sampleMode
sampleRegion
offsetMode
offset

mappedPatch;

List<word> 1(mappedPatch);
2000;

1810000;

nearestCell;

region0;

uniform;

(0 0 -0.1);

mappedPatch;

List<word> 1(mappedPatch) ;
2000;

18120003

nearestCell;

region0;

uniform;

(0 0 0.1);
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E.4. Distribution of fluid cell faces for matching and non-matching seg-
ments’ nodes

Kseg = i
Segment # % Segment # Iff\i f:c Segment # ]\IZ frfc
1 5 21 5 41 5
2 5 22 5 42 5
3 5 23 5 43 5
4 5 24 5 44 5
5 5 25 5 45 5
6 5 26 5 46 5
7 5 27 5 47 5
8 5 28 5 48 5
9 5 29 5 49 5
10 5 30 5 50 5
11 5 31 5 51 5
12 5 32 5 52 5
13 5 33 5 53 5
14 5 34 5 54 5
15 5 35 5 55 5
16 5 36 5 56 5
17 5 37 5 57 5
18 5 38 5 58 5
19 5 39 5 59 5
20 5 40 5 60 5

Table E.1: The number of cell faces assigned to each segment, Ny, relative to the number of cell faces along the circumferential direction,
Neirc, when segments’ nodes are axially matching with the fluid ones on the FSI boundary, xseg = %
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Kseg = 5
Segment # % Segment # % Segment # % Segment # % Segment # % Segment # A]Z ]?Ifc
1 3 21 2.28 41 2 61 3 81 2.08 101 2
2 2 22 2.72 42 3 62 2 82 2.92 102 3
3 2.15 23 2 43 3 63 2 83 2 103 3
4 2.85 24 3 44 2 64 3 84 3 104 2
5 2 25 3 45 2.02 65 2 85 3 105 2.3
6 3 26 2 46 2.98 66 3 86 2 106 2.7
7 3 27 2.12 47 2 67 3 87 2.12 107 2
8 2 28 2.88 48 3 68 2 88 2.88 108 3
9 2.05 29 2 49 3 69 2.08 89 2 109 3
10 2.95 30 3 50 2 70 2.92 90 3 110 2
11 2 31 3 51 2.05 71 2 91 3 111 2.12
12 3 32 2 52 2.95 72 3 92 2 112 2.88
13 3 33 2.48 53 2 73 3 93 2.15 113 2
14 2 34 2.52 54 3 74 2 94 2.85 114 3
15 2.65 35 2 55 3 75 2 95 2 115 3
16 2.35 36 3 56 2 76 3 96 3 116 2
17 2 37 3 57 2 77 2 97 3 117 2.08
18 3 38 2 58 3 78 3 98 2 118 2.92
19 3 39 2.02 59 2 79 3 99 2.33 119 2
20 2 40 2.98 60 3 80 2 100 2.67 120 3

Table E.2: The number of cell faces assigned to each segment, Ny, relative to the number of cell faces along the circumferential direction,
Neirc, when segments’ nodes are axially matching with the fluid ones on the FSI boundary, xseg = % ; the bolded entries show that the
number of fluid cell faces allocated to each segment is not necessarily a multiple of the number of fluid faces in the circumferential
direction, confirming the hypothesis in Figure 6.6
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E.5. Preliminary NRG-beamFoam study
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Figure E.1: The adimensionalized total forces applied on the FSI boundary by the fluctuating pressure components of the fluid domain
in the y— (top) and the z— (bottom) directions of the beam reference system
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Figure E.2: The adimensionalized difference in total forcing received by the structural grid, and that imposed by the fluid grid, for the y—
and the z— components of the beam reference system, when using a matching grid
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E.6. Prediction of the vibrations RMS
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Figure E.3: The lateral midpoint displacements of the rod when using the NRG-FSIFOAM workflow with the settings presented in Section
6.1 obtained by Freitas [41], and by the current research
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Figure E1: Comparison of the axial distributions of lateral displacements in the z— direction obtained within the ROM and the FEM
structural solvers when a static uniform force is initially applied, and different numbers of modes are considered for each bending plane,
after Tt] ~ 1.28 (top) and T—tl ~ 3.42 (bottom)
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Figure E2: Comparison of the axial distributions of lateral displacements in the y— direction obtained within the ROM and the FEM
structural solvers for the first ROM verification test, equation (7.1), at Til ~ 1.28 (top) and T—tl = 3.42 (bottom), when considering ten
modes in each bending plane for the ROM, and the full FEM solution
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Figure E3: Midpoint lateral displacements in the y— direction for the third ROM verification test, equation (7.3), when considering five
modes in each bending plane for the ROM method, and the full FEM solution
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Figure E4: Axial distribution of the lateral displacements imposed by the displacement interpolator onto the fluid grid’s nodes on the FSI
boundary when using the same number of modes as the total number of degrees of freedom used for the FEM model, Nrom = NFgM,

for T L_ ~3.36, for both the MD and the MA ROM
pass
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