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ABSTRACT

The Thesis is dedicated to flow-induced vibration studies in high-powered cooling systems
consisting of many rigid rods between which water or heavy water (DO — deuterium oxide)
flows as a cooling agent. The goal is to determine the impact on dominant frequencies of the
two system parameters — rod mass and its mounting stiffness. Due to simplicity, the investigated
model system consists of a single, flexibly mounted rod inserted into an array of rigid rods with
a triangular arrangement. The moving rod has two degrees of freedom. Both ends of it may
move in the direction of flow and perpendicular to the flow. Several series of laboratory
experiments have been performed to study in depth the impact of the single moving rod mass,
the position in the array and the support stiffness on the amplitude and frequency of oscillations
at different flow rates. The experiments were conducted in collaboration with the Paul Scherrer
Institute in Switzerland. An analysis of the obtained data showed that the frequency ratio of
vibrations caused by natural frequency and turbulence is a parameter that allows detecting
changes in the above-mentioned input parameters in indirect way. Computational fluid
dynamics (CFD) simulations were performed to study numerically the behaviour of a flexibly
mounted rod in the cross-flow. To model the rod movement, it was described as a mass — spring
system. In addition, it was analysed how to minimise computing time and costs. The optimal
size of the computational domain was found for the given Reynolds numbers. Simulations at
different inflow velocities allowed to analytically describe the distribution of the flow field in
the gap between two adjacent cylinders introducing inflow boundary conditions for CFD
simulations. The impact of the mass and the stiffness coefficient of the flexibly mounted rod on
frequencies of the oscillation was assessed using the metamodeling approach. Using data from
laboratory and numerical experiments, new second-order and 7-term orthonormal Legendre
polynomial approximation models were created. The inverse analysis, which was applied to
experimental data, allowed to develop a model describing the relationship between the
frequency ratio, the stiffness and the mass. The created approximation models are applicable to
the alleviation of uncertainty, monitoring of cooling systems or early detection of damage
related to the reduction of the mass of rods or to changes in the stiffness of the supports.
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SUMMARY OF THE THESIS

Topicality

As the technological capabilities for growing the productivity (capacity) of cooling
equipment increase, the requirements for safety systems for this new equipment, which must
be able to identify potential problems even before an emergency occurs, are also increasing.
This is particularly important in new installations whose operational interruption or malfunction
could have serious consequences for both the economy and the environment. Such modern
cooling systems are used both in energy and in the cooling of various technological equipment
in industry. This kind of equipment with heavy water is used in nuclear reactors and related
devices.

Due to extensive use in various fields of engineering, the flow around tubes and rods is
being studied intensively, but there are still a number of physical phenomena that are not
sufficiently understood and investigated, such as 1) turbulence, 2) cavitation, 3) various aspects
of the fluid-structure interaction problem, 4) finding global bifurcation of motion modes for
vibrating systems, etc. Vibrations caused by turbulent flow in cooling systems, heat exchangers
or nuclear power plants are considered to be one of the most devastating problems.

High-speed flow interaction with structural elements may result in vibrations of
components, which, in turn, may lead to fatigue damage, rod collisions or connection damage,
etc. For the safe operation of engineering equipment, it is necessary to continuously monitor
whether the system does not exceed its operational limits and does not compromise its structural
integrity. At the same time, it is not possible to measure changes in the internal elements
(parameters) of the system directly during the operation of the equipment. For complex systems,
its behaviour as a function of the input parameters is generally not known. In such situations,
physical and numerical experiments can often be the only way to determine the relevant
relationships. Adequate mathematical models can be used to detect as early as possible changes
in the typical behaviour of the system that could indicate its malfunction and structural integrity
problems. This Thesis examines the effects of changes in two parameters — the mass and the
support stiffness of the rod.

Objective of the Thesis

The objective of the work is to explore the dynamics of the high-capacity water cooling
system as a common system of fluid (water) and discrete rods, with a view to creating a new
mathematical approximation models applicable for the design and monitoring of new systems
with guaranteed functioning safety.



Research Tasks

The main tasks of the present Thesis are as follows:

1) to carry out an overview the existing theories and practices for the identification of
dynamic systems with a view to develop output data for laboratory experiments for rod
vibrations in fluid environments;

2) to develop laboratory experimental procedures and design of experiments for rods in
fluid environments;

3) to carry out laboratory experiments in collaboration with the Paul Scherrer Institute, PSI;

4) to carry out post-processing and analysis of experimental data with a view to implement
further numerical experiments;

5) to plan numerical experiments, their implementation, approximation of results and to
obtain an impact assessment of system parameters (criterion);

6) to develop water-cooling system approximation models that are applied for monitoring
of systems where a reduction in the mass of the rods or a change in support stiffness
during operation is expected;

7) to verify and validate the developed models;

8) to develop inverse approximation models for the safety and monitoring of the operation
of cooling systems.

The Subject Matter and the Scope of the Study

The subject matter of the study is a system of triangular arrangements of closely located
rods through which turbulent water flows. The scope of the study is system parameters: flow
rate, vibrating rod mass, support stiffness coefficient, the position of the vibrating rod in the
array and hydrodynamic force that acts on the rod.

Scientific Novelty of the Thesis

1. A large set of measurement data has been obtained for the amplitude and characteristic
frequencies of the elastically-fixed rod at the various initial conditions of the system,
using laboratory experiments for the closely-packed rod bundle.

2. Analysis of laboratory experiment data identified the parameter that allows the most
effective detection of changes in the mass and support stiffness of a flexibly mounted rod.

3. A typical flow field distribution profile between two adjacent rods in an array with
closely-packed rods has been found and mathematically approximated. The profile is
applicable to Computational Fluid Dynamics simulations as the boundary condition,
allowing a significant reduction in computing time and costs.

4. The inverse analysis results in mathematical approximations for the description of
relationships between a) the rod support stiffness and the frequency ratio, and b) the rod
mass and the frequency ratio. The inverse model allows assessing changes in the
behaviour of the system over time, knowing its inherent frequencies.



Practical value of the Thesis

The results of the study are applicable to the development and monitoring of wide-spectrum
equipment, where fast flowing water is used to cool objects. In Latvia, the results of the study
are applicable, for example, to industrial installations where fast cooling of the object is
required. Another possible use is in cooling plants in thermal installations. In addition, the
conclusions obtained are applicable in the monitoring system for the PSI proton beam target
SINQ (Swiss Spallation Neutron Source).

The summarized results are useful in the development of analytical models that would
describe the interaction of a flexibly mounted rod and flow in an array of closely placed rods.
The resulting conclusions on the impact of the size of computational domain on the outcomes,
and velocity profile can be used to create simplified numerical models without significantly
losing accuracy while saving on computing resources.

The resulting approximation models allow to create monitoring systems and software for
safe monitoring of parameters that cannot be measured directly.

Research methods

The following methods were used to obtain comprehensive information on the parameters
of the cooling plant consisting of an array of rods through which the water flows:

1) method of applying classical mechanical oscillation theory;

2) method of laboratory experiments of physical process in fluid (water) environments;

3) method of processing experimental data;

4) numerical modelling with computer methods;

5) metamodeling theory and methods.

Results Nominated for the Defence

1. Calculation methodology for efficient numerical modelling of the flow through a closely
packed array of rods, including the selection of an optimal computing domain and an
approximated flow velocity profile in a gap between two adjacent rods.

2. The inverse approximation model, which describes the dependency of the stiffness of
the rod support from characteristic frequency ratio, which can be used in the safety
monitoring of the system.

3. The inverse metamodel describing the mass of oscillating rod as a function of two
parameters, the frequency ratio and the support stiffness, which can be applied for
determining the rod damage associated with reducing the mass of the rod.



Structure and Volume of the Thesis

The promotion work consists of an introduction, 4 chapters, conclusions and a list of
references. The work comprises 123 pages, 65 images, 9 tables and a list of literature that
contains 149 titles.
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THESIS CONTENTS

1. Theory and Literature Review

Chapter 1 devoted to a brief overview of scientific literature and basic theory issues
concerning: 1) flow-induced vibrations (FIV) in tube or rod systems; 2) Computational Fluid
Dynamics (CFD) methods to predict aspects of vibration generation in arrays under different
initial conditions; and 3) the possibilities of metamodelling in the planning of experiments, the
exploration and approximation of mechanical systems.

The arrays of rods in commercial heat exchangers and water-cooling systems are made up
of simple geometric patterns — squares or triangles [1]. Efficient cooling structures often require
high flow speeds, as well as reduction of tube wall thickness, while taking into account vibration
mechanisms that may result from flow in the array. The FIV problem thus becomes one of the
most important dynamic challenges in the design process of cooling systems.

The excitation mechanisms, which create oscillations in the array of rods, are directly
related to the flow rate. When the flow has reached the velocity required for the transition to
turbulence, the nature of the flow causes a random dynamic pressure on the surface of the rod,
including the random movement of the rod. As the flow rate continues to grow, it also causes
the vortex to break from the surface as it flows through the array of rods, resulting in
harmonious variations of pressure. At high flow velocities, there is an interaction between the
vibrations of the flow field and the array of rods. Three basic mechanisms are defined
classically, which cause a structural element to vibrate due to the cross-flow through the rod
array. These are — vortex shedding, turbulent buffeting and fluidelastic instability [2]. The
typical behaviour of the array of rods also depends on mechanical and geometric features, such
as the method of fixing the rod and the configuration in the array, the pitch-to-diameter ratio
(P/d), etc.

The work of the present Thesis was focused on studies of the vibrations caused by turbulence
in a rod bundle with closely packed cylindrical rods. An example of such system could be SINQ
target. SINQ is a proton beam target located in Paul Scherrer Institute (Switzerland). The key
element of the target is a bundle of rods (315 pieces in 37 rows) fabricated from Zr alloy tubes
and filled with Pb. Due to the way of mounting of the cylindric rods in the target, see Fig. 1.1 a,
it is expected that the rod can move within a small tolerance range in the plane perpendicular
to the axis of the cylinder. A proton beam initiates a spallation reaction, which is accompanied
by a powerful heat release in the rods. The rods are cooled by turbulent heavy water cross flow
that can induce the vibrations of the rod. Parameters of the vibrations depend on the rigidity of
structure, geometry of the flow path, properties of heavy water, and flow rate. The SINQ target
is well designed, but the total power has tremendously increased over the years. Therefore, in
specific cases, it is possible that there occur damages in the rod because of water boiling, crack
of the pipe and lead leakage, etc., see Fig 1.1 b. Any change in the target parameters should be
visible as a change in vibration frequency or amplitude. That would allow using the analysis of
detected frequencies as one of the mechanisms for monitoring the structural health of the target.
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(a) (b)
Fig. 1.1. (a) Mounting of Pb filled rods in the SINQ proton beam target; (b) Photograph of a

rod after an operation in SINQ targets with a damage that leads to mass reduction
due to lead leakage [3].

Turbulence-induced vibrations are the result of fluid-structure interaction between a tube
and a flow whose turbulence intensity is associated with the level of turbulence of the incoming
flow in the tube array, as well as the turbulence caused by upstream rows of rods [4]. Generally,
the vibration mechanism caused by turbulence does not cause immediate catastrophic changes
to the system but may result in progressive tube damages in the long-term [5].

With the rapid increase in computing capacity and performance, CFD simulations are
becoming an increasingly useful approach to flow-induced vibration studies. Although the CFD
is a popular and generally accepted practice, obtaining applicable results remains a challenge,
for example, there is no single method for modelling or calculating turbulence that is applicable
to all cases.

The relatively simplest situation is when a single cylindrical rod is inserted into the flow.
Such simulations may be used to validate the selected methods and models, as both
experimental and numerical data are available in the scientific literature on the integral
characteristics of a single rod, such as lift and drag coefficients or the Strouhal number.

Cooling plants, heat exchangers or nuclear reactors typically contain arrays of rods or tubes
with tens or even hundreds of cylindrical elements. Although computing capacity has increased
significantly today, but the costs of simulating turbulent flow tend to be high, therefore attempts
are made to reduce the computing area as much as possible. A series of studies have been carried
out to determine the minimum number of rows and columns needed to model the array
behaviour due to the flow, e.g. [6], [7].

Several studies are available in the scientific literature comparing the results of 2D and 3D
models. From the results of Large Eddy Simulations described in [8], it can be concluded that the
three-dimensional effects of the flow are relatively minor at low Reynolds numbers (Re = 2840).
On the other hand, if the Reynolds number is medium or large, as it follows from the Shinde et
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al. [9] publication, the 3D simulation shows about 30 % increase in the amplitude of oscillations
in comparison to the two-dimensional case at Re = 60 000. The lift coefficient spectrum in 3D
displays higher frequencies indicating that the turbulence energy increases due to the spanwise
direction dynamics. The spectra of the response signal of the cylinder show the same frequency
of oscillations in 2D and 3D simulations. This confirms theoretical considerations of the
fluidelastic instability, as well as experimental observations reporting that the instability mainly
appears in the perpendicular direction with respect to the cross flow. Thus, it can be concluded
that, under certain conditions, 2D simulations give results of acceptable precision. In addition, it
should be noted that the computational domain in 3D cases is substantially larger than in 2D,
which significantly increases the required computing resources and time. Since this study mainly
analyses frequencies, it appears from the above mentioned that it is more optimal to use a 2D
geometry with an appropriately chosen mass and stiffness coefficient.

In a typical case, in laboratory experiments, the rod vibration in the array is determined by
using accelerometers or laser sensors. However, it should be noted that it is not possible to
apply these methods to real, working installations, particularly in the case of installations
operating under radiation conditions. Mathematical approximations should, therefore, be used
in the monitoring of real systems.

In order to predict the typical behaviour of the system by using a low-dimensional
representation for a high-dimensional problem, a mathematical approximation may be applied,
identified in the literature by the terms “metamodel” or “surrogate model”. The use of
metamodels makes it possible to effectively understand and assess the interdependence of model
input (factors) and output (response) parameters using fast simulation tools. Both physical and
numerical experiments can be used to obtain factor-response maps. The design of experiments is
an essential step for the efficient development of a metamodel. Central composite designs are
often used for fitting a second order response surface [10], while it is most efficient to use space
filling plans [11], such as different type of Latin hypercube sampling (LHS) [12], [13] for the
planning of computer experiments. An important concept in design of experiments (DoE) is
orthogonality. This would lead to the best designs since it would minimize the variance of the
regression coefficients [10]. New types of orthogonal DoE are described in source [14].

After selecting the experiment plan and performing the necessary simulations or physical
experiments, the second phase of metamodelling is carried out, in which a suitable model of
approximation (mathematical) must be selected. The aim of approximation is to obtain an
instrument for the analysis of a complex or high-cost system [15]. When compiling the
information available in scientific literature, it can be concluded that one of the most popular
types of approximation models is the response surface method (RSM) developed by Box &
Wilson [16]. RSM is useful and effective in cases where the number of parameters of the system
is low and its behaviour is not highly non-linear [17].

Inverse analysis is a currently relevant topic in modern engineering. Inverse problems are
defined as problems where the responses are known, but inputs or the source of the responses
have yet to be clarified. In inverse metamodelling, methods of approximation are used to create
a pattern of inverse relationship. This creates an inverse relationship between consequences and
causes that could be used to monitor systems.
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2. Laboratory Experiments

Chapter 2 describes the laboratory experimental equipment, the sensors used, the course of
the experiment, the results obtained and their postprocessing. An analysis of the experimental
data allowed a series of findings on the behaviour of single flexibly mounted rod inserted into
an array of closely deployed rods at different initial conditions.

The experimental facility is located at the PSI and the experiments were conducted in
collaboration with PSI colleagues. The apparatus consists of a water contour with a test section
containing an array of fixed rods with a single flexible mounted test rod (TR), measuring
equipment and sensors. The water contour system is composed of rectangular entrance and exit
water channels, water pumps, expansion tanks, flow meter, manometer and the test section of
the array. The flow rate in the channel can range from 0 to 2.9-3.0 L/s. Reynolds number, based
on the inflow velocity Uin and cylinder diameter d, can reach 16.4-10° (Re = U;,d/v, where v
is the kinematic viscosity of water). During the experiment, the flow rate is gradually changed,
reaching the maximum from the minimum in 100 steps.

The test segment with a set of rods consists of a rectangular channel with a cross-section of
30 mm? x 97 mm?, which rapidly passes into a smaller cross-section of 30 mm? x 47 mm?. An
array of rods with 21 rows of rigid, cylindrical stainless-steel cylinders, is placed in the narrower
part of the channel, 97 mm from the entrance of the section. Rods are placed in a triangular
arrangement with a low ratio P/d = 1.1 (see Fig. 2.1). Each row contains five rods or four rods
and two half-rods. The rods are rigidly fixed in hollows in the plexiglass covers. All rods are
identical, 30 mm long, with a diameter of d = 8 mm and with the same mechanical
characteristics. The housing natural frequency is expected to be significantly higher than the
TR frequency.
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Fig. 2.1. The cross-section for the test section of an array of rods.

Most experimental studies were conducted when TR was in the middle of the fourth row.
The TR location was changed from fourth to the second row, with the exception of the first two
rows of the array, in order to determine the effect of the TR position in the array and the number
of rows of the set. The TR sketch is shown in Fig. 2.2. The ends of TR are embedded in metal
bellows, thereby providing waterproofing. The free movement of TR perpendicular to the flow
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(cross-flow, CF) and in the flow direction (inflow, IF) is provided with two elastic cylindrical
beams of 128 mm length. Three elastic beams of different diameters, described by their stiffness
coefficient k, were used. The mass of the beam is significantly lower than the mass of the rod
(less than 3 % of the mass of TR). The effects of TR mass have been studied by experimentally
adding mass elements at both ends of the TR. Consequently, the mass of TR was increased by
35 %.
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Fig. 2.2. The sketch of flexibly mounted TR.

The set of measurement equipment used includes four single-axis accelerometers and two
laser triangulation sensors. The maximum measurement sampling frequency is 2 kHz for both
accelerometer and laser sensors. At each end of the TR, there are two accelerometers to obtain
TR acceleration measurements in both directions of CF and IF. To obtain the TR velocity and
displacement from accelerometer measurement data, the fast Fourier transform (FFT) and the
inverse FFT was applied. The laser sensors are located at one end of the TR, one in each
direction.

To minimize errors in experimental results, a number of actions were done including
repeated measurements with the same initial conditions. Random uncertainties (Us) at 95 %
confidence limit calculated according the formulation by Reedy [10] are summarized in
Table 2.1 where m* is the mass ratio. To check sensors and data acquisition system, the
installation with external excitation device, which creates the rod oscillations with known
frequency, was build. The impact of different measurement sampling frequencies was checked.
The known generated signal was used to check algorithms, which were applied for the
postprocessing of the acceleration measurements. The comparison of the displacement from
laser sensor measurements and calculated from accelerometer was done as well.

Table 2.1

Random Uncertainties of Frequencies Us at 95 % Confidence Limit

Cases fn, Hz Us, Hz
ki, m* = 0.42 41.88 +0.2040
ko, m* =0.42 48.09 +0.1454
ks, m* =0.42 58.50 +0.3771
ki, m* = 0.567 38.31 +0.1301
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The experimental studies were started with non-flow measurements. All frequencies
detected by sensors in these experiments are considered to be environmental noise. In a typical
case, the distribution of the noise measured by accelerometers is similar to Gauss distribution.
Experiments were conducted with an array of rods in which all rods are fixed to determine the
variables associated with flow or system properties, but not with TR vibrations. In the obtained
frequency spectrum, a group with frequencies f; that depends directly on the flow rate was
detected: the faster the water flow, the higher the frequency. The relationship between
frequencies and the water flow rate is linear. It may be speculated that the observed frequency
group f; is associated with turbulent oscillations in the water flow and approximately
corresponds to the Strouhal number St = 0.20.

The total TR displacement was divided into two parts: the permanent deflection (n,) from
the starting point of the coordinate system was derived from laser sensor measurements and the
average oscillation amplitude (4¢) was obtained from accelerometer data.

The increasing flow can be divided into three areas, depending on the TR vibration
amplitude behaviour in relation to water velocity in the corresponding region: 1) amplitudes in
the first region are relatively low; 2) in the second region, TR vibrations are increasing rapidly
and, when peak value is reached, are decreasing rapidly; 3) relatively low amplitudes are
observed again in the last region similar to those in the first region.

In cases where the flow rate decreases, peak values for dimensionless vibration amplitudes
Ag¢/d are observed at lower flow rates than in the case of increasing flows. The maximum A¢/d
values in both IF and CF directions are achieved when water flow is increasing. Also, the graph
of the permanent deflection when the flow is increasing differs from that of a reducing flow. It
follows from the results obtained that a hysteresis effect is observed. Measurements of n, show
that the zero-point shift in IF direction increases if the flow rate grows. A permanent deviation
is also observed in the direction of CF. Since the array configuration is theoretically symmetric,
the deviation from the coordinate system’s starting point in the direction of CF could be
explained by the original TR’s unsymmetrical position in the array. The constant deviation of
CF increases with an increase in flow rate. Therefore, it can be concluded that the flow rate may
increase the inaccuracy of the initial rod position.

The results obtained show that TR mass changes are detectable in the frequency domain.
This could be useful for structural health monitoring (SHM) in a situation where the damage to
the rod results in a decrease in its mass. Further studies would be needed to identify the
minimum variation of TR mass to be detected, which would be visible in the frequency
spectrum.

Changes to the rod support were modelled using three types of elastic beams with a stiffness
ki (weak), k2 (medium), and ks (stiff). The location of the elastic beams can be seen in Fig. 2.2.
The maximum values for vibration amplitude in the directions of CF and IF are achieved when
beams with medium stiffness k- are used. In order to better understand the behaviour of the TR
when the amplitude peak values are reached, the distribution of position Pi(t) was introduced,
which finds areas in the plane cross-section where the end of TR is most frequently present.
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Two TR movement modes were identified using P;(t): 1) TR ends spend most of the time
around a point corresponding to a deflection of n,; 2) at an interval where the TR natural

frequency f, and f; have similar values, the end of the rod fluctuates around two equilibrium
points (see Fig. 2.3), in addition, the probability graphs are not the same for both ends of the
TR. From this, it can be concluded that TR movements have become three-dimensional.
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Fig. 2.3. Scatter plot of TR position in time in the xy plane.
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Fig. 2.4. The dominant normalized frequencies in the direction of CF at the three stiffnesses
of elastic beams. The diameter of the circle corresponds to the size of the FFT amplitude.
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In a case where the softest elastic beams with a stiffness k; are used, it can be concluded
from the measurement data obtained from the laser sensors that at the reduced velocity U, = 5.4
a contact problem begins, i.e. the TR starts to interact with the structure housing. The dominant
frequencies for the three stiffnesses of the elastic beam, depending on the Reynolds number,
are shown in Fig. 2.4. The diameter of the circles indicates the size of the FFT amplitude. A
similar phase portrait is obtained when stiffness is k> and k3. When beam stiffness is ki, two
bifurcation points are observed in the frequency spectrum. If the stiffness of the elastic beam is
ki or kz, the change in the average oscillation amplitude of the TR may also be detected when
changing the position of TR from the fourth row to the second row. In the case with medium
stiffness (k2), the peak value is achieved at the same reduced velocity in both cases, only the
maximum value is approximately three times lower if the TR is in the second row.

Analysis of the experimental results obtained shows that the frequency ratio fu/f; is more
responsive to parameter changes than frequency fi. The results can be seen in Fig 2.5.
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Fig. 2.5. Dominant frequencies depending on the flow rate at different stiffness k, rod mass m
and TR location in the array. Left — frequency fi.. Right — frequency ratio fq/f:.

3. Numerical Experiments

Chapter 3 of the Thesis is devoted to the description of the implemented numerical
experiments. Numerical experiments were used to study the flow-induced forces that act on the
TR in the rod array and to analyse the mass and stiffness coefficient impact on the TR oscillation
frequencies. An additional set of simulations was devoted to reducing computational time and
costs as much as possible.

The open-source CFD tool OpenFOAM 2.4.x (OF) was used to solve differential equations
of mass and momentum. RANS (Reynolds-Averaged Navier-Stocks) and URANS (Unsteady
RANS) equations were solved using the standard k-epsilon and k-omega SST turbulence
models to ensure the closure of the equation system. Both low- and high-Reynolds turbulence
models were used. Depending on the turbulence model different computational domains were
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analysed. Examples can be seen in Fig. 3.1 where (A) corresponds to the high-Reynolds
turbulence model and (B)—(E) were used with the low-Reynolds model.
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Fig. 3.1. Examples of analysed computational domain configurations. The flow direction is
from left to right. (A) is for a high-Reynolds turbulence model and contains 2.67 million cells.
(B) contains 2.2 million cells, (C) contains 730 000 and (D) with 476 000 cells are for low-
Reynolds models. (E) is a 3D low-Reynolds model with 1.7 million cells.

According to Roache [18], the quantification of uncertainty in numerical simulations
contains the three most important items: verification of codes, verification of calculations and
validation. Since standard OF solvers were used in the modelling process, the verification of
the code was not carried out in this case. Solution verification was realized using flow
simulation around a single cylinder at Re = 10 630 and comparing integral parameters (Strouhal
number, drag and lift coefficients) with data available in the literature. The analysis of the test
case allows selecting optimal turbulence model, boundary conditions and computational cell
size. Particular attention was paid to the correct description of the boundary layer around
cylinders, the final version of which contains 25 layers with an expansion ratio of 1.05 with
y"<1andy*~ 50 for low- and high-Reynolds turbulence models, respectively.

Low-Reynolds turbulence model allows predicting the small structures around cylinders,
which leads to an increase in the accuracy of hydrodynamic force prediction. The example of
the flow separation from the rod is shown in Fig. 3.2.
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Fig. 3.2. Example of the flow separation from the cylinder during the time.

When comparing the flow rate breakdown between two adjacent cylinders at different input
velocities, it can be seen that the velocity profile is in all cases similar, see Fig. 3.3, which
indicates that it can be described with an analytical function. Thus, in order to minimise the
time required for the calculation, the resulting profile may be assigned as an input parameter
for CFD simulations, and the reduced domains (B)—(E) described above may be used. An
approximated flow velocity profile in the gap can be obtained by the Fourier series expansion
up to the sixth term (3.1). It should also be noted that the flow profile in the gap is time
dependent.

4 4 4
iy, t) = ClEsm(u)y + @(t)) + C, gsm(Bwy) + C3 ﬁsm(Swy) o

4 4 4
(A %sm(ﬂoy) + Cs %sm(%oy) + Cq Esm(llwy),

where o is angular frequency, C; = c;U;, and @(t) = Asin(2mnfit) is time-dependent
component where A is the amplitude and t is time. A and f; are known from laboratory
experiments. c; coefficients were found when analysing the resulting profiles, see Fig. 3.3.
Multiplying ci with the inlet velocity Uin, the corresponding constants Ci can be obtained for
any inlet velocity when Reynolds number is between 11.0-10% and 53.0-103. The coefficients
found are summarized in Table 3.1.

Table 3.1

Coefficients for Obtaining the Velocity Profile Using the Fourier Series Expansion

Coefficients C1 C2 C3, C4 Cs, Cs
Value 1.07 1.21 0.58 0.2
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Fig. 3.3. Examples of flow velocity profiles in the gap at four input velocities (uo—us) and
approximated flow profile for velocity us.

An example of the velocity determined by the Fourier series expansion for velocity us can
be seen in Fig. 3.3 as green dots. Although the graphs vary slightly, the difference in integral
value is within 1 % in all cases considered.

Validation of the numerical model with introduced boundary conditions (3.1) for the inlet
velocity was realised comparing numerical results with experimental values of force coefficient
in the flow direction, ¢4 = 2F,./ (pU2S) and dominant frequencies. The obtained results are
summarized in Table 3.2, including force coefficients if the TR is located in the 2" (domain
(D)) and 4™ (domain (C)) row. As can be seen in Table 3.2, the obtained CFD results fit well
with experimental measurements; the difference is less than 5 %. Validation of the high-
Reynolds turbulence model was performed using comparison of pressure drop in the water
channel.

Table 3.2

Validation of the Numerical Models (Low-Re Turbulence Models)

fn fy Ca, 2" row Ca, 41 row
Experiment 58.50 27.30 0.346 0.277
CFD, 2D 59.32 28.66 0.352 0.276
CFD, 3D - 28.56 0.359 -

The effect of the TR position on the flow-induced forces in the unit cell was analysed by
moving the TR by 5 % of the d in the direction of flow and by turning it around the origin of
the coordinate system. Given the symmetry of the rod array, the rotation angle is between 0°
and 180° with an increasing step of 45°. The obtained force coefficients cs and ¢; = 2F,/ (pU2A)
at different Reynolds numbers are summarized in Table 3.3. A schematic representation of TR
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modified positions compared to the original is shown in sketches. TR's original position is in
all cases represented as a blue dotted circle. Position PO corresponds to the case where TR is in
the centre of the unit cell. In the case of P1 (circle with continuous line), TR is moved in the
direction of flow by 1.25-5 % of d. P2 case can be obtained by turning P1 by 45° around the
centre of the unit cell. In a similar way, other cases can be obtained.

Table 3.3
Lift and Drag Coefficients Depending on the TR Position in the Bundle and Flow Velocity
Position Re Cd Ci Sketch of TR position
PO 5600 0.006 0.0
PO 11 000 0.019 0.0
.FIO\.\’
PO 17000 | 0.039 0.0 = i
PO 53 000 0.268 0.0 M
Lo
PO, 3D 53 000 0.293 0.0
P1, r = 0.05d 5600 0.013 0.000
P1, r = 0.05d 11 000 0.046 0.000 Flow
direction
P1, r = 0.05d 17 000 0.099 0.000 ——
P1, r = 0.0125d 53 000 0.352 0.012
P1, r=0.0184d 53 000 0.408 0.008
P2, r = 0.05d, o = 45° 5600 0.010 ~0.0008
_ _ Ao Flow
P2, r = 0.05d, o =45 11 000 0.035 -0.0017 Pk 1
P2, r = 0.05d, o = 45° 17 000 0.075 -0.0027
P2, r = 0.05d, o = 45° 53 000 0.601 0.0059
P3, r = 0.05d, a. = 90° 5600 0.006 -0.0007
P3, r = 0.05d, a. = 90° 11 000 0.021 -0.0013 Flow
direction
P3, r = 0.05d, o = 90° 17 000 0.043 ~0.0016 —
P3, r =0.05d, o. = 90° 53 000 0.305 003%% |
P4, r = 0.05d, . = 135° 5600 0.005 0.0013
P4, r=0.05d, a. = 135° 11000 | 0.014 —0.005 il
P4, r = 0.05d, o = 135° 17000 |  0.028 ~0.011 ¥
P4, r = 0.05d, o= 135° 53360 |  0.137 -0.0997 “
P5, r = 0.05d, a. = 180° 5600 0.005 0.0 Flow
direction
P5, r = 0.05d, a. = 180° 11 000 0.014 0.0 s
P5, r = 0.05d, a. = 180° 17 000 0.026 0.0
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Due to the symmetry of the array of rods, the flow-induced force in the transverse Fy at the
PO position is zero. The total normalized force F contains only force components in the flow
direction Fx. Similarly, in P1 and P5 positions, the total flow-induced force is equal to Fx. A
comparison of the positions of P1 and P5 allows assessing the effect of the distance of TR from
the previous cylinder on the force. Reducing the distance from the previous cylinder decreases
the force as well. In contrast, the increase in the distance leads to an increase in the force. The
numerical investigation has shown that the TR position in the flow direction is critical to
accurately predict hydrodynamic forces. The Fy component will appear when the unit cell
becomes unsymmetrical, see positions P2, P3 and P4. A small downward force component can
be observed in P2 when the Reynolds number is small or medium. When the flow rate in the
gap is high, the Fy component becomes positive, which corresponds to the experimental
observations. A similar situation may be observed in the P3 position. A more pronounced force
component in the transverse direction (Fy) is observed in the case of P4. Table 3.3 allows to
explain and confirm the experimental observation that at high flow velocity the rod moves
mainly in a direction perpendicular to the flow.

The mathematically analysed TR movement resulting from the cross-flow may be described
as the mass-spring-damper system:

Mi + C + Kr = R, (3.2)

where r is the vector of generalized coordinates (rT = [x; y]); R is generalized forces (RT =
[Fy; Fy1); the dot denotes time derivative.

Matrices M, C and K contain TR mass, damping and stiffness coefficients, respectively.
Since the excitation force R is not known, the CFD approach is used to quantify the
corresponding force values, considering both the fluid and structural impact.

The flow-induced oscillation of the TR was modelled using built-in six degree-of-freedom
solver. Motion in xy plane without rotation was allowed for cases with high-Reynolds
turbulence model. To reduce the computing time in the case of low-Reynolds turbulence model,
the TR initial position in the direction of flow was changed, according to the results of the
experiments, and then simulated oscillations of the rod in a direction perpendicular to the flow.

4. Approximations

Chapter 4 describes the methodology for the development of approximation models for
assessment of the effects of the system parameters, as well as inverse models, developed using
the results of laboratory and numerical experiments. Two factors have been selected for
approximation to describe the rod damage: rod mass and rod support stiffness.

RSM (response surface method) was used for approximation. Given that due to the
complexity of numerical modelling, noise in CFD results is unavoidable [19], a second-order
polynomial was used as the response surface, based on the conclusions of [20] regarding its
resilience to the dispersal of results, i.e., noise.

EDAOpt software [15], [21], developed in the RTU Machine and Mechanism Dynamics
Research Laboratory (MMDRL), was used for the development of the design of experiments
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and approximation of models. In this Thesis, LH experiment plans from EDAOpt with two or
three factors were used. The response surface methodology developed in MMDRL differs from
others, with LH-type plans being optimized using mean square error (MSE). The 13-point
orthogonal plan developed by Professor J. Auzins, which is a part of a new class of design of
experiments for use with orthonormal Legendre polynomial [14], was used as well.

The following quality measures have been used to determine the approximated model
adequacy: the relative leave-one-out cross-validation error (4.1) [22] and the adjusted
coefficient of determination R? (4.2).

s

Ocrop =
Jﬁmi )2
_ N-1 FO-i—w)?
N-p-1 X0 —»?’

- 100 %; (4.1)

R*=1

(4.2)

where

y_; — expected approximation without taking into account the sampling pointi (i=1, 2, ..., N);
y — the mean value;
N — the number of points;
p — the number of fitting coefficients.

To evaluate the goodness of fit, Pearson’s chi-squared test is used. Analysis of Variance
(ANOVA) shall be used to determine whether sampling dispersions are statistically significant.

An approximation model capable of detecting changes in rod support stiffness in indirect
way was developed using laboratory experimental data. The direct model contains two factors:
flow rate Q and elastic beam stiffness coefficient k. Frequency ratio fo/f was selected as the
response, based on the results of laboratory experiments, which show that the frequency ratio
is the parameter that best reflects changes in the mass, stiffness coefficient and geometry. The
sampling points selection used a central composite design (CCD) with a triple midpoint was
created. CCD is one of the classic approaches to physical experiments [23] for the second-order
approximations. A second-order regression model was used for approximation, which gives of
8.41 % relative cross-validation error and R = 0.998. The Pareto chart shows that the frequency
ratio is influenced by both factors: the flow rate and the stiffness coefficient.

The inverse approximation model had two inputs: flow rate Q and frequency ratio fn/fi. The
stiffness coefficient k was used as a response. The experimental points for the inverse model
are shown in Fig. 4.1. The second-order response surface model was used as an approximation
with a cross-validation error of 3.78 % and R? = 0.999. The adequacy of the model is confirmed
by Pearson’s chi-squared test as well.
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The inverse model for the stiffness of the rod support as a function of the flow rate and
frequency ratio may be composed as:

foy_ _ _ i3 2 Je
k (Q’}Tn) = 887360 — 201528 + 8457Q% +52 7800 7
e (4.3)
t
+44 664 (7n> + 203 522.

Figure 4.2 shows the approximation model of the stiffness obtained by EDAOpt software.

Fig. 4.1. Experimental points for the Fig 4.2. The approximation model of stiffness k
inverse model of stiffness. versus design parameters Q and fu/ft.

The validation of the inverse model was realised choosing two constant flow rates and
comparing model results with values of the laboratory experiments at these flow rates. Graphs
of the stiffness coefficient as a function of frequency ratio using approximation model (4.3) and
data from experiments when the flow rate is 2.1 L/s and 2.5 L/s are shown in Fig. 4.3. One can
see that the resulting model is well in line with the laboratory experiments. The maximum
difference between experimental and model values is less than 3.4 %.

26



<104 Q=21L/s
25 L T T T T "
_-"’_.B-.-
27 = e
<15} T
LT
1k == o sl metamode!
BT O  experiments
0‘5 1 1 1 1 1 1 1 1 1
1.1 1.15 1.2 1.25 1.3 1.35 1.4 145 15 1.55 1.6
fn/fl
104 Q=25L/s
3 , ' r
25 =
_-—-u—.f
2l o
& R
15t o
__._~——-—"Bff metamode!
15— O  experiments
0.5 * * ! * * * * *
0.95 1 1.05 11 1.15 12 1.25 1.3 1.35 1.4 1.45
f /if
nt

Fig. 4.3. Validation of the inverse model if Q is 2.1 L/s and 2.5 L/s.

CFD simulations were used to acquire a metamodel that would indirectly detect a change

in the mass of the rod. A 13-points orthogonal plan was used to create the metamodel of the
mass and stiffness as factors and frequency ratio fu/ft as a response. Unlike classical CCD plans,
in this case, all plan points are within the research area, see Fig. 4.4.

Relative cross-validation error versus number of terms
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approximation using Legendre polynomials.

Fig. 4.4. A 13-points orthogonal plan.

The initial position of the TR in the direction of flow was first adjusted according to the
results of the laboratory experiments. Then simulations were performed in which the TR could
only move perpendicular to the flow. The best approximation was obtained using a third-order
polynomial with the following quality indicators: R? = 0.994 and the relative cross-validation
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error 29.68 %. Because the experiment plan is orthogonal, Legendre polynomials can be used
as an approximation. The property of orthogonality gives the possibility of optimal selection of
significant terms in the approximation polynomial function [14]. The relative cross-validation
error depending on the number of terms of the polynomials is presented in Fig. 4.5. From
Fig. 4.5, it follows that the lowest error is obtained by a 7-term Legendre polynomial.

The inverse metamodel for predicting the mass changes was created using fi/fn and k as
factors. Of the options examined, the best approximation was achieved by the use of a
second-order response surface with the following quality measures: 9.288 % cross-validation
error and R? = 0.999. Pearson’s chi-squared test also showed that the model is adequate. The
obtained model equation is

2
m (%k) = —1.37116]@ 5351075k + 0.709378 (ﬁ)
n n " (4.4)
+9.7-10-5 2k Z1.0- 107102,
Jn

The obtained inverse model verification was implemented by selecting specific points and
comparing results of the model and numerical experiments at these points. The comparison
graph is shown in Fig. 4.6. From Fig. 4.6, it can be concluded that the resulting metamodel is
able to predict the behaviour of the analysed model system with high precision, when input
factor values are changed within 15 % the difference is less than 1 %.
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Fig. 4.6. Verification of the inverse metamodel if k is 17 600 N/m.

The analysis carried out shows that the developed method of approximation and the
obtained factors-response relationships have a good fit with the laboratory and numerical
experiments and therefore it is useful in the monitoring of multi-rods cooling systems as well
as in the design process of such systems.
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CONCLUSIONS

In this Thesis, it was examined how to identify changes to two parameters of the system —

the mass of the rod and its support stiffness, by analysing the range of vibrations caused by the
crossflow of water, if the basic mechanisms that cause vibrations in the system at the given
Reynolds numbers are turbulence and vortex shedding. Three methods were used to analyse the
dynamics and safety of the water-cooling system: laboratory experiments, numerical
hydrodynamics simulations, and approximation. Several conclusions can be drawn when
compiling the results of the study.

The results of the laboratory experiments obtained show that the rod's natural frequency
in the flow and the turbulence induced frequency dependency on the parameters
analysed — the geometry of the rods array, the support stiffness of the rod, and the mass
and position of the rod in the array, is to be detected in the spectrum. The visibility of
changes in system parameters in the frequency domain can be applied to early-stage
diagnostics.

The analysis of the results shows that in the area where the rod's natural frequency in
the flow and the vortex shedding frequency overlaps, increases not only the amplitude
of rod oscillations but also the fluctuations around the midpoint of the rod are observed.
In the described resonance region, rotational kinetic energy may be up to five times
higher.

When analysing the results of computational fluid dynamics at different flow rates
(before resonance region), it was concluded that in the gap between two adjacent
cylinders, the flow rate profile can be described using the Fourier series expansion.
These boundary conditions allow an approximate flow profile for any input rate if
Reynolds number in the gap is between 11,0 - 103 and 53.0 - 103. As well the boundary
conditions allowed a reduction in the computational domain from 2.2 million to 730 000
or 476 000 cells, depending on the location of the TR, while maintaining the predicted
frequency accuracy of 5 % compared with data from laboratory experiments.

An analysis of the position of the flexibly-mounted cylinder in the unit cell and the
dependency of the forces operating on it shows that the deviation of the rod in the
direction of flow is essential to obtain the corresponding forces operating on the rod.
Consequently, the permanent deflection in the direction of flow from the centre of the
cell should be taken into account in the vibration studies where the movement of the rod
is allowed only in the direction perpendicular to the flow.

When comparing the results of the inverse model, which was designed to obtain the
relationship between the frequency ratio (the frequency generated by turbulence and the
rod's natural frequency), the flow rate and the stiffness coefficient, with laboratory
experiments can be concluded that the stiffness of the rod support can be approximately
described by a second-order polynomial with 3.78 % cross-validation error and R? =
0.999. The resulting model is helpful in cases where major malfunctions are related to
changes in rod support stiffness.
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VI.

In an analysis of oscillating mass changes detection capabilities using data from CFD
simulations, it was found that a qualitative approximation was provided by an inverse
metamodel describing the mass as a function of the stiffness of the rod support and
frequency ratio. The second-order approximation model with 9.288 % cross-validation
error and R? = 0.999 is applicable to the alleviation of uncertainty, monitoring of cooling
systems and early detection of damage associated with a reduction in the mass of the
rods.

Directions for further work

Assessment of the minimum changes in the mass and stiffness to be detected in
frequencies spectrum, so that the methodology is applicable to early diagnosis.
Applying of the developed methodology to problems related to the use of the
Computational Fluid Dynamics — Discrete Element Method (CFD-DEM).
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