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NOMENCLATURE

A [-] Pulsation amplitude, A = p;’)‘%

AR [-] Aspect ratio, AR = %

b [m] Cavity width
Skin friction coefficient,

Cr [ ¢ = e

d [m] Distance between pressure measurement points

Dy [m] Hydraulic diameter, Dy, = (}zlzl;)

D in [m] Inlet hydraulic diameter,

D out [m] Outlet hydraulic diameter,

ER [-] Expansion ratio, ER = hil

f [Hz] Pulsation frequency

fr [-] Friction factor, fr = 2;55;1

h [m] Channel inlet/outlet height

% [m] Height of the channel in the cavity cross-section, H = (h +
h1)

h' [m] Vertical velocity profile height

h [m] Cavity step height

L [m] Cavity length

Len [m] Characteristic length

/ [m] Length between roughness elements vertices

p [Pa] Pressure

Do [Pa] Mean inlet pressure

Pmax [Pa] Maximum pressure of pulsation cycle

0 [m?/s] Volumetric flow rate

R [m] Radius of curvature



Re

Ren

Repn

Tc

TI

U!
Mmax
Ux

uX.ﬂTlS

X1

X2

[-]

QLchp

Reynolds number, Re = Su

Reynolds number, where the characteristic length is the

height of the step, Re = %;p

Reynolds number, where the characteristic length is the

hydraulic diameter, Re = QDrp

Inlet surface area
Roughness element height
Time

Time period, T = %

Ambient temperature.

4
Turbulence intensity, T1 = %

Velocity, u = [u? + u?

Mean phase velocity

Mean inlet velocity, U = %

Velocity fluctuation

Mean phase flow fluctuation
Maximum velocity

x-axis velocity

Root mean square of x-axis velocity
y-axis velocity

Phase velocity

1D},
Womersley number, Wo = —t

Distance to the beginning of the upper vortex

Distance to the end of the upper vortex
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XR

Ap

14

[m]
[1/s]
[Pa]
[m]

[-]
[kg/(mxs)]
[m?s]
[s]

[°]

[-]

Length of the recirculation zone

aux auy _
E-l'?y = 6U/6y+ oV /ox

Shear rate, y =
Pressure loss

Roughness size

Subcavity length to roughness element height ratio, A = é;
Dynamic viscosity

Kinematic viscosity

Measurement time

Pulsation phase angle

uy _ Ouy

Vorticity, w = 9y ox



ABBREVIATIONS

BFS
FFS
RANS
LES
PIV
CCD
CFD
FVM

Backward-facing step
Forward-facing step

Reynolds averaged Navier-Stokes
Large eddy simulation

Particle image velocimetry
Charge-coupled device
Computational fluid dynamics

Finite volume method
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INTRODUCTION

Flow separation in channels with sudden changes in cross-section is a
fundamental process in numerous engineering applications, including the airflow
around vehicles, buildings, airfoils, and spoilers. (Chen et al., 2018). This
phenomenon is often encountered in flow dynamics, heat transfer enhancement,
particle trapping, and related research fields. (Faure, 2014, Shen et al., 2015, 2017,
Wang et al., 2022). All of these research fields focus on similar problems — flow
instabilities, turbulence, vortex shedding, and similar complex behaviour, which need
to be controlled in order to enhance the performance of fluidic systems, promote
energy efficiency, extend the lifespan of mechanical components by stabilising the
heat transfer processes, etc. The necessity for flow control comes from the inherent
complexities posed by fluid behaviour in diverse systems; therefore, flow control is a
promising field of fluid dynamics, and it is in rapid development due to the high
attention of researchers (Ghaemi, 2020, Bergada et al., 2023, Yin, 2023).

Factors impacting flow separation are usually studied by employing the PIV
method, as it allows precise measurements of flow structure to be performed in a non-
intrusive way. The PIV method has been significantly developed in recent years since
the equipment required for it and image processing methods have been vastly
improved (Rohacs et al., 2023). Experimental visualisation of the flow is often
combined with computational fluid dynamics (CFD), which lets to expand the
research capabilities even further. These complex studies, which combine both
experimental and numerical analysis, are often met in flow control studies
(Vanierschot et al., 2014, Bardera et al., 2021, Fan et al., 2022).

Recently, a lot of active flow control methods have been extensively studied,
including synthetic jets, electromagnetic forcing, rotation, forced oscillations,
pulsatile flow, etc. (Chen et al., 2022). It is known that the most significant alteration
of fluid characteristics can be achieved by creating pulsatile flow conditions (McEvoy
et al., 2019). The studies of pulsatile flow are getting increasingly more attention
regarding its effects on the heat transfer processes, although studies of its effects on
separated fluid dynamics are scarce.

Passive flow control is often preferred due to its inherent simplicity. One of the
most common passive flow control methods that are gaining a lot of attention is the
implementation of roughness elements (Liu et al., 2019, Zhang et al., 2019, Gao et al.,
2022, Han et al., 2022, Li et al., 2024). Implementation of roughness elements is
known to have a significant impact on separated flow, and unwanted outcomes can be
avoided by manipulating their configuration. The separated flow can also be
controlled by manipulating the geometrical parameters of the channel, thus increasing
the stability of the flow and ensuring uniform velocity distribution (Bentaleb et al.,
2012, Das et al., 2016).

Studies of separated fluid flow control efficiency provide the necessary
fundamental knowledge, which allows the enhancement of the performance of fluid
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systems by eliminating the unwanted outcomes of fluid behaviour, resulting in
improved efficiency and possible reduction of energy consumption.

Object of the Research

Separated flow dynamics and structure in channels with sudden cross-section
changes.

The aim of Doctoral Dissertation

The aim of this work is to experimentally and numerically investigate the flow
which is influenced by pulsations, roughness elements and geometrical parameters,
and to determine the factors defining the recirculation zone dynamics and separated
flow structure in cavities.

Tasks of the Doctoral Dissertation

In order to achieve the objective, the following tasks should be solved:

1. To determine the influence of pulsation frequency and amplitude on time-
averaged recirculation zone length in cavities.

2. To determine the formation and development regularities of the recirculation
zone during the pulsation cycle in cavities.

3. To determine the influence of pulsations on the turbulence intensity
distribution in cavities.

4. To determine the influence of geometrical parameters such as inner cavity
corner curvature and outlet/inlet hydraulic diameter ratio to the velocity
distribution inside of a cavity.

5. To determine the influence of roughness elements on velocity distribution and
pressure loss in cavities.

Statements carried out for defence

1. Pulsatile flow reduces the recirculation zone length in laminar and transitional
flow regimes, with the magnitude of the effect inversely proportional to
pulsation amplitude in the laminar regime.

2. The alterations in the development of the recirculation zone during the
different frequency pulsation cycle occur due to the different responses of the
recirculation zone to the pulsation period.

3. Velocity fluctuations caused by pulsatile flow are relevant to turbulent
intensity only in transitional flow regime.

4. Cavity inner corner curvature has no impact on the flow structure; however,
a significant impact is caused by the outlet/inlet hydraulic diameter ratio,
which affects the longitudinal velocity as the fluid approaches the forward-
facing step.
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5. The pressure losses directly depend on the length between the triangular
roughness elements until the critical size of subcavities formed between the
roughness elements is reached.

Scientific novelty

This study improves fundamental knowledge of flow structure and recirculation
zone dynamics influenced by flow control methods, which allows for determining the
behaviour regularities of additional vortices, identifying the flow control method
determinants of efficiency, and identifying the origin of velocity fluctuations in
different regimes.

Practical value

The practical significance of flow control research lies in its potential to enhance
the performance of fluid systems, resulting in improved efficiency and reduced energy
consumption. Provided knowledge on passive flow control has the potential to reduce
costs associated with various engineering systems even further, as it does not require
external energy sources. Moreover, the combination of flow separation and pulsatile
flow is a prevalent technique employed in the biomedical field, where fundamental
knowledge of flow control is necessary for microfluidic system improvement.

Scientific approval

The results presented in this dissertation were published in 4 scientific articles
in journals with an impact factor that is referenced in the “Clarivate Analytics” “Web
of Science” database. The results were also presented at 3 international conferences.
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1. LITERATURE ANALYSIS

The phenomenon of flow separation in channels with sudden geometric changes
is a frequent subject in fluid dynamics research. Examining the dynamics and structure
of separated flow enhances our understanding of fundamental fluid mechanics and
facilitates its application in practical scenarios. Both numerical and experimental
methods are extensively used to study the steady flow structure and dynamics of
separated flow. This phenomenon is commonly observed in general flow dynamics,
heat transfer enhancement, particle separation, and related research areas (Shen et al.,
2015, 2017, Wang et al., 2022, Abbas et al., 2023, Islam et al., 2023, Murugan et al.,
2023).

1.1. Flow over backward-facing step

A common way to study separated flows is by studying flow over a backward-
facing step (BFS), which is a widely studied phenomenon in fluid dynamics due to its
simple geometry and complex physics behind it (Fig. 1).

Flow separation

Flow direction
— Recirculation zone
Corner eddy

=~ Separated shear layer

~ Reattachment
\

\ /
oA

Fig. 1 The separated flow field behind the BFS

Up to the present day, the flow over BFS is a relevant fluid dynamics topic (Wu
et al., 2022, Goktepeli et al., 2023, Julian et al., 2023, Manna et al., 2023, Varun
Kumar et al., 2023), as it addresses such aspects as flow separation, flow transition
and instabilities, frequent industrial and engineering applicability, and flow control.
A lot of work has been done on these topics, and the general regularities of fluid
behaviour have already been determined. One of the main parameters describing the
flow structure is recirculation zone length. Armaly et al. (Armaly et al., 1983)
investigated the flow over BFS and defined every flow regime based on recirculation
zone length variation. At the laminar flow regime, the recirculation zone length
depends on Re in an almost linear manner. The transitional flow regime starts as the
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recirculation zone length starts decreasing with increasing Re, due to the presence of
instabilities that are caused by the transitional flow itself. Eventually, in a turbulent
flow regime, the recirculation zone length reaches its asymptotical value, where it no
longer depends on Re. However, the recirculation zone length does not solely rely on
Re. It can also be impacted by geometrical parameters such as aspect ratio (b/#) and
expansion ratio (H/h). A relatively small aspect ratio can cause three-dimensional
instabilities, which may alter the recirculation zone length and cause changes in
velocity distribution (Williams et al., 1997). Lim et al. (Lim et al., 1990) performed a
combined numerical and experimental study on three-dimensional flow
characteristics behind BFS. The authors showed that recirculation zone length is up
to 25% shorter in a channel with AR = 3.3 compared to the case of typical two-
dimensional flow over BFS. Barkley et al. (Barkley et al., 2002) investigated the three-
dimensional instabilities in a narrow channel with BFS and discovered that the main
three-dimensional instabilities occur at Re = 748 and AR = 2. The expansion ratio also
has a significant impact on recirculation zone dynamics, and its effects are also widely
studied (Cheng et al., 2005). Stogiannis et al. (Stogiannis et al., 2014) showed that
recirculation zone length depends on ER almost linearly. The authors showed that by
increasing H/h from 1.25 to 2.5, the recirculation zone length can be increased by up
to 60%. These results coincide with a numerical and experimental study by Gong et
al. (Gong et al., 1996), where a linear relation of recirculation zone length with ER is
determined. Therefore, when studying the dynamics of recirculation zone length, it is
necessary to determine the fixed values of geometrical parameters to avoid various
instabilities that may alter the behaviour of separated flow and impact flow structure
defining parameters such as recirculation zone length.

The instabilities of separated flow are caused not only by the geometrical
features. During transitional and turbulent flow regimes, the flow becomes unstable
due to periodically recurring vortices (Vilkinis et al., 2020), leading to a complex flow
structure. The separated flow is unsteady and presents global instabilities, thus
resulting in pressure oscillations (Deng et al., 2020, Ezzatneshan, 2021, Chavan et al.,
2022, Guerra et al., 2023). Ma et al. (Ma et al., 2022) performed a study regarding the
stability issues at Re right above its critical value (Re = 1000), at which the
separated/reattaching shear layer becomes unstable and starts to evolve three-
dimensional chaotic structures. Their velocity measurements performed with time-
resolved PIV show that the separated shear layer remains two-dimensional in the near
wake of the step, and subsequently, it starts to evolve three-dimensional structures,
including the coexisting spanwise streaks and vertical flapping motions, in the latter
half of the shear layer. Tihon et al. (Tihon et al., 2010) investigated the stability in
flow over BFS and defined that the magnitude of velocity fluctuations in the near-wall
region is a consequence of the local mean velocity. The spectral analysis performed
by the authors showed that the low frequency fluctuations dominate the reattachment
region under steady inlet flow conditions. Biswas et al. (Biswas et al., 2004) revealed
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that when Re > 400, the flow becomes three-dimensional due to the effect of sidewall
and shows oscillatory behaviour. Additionally, the authors managed to determine the
pressure loss dependency on the expansion ratio of the channel, where a high
expansion ratio caused high pressure losses. Beaudoin et al. (Beaudoin et al., 2004)
reported the existence of a three-dimensional stationary structure with a periodicity in
the spanwise direction of the flow. The origin of these instabilities is consistent with
a centrifugal instability, which appears in the vicinity of the reattached flow and
outside of the recirculation zone.

It is known that unstable flow may alter heat transfer processes. Chen et al.
(Chen et al., 2006) presented the simulations of turbulent convection flow adjacent to
a two-dimensional BFS to explore the effects of step height on turbulent separated
flow and heat transfer. The authors showed that the heat transfer efficiency is directly
proportionate to step height as the simulated temperature decreases inside the
recirculation zone and reaches the minimum value near the reattachment region. Such
regularities of temperature distribution may lead to overheated surfaces if not
appropriately addressed. Xie et al. (Xie et al., 2017) presented a direct numerical
simulation of the vortical structure behind BFS and its effect on the heat transfer
process in the transitional flow regime. The authors indicated that in the region after
separated shear layer reattachment (when length to step height ratio is between 6 and
14) the heat transfer was enhanced at Re = 1200. The intensified heat transfer was
identified by magnified Nusselt (Nu) number fluctuations.

The regularities of different instabilities in separated flows directly affect heat
transfer. Instabilities, such as Kelvin-Helmholtz and Gortler vortices, amplify the
complexity of flow patterns, resulting in fluctuations in velocity, pressure, and
temperature fields (Issakhov et al., 2021). These instabilities can lead to enhanced heat
transfer in some regions and reduced heat transfer in others; therefore, studies
addressing the flow structure in channels with BFS have received significant attention
and have had an impactful value to this day.

1.2. Flow in cavities

A cavity is a type of channel with sudden cross section expansion and
contraction created by implementing BFS and forward-facing steps (FFS). It creates
a more intricate flow configuration compared to a channel with BFS. The BFS induces
flow separation and recirculation in the upstream region, while the FFS alter the flow
further and may lead to additional separation and recirculation downstream. Cavities
exhibit complex fluid interactions resulting in a combination of flow separation,
recirculation zone and vortex shedding since they follow the same recirculation zone
growth regularities depending on Re. These interactions have a significant impact on
heat transfer processes.
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Fig. 2 The classification of cavities by the ratio of cavity length and step height: a)
open-type cavity; b) transitional type cavity; c) closed-type cavity.

It is generally agreed to classify cavities into three types: open-type cavity (L/h;
< 6 — 8), transitional-type cavity (8 < L/h; < 12) and closed-type cavity (L/h; > 12)
(Fig. 2)(Tracy et al., 1997). The classification of cavities relies on cavity length and
step height ratio as they cause different flow behaviours. For instance, closed flow
occurs in closed-type cavities where the flow detaches from BFS and then reattaches
at the bottom of the cavity. In contrast, open flow occurs when the spacing between
steps is too small for the flow to reattach at the bottom of the cavity, causing the shear
layer to bridge across the cavity.

Numerous detailed investigations into the dynamics of separated flow in cavities
have been conducted to comprehend the underlying hydrodynamics. Chung et al.
(Chung et al., 2017) demonstrated that maximum fluctuations occur in a transitional-
type cavity due to a sufficiently large downstream region and a closely positioned rear
edge of the cavity. Additionally, an investigation into the shear layer structure within
the cavity revealed that the cavity oscillations were sinusoidal in shape (Desikan et
al., 2022). Given the various studies on flow structures, numerous investigations have
been conducted on both open- and closed-type cavities. Fishler et al. (Fishler et al.,
2013) performed an experimental study on microscale cylindrical cavities, examining
how geometry and Re on the flow structure. Faure et al. (Faure et al., 2009, Faure,
2014) provided a thorough analysis of flow structures in open-type cavities,
particularly focusing on flow instabilities. Shen et al. (Shen et al., 2015) studied
rectangular microcavities at low Re, identifying three flow patterns — attached,
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separated, and transitional — based on the reattachment of the separated shear layer to
the bottom wall of the channel. Guo and Luo (Guo et al., 2019) investigated the
connection between depth-to-length ratio and flow structure, visualizing transitions
between various cavity flow types. Zhang et al. (Zhang et al., 2002) identified
threshold values for the length-to-depth ratio that indicate transitions between
different flow regimes. Vilkinis and PediSius (Vilkinis et al., 2020) analysed the
dynamics of the recirculation zone length in both transitional- and closed-type
cavities, showing their dependence on length-to-depth and expansion ratios.
Henderson et al. (Henderson et al., 2000) explored the time-dependent flow structures
in transitional-type cavities under subsonic flow conditions. Changes in the vortex
system’s configuration throughout the cycle produce dumbbell-like flow patterns
involving a stretched primary vortex near the BFS and a diminished secondary vortex
near the FFS, which eventually merges with the primary vortex at the end of the cycle.
The time-averaged flow pattern features a single elongated vortex near the leading
edge, extending across most of the cavity and reattaching to the bottom wall.

Coleman et al. (Coleman et al., 2007) and Leonardi et al. (Leonardi et al., 2003)
investigated turbulent flow within rectangular cavities separated by square bars. In
transitional-type cavities, opposing-rotating vortices govern the flow, with a larger
recirculation region upstream and a smaller one near the forward-facing step. Cheng
and Hung (Cheng et al., 2006) employed the lattice Boltzmann method to explore
vortex structures in a two-dimensional, lid-driven open-type cavity, varying the
cavity’s length-to-depth ratio (L/h;) and Re. This investigation revealed how vortex
structures are influenced by these factors, particularly showcasing the changes when
L/hy <1 and how the number of vortices increases as L/h; decreases and Re increases.
Similarly, Faure et al. (Faure et al., 2007) carried out flow visualisation within an
open-type cavity at moderate Re (1150 — 10670) and varying length-to-step-height
ratios (L/h; = 0.5-2). Their analysis indicated that secondary instabilities in the shear
layer do not induce 3D developments, and a secondary vortex in the upstream cavity
is linked to the instability of the main vortex.

The flow dynamics research field is inherently connected to heat transfer studies
due to the influence of recirculation zone development. In open-type cavities, heat
transfer has been extensively studied. Bilgen et al. (Bilgen et al., 2005) examined
natural convection-driven heat transfer in partially closed cavities with L/h; = 1,
revealing the dependence of the Nu on the Rayleigh number (Ra), aspect ratio,
aperture position, and inclination angle. Muftuoglu et al. (Muftuoglu et al., 2008)
investigated natural convection heat transfer in open-type cavities with a discrete heat
source, determining optimal heater positions in relation to Ra and assessing the impact
of channel aspect ratios. Prakash et al. (Prakash et al., 2012) investigated the
convective loss in open-type cavities, revealing that the highest convective loss occurs
in a hemispherical cavity with specific opening ratios. Laouira et al. (Laouira et al.,
2020) explored mixed convection in a trapezoidal open-type cavity with varying heat
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source lengths, finding a correlation between the highest Nu and the longest heat
source and observing heat transfer enhancement altering the velocity distribution
within the cavity.

Studies of flow in cavities offer the necessary fundamental knowledge in
hydrodynamic processes, which may lead to enhanced heat exchange and efficiency
in various practical applications. However, the literature analysis shows that when the
flow is affected by sudden expansions and contractions, it leads to instabilities and
perturbations, usually unwanted fluid behaviour, as it may cause various critical
measures. By understanding the already thoroughly studied behaviour of confined and
separated fluid flows, it is possible to enhance their stability, which may lead to
increased efficiency and performance of multiscale fluid devices.

1.3. Flow control

Flow control is a promising field of fluid dynamics which is in rapid
development due to its high practical significance, attracting a lot of scientists’
attention (Joshi et al., 2016, Bergada et al., 2023, Yin, 2023). Fluid control is focused
on manipulating the behaviour and characteristics of flows in various practical
applications, such as aerospace, automotive, biomedical engineering, energy
production, heating ventilation and air conditioning systems, etc. (Chen et al., 2018).
The knowledge obtained from studying flow control techniques is inherent in
enhancing the efficiency of various industrial processes by altering flow rates,
adjusting pressure gradients, and employing specific equipment to control fluid flow.

Flow control techniques are usually separated into two groups — active and
passive flow control (Fig. 3) (Ghaemi, 2020, Lalitha et al., 2022, Moulinos et al.,
2022). Active flow control aims to alter the natural flow and achieve specific
performance enhancements by using external energy. Passive flow control refers to
the manipulation and optimisation of the fluid behaviour using intrinsic features of
surface, structure, or geometry without the addition of external energy.
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Fig. 3 Classification of flow control methods

The need for flow control arises from the inherent complexities and challenges
posed by fluid behaviour in various systems. Fluid flows exhibit turbulence,
separation, and other complexities that may hinder the performance and desired
outcomes. For instance, separated flow incurs a large amount of energy loss and limits
the performance of many flow-related devices, such as aeroplanes, diffusers, etc.
(Tian et al., 2006, Pochyly et al., 2019, Xia et al., 2021, Oyeniran et al., 2022).
Separated flow may lead to diminished heat-exchange processes and increased
pressure loses (Chun et al., 1996). These outcomes from the unwanted process of fluid
separation can be altered by employing flow control techniques.

The focus of the present work is directed towards the separated fluid dynamics
caused by sudden expansion and contraction of the channel. Therefore, the literature
analysis is constructed by first reviewing research works in the general separated fluid
dynamics field. Afterwards, the impact of active and passive flow control methods on
separated flow is reviewed. Finally, a short discussion is made, where the aim and
tasks of this work are formed and discussed.

1.3.1. Active flow control

Over the years, a significant number of active flow control methods have been
studied, including synthetic jets, electromagnetic forcing, rotation, forced oscillations,
pulsatile flow, etc. (Chen et al., 2022). Of all these methods, pulsatile flow has shown
the most significant impact on heat transfer intensification (McEvoy et al., 2019). The
heat exchange magnification effects of pulsatile flow have been theoretically and
experimentally proven (van Buren et al., 2019, Zhang, Bian, et al., 2019, Dawood et
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al., 2024). Ward et al. (Ward et al., 2015) defined the enhancement of heat transfer
processes as a consequence of intensified fluid mixing under pulsatile flow conditions.
However, with the intensified fluid mixing comes physical complexity, such as
induced unsteady flow separation and transient wall shear stresses (Dol et al., 2014).
These complexities have brought significant attention due to their value in many
practical applications (Chen et al., 2018).
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Fig. 4 Characteristics of steady and pulsatile flow: (A) — steady flow; (B) — pulsatile
flow; (C) — oscillatory flow (Dincau et al., 2020)

Before discussing the effects of pulsatile flow, it is necessary to define what type
of it is analysed. The characteristics of steady and pulsatile flow are given in Fig. 4.
When the flow is driven by a constant differential pressure, a steady flow is obtained
(Fig. 4 (B)). When the pressure periodically variates — two types of flow are obtained:
pulsatile and oscillatory (Fig. 4(B) and (C)). The main difference between pulsatile
and oscillatory flows is the fluid movement. In pulsatile flow, the fluid constantly
flows in one direction, while in oscillatory flow, the average velocity in an ideal
instance is 0. In pulsatile flow, the fluid is influenced by both viscous and inertia
forces resulting from the pulsatile nature, even at low Re.

1.3.1.1. Pulsatile flow in channels sudden cross-section changes

The implementation of the BFS in channel geometry facilitates the observation
of various outcomes resulting from the pulsatile flow. Initially, pulsations lead to
increased shear rate values on the lower channel wall (Tihon et al., 2010, 2012), which
is a phenomenon related to fluid mixing. Regardless of pulsation frequency, pulsations
tend to increase wall shear rate, thereby reinforcing the reverse flow within the
recirculation zone (Valencia, 1997, Valencia et al., 1997). Furthermore, the pulsations
induce magnified vorticity in the fluid flow (Dandois et al., 2007), consequently
exerting an influence on heat exchange by magnifying the heat transfer within the
region of the recirculation zone across varying Re. Additionally, heat transfer under
specific pulsation parameters displays an enhancement of up to 70% when contrasted
with a steady flow (Davletshin et al., 2019).
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Secondly, flow pulsations result in a reduction of the recirculation zone length.
The flow at different Re has an optimal pulsation frequency with the most significant
effect (Tihon et al., 2001, 2010, 2012). The magnitude of recirculation zone length
reduction depends on pulsation amplitude, frequency and Re (Tihon et al., 2012). In
the laminar flow, the most significant effect occurs at lower frequencies (f < 1 Hz),
whereas within the transitional flow regime, the highest influence is observed at
higher pulsation frequencies (1 Hz < f < 3 Hz) (Tihon et al., 2010). Due to the
shortened recirculation zone during pulsatile flow, the fully developed parabolic
velocity profile occurs at a reduced distance from the step in the channel (Salek et al.,
2009).

Within the pulsatile cycle, as the flow velocity continues changing, the
development of the separated flow emerges as an interesting foundational subject,
although research in this area is scarce. Only few studies have been conducted to
investigate the flow characteristics during this pulsatile cycle (Ibrahim et al., 1994,
Valencia, 1997, Valencia et al., 1997). In the pulsatile flow, at the beginning of the
cycle, the xr value is the same as that of the steady flow under the corresponding
instantaneous Reynolds number (Valencia, 1997). This occurrence has been termed
as “quasi-steady” after a comparison of numerical and experimental findings (Ibrahim
et al., 1994). The comparison revealed that the flow behaviour is quasi-steady under
the conditions of laminar flow with a low pulsation frequency. However, the flow
departs from this quasi-steady state as the pulsation frequency increases. Moreover,
the impact of pulsations on the development of the flow structure becomes more
impacted with increasing Re numbers. Notably, the formation of a vortex on the upper
channel wall materialises at lower Re numbers in comparison to stationary flow (Dol
et al., 2014, Dol, 2016).

In many engineering applications, channel expansion is limited by an FFS,
forming a cavity in the channel where flow dynamics become more complex. Studies
of pulsatile flow within open-type cavities are mainly focused on heat transfer
processes (Cheng, 2005, Selimefendigil, 2016, Zamzari et al., 2017). These studies
show that the enhancement of heat transfer is achieved by increasing Re and the
amplitude of pulsations, though this enhancement is noticeable only at specific
frequencies (Huang et al., 2018, Zhang, Bian, et al., 2019). In open-type cavities, the
flow structure is defined by the interaction between the separated shear layer and FFS;
therefore, the flow structure in the cavity is mainly determined by the geometry and
flow pulsations have a negligible effect on it (Zhang, Bian, et al., 2019). Throughout
the pulsation cycle, there are certain phases during which the mixing of fluids is
strengthened; therefore, the heat transfer is enhanced. As the frequency of pulsations
increases to a particular value, depending on the cavity size, fluid ejection from the
cavity occurs (Nishimura et al., 2000).

Pulsatile flow in cavities has the most significant influence on vortical
structures. The dynamics of vortices progress through distinct stages in contrast to
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steady flows. Zhang et al. (Zhang et al., 2022) investigated the vortex dynamics within
a deep rectangular cavity and observed that a five-stage evolution of vortices, namely
generation, travelling, merging, stretching, and weakening, is affected by Re and
Womersley number (Wo). An increase in Re led to an earlier occurrence of the vortex
evolution stages, whereas an increase in Wo brings the opposite effect. Due to changes
in vortical patterns throughout the pulsation cycle, the average structure of stationary
flow differed from that of pulsatile flow (Zhang, Bian, et al., 2019). Consequently,
this led to changes in the flow structure and a reduction in the length of the
recirculation zone (Velazquez et al., 2009, Dol et al., 2014). These changes affected
the heat transfer efficiency parameters (Kherbeet et al., 2014) or pressure distribution
in stenosis (MdMolla et al., 2017). Hence, there is a demand for generalised
regularities in pulsatile flow within benchmark geometries to accelerate the
development and enhance the effectiveness of applications associated with these
explored phenomena. Currently, the focus predominantly lies on flows in open-type
cavities, while studies concerning longer cavities marked by the reattachment of
separated shear layers to the bottom cavity wall are scarce.

1.3.2. Passive flow control

The active flow control methods allow the separated fluid dynamics to be
impacted, although its use often leads to energy loss and difficulties in implementing
it. The use of passive flow control may be preferred owing to the simplicity of it. For
instance, the implementation of roughness elements and manipulation of channel
roughness is known to have an essential influence on the flow structure and heat
transfer characteristics; therefore, the studies have become increasingly important and
frequent during the past few years (Gao et al., 2022, Han et al., 2022, Li et al., 2024).
An alternative approach to controlling the separated flow passively is the
implementation of different curvature radius corners, which confines the fluid
movement since it is known to significantly affect aerothermodynamic properties (Jin
et al., 2021). It was observed that the attention to this simple passive flow control
technique has been rising recently (Kumar et al., 2018, Bose et al., 2020, Alam, 2022,
Ismail et al., 2022, Wang et al., 2024).

These two specific passive flow control methods have been chosen as they offer
a huge potential for manipulating fluid dynamics in relatively simple ways. These
methods will be discussed separately in the following subsections to gain a clearer
understanding of how each technique independently affects the separated flow
behaviour.

1.3.2.1. Flow over roughness elements
Flow studies over different roughness elements address the problems of flow

resistance and problems related to heat transfer. To enhance heat transfer efficiency,
rough surfaces find extensive applications as they disrupt the thermal boundary layer.
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The roughness characteristics on the channel walls impact pressure drop along the
channel and elevate shear stress near the roughness elements. The behaviour of
separated flow, whether it reconnects to the channel wall or bridges between
roughness elements, depends on the roughness size and configuration. This leads to a
reduction in effective flow area and an increase in pressure drop.

A literature survey shows that the alteration of channel wall roughness exerts an
influence on pressure drop and the enhancement of heat transfer (Pelevi¢ et al., 2016,
Yuan et al., 2016). Numerical simulations by Rovenskaya (Rovenskaya, 2017) and
Zhang et al. (Zhang, Luo, et al., 2019) establish that the most significant effect is
attributed to rectangular roughness. Roughness elements shaped as semicircles and
trapeziums exhibit intermediate effects, following an ascending order. Notably, the
highest friction losses are caused by rectangular roughness elements due to the
formation of the largest recirculation zone behind them. However, trapezoidal,
semicircular, and triangular elements generate smaller recirculation zones. An
analysis of the spacing between roughness elements reveals a decrease in pressure
drop as the distance between these elements is increased. Lalegani et al. (Lalegani et
al., 2018) showed these findings in microchannels with roughness elements of various
shapes on one wall, suggesting the consideration of heightened triangular surface
roughness to mitigate pressure drop. In contrast, Zhang et al. (Zhang et al., 2010)
numerically investigated the effects of roughness shape and size parameters on heat
transfer in the laminar flow regime and demonstrated that triangular and semicircular
roughness elements induce higher pressure drop, intensified recirculation, and an
increased local Nu compared with rectangular roughness elements. Liu et al. (Liu,
Han, et al., 2019) emphasised that the spacing between roughness elements becomes
more important as roughness height diminishes. Moreover, it is generally agreed upon
(Hu et al., 2003, Rawool et al., 2006, Lalegani et al., 2018) that higher roughness
height triggers increased pressure drop, while expanded spacing between roughness
elements diminishes pressure drop by allowing flow reattachment to the wall and an
increase of the effective flow surface.

Coleman et al. (Coleman et al., 2007) investigated the flow structure over
rectangular roughness elements with different spacing. Their study revealed that
changes in the flow structure and adjustments in velocity profiles above these
elements occur after exceeding a particular distance between them. Stoesser and
Nikora (Stoesser et al., 2008) employed LES and revealed that the flow structure
differs for roughness element spacings of //s = 4.5 and //s = 9. These differences are
in terms of the structure of the recirculation zone, as well as the distribution of
turbulent intensities and shear stresses above the cavities.

Zhang et al. (Zhang et al., 2018) numerically investigated the heat transfer
efficiency in channels featuring triangular roughness elements of varying sizes. The
authors showed that specific sizes of triangular roughness elements contribute to a
reduction in convective heat transfer efficiency due to the confinement of hot or cold
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fluid within the cavities formed between these roughness elements, which restricts
effective mixing with the bulk fluid. With an increase in roughness size approaching
the critical dimension, inertial forces within the cavities intensify, resulting in intense
mixing and an increased heat exchange efficiency.

1.3.2.2. Flow in channels with different step configurations

Das and Cohen (Das et al., 2016) numerically and experimentally investigated
flow in an open-type cavity with L/h; = 3.58 to reduce pressure oscillations and noise
by changing the rear face geometry of the cavity. Bentaleb et al. (Bentaleb et al., 2012)
performed a numerical study on boundary layer separation along a gently curved step.
The authors have shown that a rounded backward-facing step causes a tenuous
separation process with a very shallow separation angle due to a thin reverse flow
layer that covers the step. Bravo et al. (Bravo et al., 2000) measured the longitudinal
mean velocity and turbulent intensity downstream of a backward-facing step with
rounded edges. The authors showed that rounded step edges shorten the recirculation
zone and significantly reduce the Reynolds stresses’ peak. Kumar et al. (Kumar et al.,
2018) numerically and experimentally studied the heat transfer and friction loss of
turbulent flow in a duct of a triangular cross section. The authors concluded that the
rounder corners create better fluid interaction at the corner with the main flow field,
resulting in an increase of Nu, indicating the intensification of heat transfer processes.
Kumar et al. (Kumar, 2017) numerically studied the supersonic turbulent flow over a
backward-facing rounded step by using the hybrid RANS-LES / Spalart-Allmaras
turbulence model. The authors unveiled that the gradual expansion occurs over the
rounded step, leading to the delay in the separation of the viscous layer, causing the
formation of a shorter shear layer along with the equally shorter recirculation zone.
Marquet et al. (Marquet et al., 20006) studied the linear three-dimensional dynamics of
a recirculation zone in a channel with rounded BFS. The authors highlighted that the
mechanism associated with the transient amplification of two-dimensional
perturbations is the Kelvin-Helmholtz mechanism, which is active in the shear layer
of the recirculation zone. Neumann et al. (Neumann et al., 2004) investigated the
coherent structures of turbulent separated flows over sharp-edged and rounded steps.
The authors showed that the rounded step results in a much smaller recirculation zone
than in the case of the sharp-edged step. Additionally, there are no secondary
recirculation regions in the case of rounded steps, meaning that the flow is more stable.
Wang et al. (Wang et al., 2020) numerically investigated the flow past cubes with
rounded corners and examined the noise emitted to the far field. The authors revealed
that the mean drag coefficient drops significantly once the cube is rounded, even with
a small corner radius and length ratio. Additionally, the introduction of rounded
corners changed the shape of the noise spectrum. The emitted noise is reduced
significantly with the increase of the relative corner radius from R/L = 1/12 to 1/3, but
the sound level increases again when R/L = 2/5 due to vortex shedding.
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1.4. The overview of literature analysis and the author’s contribution to the
research field

A literature survey shows that separated flow dynamics are primarily studied in
channels with BFS, where both experimental and numerical works are focused on
various 2D and 3D instabilities and recirculation zone dynamics in every flow regime.
Researchers mostly focus on heat transfer efficiency problems or the impact of
statistical flow parameters on them. Another big part of the studies is focused on open-
type cavities and their heat exchange since the flow structure in such channels has
already been thoroughly studied.

The problem of flow control is shown to be a perspective field of research, as it
still requires further investigation. The works are also mainly scattered between two
types of channels — the open-type cavities and channels with BFS. Active flow control
methods such as pulsatile flow are mainly focused on heat transfer processes, and the
analysis of pulsatile flow structure is scarce. Passive flow control methods are shifted
towards the effects on the boundary layer or the heat transfer efficiency on roughness
element configuration.

The literature analysis has identified areas that necessitate further research. For
instance, the study of pulsatile flow has predominantly focused on either laminar or
turbulent flows, with limited attention given to transitional flow phenomena.
Exploring the transition of pulsatile flow from a laminar to a turbulent regime
represents a fundamental inquiry that could unveil essential flow development
mechanisms.

Moreover, investigations are currently lacking into the dynamics of
recirculation zones and other recirculative regions, such as corner and upper vortices,
during the pulsatile cycle. Additionally, the impact of pulsatile flow on the mixing
process within separated shear layers requires more comprehensive exploration.
While numerous studies of pulsatile flow have centred around pulsation frequency as
a defining parameter for flow control efficiency, the influence of flow structure
dependency on pulsation amplitude remains unexplored.

In the field of passive flow control methods, the primary focus has
predominantly been on channels with boundary-fitted surfaces and the efficiency of
heat transfer processes, often neglecting in-depth analysis of flow structures.

Concluding the research of other authors, it is possible to identify the key factors
that determine the structure and behaviour of the actively and passively controlled
separated flow in channels with sudden cross-section changes. The aim of this work
is to experimentally and numerically study the flow which is influenced by pulsations,
roughness elements and geometry parameters, and to determine the factors defining
the recirculation zone dynamics and separated flow structure in cavities. It enhances
the fundamental knowledge regarding flow control methods and provides the
possibility of successfully implementing them in practical applications. This study is
concentrated on separated flow control methods from a foundational perspective,
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prioritising a comprehensive understanding over immediate practical use. The value
of this research lies in the possibility of implementing the enhanced fundamental
knowledge required to design efficient microfluid applications.

This dissertation is a continuation of the research initiated in P. Vilkinis’
dissertation titled “Investigation of flow dynamics and structure in channels with
structured surfaces” (Vilkinis, 2019), in which the author revealed the influence of
cavities relative to height H/h; and length L/hi on separated flow structure and
dynamics in different flow regimes under stationary flow conditions. The present
study continues the previous work by focusing on the influence of flow control
methods on the separated flow structure and dynamics. The author of the dissertation
analysed the results regarding the differently controlled dynamics of separated fluid
flow in variously shaped cavities. The experiments were conducted using the uPIV
and PIV systems, whereas the numerical simulations were conducted using Ansys
Fluent software. The experimental and numerical approaches were used to investigate
the impact of active and passive flow control methods on the recirculation zone
dynamics and the flow structure in open-, transitional- and closed-type cavities in a
wide Re range, which covered all three flow regimes. The author identified the effects
of pulsatile flow on the dynamics of recirculation zone lengths in different types of
cavities and provided an analysis of statistical parameters that allow evaluation of the
flow behaviour in all three flow regimes. The time-dependent behaviour of flow was
analysed, and the regularities of recirculation zone dynamics during the pulsatile cycle
were highlighted. Additionally, the analysis of pressure loss and friction
characteristics were analysed in a flow impacted by roughness elements, which allows
to approximately evaluate the possible energy loss due to a particular channel
configuration. Finally, the impact of the cavity outlet/inlet hydraulic diameter ratio is
defined by analysing the longitudinal velocity distribution between the leading and
trailing edges of the cavity.
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2. METHODOLOGY AND EQUIPMENT

In this section, the research methodology is reviewed, focusing on physical
research object, experimental and numerical facilities, measurement error and
uncertainty analysis.

2.1. Physical object

Experiments were conducted in a wide range of micro- and macro-scale cavities,
with cavity length to step height ratio (L/A:) ranging from 4 to 16.

The experimental micro-channels (Table 1a, b, ¢) were custom manufactured
from polycarbonate, with a precision declared by the manufacturers of < 20 um. The
micro-chip containing the manufactured micro-channels consists of two plates. The
experimental micro-cavity is milled into the plate, while the second plate is glued on
top of it.

The experimental macro-channel (Table 1d) was constructed from Plexiglas and
designed with a modifiable geometry by embedding various elements as needed. It
featured a rectangular cross-section, with two inclined ramps installed on the bottom
wall to create a plain cavity between them. The leading and trailing ramps were set at
a 30° angle, resulting in a length-to-depth ratio (L/h:) of 8.8 for the cavity. Additional
triangular roughness elements, each with a height matching the cavity depth, were
added to the cavity bottom.

Table 1 shows the schemes and dimensions of all experimental channels,
including the range of Re in which the experiments were conducted.
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2.2. Experimental facility

The Particle Image Velocimetry (PIV) method is commonly used to investigate
the behaviour and dynamics of fluids. PIV has gained widespread use in fluid
mechanics due to its non-intrusive nature, which allows for measurements without
perturbing the fluid. The technique involves seeding the fluid with tracer particles
illuminated with a pulsed laser and then capturing their motion with a high-speed
camera in successive image pairs. The velocity of the fluid can be determined by
analysing the displacement of the tracer particles over a known time interval between
image pairs. A more detailed explanation of the PIV method and its application are
given in the following reference (Raffel et al., 2018).

The present work employed two types of PIV systems, namely, regular PIV and
micro-PIV (uPIV). Although both techniques operate on the same principle, they are
designed for different experimental scales.

2.2.1. PIV set-up

The particle image velocimetry system (Fig. 5) used in the experiments consists
of a Nd:YAG type laser Dual Power 200—15 (Dantec Dynamics), operating at up to
15 Hz frequency, with pulse energy up to 200 mJ, a wavelength of 532 nm, and pulse
length of less than 10 ns. Images are recorded with a 4 Mpx FlowSense EO CCD
camera (Dantec Dynamics) with a pixel size of 7.4 um, providing a field of view of
approximately 240 x 70 mm?. DynamicStudio software (Dantec Dynamics) is used
for system control and image acquisition. 200 double-frame image pairs are obtained
for each case, and three separate measurements are performed.

The seeding particles are generated from a sugar solution aerosol using the Six-
Jet Atomizer 9306 (TSI), producing particles with a diameter of 0.3 pum, a density of
1.58 x 10% kg/m?, and a refractive index of 1.54. The sugar particles in the airflow had
a relaxation time of 4 x 107 s, resulting in a Stokes number Stk <« 1, indicating that
the tracing particles closely followed fluid streamlines. The tracer particles are smaller
than the size of individual pixels on the CCD camera, resulting in particle images that
occupy the entirety of a single pixel despite being smaller than that pixel’s dimensions.

The pressure is measured before and after the plain cavity at a distance of L =
460 mm between measurement locations. FCO12 pressure sensors (Furness Controls)
with a measurement range of 0—20 Pa are used, with an uncertainty of 0.5%. The
velocity for Re calculations is measured with a thermo-anemometer Testo 435 (with
a measurement range of 0 — 20 m/s and a measurement uncertainty of 14,3 — 0,5 %).
The ambient temperature is maintained during the measurements at 20 = 1 °C.
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2.2.2. pPIV set-up

The microparticle image velocimetry method involves tracking the motion of
small tracer particles within a fluid. For this method, deionised water is used as the
working fluid and is seeded with fluorescent particles measuring 1 pm in diameter
with a specific gravity of 1.05. The temperature of the fluid is maintained at 20+1 °C.
The velocity components in the x- and y-axes were computed based on the change in
the particle's location and the time elapsed between image pairs.

The pPIV system (Fig. 6) used for the experiment consisted of an Elveflow OB1
MK3 pressure control unit capable of generating inlet pressures up to 8 bar(g) in the
experimental channel. The system also included a Nd:YAG laser and its control unit
and a 4 Mpx FlowSense EO CCD camera (Dantec Dynamics) mounted on a Leica
DM ILM inverted microscope (Leica Microsystems). The camera’s matrix size is 7.4
pm, resulting in a 1.5 mm x 1.6 mm field-of-view with 10X magnification. The laser
and camera are synchronised to operate at a frequency of 15 Hz. Time-averaged
results are obtained by averaging 220 images.
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The fluorescent particle excitation light wavelength is 535 um. The illuminated
laser light is reflected by a dichroic mirror into a microchannel containing the tracer
particles. The tracer particles emit light, which is filtered by the dichroic mirror and
recorded by the camera. The dichroic mirror allowed all light from one side and only
light with 575 um wavelength from the other side, thereby filtering out any disruptive
reflections. Finally, the images are obtained using the camera.

2.2.3. Image analysis

DynamicStudio v6.11 software (Dantec Dynamics) is employed to analyse the
acquired images. Firstly, the image is filtered from all the unnecessary noise coming
from various reflections by using the image arithmetic method. Then, the adaptive
Particle Image Velocimetry technique is used to determine the velocity vectors based
on the particle image pairs. This method utilises a grid of interrogation areas to track
the travel distance of the seeding particles for velocity calculation. The principal
scheme of PIV image processing is given in Fig. 7. The size and spacing of the
interrogation areas are determined manually, corresponding to a specified number of
pixels from one area to the next. The particle image fields are divided into
interrogation regions of a specific size where the cross-correlation function is
calculated to determine the most probable local displacement of tracer particles.
Additionally, the interrogation areas are allowed to overlap if the spacing between
neighbouring vectors is less than the size of the interrogation area. In this work, the
adjacent tiles overlapped by 25% of the area, resulting in a 25 um spacing between
the x-axis velocity vectors and a 20 um spacing between the y-axis velocity vectors.
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Finally, as a result, a velocity vector field is obtained that can be used to analyse the
flow further by calculating velocity streamlines, measuring velocity plots, etc.

Raw image

Interrogation Cross-correlation Interrogation

window D(arx, 1y) = window
F(aex,uty) F(utx,tty) Gax,tiy) Gux,uy)

Fig. 7 Principal scheme of PIV image processing

2.2.4. Stationary and pulsatile inlet conditions

Stationary and pulsatile inlet conditions were generated using the pressure
control unit and a high-pressure reservoir. Pressurised nitrogen was directed from the
gas tank to the reservoir, thus creating the differential pressure required for fluid to
flow into the experimental channel. The necessary pressure for a particular Re was
ensured with the use of a pressure control unit. Additionally, using a programmable
pressure control unit, the pressure in the reservoir was set to vary in sinusoidal pulses,
thus generating the pulsatile inlet flow conditions Fig. 8.
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2.2.5. Reynolds number calculations

Since two experimental facilities are employed in this work, the characteristic
length and velocity measurement methods used in Re calculations differed. In the case
of uPIV, the pressure control unit is used; therefore, the volumetric flow rate
dependency on inlet gauge pressure needs to be obtained (Fig. 9).

80

[ [04=0.12p5 - 1.61p,* +8.036p, - 19.89p.2 + 38.87p,|

D, bar

Fig. 9 Volumetric flow rate calibration curve
The obtained standard volumetric flow curve is recalculated at T-c = 0 °C; thus,
later allowing to take ambient temperature into account when calculating Re:

273.15
X ;
27315 + Toympbient °c

Qse = Q (1)

39



Inlet flow velocity u is then calculated from the obtained volumetric flow:

Q
= =. 2
u= < (2)
where S is inlet cross section area.
Re is calculated as follows:
uXxXL
Re= ——; 3)

where v is kinematic viscosity at ambient temperature, and Lc, is the
characteristic length, which is either /; or Dy, depending on the experimental facility.

During experiments with the PIV facility, the velocity was measured inside the
inlet section with a thermo-anemometer, and Re was calculated by taking hydraulic
diameter as a characteristic linear dimension due to the specific geometry of the
experimental channel. However, during experiments with the uPIV facility, Re was
calculated using step height (/1) as a characteristic length.

2.2.6. The uncertainty of flow rate and velocity calculations

The expanded volumetric flow rate measurement uncertainty is estimated by
using the weighing method used for volume calibration, which can be mathematically

expressed as:
m

— _ Pa . 4
VO N Pw—Pa (1 ps) + AVg + AVr, ( )

where m — weighed water mass; pw — water density; p. — air density; ps — weight
density; AV, — water evaporation losses; AV; — measurement repeatability.

The analysis of separate uncertainty components has shown that their value is
mainly determined by the repeatability of measurement results. The uncertainty
components of the weighing scale and density evaluation and time measurements are
relatively small; therefore, the expanded uncertainty is directly evaluated by
addressing the uncertainty coming from volume measurement:

0= () J0+ g

It is worth mentioning that the relative uncertainty values of volumetric flow
rate measurements can be marginally reduced by increasing the volume of passing
through water and measurement number; therefore, the relative uncertainty of the flow
rate measurement is no more than 2%.

The uncertainty of velocity measurements was determined by assessing the
contribution of expanded uncertainty of flow rate, channel cross-section dimensions
and the uncertainty of velocity measurement repeatability. It can be mathematically
expressed as follows:
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2 _ g2 (1)’ 2 (01 \2 (6)
Uny = Ung (aQ A) +Ung (aA A2 Q) ’

where Un is the standard uncertainty of velocity (i), flow rate (Q) and cross section

area (4). The uncertainty analysis reveals that the expanded uncertainty of velocity

measurement by both PIV and uPIV does not exceed 7 %.

2.2.7. The uncertainty of recirculation zone length measurements

The recirculation zone length is measured by the minimum uyms value at the
lowest possible y position. This method suggests that the separated shear layer is
reattached when the velocity vectors change direction. The precise measurement of
recirculation zone length is difficult due to several reasons. The first one is limited
resolution. The limitations come from the comparatively large scale of the channel
and the exact reattachment point location, which happens in a single resolution
window. The second reason is that, in some cases, the whole velocity field is obtained
by connecting a few velocity vector fields, and the precise connection cannot be
guaranteed. The third reason is the complexity of fluid flow in transitional and
turbulent flow regime, when the vortex shedding is observed. It strongly affects the
location of the separated layer reattachment point. Each of these three reasons brings
a significant component to the measurement uncertainty.

Since the separated shear layer reattachment point fluctuates, the repeatability
of measurements is addressed by measuring the recirculation zone length at each
timestep. In the laminar flow regime, the recirculation zone length remains constant,
and the repeatability is less than 2.3%. In turbulent flow regime, the reattachment
point fluctuations increase and the repeatability decreases to 8.9%. The expanded
uncertainty of recirculation zone length measurements is less than 15%.

2.2.8. Turbulence intensity and phase velocity calculations in pulsatile flow

The method for calculating turbulence intensity described below is also
presented in the publication’.

Due to the pulsating nature of the inlet, flow inside the measurement area
pulsates with the period T = 1/f. Measurements were made with time step At =
0.067s. The number of snapshots was N = 180 or 210, depending on pulsation
frequency, the number of snapshots during one period n = T /At. The number of
pulsation periods during all measurement times is N = N/n.

In order to estimate the turbulent properties of the flow, we should separate the
mean phase flow and fluctuations. The mean phase flow velocity is characterised by
periodicity in every period of pulsation:

'Sereika J., Vilkinis P., Skarbalius G., Dziugys A., Pedisius N. Experimental analysis of
pulsatile flow effects on flow structure in transitional-type cavity. Experimental Thermal and
Fluid Science. New York: Elsevier, 2024, Vol. 151, 111073, p. 1-10. ISSN 0894-1777.
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u(r + kT) = u(zr),k = [0, Ny — 1], (7)

Accordingly, measured velocity in each point at each measurement time can be

separated into the components of pulsating (mean phase flow) velocity @ and
fluctuating velocity u':

u(t) = () + ' (8, ®
where i is the time index of measurement:
t; = iAt,i = [0,N — 1], ©)
and the mean phase flow velocity is estimated as follows:
2(z) = Mot u(t)8(tj, mod(t;, T)) (10)

,T; = jAt,j = 10,n|.
SN-T6(z,mod(t, 1)) 0 0 (0.m]
Additionally, outlier velocity points were removed from temporal data at a
confidence interval of 95% from mean phase velocity. The average velocity of the
mean phase flow velocity is estimated as follows:

L& Y
(a) = ;Z ﬁ(‘rj) ,Tj = ]At,] = [0, n],
=0
Turbulent energy TKE at each phase time is estimated as follows:
() : (12)
3TN ('Rt + '3 (t)) 8(zj, mod(t;, T))
TKE(T]) =7 N—1 ,Tj = ]At,]
4 Zi=0 S(Tj,mOd(ti,T))
=[0,n],
Finally, turbulent intensity T1 is estimated as follows:
(13)
U'(r) STKE(R)
TI(Tj) == = i ,Tj = jAt,j = [0,n].
Averaged turbulent intensity is defined as:
(14)

1 n
(1) =~ "TI(5)),7; = jAt,j = [0,n]
7=0

2.3. Numerical simulation

To expand research capabilities, CFD was employed. CFD allows to perform
analysis beyond the capabilities of experimental setup. Numerical simulations were

performed using commercially available Ansys Fluent 2019 R2 software based on
FVM.
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Numerical simulations are conducted by solving Navier-Stokes equations,
which describe the motion of viscous fluid substances, express momentum balance
and conservation of mass for Newtonian fluids:

Ddix =a,— %Z_Z + vVZuxw
%=ay—%g—5+vv2uy> (15)
DCZZ =a, — %g—z + VVZuzJ

where V2= % + % + %; V= %; a — acceleration induced by external forces.

These equations can be described in vectorial form:

bi_, 1 dp+ v 16
dt_a pgrap vVeu (16)

Since the equation has 6 unknown variables, the fluid continuum and
momentum equations are used for the solution. Assuming conservation of mass, the
continuum equation for compressible is expressed as follows:

0
a—zz+V-pu(x,y,z,t)=0 (17)

ad ad d
whereV—a+£+£

If the fluid is incompressible, the continuum equation is simplified:
V-u(x,y,z,t)=0 (18)

The differential momentum equation for incompressible fluid can be described
as follows:

Du, op 0%u, 0*u, 0%*u,
Dt  9x <ax2 * dy? Tz ) TP (19)
Du, op 0%u, 0%u, 0%*u,

PDe T oy (6x2 * dy? T2z ) TP (20)
Du, op 0%u, 0%u, 0%*u,
Dt __5_#<6x2 * dy? T oz )P @h
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2.3.1. Reynolds averaged Navier-Stokes equations

One of the most common ways to solve Navier-Stokes equations is by using the
Reynolds-averaged Navier-Stokes (RANS) method, which offers a low computational
cost yet still moderately accurate results and acceptable uncertainty, which is
constantly being reduced due to consistent model development (Xiao et al., 2019).
Furthermore, depending on the research purposes, the RANS approach can satisfy
with enough information such as mean velocities, mean pressures, mean stresses etc.
(H K Versteeg, 2007).

For the derivation of RANS equations from the instantaneous Navier-Stokes
equations, the separation of the flow velocity into mean and fluctuating velocity
components is required:

_ ) (22)
ulx,y,zt) = u(x,y,z) +u'(x,y,z1t)

where % — mean (time-averaged) velocity component, u’ - fluctuating velocity
component.

Since mean flow velocity and fluctuating flow velocity components satisfy the
continuum condition, the flow equations can be described:

D, dp 8 0u, _p\ 0 Ou, (23)
PDe ~~ aﬁa(ﬂax Bl )*@(“a—‘ )
5} 0, -
+£<M6——Puxuz),
(24)

Day _ (')ﬁ_l_ d aﬁy — + 2 d auy —2
Poe = dy 0x Koy —PHatz dy ay — Pty

6 auy
az c’) pu'ztly

Du,  9p a<au2 ,,)+a<aaz , ) (25)
POt = "oy Tax\Fax T Puatx) T \Hg T A

N a ( du, - 2)
9z \Fa, ~PHz)
These equations can be described in common form as follows:

ou  _om\_ _9p 0 ( ou (26)
P\ar "Yax)” Tox o “axj Py

One of the most common ways to simulate mean flow characteristics is by using
the standard k-¢ turbulence model, which consists of two equations as follows:
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a(pk) a(pku) 0

AL
K

d(pe)  d(pew) 0 TANGE g?
28
ot T Tox  ox [( +ag)a ]+Cl£k(G"+C3EG”) Cocb g s @28

The (26) and (27) equations correspond to kinetic energy k and dissipation &
equations, respectively, where Gy and Gy, — the generation of turbulence kinetic energy
due to the mean velocity gradient and buoyancy, respectively; Ym — contribution of
the fluctuating dilatation in compressible turbulence to the overall dissipation rate, Sk
and S; — user defined source terms, ok, 6 — Prandtl numbers for k and ¢; Cj¢, Cae, C3e
are adjustable constants. The constant values of adjustable constants were used: Ci; =
1.44; Cy = 1.92; o = 1; 6. = 1.3. The constant Cj; determines the degree to which ¢

is affected by the buoyancy. In Fluent Cs; is calculated from a relation Cs=tanh |Z|

In this work, the k-¢ standard model was used for the impact of geometrical parameters
on the flow structure in an open-type cavity at Repn, = 1000, while the laminar model
was used in the range of Repn = 10 — 100.

Additionally, for the flow simulations in a closed-type cavity, the Reynolds
stress-omega model was employed, which involves the calculation of separate stresses
a(pu'u' )

P by using differential transport equations:

d(pu';u'; 29
@T")=DTU+DLU-+Pij+nij+!2ij—si,- @)

Drij, Diij — turbulent and molecular diffusion; Py — stress production; IT;; —
deformations caused by pressure and velocity gradients; Q; — stresses caused by
rotational flow; &; — dissipation of turbulent energy.

RANS models have been the primary method for simulating flow characteristics
for the last few decades due to their less costly computing requirement and affordable
use compared to LES and DNS methods (Yusof et al., 2020). However, while RANS
is ideal for the mean characteristics of the flow, it is limited when the flow is pulsatile
or unsteady. In pulsatile flow cases, unsteady RANS (URANS) was applied for a more
accurate analysis of time-dependent flow. URANS allows the achievement of results
within a reasonable computation time and can be effectively employed when the
comparison with experimental results is possible (Hillewaere et al., 2012).

2.3.2. Meshing

Meshing is a crucial step in CFD simulations. It involves dividing the
computational domain into smaller, finite-sized elements, i.e., cells, each associated
with a set of variables that represent the fluid properties, such as velocity, pressure,
temperature, etc. In Ansys Fluent, meshing is performed mainly using 3 techniques:
structured, unstructured, and hybrid. Structured meshes are composed of rectangular
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or curvilinear cells arranged in a regular grid, while unstructured meshes are
composed of irregularly shaped cells generated using automated meshing algorithms.
An example of a structured mesh is given in Fig. 10. It is worth mentioning that the
grid given in Fig. 10 is purposely coarse for a convenient representation. Hybrid
meshes combine elements from both structured and unstructured meshes, offering a
compromise between accuracy and computational efficiency. In this work, for both
2D and 3D simulations, a structured meshing method was employed; therefore, the
mesh grids consisted of rectangular cells in 2D computational domains and
hexahedrons in 3D ones.

Fig. 10 Representation of a structured mesh in a 2D closed-type cavity

A fine mesh is required to provide accurate simulations, which significantly
increases the computational cost. To avoid this problem, a grid independence test is
necessary. It is usually performed by monitoring a parameter of choice, for instance,
pressure, temperature or, as in the present case — the total pressure difference (Fig.
11a) and the recirculation zone length (Fig. 11b). In channels with sudden cross-
sectional changes recirculation zone length is a crucial parameter which defines the
flow structure. Grid independence is ensured by computing several different grids
with increasing the number of grid elements. As the element number increases, the
length of the recirculation zone changes its size until it becomes independent of the
element size; therefore, to perform economic calculations, the grid is chosen exactly
at the mesh size, which shows very little to no dependency on the monitoring
parameter (Fig. 11). In simulations within a 3D open-type cavity, the step height and
cell size ratio were h1/A. =21, whereas in the 2D closed-type cavity — #1/A. = 51. The
exact number of cells in open-type and closed-type cavities were 5x10° and 2x10°,
respectively.
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Fig. 11 Mesh independency test in a) open-type cavity, b) closed-type cavity

In the present work, the pressure-based solver is used. It works by first solving
a set of equations for the pressure field, which are derived from the continuity equation
and the momentum equations. These equations are solved using the iterative SIMPLE
(Semi-Implicit Method for Pressure-Linked Equations) method, which applies
corrections to the pressure field. Additionally, a second-order upwind scheme was
applied to discretise the momentum equation. The simulations were performed with a
convergence criterion of at least 10 for continuity.

2.3.3. Boundary conditions

During numerical simulations, the working fluid was water with a constant
density of p = 998.2 kg/m*and a constant dynamic viscosity of 1.003-10°kg/(m-s). In
stationary flow cases, a flat velocity profile was set with its value ranging from u =
0.0223 m/s (at Repn = 10) to # = 2.23 m/s (at Repn = 1000) in an open-type cavity. In
a closed-type cavity the velocity ranged from u = 0.25 m/s (at Ren; = 50) to u =10 m/s
(at Ren; = 2000). In both cavity cases, the turbulence intensity at the inlet was set to 5
%, and the initial gauge pressure was set to 0. At the outlet, the gauge pressure was
set to 0 in all the simulated cases. To simulate the pulsatile flow in a closed-type
cavity, a user defined function was created, which allowed the inlet velocity to vary
in sinusoidal pulses during transient simulations. The velocity, though still with a flat
profile, varied from 0 to 2-umax creating a pulsation amplitude of 4 = 1.

2.4. Comparison between results of experiments and numerical simulations

Combining both experimental and numerical approaches improves the study's
accuracy and reliability due to the possibility of comparison of experimental and
numerical results and allows the range of investigated properties to be extended. A
comparison with experimental results is necessary to ensure the validity of
numerically obtained results. The present comparisons are conducted by comparing
the experimental and numerical results of this work and are based on two parameters
— velocity distribution and recirculation zone length dependency on Re. The
comparisons of different simulations are given in Fig. 12. Both comparisons show
acceptable agreement. When investigating the flow separation phenomenon in
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channels with sudden expansion and contraction, the recirculation zone length can be
used as a compared parameter. If the reattachment of the separated shear layer is
absent — velocity is used instead; therefore, in the open-type cavity, numerically and
experimentally obtained flow velocity distribution results are compared (Fig. 12a),
while the recirculation zone length dependency on Re is compared in a closed-type
cavity (Fig. 12b). Even though in a closed-type cavity the relative recirculation zone
length values differ considerably at Rewni = 1000 - 1750, the regularities of
recirculation zone dynamics in a closed-type cavity coincide almost perfectly,
therefore, the agreement between experimental and numerical results are acceptable.
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Fig. 12 Comparisons of numerically and experimentally obtained results in a) open-
type cavity at Repn = 1000; b) closed-type cavity
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3. RESULTS AND DISCUSSION

In this section, all experimentally and numerically obtained results are given,
analysed, and discussed. This section will be divided into two main subsections
regarding active and passive flow control methods. The active flow control technique
corresponds to controlling the flow by varying the pulsation parameters while
investigating the vortex development and recirculation zone length dynamics and
monitoring statistical flow parameters such as shear rate, turbulence intensity, and
vorticity distribution. Passive flow control methods correspond to introducing
different configurations of roughness elements installed on the bottom of the channel,
thus confining the recirculation zone from achieving large volumes while
simultaneously investigating velocity and shear rate distribution with the addition of
pressure loss analysis. Additionally, the impact of geometrical cavity parameters is
analysed by studying the influence of rounded cavity inner corners and inlet/outlet
diameter ratio on velocity distribution inside of a cavity.

3.1. Recirculation zone dynamics of stationary flow in cavities

The experimentally obtained time-averaged velocity streamlines of the flow in
a transitional-type cavity at various Ren; are presented to visualise the dynamics of
the recirculation zone in the cavity based on the flow regime (Fig. 13).

Ren = 50 Ren = 100 Ren = 250
) &= — —
Ren =750 Ren = 1500 Ren =2000
=S/ = It =

Fig. 13 Stationary flow streamlines in a transitional-type cavity (L/h; = 8)

In the laminar flow regime, at Rey = 50 — 100, the flow separation occurs due
to an adverse pressure gradient which is caused by the sudden cross-sectional changes
of the channel (Armaly et al., 1983). The recirculation zone is formed behind the BFS,
and the separated shear layer is reattached to the bottom of the cavity. The
recirculation zone is known to be steady during the laminar flow regime. The
recirculation zone growth rate is strongly dependent on Ren; when the flow is laminar,
as its length increases with increasing Ren nearly linearly. After the recirculation zone
reaches its maximum length (in the present case at Ren =~ 250), the transitional flow
regime begins, and the separated shear layer is not reattached to the bottom of the
cavity; therefore, the whole cavity is then filled with a recirculation zone. Experiments
in a transitional-type cavity show that reattachment of the separated shear layer
reoccurs only at Ren; = 1750 (Fig. 14). When the flow enters a turbulent flow regime,
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it is expected for the relative recirculation zone length to reach its asymptotical value,
where it no longer depends on Re (Armaly et al., 1983).

Even though the relative recirculation zone length values differ considerably,
the regularities of recirculation zone dynamics in transitional- and closed-type cavities
coincide almost perfectly, the main difference being the Ren range of when the flow
is detached from the bottom of the channel (Fig. 14). In laminar flow conditions, the
length of the recirculation zone is governed by the expansion of the shear layer, which
forms due to the interaction between the primary flow and the recirculating flow.
(Vilkinis et al., 2020). The flow reattachment absence is observed in the Ren; range of
450 <Ren; <1200 in a closed-type cavity and 250 < Ren; < 1750 in a transitional-type
cavity. The Ren range, where the separated shear layer is not reattached on the cavity
bottom, is wider due to the confinement of closer located FFS in the transitional-type
cavity. In a closed-type cavity, further located FFS allows the recirculation zone to
elongate more with increasing Reni. As a result, the transitional flow regime begins
later compared to transitional-type cavity, indicating that a higher adverse pressure
gradient is necessary to achieve it. As Repn increases further, the length of the
recirculation zone begins to decrease, and reattachment of the separated flow is
observed once more. The transitional flow regime introduces instabilities in the shear
layer, which influence the internal structure of the recirculation zone, resulting in its
shortened length.
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Fig. 14 Recirculation zone length dependency on Re, in transitional- and closed-
type cavity with L/h; = 8 and L/h; = 16, respectively
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Fig. 15 represents the numerically simulated flow in an open-type cavity.
Different regularities of recirculation zone dynamics are observed in an open-type
cavity, compared to transitional- and closed-type cavities. At low Re, when the flow
is laminar, if the pressure gradient is sufficient, the flow separation occurs induced by
abrupt cross-sectional changes. The size and shape of the recirculation zone depend
on various parameters, including the geometry of the step and Re. In a laminar flow
regime, the recirculation zone is expected to have a steady behaviour, where the
velocity distribution inside of the cavity remains constant over time. As Re increases,
the recirculation zone fills the whole cavity and the separated shear layer bridges over
it (At Ren = 66). As Rey increases further, the recirculation zone core is shifted
towards the FFS. At that point, the structure of the flow becomes independent on Re,
similar as is transitional- and closed-type cavities.

Ren =6

Fig. 15 Numerically obtained flow velocity streamlines in an open-type cavity
(L'hi=4)

3.2. Active flow control

The results and analysis presented in sections 3.2.1 —3.2.3, as well as in all their
subsections, are also presented in the publication’.

The dynamics of the recirculation zone in transitional- and closed-type cavities
were analyzed across various Ren values and different pulsatile flow parameter
scenarios to assess the individual impacts of pulsation amplitude and frequency. Table
2 presents the pulsation amplitude and frequency values for the different flow cases.
Case 1 corresponds to the stationary flow condition; hence its pulsation amplitude and
frequency are not specified. Three pulsation amplitudes were explicitly chosen to
cover the entire range from low amplitude of 4 = 0.15 to maximum amplitude of 4 =
1.0, where 4 = 0.60 would serve as an intermediate value. Additionally, pulsation
frequencies of f=0.5; 1; 2; 5 Hz were chosen, where /= 0.5 and 1 Hz correspond to
slower pulsations that are proved to have the most significant effect on flow structure
(Tihon et al., 2012), while high frequencies, such as f'= 2 and 5 Hz represent more
rapid pulsations, enabling the investigation of recirculation zone response to faster

2 Sereika J., Vilkinis P., Skarbalius G., Dziugys A., Pedi$ius N. Experimental analysis
of pulsatile flow effects on flow structure in transitional-type cavity. Experimental
Thermal and Fluid Science. New York: Elsevier, 2024, Vol. 151, 111073, p. 1-10.
ISSN 0894-1777.
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changes in the flow structure. The present section is divided into three subsections
where the influence of Re, 4 and fis highlighted and discussed separately.

Table 2 Amplitude and pulsation frequency of different flow cases

Case A 1, Hz L/h
1 - - 8, 16
2 0.15 0.5 8
3 0.15 1.0 8
4 0.60 0.5 8
5 0.60 1.0 8
6 1.00 1.0 16
7 1.00 2.0 16
8 1.00 5.0 16

3.2.1. Recirculation zone behaviour during the pulsation cycle

During the pulsation cycle, the dynamics of the recirculation zone depend on
the flow regime. Fig. 16 shows the experimentally obtained instantaneous flow
velocity streamlines for different phases of the pulsation cycle.

Renr = 100 Ren = 1000 Reni =2000
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Fig. 16 Flow velocity streamline variation in transitional-type cavity (L/h; = 8)
during the pulsation cycle of 4 = 0.60 and /= 0.5 Hz
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In the laminar flow regime (Fig. 16 (1-8)), the variation in velocity during the
pulsation cycle influences the length of the recirculation zone, causing it to increase
and decrease depending on the phase of the cycle since its dependency on Re in the
laminar flow regime follows a linear relationship. Consequently, during the cycle, the
recirculation zone length increases during the velocity acceleration phase (at 0° < ¢ <
90° and 270° < ¢ < 360°) and decreases during the flow deceleration phase (at 90° <
¢ < 270°). Pulsatile flow causes the vortex centre to change its position, but the
recirculation zone remains stagnant.

In the transitional flow regime (Fig. 16 (9-16)), a different mechanism governs
the development of the recirculation zone. It is no longer stagnant and comprises
periodically recurring vortices, as discussed by Vilkinis and PediSius (Vilkinis et al.,
2020). In Fig. 16 at Ren; = 1000, these recurring vortices are observable throughout
the pulsation cycle. During this process, a secondary vortex appears between the BFS
and the primary vortex in the lower corner of the cavity, which, as time passes, grows
and pushes the primary vortex downstream until the resulting stresses cause the
primary vortex to escape from under the shear layer towards the outlet of the cavity.
Therefore, during the transitional flow regime, at certain phases of the pulsation cycle,
two detached vortices are observed in one frame (Fig. 16 (9 and 14-16). The same
mechanism applies at Ren; = 2000, although more chaotic vortex movement is visible
(Fig. 16 (16-24)). At certain pulsation phases, three vortex cores are observed (Fig.
16 (24)), indicating that the frequency of vortices shedding is higher than pulsatile
flow at Ren; = 1000.

The other investigated pulsatile flow cases show similar tendencies where the
frequency of recurring vortices correlates with the pulsation parameters and
determines the time-averaged recirculation zone length.

3.2.2. Pulsation amplitude impact on recirculation zone dynamics

Fig. 17 displays experimentally obtained flow patterns for cases with distinct
amplitude values of 4 =0.15 and 4 =0.60 (Cases 2 and 4) since the impact of pulsation
frequency on flow structure was negligible. At Ren; = 50, small alterations occur on
the length of the recirculation zone at 4 = 0.60; however, its complete absence is
observed with applied pulsations with 4 = 0.15. Recirculation zone length decreases
during pulsatile flow at Ren; = 100-250, and the increase in recirculation zone length
with increasing Ren; is evident, as it remains linear under laminar flow conditions.
Additionally, the recirculation zone interacts with the vortex near the FFS in the
transitional flow regime (Ren = 750). Under pulsatile flow conditions, the interaction
is more intense; therefore, the recirculation zone centre location shifted to the FFS
carlier compared with the stationary flow case. This effect is achieved at Ren; = 500
with 4 = 0.60. At Ren; = 1750 — 2000, the recirculation zone length no longer depends
on pulsation parameters and an almost identical distribution of velocity streamlines is
observed between investigated flow cases. This proves that in the turbulent flow

53



regime, the recirculation zone length reaches its asymptotic value, becoming
independent of both Re and pulsatile flow parameters.

Stationary flow (Case 1) A=0.15 (Case 2) A=0.60 (Case 4)
Ren =50 =
Ren =100 ._7 — = = —
Ren = 250 _ = = =
— — S — =
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Fig. 17 Time-averaged velocity streamlines in a transitional-type cavity at Ren =
50-2000 for stationary flow and pulsatile flow with A = 0.15 and 0.60

The recirculation zone length dependencies on Re given in Fig. 18 are
experimentally obtained using the same approach as in Fig. 17, where the flow is
averaged throughout the whole measurement. The changes in the recirculation zone
length depend on the pulsation amplitude. Lower recirculation zone length values are
observed in pulsatile flow cases at Re = 50-250, due to small vortices in the separated
shear layer, which produces a higher rate of entrainment, thus causing the reduction
of recirculation zone length (Chun et al., 1996). The recirculation zone length
reduction at 4 = 0.15 is determined based on the linear recirculation zone length
growth in the laminar flow regime and the significant change in its structure in the
transitional flow regime. When the pulsation amplitude is low (4 = 0.15), the flow
remains primarily in the same flow regime, and changes in the recirculation zone size
remain linear during the flow pulsation cycle. When the pulsation amplitude increases
to 4 = 0.60, the velocity variates more significantly, and a transitional flow regime
may be reached when the recirculation zone length increment during the acceleration
phase is large. Therefore, time-averaged flow fields feature larger recirculation zone
lengths in high-amplitude cases than in low-amplitude cases because the cavity is
filled with a stagnant recirculation zone for a certain period. For the same reason,
separated shear layer reattachment occurs at a lower Ren; compared with the case of
stationary flow (Ren; = 1250 at pulsatile flow and Repn; = 1750 at stationary flow), and
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shorter recirculation zone length values are observed at the beginning of the turbulent
flow regime in the pulsatile flow cases. The same trend is observed in a closed-type
cavity, where the recirculation zone reduction effect is observed when Rey; > 1200.
However, the main difference between pulsatile flow effects in different types of
cavities is observed in laminar flow, where pulsations with 4 = 1 show little to no
effect on recirculation zone length. In a closed-type cavity, the discrepancies in
recirculation zone length in the laminar flow regime are marginal and do not exceed
the measurement uncertainty.
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Fig. 18 Experimentally obtained dependency of the relative recirculation zone length
on Rey; in stationary and pulsatile flow

By comparing the results of experiments in two types of cavities, it is observed
that the recirculation zone reduction effect in laminar flow regime is inversely
proportionate to pulsation amplitude, as the most significant effect is observed when
A = 0.15 and the least significant at 4 = 1 (Fig. 19). In laminar flow regime high
amplitude pulsations (4 = 1) introduce strong disturbances to the recirculation zone
and the transitional-type cavity encloses it with a closely positioned FFS. This
potentially leads to a perturbed and extensive recirculation zone. Low amplitude
pulsations (4 = 0.15) lead to weaker recirculation zone disturbances; therefore leading
to a more steady recirculation zone, which length is reduced due to the pulsatile flow
impact on the vortices in the shear layer, as mentioned earlier. The highest
recirculation zone length reduction is achieved at the beginning of the transitional
flow regime in a transitional-type cavity at Ren = 250 and is estimated to be ~45%
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and ~17% for 4 = 0.15 and 4 = 0.60, respectively, compared with the case of
stationary flow. Conversely, the pulsation frequency is shown to have a negligible
effect on the recirculation zone length. It is observed that the discrepancies between
cases with different frequencies were less than 6%. Nevertheless, the dynamic trend
of the recirculation zone length in all pulsation cases remained the same as that of the
stationary flow.
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Fig. 19 The impact of amplitude on recirculation zone length in laminar and
transitional flow regimes

3.2.3. Pulsation amplitude impact on statistical flow parameters

After studying the recirculation zone dynamics in pulsatile flow, it is essential
to highlight the impact of pulsation amplitude on statistical flow parameters. Studying
parameters, such as vorticity, turbulence intensity, and shear rate, is crucial in
investigating pulsatile flow structure. These parameters provide essential insights into
the complex dynamics and characteristics of fluid behaviour. The vorticity
distribution inside of the cavity is studied to understand the key information about the
rotational behaviour of the fluid and the impact of pulsations on flow stability and
mixing. The analysis of turbulence intensity distribution inside a cavity represents the
magnitude of fluctuations in velocity and allows to determine the factors which
influence it. Shear rate, which quantifies the rate of velocity gradient between adjacent
fluid layers, is critical for evaluating the extent of fluid flow behaviour. Investigating
shear rate in pulsatile flow structures allows to comprehend the impact of pulsations
on the flow’s shear-induced transport phenomena.
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3.2.3.1. Impact of pulsation amplitude on turbulence intensity distribution in
the cavity
Experimentally obtained (TI) profiles at different transitional-type cavity

locations are shown in Fig. 20. At Ren = 500, pulsations decreased (TI) in the main
flow compared to stationary flow due to the presence of shear layer reattachment

moments during the pulsation cycle when (Zgl;) <1 (at 180° < ¢ < 360°).
L

Additionally, at Ren = 500, the flow is in the transitional regime, in which the velocity
fluctuations are increased; therefore, as the velocity decreases during the pulsation
cycle, the flow re-enters the laminar regime and reduces the (TI) in all the pulsatile
cases. As Rey increases to 1000-2000, the (TI) dependency on the pulsatile
parameters became less significant because the flow is starting to approach a turbulent
regime, and the properties of additional disturbances become less relevant. In the cases
of Ren; = 1000 and Ren = 1500 (Fig. 20 b and ¢), the (TI) in all the pulsatile flow
cases exceeds than that in the stationary flow. In transitional and turbulent flow
regimes, the recirculation zone is decided by the periodically recurring vortices, which
are altered by adding pulsations to the flow. Periodic variations in flow velocity may
cause changes in the size, strength, and shedding frequency of vortices within the
cavity, leading to increased instabilities and higher (T1) in all pulsatile cases compared
to stationary flow at Ren; = 1000 and Rey = 1500. However, demonstrating this effect
is beyond the capabilities of the current experimental equipment and will be addressed
in future research. At Re = 2000 (Fig. 20 d), the velocity fluctuations caused by the
turbulent flow regime became dominant; therefore, the instabilities caused by the
pulsations were negligible, and a uniform distribution of (T') was observed.
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3.2.3.2. Impact of pulsation amplitude on vorticity and shear rate distribution

in the cavity

Experimentally obtained relative vorticity contours in a transitional type cavity
are shown in Fig. 21. Since the relative vorticity contours in cases with different
pulsation frequencies coincided perfectly, only cases with different pulsation
amplitude are presented. In all the investigated flow cases, the highest vorticity is
located in the separated shear layer and at the edge of the FFS. In pulsatile flow, the
vorticity increases at these locations due to increased vortex shedding. Higher
vorticity values were indicated in the separated shear layer stretched downstream of
the cavity. The separated shear layer tends to flap in the cavity (Kourta et al., 2015,
Mushyam et al., 2016, Ceglia et al., 2020, Chiatto et al., 2020), which is consistent
with low-amplitude pulsations (4 = 0.15) in the recirculation zone, thereby increasing
the swirling motion. The vorticity increment in the shear layer is comparable for all
the presented flow fields; however, the effect of pulsatile flow on the vorticity near
the FFS is more significant at a lower amplitude. During the pulsation cycle with 4 =
0.15, the vortex formed behind the FFS is extruded from the cavity, resulting in a
higher vorticity at the outlet. By contrast, during 4 = 0.60 pulsations, the vortex

dissipates with the recirculation zone.
Stationary flow
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Fig. 21 Relative vorticity ®/omax contours in transitional type cavity of both
stationary and pulsatile flow cases with different amplitudes at Ren; = 1500

Experimentally obtained longitudinal shear-rate profiles in Fig. 22 represent
fluid mixing in the separated shear layer in a transitional-type cavity. The profile is
located at the lid of the cavity. For calculations of share rate, the mean phase flow and
fluctuations were not excluded as they were in the turbulence intensity distribution
analysis. Parameter ymax corresponds to the maximum shear rate value of the stationary
flow case. The shear-rate distribution along the cavity depends on the structure of the
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recirculation zone, particularly its length. The recirculation zone length directly
correlates with the length of the separated shear layer, thereby maintaining high shear
stress values. The recirculation zone and separated shear layer at low Ren; are sensitive
to flow pulsations. At high pulsation amplitudes, the recirculation zone is disrupted,
causing increased instabilities in the flow, whereas at low amplitudes, the energy of
the disturbances decreases (Salek et al., 2009). Therefore, at Ren; = 100—500, the shear
rate along the cavity decreased at low amplitudes and increased in high-amplitude
cases compared with the case of stationary flow. At a higher Ren: (i.e., 1500), the
shear rate in the stationary flow became constant along the cavity. In this case, the
cavity was filled with a stagnant recirculation zone, which is disrupted due to
pulsations; therefore, the shear rate in the first section of the cavity (x//1 <4) increased
in the pulsatile flow. As Rey; increases further (Ren; = 2000), the differences between
the different pulsatile flow cases diminish, and a higher shear rate is observed in the
pulsatile flow.

At Ren = 1500 and 2000, the relative shear rate decreases abruptly at x/h; =7
in cases with 4 = 0.15. When the pulsation amplitude is low (4 = 0.15), the vortex
near the FFS was extruded from the cavity, as can be seen in the vorticity contours
(Fig. 21). Subsequently, the separated shear layer attached to the bottom of the cavity,
thus resulting in a lower shear rate at the measured location. In the high-amplitude
cases (4 = 0.60), the flow structure in the cavity remained stable during the pulsation
cycle. Therefore, no abrupt changes in the statistical flow data were observed.
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Fig. 22 Longitudinal shear rate profile along the transitional-type cavity at Ren;
values of a) 100, b) 500, ¢) 1500, and d) 2000
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3.2.4. The impact of pulsation frequency on flow structure

The results and analysis presented in section 3.2.4., as well as in all its
subsections, are also presented in the publication?.

As previously shown, the pulsation amplitude has a significant influence on
time-averaged recirculation zone dynamics and the statistical parameters of the flow,
whereas the pulsation frequency had almost no effect. In the recirculation zone length
analysis, the discrepancies between cases with different frequencies were less than
6%, meaning that the recirculation zone length depends only on amplitude.
Nevertheless, pulsation frequency moderately affected the time-dependent
development of recirculation regions such as corner and upper vortices and
recirculation zone.

The analysis of pulsation frequency influence on flow structure presented in this
section was conducted in a closed-type cavity for several reasons. Firstly, the variation
of the recirculation zone length during the pulsatile cycle was studied in a closed-type
cavity due to the longer relative length L/h; = 16, which allows the separated shear
layer to reattach on the bottom of the cavity during the whole pulsatile cycle. In
transitional-type cavity, this analysis would not be appropriate or would be possible
only at a low Re since the separated shear layer reattachment otherwise would not be
present throughout the whole pulsatile cycle. Secondly, this section presents an
analysis of upper vortex dynamics during the pulsatile cycle, which would not be
possible in a transitional-type cavity as its relative length is too low for the upper
vortex to appear. The upper vortex is known to appear only in relatively long cavities
of channels with BFS. Namely, due to these reasons, the following analysis was
conducted in a closed-type cavity.

3.2.4.1. Pulsation frequency impact on recirculation zone development during

pulsation cycle

To investigate the behaviour of recirculation zone dynamics during the pulsation
cycle and highlight the impact of pulsation frequency, the dependency of recirculation
zone length on velocity phase angle was numerically obtained and analysed (Fig. 23).
The pulsation cycle may be divided into two parts: velocity acceleration (0° < ¢ < 90°
and 270° < ¢ < 360°) and deceleration phases (90° < ¢ < 270°). During the cycle,
velocity changes from O to 2xu; therefore, instantaneous Rep; increases accordingly.
Different recirculation zone length trends are observed in the first phase of the cycle
at Ren; = 300 and 1500. In the case of Ren = 300, the recirculation zone length

2 Sereika J., Vilkinis P., Pedigius N. Investigation of pulsatile flow structure in closed-
type cavity. International Journal of Heat and Fluid Flow. 2021, Vol. 92, 108877, p.
1-7. ISSN 0142-727X.
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increases because the flow is still in the laminar flow regime, and the recirculation
zone is in its growth phase. While in the case of Ren = 1500, in the velocity
acceleration phase, flow is approaching a turbulent flow regime, where recirculation
zone length reduction is observed (Fig. 18). Therefore, convex and concave
recirculation zone length trends in the range of 0° < ¢ < 210°. In the velocity
deceleration phase (90° < ¢ < 270°), the recirculation zone length reduces until the
flow is practically stopped and no typical separated shear layer reattachment to the
bottom wall is observed; thus, no recirculation zone length could be measured, and
point value at @ = 270° is not given. Nonetheless, this flow structure lasts briefly, and
a regular recirculation zone forms as the velocity increases.
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Fig. 23 The dependency of recirculation zone on velocity phase angle in a closed-
type cavity (L/hi1 = 16) a) Reni = 300; b) Re = 1500

Moderate discrepancies between different f cases in recirculation zone length
throughout the cycle are observed. When /= 1 Hz, at Ren; = 300, higher recirculation
zone length values are observed in the velocity acceleration phase and shorter in the
deceleration phase compared to f= 5 Hz case. The opposite effect is observed at Rep
= 1500; lower recirculation zone length values are observed at low pulsation
frequency (f= 1 Hz) in the acceleration phase. As the pulsation frequency increases,
the pulse cycle period reduces; therefore, the velocity changes over time during the
pulsation cycle are more significant and cause the flow structure to develop
differently. A shorter pulsation cycle period causes the flow structure development
lag effect (velocity phase angle-wise). The development of the recirculation zone lags
approximately 10° — 15° in the case with f'=5 Hz compared to f= 1 Hz. It is known
that pulsations cause the lag phenomenon between velocity and pressure and that its
significance relies on the Wo number, which is directly proportionate to pulsation
frequency (Chun et al., 1996). Since the flow structure is more complex in cavities
than in pipes, the lag phenomenon applies to the flow structure.

Experimentally measured relative recirculation zone length values, statistically
approximated at every instantancous Ren; value from the experimental results, are
presented in Fig. 23a. In the velocity phase angle range of 180° < ¢ < 360°, the xr/A;
values coincide almost perfectly with xr/A; values of stationary flow at different

62



instantaneous Re. In this range, flow is described as quasi-steady. However,
differences occur in the range of 0° < ¢ < 150°. For instance, at ¢ = 90°, instantaneous
Reni corresponds to Reni ~ 600. As can be seen from measured time-averaged
recirculation zone length values (Fig. 14), flow reattachment is absent at this Re;
however, flow reattachment is observed in instantaneous flow fields (Fig. 23a). At
this velocity acceleration phase (0° < ¢ < 150°), the short pulsation period confines
the recirculation zone from reaching its maximum value. Therefore, the flow is non-
quasi-steady in this velocity phase angle range. Also, the reduced xr/A: is closely
related to the increased growth rate of the shear layer. In Fig. 23b, the Ren; number
during the pulse cycle varies from 0 to 3000. It is beyond the capabilities of the uPIV
system’s measurement range; therefore, the experimental results are not presented.

3.2.4.2. Pulsation frequency impact on the corner and upper vortices in a

closed-type cavity

Numerically simulated corner and upper vortex length variation graph and
velocity streamlines of pulsatile flow during the pulsation cycle are given in Fig. 24
and Fig. 25 to visualise and highlight the impact of pulsation frequency on the
development of recirculative regions.

The development of corner vortex in closed-type cavity during the pulsation
cycle is given in Fig. 24a. At the acceleration phase, pulsatile flow case with f=5 Hz
shows slower corner vortex growth (velocity phase angle-wise) compared to case with
f=1 Hz, however when the flow reaches deceleration phase (90° < ¢ < 270°), =5
Hz case shows higher xc¢/A; values. This phenomenon can be explained by the effects
of flow inertia caused by pulsations, similarly as in the case of the recirculation zone
(Fig. 23). Corner vortex is absent at ¢ = 270°; therefore, the xc/h; values are not given
in the graphs.
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Fig. 24 Numerically simulated dependency of the relative length of the corner and
upper vortices on velocity phase angle at different pulsation frequencies: a) corner
vortex; b) upper vortex
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The presence of an upper vortex is determined by an adverse pressure gradient
generated by a sudden channel expansion. As can be seen from Fig. 24b, the upper
vortex presence and length rely on Re. Values x; and x, show the beginning and the
end of the upper vortex, respectively. Upper vortices are visible in Fig. 25 (at ¢ =225°
and 315°). The upper vortex is absent at the velocity angles corresponding to low
instantaneous Re. As the upper vortex appears, the most notable length changes are
observed at the velocity acceleration phase (300° < ¢ <30°), where rapid zone growth
occurs and at the velocity deceleration phase (200° < ¢ < 240°), before the upper
vortex disappearance. The minimum instantaneous Re, which is required to form it,
is approximately 200. In the first part of the cycle (0° < ¢ < 180°), the location and
length of the vortex remain constant. A comparison of the recirculation zone and upper
vortex length dependencies on Rey; shows that both zones have the same regularities.
As the recirculation zone length increases, the upper vortex length also increases while
keeping its position downstream of the shear layer reattachment point.
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Fig. 25 Velocity streamlines of the flow during different pulsation phases at Re =
1500; f=1Hzand 4 =1:a) ¢ =0° b) 0 =45° ¢) 9 =90°, d) ¢ = 135° e) ¢ = 180°;
f) ¢ =225° g) ¢ =270° h) ¢ =315°

3.2.4.3. Pulsation frequency impact on share rate distribution in a closed-type

cavity

In Fig. 26a, no effect of pulsatile flow in general on the flow in the laminar flow
regime is seen (at Rep = 300); however, a significant impact can be observed at Ren;
= 1500 (Fig. 26b). The shape of shear rate profiles corresponds to velocity gradients
distribution in the flow. The highest gradients are observed in the interlayer between
the recirculated flow and separated shear layer (y/H = 0.4-0.6). These layers move
with different velocities, and due to instabilities in the shear layer, mixing efficiency
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increases in this region. Another shear rate peak is observed in the vicinity of the upper
wall of the channel. It is induced by boundary layer interaction with the main flow
and instabilities in the separated shear layer. As Ren increases up to 1500 (Fig. 26b),
the recirculation zone structure changes from a steady to periodically recurring vortex
system (Fig. 16); hence, more instabilities are formed in the interlayer between the
recirculation zone and the main flow. Also, increased shear rate values are observed
along the cavity in the transitional flow regime. In general, these values rapidly
decrease downstream, in both laminar and transitional flow regimes, as instabilities
generated at the upstream part of the cavity rapidly dissipate along the cavity. As can
be seen, the pulsations do not affect vertical shear rate distribution in the laminar flow
regime, and the influence is insignificant at the transitional flow regime in the
recirculation zone (x/h; = 1-6). However, horizontal shear rate profiles indicate
increased velocity gradients along the cavity as pulsation frequency increases (Fig.
27).
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Fig. 26 Experimentally obtained vertical shear rate profiles at different closed-type
cavity locations at a) Rey; = 300; b) Reni = 1500

The influence of pulsations on vertical shear rate profiles is observed only at
x/hi = 12, between the separated shear layer reattachment point and FFS (Fig. 26b).
This effect is not observable in the laminar flow regime because the recirculation zone
is stable; while in the transitional flow regime, reattachment length changes within
certain limits over time, even in stationary flow (Vilkinis et al., 2018). In a transitional
flow regime, this intrinsic pulsation resonates with added external velocity pulsations.
Also, at certain velocity phase angles, the recirculation zone, upper vortex, and vortex
near FFS periodically interact with each other, increasing instabilities.
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Fig. 27 Experimentally obtained shear rate profile along the closed-type cavity at
v/H=10.5 and Ren; = 1500

3.2.5. Recirculation zone length dependency on Re comparison with other
studies

Fig. 28 shows a comparison of recirculation zone length dependency on Ren,
over BFSs and present cavities. Every data series given in Fig. 28 is obtained in
channels with ER = 2 for a fair comparison with the results of the present work. The
results obtained from the literature are scattered; however, the fundamental
regularities apply and can be defined. Almost linear dependence of the recirculation
zone on Re is observed when the flow is in a laminar flow regime. The maximum
recirculation zone length is reached in the transitional flow regime. Eventually, in the
transitional flow regime, the recirculation zone length begins to decrease as the Re
increases due to the instabilities introduced by the transitional flow itself. In the
turbulent flow regime, the recirculation zone length stabilises at its asymptotic value
and is no longer dependent on Re. The presence of FFSs does not impact the given
dependencies; therefore, the results of the present work are distributed between the
results in channels with BFSs. The dependency determined by Vilkinis et al. (Vilkinis
et al., 2020) perfectly describes the regularities of other studies as well as results from
the present work. Even though the regularities of recirculation zone length dynamics
coincide, the discrepancies are observed between the results of other studies and
present work due to the presence of FFS, which confines the recirculation zone from
growing further; therefore, the xr//; values are lower in cavities compared to channels
with BFS.
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Fig. 28 The comparison of recirculation zone length dependency on Re with other
studies

3.3. Passive flow control
3.3.1. Adjustment of cavity geometrical parameters

The results and analysis presented in section 3.3.1, as well as in all its
subsections, are also presented in the publication®.

In various aero and hydrodynamic applications, the velocity distribution is
important in understanding and optimising various fluid dynamics phenomena. For
example, in a controlled environment of wind tunnels, the even distribution of velocity
is a fundamental aspect influencing the behaviour of fluids and is a main factor
impacting measurement accuracy. The velocity distribution can be passively
controlled by altering the geometry of the channel. In this section, a few problems
related to practical applications are addressed. Firstly, the impact of cavity inner
corner curvature influence on velocity distribution and flow structure is addressed.
This problem naturally occurs due to the limitations of the experimental channel
manufacturing method, where inner cavity corners are half-rounded with the corner
radius and step height ratio of R/h; = 0.5 (see Table 1). It is necessary to determine
the impact of such geometry alterations to analyse separated fluid dynamics

3 Sereika J., Vilkinis P., Pedisius N. Analysis of Cavity Corner Geometry Effect on
Recirculation Zone Structure. Applied Sciences. 2022, Vol. 12, Iss. 12, 6288, p. 1-12.

ISSN 2076-3417.
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accurately. Secondly, the study of cavity outlet/inlet hydraulic diameter ratio impact
on longitudinal velocity distribution is purposed to study the velocity distribution
inside a wind tunnel for airflow velocity reproduction. It was noticed that in the
measurement chamber, the velocity distribution was significantly affected by its
geometrical parameters, thus naturally forming the need for a study where the
influence would be determined. The even velocity distribution would potentially
increase the accuracy of the measurement.

3.3.1.1. Cavity inner corner curvature influence on the velocity distribution

Numerical simulations were performed in three different configurations of
open-type cavities (Fig. 29). Chl is a cavity with sharp inner corners, whereas
channels Ch2 and Ch3 have inner corner curvature of R = 0.15 mm and 0.30 mm,
respectively. These distinct values of R were chosen to cover the full range of R/A,
ranging from R/h; = 0 (Chl) to R/h = 1 (Ch3), while Ch2 is the intermediate point
between them (R/h; = 0.5). All investigated geometries were three-dimensional, with
channel width » = 0.9 mm, ensuring the aspect ratio of AR = 3. Open-type cavity
channels were simulated with a top symmetry plane, thus imitating the experimental
channel given in Table 1a. The numerical simulation results with Ch2 were compared
with experiments to ensure the validity of simulations (Fig. 12a)
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Fig. 29 Open-type cavities with a different curvature radius of inner corners
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Fig. 30 shows the relative velocity distribution inside of cavities. Velocity
profiles are obtained in the middle plane of the cavity at x/4; = 1, 2, and 3. The
comparison between different cavity inner corner radii of curvature cases shows that
the velocity distribution coincides almost perfectly between the investigated channels
and does not depend on the curvature radius of inner cavity corners. The discrepancies
between different R cases are unobservable even when the corner is fully rounded
(Ch3).
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Fig. 30 Numerically obtained uy profiles in open-type cavities with different step
configurations at a) Repy, = 10; b) Repn = 100; ¢) Repn = 1000
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Velocity streamlines taken in the middle plane of cavities (z/b = 0.5) also show
an almost perfect match between Chl, Ch2 and Ch3 (Fig. 31). The only difference is
the size of the recirculation zone in Ch3 at Repy = 10. A fully rounded cavity inner
corner causes smoother fluid flow over it compared to Chl, decreasing the adverse
pressure gradient caused by a sudden channel expansion. However, this difference
occurs only at Repn = 10 and does not influence the further development of the flow

as it passes along the cavity.
Repn =10 7 . - Repn = 100 Repn = 1000
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Fig. 31 Velocity streamlines in Chl, Ch2 and Ch3

For a further comparison, velocity distribution in the x-z plane was analysed
(Fig. 32). The profiles are obtained at the height of y/A; = 0.5. Similarly, as in Fig. 30,
the x-z axis velocity distribution in open-type cavities with different inner step
curvature coincide almost perfectly. Ch3 configuration had the most influence, as it
showed a slightly decreased velocity in the channel centre at x/4; = 3 (Fig. 32).
However, the discrepancies between velocity distribution were only marginal.

70



xh, =1 | xlth, =2 1 x/thy =3

0 02 04 0 0125 025 0 0.175 035
a uU uJU u U
—Chl ---Ch2
xthy =1 | x/h, =2
08 T 08
206 T <06
Y04 + "o04
0.2 T 02
0 L)
0.1 -0.05 0 0.1 005 0
uJU u /U
——Chl -==Ch2

xihy =1 =2

0.8 L 0.8
%0.6 - < 0.6 K I
0.4 - 04 0.4 L
0.2 02 0.2 |
0 - 0 0 L
-0.15-0.075 0 0.1 -005 0 -0.15 -0.05 0.05
Cc uJU u/U u /U
—Chl ---Ch2 e Ch3

Fig. 32 x-z axis velocity profiles at a) Repn = 10; b) Repn = 100; ¢) Repn = 1000

To study the velocity distribution and highlight the impact of inner corner
curvature, the x-z axis velocity streamlines are presented in Fig. 33. At Repn = 10, the
flow velocity distribution is identical in Chl, Ch2 and Ch3. A slightly different
formation of lateral vortices is observed at Repn = 1000, whereas the cores of the
vortices are positioned closed together in Ch3. Otherwise, all three open-cavity inner
corner configurations seem to coincide perfectly.
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Fig. 33 x-z plane velocity streamlines in Chl, Ch2 and Ch3

From x-y and x-z plane velocity distribution analysis in cavities with different
inner corner configurations, it is evident that the impact of corner curvature has only
marginal effects on the flow structure. As the three distinct values of R/hi were
investigated, the velocity distribution was shown to be almost identical in the range
of R/hi = 0 — 0.5 with slight discrepancies in the range of R/A; = 0.5 — 1, meaning that
the curvature of inner cavity corners does not influence the flow; therefore, the flow
structure is determined by other parameters, such as L/A1, ER, Re, etc.

3.3.1.2. Cavity outlet/inlet hydraulic diameter ratio impact on the longitudinal
velocity distribution

Fig. 34 represents the geometry that was used in numerical simulations. To
investigate the impact of the outlet/inlet hydraulic diameter on longitudinal velocity
distribution, the inlet diameter Dy i» was kept constant, whereas the outlet hydraulic
diameter was changed. Longitudinal velocity distribution is a characteristic that
describes the stable fluid flow, where the flow without any sudden velocity deviations
is considered to be stable.

72



Dn in = Dh_oul
fx) = u/U

Fig. 34 The scheme of an open-type cavity (L/h; = 4) with the location of the
longitudinal velocity profile

Longitudinal velocity distribution in the middle of an open-type cavity at Repn
=10-1000 is given in Fig. 35, which represents three different flow cases depending
on its structure: Repn = 10 — the separated shear layer is reattached on the cavity
bottom, Repn = 100 — the separated shear layer reattachment is absent, and the centre
of recirculation zone is located near the BFS and Repn = 1000 — the separated shear
layer reattachment is absent, and the recirculation zone centre is shifted towards FFS.
The regularities of velocity distribution in the cavity are directly related to its
geometrical parameters, as the decrease of velocity is seen when the channel cross
section increases and the increase of velocity as the area decreases at Repn = 10 — 100.
The velocity in channels with different Dy ou/Dh in ratios coincides almost perfectly
when x/L < 0.8, indicating that the outlet/inlet hydraulic diameter does not influence
the flow structure inside an open-type cavity until x/L > ~0.8. At that point, the
velocity is inversely proportionate to Dy o The highest velocity is achieved at the
lowest investigated Dn ouw/Dh in Tatio, while the lowest is achieved at the highest
D _ou/Dh_in. This insight applies to both investigated Repn cases.

At Repn = 10 — 100, the separated shear layer does not reattach on the cavities’
bottom wall in both upper and lower cavities; therefore, the flow after entering the
sudden expansion of the channel is restricted by the shear layers. From Fig. 31, an
inclined shear layer positioning can be observed at Repn = 10 — 100; therefore, the
main flow core expands as the fluid moves towards the outlet of the cavity, which
causes the velocity to decrease as it is seen in Fig. 35. This effect does not apply to
Repn = 1000, as in this case due to higher velocity of the main flow, the centre of
recirculation zone is shifted towards the FFS, thus, determining the straight horizontal
location of the separated shear layer, which restricts the main flow core from
expanding. This ensures the constant flow velocity until x/L = ~0.8 at Repn = 1000
(Fig. 35¢).
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3.3.2. Implementation of roughness elements

The results and analysis presented in section 3.3.2, as well as in all its
subsections, are also presented in the publication®.

The implementation of passive flow control is a viable alternative for controlling
the recirculation zone dynamics and impacting the whole velocity distribution.
Roughness elements confine the recirculation zone from the formation of large
vortices, thus influencing the flow structure. By controlling the flow structure, it is
possible to enhance the stability and ensure the gradual velocity distribution, thus
controlling the separated flow behaviour. Ensuring flow stability and uniform velocity
distribution is an important problem in ultrasonic flow meters, where the measurement
accuracy depends on the ultrasonic transit time, which can vary due to unstable flow
behaviour and have a negative impact on measurement accuracy. The geometry
chosen for the study of roughness elements imitates the channel of modern ultrasonic

4 Vilkinis P., Sereika J., Pedi$ius N., Zygmantas G. Experimental study of flows over
triangular riblets in cavity-like geometry. Experimental Thermal and Fluid Science.
New York: Elsevier, 2022, Vol. 134, 110621, p. 1-9. ISSN 0894-1777.
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flow meters, where the sudden change in the cross-section is due to the influence of
the inclined steps, which are created as obstacles rather than channel expansions
(Rincon et al., 2022, 2023, 2024). Such geometry of a cavity results in unstable flow
and uneven velocity distribution that can be controlled passively by implementing the
roughness elements. In this section, the implementation of roughness elements is
investigated and discussed by means of studies of recirculation zone dynamics, the
influence of different roughness element configurations on velocity distribution,
statistical parameters, and pressure loss characteristics. To study the effects of
roughness elements on the separated flow dynamics, four different roughness element
configurations have been chosen: a plain cavity and three cases of roughness elements
installed on the bottom of the channel, including 1-3 triangular roughness elements
(Fig. 36).

a b
c d

N T N LT

Fig. 36 Schematic representation of experimental channel with different number of
roughness elements: a—0;b—1;¢c—2;d -3

3.3.2.1. Roughness element impact on velocity distribution inside a cavity

Experimentally obtained mean velocity streamline fields at Repn = 430, 2400,
and 12000 are presented in Fig. 37. In the plain cavity case (A = 8.8), flow field
measurements depict a recirculation zone at the bottom of the cavity. At Repn = 430
and 2400, a well-defined clockwise flow recirculation region is formed, occupying
~0.3-0.5 of the cavity length. At Repn = 12000, the vortex core is shifted upstream,
its size decreases, and the whole vortex is located on the cavity’s inclined wall.

Afterwards, the cavity is divided into several subcavities by introducing
triangle-shaped obstacles on the bottom wall. Obstacle height is equal to the depth of
the cavity, and its length depends on the number of obstacles presented. In the case of
one triangle-shaped roughness element presence, two triangle cavities of A = 4.7 are
formed. In the case of Repy = 430, vortices are formed in both cavities, while the
vortex in the first cavity is visibly larger. At Repn = 2400, the first subcavity is fully
occupied with a recirculation zone, whose core is located near the cavity’s trailing
wall. The recirculation zone in the second subcavity is not formed. The shear layer
again separates from the vertex of the roughness element; however, velocity and
pressure gradients are insufficient to create a vortex. In the case of Repn = 12000, the
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recirculation zone is again divided into two vortices. In the second subcavity, the
recirculation zone visibly shifted towards the cavity’s bottom. Based on the
streamlines with one roughness element, it is evident that due to known instabilities
of the transitional flow regime, the recirculation zone cannot be divided into two
vortices at Repn = 2400, while the opposite situation is observed in laminar and
turbulent flow regimes.

Further increasing the number of roughness elements on the bottom wall
increases the number of subcavities as their size decreases. In the case of three formed
subcavities, their size decreases to A = 3.3. At Repn =430, the vortices are formed only
in the first two subcavities, while the vortex in the third one is absent. In the
transitional flow regime (Repn = 2400), the vortex is present only in the first subcavity
for the same reason as in A = 4,7 case. At Repy, = 12000, high curvature streamlines
near the leading edge are observed in the the first two subcavities, showing high
velocity gradients and the beginning of vortex formation. The shear layer separated
from the vertex of previous obstacle bridges above the subcavity.

In the case of three triangle-shaped roughness elements, subcavities size
decreases to A = 2.8. At the lowest and the highest Rep, numbers investigated, vortical
structures in the subcavities are not well-defined in the mean flow; however, high
curvature streamlines are presented, indicating disturbed flow in the subcavities.
Recirculation zones are presented in all cavities at Repn = 2400. As the size of
roughness elements decreases (their number increases), the distance between vertices
decreases as well, and the flow cannot reattach itself. Therefore, stagnant vortices are
formed in the subcavities.
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Fig. 37 Velocity streamlines in cavities with different roughness element
configurations at Repy =430 — 12000
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For further analysis, the roughness element impact on velocity distribution is
experimentally investigated. In the plain cavity (Fig. 38a and b), changes in velocity
profiles are observed mainly in the first part of the cavity (path 1). The distinct case
of Repn = 430 can be explained by the dynamics of the recirculation zone on the
bottom. At Repn = 430, the recirculation zone is still in its development stage. After
Repn increases, recirculation zone size and velocity distribution become constant;
thus, velocity profiles also become uniform. In Profile 2, discrepancies in profiles are
observed on the inclined FFS. Differences in the velocity distribution are determined
by a different streamline curvature at the step depending on Re. A similar situation is
observed in the case of two A = 4.7 subcavities (Fig. 38 ¢ and d). Vortex in the first
subcavity is not yet fully developed at low Repn numbers; therefore, discrepancies
compared with profiles obtained at higher Repy, numbers are observed. The influence
of the separated boundary layer from the upper wall is observed in A = 3.3 cavities
(Fig. 38 e and f) in Profile 1. The effect is visible as local velocity reduction (at y/A' =
0.6—-0.8) at high Repy numbers in the vicinity of the upper wall. In the second part of
the measuring domain, velocity profiles are disturbed by the separated shear layer
from the second vertex of the roughness elements. High velocity gradients are present
above this vertex; therefore, the velocity distribution is not uniform near leading and
trailing ramps. As the number of roughness elements further increases and
subcavities’ size decreases (Fig. 38 g and h), velocity profiles in Profile 1 no longer
depend on Repn. Only slight discrepancies are observed between velocity profiles.
However, discrepancies increase in the second part of the measuring domain. These
discrepancies are caused by the reattached shear layer from the upper wall, as shown
in Fig. 39 g and h. Instabilities in the separated boundary layer depend highly on Repy;
therefore, discrepancies between velocity profiles are observed.
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Fig. 38 Velocity profiles measured in cavities with the configuration of roughness
elements; a) and b) L =8.8; c)and d) A =4.7; ¢) and f) L =3.3; g) and h) L =2.8, at
Repn=430 — 15000
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3.3.2.2. Impact of roughness elements on shear rate distribution

Shear rate reveals at which rate fluid layers move past each other; therefore, a
higher shear rate means that higher velocity gradients are present and more
momentum in the form of shear stress is transferred to the upper layer of fluid. As
shown in experimentally obtained shear rate scalar maps presented in Fig. 39, the
maximum shear rate is observed at the edge of the leading edge of the plain cavity,
regardless of the number of roughness elements downstream. At this location, the
shear layer separates, and the highest velocity gradients are present. As the number of
roughness elements increases, the shear layer separates from every roughness element
vertex. In the cases of high Repn numbers, increased shear rate values are observed
along the upper wall. Also, as the number of subcavities increases, the boundary layer
separates from the upper wall. Separation occurs around the middle part of the
measurement domain, and the effect is the strongest in the case of A=2.8. As the Repn
number increases, the location of separation is shifted upstream. This separation
causes velocity profile discrepancies, as seen in Fig. 38 e.

Repn =430 Repn = 12000

b Shearrate[ts; 0 800 1600 2400 3200 4000 4300

Shearrate [ifs) 0 50 100 150 200 250 260

e Shearrate[1/s). 0 50 100 150 200 250 300 350 400 f Shearrate[i/sh 0 500 1000 1500 2000 2500 mu

d Shearrae[Us} O 1000 2000 3000 3300

B Shearrateltsh 0 50 100 150 200 250 300 380 400 h Shearrale[isE 0 1000 2000 3000 3500

Fig. 39 Shear rate scalar maps in the cases of a), b) plane cavity; c), d) A =4.7; e), f)
A=3.3;g), h)L=2.8, at Repn = 430 and Repy = 12000
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Horizontal shear rate profiles along the cavity are presented in Fig. 40. Profiles
are experimentally measured starting from the leading edge of the first cavity and
finishing at the last cavity’s trailing edge. In the case of the plane cavity (Fig. 40 a), a
profile is measured along the entire cavity. Shear rate values are normalised by the
shear rate value at the leading edge of the cavity (x/L = 0).
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Fig. 40 Shear rate y/y, profiles along measured cavities: a) plain cavity; b) A =4.7;
c)A=3.3;d)A=2.8, at Repn =430 — 12000

As can be seen from all roughness element configuration cases presented,
apparent differences are observed in profiles measured in laminar and turbulent flow
regimes. Higher relative shear rate values are measured in the laminar flow regime
(Repn = 430); also, peak values of shear rates are located at a certain distance in the
cavity. This is because laminar vortices are elongated along the cavity; thus, the
strongest mixing and the location of high velocity gradients between the separated
shear layer and recirculating zone occurs further downstream. After the transition to
the turbulent flow regime, peak shear rate values are located at the shear layer
separation point (x/L = 0) due to turbulent boundary layer separation at the leading
edge of the cavity. Shear rate profiles measured at Repn = 2400 and 12000 are
practically identical along the cavity. In the cases of A =4.7 and 3.3 (Fig. 40 b and ¢),
shear rate minimum values are observed above the vertices of roughness elements. In
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these cases, subcavities are relatively wide, and form recirculation contour reattaches
at the wall of the roughness element ahead. Therefore, a zone with small velocity
gradients is created in the vicinity of roughness element vertices. However, in the case
of three roughness elements presented (A = 2.8) (Fig. 40 d), the streamwise vortices
stay above the roughness elements as explained in the study by Choi et al. (Choi et
al., 1993). Thus, in the time-averaged velocity fields, the stagnation zone around
roughness element vertices disappears.

3.3.2.3. Pressure drop characteristics and friction factor dependence of
roughness element configuration

Analysis of pressure drop is intended to determine the variation of pressure
losses depending on filling the cavity with roughness elements at different flow
regimes. As seen in Fig. 41, the major contribution to the pressure loss is determined
by the ramps in the channel forming the plain cavity. High ramps occupying one-third
of channel height (s/H = 1/3) cause a sharp narrowing of channel cross-section and
corresponding high friction factor values. It can be assumed that the friction factor in
the laminar flow regime is consistent with known fundamental solutions. In this case,
pressure losses are caused by accelerating the flow in front of the cavity and
decelerating it behind it. However, the variation of the pressure loss and friction factor
depending on Repn remains similar to its change in rough pipes (Moody, 1944),
though, at the same time, the transition from laminar to fully developed turbulent flow
is more prolonged.

The effect of filling the cavity with roughness elements is much more
complicated, although, in terms of size, it is smaller than the impact of ramps alone.
In all cases, the smallest friction factor values are found for the case of the plain cavity.
Any insertion of roughness elements into the cavity increases the pressure losses up
to a certain threshold level. When parameter A changes from 8.8 (plain cavity) to 4.7
(1 roughness element) and 3.3 (2 elements), the friction factor increases consistently
for the flow separation from every vertex of roughness elements and the formation of
vortices between individual roughness elements. This last phenomenon is similar to
that which occurs in the case of flow over a separate open-type cavity.
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Fig. 41 Friction factor dependence on Repy, for different roughness element
configurations

However, further increasing roughness elements number up to 3, when A = 2.8,
pressure losses decrease. In this case, critical spacing between roughness elements is
reached. As Choi et al. (Choi et al., 1993) explained, specific spacing of roughness
elements reduces viscous drag by restricting the location of streamwise vortices.
Therefore, only the tip region of the roughness elements is exposed to a high wall-
shear rate layer, thus reducing pressure losses. Bechert et al. (Bechert et al., 1997)
supplemented this statement, assuming that roughness elements impede the
fluctuating turbulent crossflow, thus reducing momentum transfer and shear stresses.
A logical conclusion can be drawn that by increasing the number of roughness
elements (decreasing subcavities size), pressure losses will further decrease,
approaching their asymptotical values.

The data presented in Fig. 41 and Fig. 42 also show that in a turbulent flow
regime, friction factor and pressure drop values vary more consistently with the values
of the parameter A than in a laminar flow regime. It should be noted that A = 8.8, 2.8,
and fully covered cavity cases provide very close friction factor values in the laminar
flow regime (Re < 2400). When Repy reaches 2400, the transition from laminar to
transitional flow regime occurs, as observable in the friction factor trend (Fig. 41). At
this point, a friction factor increase is observed. The increase is more abrupt and
significant compared to the case of rough pipe (Moody, 1944).

As shown in Fig. 42, in all Repy, numbers investigated, peak pressure drop and
friction factor are observed when A = 3.3 (two roughness elements installed). As A
increases (the number of subcavities decreases), pressure drop decreases up to 12%
depending on Re; also, the decline rate increases as Repn increases. At Repy < 2400,
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pressure drop and friction factor are nearly constant for all roughness element
configurations.

Depending on roughness element configurations, pressure drop regularity may
be explained based on recirculation bubble behaviour in different subcavities sizes. It
may be stated that in the case of the plain cavity, a recirculation zone is formed behind
the ramp, and the separated shear layer reattaches at a certain distance on the bottom
wall. As roughness elements are presented and the distance between them reaches a
critical value, there are no conditions for the formation of reattachment to the cavity
bottom. Whether or not a separated flow is reattached to the bottom wall depends on
the distance between roughness elements. As more roughness elements are presented,
the distance between them decreases, causing the formation of a situation analogous
to flow over a conventional open-type cavity, where the interaction of vortices in the
cavity with external flow becomes weak.

In the present case, the subcavity depth is constant; however, the length of it is
changing. As explained, the pressure drop is determined by recirculation zone
interaction with the main flow. The size and intensity of the recirculation zone, in this
case, is determined by flow velocity and subcavity length. Therefore, the length of the
subcavity may be considered as a critical parameter determining pressure losses along
the roughness elements. As explained, after the cavity length-to-depth ratio (A)
reaches the critical value, the changes of interaction between the recirculation zone
and main flow reduce pressure losses. A relative cavity length-to-depth ratio should
be considered a crucial parameter determining pressure losses if all other parameters
are constant.
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Fig. 42 Pressure drop dependence on different configurations of roughness elements
at different Repn
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CONCLUSIONS

By means of flow visualisation and measurements of its statistical parameters,
the factors of active and passive flow control methods determining the uniformity and
stability of velocity distribution and internal flow structure were experimentally and
numerically analysed in open-, transitional-, and closed-type cavities. After
investigating three flow control methods, namely pulsatile flow, implementation of
roughness elements, and alteration of cavity geometrical parameters, the following
conclusions are made:

1. In laminar and transitional flow regimes, the recirculation zone length and flow
structure are decided by pulsation amplitude and frequency:

1.1. In laminar and transitional flow regimes, the recirculation zone length is
reduced by pulsatile flow. In a laminar flow regime, the intensity of this
effect is inversely proportionate to pulsation amplitude. The highest
reduction of the recirculation zone length was achieved ~45% in the
transitional-type cavity at Ren: = 250 and A = 0.15.

1.2. The influence of pulsation frequency in the investigated range of f =0.5 -5
Hz did not exceed 6 %. Since the magnitude of this effect was lesser than the
measurement uncertainty — the pulsation frequency to recirculation zone
length is considered negligible.

In the turbulent flow regime, the effect of the pulsations becomes insignificant
as the recirculation zone length becomes independent of the flow parameters
and reaches its asymptotical value.

2. The discrepancies of recirculation zone length values in cases with different
pulsation frequencies at acceleration and deceleration phases are determined by
different recirculation zone responses to the pulsation period. A pulsatile flow
case with f = 5 Hz is observed to have a 5% delayed development of the
recirculation zone (~15° phase angle-wise) compared to the case with f =1 Hz.
The same regularities apply to the development of the corner vortex during the
pulsation cycle.

3. In a transitional flow regime, pulsations tend to increase turbulence intensity
within the cavity due to the magnified interactions of periodically recurring
vortices. However, in turbulent flow regimes, turbulence intensity within the
cavity is determined by the velocity fluctuations caused by turbulent flow itself,
as the velocity fluctuations caused by pulsations are negligible. Therefore, the
almost identical turbulence intensity distribution is observed in every
investigated pulsatile parameter case.

4. The configuration of cavity inner corners, expressed by the ratio R/h1, has no
impact on the flow dynamics and structure; however, the outlet-to-inlet
hydraulic diameter ratio significantly impacted it. The longitudinal velocity
distribution is determined by the separated shear layer as it restricts the main
flow core from expanding and ensures uniform distribution of its velocity until
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x/L = 0.8. When x/L > 0.8, the longitudinal velocity is inversely proportionate
to Dn ou/Dh in. As the ratio increases by 10%, the longitudinal velocity at the
cavity outlet decreases up to 13% and vice versa.

Decreasing the length between roughness elements increases pressure losses
until the critical size of subcavities between roughness elements is reached (A
= 3.3). Before the critical size is reached (A > 3.3), the shear layer separates
from the vertices of roughness elements, and the recirculation zone is formed
behind them. Exceeding the critical size of subcavities, the large vortices are
not formed, causing the pressure losses to reduce by up to 12%. As the size of
subcavities decreases, the flow is less affected by the shear layer separated from
roughness elements vertices; therefore, the fluid flows through the cavity with
lesser energy losses.



4. SANTRAUKA
IVADAS

Srauto atitriikimo procesai kanaluose su staigiais skerspjiivio pokyciais daznai
sutinkami energetikos inzinerijoje (Chen et al., 2018). Atitrukusio srauto reiskinys
analizuojamas srauty dinamikos, Silumos mainy, kietyjy daleliy pagavimo tyrimy
srityse (Faure, 2014, Shen et al., 2015, 2017, Wang et al., 2022), kuriose iSrySkinamos
tos pacios problemos — srauto nestabilumas, turbulentiskumas, atitriikstanciy stikuriy
sistemos ir pana$iis nepageidaujami procesai, kurie reikalauja kontrolés, siekiant
uztikrinti fluidy sistemy nasumg, pagerinti energijos perdavimo efektyvumg ir
stabilizuoti Silumos mainy procesus. Srauto valdymo metody poreikis atsiranda dél
neiSvengiamo fluido elgsenos sudétingumo, todél pastarieji susilaukia daug tyréjy
démesio ir yra sparciai tobulinami (Joshi et al., 2016).

Srauto atitrikimo procesg lemiantys veiksniai dazniausiai tiriami panaudojant
srauty vizualizacijos metoda (PIV), kuris leidzia atlikti tikslius srauto strukttiros
matavimus, nedarant jokio poveikio tekan¢iam fluidui. Srauty vizualizacijos metodai
praktikoje daznai derinami su skaitiniais modeliavimo metodais, kurie leidzia
praplésti tyrimy galimybes ir tokiu biidu suteikia galimybe nuodugniai istirti srauto
strukttirg bei dinamikg lemianc¢ius veiksnius. Kompleksinis skaitinio modeliavimo ir
srauty vizualizacijos metody taikymas taip pat daznai sutinkamas tiriant srauto
valdymo metody efektyvuma lemiancius veiksnius (Wong et al., 2008, Vanierschot et
al., 2014, Bardera et al., 2021, Fan et al., 2022).

Pastaruoju metu placiai tyrin¢jami jvairtis aktyvis srauto valdymo metodai,
jskaitant sintetinius purkstukus, elektromagnetinj forsavima, priverstines srauto
osciliacijas, pulsacinj srautg ir kt. (Chen et al., 2022). Literatliroje nurodoma, jog
vienas i§ efektyviausiy srauto valdymo metody yra pulsuojanciy srauto salygy
taikymas, kai varijuojamas tekancio fluido slégis (McEvoy et al., 2019). Pagal atliktg
literatliros analize¢ galima teigti, jog pulsuojanc¢io srauto jtaka Silumos mainams —
daznai sutinkama tyrimy tema, taciau buvo pastebétas trikumas tyrimy, susijusiy su
pulsuojancio srauto jtaka atitrikusio srauto struktiirai ir dinamikai.

Praktikoje, siekiant kontroliuoti srauta, dazniausiai pirmenybé¢ teikiama
pasyviems srauto valdymo metodams d¢l Siems metodams bidingo paprastumo.
Vienas pagrindiniy metody pasyviai valdyti srauta — panaudoti periodiskai
atsikartojantj reljefa imituojancias dvimates kliditis, kurios literatiroje vadinamos
Siurk§tumo elementais (Zhang et al., 2010). Pastaryjy panaudojimas pasizymi
galimybe valdyti atitriikusj srautg, geometriskai ji apribojant, tokiu btudu iSvengiant
nepageidautinos srauto elgsenos. Srauto charakteristikos gali buiti kontroliuojamos
keiciant kanalo geometrinius parametrus, tokiu biidu didinant srauto stabiluma (Bravo
et al., 2000, Bentaleb et al., 2012, Das et al., 2016).

Tyrimai, atlikti kontroliuojamo atitrikusio fluido srauto tematikoje, suteikia
neabejotinai reikalingas fundamentines zinias, kurios suteikia galimybe, eliminuojant
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nepageidauting srauto elgsena, pagerinti fluidy sistemy naSumg bei sumazinti
energijos nuostolius.

Tyrimo objektas

Atitriikusio srauto dinamika ir struktira kanaluose su staigiais skerspjiivio
poky¢iais.

Darbo tikslas

Darbo tikslas — eksperimentiniais ir skaitiniais metodais iStirti pulsacijomis,
SiurkStumo elementais ir geometriniais parametrais valdoma srauta, kartu nustatant
parametrus lemiancius recirkuliacinés zonos dinamika ir atitriikusio srauto struktiirg
kavernose.

Darbo uzdaviniai

Darbo tikslui pasiekti iskelti Sie uzdaviniai:

1. Nustatyti pulsacijy daznio ir amplitudés jtaka laike vidutiniam recirkuliacinés
zonos ilgiui kavernose, esant skirtingiems tekéjimo rezimams.

2. Nustatyti recirkuliacinés zonos formavimosi ir vystymosi désningumus
pulsacinio ciklo metu kavernose.

3. Nustatyti pulsuojanio srauto jtakg srauto turbulentiniam intensyvumui
kavernose.

4. Nustatyti kavernos geometriniy parametry, tokiy kaip vidinio kampo
konfigtiracija ir iStekéjimo/jtekéjimo hidrauliniy diametry santykio, jtakg greicio
pasiskirstymui kavernoje.

5. Nustatyti Siurk§tumo elementy ir kavernos geometriniy parametry jtaka greicio
pasiskirstymui ir slégio nuostoliams kavernose.

Ginamieji teiginiai

1. Pulsuojantis srautas trumpina recirkuliacinés zonos ilgj laminariniame ir
pereinamajame tekéjimo rezimuose, o Sio efekto intensyvumas, laminariniame
tekéjimo rezime, yra atvirkséiai proporcingas pulsacijy amplitudei.

2. Recirkuliacinés zonos vystymasi pulsacinio ciklo metu nulemia recirkuliacinés
zonos atsakas ] pulsacijos perioda, kuriam maZzéjant matomas recirkuliacinés
zonos vystymosi vélavimas.

3. Pulsuojancio srauto sukeliamos greicio fluktuacijos yra reikSmingos srauto
turbulentiskumui iki kol pasiekiamas turbulentinis tekéjimo rezimas.

4. Kavernos vidiniy kampy uzapvalinimas srauto struktiirai ir dinamikai jtakos
nedaro, taCiau didelg jtakg turi kavernos istekéjimo ir jtekéjimo hidrauliniy
diametry santykis, kurio jtaka iSilginiam greiciui kavernos centre pasireiskia
fluidui artéjant prie kavernos priekinio laipto.

5. Slégio nuostoliai kavernoje atvirks¢iai proporcingi atstumui tarp SiurkStumo
elementy iki tol, kol pasiekiamas kritinis atstumas tarp jy.
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Mokslinis naujumas

Papildytos fundamentinés zinios apie srauto valdymo metodus, leidziancios
nusakyti srauto valdymo jtakg vidutinei atitrikusio srauto struktiirai, nustatyti
papildomy sukuriy, t.y. virSutiniy ir kampiniy stkuriy, dinamikos désningumus,
apibrézti srauto valdymo efektyvuma lemiancius veiksnius ir nustatyti greicio
fluktuacijy kilme, esant skirtingiems tekéjimo rezimams.

Praktiné verté

Aktyviy srauto valdymo tyrimy prakting verte sudaro potencialas padidinti
fluidy sistemy efektyvuma, dél kurio pageréty termoinzineriniy procesy nasumas ir
sumazéty energijos suvartojimas. Siuo darbu taip pat papildytos Zinios apie pasyvius
srauto valdymo metodus, kurie potencialiai gali dar labiau sumazinti iSlaidas,
susijusias su jvairiomis inzinerinémis sistemomis, kadangi Sie metodai nereikalauja
iSoriniy energijos Saltiniy. Be to, atitrikusio ir pulsuojancio srauto kombinacija daznai
pasitaiko biomedicinos srityje, kur fundamentinés zinios apie srauto valdyma
neabejotinai reikalingos, siekiant tobulinti mikrofluidines sistemas

Moksliné sklaida

Disertacijoje pateikti rezultatai buvo publikuoti 4 moksliniuose Zzurnaluose,
kurie turi citavimo indeksg ir yra referuojami “Clarivate Analytics” “Web of Science”
duomeny bazése. Rezultatai taip pat pristatyti 3 tarptautinése konferencijose.
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4.1. Literatiiros apZvalga

Literatiroje srauto atitrikimo procesas dazniausiai tiriamas kanaluose su
atgaliniu laiptu, dél itin paprastos geometrijos ir plataus pritaikymo fundamentiniuose
ir inZineriniuose uzdaviniuose (43 pav.). Atgalinio laipto aptekéjimo tyrimai
neapsiriboja vien atitrkusio srauto reiskiniais. Srautas tokio tipo kanale pasizymi ir
sudétingais tekéjimo rezimy pokyciy procesais, jvairiais nestabilumais ir sudétinga
atitriikstan¢iy siikuriy sistema, esant pereinamajam ir turbulentiniam tekéjimo
rezimams (Chen et al., 2018).

Srauto tekéjimo Srauto atitrikimas
kryptis .. o

> Kampinis Recirkuliaciné zona

stikurys

Atitriikes Slyties
sluoksnis

~ / Atitriikusio $lyties

> . sluoksnio prisijungimo

' / vieta
S

43 pav. Atgalinj laipta aptekancio srauto struktiiros schema

Staigtis kanalo skerspjiivio pokyciai sukelia slégio gradienta, kuris nulemia
recirkuliacinés zonos susidarymg. Literatiiroje recirkuliacinés zonos ilgio kitimo
désningumai priklausomai nuo tekéjimo rezimo yra zinomi (Armaly et al., 1983,
Tihon et al., 2012). Esant laminariniam tekéjimo rezimui, recirkuliacinés zonos ilgis
tiesiogiai priklauso nuo Re. Esant maziems Re, recirkuliacinés zonos ilgio beveik
tiesing priklausomybe¢ nuo Re nulemia pagrindinio ir atitriikusio srauto tarpusavio
sgveika. Pereinamojo tekéjimo rezimo metu, recirkuliacinés zonos ilgis pradeda
trumpéti dél Slyties sluoksnyje atsirandanciy nestabilumy, kurie atsiranda dél
pereinamajam ir turbulentiniam tekéjimo rezimams biuidingos atitriikstanciy stikuriy
sistemos susidarymo, kai uz atgalinio laipto periodiskai susidaro stkuriai, kurie
pasieke tam tikrg dydj atitriiksta ir juda srauto kryptimi (Vilkinis et al., 2018).
Pasiekus turbulentinj tekéjimo rezima, recirkuliacinés zonos ilgis pasiekia
asimptotine verte ir nebepriklauso nuo Re.

Sie recirkuliacinés zonos ilgio kitimo désningumai galioja ir fluido srauto
tekéjimams kavernose, kai srautas papildomai veikiamas priekinio laipto (Vilkinis et
al., 2020). Pagal kavernos ilgio ir laipto aukscio santykj priimta klasifikuoti kavernas
] tris grupes: atviro tipo (L/hi < 6-8), pereinamojo tipo (8 < L/h; < 12) ir uzdarojo tipo
(L/hy > 12) (Tracy et al., 1997). Priekinis kavernos laiptas jneSa i srauta papildomy
nestabilumy, kuris gali buti valdomas aktyviais ir pasyviais metodais.
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Kaip vienas efektyvesniy aktyviy srauto valdymo metody, iSskiriamos srauto
pulsacijos (McEvoy et al., 2019). Yra zinoma, jog pulsuojantis srautas pagerina
Silumos perdavimo procesus dél sukeliamo intensyvesnio fluido maiSymosi kanaluose
(Brereton et al., 2006, Persoons et al., 2012, Ward et al., 2015). Pulsuojantis srautas
pasizymi didesniu Slyties greiciu ant kanalo sienos, kas indikuoja apie intensyvesnj
atgalinj srauta recirkuliacingje zonoje (Valencia, 1997, Valencia et al., 1997). Taip
pat, pulsacijos daro jtaka ir atitriikusio srauto struktiirai, sutrumpindamos uz atgalinio
laipto susidariusios recirkuliacinés zonos ilgj (Tihon et al., 2010, 2012). Uztikrinant
specifines pulsacijy parametry vertes galima paveikti ir recirkuliacinés zonos
vystymasi, ta¢iau iki Siol tokie tyrimai buvo atlikti tik kanaluose su atgaliniu laiptu ir
atviro tipo kavernose (Ibrahim et al., 1994, Valencia et al., 1997, Zhang et al., 2022).

Alternatyvus srauto valdymo bidas yra panaudojant $iurk$tumo elementus. Sis
pasyvus srauto valdymo metodas pasizymi stipriu poveikiu srauto struktiirai ir
Silumos mainy procesams (Zhang et al., 2010, 2018, Pelevi¢ et al., 2016). Literatiiroje
nurodoma, jog du pagrindiniai parametrai apsprendziantys Siurk§tumo elementy jtaka
srautui yra atstumas tarp SiurkStumo elementy ir jy aukstis (Hu et al., 2003, Rawool
et al., 2006, Coleman et al., 2007, Lalegani et al., 2018). Taciau aukstesni ir tankiau
i8déstyti Siurk$tumo elementai pasizymi didesniais slégio nuostoliais, todél siekiant to
iSvengti reikalingas specifinis atstumas tarp SiurkStumo elementy, kuris uztikrina
optimalias tekéjimo salygas (Hu et al., 2003, Rawool et al., 2006, Lalegani et al.,
2018).

Siekiant uztikrinti tolygesnj grei¢io kavernose pasiskirstyma, yra taikomos
jvairios geometrijos modifikacijos. Kavernos tipo kanaluose keiciant laipty
uzapvalinimg, iSreiSkiamg santykiniu dydziu R/h;, gali biiti pasicktas stabilesnis
tekéjimas, pasizymintis mazesnémis slégio osciliacijomis (Bentaleb et al., 2012).
Fluido srautas tolygiau apteka apvalintus kampus, taip uztikrinant stabilesnj srauto
atitrikimg ir mazesnius Reinoldso jtempius (Bravo et al., 2000, Kumar, 2017).
Turbulentinio tekéjimo metu, apvalinto kampo aptekéjimas lemia intensyvesnius
Silumos mainy procesus (Kumar et al., 2018).

Atlikus literatiiros analizg pastebéta, jog atitriilkusio srauto dinamika dazniausiai
tirlama kanaluose su atgaliniu laiptu arba atviro tipo kavernose, kur pagrindinis
démesys skiriamas jvairiems nestabilumams arba Silumos mainams. Tiriant fluido
srauto valdymo metodus, autoriai daugiausia démesio skiria veiksniams susijusiems
su Silumos mainy intensyvinimo uzdaviniu, o srauto struktiiros ir statistiniy srauto
parametry pokyc¢iams skiriama nepakankamai démesio. Taip pat, atlikus literatiiros
analizg pastebéta, jog valdomo fluido srauto tyrimy kavernose yra nedaug, o pastarieji
atlikti tik atviro tipo kavernose. Tai sukelia natiiraly poreikj tyrimams kity tipy
kavernose, kur skiriasi priekinio laipto jtaka, priklausomai nuo santykinio kavernos
ilgio.

Atsizvelgus | atliktg literattiros analiz¢, suformuotas pagrindinis Sio darbo
tikslas — eksperimentiniais ir skaitiniais metodais istirti srauto valdymo metody jtaka
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srauto dinamikai ir struktirai kavernose ir nustatyti srauto valdymo efektyvumag
lemiancius veiksnius. Siuo darbu papildytos fundamentinés Zinios apie srauto
valdyma, panaudojant pulsacijas, SiurkStumo elementus ir kavernos geometrinius
parametrus. [Stirta Siy srauto valdymo metody jtaka srauto struktiirai ir recirkuliacinés
zonos ilgio kitimo désningumams ir pateikti Siy metody efektyvumag lemiantys
parametrai. Atskleistos recirkuliacinés zonos vystymosi tendencijos pulsacinio ciklo
metu yra susietos su vidutine atitriikusio srauto struktiira, tokiu biidu paaiSkinant
virSutiniy ir kampiniy stkuriy, atsiradimo priezastis ir désningumus. Nustatyta
pulsacijy jtaka srauto turbulentiSkumui kavernoje, kuris atskleidzia greicio fluktuacijy
atsiradimo priezastis, esant pereinamajam ir turbulentiniam tekéjimo rezimams.
Nustatytos greicio pasiskirstymo ir slégio nuostoliy kavernoje priklausomybés nuo
Siurkstumo elementy iSdéstymo, kurios suteikia galimybe¢ apibrézti pasyvaus fluidy
valdymo metodo efektyvuma lemiancius veiksnius. IStirta geometriniy parametry
jtaka grei¢io pasiskirstymui kavernose, apibréziant pastaryjy jtaka ir pateikiant
priklausomybes.

4.2. Tyrimuy metodika ir jranga
4.2.1. Eksperimentiniai tyrimo metodai

Fluido srauto grei¢io vektoriy laukai buvo iSmatuoti naudojant srauty
vizualizacijos metodg (angl. Particle Image Velocimetry, toliau tekste PIV). Tai
optinis metodas, skirtas fluido srautui vizualizuoti. Sio darbo eksperimentiniams
matavimams buvo naudojami du PIV eksperimentiniai jrenginiai, mikro ir makro
skalése. Abejuose jrenginiuose veikimo principas toks pats — lazerio suzadinty
indikaciniy daleliy poslinkis fiksuojamas kamera, taip iSmatuojant fluido srauto
greicio vektoriy laukus. Jrenginiuose naudojamas lazeris ir kamera, sinchronizatoriaus
pagalba, suderinti taip, kad veikty 15 Hz dazniu. Kaip galutinis matavimo rezultatas
gaunamas greicio vektoriy laukas i§ kurio véliau skai¢iuojami papildomi parametrai.
Vidutiniai grei¢io vektoriy laukai buvo gaunami 200-220 kadry vidurkio.
Eksperimenty metu aplinkos temperattira buvo uztikrinta 20+1°C.

4.2.1.1. PIV jrenginys

Disertacinio darbo metu naudotas PIV jrenginys (44 pav.) susideda i§ Nd:YAG
tipo lazerio Dual Power 200-15 (Dantec Dynamics) ir FlowSense EO 4 Mpx CCD
kameros (Dantec Dynamics). Eksperimenty metu gautoms nuotraukoms apdoroti
buvo naudojamas DynamicStudio programinis paketas (Dantec Dynamics).
Eksperimentams naudojamos indikacinés dalelés buvo sugeneruotos i§ cukraus
tirpalo, naudojant daleliy generatoriy Jet Atomizer 9306 (TSI). Sio jrenginio
sugeneruoty daleliy tankis — 1,58x10° kg/m* o vienos dalelés diametras 0,3 um. Oro
sraute esandios kietosios dalelés relaksacijos periodas buvo 4x107 s, kuris uztikrino
Stokso skaiciy Stk << 1 ir lémé tolygy kietyjy daleliy judéjimg pagal srauto linijas.
Fluido srautas buvo sukurtas naudojant ventiliatoriy, o greitis naudojamas Re
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skai¢iavimams iSmatuotas termoanemometru Testo 435, kurio matavimo ribos (0 —
20 m/s), o matavimo neapibréztis (14,3 — 0,5 %).

Vaizdy analizé buvo atlikta panaudojant adaptyviosios koreliacijos algoritma,
kur maksimalus ir minimalus daleliy poslinkiui sugeneruoto tinklelio lango dydis
buvo 473,6x177,6 um ir 177,6x88,8 pum, atitinkamai.

Eksperimentiniai slégio matavimai buvo atlikti naudojant FCOI12 slégio
matuoklj (Furness Controls), kurio matavimo ribos 0-20 Pa, o matavimo neapibréztis
nevirsija 0,5%. Slégis buvo matuojamas pries ir uz eksperimentinio kanalo, taskuose
esanciuose 460 mm atstumu vienas nuo kito.

Slégio matavimo

T Srauto .
ItekejlmasTinklelis it vietos Ventiliatorius  IStekéjimas
l | l e ———
ol e b o v oo o .I _______ . ﬁ ...... A ) { ................. o S -l
Ll 1 1 T
, \
¥ \
Konfuzorius

Eksperimentinis Lifuzois

kanalas

CCD
7 Kamera

Valdymo
sistema

tipo lazeris

44 pav. PIV jrenginio schema

4.2.1.2. pPIV jrenginys

UPIV jrenginyje (45 pav.) kaip darbinis fluidas buvo naudojamas dejonizuotas
vanduo su fluorescencinémis dalelémis, kuriy diametras 1 um. Fluido srautas buvo
sukurtas panaudojant OB1 MK3 slégio valdiklj (Elveflow), kurio déka
eksperimentinio kanalo jtekéjime buvo sukurtas slégis iki 8 bar(g). pPIV jrenginys
taip pat susideda 1§ Nd:YAG tipo lazerio ir 4 Mpx FlowSense kameros, kuri jtaisyta
prie Leica DM ILM invertuoto mikroskopo (Leica Microsystems). Kameros pikselio
dydis 7,4x7,4 pm.
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45 pav. pP1V jrenginio schema

4.2.1.3. Matavimy neapibreéZtis

GreiCio matavimy neapibréztis buvo nustatyta jvertinus slégio valdiklio ar
ventiliatoriaus generuojamo srauto, kanalo skerspjiivio matmeny, koreliacijos
skaiCiavimo d¢l pasirinkto laiko tarp kadry pory ir grei¢io matavimo atsikartojamumo
neapibrézties dedamgsias. Jvertinus pastargsias, iSpléstiné grei¢io matavimy
neapibréztis nevirsijo 7%.

Atitrukusio $lyties sluoksnio prisijungimo taskas nustatomas pagal minimalig
uxms Verte zemiausioje y asSies padétyje. Ilgis nuo atgalinio laipto iki prisijungimo
tasko sudaro recirkuliacinés zonos ilgj. Matavimy neapibreéztj sudaré dedamosios dél
daleliy poslinkio matavimy tinklelio rezoliucijos, grei¢io matavimo, atitriikstanciy
stkuriy sistemos ir matavimy atsikartojamumo, kuris laminariniame tek¢jimo rezime
nevirsijo 2,3%, o turbulentiniame — 8,9%. [vertinus visas neapibrézties dedamasias,
gauta i§pléstiné recirkuliacinés zonos ilgio matavimo neapibréztis nevirsijo 15%.

4.2.2. Skaitinis modeliavimas

Skaitinis modeliavimas buvo atliktas naudojant Ansys Fluent 2019 R2
programinj paketa. SkaiCiavimai atlikti naudojant k-¢ ir Reynolds Stress-Omega
modelius 2D ir 3D geometrijose. Pulsuojancio srauto atveju buvo naudotas uRANS
metodas, leidziantis modeliuoti srauto elgseng laike.

Siekiant uztikrinti tikslius skai¢iavimus, reikalingas smulkus tinklelis, taciau
modeliavimas itin smulkaus tinklelio geometrijose labai padidina reikalaujamy
resursy kiekj, todél reikalinga atlikti tinklelio testa. Sis testas atlickamas
sugeneruojant skirtingo dydzio tinklelio akutes ir atlickant skai¢iavimus stebint kokia
daroma tinklelio jtaka stebimam parametrui. Atlikus skai¢iavimus su skirtingais
tinkleliais nustatomas optimalus tinklelio akutés dydis. 46 pav. pavaizduotas grubus
tinkelis, siekiant parodyti sugeneruoto tinklelio struktiiros principa. Visais atvejais
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skaiCiavimai atlickami panaudojant SIMPLE algoritmg ir antro laipsnio
diskretizavimo schemas.

46 pav. Strukttirizuoto tinklelio pavyzdys 2D uzdarojo tipo kavernoje

4.3. Tyrimu rezultatai

Siame skyriuje bus pateikiami, analizuojami ir aptariami visi §io darbo
eksperimentiniai ir skaitiniai rezultatai. Sis skyrius suskirstytas j dvi pagrindines dalis,
susijusias su aktyviais ir pasyviais srauto valdymo metodais. Aktyvus srauto valdymo
metodas realizuojamas panaudojant srauto pulsacijas. Kei€iant pulsuojancio srauto
parametrus, tiriama recirkuliacinés zonos dinamika ir stebimi statistiniai srauto
parametrai, tokie kaip Slyties greitis, turbulentinis intensyvumas ir sukuringumas,
tokiu biidu nustatant srauto valdyma lemiancius veiksnius. Pasyvus srauto valdymas
Siame darbe realizuojamas panaudojant Siurk§tumo elementus ir kei¢iant kaverny
geometrinius parametrus, tokius kaip vidiniy kampy forma ar jtekéjimo/istekéjimo
hidrauliniy diametry santykis. Panaudojant Siurk§tumo elementus, uz atgalinio laipto
susidaranti recirkuliaciné zona yra suskirstoma j keletg atskiry stikuriy taip apribojant
srauto struktiirg nuo dideliy sikuriy atsiradimo. Siurk§tumo elementy jtaka srautui
tiriama per srauto ir Slyties greiCio pasiskirstyma, ir analizuojant slégio nuostoliy
priklausomybe¢ nuo Re ir atstumo tarp SiurkStumo elementy. Taip pat, Siame skyriuje
pateikiama geometriniy kavernos parametry analizé, kurios metu apibrézta kavernos
vidiniy kampy formos jtaka srauto strukttrai ir jtekéjimo/iStekéjimo hidrauliniy
diametry jtaka iSilginio greicio pasiskirstymui kavernoje.
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4.3.1. Recirkuliacinés zonos dinamika, esant stacionariam tekéjimui kavernose

Pereinamojo tipo kavernoje vidutinés fluido srauto linijos pateikiamos siekiant
pavaizduoti recirkuliacinés zonos dinamikg kavernoje priklausomai nuo tekéjimo
rezimo (47 pav.).

Rem =50 Reh1 =100 Rem =250
= 2 &= == —
Rehl = 750 Rem =1500 Rem =2000
=S == G =

47 pav. Srauto linijos pereinamojo tipo kavernoje, esant stacionariam teké&jimui

Laminarinio tekéjimo rezimo metu, esant Ren; = 50 — 100, matomas srauto
atitriikimas dél slégio gradiento, kurj sukelia staigus kanalo skerspjiivio iSplatéjimas.
Atitrukes Slyties sluoksnis prisijungia prie kavernos dugno ir matoma uz atgalinio
laipto susidariusi recirkuliaciné zona. Esant laminariniam tekéjimo rezimui,
recirkuliacinés zonos ilgis tiesiogiai priklauso nuo Ren, todel esant Ren = 100,
matoma ~40% ilgesné recirkuliaciné zona lyginant su Rey = 50 atveju. Esant Rep,; =
250, atitriikes Slyties sluoksnis nebeprisijungia prie kavernos dugno ir recirkuliaciné
zona uzpildo visg kaverng. Tai indikuoja apie pereinamajj tekéjimo rezimg. Toliau
didéjant Ren Slyties sluoksnis pakartotinai prisijungia tik esant Ren; = 1750 (48 pav.).
Kai pasiekiamas turbulentinis tekéjimo rezimas, recirkuliacinés zonos ilgis pasiekia
asimptoting vert¢ ir nebepriklauso nuo Rep. Recirkuliacinés zonos ilgio kitimo
désningumai sutampa pereinamojo ir uzdarojo tipo kavernose (48 pav.). Pagrindinis
skirtumas tarp Siy désningumy yra Repn ribos, kuriose matomas pilnas kavernos
uzpildymas recirkuliacine zona. Pereinamojo tipo kavernoje §ios ribos yra nuo Ren =
250 iki Ren = 1750, tuo tarpu uzdarojo tipo kavernoje — Ren = 450 — 1200. Sis
skirtumas atsiranda dél pereinamojo tipo kavernoje ar¢iau esancio priekinio laipto,
kuris apriboja recirkuliacing zong ir neleidzia pasiekti didesniy ilgio ver¢iy. UZzdarojo
tipo kavernoje, dél mazesnés priekinio laipto jtakos, recirkuliaciné zona pasickia
didesnes ilgio vertes dél ko pereinamas tekéjimo rezimas pasiekiamas véliau. Pasiekus
pereinamojo tekéjimo rezima, recirkuliacinés zonos ilgis pradeda trumpéti dél Slyties
sluoksnyje atsirandanciy nestabilumy.
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48 pav. Recirkuliacinés zonos ilgio priklausomybé nuo Rey; pereinamojo ir uzdarojo
tipo kavernose su L/h; = 8 ir L/h; = 16, atitinkamai

49 pav. pavaizduotos skaitinio modeliavimo metodu gautos srauto linijos
atvirojo tipo kavernoje. Sio tipo kavernose recirkuliacinés zonos ilgis tampa
necharakteringu dydziu, nes atitriikgs Slyties sluoksnis prisijungia prie kavernos
dugno tik esant labai maziems Reyi. Laminariniame tekéjimo rezime recirkuliacinei
zonai budinga stabili elgsena, kuri pasireiSkia stabiliu greicio pasiskirstymu
kavernoje. Esant Repn; = 66, Slyties sluoksnis nebeprisijungia prie kavernos dugno ir
pagrindinis srautas prateka vir§ kavernos. Esant Ren = 666, matomas recirkuliacinés
zonos centro pasislinkimas link priekinio laipto. Kaip ir pereinamojo bei uzdarojo tipo
kavernose, toliau augant Rep; srauto struktiira kavernoje nesikeicia.

Rem =6 Reh1 = 666

49 pav. Srauto linijos esant stacionariam tekéjimui atvirojo tipo kavernoje (L/h = 4)

4.3.2. Aktyvus srauto valdymas

Sioje dalyje analizuojama recirkuliacinés zonos dinamika pereinamojo ir
uzdarojo tipo kavernose, priklausomai nuo pulsacijy daznio ir amplitudés. Viso Siame
darbe tirti 7 pulsuojancio srauto atvejai ir 1 stacionarus (1 lentelé.). Atvejis Nr. 1
atitinka stacionary tekéjima, todel pulsacijy daznis ir amplitudé nenurodyti.
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1 lentelé. Tiriamyjy tekéjimo atvejy parametry vertés

Atvejo Nr. A4 f, Hz L/h
1 - - 8; 16
2 0,15 0,5 8
3 0,15 1,0 8
4 0,60 0,5 8
5 0,60 1,0 8
6 1,00 1,0 16
7 1,00 2,0 16
8 1,00 5,0 16

4.3.2.1. Recirkuliacinés zonos elgsena pulsaciju ciklo metu

Pulsacijy ciklo metu recirkuliacinés zonos dinamika priklauso nuo tekéjimo
rezimo. 50 pav. pateikiamas eksperimentiSskai iSmatuoty greiCio srauto linijy
pasiskirstymas pereinamojo tipo kavernoje, esant skirtingoms pulsacijy ciklo fazéms.
Laminariniame tekéjimo rezime (Ren; = 100), dél pulsacijy ciklo metu varijuojancio
greicio, recirkuliacinés zonos ilgis kinta priklausomai nuo pulsacijy ciklo fazés. Taip
pat, recirkuliacinés zonos centras pulsacijy ciklo greitéjimo (esant 0° < ¢ <90° ir 270°
< @ < 360°) ir létéjimo (esant 90° < ¢ < 270°) fazése keicia lokacija judant srauto
kryptimi, kai greitis didéja ir prie§ srautg, kada greitis mazéja. Nors recirkuliaciné
zona dél pastoviai kintan¢io greicio juda ir keicia forma, taciau pats sukurys islieka
stabilus. Pasiekus pereinamajj tekéjimo rezimg, pastebimas kitoks recirkuliacinés
zonos vystymosi mechanizmas, kai recirkuliaciné zona yra uzpildoma periodiskai nuo
atgalinio laipto atitrikstanciais stikuriais. Apatiniame kavernos kampe tarp atgalinio
laipto ir pirminio siikurio pradeda formuotis naujas siikurys, kuris laikui bégant did¢ja
ir tuo paciu stumia pirminj stikurj pasroviui. Antriniam stikuriui pasiekus kritinj dydj,
pirminis pasislenka pasroviui iki kol dél susidariusiy jtempiy pirminis stkurys
i$spriista i§ po Slyties sluoksnio ir iSlekia i$ kavernos. Pereinamojo tekéjimo rezimo
metu, tam tikrose pulsacijy ciklo fazése, viename kadre pastebimi du atitriike stkuriai
(50 pav. 14 ir 16), o pasiekus turbulentinj tekéjimo rezimg — trys (50 pav. 20 ir 24).
Tai indikuoja apie turbulentinio tekéjimo metu esantj didesnj stkuriy atitrikimo
daznj. Taip pat, turbulentinis tekéjimo rezimas iSsiskiria chaotiSkesnémis srauto
linijomis, kurios yra dél tekéjimo rezimo atsirandanciy greicio fluktuacijy pasekmeé.
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Rent = 100 Reni = 1000 Reni = 2000

50 pav. Srauto linijos pulsacinio ciklo metu pereinamojo tipo kavernoje, esant 4 =
0,60 ir f= 0,5 Hz

4.3.2.2. Pulsacijy amplitudés jtaka recirkuliacinés zonos dinamikai

IS 51 pav. pateikty eksperimenti$kai iSmatuoty recirkuliacinés zonos ilgio
priklausomybiy nuo Ren galima matyti pulsacijy amplitudés jtaka recirkuliacinés
zonos ilgiui. Esant Rey = 50 — 250, matomos mazesnés recirkuliacinés zonos ilgio
vertés nei stacionaraus tekéjimo metu, dél pulsacijy metu atsirandanciy mazy stikuriy
Slyties sluoksnyje, kurie nulemia spartesnj Slyties sluoksnio augima dél ko sutrumpé¢ja
recirkuliaciné zona (Chun et al., 1996). IS pateikty rezultaty matosi, jog didesnis
trump¢jimo efektas pasiekiamas, esant mazesnei pulsacijy amplitudei (4 = 0,15).
Esant 4 = 0,15, tekéjimas pulsacijos ciklo metu isliecka tame paciame rezime, todél
recirkuliaciné zona ilgéja ir trumpéja beveik tiesiSkai su ciklo metu didéjanciu ir
mazéjanciu grei¢iu. Kai pulsacijy amplitudé 4 = 0,60, dél sparciai didéjancio greicio
pulsacijy ciklo metu, pasiekiamas pereinamasis tekéjimo rezimas, kurio metu
recirkuliaciné zona uzpildo visg kaverng ir atitrikes Slyties sluoksnis nebeprisijungia
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prie kavernos apatinés sienos. D¢l Sios priezasties pulsuojanéio srauto atvejai su
didesne amplitude pasizymi didesnémis recirkuliacinés zonos ilgio vertémis. D¢l tos
paCios priezasties, pereinamojo tipo kavernoje, atitrilkusio S$lyties sluoksnio
prisijungimas prie apatinés kavernos sienos pereinamajame tekéjimo rezime stebimas
anksciau, palyginus su stacionariu tekéjimo atveju (pulsuojancio srauto atvejais Reni
= 1250, stacionaraus - Ren = 1750). Sie désningumai matomi ir uzdarojo tipo
kavernoje, kai Ren; > 1200. Pagrindinis skirtumas tarp $iy dviejy geometrijy, jog
uzdarojo tipo kavernoje, esant laminariniam tekéjimo rezimui, pulsacijos su 4 = 1,0
nerodo jokio poveikio recirkuliacinés zonos ilgiui. Skirtumai tarp stacionaraus ir
pulsuojancio srauto recirkuliacinés zonos ilgiy, esant Ren; = 150 — 450, menki ir
nevirSija eksperimentiniy matavimy neapibrézties. Lyginant eksperimentiniy
matavimy rezultatus dviejy tipy kavernose, pastebéta recirkuliacinés zonos ilgio
pokytis, lyginant stacionary ir pulsuojant] srautg, yra atvirkSciai proporcingas
pulsacijy amplitudei, esant laminariniam tekéjimo rezimui (52 pav.). Pereinamajame
tekejimo rezime, Sis efektas néra toks stiprus kaip laminariniame, taciau tendencija
panasi. Didziausias recirkuliacinés zonos trumpé¢jimo efektas uzfiksuotas
pereinamojo tipo kavernoje pulsuojancio srauto atveju su 4 = 0,15; esant Reyn; = 250,
kur recirkuliacinés zonos ilgis buvo ~45% trumpesnis uz stacionaraus tekéjimo atvejy
iSmatuotg recirkuliacinés zonos ilgio verte. Esant pulsuojancio tekéjimo atvejui su 4
= (,60; Sis pokytis buvo ~17%. Priesingai nei pulsacijy amplitudé, pulsacijy daznis
jitakos recirkuliacinés zonos ilgiui neturéjo, o recirkuliacinés zonos ilgiy skirtumai,
tarp skirtingo daznio pulsuojancio srauto atvejy, nevirsijo 6%.

Atitriikes Slyties
sluoksnis
neprisijungia prie : ;
kavernos apatinés §

sienos

%ﬁ%@

o o] " " Il

500 750 1000 1250 1500 1750 2000

- Stationary flow; L/hl =8 - Stationary flow; L/hl = 16

—f—BKmA=0 15;f=0,5Hz; L/hl1 =8 ~A—-A=0,15;f=1Hz;L/hl =8

=y s A=O,6 f=0,5Hz; L/hl1 =8 s = =06 f=1Hz: L/h1 =8

~x--A=1;f=1Hz; L/hl =16 ~£x-A=1;f=2Hz; L/hl =16
-A=1;f=5Hz L/hl1 =16

51 pav. Recirkuliacinés zonos ilgio priklausomybé nuo Ren, esant stacionariam ir
pulsuojanc¢iam tekéjimui, pereinamojo ir uzdarojo tipo kavernose
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52 pav. Recirkuliacinés zonos pokycio priklausomybé nuo amplitudés, esant
pulsuojanciam tekéjimui

4.3.2.3. Pulsacijy amplitudés jtaka statistiniams srauto parametrams

53 pav. pavaizduoti eksperimentiSkai iSmatuoti (TI) profiliai skirtingose
pereinamojo tipo kavernos lokacijose. Esant Reni = 500, matomos mazesnés (T1)
vertés pagrindiniame sraute pulsuojancio srauto atvejais. Pulsacijy ciklo metu, kai
u(t;)
(u(ty)
prisijungimas ant kavernos apatinés sienos, dél ko gaunamas trumpesnis Slyties
sluoksnis, kuris lemia stabilesnj tekéjimg. Taip pat, esant Ren = 500, srautas yra
pereinamajame tekéjimo rezime, kuris pasizymi atsirandanCiomis greicio
fluktuacijomis, tod¢l pulsacijy ciklo létéjimo fazese (esant 90° < ¢ <270°), kai srautas
pereina j laminarinj tekéjimo rezimg Sios fluktuacijos iSnyksta. D¢l §iy priezasciy
pulsuojantis tekéjimas pasizymi maziausiomis (T1) vertémis. Kai Ren; = 1000 — 1500
(53 pav. b ir ¢), matomas visai kitoks (TT) i$sidéstymas kavernoje, kada pulsuojantis
tekéjimas prieSingai nei esant Reyn = 500, didina (T'I) vertes kavernoje. Pulsacijy ciklo
metu varijuojantis greitis jne$a energija j pereinamajam ir trubulentiniam tekéjimui
budinga periodiskai atitriikstanciy stkuriy sistema, taip sukeliant papildomas greicio
fluktuacijas ir padidinant (T1) vertes. Turbulentiniame tekéjimo rezime, esant Ren =
2000, matomas vienodas (TI) iSsidéstymas kavernoje, kuris indikuoja, jog (TI)
nulemiamas grei¢io fluktuacijy atsirandanciy dél tekéjimo rezimo, o greicio
fluktuacijos atsirandancios dél srauto pulsacijy tampa nereikSmingos, todél (TT) nuo
pulsacijy parametry nepriklauso.

<1 (esant 180° < ¢ < 360°), stebimas atitrikusio S$lyties sluoksnio

101



a) xthy =2 x/h, =4 xth,=6
1,00 + e 1,00 as 1,00 t Doe
o = 3
for e ae
075 + e 0751 a2 & 075+ o2e
B e n> e @xo> e
£ e mn e ao e
el e au) Do ae an) o’
2050 1 D 20,50 1 112 2050 ¢ e
iy 3¢ Doe
L d A -
025 + S 025 1 o= 025 + 2
» [e 1] L
me (o d o
mo e e e
0,00 19884 | | 000 AL | 0,00 +20®
0.001 0.01 0.1 1 0,001 0,01 0,1 1 0001 001 01 1
(TI) (TI) (TI)
b) xth, =2 x/hy =4 xth, =6
1,00 o 1.00 - 1,00 T o»
oCh & O
e Qa o« -«
[ d a e @ * B
075+ o & 075+ o & 05+ o &
e a o @& e &
%e® % & ‘e
T o ® T om T @
=050 4 =050 + =050 1
= .« 53 = o8 = o
® OA [ 1o Y [ -
o @ -« ® O
025 + 4% 025 + o @& 0251 o°%
o @ o @ o a
p <3 ® a [ J <«
b @ e @ e &
0,00 £—8———+ 0,00 +—B—— 0,00 +—24—F 4
0,001 0,01 0,1 1 0,001 0,01 01 1 0,001 0,01 01 1
(T1) (TT) (T1)
c) xlh =2 x/h, =4 x/h, =6
1,00 T 3 T - 100 7 eo
- [ 3 [
oon - [N
[ Jeo™) o @& .0 %
075 + o 075+ o@ 075 te ar
[ X s} LX ] L] o>y
12 L 28
e *m T o @ T e an
5050 + =050 1 =050 +
= « & - H = =
LN om oD
[N on o
025+ o a 025+ oo 025 + o8&
e @ e 0O L Y]
e a ® @™ L]
o @ * @ o @&
0,00 +—48 —+ 4 000 +—PB | 000 +—2@ +
0.001 001 0.1 1 0,001 0,01 0,1 1 001 0.1 1
(TT) (TT) (TT)
d) xthy =2 x/h, =4 x/h, =6
100 7 @ 100 + o 100 7w
L] < L3
k3 b a
= - a
075+ B3 0754+ 3 0754+ S
a» - L 1)
% %2 %
— o~
Tos0t ® g 050+ & o050+ @
' = ™ ' a ' &
L] - -
025 + & 0,25 -3 025 + &
- = oW
@ - on
- - <
0,00 +—2— i 0,00 £ 1 0,00 +—®| 4+
001 0.1 1 0,01 0.1 1 001 01 1
(TD) (Tl (TI)
® A=0; f=0 0 A=0,15; f=0,5Hz 0 A=0,15; f=1,0Hz

¢ A=0,6; f=0,5Hz a A=0,6; f=1,0Hz

53 pav. (TI) profiliai, esant a) Ren; = 500; b) Ren; = 1000; ¢) Ren; = 1500; d) Reni =
2000
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Eksperimentiskai iSmatuoti iSilginiai §lyties greiCio profiliai pateikti 54 pav.
skirti parodyti fluido maiSymasi atitrikusiame Slyties sluoksnyje. Visi 54 pav.
pateikiami profiliai iSmatuoti iSilgai kavernos laipto aukstyje /. Parametras Ymax
atitinka maksimaly $lyties greitj stacionaraus tekéjimo atveju. Slyties grei¢io
pasiskirstymas kavernoje tiesiogiai priklauso nuo recirkuliacinés zonos ilgio, kadangi
ilgesne recirkuliaciné zona pasizymi ilgesniu atitriikusio Slyties sluoksniu, kuris
pasizymi didesniais Slyties jtempiais. Esant Ren; = 100 — 500, recirkuliacinis zonos
ilgis priklauso nuo pulsacijy amplitudés, todél pulsuojancio srauto atvejais kai 4 =
0,15, matomos maziausios $lyties greicio vertés. Taciau prieSingas efektas matomas
pulsuojancio srauto atveju su 4 = 0,60, kuris pasizymi aukStesnémis $lyties grei¢io
vertémis, nei stacionaraus tekéjimo atveju, nepaisant to, jog recirkuliacinés zonos ilgis
trumpesnis. Didelés amplitudés pulsacijos sutrikdo recirkuliacing zona, tokiu budu
sumazinant srauto stabilumg ir suintensyvinant srauto maiSymasi kavernoje, del ko
gaunamos didesnés Slyties greiCio vertés. Esant Ren; = 1500, stacionaraus tekéjimo
atveju recirkuliaciné zona uzpildo visg kaverna, todél matomas tolygus Slyties greicio
pasiskirstymas isilgai kavernos, prieSingai nei pulsuojancio teké¢jimo atvejais, kur
atitriikes Slyties sluoksnis prisijungia prie kavernos apatinés sienos, todél matomos
didesnés Slyties greicio vertés pirmoje kavernos dalyje (x/4;1 < 4). Antroje kavernos
dalyje (x/h; > 4) matomas Slyties grei¢io sumazéjimas dél toje vietoje Zemyn
pasislinkusio $lyties sluoksnio. Turbulentinio tekéjimo metu, esant Reni = 2000,
matomas bendrin¢ pulsacijy jtaka Slyties sluoksniui, kada pulsacijos suintensyvina
jtempius Slyties sluoksnyje ir tokiu budu padidina Slyties greicio vertes,
nepriklausomai nuo pulsacijy parametry.

3 4
x/h,

0A=0; =0 < A=0,15; =0,5Hz o A=0,15; =1Hz & A=0,6;1=0,5Hz x A=0,6; =1Hz

54 pav. Iilginio Slyties greicio horizontalts profiliai pereinamojo tipo kavernoje,
esant a) Ren; = 100; b) Ren = 500; ¢) Reni = 1500; d) Ren = 2000
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4.3.2.4. Pulsacijy daznio itaka srauto struktirai

Siekiant atlikti recirkuliacinés zonos vystymosi pulsacijy ciklo metu analizg,
skaitinio modeliavimo metodu buvo gauta recirkuliacinés zonos ilgio priklausomybé
nuo fazés kampo ¢ (55 pav.). Pulsacijy ciklas pagal greitj skirstomas j dvi dalis:
greitéjimo (esant 0° < ¢ < 90° ir 270° < ¢ < 360°) ir 1étejimo (esant 90° < @ < 270°).
IS gauty rezultaty pastebimas skirtingas recirkuliacinés ilgio kitimo désningumas,
esant skirtingiems Repn;. Esant Reni = 300, pulsacijy ciklo greitéjimo dalyje,
recirkuliacinés zonos ilgis auga dél laminariniam tekéjimui biidingos recirkuliacinés
zonos dinamikos. Taciau, esant Ren; = 1500, augant greiciui jvyksta tekéjimo rezimo
pasikeitimas ir srautas pasiekia turbulentinj tekéjimo rezimg, kurio metu
recirkuliaciné zona yra sutrumpéjusi. Sie skirtumai nulemia didesnes arba maZesnes
santykines recirkuliacinés zonos ilgio vertes grei¢io didéjimo fazéje, priklausomai
nuo Reyi. Pulsacijy ciklo metu, grei¢io 1étejimo dalyje abiem Ren; atvejais matomas
spartus recirkuliacinés zonos trumpéjimas iki kol srautas kavernoje sustoja, todel
rezultatai esant ¢ = 270° néra duoti.

14 r
- 2 12
10
8 < 8
6 6
T g A=l =1z % —A=1; f=1Hz
1 = 4 _
) | --A=1; f=5Hz --A=1; f=5Hz
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55 pav. Recirkuliacinés zonos ilgio priklausomybé nuo pulsacijy ciklo fazés kampo
uzdarojo tipo kavernoje, esant a) Ren; = 300; b) Reni = 1500

Pulsacijy ciklo metu buvo pastebéta, jog recirkuliacinés zonos ilgio kitimo
désningumai skiriasi priklausomai nuo pulsacijy daznio, kada lyginami /=1 Hz ir f=
5 Hz atvejai. Esant Ren; = 300, pulsuojancio srauto atvejis su f= 1 Hz, greitéjimo
dalyje, pasizymi ilgesnémis recirkuliacinés zonos ilgio vertémis, tac¢iau kada pulsacijy
ciklo metu greitis mazéja, matomos mazesnés recirkuliacinés zonos vertés, lyginant
su f = 5 Hz atveju. Esant aukStam pulsacijy dazniui, pulsacijos periodas yra
trumpesnis, tod¢l greic¢io pokyciai ciklo metu per tg patj laiko vieneta yra daug
didesni, lyginant su /' = 1 Hz atveju, ir tai lemia skirtinga recirkuliacinés zonos
vystymasi. D¢l recirkuliacinés zonos atsako j pulsacijos perioda, jos ilgio kitimas
uzdelsiamas 10° — 15° fazés kampo, esant = 5 Hz, kas atitinka ~5% viso pulsacijy
ciklo. Sis efektas galioja ir esant Ren; = 1500, tadiau poveikis pastebimai silpnesnis.
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4.3.2.5. Recirkuliacinés zonos ilgio priklausomybés nuo Re palyginimas su
kity autoriy darbais

56 pav. pateikiamos recirkuliacinés zonos ilgio priklausomybiy nuo Ren
palyginimas kanaluose su atgaliniu laiptu ir kavernose. Siekiant korektisko
palyginimo, visi pateikiami tyrimy rezultatai gauti atliekant eksperimentinius
matavimus ir skaitinius modeliavimus kanaluose, kuriy i$siplétimo santykis ER = 2.

1 8 B ey
I3
I5 } RS BT — =
Laminarinis tekéjimo sty Turbulentinis tekéjimo
re¥imas & cggf B reZimas
12 F ¢ o
o] fxE ° %3.
(E)(xa/hy) = 0.35Rey L : ke
<9 gl @
= e N
= = = 0 o
6 oo @ \
A
B | (/h) = T+50Re,
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0 L L L J
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Rem
o Tihon et al. 2012, BFS, EXP a Armmaly et al. 1983, BFS, EXP
o Abdollahpour et al. 2022 BFS, CFD x Thangam and Knight, 1989.BFS, CFD
+ Gualtieri, 2005,BFS, CFD = Vilkinis et al. 2018, L/h1=10, EXP
o Vilkinis et al. 2018, L/h1=10, CFD s L/l=16, pPIV
+ L/h1=16.CFD 4 L/h1=8, stationary, pPIV

Vilkinis et al. 2020

56 pav. Recirkuliacinés zonos ilgio priklausomybés nuo Rey; palyginimas su kity
autoriy darbais

Literatiiroje pateikiami rezultatai iSsisklaide, taciau pagrindiniai atitriikusio
srauto tekéjimo désningumai galioja ir gali buti apibréziami pagal grafike pateikiamas
priklausomybes, galiojancias laminariniame ir turbulentiniame tekéjimo rezimuose
(Vilkinis et al., 2020). Lyginant tekéjimg kavernose, su tekéjimu aptekant atgalinj
laipta pastebimi tie patys, anksCiau apraSyti, recirkuliacinés zonos ilgio kitimo
désningumai priklausomai nuo tekéjimo rezimo. Lyginant santykinio ilgio vertes tame
paciame Re, galima matyti, jog kanaluose su atgaliniu laiptu recirkuliacinés zonos
ilgio vertés zenkliai didesnés. Mazesnes xr/h; vertes uzdaro ir pereinamojo tipo
kaverny atvejais nulemia priekinio laipto daroma jtaka, kuri fiziSkai apriboja
recirkuliacing zong nuo ilgy verciy susidarymo, taip lemiant atitrikusio Slyties
sluoksnio prisijungimg arciau atgalinio kavernos laipto. Taip pat, kai kanaluose su
atgaliniu laiptu stebimos didziausios xr//1 vertés, kavernose néra atitrikusio Slyties
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sluoksnio prisijungimo ant kavernos dugno ir visa kaverna yra uZzpildyta
recirkuliacine zona. DidZiausias rezultaty iSsisklaidymas stebimas pereinamajame
tekéjimo rezime, kai sraute atsiranda jvairlis nestabilumai. Atlikus rezultaty
palyginimag su kitais autoriais, galima teigti, jog Siame darbe pateikiami rezultatai
puikiai atitinka tendencijas ir nenukrypsta nuo literatiiroje pateikiamy tyrimy
rezultaty.

4.3.3. Pasyvus srauto valdymas
4.3.3.1. Kavernos geometriniu parametry jtaka srauto struktuirai

Sio darbo eksperimentiniuose matavimuose, dél riboty kanaly gamybos
galimybiy, buvo naudotos kavernos su apvalintais vidiniais kampais (R/h; = 0,5).
Literatiiroje dazniausiai atlickami tyrimai kanaluose su staciais kampais, todél
natiiralu, jog reikalingas papildomas tyrimas, kuris leisty apibrézti kavernos kampy
itaka srauto struktarai.

57 pav. pateiktos trijy skirtingy atviro tipo kavernos vidiniy kampy
konfigiiracijy geometrijos, kurios buvo naudotos skaitiniam modeliavimui (Ch1, Ch2
ir Ch3). Chl atvejis atitinka kavernos su staciais kampais kanalg. Ch2 kanalo atveju
— R/hi = 0,5, kuris atitinka Siame darbe naudojamy kaverny vidiniy kampy formas.
Galiausiai, Ch3 atitinka ribinj R/ = 1 atvejj, tam, kad tiriamojo parametro ribos biity
nuo minimalios iki maksimalios reikSmés.
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57 pav. Skaiciavimams naudoty trimaciy atviro tipo kaverny geometrijos su
skirtingai apvalintais vidiniais kampais
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58 pav. Pateiktas santykinio greicio pasiskirstymas atviro tipo kavernoje, visose
tirtose geometrijose (Chl, Ch2 ir Ch3). Greicio profiliai paimti vidurinéje x-y
plokstumoje, esant z/b = 0,5. Atlikus grei¢io pasiskirstymo palyginimg kanaluose su
skirtingais R/h; santykiais, galima matyti, jog pasiskirstymai beveik idealiai sutampa
ir nepriklauso nuo vidiniy kavernos kampy formos. Verta pastebéti, jog greicio
pasiskirstymas identiskas net ir ribiniame R/A; atveju.
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58 pav. Santykinio greicio profiliai x-y aSyje atviro tipo kavernose, esant a) Repn =
10; b) Repn = 100; ¢) Repn = 1000
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59 pav. Pateikiamos greicio srauto linijos atviro tipo kavernose taip pat rodo
beveik identiska atitikimg tarp Chl, Ch2 ir Ch3 atvejy. Vienintelis skirtumas —
recirkuliacinés zonos dydis Ch3 kanale, esant Repn = 10. Santykio R/, = 1 verté lemia
tolygesnj fluido aptekéjimg per kavernos kampa, dél ko sumaZinamas slégio
gradientas atsirandantis dél staigaus kanalo iSplatéjimo, kuris ir apsprendzia
susidariusios recirkuliacinés zonos dydj. Sis efektas matomas tik esant itin mazam
Repn, nes slégio gradientas reikalingas susidaryti recirkuliacinei zonai yra nedidelis,
todel net ir minimallis geometrijos pokyciai gali turéti tam jtakos. Esant Repn > 10 Sis
efektas nebepastebimas ir tolesniam srauto vystymuisi jtakos nedaro.
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59 pav. Greicio srauto linijos atviro tipo kavernose, esant skirtingoms vidiniy
kavernos kampy konfigiiracijoms

Tolimesnei analizei buvo lyginamas greicio pasiskirstymas x-z plokstumoje (60
pav.). Profiliai iSmatuoti santykiniame aukStyje y/Al = 0,5, pateikiami siekiant
parodyti srauto trimatiSkumg kavernoje. PanasSiai kaip ir 58 pav. x-z plokStumos
profiliai beveik tobulai sutampa tarp lyginamyjy Chl, Ch2 ir Ch3 geometrijy.
Didziausia jtaka srauto strukttirai matoma esant Ch3 atvejui, kada matomas Siek tiek
mazesnis srauto greitis kanalo centre. Neatitikimai tarp grei¢io pasiskirstymo
nezymis, todél galima teigti, jog kavernos vidiniy kampy uzapvalinimas neturi jtakos
srauto struktiirai.
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xlhy =1 xlh, =2 xlh, =3

0 0,125 025 0 0,175 035
u/U u /U
---Ch2
xth, =2
0,8
< < 0,6
Y04 - 04
0,2 0,2
0 - 0
-0,1 -0,05 0 -0, -0,05 0
uJU u/U
——Chl ---Ch2
o =1 xlh =2
0,8 - 0,8 0,8
< 0,6 - 0,6 0.6
£ T ™
0,4 - 04 0,4
0,2 - 0.2 0,2
0 - 0 L 0
-0,15-0,075 0 -0,1 -0,05 0 -0,15 -0,05 0,05
C u /U u /U u /U
— C‘hl - - Ch2 ......... Ch3

60 pav. Santykinio greicio profiliai x-z plokStumoje atviro tipo kavernose, esant a)
Repn = 10; b) Repn = 100; ¢) Repy, = 1000

61 pav. pateikiama skaitiniam modeliavimui naudotos atviro tipo kavernos
geometrija su skirtingais iStekéjimo hidrauliniais diametrais. Taip pat, brézinyje
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pateikta iSilginio greiCio profilio lokacija. Siekiant istirti iStekéjimo ir jtekéjimo
hidrauliniy diametry santykio jtakg iSilginio grei¢io paskiskirstymui, jtekéjimo
hidraulinis diemetras (Dn in) buvo pastovus, o kei¢iamas buvo Dy ou. I8ilginio greicio
pasiskirstymas — parametras, leidziantis aprasyti tekancio fluido sistemos stabiluma,
kada tekéjimas be didesniy greicio poky¢iy iSilgai tiriamojo kanalo gali biiti laikomas
kaip stabilus.

Dy in Dh_uul
Jix) = u/U

61 pav. Atviro tipo kaverna (L/h; = 4) su isilginio grei¢io profilio lokacija

GreiCio pasiskirstymas iSilgai kavernos, esant Repn = 10 — 1000 pateiktas 62
pav. Siame paveiskle pateikti trys tekéjimo atvejai pagal vidutine tekéjimo struktiir:
Repn = 10 — atitriikes Slyties sluoksnis prisijungia prie kavernos dugno, Repy = 100 —
atitriikes Slyties sluoksnis neprisijungia prie kavernos dugno, taciau recirkuliacinés
zonos centras ar¢iau atgalinio laipto ir Repn = 1000 — atitriikes Slyties sluoksnis
neprisijungia prie kavernos dugno, o recirkuliacinés zonos centras pasislinkes prie
priekinio kavernos laipto. Greic¢io kitimo dinamika tiesiogiai susijusi su geometriniais
poky¢iais kavernoje, kada matomas grei¢io mazéjimas esant staigiam kavernos
skerspjiivio pokyciui ir staigus didéjimas fluidui tekant link iStekéjimo i§ kavernos,
kai Repn= 10 — 100. Greicio vertés visais tirtais Repy atvejais idealiai sutampa kai x/L
<~0,8. Tai reiskia, jog iStekéjimo hidraulinio diametro pokytis paciai srauto strukttirai
kavernoje jtakos nedaro, taciau esant x/L > 0,8, greitis tiesiogiai priklauso nuo Dy ou.
Didziausias greitis kanalo iStekéjime matomas esant Dy, ou/Dh in = 0,9, 0 maziausias —
kai Dn ou/Dn in = 1,1. Kadangi esant Repy = 10 — 100 atitrikes Slyties sluoksnis
neprisijungia ant kavernos apatinés sienos tiek virSuje, tiek ir apacioje, | kaverna
jitekantis fluidas apribojamas kanalo sieny, o kanalo i$platéjimo vietoje §is apribojimas
vyksta virSutinio ir apatinio Slyties sluoksnio pagalba. I§ 59 pav. pateikty srauto linijy
esant Repn = 10 — 100 matyti, jog virSuje ir apacioje esanciy Slyties sluoksniy apribotas
pagrindinis srautas pleciasi, kai fluidas artéja prie priekinio kavernos laipto. Tai
sukelia greiCio 1étéjimg matomg 62 pav. Esant Repyn = 1000, dél didesnio greicio,
recirkuliacinés zonos centras pasislenka link priekinio laipto ir Slyties sluoksnis
susidaro tiesioje horizontaléje tarp kavernos laipty (59 pav.), todél pagrindinis srautas
nesiplecia ir greitis nemazéja iki kol fluidas pasiekia iStekéjimg i§ kavernos. Tada
iSilginio greiCio pasiskirstymas v¢l tiesiogiai priklauso nuo istekéjimo diametro ir
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matomos auksciausios vertés, esant Dy ou/Dh in = 0,9 ir maziausios — esant Dp ou/Dh in

=1,15.
! b1s
13 + N
LI r sl
= 5 /
g S
= : F
09 f N
07 r ol
0,5 1 A I ' o | | |
-0,1 0,1 0,3 0,5 0,7 0,9 1,1 -0,1 0,1 03 0,5 0,7 0.9 1.1
. x/L
- Dhﬁour”D]U‘u = 0,9 C1 ,46 -
I DILDUI/DIU'H =095 142 |
/
Dh_oul”Dh_in =10 /
Ex 38 F
Dh_our/Dh_iu =1,025
_ ‘Dh_oul/Dh_in =1,05 134
7 Dh_our/Dh_m =1,075
1,30 — — — L1 - P
" DhouDyw =110 01 01 03 05 07 09 11
) 7 x/L

62 pav. Isilginio greicio pasiskirstymas, esant skirtingiems istekéjimo ir jtekéjimo
hidrauliniy diametry santykiams, esant a) Repn = 10; b) Repn = 100; ¢) Repn = 1000

4.3.3.2. Siurk§tumo elementy jtaka srauto struktiirai ir slégio nuostoliams
kanale

Siekiant istirti SiurkStumo elementy jtakg atitriikusio srauto dinamikai,
pasirinktos keturios skirtingos Siurk§tumo elementy konfigiiracijos (63 pav.): kaverna
be SiurkStumo elementy ir trys atvejai su 1-3 trikampés formos SiurkStumo elementais.
Siurkstumo elementy pagalba kaverna suskirstoma j keleta atskiry stikuriy, tokiu bdu
apribojant recirkuliacinés zonos dyd;.

a b
N PN e
c d

N TN T

63 pav. Kanalas su skirtingu skai¢iumi SiukStumo elementy: a) 0; b) 1; ¢) 2; d) 3
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Vidutinio grei¢io pasiskirstymas kanale su skirtingu skai¢iumi Siurk$tumo
elementy pateiktas 64 pav. Tus¢iame kanale (A = 8,8) srautas atitriksta nuo galinio
kavernos laipto, todél matoma recirkuliaciné zona, kuri uzima 30% — 50% kavernos.
Turbulentiniame tekéjimo rezime, esant Repn = 12000, recirkuliacinés zona sumazéja
ir jos centras pasislenka srauto tekéjimui prieSinga kryptimi.

Itaisius vieng trikampés formos SiurkStumo elementa ant kanalo dugno, kaverna
suskirstoma j dvi dalis. Siuo atveju santykinis atstumas tarp iurk$tumo elementy A =
4,7. Siurk$tumo elementy aukstis identiskas kavernos laipty auks¢iui. Esant Repn =
430, recirkuliaciné zona suskirstyta j du atskirus stikurius, susidariusius $iurk§tumo
elementu atskirtose kavernos dalyse. Pirmoje kavernos dalyje esantis sikurys
vizualiai pasislinkes srauto tekéjimo kryptimi ir tai indikuoja apie sustiprintg atgalinj
tekéjima. PrieSinga situacija matoma esant Repn = 2400, kada stikurys susidaro tik
pirmoje kavernos dalyje, o antroje dalyje Slyties sluoksnis nuo SiurkStumo elemento
vir§iinés neatitriksta ir stikurys nesusidaro, todé¢l srautas sklandziai apteka antra
kavernos dalj. Esant Repy = 12000, antroje kavernos dalyje vél atsiranda stukurys,
kuris yra pasislinkes kanalo apacios link. Pagal vidutiniy greicio srauto linijy
i$sidéstyma kavernoje, esant jtaisytam vienam $iurk$tumo elementui, galima spresti,
jog dél pereinamajam tekéjimo rezimui biidingy nestabilumy, esant Repn = 2400,
recirkuliaciné zona negali buti padalinta j du atskirus stkurius, prieSingai nei
laminariniame ir turbulentiniame tekéjimo rezime.

Padidinus SiurkStumo elementy skaiciy iki 2, kaverna suskirstoma j tris dalis ir
santykinis atstumas tarp Siurk$tumo elementy sumazéja iki A = 3,3. Esant Repy = 430,
stkuriai matomi tik pirmose dvejose kavernose dalyse, o treCioje dalyje siikurys
nesusidaro. Panasiai kaip ir vieno SiurkStumo elemento atveju, esant Repn = 2400,
matoma maziau stkuriy nei laminarinio tekéjimo atveju. Kai pasiekiamas
turbulentinis tekéjimo rezimas (Repn = 12000), matomos didelio kreivumo srauto
linijjos pirmose dvejose kavernos dalyse, kurios indikuoja apie auks$tus greicio
gradientus, taciau pilnos formos siikuriai nesusidaro nei vienoje i§ kavernos daliy.

Santykinj atstuma tarp Siurk$tumo elementy sumazinus iki A = 2.8, kaverna
padalinama j keturias dalis, t.y. ant kavernos dugno jtaisomi 3 SiurkStumo elementai.
Toks kanalo uzgriozdinimas jneSa papildomo nestabilumo atitrikusiam Slyties
sluoksniui ir tai matosi i$ chaotiskai iSsidés¢iusiy srauto linijy. Taciau esant tokiai
SiurkStumo elementy konfigliracijai, recirkuliaciné zona visais tekéjimo rezimy
atvejais padalinama ] keturis atskirus stikurius, kas kaip véliau bus parodyta, turi
teigiamg poveikj slégio nuostoliams kavernoje. Didéjant SiurkStumo elementy
skaiCiui, mazéja atstumas tarp jy virStniy. Tai neleidzia atitrikusiam Slyties
sluoksniui prisijungti prie kavernos dugno, dél ko susidaro atskiri stikuriai tarp
Siurkstumo elementy. Dél iSaugusiy slégio nuostoliy, esant didesniam A, stkuriai
susidaro tik pirmoje arba antroje kavernos dalyse. Kai ant kanalo dugno jtaisyty
Siurkstumo elementy skaiCius didesnis, recirkuliaciné zona yra padalinama j 3-4
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atskirus stokurius, todél slégio nuostoliai kavernoje sumazéja. Detalesné slégio
nuostoliy analizé pateikiama 3.3.2.3 skyriuje.

Repn =”430

Repn = 2400

Repn = 12000

—- e —— ’

>
16.79

11.19 22.38

10.67 16.00 21.34

19.40

Velocity [msr1]

64 pav. Vidutinio greicio srauto linijose kavernoje su skirtinga Siurk§tumo elementy
konfigiiracija, esant Repn =430 — 12000.
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Slyties greitis parodo, kaip fluido sluoksniai juda vienas kito atzvilgiu, todél
didziausios $lyties grei¢io vertés indikuoja apie didelj greiGio gradienta. Slyties
greicio pasiskirstymas pateiktas 65 pav. Didziausios Slyties greicio vertés matomos
vir§ atgalinio kavernos laipto. Taip pat, matoma, jog esant daugiau SiurkStumo
elementy, Slyties sluoksnis nusidriekia iSilgai tarp kavernos laipty. Esant A = 2,8
matomas pasienio sluoksnio atsiskyrimas nuo virSutinés sienos, kuris turi neigiamos
itakos stabiliam greicio pasiskirstymui kavernoje. Repn padidéjus nuo 430 iki 12000,
matomas atsiskyrusio pasienio sluoksnio pokytis, kai §is tampa ilgesnis ir nusidriekia
srauto tekéjimo kryptimi. Tolygiai iSilgai kavernos susidargs Slyties sluoksnis leidzia
pagrindiniam srautui tekéti maziau trikdomam, dél ko sumazéja slégio nuostoliai
kanale (zr. 3.3.2.3 skyriy).

Repnh = 430 Repn = 12000

Shearrale[1/sf 0 800 1600 2400 3200 4000 4300

Shearrate[t/s: 0 50 100 150 200 250 260 Shearrale (U 0 1000 2000 3000 3300

e Shearrate[i/s]. 0 50 100 150 200 250 300 350 400 f Shearrate[i/s. 0 500 1000 1500 2000 2500 2600

g Shearrate [1/sl: 0 50 100 150 200 250 300 350 400 Shearrate (/s 0 1000 2000 3000 3500

65 pav. Slyties grei¢io pasiskirstymas, esanta, b-1=28,8;¢c,d-A=4,7;¢, - L=
33,g,h-A=2,8

Kadangi trinties koeficientas tiesiogiai priklauso nuo slégio nuostoliy kavernoje,
atlikta trinties koeficiento analizé skirta apibrézti slégio nuostoliy priklausomybe nuo
Repn ir A. Kaip galima pastebéti i§ 66 pav. pateiktos trinties koeficiento
priklausomybés nuo Repn, tus¢ioje kavernoje pastebimi désningumai panasiis |
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literatiiroje pateikiamus désningumus apvalaus skerspjiivio vamzdyje (Moody, 1944).
Zinoma, dél kanalo uZgriozdinimo visos eksperimentiniy matavimy metu gautos
kreivés pasizymi didesnémis trinties koeficiento reik§mémis, palyginus su literatiiroje
pateikiamomis. Taip pat, galima pastebéti, jog srauto peréjimas i§ laminarinio }
turbulentinj tekéjimo rezima, vykstantis nuo Repy, = 2400, vyksta ilgiau Repy atzvilgiu,
lyginant su srautu vamzdyje.

100 == e

-A-L=33 -0 L=28

= [_aminarinis srautas (Moody, 1944) =+ MaZo Siurk$tumo vamzdis (Moody, 1944)
------ SiurkStus vamzdis (Moody, 1944)

0,0 1 1
100 1000 10000
Rep,
66 pav. Trinties koeficiento priklausomybé nuo Repp, esant skirtingai SiurkStumo
elementy konfigiiracijai kavernoje

Visais Repn atvejais, didinant Siurk$tumo elementy kiekj — trinties koeficientas
didéja iki tol kol yra pasiekiamas kritinis atstumas A, kuris Siuo atveju A = 3,3.
Atstumui tarp SiurkStumo elementui mazgjant nuo 8,8 iki 3,3, trinties koeficientas
auga dél 3.3.2.1 poskyryje aptarto siikuriy susidarymo désningumo, kada stkuriai
susidaro tiktai pirmoje kavernos dalyje, o kitose dalyse stkuriy néra, todél Slyties
sluoksnis nenusidriekia iSilgai kavernos ir pagrindinis srautas prateka su didesniais
energijos nuostoliais. PrieSingas atvejis matomas kai A = 2,8, recirkuliaciné zona
Siurk$tumo elementy pagalba padalinama j keleta atskiry stikuriy, Slyties sluoksnis
nusidriekia nuo kavernos atgalinio laipto iki priekinio ir pagrindinis srautas prateka
lengviau, tod¢l gaunami slégio nuostoliai ir trinties koeficientas — maZzesnis (67 pav.).
Sis fenomenas sutinkamas atviro tipo kavernose, kai atitriikes $lyties sluoksnis
neprisijungia prie kavernos dugno, tokiu biidu pagrindinis srautas yra maziau
trikdomas ir prateka su mazesniais slégio nuostoliais. Specifinis atstumas tarp
SiurkStumo elementy, apriboja nuo dideliy stikuriy susidarymo ir taip sumazina
pasipriesinima, atsirandantj dél klampos, dél ko su Slyties sluoksniu sgveikauja tik
Siurkstumo elemento virsiné (Choi et al., 1993).
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67 pav. pateikta slégio nuostoliy priklausomybé nuo Siurk§tumo elementy
skaiCiaus, esant skirtingiems Repp, kuriame galima matyti slégio poky¢iy sumazéjima,
kai pasiekiamas kritinis atstumas A. Lyginant atvejus A = 3,3 ir A = 2,8 slégio
sumazgjimas Repn = 18000 atveju siekia 12 %. Didéjant Repy, ribose 430 < Repp <
18000, matomas didesnis Ap pokytis. Kai Repy < 2400, slégio nuostoliai kavernoje
pastovis ir nevirSija matavimy neapibrézties.

16 r . x Re=2400 = Re = 5000
&1 +-Re=12000 -4 Re= 15000
. *Re=18000
12+ e
~ 4 T
o &
~ 8 F A
=)
3
g o
R
" = i
0 p — - >4 J
2 4 6 8 10
A

67 pav. Slégio nuostoliy priklausomybé nuo atstumo tarp SiurkStumo elementy A
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ISVADOS

Eksperimentiniais srauto vizualizacijos ir skaitinio modeliavimo metodais
Siame darbe iStirti aktyvaus ir pasyvaus srauto valdymo jtakg srauto dinamikai ir
strukturai lemiantys veiksniai atviro, pereinamojo ir uzdarojo tipo kavernose. Srauto
valdymas buvo realizuojamas panaudojant srauto pulsacijas, Siurk§tumo elementus ir
kavernos geometriniy parametry pokycius. IS gauty tyrimy rezultaty buvo padarytos
Sios iSvados:

1. Esant laminariniam ir pereinamajam tekéjimo rezimui, recirkuliacinés zonos
ilgis ir srauto struktiira priklauso nuo pulsacijy amplitudés ir daznio:

1.1. Laminariniame ir pereinamajame tekéjimo rezimuose pulsuojantis srautas
trumpina recirkuliacing zong. Laminariniame tekéjimo rezime §io efekto
intensyvumas atvirks¢iai proporcingas pulsacijy amplitudei. DidZiausias
efektas pasiekiamas pereinamojo tipo kavernoje, esant Repn = 250, kai
recirkuliaciné zona, esant 4 = 0,15, sutrumpinama apie 45%.

1.2. Pulsacijy daznio jtaka tirtame /= 0,5-5 Hz diapazone laike suvidurkintam
recirkuliacinés zonos ilgiui nevirsijo 6%. Kadangi $io efekto intensyvumas
mazesnis uz matavimy neapibrézt] — pulsacijy daznio jtaka recirkuliacinés
zonos ilgiui gali biiti laikoma nereik§minga.

Turbulentiniame tekéjimo rezime, kai recirkuliaciné zona pasiekia asimptotine

verte ir nebepriklauso nuo Re, pulsuojanéio srauto jtaka taip pat tampa

nereikSminga.

2. Pulsacijy ciklo létejimo fazéje pastebimas recirkuliacinés zonos vystymosi
veélavimas, kuris lyginant ribinius = 1 Hz ir 5 Hz atvejus pasireiskia iki 70%
ilgesnémis xr vertémis, esant didesnio daznio pulsuojanciam srautui toje
pacioje ciklo fazéje. PrieSingas atvejis stebimas pulsacijy ciklo metu greiciui
kylant, kada f'= 5 Hz atvejis pasizymi iki 40 % trumpesnémis xg vertémis nei
toje pacioje ciklo fazéje esancio f= 1 Hz pulsuojancio srauto atvejis. Lyginant
pulsacijy ciklus, esant =1 Hz ir 5 Hz daznio pulsacijoms, recirkuliacinés zonos
vystymosi vélavimas pasireiskia iki 5% (15° fazinio kampo atzvilgiu).

3. Pulsuojantis srautas dél papildomai sukeliamy greicio fluktuacijy didina
turbulentinj intensyvumag kavernoje, esant pereinamajam tekéjimo rezimui.
Turbulentinio tekéjimo rezimo metu, turbulentiSkumo pasiskirstymas
kavernoje yra nulemiamas greicio fluktuacijy atsirandanciy dél paties tekéjimo
rezimo, todél dél pulsuojancio srauto atsirandancios grei¢io fluktuacijos tampa
nereikSmingos ir srauto turbulentiSkumas nuo pulsaciniy parametry
nebepriklauso.

4. Kavernos vidiniy kampy uZzapvalinimas, apraSomas santykiu R/A;, srauto
dinamikai ir struktiirai jtakos nedaro, taCiau iSilginio greicio pasiskirstymas
kavernoje apsprendziamas kavernos iStekéjimo ir jtekéjimo hidrauliniy
diametry santykio. ISilginio greiCio pasiskirstyma kavernos centre lemia
atitriikes Slyties sluoksnis, kuris riboja pagrindinio srauto plétimasi ir uztikrina
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tolygy greicio pasiskirstyma iki x/L = 0,8. Kai x/L > 0,8 i8ilginis greitis tampa
atvirksCiai proporcingas santykiui Dh ouw/Dn in. Santykiui padidéjus 10 %,
iSilginis greitis kavernos istekéjime vir§ priekinio laipto sumazéja iki 13 % ir
atvirksciai.

Slegio nuostoliai kavernoje atvirk§c¢iai proporcingi nuo atstumo tarp Siurk§tumo
elementy iki kol yra pasiekiamas kritinis atstumas A = 3,3. Kai A < 3,3, Slyties
sluoksnis atitriksta nuo SiurkStumo elementy virStniy sudarydamas atskiras
recirkuliacines zonas tarp jy. Pasiekus kritinj atstuma tarp SiurkStumo elementy,
recirkuliaciné zona yra padalinama j atskirus mazus stukurius, dél kuriy Slytis
sumazéja, kartu iki 12 % sumazinant ir slégio nuostolius.
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