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INTRODUCTION

Relevance of the research

Flow separation phenomena have a considerable impact on mass,
momentum, and heat transfer processes in flowing fluids and their mixing
processes. These phenomena are the main reason why separated flow remains a
research object in engineering. Furthermore, they are a source for a deeper
understanding of the internal mechanism of vortex formation, interaction, and
disintegration, as well as a factor for the improvement of numerical simulation
methods. Effects caused by flow separation and recirculation, in various
geometries, are commonly encountered in many engineering problems
(D’Adamo, Sosa, & Artana, 2014; Haddadi & Di Carlo, 2017; Kherbeet,
Mohammed, Munisamy, & Salman, 2014; Pouryoussefi, Mirzaei, & Hajipour,
2015) and in various processes in biomedical (Jang et al., 2011; Jung, Kuo,
Peles, & Amitay, 2012) and environmental applications (Toja-Silva, Peralta,
Lopez-Garcia, Navarro, & Cruz, 2015).

The application of new experimental research techniques extends the
possibilities of deeper understanding of flow structure. Analysis of complicated
flow structure revealing shapes of vortices, growing cycles and other parameters
become possible due to the rapid improvement of flow visualization techniques,
such as micro-particle image velocimetry (UPIV) which application in flow
visualization research is still increasing (Basu, Zahoor, & Khan, 2019; Xia et al.,
2017; Zhai, Xia, Chen, & Li, 2016). Flow visualization techniques allow
performing experimental measurements of flow parameters in undisturbed flow.
Also, a combination of experimental techniques with computational fluid
dynamics approach complements each other with quantitative and qualitative
analyses.

Processes that are taking place in small scale channels are getting more
and more attention regarding the increasing number of devices where flow in
such channels is an essential part of their operation. Due to high surface-to-
volume ratio, small scale channels receive more attention in designing cooling
mechanisms in electronic devices (Basu et al., 2019; Rai et al., 2018; Xia et al.,
2017). Development and increasing number of applications of lab-on-chip and
microelectromechanical systems lead to the development of research of mixing
processes in small scale channels (Chen, Li, Zeng, Hu, & Fu, 2016; Su, Chen, &
Kenig, 2015; Ward & Fan, 2015). Regarding the usage of small fluid volume,
knowledge of flow structure and dynamics in small scale channels is demanding
in the development of various biomedical engineering devices. For instance,
concerning the formation of separated shear layer and recirculating flows,
cavities in small scale channels are employed in cell docking (Jang et al., 2011,
Khabiry et al., 2009), trapping (Karimi, Yazdi, & Ardekani, 2013; Nilsson,
Evander, Hammarstrom, & Laurell, 2009; Zhou, Kasper, & Papautsky, 2013)

7



and separation devices (Guan et al., 2013). Also, small scale channels are
convenient for analysis of blood flow (Anastasiou, Spyrogianni, & Paras, 2010;
Kim, Antaki, & Massoudi, 2016; Lima, Wada, Takeda, Tsubota, & Yamaguchi,
2007; Lima et al., 2008; Omori, Imai, Kikuchi, Ishikawa, & Yamaguchi, 2015),
formation of blood clot as well as investigation of blood flow in aneurysms
(Carlsohn, Kemmling, Petersen, & Wietzke, 2016; Lieber, Livescu, Hopkins, &
Wakhloo, 2002).

Object of the research
Hydrodynamic mass transfer processes in the cavities.
The aim of the Doctoral Dissertation

The aim of this work is to investigate fluid flow dynamics and structure in
channels with abrupt cross-section changes and to determine the characteristics
of recirculating flow depending on flow regime and channel geometrical
parameters using experimental and numerical approaches.

Tasks of the Doctoral Dissertation
In order to achieve the objective, the following tasks should be solved:

1. To determine the patterns of recirculation zone length dynamics in
transitional and closed-type cavities in laminar flow regime.

2. To determine the influence of flow regime to dynamics and structure
of recirculating zone in the transitional-type cavity.

3. To determine the patterns of recirculation zone length dynamics in
transitional and closed-type cavities in turbulent flow regime.

4. To determine the influence of channel expansion ratio to recirculation
zone length dynamics in transitional and closed-type cavities.

5. To determine the influence of flow regime to the structure of
recirculating flow in deep open-type cavity.

Scientific novelty

Improved the knowledge of recirculation zone structure and length
dynamics for different cavity types, depending on cavity geometrical parameters
(H/h and L/h;). Also, determined dependencies and patterns of physical
recirculation zone parameters for laminar and turbulent flow regimes. Revealed
causes of the effect of channel expansion ratio (H/h) and Re for dynamics of
recirculation zone length, which helps to explain the scattering of other authors’
results and suggest possible scaling for laminar and turbulent flow regimes.

It is shown that in the deep open-type cavity in the case of a turbulent flow
regime occurs bifurcation of the primary vortex into two symmetrical structures
determined by transverse flows.



Practical value

Results of this work are significant for a large number of engineering
problems where flow separation is induced by abrupt changes of channel cross-
section, which can be analyzed as flows over cavities in a channel. These results
are useful for designing flow meters, heat sinks and mixing devices, as well as
improving CFD models.

Found dependencies allow us to evaluate the location where the separated
shear layer reattaches to the bottom wall of the cavity. Recirculation zone length
provides information about the increased mixing zone in the cavity, also, the
location of shear layer reattachment is characterized by increased heat transfer.

Statements carried out for defence

1. Intransitional and closed-type cavities recirculation zone is stable and
its length depends on Rey; and channel expansion ratio (H/h) in the
laminar flow regime.

2. When the channel expansion ratio (H/h) reaches its critical value,
recirculation zone length gradually increases with Rey; approaching
asymptotical values characteristic to a turbulent flow regime.

3. In transitional and closed-type cavities in the case of turbulent flow
regime periodical vortex formation and the growing cycle takes place,
therefore, recirculation zone length does not longer depend on cavity
geometrical parameters while increasing Rey;.

4. In a deep open-type cavity in the case of a turbulent flow regime
complex tree-dimensional flow structure is formed, characterized by
vortex bifurcation and transverse flows.

5. High-frequency pulsatile flow stabilizes velocity distribution in the
deep open-type cavity.

The structure and content of the Doctoral Dissertation

The dissertation is structured as follows: introduction, literature review,
methodology, results, and discussion, conclusions, the list of references and the
list of scientific publications. The dissertation consists of 110 pages, including 59
figures, 3 tables, and 137 references.

Scientific approbation of dissertation

Research results presented in the dissertation were published in 2 scientific
articles in publication with a citation index at the “Clarivate Analytics” database
“Web of Science Core Collection” and 2 scientific articles in other scientific
journals. Research results were also presented at 6 international conferences.



1. LITERATURE REVIEW
1.1. Cavities types and classification

Three major flow types occur in the cavity depending on geometrical
parameters. The type of cavity is determined by the ratio between the length of
the cavity L and its depth h; as shown in Fig. 1. Open-type cavity is when L/h; <
6-8. This type can also be described as a deep cavity. Closed-type cavity flow is
when L/h; > 12-14. Respectively, this type of cavity can be described as a
shallow. In this type of cavity flow reattachment to the bottom of the cavity is
observed. In the case of large L/h; values, when the influence of the forward-
facing step is negligible, flow in the closed-type cavity becomes similar to flow
over a widely investigated backward-facing step. The transitional-type cavity has
L/h; values that fall between open and closed-types. This type of cavity can be
characterized by flow fields observed in both open and closed-types cavities
depending on the flow regime.

S A4

a L/h, < 6-8

hy

b 8<Ll/h;<12

m*ﬁ /"/7;?

L/hy> 12

C

Fig. 1. Classification of cavities according to the length-to-depth ratio (L/h,) and
schematic flow structure in each type of cavity, a) open-type, b) transitional-type and c)
closed-type cavity
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1.2. Review of flow over cavities and obstacles

Flow separation, caused by an abrupt single expansion of the channel
cross-section, is the most frequently investigated phenomenon in previous and
recent scientific studies. It has been unassailably demonstrated that flow
dynamics is governed by the development of a mixing layer between the main
and recirculation flow, formed behind the step or obstacles and elongated to the
mixing layer reattaching to the wall. The reattachment length in laminar flow
increases almost linearly with an increasing Reynolds number, as observed in
Fig. 2. However, the rate of reattachment length growth strongly varies
depending on the shape of the cavity or obstacle. The transition to turbulent flow
is another factor that determines the drastic dispersion of reattachment length
values. In fully developed turbulent flow, relative values of the reattachment
length are less dependent on the factors mentioned above. This means that the
reattachment length, in such a flow regime, becomes directly proportional to the
height of the abrupt step in a channel cross-section.

35
30
25

=20

~

-
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10 +

1 10 100 1000 10000 100000
Re

Fig. 2. Dependence of the recirculation zone length on Re from various studies in
different geometries: axisymmetric expansion (curves 1-3), backward-facing step (curves
4-7 and 10), obstacles (curves 8-9). 1 — (Back & Roschke, 1972), 2 — (Gong, Liu, Chou,
& Chiang, 1996), 3 — (Cantwell, Barkley, & Blackburn, 2010), 4 — (Fernando, Kriegseis,
& Rival, 2012), 5 — (Goharzadeh & Rodgers, 2009), 6 — (Jayaraj, Saleel, & Shaija, 2013),

7 — (Spazzini, luso, Onorato, Zurlo, & Di Cicca, 2001), 8 — (Pedisius & Slantiauskas,
1995), 9 — (Carvalho, Durst, & Pereira, 1987), 10 — (Armaly, Durst, Pereira, & Schénung,
1983). Note: Re is determined according to characteristic geometric parameters used by
the authors
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Arguably, the reason for changes in such consistent separated flow
patterns lies within the drastic developments of the inner flow structure with a
changing flow regime. Essential aspects of the cyclic growth and successive
breakdown of vortices, behind the backward-facing step in flat channels and
turbulent flow, using a flow visualization technique, have been analyzed and
presented by Spazzini et al. (2001). According to the authors, the secondary
vortex grows in strength and size until its dimensions become of comparable size
to the step height and then breaks down. Wee, Yi, Annaswamy, & Ghoniem
(2004) observed small vortices being generated at a short distance downstream
of the backward-facing step. The vortices merge with the primary vortex, which
is spread near the averaged location of the reattachment point. Henderson,
Badcock, & Richards (2000) investigated a time-dependent flow structure in a
transitional-type cavity at a subsonic flow velocity. During the cycle, dumbbell-
like flow structure changes appear in the vortex system, which consists of an
elongated primary vortex near the leading edge and a weakened small vortex
near the trailing edge, which, at the end of the cycle, is absorbed by the primary
vortex. A time-averaged flow pattern consists of a single elongated vortex at the
leading edge, occupying most of the cavity, with reattachment to the bottom wall
of the cavity. Coleman, Nikora, McLean, & Schlicke (2007) and Leonardi et al.
(2003) investigated turbulent flow in rectangular cavities, separated by square
bars. In the case of a transitional-type cavity, flow is comprised of two opposite-
rotating vortices, where a large recirculation region is located upstream and a
small one near the forward-facing step.

The three-dimensional structure of flow in the open-type cavity has been
widely investigated over the past decades. Migeon, Pineau, & Texier (2003)
showed that quasi-toroidal corner vortices develop near side walls in square and
rectangular cross-section open-type cavities at Re = 1000. These vortices have a
centrifugal origin and surround the primary eddy core. Coutanceau, Migeon, &
Ehrmann (2000) showed that Taylor-Gortler-like vortices and corner vortices
formats in the cylindrical semi-circular shell. These vortical structures become
blurred after a short period as Reynolds number increases because of the onset of
turbulence. These authors also proposed a vortical schematic structure in semi-
circular geometry. Faure, Pastur, Lusseyran, Fraigneau, & Bisch (2009)
investigated vortex morphology in open-type cavities with a different cavity
aspect ratio and span ratio. The authors found that centrifugal instabilities are
generated in open-type cavity flow. The amount of instabilities highly depends
on cavity geometry. The amount of Gortler-like type vortices on the floor of the
cavity increases as the cavity aspect ratio decreases and span ratio increases. The
Gortler-like type vortices are developing in a spanwise row, but structures
disappear at a small span ratio. Yao, Cooper, & Raghunathan (2005) numerically
showed that the appearance and structure of longitudinal vortices in an open-type
cavity depend on Re number and boundary layers thickness. Feldman (2015)
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found that in diagonally lid-driven cavity existence of oscillation amplitude peak
is the result of centrifugal effects of the flow.

As can be seen from the literature review, recirculation zone dynamics
and structure is mostly analysed in the case of flow over the backward-facing
step. Also, there is a lack of summarising research of dependence of recirculation
zone dynamics patterns on cavity geometrical parameters which could reveal
physical causes of changes in recirculation zone structure.

In summary of the literature review, essential elements influencing the
dynamics and structure of recirculating flow can be identified. In view of the
experience of other scientists and the results obtained, the decision was made to
carry out the following experiments:

e To measure recirculating zone length in transitional and closed-type
cavities depending on flow regime in the range of 1 < Rep, < 2000
using experimental and 1 < Rep, < 10° — using numerical approaches.

e To determine the dependence of relative recirculation zone length on
the relative length of the cavity in the range of 4 < L/h; < 32.

e To determine the influence of channel expansion ratio (H/h) to
recirculation zone dynamics in transitional and closed-type cavities.

e To compare relative recirculation zone length patterns depending on
Re number based on channel hydraulic diameter and depth of the
cavity.

e To investigate flow structure in a deep open-type cavity depending on
the flow regime in the channel.
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2. METHODOLOGY
2.1.  Micro-particle image velocimetry

Flow velocity vector fields and velocity profiles were obtained by a micro-
particle image velocimetry system (UPIV). uPIV is an optical method used to
measure fluid motion in small diameter channels. The principal scheme of the
MPIV system is presented in Fig. 3. A laser sheet illuminates fluorescent tracer
particles. Excited particles generate fluorescence signal, which is collected by
CCD camera.

Channel with tracer
particles

—— 1

! \ Optics
Syringe pump /

Pressure control unit

Nd:YAG A=532nm Dichroic
laser mirror

PC

=y

wu g/g

!

h 4

Synchronizer < > cep

camera

Fig. 3. Principal scheme of uPI1V system

The final measurement result, the mean velocity vector field, was obtained
by capturing image pairs of the tracer particles at a 15 Hz frequency. The time
interval within the image frames varied from 5x10° s to 1x10” s, depending on
the flow rate. In this way, time-averaged velocity data were obtained by
averaging flow images during 13.3 s of flow.

The PPIV system provided by Dantec Dynamics consists of double
pulsed neodymium-doped yttrium aluminum garnet (Nd: YAG) laser, laser
control system LPU 450, FlowSense EO CCD camera providing an image field
of 2048x2048 pixels mounted on the inverted Leica DM ILM microscope.
Obijective lenses of 20x magnification and 0.4 numerical aperture were used and
an adaptive correlation algorithm, with a final interrogation area size of 16 pixels
x 16 pixels, was applied. A spatial resolution of 20.6 x 20.6 um was achieved
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using a window overlap of 50% in stream-wise and lateral directions, and the
depth of correlation was 42.4 pm.

The water flow in the channel was generated with a programmable pump,
consisting of two syringes (WPI AL4000, World Precision Instruments) and
ensuring a maximum flow rate of 114.5 ml/min. The pulsatile flow was created
with an OB1 MK3 microfluidic flow control system provided by Elveflow.
Moreover, 1.0-um-diameter fluorescent particles (Invitrogen) with a specific
gravity of 1.05 and excitation and emission wavelengths of 535 nm and 575 nm,
respectively were used.

The principal scheme of image processing is presented in Fig. 4. Two
successive images of particles are recorded within known time interval A¢. Then
particle image fields are divided into interrogation regions of a certain size where
cross-correlation function is calculated to determine the most probable local
displacement. The velocity of a fluid is calculated by dividing the measured
displacement, 4x, by the time delay:

— A
v, = SparXe A% (2.1)
At At
t=to
& x, dy
Flu,v) & v,{i,j)
» Cross-correlation Vy (I,J)
t=to+At Glu,v) ®(u,v) = Flu,v)-Glu,v) l
|| =
— >

Fig. 4. Principal scheme of uP1V images processing
2.2.  Uncertainty analysis

The uncertainty of velocity measurements using pPIV is determined by
comparing mean velocity values, calculated according to the syringe pump
readings, and measured velocity profiles. Furthermore, uncertainty is determined
by examining the conformity of the measured velocity profiles to the known
consistent patterns of velocity distribution in laminar and turbulent flow regimes.
Such analysis revealed that the expanded uncertainty of velocity measurement
does not exceed 6.8 %. The main components of the total standard uncertainty
budget were the flow rate measurement (< 0.6 %), the channel cross-section area
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determination (< 2.8 %), and the repeatability evaluation, up to nine
measurement repetitions (< 1.9 %).

There are three main components of uncertainty for recirculation zone
length. The exact reattachment location could not be determined owing to the
limited spatial resolution of pPIV. Moreover, to obtain images with a high
spatial resolution and low measurement depth, high-magnification objective
lenses were used. Therefore, the field of view becomes extremely small to cover
the entire cavity at once, and images of separate parts of the cavity were taken
and combined. Recirculation zone length was determined according to the
location where the reattached flow split into the upstream and downstream flows.
This location slightly changes over time; therefore, the reattachment point was
determined for every image pair. This variation was minimal in the laminar flow
regime, and the repeatability did not exceed 2.3 %. In the turbulent flow regime,
the reattachment point fluctuated more and repeatability reached 8.9 %. The total
expanded uncertainty of the reattachment point evaluation did not exceed 15 %.

2.3. Numerical methods

The commercially available CFD package Ansys Fluent and RSM-BSL
turbulence model for 2D and 3D computation of the time-averaged flow
parameters were used. Furthermore, the LES model was used to receive images
of the dominant time-dependent flow vortices. The channel geometry was
modeled using DesignModeler. After mesh refinement along the channel
boundaries, the ratio of minimal and maximal node size to the height of the
channel was 0.0015 and 0.006, respectively. Grid independence studies showed
that the solution is not affected by a further increase in the number of cells.
Mesh, which is close to the walls, has an increasing number of cells (Fig. 5).
Fifteen cell layers were used to resolve the boundary layer with a minimum cell
height being in the order of 10° m. Mesh was imported into Ansys Fluent solver
and SIMPLEC solution algorithm, together with second-order upwind
discretization schemes, was used in the simulations. A convergence criterion was
set to 10°® for all variables. For LES simulations, the time step size was set to 10°
% s with 40 iterations per time step.
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Fig. 5. CFD geometry and grid structure at the bottom of the cavity and around the cavity
edge. Note: For the sake of visibility presented grid contains a smaller amount of cells
than used for computation

17



3. RESULTS AND DISCUSSION
3.1. Flow in transitional and closed-type cavities

Experimentally measured relative recirculation zone length values are
presented in Fig. 6. As can be seen, recirculation zone dynamics depend on the
type of cavity and channel expansion ratio. Also, a pattern is different depending
on which parameter Re is based. In the case of the transitional-type cavity with
low channel expansion ratios, recirculation zone length curves have breakpoints
in the transitional flow regime. In the case of closed-type cavity peak values of
relative recirculation zone length are reached at different Rep, values. Also, the
sharp peak of x,/h, disappears in the case of a high channel expansion ratio. The
causes of the mentioned phenomenon are explained in the following chapter,
starting with the investigation of flow over the transitional-type cavity.

12 12
®L/h1=16; H/h=13 "
10 /\ 10  #l/hi=16H/h=15 ‘I"*
- T <Lfh1=10;H/h=2 {} ‘ 1

’4\"'*-'}—-,_,_,_,_& 8 Alh=10;H/h=3 /
‘j[_:éf:;::i £ OHmeioHm=s +
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a Regy, b Ren

Fig. 6. Experimentally measured relative recirculation zone length values in
different types of cavities depending on a) Repy, and b) Rey,;

3.1.1. Recirculation zone length dependence on Repy,

The reattachment point locations on the bottom of the cavity and the
averaged local velocity vector maps, obtained by puPIV, are shown in Fig. 7 and
Fig. 8, respectively. As it follows from experimental flow field data, flow
separation starts when Repy, reaches 30 (Fig. 8a), as the corners of the cavity are
rounded and the separation does not appear at Repy, < 30. As Rep;, increases from
30 to 300, the relative length of the recirculation zone (x,/h;), bounded by the
flow reattachment to the cavity bottom, increases in a nearly linear manner from
x/h; = 1.1 to x./h; = 6.9 (Fig. 7).This lengthening pattern is determined by the
small spreading rate of the mixing layer between the separated and recirculation
flows in the laminar flow regime. In this Rep;, range recirculation zone consists
of a single stable vortex. Also, at Rep, = 240, the signs of vortex formation, in
front of the forward-facing step, appear and the vortex becomes visible at Rep, =
300 (Fig. 8b).

For the investigated case, the values Rep, = 300 and x, = (0.6-0.7)L can be
considered marginal for conventional flow reattachment. This phenomenon was
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also observed by Esteve, Reulet, & Millan (2000) in turbulent flow over a
rectangular cavity with similar relative dimensions. For Repy, ranging from 320 to
1000, the averaged velocity vector field within the cavity shows the formation of
a quite stagnant closed recirculation loop without reattachment (Fig. 8c, see also
velocity profiles in Fig. 12c). The zero-velocity line, dividing the downstream
and upstream flows, approaches the cavity lid and positions itself parallel to the
cavity bottom. From a topological point of view, it is possible to discern
information from the saddle between two sub-loops having a dumbbell-like
shape, which is typical for interfaces between dual vortices (Gurcan, 2003).
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Fig. 7. Dependence of the recirculation zone length on Rep, for transitional-type cavity
(L/h; =10, H/h = 2)

However, such topology is disrupted by the instabilities related to the
transition from laminar to turbulent flow regimes in the channel. For Rep, =~ 700—
800, the temporal formation of individual vortices pathways is observed in
instantaneous flow fields without any signs of reattachment. Only at Rep, =
1000, the flow reattachment to the bottom of the cavity is observed again at x,/h;
= 8.5 (Fig. 8d). With further increase of Repy, up to 2,000, the recirculation zone
length decreases at descending rate to x,/h; = 7.2, suggesting that this ratio
gradually moves to a consistent asymptotic level, which was also observed by
other authors for turbulent flow in channels with sudden expansion or obstacles
(Fig. 2).

The averaged experimental results at Rep, = 1,500 (Fig. 8e) show the
appearance of dynamical flow structures in the recirculation zone behind the
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backward-facing step of the cavity. Such phenomena in a turbulent flow regime
may be substantiated by the systematically detaching and reoccurring structure
of vortices in this zone. It can be more clearly demonstrated by the time-
dependent analysis of vortices generation and their topology by comparing the
experimental and numerical simulation data presented in the following sections.

Fig. 8. Experimentally measured time-averaged velocity vector fields in transitional-type
cavity (L/h; =10, H/h = 2) at Repy: @) 100 b) 300 ¢) 800 d) 1000 and e) 1500

3.1.2. Inner recirculation zone structure

The purpose of this section is to reveal time-dependent changes of the
inner flow structure, which determine the values of time-averaged flow
parameters. It is done by presenting a qualitative analysis of flow fields at
different flow regimes.
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Figs. 9 and 10 provide the instantaneous flow fields by applying the LES
model in transitional and turbulent flow regimes. The time step between the
presented LES images was 4x10™ s and the period of the cycle was 0.002 s.

In the laminar flow regime, experimental and computational results show a
single stable vortex elongated downstream from the backward-facing step. As
the Reynolds number increases, at Rep, = 320-1000, the reattachment flow is
lifted from the cavity bottom and reattachment can no longer be observed (Fig.
8c). In this range, the experimental and simulation results provide similar images
(Figs. 9a and b) of the flow field, consisting of an elongated stagnant
recirculation loop (1) and an intensive vortex (2) near the forward-facing step
with a saddle point (3) between them. While increasing Repy, the mixing layer
(4) instabilities grow strongly and the contours of vortices along the cavity
appear. Eventually, instabilities in the mixing layer grow to such a degree that
the vortex at the forward-facing step starts to be periodically pushed from the
cavity and immediately replaced by a similar one.

Fig. 9. Comparison between instantaneous experimental a) and computational b) velocity
fields at Rep, = 800: 1-elongated stagnant recirculation loop, 2—the vortex at forward-
facing step, 3—saddle zone, 4-mixing layer on the interface between the channel and
cavity flows

After approaching a fully developed turbulent flow regime, the flow
structure in the cavity undergoes drastic changes and becomes similar to the flow
structure typical for the separated flow. Despite the continual formation of
vortices, their separation, and driftage owing to the flow, stable periodical
regeneration of vortices takes place and averaged flow parameters can be
consequently identified. The simulation results presented in Fig. 10 show the
following sequence of events during a single period of dynamical structures
lifetime:
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o formation of the primary vortex (1) (Fig. 10a) is predetermined by high
adverse pressure gradient at the inlet of the cavity and intense interaction
between separated and recirculating flows. These force the flow to reattach to
the bottom of the cavity. The size of the vortex in turbulent flow is
determined by the geometry of the cavity and it cannot be higher than the
cavity depth;

e when the critical size of the primary vortex (1) is reached, the vortex is
detached from the backward-facing step and a new vortex (2) begins to form
(Fig. 10b);

e owing to the interaction between the separated shear layer and the secondary
vortex (2) near the edge of the backward-facing step, a high-intensity tertiary
vortex (3) begins to form (Fig. 10c). This vortex grows rapidly and occupies
the position of the primary vortex (Fig. 10d);

o the development of a vortex on the upper channel wall has a strong impact on
flow reattachment to the bottom of the cavity, which in this case is located at
Xr/hl =528.

Y AR \ \
&S 4 N 7

" B

Fig. 10. Instantaneous simulated velocity flow fields in a turbulent flow regime at Repy, =
1,500: 1, 2, 3 — dominant vortices in recirculation zone, 4 — vortex on the upper wall of
cavity, 5 — pathways of vortices (1) and (4) downstream of the reattachment, 6 — averaged
position of the reattachment according to experimental data (Fig. 7)

It is also evident that vortices (1-4), up to the reattachment point, form a
compact and definite system. Beyond the reattachment point, flow consists of
vortices (1) and (4) moving toward the forward-facing step of the cavity. Similar
simulation, performed at Rep, = 3,200, showed that the inner structure of
vortices remains the same without noticeable changes. Similar vortex structures
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have also been observed by Spazzini et al. (2001), Dejoan, Jang, & Leschziner,
(2005).

3.1.3. Comparison of time-averaged experimental and computational
results

As the numerical simulations, based on the solution of RANS equations
and various turbulence models have significant applications in practice, further
the comparison between such simulations, using the RSM-BSL turbulence
model, and experimental results are presented. This turbulence model was
selected as it is a physically complete turbulence model used for complex flow
and provides a good agreement with experimental results in many practical
cases.
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Fig. 11. Comparison between experimental and computational values of the reattachment
length as a function of Repy,

Fig. 11 presents the comparison between the experimental and
computational results of our study, as well as experimental data from other
studies. The location of the reattachment point in simulated flow fields was
determined as the minimum value of wall shear stress on the bottom of the
cavity. For comparison, the values obtained for abrupt expansions of channels
with rectangular cross-sections were chosen (Fernando et al., 2012; Jayaraj et al.,
2013; Spazzini et al., 2001). In these cases, the aspect ratio of the channels varies
from z/h = 2.7 to z/h; = 35 and the expansion degree H/h = 1.3-2. Thus, in our
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study, values of z/h = 5 and H/h = 2 falls within these ranges. Additionally, data
from Goharzadeh & Rodgers (2009) were used to verify the computational
model in a channel where the two-dimensional flow is realized.

This comparison, while considering the data analysis obtained from
different geometries, Fig. 1, confirms that with an increasing Repy, in a laminar
flow regime, the recirculation zone length linearly increases until the transition
from laminar to turbulent flow is reached. In the turbulent flow regime, the
variation in the recirculation zone length becomes less dependent on the
geometry of the channel expansion and Repn. When Rep, > 10* (L. Chen, Asai,
Nonomura, Xi, & Liu, 2018), the relative recirculation zone length remains in
the range x,/h; = 6-8 for reasons related to the above-mentioned formation of a
periodical regeneration system of vortices, whether it is the flow over the single-
step or the cavity.

However, some deviations occur while approaching the transition to a
turbulent flow regime. As can be seen in Fig. 11, 2D computed recirculation
length values in the transitional flow regime exceed experimental ones, obtained
in our study, for flow over the cavity. The data from Goharzadeh & Rodgers
(2009) obtained only at Rep, = 40-600 for flow over the backward-facing step,
deviate less from the computed results. However, in fully turbulent flow,
computed results approach the experimental results of other studies (Fernando et
al., 2012; Spazzini et al., 2001).

These deviations are confirmed by a comparison between the averaged
experimental and simulated velocity profiles, at different relative distances x/h;
from the backward-facing step; see Fig. 12. For the laminar flow regime (Figs.
12a and 12b), experimental and computed velocity profiles satisfactorily
coincide over the entire length of the cavity. The backward flow velocity is the
highest near the backward-facing step, gradually decreases along the cavity and
reaches no more than 10% of the velocity of the main flow. Because of the
channel cross-section expansion, the velocity along the cavity decreases until it
takes its smallest value at the reattachment point. For the transitional flow regime
(Fig. 12c), the flow reattachment point is not observed and the recirculation zone
remains throughout the cavity. The magnitude of the backward flow increases
along the cavity length and reaches its maximum at x/h; = 7 and y/h; = 0.1. The
transition to the turbulent flow regime is confirmed by the flattened velocity
profiles of the main flow above the cavity (Fig. 12d). On the front part of the
cavity, after the reattachment point, the shape of the velocity profile is irregular
owing to the influence of the forward-facing step and the high Re number. In the
case of Rep, = 1,500, the last stage of transition to turbulent flow, downstream of
the reattachment point, computed velocity profiles are parabolic in the main flow
and have slightly higher velocity values compared to the experimental ones.

By evaluating the nature of the deviation pattern variation between the
computed and experimental results, it can be stated that discrepancies are
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determined by at least two factors: the two-dimensional simulation of flow over
the cavity and the limitation of the RSM-BSL turbulence model in the case of
flow separation. First, a calculation of the three-dimensional flow must be
performed, which was not possible in this study owing to the lack of
computational resources available. Moreover, there are satisfactory arguments to
conclude that the RSM-BSL model underestimates the turbulent energy
generation, induced by flow instabilities and separation phenomena. Therefore, a
more detailed investigation is required of the turbulence CFD models for
computing reattaching flows.
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Fig. 12. Comparison between experimental and simulated velocity profiles at different
locations behind the backward-facing step at Repy: @) 100, b) 300, c) 800, d) 1000 and €)
1,500. Note: Circles indicate the reattachment point according to the experimental results

25



3.2.  Parametrical analysis

In this chapter, cavity geometrical parameters were changed in order to
investigate their influence on recirculation zone length dynamics.

3.2.1. The influence of cavity relative length on recirculation zone dynamics

Recirculation zone structure, as well as the dynamics of recirculating flow
length, depends on the type of cavity, which is determined by the cavity length-
to-depth ratio (L/h;). Experimental and numerical results of relative recirculation
zone length (x,/h;) at a wide range of Repy, and cavity length-to-depth ratios (4 <
L/h; < 36) are presented in Fig. 13. Other cavity parameters (cavity depth hy,
expansion ratio H/h) are kept constant. In this case, all three types of cavities
(open, transitional and closed-type) are covered.

In the case of L/h; = 4, the flow in the cavity is open-type, and no
attachment to the bottom wall of the cavity is observed. Reattachment to the
bottom wall of the cavity is observed when L/h; = 6 is reached. However, the
shear layer attaches to the bottom wall only at the low values of Rep, < 85.
Exceeding this value the flow structure in the cavity becomes open-type in the
remaining Repy, range. After increasing cavity length to L/h; = 8, cavity becomes
transitional-type and remains until L/h; = 12.

12
4 L/h1=10 uPIV
+ L/h1=6
10 -=-1/h1=8
L/h1=10
—-L/h1=12
8 L/hl1=14 , ﬁ-‘._ —
L/h1=16 IiA SR r—— |
— L/h1=18 H\_./ i
L6 +lh1=36
=
4 Thecona s

10 100 1000 10000 100000
Repp

Fig. 13. Dependence of relative recirculation zone length on Repy, for different relative
lengths of cavities
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After L/h; = 14, the cavity is closed-type, and shear layer attachment to the
bottom wall of the cavity occurs in the whole investigated Repy, range. As can be
seen from Fig. 13, the peak value of relative recirculation zone length decreases
as relative cavity length increases. x,/h; reaches asymptotical value as relative
cavity length increases, and the influence of the forward-facing wall of the cavity
is negligible. Flow structure in the cavity becomes similar to flow over the
backward-facing step. Also, in the cases of transitional and closed-type cavities,
in the fully developed turbulent flow regime relative recirculation zone length
reaches asymptotical value independent of the length of the cavity.

3.2.2. Channel expansion ratio influence to recirculation zone dynamics

In Fig. 14 and Fig. 15 dependence of recirculation zone length on Repy, for
different channel expansion ratios but constant cavity depth and length values are
presented. Two separate cases of transitional (L/h, = 10) (Fig. 14) and closed
(L/hy = 16) (Fig. 15) type cavities are investigated. In both cases, recirculation
zone length increases as channel expansion ratio increases at the same Repy
value (except the case of H/h = 5). In the case of the transitional-type cavity (Fig.
14), shear layer reattachment at turbulent flow regimes occurs at higher Repy
values as channel expansion ratio decreases. In the case of the closed-type cavity
(Fig. 15), the peak value of relative recirculation zone length decreases as
channel expansion ratio increases. Higher channel expansion ratio leads to a
faster growth of the separated shear layer. It forces the shear layer to attach to the
bottom wall of the cavity at a shorter distance from the backward-facing wall of
the cavity. Also, the peak value of recirculation zone length occurs at higher
Rep, as channel expansion ration decreases. This shift indicates that the
transition to a turbulent flow regime occurs at higher Rep, values as channel
expansion ratio decreases.
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in the case of the transitional-type cavity (L/h; = 10)
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in the case of the closed-type cavity (L/h, = 16)




It should be noted that the case of H/h = 5 for both types of cavities has
similar values in the whole range of investigated Repy,. Also, in the case of the
transitional-type cavity (Fig. 14), shear layer attachment to the bottom wall of
the cavity is persistent in the whole Rep, range, while absent of shear layer
attachment in transitional flow regime is typical for such type of cavity.

In Fig. 16 relative recirculation zone length values depending on channel
expansion ratio at different Repy, are presented. In general, recirculation zone
length increases as the channel expansion ratio increases from 1.25 to 2. In the
case of laminar flow regime peak values of x,/h; are reached when H/h = 2. In the
case of transitional flow regime, peak values are in the range of 1.5 <H/h <2.In
the turbulent flow regime, the peak value is reached when H/h = 3. The fastest-
growing rate of x,/h; is observed in laminar (at higher Re values) and transitional
flow regimes, while the slowest rate is at low Re values and in turbulent flow
regime. Further increasing H/h, relative recirculation zone length values
decrease. The rate of decline is fastest in the transitional flow regime and
insignificant in laminar and turbulent flow regimes.
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Fig. 16. Dependence of relative recirculation zone length on H/h at different Rep;, values
in the case of the closed-type cavity (L/h, = 16)
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3.2.3. Comparison of relative recirculation zone length dependence on Repy,
and Rey;

So far, hydraulic diameter D, was chosen as the characteristic linear
diameter for Reynolds number. Therefore Repy, determines the flow regime in the
channel. However, as can be seen from the results presented, the dynamics of
recirculation zone length also depend on the height of cavity h;. For comparison,
the case of L/h = 16 at varying channel expansion ratio is chosen (Fig. 15).
Relative recirculation zone length values depending on Rey; parameter are
presented in Fig. 17. It can be seen that using Rey; peak relative recirculation
zone length values occurs at the same Rey; value when H/h < 2. At higher values
of H/h peak values of x,/h; are slightly shifted to the higher Re, side. Also, as
H/h value increases, x,/h; decreases at the same Rey; in the laminar flow regime.
The reverse situation is observed in the turbulent flow regime. x/h; value
increases as H/h increases in the same Rep;.
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Fig. 17. Dependence of relative recirculation zone length on Rey,; for different H/h values
in the case of the closed-type cavity (L/h; = 16)

Such distribution of relative recirculation zone length is not suitable for
practical purposes. As can be seen from Figs. 14 and 15, channel expansion ratio
H/h influences the dynamics of recirculation zone length. Therefore, an
additional parameter can be introduced — (H/h)(x/h;). This parameter is also
used by Tihon, Pénkavova, Havlica, & Siméik (2012) in analysing the flow over
the backward-facing step in the laminar flow regime. This distribution is
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presented in Fig. 18. In this case, values of relative recirculation zone length are
distributed on a single trend in the laminar flow regime. Peak values still occur at
the same Rep; value, when H/h < 2. In turbulent flow regime value of (H/h)(x,/h;)
is directly proportional to channel expansion ratio (H/h) component.
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Fig. 18. Dependence of relative recirculation zone length multiplied by channel expansion
ratio on Rey, for different H/h values in the case of the closed-type cavity (L/h; = 16)

3.2.4. Influence of channel expansion ration to reattachment length

dynamics

From the physical point of view, it is more expediently to relate channel
expansion ratio with the expansion of the mixing layer formed due to the
interaction of separated shear layer with the recirculating flow behind the
backward-facing wall. It is well known that the growth rate of the separated
shear (mixing) layer is determined by the transversal velocity pulsation
component and can be estimated as:

Vl_VZ 3 1
=X :
val + vzl 3.1
here, v, — inflow stream velocity; v, — flow in cavity velocity; x — distance from
the inlet to the cavity. In our case, we have the asymmetric spreading of flow
entering the cavity. v, value is chosen as the mean velocity in the cavity, which
decreases (h/H)? times compared to mean velocity in the channel before entering
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the cavity. The dependence of the separated shear layer spreading rate is
presented in Fig. 19.
1.0
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Fig. 19. Dependence of spreading rate of mixing layer in the cavity on channel
expansion ratio

As can be seen from Fig. 17, distinct peaks of reattachment length at the
transition from laminar to turbulent flow regime are observed only when H/h <
2. Further increasing Rep;, relative reattachment length decreases and reaches an
asymptotical value in a fully developed turbulent flow regime. However, in the
case of H/h > (2-3) smooth reattachment length growth without a well-defined
peak is observed (Fig. 17). It is apparent that the adverse pressure gradient in the
cavity increases as the channel expansion ratio increases (dp/dx > 0). The
adverse pressure gradient forces the shear layer to reattach to the bottom wall of
the cavity at a shorter distance. Whereas, the mixing layer spreading rate
increases as the channel expansion ratio increases. For this reason, shear layer
reattachment occurs at a lower distance and relative reattachment length shortens
as H/h increases. The influence of adverse pressure gradient and shear layer
spreading rate becomes dominant in the cavity as it changes reattachment length
pattern in the transitional-type cavity (Fig. 14, case of H/h = 5). The recirculation
zone is stabilized by the high adverse pressure gradient and the laminar flow
regime persists up to higher Rey, (Fig. 17). Also, the influence of the forward-
facing step becomes insignificant at high channel expansion ratios.

The turning point in Fig. 19 corresponds to the H/h value at which mixing
layer spreading rate, as well as, dynamics of recirculation zone length changes its
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pattern in the cavity. The turning point is in the range of H/h = 2-3. Also, as can
be seen from Figs. 13, 14 and 17, relative reattachment length dependence on Re
can be separated into two groups when H/h < 2 and H/h > 2. In the case of H/h <
2, defined peaks and higher values of maximum relative reattachment length are
observed compared to the case when H/h > 2. When H/h > 2 (especially when
H/h = 5) relative recirculation zone length monotonically increases until the
asymptotical value at a turbulent flow regime is reached.

3.2.5. Relative recirculation zone length scaling

While comparing the data presented in Figs. 14-15 and Figs. 17-18 it is
evident that parameter Rey; is more suitable for analysis of recirculation zone
length dynamics. Also, additional factor H/h can be used to fit data on a single
trend line in the laminar flow regime. However, in the turbulent flow regime,
parameter x,/h; seems to be more convenient for the analysis of recirculation
zone length dynamics.

In Fig. 20 dependence of recirculation zone length on Rey, in the laminar
flow regime is depicted on the left side of the graph. The data can be fitted to a
formula:

%) (ﬁ—l) = 0.35Re?/. (3.2)

This relationship is strong in the case of low Rep; values. The error is less
than 12 %, when Rep; < 150. For comparison, the relation for backward-facing
step flow estimated by Tihon et al. is valid for Re < 200 with an error of less than
7 %. The differences of the used coefficient are determined by the differences in
geometries and the presence of forward-facing step in the case of cavity flow.

On the right side of Fig. 20, the dependence of relative recirculation zone
length on Rey, in the case of a turbulent flow regime is presented. Since the
recirculation zone length in the turbulent flow regime depends only on Reynolds
number and cavity geometry does not influence the structure of the flow. The
relation can be written as:

(3) = 7 + 50Re; 0. (3.3)
1

This relation becomes stronger as Rep; increases because at fully
developed turbulent flow regime relative recirculation zone length reaches its
asymptotical value which is in the range of 6 to 8 step heights. The recirculation
zone breaks into the system of separate vortices after the transition to a turbulent
flow regime. The mean location of vortices attachment does not longer depend
on Rey; and remains constant.
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Fig. 20. Relation of recirculation zone length in laminar and turbulent flow regimes

As Rey, increases in the laminar flow regime, as well as Rey,; decreases in
turbulent flow regime, presented dependencies become weaker and scattering of
points increases. It is due to the approaching of the transitional flow regime for
which dependencies of recirculation zone length dynamics are not found.
Different distribution is found for symmetrical channel expansion, which is a
different case where cavities are on both sides of the channel. Cases where L/h =
10; 18 and 36 and H/h = 2 are presented in blue background in transitional flow
regime. It is observed that these values decrease in a certain trend as Rey
increases. The upper wall does not influence the flow structure in the cavity,
hence the transition to turbulent flow regime is smoother. In laminar and
turbulent flow regimes relations are the same as in asymmetrical channel
expansion cases.

3.3.  Flow in the open-type cavity

In previous chapters, flow structure and dynamics in transitional and
closed-types cavities in which separated shear layer can reattach to the bottom
wall of the cavity were analyzed. When the relative cavity length is decreased to
the critical value of L/h; < 6-8, the separated shear layer bridges the cavity
without reattachment to the bottom of cavity. In this chapter, a deep open-type
cavity (L/h, = 0.5) was chosen to investigate the flow structure depending on the
flow regime. In Fig. 21 a scheme of the investigated cavity is presented.
Experimental measurements were performed at different x-z planes across the
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center of the primary vortex. Also, a three-dimensional numerical simulation was
performed.

Mid-plane of cavity

Leading wall

v
Center of primary {
vortex

Fig. 21. Scheme of an investigated open-type cavity

3.3.1. Velocity distribution across the center of the primary vortex

Experimentally measured velocity distribution across the center of the
vortex is presented in Fig. 22. Here the flow direction in the channel is from the
left to the right. x/L = 0 corresponds to leading cavity wall and x/L = 1 — trailing
cavity wall. Positive values of v, correspond to flow direction in the channel.
Also, positive values of v, correspond to flow direction entering the cavity (from
the cavity lid to the bottom) and negative values of v, — flow directed from the
cavity bottom to the lid.

As can be seen from Fig. 22, velocity distribution across the center of
primary vortex depends on the flow regime. In the case of the laminar flow
regime (Repp, = 100) maximum total velocity v is located near the trailing wall.
The maximum positive v, velocity component is located in the central part of the
cavity and leading wall while negative velocity zones appear near the sidewalls
and are stretched from the central part of the cavity towards the trailing wall. v,
velocity component distribution is similar to the case of total velocity since vy
contributes most to the total velocity (note the velocity values).
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Fig. 22. Experimentally measured velocity scalar maps across the center of the primary
vortex

Velocity profiles near the leading wall are measured at x/L = 0.2 and at
x/L = 0.8 near the trailing wall for all cases. Flow in the cavity is laminar as it
can be seen from measured and simulated velocity profiles having a parabolic
shape in the case of total velocity (Fig. 23 a, d). Simulated velocity values are
higher than the measured ones in all cases of v and v,. Also, velocity near the
trailing wall is about 1.8 times higher than near the leading wall. This ratio
appears to be about the same for all Re numbers investigated.
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After the transition to turbulent flow regime at Repy, = 3,000, experimental
velocity scalar maps (Fig. 24) show flow division into two symmetrical
structures in respect of cavity mid-plane. This velocity bifurcation is also
observed in velocity profiles (Fig. 24 a, ¢, d and f) and it appears stronger in
experimental measurements than in numerical simulation. As can be seen from
Fig. 24a and Fig. 24d, in the case of experimental measurements two velocity
peaks near sidewalls of the cavity, appear near leading and trailing walls. These
measurements are in good agreement with numerical simulation except one case
of total velocity near the leading wall (Fig. 24a), where an additional peak
instead of a velocity minimum is observed.
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Fig. 23. Comparison of measured (dots) and simulated (lines) velocity profiles near leading (a, b, ¢) and trailing (d, e, f) walls at Repy, =
100: a and b — total velocity v; d and e — v, component; ¢ and f — v, component.
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Fig. 24. Comparison of measured (dots) and simulated (lines) velocity profiles near leading (a, b, ¢) and trailing (d, e, f) walls at Repy, =
3000: a and b — total velocity v; d and e — v, component; ¢ and f — v, component.
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3.3.2. Flow structure across the center of the primary vortex

Streamlines at the x-z plane across the center of the vortex at different
flow regimes are presented in Fig. 25 and velocity vectors at the same planes are
presented in Fig. 26. After flow velocity in the channel increases up Rep, = 1000
corner vortices near the leading wall are formed. Flow structure is symmetrical
with respect to the mid-plane of the cavity. Inward out-of-the-plane current
formed in the center part of the cavity and directed towards the lid of the cavity
is observed. While increasing Rep, this inward flow intensifies. The more
significant volume of flow crosses the plane as it can be seen from a wider “V”
shape structure at the center of the cavity (Fig. 26). As a result, vortices near the
leading wall are squeezed into the corners. As Repy, increases, the gap of lower
velocity flow between vortices also increases. At Repy, = 3000 (Fig. 25d) new
velocity peak between vortices occurs, as can be seen in Fig. 24a.

Fig. 25. Streamlines at x-z plane across the centre of vortex at Repy,: a) 100; b) 1000; c)
2000; d) 3000
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Fig. 26. Velocity vectors at x-z plane across the centre of vortex at Rep,a) 100; b) 1000;
¢) 2000; d) 3000

The scheme of flow streamlines at different measurement planes of the
cavity is presented in Fig. 27. All flow fields are obtained by using three-
dimensional numerical simulation. The present figure summarises the obtained
results. Flow structure is symmetrical in respect of the cavity axis. Vortical flow
in the deep open-type cavity at a turbulent flow regime (Rep, > 1000) is a system
of counter-rotating vortices. Additional vortical structures are formed in the
interception between the main flow in the main channel and recirculating flow in
the cavity and between primary and secondary vortices in the cavity.
Unfortunately, in this study, experimental measurement results alone are not
sufficient to provide enough information on three-dimensional flow structure;
therefore numerical simulation must be used.
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Fig. 27. Streamlines at different planes in the open-type cavity

3.3.3. Pulsatile flow in the open-type cavity

The pulsatile flow was chosen as an additional flow regime in the open-
type cavity. In Fig. 28 ratios of velocities near the leading wall (v,g) to trailing
wall (vy) of the cavity are presented at different Womersley (Wo) numbers
depending on Repy,. Velocities are measured across the center of the primary
vortex. In most cases (Wo = 0.6-6.3 and stationary flow) peak value occurs at
Repy, = 100. The peak values of /vy decreases as Wo increases and peaks
disappear when Wo = 4.5-6.3.

It can be seen that higher velocity values are located near the leading wall
of the cavity at low Wo number and at Rep, = 100. As Repy, increases, higher
velocity values are distributed near the trailing wall of the cavity. However, as
Wo number increases (Wo = 4.5-6.3) velocity distribution across the center of
primary vortex becomes nearly constant regardless of Repy,.
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Fig. 28. The ratio of velocities near the leading wall (v;q) to maximum velocity
near the trailing wall (v,) of cavity across the center of the primary vortex
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CONCLUSIONS

In the thesis flow structure and dynamics in cavities were investigated
combining experimental flow visualization and CFD methods.
1. In transitional and closed-type cavities (L/h; > 8) and in the case of

laminar flow regime, separated shear layer reattaches to the bottom wall of the
cavity and stable recirculation zone is formed which length x,/h; depends on Rep;

and H/h and can be expressed as (x,-/h,) (%) = 0.35Reyy. This relation is valid

until the transitional flow regime is reached.

2. In the transitional type cavity (8 < L/h < 12) and in the case of laminar
flow regime forward-facing step influences flow structure when recirculation
zone reaches middle-part of the cavity (x/h; = (0.5-0.6)L). In that case, the
reattaching shear layer is lifted from the bottom wall of the cavity and a stagnant
recirculation loop is formed. This structure breaks after the transition to a
turbulent flow regime. In the initial and final stages of the transitional flow
regime, a two-vortex flow structure with a saddle point between them is formed.

3. In transitional and closed-type cavities (L/h; > 8) turbulent flow regime
(Ren; > 400) is characterized by the formation of instantaneous vortices and
instabilities in recirculating flow. It determines the increased interaction of the
separated shear layer and recirculating flow in the cavity, which leads to faster
shear layer reattachment. In turbulent flow regime relative recirculation zone
length approaches asymptotical value in the range of x/h; = 6-8 and can be

estimated as (;—r) = 7 + 50Re;, 25, In this case, recirculation zone length is less
1

depended on cavity geometrical parameters because the system of at least three
periodically formed and detached vortices are formed behind the backward-
facing step. It is conditioned by the growing main (primary) vortex in the
recirculation zone until its size reaches the critical value, restricted by the cavity
lid. Consequently, this vortex is detached from the backward-facing step of the
cavity and a system of new vortices begins to develop.

4. Channel expansion ratio (H/h) determines the adverse pressure gradient
in the cavity and its stabilizing effect for recirculation zone length. This effect
can be related to the law of free stream spreading and expressed as (vi-
Vo)l (V1+Vy) = f(H/h). The value of H/h = 2.5 + 0.5 depicts a point of fundamental
change above which relative recirculation zone length x,/h; depending on Re
gradually increases approaching asymptotical value as H/h increases.

5. In the open-type cavity (L/h; < 6) separated shear layer does not
reattach to the bottom wall of the cavity. The flow structure depends on the depth
of the cavity which determines the number of vortices in the cavity In the present
case (L/h; = 0.5), two vortices systems are formed in the cavity.

5.1. Flow in the open-type cavity is two-dimensional in the case of the
laminar flow regime and changes to three-dimensional when Rep, > 1000.
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Three-dimensional flow is characterized by vortices bifurcation and transversal
flows across the center of the primary vortex.

5.2. Velocity distribution across the center of primary vortex depends on
Repn, and Wop, numbers. When Wopy, is low (Wop, < 2) maximum velocity
changes its location between leading and trailing walls of the cavity depending
on Repy. In the case of high Wop;, (Wop, = 4.5-6.3) maximum velocity is located
near the trailing wall of the cavity in the whole investigated Repy, range (Rep, =
50-400).
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REZIUME

Skys¢€io srauto dinamikos ir struktiires tyrimas kanaluose su
struktiirizuotais pavirsiais

Tarp srauty dinamikos tyrimy svarbig vieta uzima srauto atitriikimo
reiskiniy, kurie sutinkami daugelyje tekéjimy ir vis dar kelia nemazai praktiniy ir
moksliniy problemy, tyrimai. Srauto atitrikimas, sukeliamas teigiamo slégio
gradiento, kurj, savo ruoztu, lemia staiglis kanalo skerspjtivio poky¢iai. Srauto
atitrikimas turi didziulg jtaka masés, impulso ir Silumos mainy pernaSos bei
srauto mai§ymosi procesams. Sie procesai ir jy svarba jvairiuose inZineriniuose
uzdaviniuose lemia didéjantj susidoméjimg fundamentiniais srauto atitrikimo
reiskiniy tyrimais (Chen, Asai, Nonomura, Xi, & Liu, 2018). Sie tyrimai taip pat
leidzia giliau suprasti vidinj stkuriy formavimosi, tarpusavio sgveikos ir jy
subyréjimo mechanizmus. Be viso to, Sios zinios suteikia galimybe¢ kurti naujus
ir tobulinti bei tikslinti jau esamus skaitinio modeliavimo metodus.

Naujy eksperimentiniy tyrimo metody taikymas iSplecia galimybes giliau
pazvelgti 1 tekéjimo struktira. D¢l spartaus srauty vizualizacijos metody
tobuléjimo per pastaruosius 20 mety tapo galima sudétingy tekéjimo struktiiry
analizé, atskleidziant stkuriy formas, jy parametrus ir formavimosi eigg. Tai
rodo ir didéjantis mikrosrauty vizualizacijos (WPIV) naudojimas srauto struktiiros
tyrimuose (Basu, Zahoor, & Khan, 2019; Xia et al., 2017; Zhai, Xia, Chen, & Li,
2016). Srauty vizualizacijos sistema leidzia atlikti tikslius, netrikdan¢ius srauto,
tekéjimo parametry matavimus. Sio eksperimentinio metodo derinimas kartu su
skaitiniais tekéjimo analizés metodais papildo vienas kitg tieck kokybiniais, tiek
kiekybiniais duomenimis. Mikrosrauty vizualizacijos sistemos taikymas
supaprastina tyrimus suteikdamas galimybg¢ stambiu planu stebéti sraute
vykstancius procesus.

Apskritai, procesai, vykstantys nedidelio skersmens kanaluose, kelia vis
didesnj susidomé¢jima dél didéjancio pritaikymo jvairiose srityse praktikoje.
Struktiirizuoti, nedidelio skersmens kanalai dél didelio pavirSiaus ploto ir ttirio
santykio susilaukia démesio projektuojant auSinimo jrenginius elektronikoje
(Basu et al, 2019; Rai et al, 2018; Xia et al., 2017). Lab-on-chip ir
mikroelektromechaniniy sistemy tobuléjimas ir platéjantis taikymas lemia
maiSymosi procesy analizés plétrg mazo skersmens kanaluose (X. Chen, Li,
Zeng, Hu, & Fu, 2016; Su, Chen, & Kenig, 2015; Ward & Fan, 2015). Dél
nedidelio naudojamo fluido tario nedidelio skersmens kanaluose jie tapo labai
paklausiis biomedicinos inzinerijoje. D¢l Slyties sluoksnio ir recirkuliacinio
tekéjimo susiformavimo struktiirizuotos formos kanalai naudojami lasteliy
nusodinimo (Jang et al., 2011; Khabiry et al., 2009) uzdaviniuose. Kavernose
susiformave sukuriai yra efektyvis daleliy gaudymo (Karimi, Yazdi, &
Ardekani, 2013; Nilsson, Evander, Hammarstrom, & Laurell, 2009; Zhou,
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Kasper, & Papautsky, 2013) ir atskyrimo (Guan et al., 2013) uzdaviniuose.
Nedidelis kanalo skersmuo ir jvairios formos kavernos yra patogios naudoti
kraujo tekéjimo (Anastasiou, Spyrogianni, & Paras, 2010; Kim, Antaki, &
Massoudi, 2016; Lima, Wada, Takeda, Tsubota, & Yamaguchi, 2007; Lima et
al., 2008; Omori, Imai, Kikuchi, Ishikawa, & Yamaguchi, 2015) bei kresuliy
susidarymo ir aneurizmy tyrimams (Carlsohn, Kemmling, Petersen, & Wietzke,
2016; Lieber, Livescu, Hopkins, & Wakhloo, 2002) kraujotakos sistemoje.

Tyrimo objektas
Hidrodinaminiai masés pernasos procesai kavernose.
Darbo tikslas

Darbo tikslas — eksperimentiniais ir skaitiniais metodais istirti skyscio
srauto dinamikg ir struktiira kanaluose su staigiais jo skerspjiivio pokyc¢iais ir
nustatyti recirkuliaciniy teké&jimy savybiy priklausomumus nuo tekéjimo rezimy
ir geometriniy parametry.

Darbo uzdaviniai

Darbo tikslui pasiekti iSkelti Sie uzdaviniai:

1. Nustatyti recirkuliacinés zonos ilgio kitimo désningumus pereinamojo

ir uzdarojo tipo kavernose esant laminariniam tekéjimo rezimui.

2. Nustatyti recirkuliacinés zonos ilgio kitimo ir struktiiros ypatumus

pereinamojo tipo kavernoje priklausomai nuo tekéjimo rezimo.

3. Nustatyti recirkuliacinés zonos ilgio kitimo désningumus pereinamojo

ir uzdarojo tipo kavernose esant turbulentiniam tekéjimo rezimui.

4. Istirti kanalo iSplatéjimo santykio jtaka recirkuliacinés zonos ilgio

dinamikai pereinamojo ir uzdarojo tipo kavernose.

5. I8tirti recirkuliacinés zonos teké&jimo struktiirg gilioje atvirojo tipo

kavernoje priklausomai nuo teké&jimo rezimo.
Ginamieji teiginiai

1. Laminariniame tekéjimo rezime pereinamojo ir uzdarojo tipo kavernose
recirkuliacinés zonos struktiira yra stabili ir jos ilgis x,/h; yra funkcija,
priklausanti nuo Rep, ir H/h.

2. Turbulentiniame tekéjimo reZime pereinamojo ir uzdarojo tipo
kavernose, recirkuliacinéje zonoje, formuojasi periodiskai atitriikstanciy
ir 1§ naujo susidaranciy siikuriy sistema, todél santykinis recirkuliacinés
zonos 1ilgis, didéjant Rep;, nebepriklauso nuo kavernos geometriniy
parametry.

3. Kanalo iSplatéjimo santykiui H/h pasiekus kritines vertes,
recirkuliacinés zonos ilgis, didéjant Reyp,, laipsniSkai didéja, artédamas
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prie pastovios asimptotinés reik§més, biidingos turbulentiniam tekéjimo
rezimui.

4. Gilioje atvirojo tipo kavernoje formuojasi sudétinga trimaté teké&jimo
struktlira, pasizyminti skersiniais pertekéjimais, sukelianciais stkuriy
pasidalinimg turbulentiniame tekéjimo rezime.

5. Didelio daznio pulsuojantis tekéjimas stabilizuoja greicio pasiskirstyma
gilioje atvirojo tipo kavernoje.

Mokslinis naujumas

Siuo darbu papildytos Zinios apie recirkuliacinés zonos struktiira ir ilgio
dinamikg skirtingo tipo kavernose priklausomai nuo kavernos geometriniy
parametry (H/h, L/h1). Esant stabiliems laminariniam ir turbulentiniam tekéjimo
rezimams nustatyti priklausomumai ir fizikiniy parametry kitimo désningumai,
susiejant juos su laisvy sroviy plitimo désningumais. Disertacijoje atskleistos
H/h ir Re poveikio recirkuliacinio tekéjimo zonos dinamikai priezastys leidzia
paaiskinti jvairiy autoriy rezultaty sklaidg ir apibendrinti juos universaliomis
iSraiskomis, blidingomis laminariniam ir turbulentiniam teké&jimo rezimams.

Parodyta, kad gilioje atvirojo tipo kavernoje turbulentinio tekéjimo rezimo
metu jvyksta stkurio pasidalinimas j dvi simetriSkas trimates struktiras,
nulemtas vidiniy pertekéjimy.

Praktiné verteé

Taikomaja reikSme lemia didelis kiekis praktiniy uzdaviniy, kuriuose
atitrikstamus tekéjimus sukelia staiglis kanalo skerspjivio poky¢iai, kurie gali
biiti analizuojami kaip jvairaus tipo kaverny kanalo sienelése aptekéjimai. Sios
zinios naudingos projektuojant srauto matuoklius, $ilumos mainy ir maiSymosi
jrenginius, taip pat tobulinant CFD modelius.

Nustatyti priklausomumai leidzia jvertinti atitrokusio Slyties sluoksnio
prisijungimo prie kavernos dugno padét] atsizvelgiant j teké&jimo rezimg ir
kavernos geometrinius parametrus. Prisijungimo zona pasiZymi suaktyvéjusiais
Silumos mainais ir slégio pokyciais toje zonoje. Dél Siy priezasCiy fundamentinés
zinios apie tekéjimo dinamika kavernoje yra naudingos daugelyje praktiniy
uzdaviniy.

Autoriaus indélis

Disertacijos autorius iSanalizavo mokslinius duomenis apie fluido
tekéjimo désningumus jvairios formos kanaluose su klititimis ir kavernose bei
eksperimentinj ir skaitinj $iy désningumy tyrimo badus. Autorius atliko
eksperimentinius, pasinaudodamas sistema WPIV, ir skaitinius, pasinaudodamas
programine jranga ANSYS Fluent, recirkuliacinés zonos ilgio ir srauto
struktiiros topologijos tyrimus atvirojo, pereinamojo ir uzdarojo tipo kavernose
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platiame Re skaiCiaus intervale bei keiCiantis kavernos geometriniams
parametrams. Autorius nustaté recirkuliacinés zonos ilgio dinamikos
désningumus skirtingo tipo kavernose ir pateiké priklausomybes, leidziancias
jvertinti santykinj recirkuliacinés zonos ilgj laminariniame ir turbulentiniame
tekéjimo rezimuose. Taip pat nustaté siikuriy topologijos kitimo désningumus
priklausomai nuo tekéjimo rezimo gilioje atvirojo tipo kavernoje.

Moksliné sklaida

Disertacijoje pateikti tyrimy rezultatai paskelbti dvejuose moksliniuose
straipsniuose, esanciuose ,,Clarivate Analytics duomeny bazéje ,,Web of
Science Core Collection” referuojamuose zurnaluose, turinéiuose citavimo
indeksa, ir dvejuose moksliniuose straipsniuose, registruotuose tarptautinése
mokslinés informacijos duomeny bazése. Taip pat tyrimy rezultatai pristatyti
Sesiose tarptautinése konferencijose.

57



ISVADOS

Derinant daleliy judéjimo sraute vizualizacija ir skaitinj vidutiniy ir

momentiniy grei¢io lauky modeliavimg, istirta tekéjimo kavernose dinamika ir
strukttira, keiCiant kavernos ilgj, gylj ir tekéjimo rezima. Gauti rezultatai leidzia
daryti tokias iSvadas:

1.
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Pereinamojo ir uzdarojo tipo kavernose (L/h; > 8), esant laminariniam
tekéjimo rezimui, atitriikes Slyties sluoksnis prisijungia prie kavernos
dugno ir uz jos atgalinés sienclés formuojasi stabilus recirkuliacinis
kontiiras, kurio santykinj ilgj x,/h; lemia Rey, ir H/h. Sis désningumas iki
pereinamojo tekéjimo rezimo pradzios apraSomas priklausomybe:

(/hy) () = 0,3Repy".

Pereinamojo tipo kavernoje (8 < L/h; < 12), esant laminariniam tekéjimo
rezimui ir recirkuliacinei zonai pasiekus kavernos vidurj (x,/h; = (0,5—
0,6)L), priekiné sienelé pradeda daryti jtakg tekéjimo strukttrai. Dél jos
poveikio prisijungiantis Slyties sluoksnis atkeliamas nuo kavernos dugno
ir visoje kavernoje susidaro stovintis recirkuliacinis konttiras, kurj suardo
tik tekéjimo kanale peréjimas j turbulentinj tekéjimo rezima. Sio
recirkuliacinio tekéjimo pradinéje ir galutinéje stadijoje susidaro dviejy
stkuriy sistema su balno tipo skiriamaja zona, kurioje Slyties jtempiai ant
kavernos dugno yra minimalis.

Pereinamojo ir uzdarojo tipo kavernose (L/h; > 8), kai Rey; > 400, jvyksta
peréjimas | turbulentinj tekéjimo rezima, kuriam biidingas nestabilumy
susidarymas kavernoje. Tai stiprina atitrikusio Slyties sluoksnio sgveika
su recirkuliaciniu tekéjimu ir greitina jo prisijungimg prie kavernos
dugno. Turbulentiniame tekéjimo rezime artéjama link asimptotinio
désningumo (z—:) =7+ 50Re,?'155, kai recirkuliacinés zonos ilgis artéja

verte, lygia x/h; = 6-8. Tai lemia stkuriy sistemos uz laipto
formavimasis, kuriag sudaro maziausiai trys periodiSkai atsinaujinantys
siikuriai. Slities sluoksniui atitrikus nuo atgalinés kavernos briaunos,
formuojasi pirminis stkurys, kuris didédamas generuoja recirkuliacinéje
zonoje kitus stikurius. Pirminiam stkuriui pasiekus kritinj dydj, lygy
kavernos gyliui, jis atitriiksta. Sis procesas periodiskai atsikartoja ir
paaiskina recirkuliacinés zonos ilgio priklausomuma nuo kavernos gylio.

Parametras H/h (kanalo iSplatéjimo santykis) parodo stabilizuojantj
teigiamo slégio gradiento poveikj recirkuliacinei zonai kavernoje. Sio
poveikio désningumas siejasi su laisvos srovés plitimo nejudancioje
aplinkoje arba pasroviui tekan¢iame sraute pobiidziu ir gali buti iSreikStas
priklausomumu (vi-v,)/(vi+V,) = f(H/h). H/h =~ 2,5 + 0,5 reik§mé parodo
priklausomumo esminio poky¢io vieta, nuo kurios santykinis
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5.2

recirkuliacinés zonos ilgis x,/h;, didéjant H/h ir Re, tolygiai didéja
artédamas prie asimptotinés reikSmes.

Atvirojo tipo kavernoje (L/h; < 6) Slyties sluoksnio prisijungimas prie
kavernos dugno nevyksta, bet tekéjimo strukttira kavernoje priklauso nuo
jos gylio, kuris lemia pagrindiniy stikuriy kiekj sistemoje. Kai L/h; = 0,5,
kavernoje formuojasi dviejy pagrindiniy sukuriy sistema.

Tekéjimas gilioje atvirojo tipo kavernoje yra dvimatis esant laminariniam
tekéjimo rezimui kanale ir pasikeiia | trimatj, kai Rep, > 1000.
TrimatiSkumas pasireiSkia stkuriy pasidalinimu kavernoje ir skersiniais
pertekéjimais per plok§tuma, kertan€ia pirminio siikurio centra.

Esant pulsuojan¢iam tekéjimo rezimui, greicio pasiskirstymas atvirojo
tipo kavernoje priklauso nuo Re ir Wo. Esant mazoms Wopy, (Wopy, < 2)
vertéms, maksimalus greitis kei¢ia savo padéti nuo atgalinés link
priekinés kavernos sienelés priklausomai nuo Rep, Kai Wopy, vertés
didelés (Wopp, = 4,5-6,3) maksimalus greitis i§licka ties prickine kavernos
sienele visame tirtame Repy, veréiy intervale (Repy, = 50-400).

59



PADEKA

Pirmiausia dékoju moksliniam vadovui dr. Nerijui PediSiui uz vadovavima
ir pagalba rengiant disertacija ir habil. dr. Antanui PediSiui uz vertingus
patarimus ir suteiktas mokslines zinias. Taip pat dékoju visiems laboratorijos ir
instituto darbuotojams, kurie tiesiogiai ar netiesiogiai prisidéjo prie moksliniy
tyrimy.

Dékoju disertacijos recenzentams dr. Raimondui PabarCiui, dr. Algiui
Dziugiui ir dr. Egidijui Urbonaviciui uz vertingas pastabas ir komentarus.

Taip pat dékoju studijy administratorei Jolantai Kazakevicienei uz pagalba
sprendziant su doktorantiiros studijomis susijusius klausimus.

Pabaigoje noréciau padékoti savo tévams ir zmonai Viktorijai uz kantrybe,
palaikyma ir supratinguma.

60



61



UDK 532.5(043.3)

SL344. 2019-12-03, 4 leidyb.apsk.1. Tirazas 50 egz.
Isleido Kauno technologijos universitetas, K. Donelaiio g. 73, 44249 Kaunas
Spausdino leidyklos ,,Technologija“ spaustuvé Studenty g. 54, 51424 Kaunas

62



